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Foreword

It was sometime in mid-2012 that I received an invitation to deliver an inau-
gural key note for the International Conference on Insect Science (ICIS-
2013) in Bengaluru, India. Despite preoccupations, it was impelling to 
attend ICIS-2013 because India is the centre of origin for the shoot and fruit 
borer, Conogethes punctiferalis that obsessed me scientifically for nearly 
three decades. Secondly, it marked 25 years of fruitful collaboration between 
Japan and India on Conogethes. Further, a global discussion was planned in 
ICIS-2013 on the crambid moth—Conogethes—that is undergoing specia-
tion and is expanding geographically and also in its host range.

The material presented in this book deals with insect science and pest 
management that are intimately related. Practicable pest management pro-
grammes cannot be strategized without sound insect science. There were 
lively discussions on a wide variety of aspects of insect science and pest 
management involving a majority of species from the oriental region. How-
ever, all presentations have not found a place in this book. Of course, space 
is a limitation! Hot issues in Entomology like resistance management, food 
security, phytosanitory measures, pest risk analysis, molecular entomology, 
toxicology, management, biodiversity, biosystematics, conservation, climate 
change, ecology and behaviour have all been included.

Entomologists like in other spheres of research have become specialised 
and sophisticated. But an increasing extent of effort is required for exten-
sion services, social and environmental issues to implement pest manage-
ment especially in developing and tropical countries. This is a challenging 
and daunting task given the stratified standards of living, trade barriers and 
societal concerns. Natural recourses and people’s participation also need to 
be interjected and harnessed for implementing pest management strategies 
successfully as these are critically important. Equally important is organis-
ing conferences as ICIS-2013! Such formative scientific conferences provide 
a forum for expressing and developing important new ideas across a wide 
range of related disciplines. I look forward to more such conferences and 
books by well-organised teams of entomologists.

14 October 2013  Prof. Hiroshi Honda   
Japan   Applied Entomology and Zoology
  Faculty of Life and Environmental Sciences
  University of Tsukuba, Ibaraki 305-8572, Japan   
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Preface

Great advances have been made during the last few decades in insect sci-
ence and pest management. Undoubtedly, important factors contributing 
to the progress, firstly, have been the effective use of several sophisticated 
yet sensitive instruments like the GC/MS, gel electrophoresis, quantitative 
proteomics methods etc. More importantly, the present-day youth have not 
only increasingly become interested in insects and insect-related biological 
organisms but are also trying to understand them, their lives, and interac-
tions, with multidisciplinary approach. Secondly, global trade and globalisa-
tion have led to rapid dissemination of information. As a result, new views, 
perspectives and interrelated sciences are evolving and emerging. Nowadays, 
the food growers and consumers have become more aware of the risks of 
pesticide residues in food, affecting market and trade. It is with this back-
ground that the Department of Entomology, UAS, Bengaluru and the Indian 
Society for Advancement of Insect Science, Ludhiana, Punjab conducted the 
International Conference on Insect Science (ICIS-2013) at Bengaluru, 14–17 
February, 2013. ICIS-2013 was a mega, unique event drawing over 500 ento-
mologists from 36 countries to a theme: New horizons in Insect Science with 
reference to molecular, climate change and pest management.

Papers on a number of relatively biodegradable, new molecules with a 
narrow spectrum of activity like anthrelinic diamide class of insecticides, 
cyazypyr and entomotoxic proteins namely lectins for the production of 
insect resistant transgenic crops were presented. These and other compounds 
have set new standards of efficacy and utility in plant protection. Some of 
these compounds represent landmarks for pest management for the present 
and the future. Presentations also focussed on pheromone tab with auto-con-
fusing techniques, molecular-based genomic studies of pests, DNA barcod-
ing of pests, pathogens, natural enemies and pollinators to ensure accurate 
identification, RNAi, impact of farming practices, pesticides and landscape 
management of wildlife in cultivated and wild habitats, identifying, conserv-
ing and declaring bee-rich areas as heritage sites, creating and marketing 
sustainable food goods that are safe, affordable and socially acceptable. A 
majority of the presentations were from developing countries focusing on 
pests that constrain generally small scale, sustainable, tropical agricultural 
production systems. The presentations reflected incredibly diverse aspects of 
insect science and pest management, and such coherent and up-to-date col-
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lection of views are often not available to readers. Manuscripts were received 
in two forms: original research material and research work with reviewed 
material. It is hoped that this book will be of value and use to insect-scien-
tists, pest managers and students alike, worldwide.

Bangalore, Karnataka, India  A. K. Chakravarthy
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Prelude

New Horizons in Insect Science: Towards Sustainable Pest 
 Management: An Introduction

A. K. Chakravarthy

This book deals with the kind of topics compiled on insect science and the way 
they have been arranged. These topics were presented at the International Confer-
ence on Insect Science, 14−17 February 2013 at Bengaluru, South India. The book 
addresses the topics of current and continuing significance. Also included in this 
book are areas in which effects of IPM on the environment, ecosystems and soci-
ety are highly impacted. Emphasis is given to the role of integrated pest manage-
ment (IPM), and new and evolving chemical and non-chemical pest suppression 
tools to reduce crop losses due to insect pests. An analysis is made of the current 
environmental problems associated with pesticide use and new insecticide mol-
ecules. The major objective of new branches in insect science has been to develop 
systems of pest management that optimize cost: benefit ratios on a long-term and 
sustainable basis for the farmer and the society at large. Thus, topics on insect 
science included in this book will be of tremendous benefit to farmers, policy 
makers, environmentalists, entomologists and agricultural scientists so that these 
could be further integrated into the entire crop production process.

The select topics have been grouped under seven broad sections. Part I 
includes Insect Taxonomy. As a group, insects are the most speciose of all 
living beings on earth. So, to identify and characterize them is the first and 
foremost important step. Sreedevi and others have discussed about the use of 
new integrative taxonomic approaches in precisely identifying and delineat-
ing species using molecular tools like DNA bar coding. Similarly, Jalali and 
others have shown ways to use DNA bar coding for identifications of insects 
important to agriculture, horticulture and forestry ecosystems.

Part II includes seven chapters on insect physiology. Shama Singh from 
New Delhi investigated the effects of changes in body size and colour on 
mating success of Drosophila. Dark strain showed significantly higher 
number of mated pairs and longer copulation duration as compared to the 
light strain. The longevity of big female Trichopria sp. (a tiny wasp) was 
significantly longer than small ones. Similarly, big females of the wasp pro-
duced significantly more progeny with higher sex ratio compared to small 
females, according to Veena and Manjunath. Vidhu and Evans from Kerala, 
India highlighted the presence of different forms and levels of formic acid in 
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the behaviour and physiology of the red ant, Oecophylla smaragdina. The 
team of Mahfuza Khan from Bangladesh have researched on the impact of 
added bacteria in adult diets on the ovariole number of the pumpkin fruit fly, 
Bactrocera tau. Janardhana Jani and others have given the readers the effects 
of metabolites of Psuedomonas sp. on the health of the crop plants. Nowa-
days, Bacillus thuringiensis (Bt) transgenic crops are gaining a lot of impor-
tance. Leena Pathak and others have dealt with insect resistance in Bt crops.

The chapters selected on Insect Toxicology have been included in Part. III. 
Midgut and whole body extracts of the resistant Cnaphalocrosis medinalis, 
a pest on rice, showed differences in esterase-banding pattern with midgut 
producing three esterase bands, according to Ramesh Babu and Shashi 
Vemuri. Wei Qing Zheng and others from China carried out bioassays of 
Rongbao (active ingredients of calcium cyanamide) against housefly mag-
gots. Nanoparticles and nanotechnology are going to be the buzz words in 
crop protection in the days to come. Chakravarthy and others showed that 
inorganic nanoparticles proved promising against Spodoptera and Helicov-
erpa. Alibabaie and Safaralizadeh from Iran demonstrated fumigant toxicity 
of nutmeg seed essential oil on cowpea weevil, Callosobruchus maculatus.

The next important new horizon of insect science is Insect Vectors com-
piled under Part. IV. Kumara and others from Srilanka discussed at length 
vectors of coconut leaf wilt disease. Chavan and Nagaraju have comprehen-
sively reviewed the literature on plant viruses in South East Asia.

Molecular science has been the main stay of biologists today. Therefore, 
under Part. V, four important chapters on insect molecular science have been 
included. Ankit Patel and others have shared their research experience on 
molecular approaches for the improvement of B. thuringiensis against crop 
pests. Ponnuvel and others have deciphered in depth on diapause-related 
gene expression in eggs of Bombyx mori. Asokan and others have com-
prehensively dealt with the role of RNA interference in pest management. 
Shashank and coworkers have studied molecular characterization and man-
agement of shoot and fruit borer, Conogethes punctiferalis.

Another interesting, promising and newly emerging branch of Insect Sci-
ence has been the Insect Chemical Ecology. Two interesting chapters on 
insect semiochemicals by a team of workers lead by Srinivasan Ramasamy 
from AVRDC Taiwan and Kamala Jayanthi from IIHR, Bengaluru have been 
included in Part. VI of this book.

In this book, insect science has embraced topics on basic and applied 
Entomology. So, included under Part. VII of the book are 15 chapters on 
Applied Entomology. Five chapters on host plant resistance as a means to 
suppress pest populations in cultivated ecosystems form an important part of 
this book. Vijayakumar et al. have elucidated the mechanism of resistance in 
rice gall midge. Besides inflicting direct injury to crops, insects also cause 
malady to crop plants by infecting disease causing organisms or debilitating 
the plant of nutrients. One such interesting case has been reported by Vijaya-
kumar Ghante from Karnataka, South India on Bt cotton hybrids. Saravana-
raman and coworkers have dealt with mutation breeding in shoot webber and 
capsule borer, Antigastra catalaunalis of sesamum. Selvanarayanan has ele-
gantly addressed the redesigning research on crop resistance to insect pests. 
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Another novel and noble means of pest suppression has been through biocon-
trol agents. Ballal and Verghese have reviewed role of parasitoids and preda-
tors in pest management. Venkatesan and Jalali have gone a step further in 
improving efficiency of egg parasitoid Trichogramma chilonis against crop 
pests. Similarly, Srinivasmurthy et al. have dealt with reproductive altera-
tions by Wolbachia in a braconid wasp. Magar and coworkers have addressed 
influence of herbivores on the biology of Chrysoperla carnea. There are six 
chapters in this book on insect pest management. Areawide integrated pest 
management in pigeonpea has come from Bhede and others. IPM for coconut 
pests has been addressed by Kumara and others. Sustainable management of 
tea mosquito bug on cashew is the issue dealt by Manja Naik and others. IPM 
for reducing pesticide residues in crops and natural resources has been the 
topic of Ranga Rao and others from ICRISAT, Hyderabad, India. One of the 
most important topics of interest today is climate change and the biological 
consequences of it on arthropod biodiversity and pest management has been 
discussed at length by H. C. Sharma from ICRISAT.
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Abstract

The integration of new knowledge and methods of population biology, 
phylogenetics, and other evolutionary disciplines into taxonomy is war-
ranted (Sites and Marshall, Trends Ecol Evol 18:462–470, 2004). The 
analysis and interpretation of data used to delimit species have profound 
implications in taxonomic research. Integrative taxonomy gives priority 
to species delineation over the creation of new species names. The inte-
gration of all possible taxonomic approaches abridging the gaps of each 
in arriving at correct species delimitation is the need of the hour in the 
light of biodiversity inventory. Taxonomy needs to be pluralistic to im-
prove species discovery and description, and to develop novel protocols to 
produce the much-needed inventory of life in a reasonable time. Insects, 
being vast and diverse on earth , need much more integrative taxonomic 
attention than other life systems. The unique characters of an organism 
that unravels the diagnostic character differences that delimit the species 
have to be assessed holistically.

Introduction

Insects, ever since their appearance 350 million 
years ago, are the dominant species in the biot-
ic community widespread in all habitats of the 
earth. The various studies of insects prevail from 

ages to the modern era. However, the taxonomic 
studies originated in the eighteenth century with 
Carolous Linneaus work on Systema Naturae, 
first published in 1735. Aristotle was the first to 
recognize the hierarchical pattern in the diversity 
of animals but the scientific method of classifica-
tion was put forth by Linneaus followed by work-
ers like Latreille, Fabricius, etc. This paved way 
for the emergence of taxonomy and with Charles 
Darwin’s theory of natural selection, systematics 
gained the momentum.

Keywords 

Evolutionary disciplines · Holistic approach · Population biology · 
Phylogenetics
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Systematics forms the basis for any life science 
studies and advancement as it is important to all 
other fields of biology. It builds up the informa-
tion on biodiversity of species. Taxonomy, a part 
of systematics is the basic scientific discipline of 
biology that gives the identity and background of 
the organism, on which all other related sciences 
rely. Systematics, in addition to classification and 
naming, also deals with the relationships and en-
vironmental adaptations, thus drawing attention 
to the evolution and phylogeny. The morphologi-
cal, physiological, ecological, behavioral, geo-
graphic, and molecular characters of the organ-
ism, in aggregate, are considered for the holistic 
approach in systematics.

Insect Diversity

Now-a-days there is a good understanding of 
many things on the planet Earth and also the Uni-
verse but we are still lagging behind on knowl-
edge of how many species or life exist on the 
earth. The term “biodiversity”, coined by Wilson 
(1988) as a contraction of “biological diversity”, 
represents the diversity of life at all levels includ-
ing genetic, species, and ecosystem diversity and 
is the core of natural resources for sustainable 
development and biotic capital for sustenance of 
life-support system (Kim and Byrne 2006).

The fundamental unit of biodiversity—spe-
cies—serves as focal point for studying the full 
panoply of life, allowing workers to zoom in and 
out along a scale from molecule to ecosystem. The 
species-centered view also provides a vital focus 
for conserving life forms and understanding the 
causes of declining biodiversity (Alder and Foottit 
2009). The process of discovery and description of 
all species is at very slow pace. This now appears 
unlikely to resolve the question in the near future, 
if at all, for a variety of reasons such as the slow 
rate of description of new species, the high level of 
synonymy for most groups and the uneven distri-
bution of taxonomic effort which results in deficits 
in the known number of species for many species-
rich groups like insects (Stork 1993).

Most eukaryote species awaiting description 
are insects (Raven and Yeates 2007), which are 
the world’s most diverse group of animals, mak-

ing up more than 58 % of the known global bio-
diversity. The insects are known to be the most 
successful and diverse animals on earth and are 
closely associated with our lives and affect the 
welfare of humanity in diverse ways. At the same 
time, large number of insect species, including 
those not known to science, continue to become 
extinct or extirpated from local habitats world-
wide. Our knowledge of insect biodiversity is 
far from complete. Insects are the most exuber-
ant manifestation of earth’s many and varied 
life forms. The members of the class Insecta, 
arranged in 29 orders with more than 1 million 
described species (Grimaldi and Engel 2005; Ar-
illo and Engel 2006), deserve serious attention 
of the taxonomists. Four of these orders—the 
Coleoptera, Diptera, Hymenoptera, and Lepi-
doptera—account for 81 % of all the described 
species of living insects. A growing number of 
world checklists and catalogs are available on-
line for various families and orders, yet many 
to find a place. Outfitted with search functions, 
they provide another tool for handling the taxo-
nomic juggernaut of new species and nomencla-
tural changes. We can foresee a global registry 
of species in the near future that is updated with 
each new species or synonym, allowing real-time 
counts for any taxon. It is imminent that insect 
biodiversity research must take cognizance of 
its material, taxonomy, insect pest management 
related requirements in light of recent develop-
ments viz molecular taxonomy, bioinformatics, 
information technology, and other advancements 
(Ramamurthy 2003). Though 2010 has been 
designated International Year of Biodiversity 
by the Convention on Biological Diversity and 
the United Nations (Johns 2010), taxonomy, that 
strengthens the knowledge of biodiversity, is on 
constant decline (Wilson 1985; 2004).

Need for Insect Taxonomy

Huge is the biodiversity of insects and little is 
known from all the fronts. Species identity and 
information is the foremost step for advanced 
studies in any direction and that’s where system-
atics has a big role to play in. Despite the ongoing 
biodiversity crisis, the number of new species de-
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scribed per scientist has not increased in the past 
60–70 years, which has a huge impact on conser-
vation science (Terry Sunderland 2012). Many 
species will become extinct before they are de-
scribed and one will remain continually unaware 
of the total numbers of species that comprise 
global biodiversity and this is acknowledged by 
the Convention of Biodiversity and its signatories 
as a “taxonomic impediment” (Terry Sunderland 
2012). Taxonomy enables the facilitation of cer-
tain conservation issues like endangered species, 
species richness estimates, etc. for sustainable 
management of the natural resources in a better 
way. An account on the role of taxonomy in spe-
cies conservation was given by Mace (2004).

Taxonomy not only produces fascinating 
knowledge on the characteristics of life but also 
delivers basic and indispensible knowledge for 
many fields of human interest and contributes in 
many ways to the sustainability of our planet. Re-
search in taxonomy and systematics involves the 
study of virtually all available specimens of a tax-
onomic group in order to ensure comprehensive 
treatment, and is dependent on the availability of 
well curated collections. In the course of these 
studies, species previously unrecognized are fre-
quently discovered. A single holotype specimen 
designated for each species is the standard of 
definition for that species. Much of research in 
biology is ultimately dependent on the scientific 
name of the species.

Taxonomy is the pivotal but hidden service 
behind sectors ranging from conservation and 
management of biodiversity to food security, 
poverty reduction, health, biosecurity, new in-
dustrial product development, and ecotourism. 
Wherever evolutionary history is relevant to a 
problem, systematics provides the resources. 
Necessarily, then, systematics is at the leading 
edge of the study of evolutionary biology; and 
its central position is assured because new con-
tributions of molecular and genetic research to 
understanding the evolution of species have to 
be related to the broader systematic concepts of 
the taxa concerned. Interpretation in biogeogra-
phy depends substantially on an understanding of 
evolutionary history, and consequently is closely 
allied to systematics; the basic data for bioge-

ography analysis are derived from specimens in 
collections. Global systematic work on insects 
has a great deal to contribute to the understand-
ing of evolutionary and geological events in the 
distant past.

Impacts of taxonomy on society are often 
beneficial, sometimes in unpredictable ways. A 
case study related to the description of a new 
mealybug species in Africa on cassava reveals 
the importance of taxonomy (Smith et al. 2011). 
Cassava (manioc or tapioca; Manihotesculenta), 
a drought resistant, staple food crop for over 
200 million people in sub−Saharan Africa was 
infested with new mealybug species, since de-
scribed as Phenacoccusmanihoti in 1973. As a 
result of misidentification and misdirected pest 
eradication efforts, initial attempts to control 
this pest using natural enemies failed, severely 
impacting the livelihoods of millions of people. 
Correct taxonomic identification came into res-
cue in locating its natural enemy, Anagyruslo-
pezi, which established successfully by 1990 in 
25 African countries implying a cost/benefit ratio 
between 1:200 to over 1:600 (Smith et al. 2011). 
This is one of the examples where taxonomy has 
helped. In reality, many taxonomic works did 
not get highlighted as it does not deal directly in 
management of insect pests on crops, humans, 
and animals. Nevertheless, there will not be a 
proper applied research on an insect without tax-
onomic details.

The traditional taxonomy provides the most 
convenient and authentic classification based on 
the overall similarities, most visible characters 
between species. It is pivotal in species recogni-
tion (with identification keys) and management 
of biological collections. At the beginning, clas-
sification work was restricted to just taxonomic 
details of the organism without considering the 
degree of relatedness between species. Later in 
1950s, the phylogenetic classification cropped 
up to take care of the evolutionary history of the 
organism. The different schools, (part of conven-
tional taxonomy) that differ in their concepts of 
phylogenetic classification but still converge on 
the basis of morphological similarities between 
species, are presented hereunder.
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Conventional Taxonomy

1. Evolutionary or traditional taxonomy
2. Phenetics or numerical taxonomy
3. Cladistics or phylogenetic systematics
4. Cladoendesis

Evolutionary Taxonomy

Evolutionary taxonomy, originated in early twen-
tieth century, attempts to classify the organisms 
based on phylogenetic relationships coupled 
with degree of evolutionary changes. It takes 
taxon into consideration rather than a species. 
The characters differ in information content re-
garding phylogeny and hence have different 
weights. Both recency of phyletic splitting and 
rate of divergence are given importance. Evolu-
tionary taxonomy evolved through the influence 
of theory of evolution on Linnean classification 
during post Darwinian period where the tree of 
life gained importance in scientific works with 
publication of The Origin of Species. In 1930s, 
few biologists developed a Mendelian frame-
work for Darwinian evolutionary theory, result 
of which was the evolutionary synthesis (Marc 
Ereshefsky 2007). Theodore Dobzhansky, Ernst 
Mayr, and Gaylord Simpson were the few of 
evolutionary taxonomists. The school consists of 
two tenets, firstly all taxa being a genealogical 
lineage and secondly constructing classification 
that reflects both cladogenesis (branching) and 
anagenesis (divergence). In cladogenesis, specia-
tion occurs with the selection pressure (genetic 
revolution) on the isolated population from the 
rest of the species where single lineage splits into 
two branches whereas in anagenesis, speciation 
occurs in a single lineage. As a result, evolution-
ary taxonomists see two types of taxa viz., mono-
phyletic and paraphyletic taxa arising from the 
processes of speciation through cladogenesis and 
anagenesis, respectively. In brief, evolutionary 
taxonomists believe that classifications should 
highlight only genealogical taxa, and those taxa 
can be either monophyletic or paraphyletic (Marc 
Ereshefsky 2007).

Phenetics or Numerical Taxonomy

Phenetic systematics determines the relationships 
of organisms through a measure of similarity, 
considering plesiomorphies (ancestral traits) and 
apomorphies (derived traits) to be equally infor-
mative. It aims at natural classification using nu-
meric algorithms like cluster analysis rather than 
using subjective evaluation of properties. A priori 
every character is given equal weight. From the 
twentieth century onward, it was superseded by 
cladistics, which considers plesiomorphies to 
be uninformative for an attempt to resolve the 
phylogeny of earth’s various organisms through 
time. Today’s systematists generally make exten-
sive use of molecular biology and computer pro-
grams to study organisms. An alternative to these 
matrix methods in phylogenetics and systematics 
is cladoendesis.

Cladistics or Phylogenetic Systematics

Cladistics got conceptualized in second half of 
the twentieth century and is termed as Phyloge-
netic systematics by Willi Hennig (also the title 
of his 1966 book). In cladistics, classification is 
mainly based on common ancestry and hence, be-
lieves in cladogenesis, where two taxa originated 
in the same branching event have a common an-
cestor that is not shared by any other taxon. Thus, 
cladistics represents only monophyletic taxa in 
their classifications. Those who follow cladistics 
perceive that the concepts of phenotypic differ-
ence and adaptive zone are ambiguous and are 
applied inconsistently to different types of taxa 
(Hennig 1966; Eldredge and Cracraft 1980). Cla-
dists believe that the concepts of phenotypic di-
versity and adaptive zone are too malleable and 
reject them as grounds for classifying taxa (Marc 
Ereshefsky 2007). A group of cladists developed 
the Phylocode—a phylogenetic code of biologi-
cal nomenclature, which is considered alternative 
to the Linnaean system (Cantino and de Queiroz 
2004). The widely used and popular phylogenetic 
approach is cladistics.
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Cladoendesis—New Approach to 
Phylogenetic Construction

The term cladoendesis was introduced by N. J. 
Kluge in early twenty-first century, meaning 
“branch coupling” that pays more attention on 
the connection between apomorphies of each 
taxon and characteristics of higher taxa, so that 
the characters of all the taxa are, from the very 
beginning, considered to be interrelated within 
a certain hierarchy (Kluge 2012). It is a method 
of phylogenetic analysis opposed to various ma-
trix methods. The phylogenetic trees are not built 
each time as new ones but reconstructed based on 
the previous results where each character of each 
taxon is compared with its ancestral condition in 
the ground plan of the higher taxon (Kluge 2012). 
Cladoendesis enables understanding of nature 
and evolution of metamorphosis in insects.

All the schools eventually yield phylogenetic 
trees, a visual representation of the fact that spe-
cies are related by descent from a common ances-
tor. Depending upon the type of school used in 
the construction, it may be called as phenograms 
(arrived from phenetics) or cladograms (arrived 
from cladistics).

Molecular biology has taken the systematics 
towards a different turn. The convergence of un-
related in species under similar selection pressure 
and divergence of related in species under differ-
ent selection pressure yields to surge toward mo-
lecular taxonomy as an additional tool in support 
of traditional taxonomy in diagnostics. Recent 
advances in molecular techniques have greatly 
helped to resolve the controversial classification 
schemes based either largely or entirely on mor-
phological attributes (Viraktamath 2003).

Molecular Systematics

Early attempts at molecular systematics were also 
termed as chemotaxonomy that made use of pro-
teins, enzymes, carbohydrates, and other mole-
cules that were separated and characterized using 
techniques such as chromatography. These have 
been replaced in recent times largely by DNA se-
quencing, which produces the exact sequences of 

nucleotides or bases in either DNA or RNA seg-
ments extracted using different techniques.

The theoretical framework for molecular sys-
tematics was laid in 1960s which plunged into 
DNA–DNA hybridization during 1974–1986. 
The advantage claimed for using hybridiza-
tion rather than gene sequencing was that it was 
based on the entire genotype, rather than on par-
ticular sections of DNA. Another application in 
molecular phylogeny is DNA barcoding, wherein 
the species of an individual organism is identi-
fied using small sections of mitochondrial DNA 
(mtDNA) or chloroplast DNA that demarcates 
species as lineages (Hebert et al. 2003).

Insect Mitochondrial DNQA and DNA 
Barcoding

Mitochondrial genes are often chosen for evolu-
tionary studies as they have a number of positive 
characteristics like: (i) maternal inheritance with 
little or no recombination (ii) general conserva-
tion of gene order and composition (iii) small 
size compared with the nuclear DNA and (iv) the 
lack of introns (Gissi et al. 2008). mtDNA have 
proven to be informative in the study of species 
diversity and evolutionary processes because it is 
easy to isolate and contains conserved sequences 
that make it possible to use as universal primers 
(Otranto and Stewens 2002; Xie et al. 2006).

Extensive studies in the mtDNA of Dro-
sophila species showed that the same genes are 
present in both mammals and invertebrates; how-
ever, their arrangements may differ (Clary and 
Wolstenholme 1985; Crozier and Crozier 1993). 
The protein coding genes are the most frequently 
sequenced mitochondrial genes for evolutionary 
studies and phylogenetic analysis. Protein coding 
genes commonly analyzed include; COI, COII, 
16S, and 12S. In particular, the COI gene has 
been widely sequenced. Yet, the specific region 
chosen has varied from study to study (Lunt et al. 
1996; Caterino et al. 2000). The first subunit of 
mtDNA CO gene, corresponding to nucleotides 
1490–2198 of the D. yakuba sequence, has been 
identified as an area of interest for “DNA bar-
coding” (Hebert et al. 2003). This region has a 
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rate of molecular evolution that is about three 
times that of 12S or 16S rDNA, its third position 
nucleotides showing a high incidence of base 
substitutions. The success of universal primers 
for this gene enables the analysis of amino acid 
substitutions to initially designate an unidentified 
organism to a higher taxonomic group before ex-
amining nucleotide substitutions to determine its 
species identity (Hebert et al. 2003).

Hebert et al. (2003) named this technique 
“DNA barcoding.” Then, the Barcode of Life 
project was proposed to promote DNA barcod-
ing as a global standard for sequence-based iden-
tification of eukaryotes. Recently, the Barcode 
of Life project entered a new phase with the 
launch of the International Barcode of Life proj-
ect (IBOL; International Barcode of Life 2012). 
The IBOL is a huge international collaboration of 
26 countries that aims to establish an automated 
identification system based on a DNA barcode 
library of all eukaryotes. In the first 5 years, the 
IBOL will focus mainly on developing a barcode 
library, including 5 million specimens of 500,000 
species. The DNA sequences are used as genetic 
“barcodes” that may potentially be used as a bi-
oidentification system for all animals and have 
proven to be a useful identification tool for ver-
tebrates such as birds (Hebert et al. 2004), fish 
(Ward et al. 2005), and hexapod orders such as 
Lepidoptera (Hajibabaei et al. 2006), Coleoptera 
(Greenstone et al. 2005), Diptera (Smith et al. 
2007), Hymenoptera (Smith et al. 2008), Ephem-
eroptera (Ball et al. 2005), and Hemiptera (Lee 
et al. 2011). DNA barcoding does not substi-
tute but complement conventional taxonomical 
studies.

The three main taxonomic applications that 
DNA barcoding has been previously used are: (1) 
the identification of species previously defined 
by other criteria, including rapid identification, 
as well as linking specimens to established spe-
cies that are unidentifiable by other means; (2) 
the description of new species by interpreting 
DNA diversity as an indicator of species diver-
sity; (3) the definition of operational units for 
ecological studies (Rubinoff 2006).

DNA should be an excellent tool for inferring 
phylogenies: large number of homologous char-

acters that should be less subject to convergent 
evolution than other characters that might lead to 
a confusion of grade and clade. A character can 
be phylogenetically informative when nucleotide 
changes are shared by two or more taxa. A char-
acter can be phylogenetically uninformative when 
all nucleotides are the same among taxa, or when 
only a single taxon has a different nucleotide.

According to Hillis et al. (1996) three main 
applications of molecular systematics are,
1. Reconstruction of phylogenetic relationships 

of organisms.
2. Studies of population structure, including geo-

graphic variation, mating systems, heterozy-
gosity, and individual relatedness.

3. Identification of species boundaries including 
hybridization.

There are many methods to understand these mo-
lecular variations; few molecular methods with 
their applications were explained in Table 1

Molecular Markers Used in Systematics

A diverse range of novel molecular (DNA) 
markers are now available for taxonomic inves-
tigations. Both DNA and protein markers have 
revolutionized the biological sciences and have 
enhanced many fields of study, especially sys-
tematics. This has been possible because of the 
rapid advances in molecular biological methods 
and bench-level protocols for wider application. 
The utility of molecular markers as additional 
tools in systematic has led to “molecular system-
atics”. Over a long time, significant contributions 
have been made in the field of insect systematics 
through morphometric traits, wherein a number 
of difficulties were encountered due to geno-
type–environment interactions. The limitations 
in using morphological, physiological, and cy-
tological markers for assessing genetic diversity 
and population dynamics have been largely cir-
cumvented by the developments in DNA-based 
markers. Molecular markers, by nature, are neu-
tral to the stage of development, physiological 
status, and environmental influences. Isozymes 
and other proteins as markers are often expressed 
codominantly and discriminate homozygous and 
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heterozygous individuals. However, the limited 
number of proteins and isozymes as markers and 
requirement of different protocols for each en-
zyme/protein limit their utility. Unlike morpho-
logical and protein-based markers, several DNA 
based markers are available to elicit the differ-
ences between individuals and populations, or 
they can be developed for each specific purpose. 
Although a large number of samples can be ana-
lyzed quickly, a number of other factors such as 
cost, speed, and requirements of technical skills 
are the major concern. DNA-based markers can 
generate large amount of high quality data com-
pared to several biochemical marker systems, but 
degree of polymorphism detected and the sta-
tistical dependability of the results vary among 
marker systems.

Integrative Taxonomy

Will et al. (2005) a slight critique of DNA barcod-
ing, used the term integrative taxonomy to mean 
a taxonomic process that was inclusive of all 
available data sources and not just mtDNA COI 
barcode data. Dayrat (2005) defined “Integrative 
taxonomy” as the science that aims to delimit the 
units of life’s diversity from multiple and com-
plementary perspectives. Thus, any study linking 
different kinds of data by mapping morphologi-
cal diversity on to a molecular phylogeny is inte-
grative (Yeates et al. 2011).

Integrative taxonomy gives priority to morpho-
logical characters because of their greater com-
plexity and presumed multigenic origin, which 
are believed to constitute a more secure basis for 
separating species than small fragments of DNA 
sequence. The limitation of molecular system-
atics—being an essentially cladistic approach, 
is that it assumes that classification must corre-
spond to phylogenetic descent, and that all valid 
taxa must be monophyletic also lead to integrative 
taxonomy. The recent discovery of extensive hori-
zontal gene transfer among organisms also pro-
vides a significant complication to molecular sys-
tematics (indicating that different genes within the 
same organism can have different phylogenies) 
necessitating integration of both conventional and 
molecular taxonomy for holistic approach.

Molecular taxonomy, on other hand, can facil-
itate easy and rapid identification of the species 
provided the gene sequence has been deposited 
after authentic identification of the species mor-
phologically supported by all metadata and pho-
tographs. Consistency index of molecular data is 
higher than that of morphological data. But ac-
curate identification always comes from the mor-
phological characters and hence addition of the 
new species to the list of fauna is encouraged by 
conventional taxonomy, which can be supported 
by molecular taxonomy. Both approaches have 
issues and limitations, which can supplement and 
complement for holistic species identity.

Table 1  Some methods presently employed in identification of the species. (Adopted from: Singh (2012))
Methods Explanation
Hybridization Genetic materials from two different species are subjected to hybridize. Closely related 

species show higher percentage of hybridization
DNA sequencing DNA segments of two species are sequenced from one end to the other and the 

sequences of the two form the basis of establishing similarity or dissimilarity between 
them

Restriction mapping Segments of DNA are isolated from different species and subjected to restriction map-
ping. Closely related species will have more similar restriction map

Chromosome banding The chromosomes of different species are examined through microscope. Banding of 
chromosomes are also done for taxonomic purposes

Amino acid sequencing Like DNA sequencing, protein sequencing is also done. The amino acid sequence of a 
given protein will be more similar between closely related species

Immunological methods Antibodies that recognize specific macromolecules, usually on the cell surface are 
tested on different species. Antibodies that recognize macromolecules form one species 
will often recognize closely related species, but not from distantly related species
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Schlick-Steiner et al. (2010) have offered the 
most detailed treatment of the process of integra-
tive taxonomy. They stressed that integrative tax-
onomy does not replace traditional taxonomy, but 
that it uses complementarity among disciplines to 
improve rigor. Their integrative procedure relies 
on an agreement among three “conclusive” dis-
ciplines that is both proscriptive and restrictive, 
and disciplines and datasets are defined rather 
arbitrarily. Several studies cited as examples of 
integrative taxonomy by Schlick-Steiner et al. 
(2010) used correlative approaches to compare 
molecular data and morphology (Malhotra and 
Thorpe 2005; Yoder et al. 2005; Rissler and Apo-
daca 2007; Roe and Sperling 2007). The determi-
nation of origin and their evolution trajectories of 
a species will trigger the species delimitation in a 
better manner (Padial et al. 2010).

Yeates et al. (2011) surveyed the current taxo-
nomic methods (inclusive of both morphological 
and molecular characters) employed in delimit-
ing the species and identified two challenges, 
which if met, will provide a more complete 
toolkit and a more robust research program in 
integrative taxonomy and proposed alternatively 
the term “iterative taxonomy” for the practice of 
treating species boundaries as hypotheses that are 
to be tested with evidence. Delineating the spe-
cies boundaries accurately is crucial to discovery 
of life’s diversity (Dayrat 2005).

Role of Information and 
Communication Technologies (ICTs) in 
Systematics

A biggest challenge of a systematist while deal-
ing with the larger taxa with numerous species 
having possessing complex variations at species 
and population levels is to look into the charac-
ter evaluation (Ramamurthy 2003). Evaluation 
of character itself is a complex task that involves 
computational methods in screening the charac-
ters (Ramamurthy 2003). Computer simulation 
and modeling help in resolving certain phylo-
genetic issues in building up the tree with in-
tercession. Potential evolutionary relationships 
are being evaluated with the help of computer 

assisted programs based on character data (let it 
be morphological in terms of numerical values or 
DNA sequences).

Another dimension of ICTs in systematics is 
in the field of automation of information with 
the taxonomic expertise in their respective areas. 
Lyal et al. (2008) stressed the need of accessi-
bility of user-friendly identification tools. Digi-
tization of the biological collections and descrip-
tions helps in buildup of virtual information for 
the benefit of all researchers and scientists. The 
transformation of the processes of science and its 
outcomes is possible only through ICTs which 
are adept at dissemination. The databases created 
would largely help the present and future workers 
in respective line of work.

The taxonomists mandate should be built up 
of databases, online publications of new taxa and 
monographs, development of interactive keys 
and virtual repositories, generation of distribu-
tion maps and predictive models utilizing both 
the approaches, conventional and molecular for 
the benefit of speedy growth.

Conclusion

We attempted in this chapter to present an over-
view of the genesis and the growth of taxonomy, 
both as a science and as a tool, of species iden-
tification and documentation. The integration of 
new knowledge and methods of population biol-
ogy, phylogenetics, and other evolutionary dis-
ciplines into taxonomy is warranted (Sites and 
Marshall 2004). The analysis and interpretation 
of data used to delimit the species have profound 
implications in taxonomic research (Yeates et al. 
2011). Dayrat (2005) stated that “integrative tax-
onomy” gives priority to species delineation over 
the creation of new species names and also opined 
that a radical change in mentality is needed con-
cerning the creation of names in order to achieve 
this integration and to prevent the overabundance 
of both synonyms and names of doubtful applica-
tion from worsening.

The integration of all possible taxonomic ap-
proaches abridging the gaps of each in arriving 
at correct species delimitation is the need of hour 



11Insect Taxonomy—Basics to Barcoding 11

in the light of biodiversity inventory. Padial et al. 
(2010) stated that taxonomy needs to be plural-
istic to improve species discovery and descrip-
tion, and to develop novel protocols to produce 
the much-needed inventory of life in a reasonable 
time. Insects, being vast and diverse on earth, 
need much more integrative taxonomic attention 
than any other life system. The unique charac-
ters of an organism that unravels the diagnostic 
character differences that delimit the species 
(Sites and Marshall 2003) have to be assessed 
holistically from all directions and taxonomic 
approaches. Perusal of various concepts and 
views on taxonomical approaches reaffirms that 
the conventional mode of species identification 
still holds the relevance and undoubtedly serves 
as the foundation stone which supports the latest 
approaches.
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Abstract

Molecular characterization and DNA barcoding is a taxonomic method 
that uses a short genetic marker in an insect DNA to identify a species, 
including an unknown species. The DNA barcode method of identifica-
tion includes, for example, identifying insect species from any developing 
stage and part; otherwise, identifying insects morphologically generally 
depends on adult stage and male genitalia. The utility of DNA barcoding 
for these purposes is subject to debate; however, in insects at least, it is 
approximately 650 bp of the mitochondrial gene, cytochrome oxidase I 
( COX I). The approximate number of described insect species in India is 
59,000; however, the number of barcodes generated from India is 4.6 % of 
known species, while the corresponding global scenario is about 16 % of 
described species; a lot of emphasis is required to catch up with the world 
scenario. In order to speed up taxonomic identification, DNA barcoding 
is now been considered as an alternative tool for insect biodiversity iden-
tification in India and the world. The present chapter deals with the use 
of barcode in the identification of insects belonging to different orders 
and families, using the neighbour-joining approach with the bootstrap-
ping method and the Kimura-2 parameter to obtain a clear phylogenetic 
signal. In a neighbour-joining tree for all sequences, two clades were ob-
tained: the first cluster consisting of hymenopteran insects and the other 
consisting of other orders. This phylogeny also agrees with the traditional 
phylogeny of insects. The present results, thus, favour DNA barcoding as 
a decisive tool in quick and reliable identification of insects.

Keywords 

COX 1 · DNA barcoding · India · Phylogeny

Introduction

Insects are the most abundant of all life on earth 
and have evolved into a tremendous range of 
different forms. It took nearly 200 years for 
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taxonomists to describe 10 % of the total number 
of species estimated. In this context identification 
of insects has been a monumental task where it 
calls for the availability of more number of spe-
cialists and funding. To catalogue the vast num-
bers of species, naturalists came up with the idea 
of classifying living beings on the basis of tax-
onomy, which is a branch of science that helps us 
to describe a living being on the basis of morpho-
logical features. After 250 years of Darwin and 
Linnaeus, a new method called DNA barcoding, a 
tool of DNA-based taxonomy is in current use to 
identify known and unknown species on the basis 
of the pattern of nucleotide arrangement in a frag-
ment of DNA of a particular species (Novotny 
et al. 2002). Several researchers have suggested 
the use of DNA barcoding in taxonomy as a 
method to achieve rapid species descriptions in 
the context of the current biodiversity crisis (He-
bert et al. 2003a, b; Ball and Armstrong 2006). 
DNA barcoding is the use of a short standard-
ized DNA sequence (in insects, a 658 bp frag-
ment of the mitochondrial cytochrome c oxidase 
( COX I) gene) to identify and assign unknown 
specimens to species besides facilitating the dis-
covery of new species. Wilson (2012) observed 
that library barcodes gain their value due to an 
intimate association, through voucher specimens 
from where they came, with other data, particu-
larly, Linnaean names, collection localities, and 
morphology in the form of digital images. This 
tool is widely accepted all over the globe from 
hard-core taxonomists’ to graduate molecular bi-
ologists and also well received by governmental 
and nongovernmental organizations to catalogue 
all the species on our planet. With the advent of 
molecular biology and molecular tools, identifi-
cation of life forms, including insects has become 
quick, precise, and easy.

India is one of the world’s most biodiverse 
regions, with a total land area of about 
3,287,263 km2, covering a variety of ecosys-
tems ranging from deserts to high mountains and 
tropical to temperate forests. Insects are the most 
abundant of all life forms on earth. India with 
about 2 % of the global land area is among the 
top 12 mega biodiversity nations in the world ac-
counting for 7.10 % of the world insect fauna. It 

is estimated that over 900,000 species of insects 
are known across the globe with over 60,000 spe-
cies described from India with nearly as many 
species remaining to be named. Barcode of Life 
Datasystem (BOLD) Systems is populated with 
nearly 142,398 insect species barcodes out of 
which India has only 2758 barcodes; NBAII had 
110 barcodes as on November 2013 (in six differ-
ent insect orders; Fig. 1, Table 1).

To catalogue such vast diversity a simple, 
rapid, and accurate method is the current need. 
DNA barcoding is a tool that fulfils all the above 
said criteria to identify a specimen to species 
level. The rDNA internal transcribed spacers 
region 2 (ITS-2) (Ashok Kumar et al. 2009), cy-
tochrome c oxidase subunit 1 ( COX 1), NADH 
dehydrogenase subunit 1 (nadh1), and cyto-
chrome b (cytb) markers used in recent molec-
ular analysis have substantially increased our 
understanding of the phylogenetic relationships 
between insect species. However, cytochrome c 
oxidase subunit 1 ( COX 1) has been used exten-
sively by molecular biologists across the globe to 
discriminate insect species. In the present chap-
ter, the major focus is on insect pests and parasit-
oids of agricultural importance in India.

DNA barcoding is an emerging tool, therefore, 
a reliable database has to be built by perform-
ing COX 1 sequencing on specimens previously 
identified by a taxonomist. Therefore, a prereq-
uisite for genetic investigations in this study will 
be the technical step of constructing a database 
of insect pests and natural enemies in India and 
the world.

Molecular identification and phylogeny using 
species identification markers using COX 1 of 
the mitochondrial region is regarded as efficient. 
The main advantage of DNA barcoding is the 
rapid acquisition of molecular data (Monaghan 
et al. 2005). Mitochondria are energy-producing 
organelles, found in nearly every cell in nearly 
every plant and animal species. The mitochon-
drial genome in particular has turned out to be 
exceedingly useful in tracing evolutionary his-
tory, as it is present in all eukaryotic organisms, 
evolves rapidly as compared to nuclear DNA. 
Nuclear and mitochondrial genomes exhibit dif-
ferent patterns of inheritance (Behura 2006). 
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Mitochondrial markers are used for reveal-
ing phylogenetic relationships among related 
groups, because mtDNA is maternally inherited, 
it evolves fairly rapidly, and most of the nucleo-
tide substitutions occur at neutral sites. With 
respect to this genetic marker the intra- and in-
ter-phylogenetic relationships have been studied 
using the sequence data obtained from the COX 1 
marker gene amplification. Relative homogene-
ity is maintained by concerted evolution, where 
mutations rapidly spread to all members of the 
gene family even if there are arrays located on 
different chromosomes (Arnheim 1983; Gerbi 
1985; Tautz et al. 2002). However, these ad-
vantages are associated with a major drawback; 
while mitochondrial DNA was considered to be 
a neutral marker that reflects the history of the 
species, Ballard and Whitlock (2004) and Bazin 
et al. (2006) have recently argued that mitochon-
dria are in fact often under strong selection and 
evolve under unusual evolutionary rules when 
compared with other genomes. Hurst and Jiggins 
(2005) suggested that selection can act directly 
on the mtDNA itself, but it can also arise indi-
rectly from disequilibrium with other maternally 
transmitted DNA.

While morphological data are usually time-
consuming and need specialists, DNA barcoding 
techniques are a uniform and practical method of 
species identification of insects and can be used 
for the identification of all developmental stages 
of insects, their food webs and biotypes and this 
may not be possible with morphology-based tax-
onomy. Tree-based taxon clustering as well as 
statistical taxon separation analysis indicates that 
molecular evidence does coincide with morpho-
logical hypotheses. Hence, species identification 
based on DNA sequence analysis proved to be 
feasible for the analysed taxa. DNA barcoding has 
the potential of being a valuable tool to biologists. 
It has helped to evolve many advanced tools as 
species diagnostics like species-specific primers 
developed for tea mosquito bugs (Rebijith et al. 
2012) and mini barcodes for archival specimens.

Insect Mitochondrial Genome

The arrangement of genes in mt genomes has 
been studied in more insects than in any other 
group of invertebrates. So far, 15 species of 
insects have had their mt genomes sequenced 
completely; the mitochondria of insects contain 
their own double-stranded circular genomes 
(Fig. 2), which range from 14,503 bp (Becken-
bach and Joy 2009) to 19,517 bp in size (Lewis 
et al. 1995).

The arrangement of genes in the mt genomes 
of insects studied so far are conserved since all 
species, except the wallaby louse, have the same 
arrangement of protein-coding and rRNA genes 
and most tRNA genes. Only the positions of a 
few tRNA genes differ, in particular, those in 

Fig. 1  Number of insect species and barcodes in India and the world

 

Table 1  Species barcodes in six different orders submit-
ted to BOLD Systems by NBAII, Bangalore
Insect order Number of insects barcoded
Lepidoptera 15
Diptera 14
Hemiptera 4
Coleoptera 26
Neuroptera 1
Hymenoptera 50
Total 110
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“hot spot” regions (Dowton and Austin 1999), 
e.g., near the control region, and in the two 
clusters of tRNA genes, trnK-trnD and trnA-
trnR-trnNtrnS1-trnE-trnF. The most common 
arrangement of the 37 genes in the mt genome, 
which is present in the fruit fly Drosophila yaku-
ba, the bug T. dimidiata, and many other species, 
is inferred to be ancestral for insects (Boore and 
Brown 1998; Crease 1999).

Agriculturally Important Insects

Insects have been used in landmark studies in 
biomechanics, climate change, developmental 
biology, ecology, evolution, genetics, paleolim-
nology, and physiology. Because of their di-
versity and many roles, they are familiar to the 
general public. However, their conservation is a 
challenge. The goal of this chapter is to docu-

ment agriculturally dominant insect pests, their 
natural enemies, pollinators, and veterinary in-
sect pests.

Importance of DNA Barcoding 
in Agricultural Entomology

Insect pests are a major concern for farmers across 
the world and more than 10,000 species of insects 
have been recorded damaging crops (Dhaliwal 
et al. 2007). Sometimes the yield loss by insects 
reaches as high as 60–70 % and it is reported that 
Indian agriculture is currently suffering an annual 
loss of about ₹ 86.39 million due to insect pests 
(Dhaliwal et al. 2007). An automated DNA-based 
system will free taxonomists from routine identi-
fications, allowing them to direct their efforts to 
new collections, descriptions, and assessments 
of taxonomic relationships. In 2003, Paul D.N. 

Fig. 2  Organization of insect mitochondrial genome (Source: http://chimerasthebooks.blogspot.in/2011_12_01_
archive.html)
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Hebert from the University of Guelph, Ontario, 
Canada, proposed the compilation of a public li-
brary of DNA barcodes that would be linked to 
named specimens. This library would “provide 
a new master key for identifying species, whose 
power will rise with increased taxon coverage 
and with faster, cheaper sequencing.” The goal 
of a DNA barcoding library is the construction 
of an enormous, online, freely available sequence 
database. Participants in the DNA barcode initia-
tive come in many configurations, including con-
sortia, databases, networks, labs, and projects that 
range in size from local to global. An extensive 
survey is required to catalogue all the insect pests 
for better understanding of their habits and habi-
tat so that proper measures can be used to control 
them. In recent years a new taxonomic approach 
called “DNA barcoding” has been proposed to aid 
the determination of species. This method sug-
gests that large-scale surveys of DNA variation 
would accelerate studies on ecology, biodiversity, 
and conservation planning of poorly studied eco-
systems and groups of organisms. Recently, sev-
eral museums, herbaria, universities, biodiversity 
inventory agencies, and commercial experts have 
created the international consortium Barcode 
of Life (CBOL). The use of DNA sequence for 
species recognition, assessment, and taxonomic 
description, these include taxonomic accuracy, 
low cost, ease of application in diverse contexts 
(including by non-specialists), portability, routine 
and immediate access to information, and utility 
across a broad phylogenetic and taxonomic spec-
trum of organisms, including many species new 
to science.

Materials and Methods

Collection and Identification

Insects were collected from various ecosystems 
across India. At each site, insects were collect-
ed by brush and cotton wool pad and sweeping 
net methods and transferred to collection tubes 
containing 95 % alcohol. The specimens were 
identified to species level and distributed into 

their respective families to obtain a clear phylo-
genetic signal (Table 2) immediately upon their 
collection.

The specimens, thus collected and morpholog-
ically identified, were used for COX 1 barcoding 
at the National Bureau of Agriculturally Impor-
tant Insects (NBAII) Bangalore, India.

Genetic Analysis

The DNA was extracted from somatic tissue 
rich in mitochondria (e.g., thorax and upper ab-
dominal region) using Qiagen DNeasy® Kit, 
following the manufacturers’ protocols. The re-
maining parts of each of the insects and respective 
individuals were kept as voucher specimens at 
NBAII. The extracts were subjected to PCR am-
plification of a 658 bp region near the 5′ termi-
nus of the COX 1 gene following standard pro-
tocols. Primers used were forward primer: (LCO 
1490 5′-GGTCAACAAATCATAAAGATATTG
G-3′) and reverse primer: (HCO 2198 5′-TA-
AACTTCAGGGTGACCAAAAAATCA-3′).

PCR reactions were carried out in 96-well 
plates with 50 µl reaction volume containing Ge-
NeiTM Taq buffer 5 μl, 1 μl of GeNeiTM 10 mM 
dNTP mix, 2.5 μl of (20 pmol/μl) forward prim-
er, 2.5 μl of (20 pmol/μl) reverse primer, 1 μl of 
GeNeiTM Taq DNA polymerase (1 U/μl), DNA 
(50 ng/μl) 2 μl, and sterile water 36 μl. Thermocy-
cling consisted of an initial denaturation of 94 °C 
for 5 min, followed by 30 cycles of denaturation 
at 94 °C for 1 min, annealing at 55 °C for 1 min, 
extension at 72 °C for 1 min. PCR was performed 
using a C1000™ Thermal Cycler. The ampli-
fied product was analysed on a 1.5 % agarose gel 
electrophoresis as described by Sambrook and 
Russell (2001). The amplified products were sent 
to commercial sequencing company, M/s Euro-
fins Pvt Ltd. India. Each species was bidirection-
ally sequenced and checked for quality by Bioed-
it 7.0.2 software and homology, insertions and 
deletions, stop codons, and framshifts by using 
NCBI BLAST. All sequences were uploaded to 
GenBank and the BOLD (http://www.boldsys-
tems.org).

http://www.boldsystems.org
http://www.boldsystems.org
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Table 2  Distribution of insect species into their respective subfamilies and tribes on the basis of classification
Order Family Insect Genbank accession 

numbers
Barcode ID

Hemiptera Agromyzidae Phytomyza orobanchia KC732453 AGIMP017–13
Aphididae Xylocoris flavipes KF365462 Not available
Anthocoridae Blaptostethus pallescens KF365463 Not available

Diptera Tephritidae Acroceratitis histrionica KF471502 Not available
Bactrocera correcta KF289766 AGIMP022–13
Bactrocera dorsalis KF289767 AGIMP023–13
Bactrocera zonata KF289768 AGIMP024–13

Lepidoptera Pyralidae Chilo auricilius KC306949 AGIMP003–12
Chilo partellus KC911712 AGIMP007–13
Chilo sacchariphagus indicus KC306951 AGIMP005–12
Conogethes punctiferalis KF114864 AGIMP012–13
Galleria mellonella KF289770 AGIMP026–13
Polyocha depressella KC306950 AGIMP004–12
Scirpophaga excerptalis KC306948 AGIMP002–12

Noctuidae Bombyx mori JX025640 BMSW002–12
Corcyra cephalonica KF289769 AGIMP025–13
Helicoverpa armigera KC911713 AGIMP008–13

Plutellidae Plutella xylostella KC911716 AGIMP011–13
Galleriidae Sesamia inferens KC911715 AGIMP010–13
Bombycidae Spodoptera litura KC911714 AGIMP009–13

Coleoptera Scolytidae Euwallacea fornicates KC590061 AGIMP027–13
Anobiidae Stegobium panecium KF471501 Not available

Hymenoptera Formicidae Anoplolepis gracilipes JN987860 ANIND016–11
Aphaenogaster beccarii JN886031 ANIND005–11
Camponotus compressus JN886027 ANIND001–11
Camponotus compressus GR-17 JN987857 ANIND013–11
Camponotus irritance JN886033 ANIND007–11
Camponotus parius JN886032 ANIND006–11

Braconidae Chelonus blackburni KF365461 Not available
Formicidae Leptogenys chinensis JN886030 ANIND004–11

Monomorium scabriceps JN987858 ANIND014–11
Myrmicaria brunnea JN886029 ANIND003–11
Oecophylla samaragdina JN886035 ANIND009–11
Paratrechina longicornis JN886034 ANIND008–11
Pheidologeton diversus JN987859 ANIND015–11
Plagiolepis sp. JN886037 ANIND011–11
Solenopsis geminate JN886028 ANIND002–11
Tapinoma melanocephalum JN886036 ANIND010–11
Technomyrmex albipes JN886038 ANIND012–11

Trichogrammatidae Trichogramma achaeae KF234139 AGIMP021–13
Trichogramma chilonis KF234137 AGIMP019–13
Trichogramma japonicum KF234138 AGIMP020–13
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Data Analysis

The pairwise analysis of 43 sequences was con-
ducted using neighbour-joining bootstrap method 
and Kimura-2 parameter in MEGA5. The num-
ber of base substitutions per site was analysed 
between all sequences. Codon positions included 
were 1st + 2nd + 3rd + non-coding. All positions 
containing gaps and missing data were elimi-
nated from the dataset. The A, T, G, C, AT, and 
GC content of all sequences was obtained using 
a computer program designed in the bioinformat-
ics lab at NBAII, Bangalore, India. The AT% at 
three codon positions was calculated using the 
same program.

Sequences were aligned using the Mega 5 
software package. Residue and pairwise dis-
tances were estimated using the Clustal W tool 
of MEGA 5 software with default settings of 
gap opening penalty ten, and a gap-extension 
0.1 in pairwise and 0.05 in multiple alignments, 
sequence divergences were calculated and an 
NJ tree of distances was created to provide a 
graphic representation of the among-species 
divergences (Tamura et al. 2011). Sequences and 
other specimen information are available in the 
project “Ants of India,” project code: ANIND in 
the campaign section “Ants of the World” and in 
“General Projects, Agriculturally Important In-
sects of India,” project code: AGIMP in BOLD 
Systems at website (www.barcodinglife.org). 
Sequences and other specimen information are 
available at BOLD Systems (www.barcodinglife.
org) and GenBank.

Results and Discussion

All mt CO1 sequences were submitted to the NC-
BI-GenBank under accession numbers provided 
in Table 3, PCR products from different ant spe-
cies were easily produced and checked for low-
quality bases at the ends.

The sequences were edited accordingly and 
aligned using Bioedit 7.0.2 software. The visu-
alized PCR product contained no double bands 
on agarose gel, thus indicating that sequences 

obtained were mitochondrial DNA and not nu-
clear pseudogenes. The CO1 region in almost 
all the samples was in the range of 500–658 bp. 
A total of 42 insect species were studied; there 
were a total of 540 positions in the final datasets 
(software generated) according to the full K2P/
NJ tree (Fig. 3). All 42 species could be differen-
tiated by CO1 barcoding. Most of the amplified 
sequences were up to 658 bp in length. In general, 
the lengths suggest that nuclear DNA sequences 
originally from mitochondrial DNA sequences 
(NUMTs) were not sequenced because NUMTs 
are generally smaller than 600 bp. Although the 
COX 1 region is highly conserved, there were dif-
ferences in the length and sequence of the regions 
flanking COX 1. Previous phylogenetic studies 
have showed the utility of COX 1 for the identifi-
cation of genetic variability. Insect species were 
also subjected for analysis of nucleotide compo-
sition in all the different specimens, AT, GC %, 
and AT content at the first, second, and third 
codon positions were calculated, the difference 
was attributed to the AT content of the 3rd codon, 
AT3, (25.58) which ranged from 32.07–5.78 %. 
The AT content at the first and second codon po-
sitions was nearly invariant (Table 3). As expect-
ed, AT content was significantly found higher by 
69.07 % than the GC content of 30.92 %. Average 
genetic distances among the different groups of 
insects used in this study showed higher values 
at the 3rd codon position, indicating that de-
tailed study of the 3rd codon position for insects 
might reveal possible evolutionary information 
among this closely related group of organisms. 
Sequences were heavily AT-biased due to this 
3rd codon position, which is expected in insect 
mtDNA. A phylogeny tree constructed using the 
N–J method revealed two clusters (Fig. 3); two 
clades were obtained, the first cluster consisting 
of orders lepidoptera, diptera, hemiptera, and 
coleoptera, whereas another clade showing rela-
tionship between hymenopteran insects. All the 
sequences obtained were submitted to GenBank. 
Sequence and barcode information is also avail-
able at BOLD Systems (www.barcodinglife.org) 
in the General Project section as Agriculturally 

www.barcodinglife.org
www.barcodinglife.org
www.barcodinglife.org
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Table 3  AT % at the first, second, and third codon positions and AT and GC% of 42 different insect species
Insect species First Second Third AT % GC %
Acroceratitis histrionic 17.21 19.11 30.80 67.14 32.85
Anoplolepis gracilipes 20.96 27.58 19.51 68.1 31.9
Aphaenogaster beccarii 20.44 24.91 20.27 65.6 34.4
Bactrocera correcta 16.40 18.75 27.50 62.65 37.34
Bactrocera dorsalis 17.18 18.75 27.96 63.90 36.09
Bactrocera zonata 17.03 14.68 5.78 62.5 37.5
Blaptostethus pallescens 19.47 18.53 30.99 69.00 30.99
Bombyx mori 25.90 18.88 24.88 69.66 30.33
Camponotus compressus 30.74 22.26 20.49 73.5 26.5
Camponotus compressus GR17 30.39 21.58 20.51 72.5 27.5
Camponotus irritans 20.49 24.95 19.83 65.3 34.7
Camponotus parius 25.22 20.51 20.36 65.5 34.5
Chelonus blackburni 24.18 21.59 30.35 76.13 23.86
Chilo auricilius 20.45 19.14 31.26 70.86 29.13
Chilo partellus 20.63 19.72 30.19 70.56 29.43
Chilo sacchariphagus indicus 20.13 19.31 30.27 69.72 30.27
Conogethes punctiferalis 18.84 18.99 30.69 68.54 31.45
Corcyra cephalonica 19.68 19.06 31.09 69.84 30.15
Euwallacea fornicates 17.62 19.14 27.81 64.58 35.41
Galleria mellonella 19.37 19.06 31.25 69.68 30.31
Helicoverpa armigera 21.09 19.27 30.19 70.56 29.43
Leptogenys chinensis 21.32 30.90 20.82 73.1 26.9
Monomorium scabriceps 25.07 19.90 20.51 65.5 34.5
Myrmicaria brunnea 20.66 26.11 20.00 66.8 33.2
Oecophylla smaragdina 33.13 22.18 20.97 76.3 23.7
Paratrechina longicornis 28.57 20.66 21.12 70.4 29.6
Pheidologeton diversus 24.20 19.78 20.49 64.5 35.5
Phytomyza orobanchia 19.30 30.24 18.23 67.78 32.21
Plagiolepis sp. 28.11 20.82 21.12 70.1 29.9
Plutella xylostella 20.63 19.27 29.74 69.65 30.34
Polyocha depressella 20.62 19.47 32.07 72.17 27.82
Scirpophaga excerptalis 19.63 19.47 30.60 69.72 30.27
Sesamia inferens 20.18 19.11 30.34 69.65 30.34
Solenopsis geminate 25.22 19.75 20.66 65.7 34.3
Spodoptera litura 20.96 19.46 29.61 70.04 29.95
Stegobium paniceum 19.56 18.93 31.29 69.79 30.20
Tapinoma melanocephalum 24.46 20.82 20.51 65.8 34.2
Technomyrmex albipes 26.89 20.51 20.82 68.2 31.8
Trichogramma achaeae 23.41 20.48 31.54 75.44 24.55
Trichogramma chilonis 23.08 20.00 32.03 75.12 24.87
Trichogramma japonicum 23.18 20.45 31.56 75.20 24.79
Xylocoris flavipes 17.55 18.19 28.50 64.25 35.74
Mean 22.12 20.76 25.58 69.07 30.92
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Fig. 3  Phylogenetic tree for 42 insect species (5 orders) depicting genetic relationships derived from CO1 sequenc-
es. Note: Bootstrap consensus tree generated by Bootstrap Test Phylogeny using neighbour-joining (N–J) method of 
MEGA 5 Software. All the 43 species are from 5 orders, which are distributed into two main clades that are 61 % similar
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Important Insects in India (AGIMP) and in Ants 
of the World section as Ants of India (ANIND).

Limitations of DNA Barcoding

A short standardized DNA sequence originating a 
fragment of the mitochondrial gene has emerged 
as the standard barcode region for animals for 
unknown species and an aid in the discovery of 
new species. Mitochondrial DNA genes are ma-
ternally inherited which sometimes may result 
in interspecific hybridization or endosymbiont 
infections that generate transfer of mitochon-
drial genes outside the species, therefore DNA 
barcoding requires an expertise at the analysis 
level, and one must be trained on the analytical 
part of it. The proper knowledge about differ-
ent kinds of bioinformatic tools enables one to 
analyse DNA sequence. Pseudogenes commonly 
known as nuclear mitochondrial DNA (NUMTs), 
originating from mitochondrial nucleus is one 
of the major obstacles in discriminating species 
on the mitochondrial DNA basis. Their integra-
tion into the nuclear genome was originally as-
sociated with transposable elements or short dis-
persed repeats, but close examination of many 
different NUMTs loci reveals a lack of common 
features at integration sites (Bensasson et al. 
2001). Whitworth et al. (2007) observed that 
the patterns of mitochondrial variability can be 
confounded by the spread of maternally transmit-
ted bacteria that cosegregate with mitochondria. 
They further reported that here, the performance 
of barcoding in a sample comprising 12 species 
of the blow fly genus Protocalliphora, known to 
be infected with the endosymbiotic bacteria Wol-
bachia showed very limited success: assignment 
of unknown individuals to species is impossible 
for 60 % of the species, while using the technique 
to identify new species would underestimate the 
species number in the genus by 75 %. In another 
study, Smith et al. (2012) analysed > 2 million in-
sect COX I trace files on the BOLD and reported 
that Wolbachia COX I was present in 0.16 % of 
the cases. It is possible to generate Wolbachia 
COX I using standard insect primers; however, 
that amplicon was never confused with the COX 

I of the host. Wolbachia alleles recovered were 
predominantly Super group A and were broadly 
distributed geographically and phylogenetically 
and it was concluded that the presence of the 
Wolbachia DNA in total genomic extracts made 
from insects is unlikely to compromise the ac-
curacy of the DNA barcode library and suggested 
that regular assays for Wolbachia presence and 
type can, and should, be adopted by large-scale 
insect barcoding initiatives.

Future Perspectives

DNA barcoding will greatly facilitate and comple-
ment taxonomic studies; the sequencing data cou-
pled with traditional taxonomy is a model that can 
be applied on various disciplines and will allow 
analytical needs to be scaled to match the enor-
mity of the current biodiversity crisis. It will help 
in the identification and conservation of the evolu-
tionary processes that generate and preserve biodi-
versity. For groups in which identification can be 
difficult, the potential utility of DNA barcoding is 
immense. In this study, we showed that DNA bar-
coding allows the rapid identification of important 
functional units of hyper diverse arthropods in the 
rapid manner needed by conservation groups re-
sponding to habitat destruction and degradation. 
Insect diversity, measured via DNA barcoding in 
collaboration with taxonomists, should provide 
the essential fine-scale maps for assessing biodi-
versity at a scale at which conservation decisions 
are made. Our results reveal that COX 1 barcod-
ing will permit the unambiguous identification of 
insect species of India. Taxonomists, equipped 
with modern tools and collaborations, have a 
chance to move systematically to the forefront 
of conservation. DNA barcoding is not a perfect 
approach, but it has immense impact on the sci-
entific community, becoming a widely used ap-
proach, characterized by many relevant aspects of 
uniformity and generalization. A critical knowl-
edge of the method is essential for a proper use 
of it. In recent past many online resources help 
researchers to upload and retrieve DNA sequence 
and specimen data across insect orders for phylo-
genetic and barcoding studies.
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Abstract

Wild flies and laboratory strains of Drosophila immigrans were inves-
tigated to study effects due to changes in body size and body melanisa-
tion on mating success (mated pairs, mating latency (ML), and copulation 
duration(CD)). Accordingly, the hypothesis, whether changes in body size 
or body melanisation are correlated with mating success in D. immigrans, 
was tested. A comparison of copulating and noncopulating flies of D. im-
migrans in the field showed contrasting differences due to body melanisa-
tion but not with body size. Similar results were found in copulating flies 
with early- vs. late-mating propensity. Isofemale lines varying either in 
body melanisation or in body size, but not in both the traits were selected. 
Laboratory data on dark vs. light isofemale lines showed a significant ef-
fect of body melanisation on mating success. By contrast, small vs. large 
body size strains did not differ in their mating success. Further, laboratory-
selected dark strain showed a significantly higher number of mated pairs 
and longer CD as compared with light strain; whereas ML was longer 
for light strain and much shorter for dark strain. Thus, changes in mating 
success are associated with body melanisation and not with body size in 
D. immigrans.

Introduction

Mating success is an important component of fit-
ness affected by genetic as well as environmental 
factors (Long et al. 1980; Markow 1996). In some 
Drosophila species, females have been shown to 
choose their mating partner based on body size. 

Keywords 

Body melanisation · Body size · Copulation duration · Drosophila 
immigrans
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Only a few studies in Drosophila species have 
shown larger males to have higher mating suc-
cess than smaller males, e.g. D. melanogaster 
(Taylor and Kekic 1988); Drosophila simulans 
and Drosophila mojavensis (Markow and Ricker 
1992); Drosophila testacea (James and Jaenike 
1992). By contrast, smaller males have shown 
more matings than larger males in Drosophila 
subobscura (Steele and Partridge 1988) and Dro-
sophila montana (Aspi and Hoikkala 1995). For 
Drosophila pseudoobscura, two different stud-
ies have shown contradictory results, e.g. higher 
mating success of larger males (Partridge et al. 
1987) whereas no difference in the mating suc-
cess of males of different sizes (Markow and 
Ricker 1992). Further, in Drosophila willistoni, 
body size differences in males do not impact mat-
ing success (Da Silva and Valente 2001). Such 
studies suggest that the targets of sexual selec-
tion might vary in different Drosophila species, 
or body size differences within a species may not 
be important to female choice. The relationships 
between male mating success and body size are 
inconsistent across different Drosophila species, 
but these studies have not considered effects due 
to changes in body melanisation.

Studies have shown that changes in body mel-
anisation affect mating behavior in diverse insect 
taxa. In ladybird beetles, dark-coloured individu-
als have shown increased mating success and ear-
lier emergence times in spring (Brakefield 1984; 
Brakefield and Larsen 1984). Further, changes in 
body melanisation impact behavioural patterns, 
e.g. mate preference in butterfly (Kronforst et al. 
2006); alternative body colour/behaviour morphs 
in grasshoppers Schistocerca gregaria (Leo et al. 
2005); aggressive mating behaviour of body 
colour morphs in the fish Gambusia holbrooki 
(Horth 2003) and Tetrix undulata (Forsman et al. 
2002); courtship display in two Drosophila spe-
cies (Yeh et al. 2006). Genetic analysis of D. 
melanogaster mutants affecting body colour 
also differ in mating success (de Magalhaes and 
Rodrigues-Pereira 1976; Mizugushi and Almeida 
1983). For wild populations of Drosophila spe-
cies, associations between body colour morphs 

and copulation duration (CD) have been shown 
for Drosophila elegans (Hirai et al. 1999). Re-
cent data on D. melanogaster has shown that 
changes in body melanisation are correlated with 
mating-related traits (Parkash et al. 2011; Dev 
et al. 2013) and not with body size.

Mating speed and CD are fitness-related traits 
in diverse insect taxa (Prakash 1967; Spiess 
1970; Pitnick 1991; Markow 1996; Lefrance and 
Bundgaard 2000). Both these traits are under 
polygenic control and respond to laboratory se-
lection. Such experiments have resulted in strains 
with faster and slower mating speeds (Spiess and 
Langer 1964; Brncic and Koref-Santibanez 1964; 
Kessler 1969) and longer and shorter CDs (Mac-
bean and Parsons 1966; Gromko et al. 1991). 
However, laboratory selection experiments have 
not considered correlated changes in body size or 
body melanisation. Thus, it is not clear whether 
there are direct or correlated selection responses 
for mating-related traits in Drosophila species.

Drosophila immigrans is a cold-adapted cos-
mopolitan species characterised by larger body 
size and lack of sexual dimorphism in body mela-
nisation; and a much longer CD of about 45 min 
(Markow and O’Grady 2006) in comparison to 
other Drosophila species. Accordingly, this spe-
cies is suitable for comparing the impact of body 
size vs. abdominal melanisation on mating suc-
cess. The present study involves addressing the 
following questions: (a) Whether field collected 
copulating pairs and noncopulating flies dif-
fer in body size or body melanisation? (b) Do 
heritable strains for body size (large vs. small) 
or body melanisation (dark vs. light) differ in 
mating success? (c) Do laboratory-selected dark 
and light strains influence mating success in D. 
immigrans? Body size and body melanisation in 
both the sexes; mating latency (ML), and CD in 
different strains of D. immigrans were analyzed. 
Laboratory strains for mating propensity under 
no choice experiments were compared in crosses 
for small- and large-sized flies of both the sexes 
for differences in ML, CD and body melanization 
of homo- and hetero-specific matings. Finally, 
mating success of laboratory selected dark and 
light strains in D. immigrans was compared.
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Materials and Methods

Field Collections Copulating pairs and non-
copulating flies of D. immigrans from decay-
ing fallen fruits in a highland locality (winter of 
2007–2008) were aspirated. Flies were collected 
in the morning (6:00–8:00 a.m.) when they were 
actively involved in mating. The copulating pairs 
were collected in food vials with aspirator. After 
90 min, the unsuccessful flies (male and female 
both) that is, the one that did not copulate were 
aspirated in separate food vials (noncopulating 
flies).

D. immigrans ( n = 120–180) were also col-
lected from three altitudinal sites (a low-, mid- 
and highland locality) covering a range of 761–
2708 m in October–November (2007–2008) 
using banana bait traps and net sweeping. The 
sampling sites were characterized by their lati-
tude, altitude, average annual temperature (Tave) 
and relative humidity (RH) on the basis of cli-
matological tables obtained from Indian Institute 
of Tropical Meteorology (IITM; www.tropmet.
res.in). For each population, 45 isofemale lines 
were set up. Wild populations are adapted to dif-
ferent climatic conditions, but between popula-
tion differences can be analysed on the basis of 
common garden experiments. Thus, flies of each 
population were reared in biological oxygen de-
mand (BOD.) incubators at 21 ± 0.2 °C. The den-
sity was controlled by limited egg laying period 
(6–8 h) on cornmeal–yeast–agar medium (70–80 
eggs/vial, 37 × 100 mm).

Culture Conditions For each population, 2–3 
replicates of isofemale lines were maintained 
for simultaneous analysis of body melanisation, 
wing length and mating related traits. All experi-
ments were initiated soon after collections and 
performed with successive generations. The ex-
perimental conditions were made uniform with 
temperature controlled room set at 21 °C. Fur-
ther, for each season, G1 and G2 (generations 1 
and 2) of the wild caught flies were analysed to 
avoid possible effects of laboratory adaptations 
or inbreeding effects.

Trait Measurements Lines were selected on the 
basis of body size (wing length) and body mela-
nisation, i.e. (a) lines similar in body size but dif-
fering in body melanisation (b) lines similar in 
body melanisation but varying in body size from 
the 45 isofemale lines prepared. Ten randomly 
chosen individuals per isofemale line were in-
vestigated. Body size (wing length) and body 
melanisation were simultaneously measured in 
wild caught and laboratory reared individuals. 
For each fly, wing length (in millimetre) was 
measured from the thorax articulation to the tip 
of third longitudinal vein under Olympus SZ-11 
microscope fitted with a micrometer.

Melanisation was estimated from dorsal as 
well as lateral views of the abdomen giving val-
ues ranging from 0 (no pigment) to 10 (complete 
darkness) for each of the six visible abdominal 
tergites. For visual scoring of melanisation under 
stereo zoom microscope (Olympus, www.olym-
pus.com) the melanisation score (0–10) for each 
tergite was multiplied with its relative size. Since 
the abdominal tergites (2nd to 7th) differ in size, 
the total area of each tergite was transformed into 
its relative size, i.e. 0.66, 0.88, 1.0, 0.88, 0.66 
and 0.33 for 2nd to 6th tergites, respectively, for 
both the sexes. However, the size of 7th tergite 
differed between sexes, i.e. 0.22 for males and 
0.33 for females. The abdomen of each fly minus 
viscera was mounted on a slide and total body 
melanisation per fly was also estimated through 
Biowizard image analysis software (Dewinter 
Optical Inc., www.dewinterindia.com). All ex-
periments were done on assorted dark and light 
flies (melanisation difference ~ 20–25 %) and as-
sorted small and large flies (wing length differ-
ence ~ 0.50 mm) of isofemale lines from a high-
land population. Laboratory selection experiment 
for body melanisation was carried out in a mid-
land population (Solan) at 21 °C for 18 genera-
tions and different traits were analysed.

Analyses of Mating-Related Traits For mat-
ing-related traits (ML, CD, ovariole number 
and fecundity), assorted isofemale lines were 
analysed. Mating experiments were conducted 
when flies were more active: early in the morn-
ing (6:00–8:00 a.m.). During experiments, two 
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main categories of behaviours were observed: 
(i) Mating/courtship latency (ML), which is the 
time taken by the male to initiate courtship of fe-
male after its introduction into the chamber (ii) 
CD, the amount of time till the female forces or 
pushes out the male. Observations were recorded 
for 90 min with a stopwatch.

Six-day-old virgin females and males were 
introduced into cylindrical Tarsons plastic food 
vials (37 × 100 mm) with cotton plug. All ob-
servations were made in morning (6.00–8.00 
a.m.) in a thermo-controlled room at 21 °C. For 
all the observed matings, ML and CD were re-
corded with a stop watch started at 0 s. Aspirated 
mated pairs were used for estimating fecundity 
in egg-laying chambers. Everyday the flies were 
transferred to fresh egg-laying chambers and 
fecundity was monitored under the Olympus 
stereo-zoom microscope SZ-11, Japan. This was 
continued for 15 successive days (7th–21st) as 
this period coincided with highest egg produc-
tion and the data were shown as daily fecundity. 
Total ovariole number per fly was counted from 
ovaries dissected in a saturated solution of potas-
sium dichromate.

Statistical Analyses For all traits, isofemale 
line and population means ± SD were used for 
illustrations and tabular data. Since all the traits 
showed higher repeatability values across gen-
erations, data were pooled. Mean trait values for 
body melanisation and wing length in copulating 
and noncopulating wild flies were compared with 
ttest. Mating related traits in wild caught flies of 
D. immigrans in early vs. late mating propensity 
groups were also compared using t test. Further, 
the trait values for overall four types of matings 
(homo- and hetero-specific) on the basis of body 
melanisation and size were subjected to contin-
gency χ2 test to find whether matings are random 
or not. Correlation values ( r) of mating related 
traits (ML, CD and daily fecundity) with body 
size and with melanisation in assorted isofemale 
lines were calculated. Data on within-population 
analyses were used for calculation of correlation 
values of different traits as a function of body 
melanisation. Statistica (Statsoft Inc., Release 

5.0, Tulsa, OK, USA) was used for all calcula-
tions as well as illustrations.

Results

Mean ± SD for field observations on body size 
and body melanisation in copulating and non - 
copulating flies of D. immigrans are shown in 
Table 1. For each day observation, t test was 
performed to compare wing length and body 
melanisation of the copulating and noncopulat-
ing categories both for males as well as females. 
No significant (ns) differences were observed 
for wing length, whereas quite high significant 
values (***p < 0.001) were obtained for body 
melanisation (Table 1). The copulating flies show 
higher body melanisation irrespective of wing 
length compared with noncopulating flies. These 
results favour the role of body melanisation and 
not body size on mating success in wild flies of 
D. immigrans.

No difference was found in body size (wing 
length) among early and late mating groups of 
flies (Table 2). Results showed high percentage 
melanisation, mated pairs, CD and fecundity; and 
lower ML in early-mating propensity flies than 
late-mating propensity flies (Table 2; signifi-
cance level: p < 0.001).

Isofemale lines varying either in body mela-
nisation or in body size but not in both the traits 
were selected. Data showed that isofemale lines 
of D. immigrans similar in body size but varying 
in body melanisation (dark vs. light) differ signif-
icantly in ML and CD (Fig. 1). By contrast, isofe-
male lines similar in body melanisation but vary-
ing in body size (large vs. small) exhibit no dif-
ference in ML and CD in D. immigrans (Fig. 2). 
The results are illustrated in Figs. 1 and 2.

No choice matings were performed to confirm 
the role of body melanisation in mating success 
in D. immigrans. Data on no-choice tests based 
on isofemales varying only in body melanisation 
(dark—D and light—L) but not in body size; and 
varying in body size (small—Sm and large—La) 
but not in body melanisation are given in Table 3. 
Isofemale lines differing in body melanisation 
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and not body size show difference in mated pairs, 
ML and CD for light and dark homo-specific 
(L × L; D × D) as well as hetero-specific matings 
(L × D; D × L) on the basis of contingency χ2 test 
(Table 3). By contrast, flies of isofemale lines 
varying in body size and not in body melanisa-
tion, under no choice mating conditions, exhib-
ited no difference in mated pairs, ML and CD 
(Table 3). Thus, laboratory results (similar to 
wild data) on dark vs. light isofemale lines show 
significant effect of body melanisation on mat-
ing success. By contrast, small vs. large body size 
lines did not differ in mating success.

Between and Within Population Variations  
Basic data on body melanisation, wing length, 
mating latency, copulation duration, ovariole 
number and fecundity in a lowland and a high-
land population grown at 21 °C are shown in 
Table 4. Variations in these traits show parallel 
changes along altitude. There is no difference 
for melanisation in each sex. Further, differences 
in melanisation (dark and light flies) in both the 
populations correspond to changes in reproduc-
tive traits (ML, CD, and fecundity; Table 4). 
Statistical comparisons show that within popula-
tion differences are quite significant for all traits 

Table 1  Field observations on body size and body melanisation in aspirated copulating and noncopulating flies (at 
9:00 a.m. daily for 7 days) of D. immigrans. Traits were compared with t test
Day Sex Copulating pairs Noncopulating flies t test b/w

copulant vs. noncopulant
N WL % melanisation n WL % melanisation WL % melanisation

1 M 13 3.57 ± 0.11 71.1 ± 3.01 11 3.51 ± 0.10 21.6 ± 2.32 ns ***
F 3.90 ± 0.13 76.0 ± 4.12 4.01 ± 0.09 27.4 ± 2.10 ns ***

2 M 7 3.48 ± 0.09 62.4 ± 3.06 9 3.50 ± 0.12 30.2 ± 2.45 ns ***
F 3.52 ± 0.10 68.2 ± 3.50 3.55 ± 0.11 36.4 ± 2.74 ns ***

3 M 11 3.84 ± 0.14 56.4 ± 2.72 19 3.80 ± 0.13 24.2 ± 2.23 ns ***
F 3.49 ± 0.08 52.4 ± 3.04 3.46 ± 0.08 29.6 ± 2.15 ns ***

4 M 12 3.70 ± 0.10 73.5 ± 3.56 6 3.74 ± 0.13 28.2 ± 3.06 ns ***
F 3.94 ± 0.15 70.4 ± 3.61 3.96 ± 0.15 31.7 ± 2.55 ns ***

5 M 4 3.85 ± 0.11 63.8 ± 3.79 8 3.89 ± 0.10 27.6 ± 2.41 ns ***
F 4.08 ± 0.09 69.2 ± 3.20 4.00 ± 0.09 33.1 ± 2.50 ns ***

6 M 14 3.26 ± 0.13 61.2 ± 3.15 7 3.21 ± 0.12 34.0 ± 3.02 ns ***
F 3.77 ± 0.12 64.3 ± 3.98 3.83 ± 0.11 37.5 ± 2.86 ns ***

7 M 21 3.69 ± 0.09 74.3 ± 3.10 15 3.76 ± 0.13 28.3 ± 2.91 ns ***
F 4.02 ± 0.07 75.0 ± 2.09 4.07 ± 0.12 32.9 ± 2.46 ns ***

ns nonsignificant, M male, F female, WL Wing Length, b/w Between
***p < 0.001

Table 2  Data on mating related traits in wild-caught copulating flies of D. immigrans in early- vs. late-mating propen-
sity (MP) groups
Traits Sex Early MP Late MP t test
Wing length (mm) M 3.25 ± 0.09 3.26 ± 0.11 ns

F 3.57 ± 0.10 3.54 ± 0.12 ns
Melanisation (%) M 71.0 ± 3.20 32.1 ± 2.41 ***

F 75.8 ± 3.37 36.3 ± 2.60 ***
Mating latency (min) – 7.21 ± 3.46 21.0 ± 3.02 ***
Mated pairs (%) – 67.4 ± 1.42 32.5 ± 1.16 ***
Copulation duration (min) – 64.2 ± 3.75 41.1 ± 3.51 ***
Fecundity (no. of eggs/day) – 59.5 ± 2.88 40.7 ± 2.19 ***
ns nonsignificant, M male, F female
***p < 0.001
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(except body size:wing length) compared to be-
tween population differences (Table 4).

Correlations Between Traits Based on iso-
female lines data, within population analyses 
for correlation of mating related traits (mat-
ing latency, copulation duration and fecundity) 
with body melanisation are shown in Fig. 3 and 
Table 4. There are significant correlations for 
ML ( r =− 0.90); CD ( r = 0.81), and fecundity 
( r = 0.95) with assorted dark and light flies on the 
basis of body melanisation (Fig. 3). Small- and 
large-sized flies assorted on the basis of body 
size (wing length) show lack of correlations with 
ML, CD and fecundity ( r = ns). Thus, within 

population variation in body size show a lack 
of correlation with body melanisation as well as 
mating related traits (Fig. 3). This analysis fur-
ther supports correlated changes in body mela-
nisation (not body size) and mating related traits 
in D. immigrans.

Selection: Supporting Evidence Results of 
laboratory selected dark (DSS) and light (LSS) 
body color strains are illustrated as bars (Fig. 4). 
For body melanisation, darker selected strain 
showed about 1.6-fold increase while lighter 
strain exhibited ~ 2 fold decrease in compari-
son to control population after 18 generations 
of selection (Fig. 4). The selected strains varied 
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Fig. 1  Isofemales of D. immigrans similar in body size (a), but varying in body melanization ( dark vs. light) (b), differ 
significantly in mating latency (c), and copulation duration (d)
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Table 3  Data on no-choice tests based on isofemales varying only in body melanisation (dark—D and light—L) but 
not in body size (A), and varying in body size (small—Sm and large—La) but not in body melanisation (B). For each 
mating trait results of contingency χ2 test are also shown
Traits (A) Body melanisation (B) Body size

L × L D × D L × D D × L Cont. χ2 Sm × Sm La × La Sm × La La × Sm Cont. χ2

% MP 10.3 ± 2.05 40.0 ± 2.84 23.8 ± 3.01 25.9 ± 2.73 *** 10.3 ± 2.50 11.2 ± 2.83 12.0 ± 2.66 12.5 ± 3.14 ns
ML 23.4 ± 2.92 5.5 ± 1.72 16.5 ± 2.10 14.3 ± 1.60 *** 23.4 ± 2.92 24.0 ± 2.78 25.3 ± 3.14 21.2 ± 3.01 ns
CD 38.0 ± 2.61 64.5 ± 2.42 47.0 ± 2.56 53.2 ± 2.44 *** 39.0 ± 2.61 41.5 ± 3.20 44.5 ± 2.13 40.1 ± 2.46 ns
MP mated pairs, ML mating latency, CD copulation duration, ns nonsignificant
***p < 0.001
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significantly in all the three fitness related traits 
except body size (wing length), suggesting that 
evolutionary response to laboratory selection did 
not affect body size. For darker selected strain, 
a significant increase in CD (Fig. 4) and fecun-
dity (data not shown) and decrease in ML was 
observed. By contrast, for lighter selected strain, 
a decrease in CD and fecundity (data not shown); 
and an increase in ML were found in comparison 
to control population (Fig. 4). Thus, laboratory 
selection results support that changes in body co-
lour are correlated with mating related traits in D. 
immigrans, similar to wild and laboratory data.

Discussion

Large size seems to be at an advantage in a wide 
variety of ecological contexts in the flies’ mat-
ing system. Research has shown that larger males 
and females exhibit higher mating success as 
compared to smaller individuals. Large males 
generally experience greater success in aggres-
sive competition than smaller ones especially in 
species, in which there is direct male–male com-
petition for access to mates (Thornhill and Al-
cock 1983; Otranen 1984; Day and Butlin 1987; 
Cook 1988). The relationship between large body 
size and success also holds for fighting, in every-
thing from minute insects like aphids and thrips, 

to elephant seals (Alcock 1993). In particular, 
large females often have greater longevity and 
higher fecundity and larger males have enhanced 
mating success (Butler and Day 1984). A male 
preference for larger and hence more fecund fe-
males has been demonstrated in several species 
of insects (Hieber and Cohen 1983; Johnson and 
Hubbell 1984).

Several studies have shown the role of body 
size in mating success in insects as well as droso-
philids such as: in Japanese beetle Popillia japon-
ica, males prefer larger females due to their egg 
characteristics (Saeki et al. 2005); in drosophilid 
Phorticella striata female preferred males with 
long wings. Other studies (Markow 1988; Par-
tridge et al. 1987a, b; Hedge and Krishna 1997) 
also favour role of body size. In D. willistoni, no 
significant differences in wing length were ob-
served between copulating and noncopulating 
flies (Da Silva and Valente 2001). The present 
study in D. immigrans shows no effect of body 
size (wing length) on ML, CD and fecundity.

Ecological significance of body melanisa-
tion has been investigated in melanic and typi-
cal morphs in butterflies and beetles (Majerus 
1998; True 2003). In ladybird beetle, Coccinella 
septempunctata, the melanic morphs with higher 
elytral pigmentation showed greater fecundity 
than lesser pigmented individuals in relation 
with  radiant heat levels (Rhamhalinghan 1999). 

Table 4  Data on mating related traits in dark and light isofemale lines ( n = 30) from lowland and highland populations 
of D. immigrans grown at 21 °C. Correlations of different traits with body melanization are also shown
Traits Sex Lowland (761 m) Highland (2708 m)

Dark Light r with 
melanisation

Dark Light r with 
melanisation

% melanisation F 50.0 ± 3.06 26.3 ± 3.15 – 76.0 ± 3.27 38.6 ± 3.32 –
M 47.5 ± 2.91 24.1 ± 2.80 – 71.1 ± 3.15 32.4 ± 3.10 –

Wing length 
(mm)

F 3.57 ± 0.10 3.54 ± 0.09 0.09 ± 0.12 (ns) 4.00 ± 0.12 3.92 ± 0.14 0.12 ± 0.18 (ns)
M 3.21 ± 0.12 3.26 ± 0.13 0.12 ± 0.18 (ns) 3.51 ± 0.16 3.57 ± 0.19 0.16 ± 0.20 (ns)

Mating latency 
(min)

– 12.4 ± 2.40 28.5 ± 2.36 −0.88 ± 0.07*** 5.26 ± 2.57 22.3 ± 2.62 −0.90 ± 0.07***

Copulation 
duration (min)

– 50.0 ± 2.44 31.2 ± 2.51 0.85 ± 0.11*** 65.3 ± 2.54 43.2 ± 2.63 0.81 ± 0.11***

Ovariole no. – 48.2 ± 2.30 46.0 ± 2.45 0.24 ± 0.17 (ns) 56.5 ± 2.40 59.1 ± 2.78 0.22 ± 0.21 (ns)
Fecundity (no. 
of eggs/day)

– 45.1 ± 1.83 33.0 ± 1.90 0.92 ± 0.06*** 64.0 ± 2.01 48.0 ± 2.13 0.95 ± 0.06***

ns nonsignificant
***p < 0.001
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Fig. 3  Correlations of mating related traits (mating latency, copulation duration and daily fecundity) with body size 
( large vs. small; a–c) and with body melanisation (d–f) in assorted isofemale lines of D. immigrans
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In Adalia bipunctata (coleopteran) and Ephestia 
kuehniella (lepidopteran), melanics display high-
er mating success compared with typicals (Ver-
hoog et al. 1998). However, less attention has 
been paid to most visible body colour variations 
(Hirai et al. 1999; Brakefield 1984) which show 
pleiotropic effects on mating behaviour (True 
2003). A few recent studies have shown the pos-
sible consequences of changes in body melanisa-

tion for fitness traits in drosophilids (Rajpurohit 
et al. 2008; Singh et al. 2009; Parkash et al. 2011; 
Dev et al. 2013). However, there is no detailed 
study that has considered the impact of changes 
in body size as well as body melanisation simul-
taneously on mating success in Drosophila spe-
cies.

In diverse insect taxa, pleiotropic effects of 
body melanization have been observed for vari-
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ous behavioural, physiological and developmen-
tal traits (True 2003). For example, in D. elegans, 
CD is shorter in brown morph as compared with 
the black morph (Hirai et al. 1999). In ladybird 
beetle ( Adalia bipunctata) dark colour indi-
viduals benefit from increased mating success 
(Brakefield 1984). In another study, on Cocci-
nella septempunctata higher fecundity was corre-
lated with increase in body melanisation (Rham-
halinghan 1999). Pleiotropy or genetic linkage 
is responsible for generation of such correlated 
behaviour traits. Indirect evidences of such plei-
otropy can be evidenced from correlated pheno-
types in laboratory selection experiments. In the 
present work, we performed selection experi-
ment for body melanisation till 18 generations to 
study its correlated effect on mating related traits, 
i.e. ML and CD in D. immigrans. Selection re-
sults show an increase for body melanisation, CD 
and fecundity in dark selected strain and almost 
similar decrease for all the traits in light selected 
strain irrespective of body size—small or large.

Present work documents the effect of body size 
as well as body melanisation on mating success 
in wild and laboratory (isofemale line approach) 
of D. immigrans. Laboratory-selected dark strain 
obtained through selection experiment showed 
significantly higher number of mated pairs and 
longer CD as compared with light strain. ML was 
longer for light and shorter for dark strain. Thus, 
the current study supports the role of body mela-
nisation in mating success in D. immigrans.
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Abstract

The present study was conducted to record the effect of female size and 
age on the longevity and reproductive performance of Trichopria sp. (Hy-
menoptera: Diapriidae), an endo-pupal, gregarious parasitoid of Exorista 
bombycis Louis (Diptera: Tachinidae). Being an endo-larval parasitoid of 
the silkworm Bombyx mori L. (Lepidoptera: Bombycidae), E. bombycis 
causes a cocoon yield reduction of 10–20 % in south India. Two-day-old 
females of the wasp were segregated into big and small based on their size. 
The longevity of big and small females was recorded at 24 h intervals by 
feeding 30 % honey. The progeny production and sex ratio were assessed by 
allowing big and small gravid parasitoid females as well as 1–8 day-old fe-
males of the wasp to parasitize 3 day-old puparia of E. bombycis for 2 days 
at a wasp: host ratio of 1:4. Number of host puparia parasitized, parasitoid 
developmental duration, progeny production, and sex ratio were recorded. 
The longevity of big parasitoid female wasps was significantly longer than 
small ones. Similarly, big females of the parasitoid produced significantly 
more progenies with higher sex ratio compared to small females. With re-
gard to parasitoid age, young females (1–3 day-old) produced significantly 
more progenies in comparison to old ones (7–10 day-old).

Keywords 

Female longevity · Parasitoid size · Progeny

Introduction

One of the important components of integrated 
pest management is the use of natural enemies 
as biocontrol agents. This has many advantages 
over the traditional chemical control (Schol-
ler and Flinn 2000). The natural enemies are 
self-perpetuating, effective on a long term, and 
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economical. With regard to parasitoids as biocon-
trol agents, they assume immense importance as 
they account for 87 % suppression of pest insects 
in nature in comparison to 12 % by predators and 
1 % by pathogens (van Lenteren 1983). To realize 
their effectiveness as potent biocontrol agents, 
they need to be released in the field subsequent to 
their mass production in the insectary employing 
appropriate protocol. Further, the mass-produced 
parasitoid individuals, especially females are re-
quired to possess superior fitness characteristics 
in order to accomplish the desired goal in the 
field. In addition, it would be ideal if the popu-
lation of the mass-produced parasitoid adults is 
female-biased. It is a well established fact that 
fitness traits as well as sex ratio of parasitoids 
are influenced by various host, parasitoid, and 
environmental factors. Fitness is often correlated 
with adult size and it correlated with enhanced 
longevity, temperature tolerance, effective host 
searching ability, and greater reproductive poten-
tial (Ji et al. 2004; Aruna 2007; Gangadhar 2009). 
The factors that contribute to parasitoid fitness 
include host age and size, parasitoid age and size, 
temperature, mating, and adult diet.

Parasitoid age influenced developmental 
characteristics. In Trichogramma chilonis and 
Trichogramma astriniae, female progenies were 
the highest on the first day of adult life (Hi-
rashima et al. 1990). Progeny production and 
fecundity were higher in young parasitoid fe-
males than in older ones (Guang and Oloo 1990). 
The sex ratio of older females was male-biased 
and young ones were female-biased in Tricho-
gramma minutum (Leatemia et al. 1995). Ovi-
position rate decreased with the parasitoid age 
in Anagyrus pseudococci Girault (Avidov et al. 
1967), Apoanagyrus lopezi De Santis (Odebiyi 
and Bokonon-Ganta 1986), Tetrastichus incer-
tus Ratzeburg (Pitcoirn and Gutierrez 1992), and 
Catolaccus grandis (Morales-Ramos and Cates 
1992). In Ceratogramma etiennei Delvare, the 
percent parasitization increased in young females 
while it decreased with female age (Amalin 
et al. 2005). In Ascogaster reticulatus Watanabe 
(Honda 1998) and Chelonus sp. nr. curvimacula-
tus (Hentz 1998) young parasitoid females were 
more fecund than older ones.

Parasitoid size is known to influence fecun-
dity with large females consistently laying more 
eggs than small females. In some species, they 
produce more eggs of larger size (Speight 1994). 
Reproduction rate of large females remains high-
er and can be twice as high as small females re-
gardless of the size of the males they mate with 
(Ji et al. 2004). Size fitness relationship of a 
parasitoid has been demonstrated in Aphaereta 
minuta (Nees) by Visser (1994) and Achrys-
ocaroides zwoelferi by West et al. (1996) who 
observed that large females were more fecund 
with larger eggs, high longevity, and greater host 
searching efficiency than smaller ones. Simi-
lar results were obtained with Ascobara tabida 
(Ellers et al. (1998). Further, it was also ob-
served that the fitness of the parasitoid increased 
linearly with size. Sagarra et al. (2001) reported 
that, Anagyrus kamali, large females have higher 
longevity, higher reproductive longevity, higher 
fecundity, higher oviposition rate, and a large 
number of progenies.

Trichopria sp. is a 1.5–2 mm long, gregari-
ous parasitoid wasp of Exorista bombycis. Being 
an endo-larval parasitoid of Bombyx mori, E. 
bombycis is a serious problem while raising silk-
worm for cocoon production causing 10–20 % 
mortality of larvae. Unlike the other parasitoids 
of E. bombycis, Trichopria sp. is observed to 
prevail and parasitize the puparia of E. bombycis 
throughout the year in most cocoon markets lo-
cated in traditional districts of Karnataka, there-
by indicating its potential as an agent of biologi-
cal suppression of E. bombycis. It is proposed to 
exploit Trichopria sp. as a biocontrol agent of E. 
bombycis alongside Nesolynx thymus, which is 
currently the recommended biocontrol agent of 
this pest.

Material and Methods

Host Culture

The puparia were obtained after allowing the post-
parasitic maggots collected from silkworm ( B. 
mori) cocoon markets to pupate in the laboratory 
(23–28 °C and 60–80 % RH) of the Department 



41Do Size and Age of Female Trichopria Sp. Influence Longevity, Reproductive Performance …

of Studies (DOS) in Sericulture Science, Univer-
sity of Mysore, Manasagangothri, Mysore. The 
maggots were kept in a single layer in a perforat-
ed tray that was placed over a non-perforated tray 
in such a way so as to create some space between 
the two trays. This allowed the healthy maggots 
to pass through the perforations and pupate in the 
lower tray. The maggots pupated in about 24 h.

Parasitoid Culture

Nucleus cultures of the parasitoid were ob-
tained from the Central Sericulture Training and 
Research Institute (CSTRI), Mysore. They were 
maintained at 23–28 °C and 60–80 % RH by 
feeding 30 % honey.

The impact of the female Trichopria sp. on 
its progeny production was assessed by allow-
ing 2-day-old big and small parasitoid females to 
parasitize the 3-day puparia of E. bombycis at a 
ratio of 1:4. The influence of parasitoid age on 
reproductive efficiency was evaluated by offer-
ing 3 day-old puparia of E. bombycis to 1–8 day-
old Trichopria sp females at 4:1. The parameters 
considered for the purpose included the number 
of host puparia parasitized, parasitoid develop-
mental duration, progeny production, and sex 
ratio. To record the effect of body size on the 
longevity of the adult females of the parasitoid, 
they were categorized into big and small based 

on body length using an ocular micrometer and 
only those exhibiting significant variation in 
body length were considered for the study. Para-
sitoid females of both size were fed 30 % honey 
ad libitum to record the longevity. The data were 
analyzed statistically using ANOVA followed by 
Duncan’s multiple range test (DMRT) with SPSS 
ver. 10.00 (SPSS Inc., Chicago, IL, USA), and 
the accepted level of significance was 5 %.

Results and Discussion

Significantly more number ( P < 0.01) of host 
puparia (3.00 ± 0.00) was parasitized by big 
parasitoid females compared to small females 
(2.10 ± 0.31). While producing the progenies, 
the parasitoid females of either size took iden-
tical duration (2.30 ± 0.15 days) for completing 
the life cycle. With regard to male, female, and 
total progeny production by each of the females, 
the values were significantly superior ( P < 0.01) 
with big females (56.00 ± 0.94, 233.40 ± 1.07, 
and 288.40 ± 1.35, respectively) to small females 
(36.60 ± 1.40, 122.70 ± 0.89, and 159.30 ± 1.70, 
respectively). However, the progeny sex ratio 
(number of females/male) from big (3.65 ± 0.37) 
and small females (3.37 ± 0.12) remained statisti-
cally identical (Table 1). In so far as the longevity 
of adult females was concerned (Fig. 1), signifi-
cantly longer ( P < 0.01) survival of 12.31 ± 0.34 

Table 1  Impact of age of Trichopria sp. on reproductive efficiency
Parasitoid 
age (days)

No. of puparia 
parasitized@

Developmental 
duration (days)

Progeny production (no.) Sex ratio 
(♀/♂)Male Female Total

1 2.00 ± 0.00 22.20 ± 0.13 81.00 ± 1.12bc 123.80 ± 1.13a 204.80 ± 1.61ab 1.51 ± 0.02a

2 2.00 ± 0.00 22.30 ± 0.15 91.81 ± 1.15a 128.40 ± 1.27a 222.20 ± 1.65a 1.40 ± 0.03b

3 1.90 ± 0.10 22.40 ± 0.16 81.10 ± 4.82bc 107.20 ± 5.76b 187.50 ± 9.90bc 1.33 ± 0.04b

4 2.00 ± 0.00 22.30 ± 0.15 88.00 ± 1.15a 94.80 ± 1.17c 180.00 ± 1.66cd 1.10 ± 0.02c

5 1.90 ± 0.10 22.30 ± 0.15 87.50 ± 4.50a 94.30 ± 4.74c 182.10 ± 9.18cd 1.09 ± 0.03c

6 1.90 ± 0.00 22.30 ± 0.15 87.50 ± 4.50a 94.30 ± 4.74c 182.10 ± 1.18cd 1.09 ± 0.03c

7 2.00 ± 0.00 22.40 ± 0.16 67.80 ± 1.57e 92.10 ± 5.19c 159.90 ± 1.25e 1.36 ± 0.05b

8 1.90 ± 0.10 22.40 ± 0.16 74.80 ± 4.15d 87.30 ± 5.20c 162.10 ± 9.05de 1.16 ± 0.04c

F test NS NS * * * *
Data are the means of 10 replications (mean ± SE)
Mean values followed by the same superscript in columns are not significantly different (P > 0.05)
NS nonsignificant
*Significant at 1 %
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days was observed with big parasitoid females 
in comparison with the smaller ones (9.70 ± 0.23 
days) (Fig. 1).

No significant variation in the rate of para-
sitism of host puparia by Trichopria sp. was 
noticed when the puparia of 1–8 day-old (at an 
age difference of 1 day) were offered, with the 
results among the treatments varying between 
2.00 ± 0.00 (1, 2, 4, and 7 day-old) to 1.90 ± 0.10 
(3, 5, 6, and 8 day-old). The parasitoid’s life cycle 
too revealed statistical similarity among the treat-
ments. Considering the male, female, and total 
progenies produced by parasitoid females of 
different ages, the values for these parameters 
decreased almost gradually and consistently 
with increase in female age (Table 2). Statistical 
analysis of data revealed that the total progenies 
produced by 1 (204.80 ± 1.61) and 2 day-old 
(222.20 ± 1.65) females of Trichopria sp. were 
significantly superior to other treatments with the 
values 187.50 ± 9.90–159.90 ± 1.25 being at par 
with each other. The data for sex ratio of the par-
asitoid progenies generated from the females of 
different ages ranged between 1.51 ± 0.02 (1 day-
old) and 1.09 ± 0.03 (6 day-old) without showing 
significant variation.

The impact of the female size of Trichopria sp. 
on its progeny production was assessed by allow-
ing 2 day-old big and small parasitoid females 
to parasitize 3 day-old puparia of E. bombycis at 
1:4. It can be understood that the performance of 
big parasitoid females has been superior to small 
females with respect to most parameters related 
to progeny production. The superiority of the big 
parasitoid female has been found with respect to 
the number of puparia parasitized and progeny 

production that included males, females, and the 
total population. Obviously, the higher efficiency 
of big females in terms of the rate of parasitism 
and progeny production can be considered as at-
tributes associated with parasitoid fitness/quality. 
Big parasitoid females parasitized nearly 50 % 
more host puparia than small females. Similar 
effect was noticed with regard to total progeny 
produced by big females. Though both big and 
small parasitoid females have revealed an identi-
cal sex ratio in the progenies, significant increase 
in the rate of parasitism of host with concomi-
tant enhancement in the progeny production, 
including females, underlines the importance of 
parasitoids in effective parasitism. Enhancement 
in female progeny production by big parasitoid 
females following parasitism of more number of 
host puparia can be considered advantageous for 
biological suppression.

Large parasitoid females of Aphytis melinus 
and Aphytis Lignanensis (Opp and Luck 1986), 
Diglyphus begini (Heinz 1991), A. minuta (Viss-
er 1994), and A. kamali (Sagarra et al. 2001) were 
found to be more fecund than small females. In 
addition, big females produced more female 
progenies in Dinarmus basalis (Waage and Ming 
1984), Trichogramma sp. (Waage and Ng 1984; 
Greenberg et al. 1998), Trichogramma pretiosum 
(Kazmer and Luck 1995) and Anisopeteramulus 
calandrae (Ji et al. 2004). The findings of the 
present investigation with Trichopria sp. are in 
consonance with those of the above investiga-
tors. But, these authors have not presented any 
account of the sex ratio of the parasitoids studied. 
Admittedly, they have gathered information on 
female longevity and host searching efficiency/
host encounter, with big parasitoid females scor-
ing over small females with reference to these 
parameters. Observations related to the influ-
ence of parasitoid female size on the sex ratio of 
progenies are scanty. Nevertheless, Sagarra et al. 
(2001) recorded that the sex ratio of progenies 
produced by small females of A. kamali was 
higher than that in the progenies of big females. 
Our results differ from those of the above authors 
(Sagarra et al. 2001), with the sex ratio being 
higher in the progenies produced by big females 
of Trichopria sp.

Fig 1  Impact of size of Trichopria sp. female on its lon-
gevity; data are the means of 10 replications (mean ± SE). 
**Significant at 1 %
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A considerable enhancement in the parasitoid 
female longevity was recorded in big females 
indicating that big parasitoid females have an 
inherent potential to live longer than small 
females. This was also observed in A. zwaelferi 
(West et al. 1996), A. minuta (Visser 1994), and 
A. kamali (Sagarra et al. 2001). The possession 
of potential by Trichopria sp. to live longer could 
be considered as one of the fitness characteristics 
of the parasitoid.

The influence of parasitoid age on reproduc-
tive efficiency was evaluated by offering 3-day-
old puparia of E. bombycis to 1–8-day-old fe-
males of Trichopria sp. at 1:4. It was found that a 
number of puparia parasitized by each of the par-
asitoid females remained similar irrespective of 
the age of the parasitoid females, indicating that 
the age of the parasitoid does not influence the 
rate of parasitism. However, the parasitoid age 
did have an influence on progeny production with 
female and total progeny production decreasing 
as parasitoid age increased. The reason for de-
crease in progeny production with parasitoid age 
seems to be associated with parasitoid fecundity, 
with older ones being less fecund compared to the 
younger ones. A negative relationship between 
the parasitoid sex ratio and parasitoid age also has 
been observed based on production of relatively 
more female progenies by younger parasitoid fe-
males and this decreased relative to male prog-
enies as the parent female age advanced. Tricho-
pria sp. is a proovigenic parasitoid with short 
adult life span. It is quite possible that the para-
sitoid female’s ability to contract the spermatheca 

to ensure the passage of sperms into the common 
oviduct for fertilizing the eggs has declined.

Three distinct effects in the rate of parasitism 
vis-a-vis parasitoid female age have been re-
ported. Singh et al. (1997) using Trichomelopsis 
apanteloctena and Kumar et al. (1990) working 
on N. thymus have recorded no significant ef-
fect of parasitoid age on the rate of parasitism. 
In the second category of effect, Amalin et al. 
(2005) have demonstrated an increase in the rate 
of parasitism in young females of C. etiennei. In 
the third category of effect, the rate of parasit-
ism by Glyptapanteles flavicoxis decreased as 
the parasitoid age advanced (Hu et al. 1986). The 
observations are that the rate of parasitism by 
Trichopria sp. remained almost similar and are 
in agreement with those documented by Kumar 
et al. (1990) and Singh et al. (1997).

There are quite a few reports available on the 
influence of parasitoid age on progeny produc-
tion and sex ratio. That the parasitoid females 
are more fecund and/or efficient in progeny pro-
duction when they are young has been recorded 
in T. chilonis (Guang and Oloo 1990), C. gran-
dis (Greenberg et al. 1995), C. curvimaculatus 
(Hentz 1998), and A. reticulatus (Honda 1998). 
In contrast, Kumar et al. (1990) observed nonsig-
nificant influence of parasitoid age on progeny 
production in N. thymus. Significantly superior 
sex ratio has been realized in the progenies pro-
duced by younger parent females of B. intermedia 
(Barbosa and Frongillo 1979), B. lasus (Simser 
and Coppel 1980), T. chilonis and T. astriniae 
(Hirashima et al. (1990) and T. minutum (Leate-

Table 2  Effect of size of Trichopria sp. female on its reproductive performance
Parasitoid size 
(mm)a

No. of puparia 
parasitizedb

Developmental 
duration (days)

Progeny production (no.) Sex ratio 
(♀/♂ )Male Female Total

Big
(1.997 ± 0.01)

3.00 ± 0.00 22.30 ± 0.15 56.00 ± 0.94 233.40 ± 1.07 288.40 ± 1.35 3.65 ± 0.37

Small
(1.271 ± 0.00)

2.10 ± 0.31 22.30 ± 0.15 36.60 ± 1.40 122.70 ± 0.89 159.30 ± 1.70 3.37 ± 0.12

t-test * NS * * * NS
Data are the means of 10 replications (mean ± SE)
NS nonsignificant
* Significant at 1 %
a Big and small parasitoid females differed significantly in their body length
b Out of four puparia provided for parasitism
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mia et al. 1995). The observations recorded with 
reference to progeny production in the present 
study employing Trichopria sp. fall in line with 
those reported by Greenberg et al. (1995), Guang 
and Oloo (1990), Hentz (1998), and Honda 
(1998) and those regarding sex ratio corroborate 
the findings of Hirashima et al. (1990) and Lea-
temia et al. (1995).
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Abstract
The gregarious endo-pupal parasitoid, Trichopria sp. (Hymenoptera: 
Diapriidae) was evaluated for progeny production and sex ratio as influ-
enced by adult size and sib, conspecific and random mating. Trichopria 
sp. is a parasitoid of the tachinid fly, Exorista bombycis (Louis), which 
causes a reduction of 10–20 % in silkworm ( Bombyx mori L) cocoon 
yield in south India. Two-day-old virgin females and unmated males of 
Trichopria sp. were categorized into big and small and were allowed to 
mate in the following manner: (1) big female × big male, (2) big female × 
small male, (3) small female × big male, and (4) small female × small 
male. With regard to sib, conspecific, and random mating, the following 
mating combinations were set up: (1) mating among the progeny of the 
same mother (sib mating), (2) mating between the female progeny of one 
mother (A) and male progeny of another mother (B) (♀A × ♂B) and vice 
versa (♀B × ♂A), and (3) mating between the progenies of several moth-
ers (random mating). Observations were made on the number of pupae 
parasitized, parasitoid developmental duration, progeny production, and 
sex ratio. Both big and small females of Trichopria sp. produced signifi-
cantly more progenies when they mated with big males. Random mated 
females produced significantly higher progenies than those from sib and 
conspecific mating.

Keywords 

Trichopria sp · Parasitoid size · Progeny production ·  Mating

Introduction

Use of parasitoids in pest management programs 
is bound to pay rich dividends in the long run as 
these agents can perpetuate under natural condi-
tions with concomitant suppression in the pest 
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populations while rendering the pest manage-
ment program eco-friendly, long lasting, and 
cost effective. In biological control program, 
hymenopteran parasitoids are often mass pro-
duced before they are released to field. During 
mass multiplication, emphasis is laid on the pro-
duction of high-quality parasitoid with female-
biased population. The quality of mass-produced 
parasitoids are often influenced by the host, para-
sitoid, and environmental factors. Therefore, it is 
important to identify the factors and their influ-
ence on the production of quality females. These 
factors include host age and size, host density, 
host quality, parasitoid age, size and density, mat-
ing, adult diet, and temperature, etc.

Literature pertaining to factors influencing 
parasitoid quality and sex ratio is rather scanty. 
In nature, most hymenopteran parasitoids repro-
duce by arrhenotokous parthenogenesis, which is 
the dominant mode of sex determination, where 
an unfertilized egg develops into a male and a 
fertilized one into a female (Heimpel and de Boer 
2008). For a female, finding a mate is only the 
first step towards production of an optimal sex 
ratio throughout her life. Finding a mate does not 
always guarantee that the female will produce 
progenies with optimal sex ratio. The quality 
of male and his sperms impact the production 
of daughters at an optimal rate (Boivin 2013). 
Sib mating is commonly found among gregari-
ous parasitoids that might select multiple mating 
ways thus diversifying their progenies through 
multiple males (Ridley 1993).

Trichopria sp. is one among the 20 hymenopter-
an parasitoids that have been identified to parasit-
ize Tachinid (uzi) fly, Exorista bombycis. Being 
an endo-larval parasitoid of mulberry silkworm, 
Bombyx mori, E. bombycis has been known to 
inflict 10–20 % reduction in cocoon yield in 
the premier silk-producing states of India since 
1980. Unlike other parasitoids of E. bombycis, 
Trichopria sp. assumes considerable importance 
because the parasitoid prevails and parasitizes 
the puparia of E. bombycis throughout the year 
in the cocoon markets located in the traditional 
districts of Karnataka, thereby underlining its po-
tential as an agent of biological suppression of E. 
bombycis. The present investigation is undertaken 

to generate information about how adult size and 
mating condition (sib, conspecific, and random) 
influenced progeny production and sex ratio in 
Trichopria sp., an idiobiontic pupal parasitoid of a 
number of lepidopteran and a few dipteran pests. 
The information thus generated would be of help 
in understanding a few mechanisms among many 
others involved in enhancing the efficiency of the 
mass production unit of the parasitoid.

Material and Methods

Culture of the Host

The hosts, E. bombycis puparia, were obtained 
after allowing the post-parasitic maggots, col-
lected from the government cocoon markets at 
Ramanagaram/Kollegal (Karnataka), to pupate 
in the laboratory (23–28 °C and 60–80 % RH) of 
the Department of Studies (DOS) in Sericulture 
Science, University of Mysore.

Culture of the Parasitoid

The stock cultures of the parasitoid, Trichopria 
sp., cultured in the pupae of E. bombycis, were 
procured from the Central Sericultural Research 
and Training Institute (CSRTI) and maintained 
at 23–28 °C and 60–80 % RH with feeding 30 % 
honey.

Two-day-old virgin females and unmated 
males of the parasitoid were used for study. 
The effect of the adult male and female size of 
Trichopria sp. on mating efficiency and repro-
ductive performance was determined by allow-
ing 2 day-old virgin females and unmated males 
to mate and offering them 3 day-old puparia of 
E. bombycis for oviposition at 1:4. The follow-
ing mating combinations were used to record the 
reproductive performance.

Influence of Parasitoid Size

Mating combinations were: (i) B♀ × B♂, (ii) 
B♀ × S♂, (iii) S♀ × B♂, and (iv) S♀ × S♂.
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Impact of Sib, Conspecific, and Random 
Mating

Mating combinations were: (i) mating between the 
progeny individuals of a single mother (sib mat-
ing), (ii) mating between female progeny of moth-
er A and male progeny of mother B (♀A × ♂B) and 
vice versa (♀B × ♂A), and (iii) mating between 
male and female progenies of several mothers.

The number of pupae parasitized, parasitoid 
developmental duration, progeny production, 
and sex ratio were obtained in all combinations. 
The data were analyzed using one-way Analysis 
of Variance (ANOVA) followed by Duncan’s 
multiple range test (DMRT). The analysis was 
carried out using SPSS ver. 10.00 (SPSS Inc., 
Chicago, IL, USA).

Results and Discussion

The mean number of host puparia parasitized 
by Trichopria sp. were significantly different 
( P < 0.01) among all the mating combinations in-
volving big and small males and females of the 
parasitoid which ranged from 3.00 ± 0.00 (B♀ × 
B♂) to 2.00 ± 0.00 (Table 1). The duration of the 
parasitoid life cycle in the treatments did not sig-
nificantly differ among treatments and varied be-
tween 22.37 ± 0.18 (B♀ × B♂) and 22.25 ± 0.16 
days (S♀ × S♂). With reference to male, female, 
and total progenies produced by Trichopria sp., 
the mean numbers were significantly different 

among the treatments ( P < 0.01) and varied 
from 68.62 ± 2.13 (S♀ × B♂) to 25.75 ± 1.33 
(B♀ × S♂), from 127.00 ± 1.87 (B♀ × B♂) to 
56.37 ± 1.43 (B♀ × S♂), and from 175.00 ± 2.82 
(B♂ × S♀) to 82.12 ± 2.06 (B♀ × S♂), respec-
tively. The number of parasitoid female/male 
(sex ratio) of the parasitoid in the progeny was 
significantly higher (2.77 ± 0.09) in mating com-
bination involving B♂ × B♀ compared to S♀ × 
S♂ combination (1.55 ± 0.04). The sex ratio of 
the progenies from B♂ × B♀ was significantly 
greater ( P < 0.01) than the progenies from other 
mating combinations (Table 1).

Significantly higher ( P < 0.01) number of host 
puparia (4.00 ± 0.00) was parasitized by Tricho-
pria sp., when random mating than the parasit-
oid females mated with sibs (2.00 ± 0.00) and 
conspecifics (3.00 ± 0.00). The developmental 
duration of the parasitoid among various mat-
ing combinations was not significantly different 
among treatments and ranged from 22.37 ± 0.18 
(random and ♀B × ♂A) to 22.12 ± 0.12 d (sib 
mating). Regarding progeny production, sig-
nificantly ( P < 0.01) higher number of male 
progeny was obtained from the conspecific 
mating combinations compared to sib and ran-
dom mating. Similar result ( P < 0.01) was seen 
with regard to female (240.12 ± 0.74) and total 
progenies (333.25 ± 0.97) generated from the 
random-mated females. Among the mating com-
binations, the results of the sib mating were sig-
nificantly inferior ( P < 0.01) with respect to male 
(51.25 ± 1.43), female (63.50 ± 1.55), and total 

Table 1  Effect of size of Trichopria sp. on mating efficiency and progeny production
Type of mating No. of puparia 

parasitizeda
Developmental 
duration (days)

Progeny production (no.) Sex ratio 
(♀♀/♂ )Male Female Total

B♀ × B♂ 3.00 ± 0.00b 22.37 ± 0.18 45.87 ± 1.00c 127.00 ± 1.87b 172.87 ± 1.60b 2.77 ± 0.09b

B♀ × S♂ 2.00 ± 0.00c 22.25 ± 0.16 25.75 ± 1.33e 56.37 ± 1.43e 82.12 ± 2.06d 2.23 ± 0.13c

S♀ × B♂ 2.00 ± 0.00c 22.37 ± 0.18 68.62 ± 2.13b 106.37 ± 1.33c 175.0 ± 2.82b 1.55 ± 0.04d

S♀ × S♂ 2.00 ± 0.00c 22.25 ± 0.16 39.87 ± 2.09d 77.62 ± 0.92d 117.50 ± 2.52c 2.00 ± 0.10c

F test * NS * * * *
Data are the means of ten replications (mean ± SE)
Mean values followed by the same superscript in columns are not significantly different from each other P > 0.05
B♀ × B♂—big female × big male, B♀ × S♂—big female × small male
S♀ × B♂—small female × big male, S♀ × S♂—small female × small male
NS nonsignificant
*Significant at 1 %
aOut of four puparia provided for parasitism
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progenies (114.75 ± 1.97) when compared with 
other mating combinations. The progeny sex 
ratio was significantly higher ( P < 0.01) in ran-
dom mating (2.57 ± 0.03) in comparison to other 
combinations (Table 2).

A significantly higher rate of parasitism, prog-
eny production, and sex ratio resulted in B♀ × 
B♂ mating combination among other combina-
tions, i.e., S♀ × B♂ and S♀ × S♂. Of the remain-
ing mating combinations, though the rate of para-
sitism remained at par, there was considerable 
fluctuation in progeny production and sex ratio. 
Considering female progeny production, which is 
understood to be an important aspect in mass pro-
duction of parasitoids, the combination involving 
S♀ × B♂ scored over others though the treatment 
remained inferior in terms of sex ratio. Though in 
terms of sex ratio the combinations of B♀ × S♂ 
and S♀ × S♂ were significantly superior, which 
underlines their importance at the present junc-
ture, they do not assume importance in view of 
significantly fewer female progenies. Therefore, 
considering the importance of female progeny 
production, the mating combinations that assume 
significance were in the following order: B♀ × 
B♂ > S♀ × B♂ > S♀ × S♂ > B♀ × S♂.

The probable reason for lower progeny pro-
duction in the mating combination of B♀ × S♂ 
could be that big females generally show con-
siderable reluctance to accept small males for 

mating. In the absence of adequate mating, the 
urge for mating continues with female and, ob-
viously, the urge for oviposition remains at low 
level. In a separate study, we have observed that 
the virgin female delays oviposition for a consid-
erable period of time (1–2 days) by which time 
its progeny production ability seems to reduce 
considerably. But when mating is allowed, the 
female oviposits readily. It is, therefore, obvious 
that for the production of more progenies the fe-
male needs to get her mating urge fulfilled first.

Random-mated females of parasitoid have 
exhibited greater vigor as evidenced by signifi-
cantly more number of host pupae parasitized, 
higher number of progenies produced, and the 
highest sex ratio compared to the females in sib 
and conspecific mating combinations. These pa-
rameters, except sex ratio, with conspecific mat-
ing combinations too are significantly superior to 
those with sib mating. Decline in sex ratio among 
the conspecifics is due to reduced production of 
females relative to males.

The observations recorded from random and 
conspecific mating combinations clearly estab-
lish the fact that outbreeding is undoubtedly su-
perior to inbreeding in Trichopria sp. from the 
viewpoint of progeny production and progeny 
sex ratio. Nevertheless, significant increase in sex 
ratio in the progenies produced by random-mated 
females can be construed as a distinct advantage 

Table 2  Effect of sib, conspecific, and random mating on the progeny production of Trichopria sp
Mating 
combinations

No. of puparia 
parasitizeda

Developmental 
duration (days)

Progeny production (no.) Sex ratio 
(♀♀/♂)Male Female Total

Sib mating 2.00 ± 0.00d 22.12 ± 0.12 51.25 ± 1.43d 63.50 ± 1.55e 114.75 ± 1.97d 1.25 ± 0.14c

♀A × ♂B 3.00 ± 0.00c 22.25 ± 0.16 135.62 ± 1.23b 176.75 ± 0.88c 312.37 ± 1.76c 1.29 ± 0.01c

♀B × ♂A 3.00 ± 0.00c 22.37 ± 0.18 136.62 ± 0.88b 172.50 ± 1.51d 309.12 ± 0.85c 1.25 ± 0.01c

Random mating 4.00 ± 0.00b 22.37 ± 0.18 93.12 ± 1.04c 240.12 ± 0.74b 333.25 ± 0.97b 2.57 ± 0.03b

F test * NS * * * *
Data are the means of ten replications (mean ± SE)
Mean values followed by the same superscript in columns are not significantly different from each other (P > 0.05)
Sib mating—mating among the progeny of same mother
Conspecific: ♀A × ♂B—mating of female progenies of mother A and male progenies of mother B
Conspecific: ♀B × ♂A—mating of male progenies of mother A and female progenies of mother B
Random mating—mating between male and female progenies of several mothers
NS nonsignificant
*Significant at 1 %
aOut of four puparia provided for parasitism
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while undertaking mass production of the para-
sitoid under a biocontrol program. Therefore, 
considering the importance of female population 
in the suppression of host (pest) population in 
bio-control programs, the superiority of random 
mating among the progenies of several mothers 
requires special mention.

There is a dearth of information as to the role 
of mating among the progenies produced by a 
single mother (sib) and those produced by a few 
(conspecific) as well as several mothers (random). 
Fisher (1930) reported that the parasitoids that re-
sort to random mating (panmictic) invest equally 
in sons and daughters as against Hamilton (1967) 
who noted that parasitoids in the nature produce 
female-biased population when their progenies 
were allocated in host populations when avail-
able in patches. Based on his in-depth studies, he 
proposed a model that explains that all the paren-
tal females are equally fecund, the females of the 
offspring of these females are inseminated before 
their dispersal due to random mating, and mat-
ing groups are limited to the offspring emerging 
from the host patch parasitized by the parental 
females. In the present investigation, the fact that 
the random-mated females of Trichopria sp. have 
invested more in daughters compared to sons is 
in consonance with the hypothesis propounded 
by Hamilton (1967).

When big and small males as well as big and 
small females were confined together, it was 
observed that big males mated with big females 
invariably. In some replications, it was observed 
that when small males mounted on big females, 
the big males disturbed the mating pair and suc-
ceeded in warding off the small male mating with 
the big female. In the treatment where small fe-
males were confined with big and small males, 
the small males were found to mate with big fe-
males although in some replications big males 
also mated with small females. It can, therefore, 
be understood that big females prefer to mate 
with big males and small females accept both big 
and small males. Although in both treatments, the 
rate of parasitism remained identical, progeny 
production, including the females, was signifi-
cantly higher in the treatment involving mating of 

big females with big males as against the mating 
between small females and small males. The total 
progeny production and female progenies from 
the mating combination of small females and 
small males though have declined considerably, 
the sex ratio remained at par with mating be-
tween big females and big males as increase in 
female production in the former and decrease in 
female number in the latter relative to male num-
ber has remained identical. However, keeping in 
view the importance of female numbers in the 
population of a mass-produced parasitoid, any 
mating combination resulting in the enhancement 
of female production is desirable. Nonetheless, in 
the study, we have realized such a performance in 
the mating combination consisting of big females 
and big males of Trichopria sp.

Ji et al. (2004) observed that in Anisoptera-
malcus calandrae parasitoid did not show distinct 
preference for mating with males of specific size. 
The reproduction rate of larger females in this 
parasitoid remained higher than smaller ones and 
could be twice as high as smaller females. Shi-
mamoto et al. (2006) working on Colletes per-
forator found that bigger males mate more often 
than smaller males. Influence of male body size 
related mate choice has been reported in Mega-
lothynnus klugii and Macrothynnus sp. (Alcock 
and Gwynne 1987) with larger males more likely 
to get mates. Our findings with Trichopria sp. 
are in conformity with those of Shimamoto et al. 
(2006) and Alcock and Gwynne (1987).
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Abstract
In polymorphic colony of Oecophylla smaragdina Fabricus, the content 
of formic acid (FA) in major workers was 9.7 ± 0.7 mg/gm tissue which 
was one forth of the content of minor workers, one third of the content of 
intermediate workers and 10 times higher than non-biting reproductive 
forms. Larvae and pupae had no traces of FA in their body. During the 24 h 
cycle, the major workers showed a chemical rhythm in content of FA with 
a peak at noon and low amounts in morning, evening and night. The work-
ers aggressively defend enemies by painful bite with sharp mandibles and 
simultaneous spray of FA and some of them continued biting until they 
died, at which time the FA content decreased to non-detectable amounts 
and the body weight was reduced to 60 % of the original weight. Continu-
ous disturbance caused an increase in the content of FA in workers. Con-
tinuous bite for 30 min resulted in a significant increase in the content of 
protein together with a decrease in the content of free amino acids (FAA) 
and complete stoppage of activity of transaminase enzymes together with 
a sharp decline in uric acid and urea in both head and thorax. Slight but 
significant decrease in glucose together with no significant change in the 
contents of glycogen and lactic acid after 30 min of biting highlights the 
efficiency of insect tracheal system in supplying O2. A sharp increase in 
acetylcholine (Ach) in head and thorax may be the reason for the observed 
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immobility or lack of coordination in movements in ants after biting. The 
observed hyper-proteinemia in ants within 30 min was evidenced by ad-
ditional bands in electrophorogram.

Introduction

The Asian arboreal weaver ant is a dominant, 
highly aggressive and predaceous insect. They 
form the most elaborate communicative organi-
zation in the insect world. They form complex 
organizations through their simple intelligence 
to emerge as an elaborate social structure. These 
ants are living as a polymorphic colony possess-
ing industrious workers, reproductive males, 
females and developing stages (Holldobler and 
Wilson 1977). The worker ants are known for 
their painful irritating bite and so they are called 
as the ‘living pesticides’ utilized in biological 
control of the world earliest record in China 
(Konishi and Ito 1973; Huang and Yang 1987). 
The workers aggressively defend territory and 
prey on any organism, which can be over pow-
ered by them with sharp mandibles and a simulta-
neous spray of formic acid (FA) from abdominal 
glands. Observation in the field and bioassay in 
the laboratory revealed that FA plays an impor-
tant role in the life of these worker ants. Biting 
the enemy or intruder and going on biting until 
death is a peculiar feature seen in this particu-
lar species of worker ants and the biochemistry 
behind this altruistic behaviour also form the 
subject matter of this chapter.

Material and Methods

The ant nests were collected in glass jar from the 
garden plants from the University College Cam-
pus, Trivandrum with minimum disturbance and 
were anesthetized using chloroform. The colony 
individuals were separated, weighed and the FA 

content was estimated (Colowick and Kaplan 
1963). The FA content of colony individuals and 
head, thorax and abdomen of worker ants was 
estimated. The FA content at different time inter-
vals of 24 h such as morning, afternoon, evening 
and night (7 am, 1 pm, 6 pm and 11 pm) was also 
estimated. Periodicity studies were conducted 
during sunny days of April and May 2010. The 
ants were disturbed for 15 min by gentle tap-
ping on the nests and after that FA content was 
estimated. The major workers were allowed to 
bite at a particular site on the body for more than 
30 min or till death and after that, FA content 
was estimated. Standard biochemical techniques 
were used for the quantitative estimation of pro-
tein (Lowry et al. 1951), free amino acids (FAA) 
(Spies 1957), glycogen (Carrot et al. 1956), lac-
tic acid (Colowick and Kaplan 1963) and acetyl-
choline (Ach; Augustinson 1957). The activities 
of aspartate aminotransferase (AsAT) and ala-
nine aminotransferase (AlAT) were estimated as 
described by Reitman and Frankel (1957). The 
content of glucose, urea and uric acid were esti-
mated by enzyme kits (Span Diagnostics, India 
Ltd.).

Abdomen of major workers were dipped in 
ice-cold distilled water for 2 min, after that fine 
surgical needle was inserted in to the tip of ab-
domen, the glands were exposed by gentle pull 
and viewed under dissection microscope. Photos 
of poison gland and Dufour’s were taken using 
Sony cyber-shot 4× optical zoom camera. The 
protein profile of the head and thorax of worker 
ants, before and after 30 min of continuous bite 
was done by standard electrophoretic techniques 
(SDS PAGE). Statistical analysis was done as 
described by Daniel (2006).
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Results and Discussion

The observation on an exposed nest revealed that 
the polymorphic colony of Oecophylla smarag-
dina possessed winged males, winged females 
and three types of apterous workers (major, inter-
mediate and minor). FA is present in the poison 
gland seen in association with Dufour’s gland in 
workers (Fig. 1).

Among different individuals of the colony, 
worker castes possessed high content of FA but 
the winged males and females possessed negli-
gible quantities of FA. Among the worker castes, 
minor workers possessed very high content of FA 
followed by intermediate and major workers. The 
major share of FA of workers was in abdomen 
but the head and thorax possessed negligibly low 
content of FA. Head and thorax after repeated 
washing in distilled water and subsequent esti-

mation of FA did not show any detectable quan-
tity. The developing stages such as larvae and 
pupae had no traces of FA in their body (Table 1).

On estimating FA content of worker castes at 
different time intervals, it was found that FA of 
major workers showed a strong periodicity with 
physical activity. In major workers, FA during 
afternoon (1 pm) showed a 50 % elevation com-
pared with the contents at morning (7 am). The 
amount of FA gradually decreased at evening 
and reached at its initial amount (the content 
at morning) at night. The intermediate workers 
also showed a slight but significant elevation of 
FA content at 1 pm but its fluctuation were not 
prominent as in major worker (Fig. 2). The minor 
workers did not show any significant fluctuation 
in the content of FA during different time inter-
vals of 24 h cycle.

When the major workers were allowed to bite 
on the body, most of them remained detached 
from the site of bite and searched for new sites. 
After three or four bites, each lasting less than 
15 s, they did not show any interest in biting at 
a new site. A small proportion of ants (less than 
25 %) did not detached from the site of bite 
and continued on biting for more than 25 min 
and after that they became immobile. During the 
course of bite, they intermittently constricted the 
mandibles with a simultaneous spray of FA and 
it was accomplished through forward bend of 
abdomen. These ants when forcefully detached 

Table 1  The content of formic acid in different individu-
als in O. smaragdina
Individuals Formic acid
Workers Major 9.7 ± 0.7*

Intermediate 29.1 ± 2.3*
Minor 43.7 ± 3.1*

Major worker Head 0.63 ± 0.02
Thorax 0.11 ± 0.01
Abdomen 42.9 ± 3.6

Winged forms Males 1.27 ± 0.12
Females 1.23 ± 0.11

Developing forms Larva Nil
Pupa Nil

All values are mean ± SD of 4 observations ( n = 4). Val-
ues are expressed in mg/gm fresh tissue
*indicates the values are significantly different. ( p < 0.01)

Fig. 2  Fluctuations of FA content of different worker 
castes of O. smaragdina in 24 h cycle (All values are 
mean ± SD, n = 4. Values are expressed in mg/gm fresh tis-
sue, Elevation of FA content in major and intermediates at 
1 pm was significantly different from FA content at morn-
ing. p < 0.01, n = 4)

  

Fig. 1  1 Poison gland, 2 Dufour’s gland
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from bite site showed lack of co-ordination in 
movements and finally died. The body weight 
of a major worker with body weight of 11.8 ± 0.8 
after 25–30 min of prolonged biting was re-
duced to 60 % of its original weight and it was 
6.6 ± 0.4 mg and at that state there was no detect-
able quantities of FA in the body (Fig. 3). Con-
tinuous disturbance made on the nest, resulted in 
a increase in FA in major workers.

After prolonged bite of 25 min total protein 
content of head and thorax showed a sharp eleva-
tion at the same time the total free amino acid 
contents showed a sharp decrease. Acetylcholine 
after 25 min of biting showed a significant eleva-
tion both in head and thorax. The content of lactic 
acid did not show either significant increase or 
decrease (Table 2).

Prolonged bite resulted in sharp decline in the 
content of urea and uric acid in the head region 
but in thorax the amount of the above constituents 
did not show any significant change (Table 2). 
Glucose content of head and thorax showed sig-
nificant decrease after 25 min of biting, but the 
glycogen content did not show any change both in 
head and thorax. Activities of both transaminases 
AsAT and AlAT showed sharp decline in head and 
thorax after 25 min of continuous bite. Protein 
profile of both head and thorax showed additional 
bands when the ants were allowed to bite continu-

ously for 20 min (Fig. 4). Thorax region (T2) of 
dead ants showed formation of new protein bands 
in between 30–66 KDa and 25–30 KDa.

Among the worker castes, minor workers pos-
sessed very high content of FA followed by in-
termediate and major workers (Table 1). Minor 
workers have an important role in nursing the 
brood (Holldobler and Wilson 1990) and hence, 
the FA present in them may have role in protection 
of brood from microbes. It was reported that FA 
has antimicrobial activity and it is used as an anti-
bacterial agent in poultry industry and in live stock 
management (Thomson and Hinton 1997). Larvae 
and pupae had no traces of FA in body. Winged 
males and females also showed some amount of 
FA in body (Table 1). Adult males and females did 
not show any tendency to bite while handling. It 
was reported that the winged males and females 
at the time of rain make a nuptial flight and after 
that the female shed their wings and start a new 
colony (Sudd 1967). Traces of FA present in body 
of reproductive females help from predation dur-
ing their reproductive phase as a solitary, apterous 
organism.

The minor workers did not show any signifi-
cant fluctuation in the content of FA during dif-
ferent time intervals of 24 h cycle. It was reported 
that in O. smaragdina temperature has profound 
influence on the foraging activity (Rossy and Na-
rendran 1988). Hence, it can be concluded that 
the FA content in the body of major workers is 
directly proportional to the physical activities 
such as predation, maintenance of territory and 
scavenging. It was observed that ants became 
active in sunny days especially after one or two 
days of rain, at which time the temperature and 
humidity will be high. The minor workers were 
mostly confined within the nest itself and thus 
not encountering with prey’s and intruders and 
hence FA content did not show any fluctuation 
during the 24 h cycle.

Poison gland secretion of formicine ants is be-
lieved to be the simultaneous secretion of both 
of these glands. Poison gland secretes FA and 
Dufour’s gland secretes mixtures of hydrocarbons 
and long chain aliphatic compounds (Hermann 
and Blum 1968). It was reported that in work-
ers of formicine ant Formica rufa L., the formic 

Fig. 3  Variation in the content of FA in relation to dif-
ferent physiological states of major workers of O. sma-
ragdina (Values are expressed as mg/gm fresh tissue. All 
values are mean ± SD, n = 4)
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acid and some hydrocarbons have a combined 
effect and their relative concentrations regulate 
the intensity and duration of the alarm behaviour. 
In O. smaragdina the FA in the body of workers 
were related to behaviour (Lofqvist 2003). It was 
observed that when there was continuous aggres-
sion there will be a sharp elevation in the content 
of FA with transfer of it from abdominal end to 
mandibles together with the increased produc-
tion of FA. The worker ants on prolonged biting 
showed absolute loss of FA and at the same time 
the body weight of a major worker with body 
weight of 11.8 ± 0.8 was reduced to 60 % of its 
original weight, and it was 6.6 ± 0.4 mg (Fig. 2). 
Even though FA is a secondary metabolite, in the 
absence of that defensive chemical the existence 
of ant itself appeared as immaterial.

In a comparative study on the amount of vari-
ous bio chemicals in head and thorax of ants, be-
fore and after 30 min of prolonged bite, revealed 
that protein was doubled with a sharp decrease in 
FAA at both sites. In larvae of Oryctes rhinoceros, 
it was observed that exposure of high temperature 
of 45 °C for 2 h or after the infection of Bacillus 
thuringiens resulted in sharp elevation of haemo-
lymph protein content (Adhira et al. 2011).

Total prevention of protein catabolism through 
almost complete stoppage of both aminotransfer-
ases can contribute to protein elevation. Sharp 
decline in both urea and uric acid in thorax and 
abdomen within 30 min of extreme stress (con-
tinuous biting) can also be suggested as an index 
of protein catabolism. The normal transaminase 
activities of insects are very much higher than 

Fig. 4  Electrophorogram-SDS PAGE

  

Biochemical Parameters Normal After Prolonged Bite
Head Thorax Head Thorax

Protein* 3.54 ± 0.36 3.25 ± 0.29 9.75 ± 0.19 11.1 ± 0.47
Free amino acids* 4.0 ± 0.85 3.27 ± 0.31 2.72 ± 0.40 2.43 ± 0.50
Glucose* 0.39 ± 0.21 0.57 ± 0.01 0.2 ± 0.008 0.06 ± 0.001
Glycogen 0.24 ± .016 0.19 ± 0.016 0.19 ± 0.08 0.20 ± 0.02
Ureaa 8.0 ± 0.20 4.0 ± 0.15 1.0 ± 0.003 4.0 ± 0.04
Uric acida 7.0 ± 0.31 1.0 ± 0.001 1.0 ± 0.001 1.0 ± 0.003
Lactic acida 2.10 ± 0.02 3.02 ± 0.001 2.01 ± 0.003 3.03 ± 0.012
Acetylcholine* 3.08 ± 0.45 4.0 ± 0.93 5.62 ± 0.47 5.87 ± 0.39
Transaminases* AsAT 21.33 ± 1.83 21.41 ± 1.0 1.94 ± 0.02 0.24 ± 0.08

AlAT 247.63 ± 3.2 230.03 ± 5.3 1.62 ± 0.01 0.32 ± 0.005
Values are expressed in mg/100 mg fresh tissue
All values are mean ± SD, n = 4
*Control and Test values are significantly different at p < 0.01
aValues are expressed in µg/100 mg fresh tissue

Table 2  Changes in 
Biochemical Profile in dif-
ferent physiological states 
of major workers of O. 
smaragdina
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that in mammalian body (Evans and Kaleysaraj 
1992; Subhramanyam et al. 1998).

Within a period of 30 min of continuous bite, 
the glucose content of head and thorax of O. sma-
ragdina showed a slight decrease but was signifi-
cantly different from control and at the same time 
no significant change on the contents of glycogen 
was observed. This may be due to the difference 
in energy metabolism between insects and 
mammals. The content of lactic acid in head and 
thorax also showed no significant difference from 
control. In mouse, 30 min of swimming exercise 
caused a sharp elevation in the content of lactic 
acid together with sharp decline in the contents of 
both glycogen and glucose (Evans et al. 2002). In 
insects, all the tissues are richly supplied with di-
rect supply of oxygen by elaborate tracheal system 
with a pair of lip-like openings called spiracles, 
which lead to a tree-like series of tubes called tra-
cheoles, which repeatedly divide into numerous 
microscopic ends and penetrate into individual 
body cells. Unlike vertebrate systems, this gives 
every insect cell a continuous airline to the atmo-
sphere and hence chances of anaerobic glycolysis 
will be negligibly low (Candy and Kilby 1959) 
and that also might be the reason for no accumu-
lation of lactic acid in the worker ants. Zebe and 
McShan (1957) have studied the lactic acid me-
tabolism in different orders of Class Insecta and 
showed that glycolysis is unimportant in insects 
due to the peculiarity of respiratory system.

The content of acetylcholine showed a sharp 
elevation in head and in thorax after biting. In-
sects on treatment with organophosphorus in-
secticides also showed a sharp elevation of ace-
tylcholine and subsequent paralysis (Evans and 
Kaleysaraj 1991). The observed immobility or 
lack of co-ordination in movements of ants after 
continuous bite may be due to accumulation of 
acetylcholine in body. Enzymes are involved in 
all the chemical reactions within living organ-
isms. Respiration, growth, muscle contraction, 
digestion, nerve conduction and so on, all are 
enzyme mediated reactions. The AsAT and AlAT 
are the principal enzymes concerned with non-
essential amino acid metabolism and gluconeo-
genesis and interrelates carbohydrate and protein 

metabolism by catalyzing the incorporation of 
pyruvate and oxaloacetate from alanine and as-
partate, respectively (Wilson 1973; Ortem and 
Neuhas 1982). Sharp decrease in content of total 
FAA together with decrease in content of ni-
trogenous waste materials and almost complete 
suppression of transaminase activity strongly 
supports the formation of new protein. Hyper 
protienemia within a short period of 30 min of 
continuous biting was evidenced by additional 
protein bands in electrophorogram (Fig. 4).

Aggressive defence strategies observed in 
social Hymenoptera, social aphids and termites 
demonstrate that defensive behaviour are usually 
detrimental to the defenders but facilitate the sur-
vival of the reproductives and brood within the 
nest. In honey bees, the barbed sting of worker 
bees eviscerate and kills the workers after sting-
ing, suggesting that the cost of altruism to in-
dividual is high but trivial to the entire colony 
(Vincent and Ring 2003). All the above men-
tioned biochemical mechanisms acted in favour 
of worker ants to eliminate the intruder and to 
sacrifice their life for the sake of the colony.
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Abstract
Biotic threat in the form of insect pests is a major cause for yield loss in 
agricultural systems and an important factor affecting the structure and 
productivity of crop plant communities. However, bacteria antagonistic to 
plant pathogens and harmful insects are known to reduce plant contagion. 
These bacteria have been extensively studied in agricultural systems where 
they significantly contribute to soil suppressiveness, which is the natural 
potential of soils to inhibit plant pathogens. The genus Pseudomonas has 
been reported extensively not only for preventing infectious diseases but 
also promoting plant growth. Many Pseudomonas spp. have been reported 
for the presence of genes that are responsible for construct, and produce 
an array of imperative metabolites such as indole acetic acid (IAA), 2–4 
di-acetyl phluoroglucinol (DAPG), HCN, phenazines, lipodepsipeptide, 
pyrrolnitrin, pyoverdin (Pvd) and pyochelin, etc. for such twofold and sig-
nificant tasks. Improved Pseudomonas strains for their potential genes and 
control over the transformation of proteins responsible for the formation 
of such metabolites and also their desirable expression in the plant vicinity 
are nowadays a major concern throughout the world. Loss of biodiversity 
of such Pseudomonas spp. is proved likely to reduce the resistance of plant 
communities to soil borne diseases and highlight that the interrelation-
ships between plants and such microorganisms need closer consideration 
to understand the functioning of ecosystems and to manage agricultural 
systems in an environmentally friendly and sustainable way.
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Introduction

Biotic threats for plants, such as insects, soil-
borne pathogens, attack plants and cause impor-
tant damage to crop health. Ecological health 
concerns confine the use of chemicals in soil 
to control root diseases. The treatment of soil 
or planting material with certain strains of 
plant-beneficial, root-colonizing Pseudomonas 
spp. is a promising alternative to control biotic 
threats. Strains of Pseudomonas spp. are also 
recognized for plant growth promotion activi-
ties (Kumar 1998; Kaur et al. 2007; Nashwa 
et al. 2008, Mahesh et al. 2010; Sharma et al. 
2011).

Pseudomonas genus comprises more than 
hundred species with different lineages, groups 
and subgroups based on multilocus sequence 
analysis. Many of the plant associated strains 
belong to Pseudomonas fluorescens group, 
which currently includes more than 50 named 
species (Yamamoto et al. 2000; Mulet et al. 
2010). Pseudomonas spp. can utilize a variety 
of organic compounds (Frias et al. 1994; Ola-
lemi and Arotupin 2012) as energy sources, and 
produce an array of secondary metabolites fore-
most as 2, 4-diacetylphloroglucinol (DAPG), li-
popeptides, phenazines, pyrrolnitrine, pyochelin 
and hydrogen cyanide (Keel et al. 1992; Haas 
and Defago 2005). Certain strains live in a com-
mensal relationship with plants, protecting them 
from infection by pathogens that would other-
wise cause disease. Control of root diseases 
by beneficial bacteria involves a blend of pos-
sible mechanisms that may complement each 
other. Direct antagonism against the pathogen 
by production of diffusible or volatile antibiotic 
compounds or by inactivation of virulence traits 
of the pathogen is considered to be a primary 
mechanism of bio control (Diby et al. 2005; 
Dikin et al. 2007). Another important mecha-
nism is the indirect inhibition of the pathogen 
by bacterial stimulation of defence responses in 
the plant host. As such, Pseudomonas spp. func-
tions as key components of ecological processes 
that suppress plant diseases in agricultural and 
natural environments.

Metabolites in Pseudomonas: 
Biosynthetic Pathway and Genetic 
Organization

The genes responsible for the synthesis of antibi-
otics in Pseudomonas spp. are highly conserved. 
Phenazines are unusual nitrogen-containing het-
erocyclic molecules, of which over 60 different 
derivatives have been identified in nature. Phen-
azines may play important roles in both symbiotic 
and pathogenic microbe-microbe and microbe-
host interactions. Phenazines have been classified 
as broad spectrum antibiotics and have been 
shown to inhibit a wide variety of plant pathogen-
ic organisms (Poritsanos et al. 2006). Pyrrolnitrin 
or 3-chloro-4- (2′-nitro-chloro-phenyl)-pyrrole 
(Prn) is produced by a diverse number of Pseudo-
monas spp. such as Pseudomonas aureofaciens. 
It inhibits growth of plant parasitic fungi and bac-
teria (Angayarkanni et al. 2005).

Pyrrolnitrin is synthesized from tryptophan 
through a biochemical pathway determined pri-
marily by radio labeling studies using tryptophan 
analogs. In recent years, it has been identified 
that biosynthetic and regulatory loci are required 
for the production of these antibiotics. Besides 
pathway-specific regulators, a number of global 
regulatory elements are involved in the control 
of the biosyntheses of these compounds, among 
them the sigma factors RpoD, RpoS and RpoN 
and a two-component system composed of the 
sensor kinase GacS and the response regulator 
GacA (Bjornlund et al. 2009; Neidig et al. 2011; 
Lalaouna et al. 2012). In addition, numerous bi-
otic and abiotic signals may influence production 
of these antipathogenic compounds, including 
different mineral and carbon sources and me-
tabolites released by microorganisms and plants. 
Recently, in P. fluorescens, CHA0, which keeps 
the antibiotics DAPG and PLT at a fine-tuned 
balance can be affected by microbial and plant 
phenolics. By the help of reporter system based 
on autofluorescent green (GFP) and red (DsRed) 
proteins to monitor changes in the balance of 
DAPG and PLT expression in the rhizosphere of 
healthy and pathogen-attacked plants.

Gene activation (GacS/GacA) signal-trans-
duction pathway is one of the proposed mod-
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els to explain the post-transcriptional control 
of metabolite in Pseudomonas spp. and it has 
been proved in P. fluorescens CHAO (Bjorn-
lund et al. 2009; Reddy 2009). GacS/GacA path-
way plays an important role in contributing the 
antipathogenicity against Pythium ultimum and 
it also induces stress in nematode (Haas and 
Defago 2005). It confirmed that Pseudomonas 
spp. control over nematode infection (Siddiqui 
et al. 2006) and GacS\GacA pathway, DAPG is 
the most important factor in stress enhancement 
in Caenorhabditis elegans (Neidig et al. 2011).

Role of Secondary Metabolites 
in Bacterial supremacy

Pseudomonads are ubiquitous soil microflora 
playing an important role in plant protection. 
The suspicion benefits of these depends on vari-
ous factors, such as their ability to efficiently 
exploit root exudates and to withstand preda-
tion by nematodes and protozoa (de Mesel et al. 
2004; Jousset et al. 2008; Pedersen et al. 2009; 
Rosenberg et al. 2009). Bacteria have evolved 
an array of anti-predatory resistance mecha-
nisms, such as toxicity, and in soil, unpalatable 

or toxic strains again competitive advantage in 
presence of predators (Ronn et al. 2001; Jousset 
et al. 2008). Extracellular metabolites of Pseu-
domonas spp. drive complex interactions with 
predators, affecting their physiology and behav-
iour. Secondary metabolite works specifically on 
predators, acting as repellents, stressors or tox-
ics. Production of secondary metabolites by bio-
control bacteria serves multiple functions, and 
metabolites protecting plants against pathogens 
improve bacterial resistance against predator 
(Bjornlund et al. 2009; Pedersen et al. 2009; Nei-
dig et al. 2011).
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Potentiality, Mechanisms and Factors 
Of Bacterial Metabolites

The antibiotics pertain to polyketides, hetero-
cyclic nitrogenous compounds and lipopeptides 
have broad-spectrum action against several plant 
pathogens, affecting crop plants. Secondary me-
tabolites reduce various pathogens in vitro and 
some of these metabolites have been detected in 
the rhizosphere (Leon et al. 2009). Role of bio-
control bacterial agents and their antagonistic 
properties was evidenced from the comparison 
of wild-type strains, non-producing insertion 
or deletion mutants, and complemented deriva-
tives (Raaijmakers and Weller 1998; Haas and 
Defago 2005). Moreover, shuffling of specific 
genes encoding biocontrol trait to less efficient 
strains in respective of particular trait may confer 
or enhance biocontrol potential to non-producing 
Pseudomonas respectively. Metabolites play 
roles in different plant-protection mechanism, 
e.g. pyoverdine in ISR and competition, and 
DAPG in ISR and antagonism (Maketon et al. 
2012). In addition, certain strains display mul-
tiple plant-beneficial traits, such as some exhibits 
ACC deaminase activity and produce the phyto-
hormone indole-acetic acid, pyoverdine, DAPG 
and hydrogen cyanide. The modes of action of 
these secondary metabolites are partly under-
stood.

The phenazines, which are analogues of fla-
vin coenzymes, inhibit electron transport and are 
known to have various pharmacological effects 

on pathogenic cells (Byng et al. 1979). In the 
presence of ferripyochelin, phenazines catalyze 
the formation of hydroxyl radicals, which dam-
age lipids and other macromolecules. 2, 4-di-
acetylphloroglucinol (DAPG), Phl is the best-
known phloroglucinol compound in a family of 
related. Phenazines Phl causes membrane damage 
to Pythium spp. and is particularly inhibitory to 
zoospores of this oomycet. Pyrrolnitrin has been 
described as an inhibitor of fungal respiratory 
chains. Synthetic analogues of pyrrolnitrin have 
been developed for use as agricultural fungicides 
(Siddiqui et al. 2006). Cyclic lipopeptides, which 
include biocontrol-active substances have surfac-
tant properties, and are able to insert into mem-
branes and perturb their function (Groboillot 
et al. 2011). Cyanide ion derived from HCN is a 
potent inhibitor of many metalloenzymes, espe-
cially copper-containing cytochrome c oxidases. 
Tryptophan-dependent IAA synthesis involved 
various enzymes of Pseudomonas that help in the 
development of crop plants. Apart from antibiot-
ic metabolites, it also secretes organic acids and 
enzymes responsible for mineral solubilization 
and antipathogenic activity (Fig. 1).

Siderophores

Antagonism and competition may concern the 
attainment of organic substrates released by 
seeds and roots (Rudresh et al. 2004; Kamilova 
et al. 2005) and micronutrients such as soluble 
iron. Iron acquisition entails the production of 
siderophores, perceptibly fluorescent pyover-
dines. Once it complexes to ferric iron in soil or 
the root zone, the siderophores are then taken up 
using outer membrane receptors. In a perspec-
tive of biological control, competition for iron 
involves the synthesis of siderophores of higher 
affinity compared with siderophores used by 
phyto-pathogens (Lemanceau et al. 1992). Prop-
er upholding of trait and conditions can achieve 
the control of pathogens by competition where 
siderophore mediated iron competition may also 
prevent growth of Escherichia coli O157:H7 on 
food human pathogenic strain of E. coli (McKel-
lar 2007).
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Phyto-hormones

Biocontrol agents in vicinity, makes the plant 
more efficient in fighting back against phyto-
pathogens. P. fluorescens WCS417r, ISR in-
volves the jasmonate and ethylene as signals. 
They activate plant genes involved in defence 
mechanisms. ISR can be triggered by contact of 
the plant to certain cell surface components of 
biocontrol strains, such as lipopolysaccharides 
and flagella, or exposure to biocontrol metabo-
lites including pyoverdine and DAPG (Wang et 
al. 2000; Pieterse et al. 2003; Bakker et al. 2007). 
Deamination of the ethylene precursor 1-amino-
cyclopropane-1-carboxylate (ACC) can diminish 
the quantity of plant ACC for ethylene synthe-
sis and introduction of ACC deaminase locus 
into Pseudomonas spp. improved suppression of 
phyto-pathogens (Glick 2005; Blaha et al. 2006; 
Rezzonico et al. 2007; Weller 2007) such as Py-
thium damping-off. Pseudomonas biocontrol 
strains produce extracellular lytic enzymes (Diby 
et al. 2005), but genetic evidence for an actual 
role in biocontrol is lacking. Although Prn was 
first identified in 1964, little is known regard-
ing mechanism of action. Prn inhibits growth but 
does not kill the target organism (Imanaka et al. 
1965; Table 1).

Based solely upon its similarity to other 
phenyl pyrroles, it seems likely that Prn may 

interfere with an aspect of normal membrane 
function in target organisms. Reduced pyocya-
nine is hypothesized to interfere with the normal 
membrane function in target organisms resulting 
in increased levels of toxic intracellular active 
oxygen products, such as superoxide (O2−), hy-
drogen peroxide (H2O2), hydroxyl radical (OH−). 
Prn has been described as an inhibitor of fungal 
respiratory chains (Arima et al. 1965). Synthetic 
analogues of Prn have been developed for use 
as agricultural fungicides. Cyclic lipopeptides, 
which include biocontrol-active substances have 
surfactant properties, and are able to insert into 
membranes and perturb their function (Groboil-
lot et al. 2011). Cyanide ion derived from HCN 
is a potent inhibitor of many metalloenzymes, 
especially copper-containing cytochrome c oxi-
dases (Hagins et al. 2009). Tryptophan-depen-

Table 1  Prominent Siderophores and Producer Pseudo-
monas spp
Siderophore Pseudomonas species
Pseudobactin Pseudomonas putida
Pyoverdin (pvd) Pseudomonas aeruginosa, 

Pseudomonas fluorescence
Cepabactin Pseudomonas chlororaphis
Chrysobactin Pseudomonas cepacia
Ornibactin Pseudomonas aeruginosa
Desferrioxamine b&e Pseudomonas fluorescence, 

Pseudomonas cepacia

Fig. 1  Factors and genes (phl A-F) cascade which control level of 2-4 Di acetyl phluoroglucinol ( DAPG)
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dent IAA synthesis involved various enzymes of 
Pseudomonas, which help in the development of 
crop plants. Apart from antibiotic metabolites, it 
also secretes organic acid and enzymes, which 
are responsible for mineral solubilization and an-
tipathogenic activity.

Insecticidal Activity in Root Associated 
Pseudomonads

It is reported indisputably that some of the root-
associated Pseudomonas strains express chitin-
ase and/or chitinase like metabolite and show 
potent insecticidal activity during in vitro stud-
ies (Mette and Jan 1999; Nandakumar et al. 
2007; Ramarathnam et al. 2011). Moreover anti-
insect activity is due, in part, to the production 
of a novel protein toxin (Ramarathnam et al. 
2011) that is related to insect toxins produced 
by entomopathogenic bacteria associated with 
insect-invading nematodes. However, P. stutzeri 

and P. fluorescens have been found to produce 
chitinolytic activity in batch growth cultures, but 
the enzyme activity has not been characterized in 
detail. P. aeruginosa has been reported fleetingly 
for the chitinase activity. It posses two isozymes 
(FI and FII) for endochitinase activity against in-
sect (Wang and chang 1997; Mette and Jan 1999) 
(Table 2).

Interactions in Rhizosphere

Pseudomonas spp. is adapted to survival in soil 
and colonization of plant roots (Kiely et al. 2006; 
Arima et al. 1964). Biological control of threats 
by pseudomonas depends on biochemical com-
pound that attack the parasites. Such mechanism 
principally affected by effective colonization 
capability of the bioagent in rhizosphere and 
phyllosphere. Effective colonization on the plant 
system as well as inside root tissues system is a 
specific trait and may noticeably aid biocontrol 

Table 2  List of metabolites of Pseudomonas acquiesced for plant health
Metabolites Characteristics Name Promising strains
Class I
Antifungal antibiotic Non volatile Phenazine

Pyrrolnitrin
Pyoluteorin
2,4 Diacetylphloroglucinol
(DPAG, Phl)

Pf CHAO
Pseudomonas chlororaphis
Pseudomonas aureofaciens
Pf-5

Cyclic peptides Lokisin Pf dr54
Volatile HCN Pf CHAO

Antinematode 2,4 diacetylphloroglucinol
(DPAG, Phl)
HCN

Pf CHAO

Antibacterial
 antibiotic

Secondary metabolites Pseudomonic acid
Oomycin
Pyrrolnitrin

Pseudomonas putida

Antiviral antibiotic Secondary metabolite Karalicin Pseudomonas rotkzi
Class II
Siderophores Coloured pigment

Ion chelating
Pseudobactin
Pyochelin (Cu++ and Zn++)
Pyoverdin

Pseudomonas aeruginosa
Pseudomonas fluorescence

Phyto-hormones Auxins IAA Pf-5
Antifungal enzymes Chitinases

β-1,3-glucanases
β-1,4-glucanases
Lipase (EC.3.1.1.3)

Pf-5

Acids Phosphate solubilization Gluconic acids Pseudomonas cepacia
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activity. Notz (2001) checked the effects of four 
different crops as biotic factor on the expres-
sion of Phl genes and colonization of P f CHAO. 
Maximum expression of Phluoroglucinol and 
colonization of culture was exhibited in maize 
plant. On the other side in absence of adequate 
colonization posses diminish biocontrol activity. 
It is well reported an inversely proportional rela-
tion between the numbers of bacteria present on 
the wheat root and the number of take-all lesions 
seen on the plant (Schippers et al. 1987; Bull 
et al. 1993). However, reports also claim absence 
of any effects of colonization on biocontrol ac-
tivities of bacteria (Roberts et al. 1994).

It is also desired to document the impact of 
the deviated expression of such metabolites on 
native rhizospheric microflora. During the study 
of impact of the wild type P. fluorescens strain 
CHA0-Rif and CHA0-Rif/pME3424 which is a 
Phl− and Pyoluteorin overproducing derivative 
on the indigenous culturable bacterial and fungal 
populations in the cucumber rhizosphere has been 
investigated. Compared with untreated plants, 
Natsch et al. (1998) demonstrated that neither 
CHA0-Rif nor CHA0-Rif/pME3424 affected the 
frequency of dominant bacterial groups, whereas 
Girlanda et al. (2001) observed a detectable in-
fluence on the culturable fungal population.

Among all metabolites of Pseudomonas spp. 
Pyoverdin, Pyoluteorin and Phluoroglucinol 
(Phl) studied as major metabolites to control fun-
gal disease on crops. Phluoroglucinol efficiently 
contributes in control of Caenorhabditis elegans 
and other nematodes. Expression of the metabo-
lite depends on biotic and abiotic factors/condi-
tions. Biocontrol Pseudomonads are not specific 
for one plant. The composition of root exudates is 
species and cultivar specific and the differences 
in their quantity and/or quality can modulate the 
production of metabolites. In addition, the role 
of intra-species and inter-species signalling is the 
fruitful aspect as a scientific research with equal-
ly relevant applications. For example, increasing 
understanding of the role of N-acyl homoserine 
lactone (NAHL) signal molecules in antifungal 
metabolite production and the identification of 
promoters that can be induced in the rhizosphere 

is providing new approaches for the development 
of novel biocontrol agents.
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Abstract

Extracellular chitinases play a significant role to stipulate the bioefficacy 
level of native Pseudomonas isolates against Fusarium udum and Spodop-
tera litura Fab. Present exertion is to confirm whether extracellular chi-
tinase production is considered as an inducible biocontrol trait in Pseudo-
monas spp. Pseudomonas aeruginosa p-15 showed maximum chitinase 
activity in King’s B broth 3.75 U/ml among all seven chitinase positive 
native isolates from Anand, Gujarat. Enhanced chitinase activity by 28.0, 
15.2, and 8.0 % was observed after 84 h when broth was amended with 
1.5 % of colloidal chitin, dry powder of tyndallized Fusarium udum and 
Spodoptera litura (third instar), respectively. The components of King’s 
B medium were modified and used for chitinase expression as optimized 
using response surface methodology (RSM) for the responses such as col-
ony count, chitinase activity, and biocontrol activity. These efforts suggest 
chitinase as an inducible trait in Pseudomonas aeruginosa p-15.

Keywords 

Chitinase · Inducible trait · Pseudomonas aeruginosa

of plant disease; however, they are costly, can 
cause environmental pollution, and may induce 
pathogen resistance. Microbial products are espe-
cially valuable because their toxicity to nontarget 
animals and humans is extremely low. They are 
safe for both the user and consumers of treated 
crops compared to other commonly used chemi-
cals (Prakob et al. 2009). Fluorescent pseudo-
monads, particularly Pseudomonas aeruginosa, 
P. putida, and P. fluorescens, which are common-
ly isolated from the plant rhizosphere, have been 
shown to protect plants from nematodes, insect 
attack, and fungal infection. P. aeruginosa strains 

Introduction

Conventional synthetic chemical pesticides have 
long served as agents for reducing the incidence 
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are reported well as potential agent against many 
biotic threats like Drosophila melanogaster (Lau 
et al. 2003), Galleria mellonella (Bulla et al. 
1975; George et al. 2000; Mostakim et al. 2012), 
Meloidogyne javanica (Siddiqui et al. 1999a, 
2000b, 2001c), Fusarium udum (Badri and Sariah 
2009), and Pythium (Buysens et al. 1994).

Chitinase and such metabolites work as an im-
portant biocontrol trait in Pseudomonas. P. aeru-
ginosa is well reported for the production of chi-
tinase enzyme by chitinase genes like chi A and 
chi C. The expression level of such chitinolytic 
enzymes can be increased by involving inducers 
and optimal media conditions.

Material and Methods

Microorganism and Cultural Conditions

Present work was carried out using one of the 
seven native Pseudomonas isolates isolated from 
rhizospheric soils collected from wilt ( Fusarium) 
suppressive soil of Anand, Gujarat. Before its bio-
chemical identification as P. aeruginosa p-15, it 
was confirmed positive for in vitro chitinase, In-
dole acetic acid production and proved nonpatho-
genic for pigeon pea ( Cajanus cajan var. ICP 
2376), wheat ( Triticum aestivum var. GW173), 
and rice ( Oryza sativa var. Gurjari) plants in 
greenhouse studies. Bacterial culture was mul-
tiplied overnight in King’s B (KB) at pH 7 and 
29 ℃. For fungal powder preparation and inhibi-
tion assay Fusarium udum Butler was obtained 
from ICRISAT, Hyderabad, which was cultured 
for mycelium on potato dextrose agar (Himedia 
Labs, Mumbai, India) for 7 days at 28 ℃. Lig-
nocellulose agar sporulation media was used to 
harvest spores after 10 days in 0.5 M tris HCl.

Media Component Preparation Chitin 
Powder

Chitin, insect, and mycelia powders were pre-
pared for the alternative media preparation by 
modified practices. One gram of chitin powder 
was added slowly into 18 ml of concentrated HCl 

under vigorous stirring and the mixture was then 
added to 100 ml of ice-cold ethanol with rapid 
stirring, kept overnight at 25 ℃. The precipitate 
was collected by centrifugation at 8000× g (Bek-
man Coulter Allegra 64 R) for 10 min at 4℃ and 
washed with sodium phosphate buffer until it was 
neutralized (pH 7) stored at − 20 ℃ and used for 
further applications (Hackman 1962; Hackman 
and Goldberg 1965a, 1974b).

Insect and Mycelia Powder

Harvested mycelia and insect were dried in oven 
at 45 ℃ until constant weight. They were sub-
jected to grinded and subsequently 0.5 % tris HCl 
(pH 7.5) added to it and allowed to stand over-
night at room temperature. The mixture was sub-
jected for centrifugation at 8000× g for 10 min 
at 4 ℃. The supernatants were described and 
pellets of insect and mycelia powder were tanta-
lized in 0.5 % tris HCl pH 7.5. The procedure was 
repeated for three consecutive days followed by 
centrifugation. The pellets were dried, stored at 
− 20 ℃, and used for further application.

Crude Glycerol By-Product from 
Jatropha Biodiesel Plant

Modification of the basic King’s B media was 
practiced as alternative, significant, and econom-
ical production processes. Crude glycerol was 
used as alternative carbon source in chitinase 
production in place of purified glycerol. Crude 
glycerol, a by-product of biodiesel production 
from Jatropha ( Jatropha curcas L.), was obtained 
from biodiesel production plant, Department of 
Food Processing and Bioenergy, Anand Agricul-
tural University. It was autoclaved and analyzed 
for the specifications like glycerol percentage, 
moisture, color, etc. (Table 1).

Quantification Assays (Responses)

To check optimal growth, chitinase assay and an-
tipathogenicity, two sets of experiments having 
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four subsets each, were designed. The first set 
utilized KB media with pure glycerol while in 
second set pure glycerol was replaced by crude 
glycerol. Each set was supplemented with col-
loidal chitin, fungal powder, and insect powder 
and inoculated with native strain of P. aeruginosa 
p-15. All the subsets were checked for growth, 
chitinase, and antifungal activity.

Chitinase Assay (Uml−1)

Chitinase (N-acetyl-β- glucosaminidase) activ-
ity was checked in different media system by a 
modified approach described by Roberts and Se-
litrennikoff (1988). Each sample was centrifuged 
at 8000× g for 5 min and the supernatant was 
used for enzyme activity. One millileter superna-
tant was used for direct estimation of N-acetyl-
d-glucosamine (GlcNAc). In second part, 1 ml 
of supernatant was incubated with 1 ml of 1 % 
colloidal chitin in a 0.05 M phosphate buffer, pH 
7.0 at 37 ℃ for 1 h, centrifuged at 10,000× g for 
15 min. The amount of N-acetyl-d-glucosamine 
released in the supernatant was determined by 
the standard method (Lingappa and Lockwood 
1962) using GlcNAc as a standard.

Microbial Biomass (Log CFU/ml)

Culture growth at 29 ℃ at 72 and 82 h was 
compared. After centrifugation at 10,000× g for 
15 min pellets were washed with sterile distilled 
water and resuspended in 5 ml King’s B basal 
medium. Optical density of concentrated (4×) 
cultured broth was determined by UV-visible 
spectrophotometer (Bekman Coulter DU® 730) 
at 600 nm and used for determination of the colo-

ny forming unit (CFU) by comparing the standard 
graph of OD verses Log CFU ml−1. The colonies 
were calculated and transformed to logarithmic 
values (Thompson 1996) for quantification.

Antipathogenic Activity (mm)

The antifungal activity was also assayed in vitro 
for cultured broth supernatant by inhibition of the 
growth of F. udum Butler on Saboaraud’s Dex-
trose Agar (SDA) medium (Dennis and Webster 
1971; Velusamy et al. 2011). Fungal pathogen 
was preinoculated by pouring 5 ml of soft agar 
with 103 spores/ml. 0.2 ml supernatant (filtered 
with 0.2 µm Advavantec® cellulose acetate 
membrane filter) of 72 and 84 h culture grown 
broth was added in 10 mm well. Sterile distilled 
water was added to the wells of control plates. 
Diameter of the zone of inhibition was measured 
and expressed in millimeter (mm) after 7 days of 
incubation at 26 ℃.

Effects of Amendment and Media 
Alteration on Responses

KB media with 2 % crude glycerol (KBCG) and 
second set with 1 % of pure glycerol were used. 
Twenty millileter broth was prepared for chitin-
ase production in 50 ml sugar tubes. Both media 
with and without supplementation of 1.5 % col-
loidal chitin, fungal powder and insect powder 
(eight different treatments and three repetitions) 
were inoculated with 0.2 ml overnight grown cul-
ture and assayed for chitinase activity after 84 h 
of incubation. Results were statistically analyzed 
using completely randomized design (CRD).

Modified Media Components and 
Experimental Designs

KBCG amended with colloidal chitins was used 
in significant component’s screening study. Chi-
tinase activities were analyzed by inoculating 
0.2 ml overnight grown culture and incubating it 
for 84 h in 20 ml media system.

Table 1  Crude glycerol specifications: an alternative 
carbon source
Parameter Extent
Water % 8
Glycerol % 15
Methanol % 2
pH 6.1
Color Dark brown
Density (gcm−3) 1.2
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Plackett–Burman design

It is an efficient way to identify the important fac-
tors among a large number of variables (Stanbury 
et al. 1986; Abedin and Taha 2008) used to screen 
important variables that significantly influenced 
the response like chitinase production by P. ae-
ruginosa p-15 (Plackett and Burman 1946). Total 
number of trials to be carried out according to 
Plackett–Burman is k + 1, where k is the number 
of variables. For the selection of the key ingre-
dients significantly affecting the responses, six 
nutrient factors considered for the design were 
crude glycerol, colloidal chitin, peptone, tryp-
tone, K2HPO4, and MgSO47H2O, which were 
designated as X1, X2, X3, X4, X5, and X6, respec-
tively (Table 2). Apart from these, five dummy 
variables were also used denoted as D1 to D5, 
respectively.

In this study, 11-run Plackett–Burman design 
was applied to evaluate selected factors. The en-
tire variable had two levels of the lower (L) and 

the higher (H) concentration. The number of H 
and L per trial was ( k + 1)/2 and ( k−1)/2, respec-
tively.

The main effect figure with an H indicates that 
high concentration of this variable is nearer to 
optimum and an L indicates that the low concen-
tration of this variable is nearer to optimum. The 
principal effect of each on chitinase production 
was estimated as the difference between both av-
erages of measurements made at the higher level 
and at the lower level. The main effect of each 
variable (Table 3) was determined with the fol-
lowing equation:

where Exi is the variable main effect, Mi+ and 
Mi− are the responses value in trails; the inde-
pendent variable ( xi) was present in high and low 
concentrations, respectively, and N is the num-
ber of trails divided by 2. Using Microsoft Excel, 
statistical t-values for equal unpaired sample 

Exi Mi Mi N= −+ −( ) / ,Σ Σ

Table 2  Variables showing process parameters used in Plackett–Burman design
Variables Medium components (+) Values (g/lt or ml/lt) (H) (–) Values (g/lt or ml/lt) (L)
X1 Crude glycerol 5 50
X2 Colloidal chitin 3 30
X3 Peptone 5 50
X4 Tryptone 5 50
X5 K2HPO4 0.5 5
X6 MgSO4.7H2O 0.5 5

Table 3  Plackett–Burman design matrix of six process variables ( X1−X6) and five dummy variables ( D1−D5) along 
with observed response (Chitinase activity)
Run No. X1 X2 X3 X4 X5 X6 D1 D2 D3 D4 D5 Chitinase activity (Uml−1)
1 H H L H H H L L L H L 2.63
2 L H H L H H H L L L H 2.71
3 H L H H L H H H L L L 1.11
4 L H L H H L H H H L L 2.08
5 L L H L H H L H H H L 1.35
6 L L L H L H H L H H H 0.51
7 H L L L H L H H L H H 1.00
8 H H L L L H L H H L H 2.84
9 H H H L L L H L H H L 3.00
10 L H H H L L L H L H H 2.06
11 H L H H H L L L H L H 1.49
12 L L L L L L L L L L L 0.35
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were calculated for determination of variable sig-
nificance. Experimental error was estimated by 
calculating the variance among the dummy vari-
ables as follows:

Veff = ∑( Ed)2/n, where Veff is the variance of 
the concentration effect, Ed is the concentration 
effect of dummy variable, and n is the number of 
dummy variables.

The standard error (S.E.) of the concentra-
tion effect was the square root of the variance of 
an effect and the significance level ( P-value) of 
each concentration effect was determined using 
student’s test:

t( xi) = E( Xi)/S.E, where E( Xi) is the effect of 
variable Xi.

Response Surface Methodology (RSM) To 
describe the nature of response surface in the 
experimental region and to elucidate the optimal 
concentrations of the most significant indepen-
dent variables, a central composite design (CCD; 
Box and Behnken 1960) was applied, which is 

an RSM. Factors of highest confidence levels, 
namely, crude glycerol (A), peptone (B), and 
colloidal chitin (C) were tested at five levels 
(− α, + α, 0, + 1, and − 1). According to the design, 
20 treatments trial combinations were executed 
(Table 4). For predicting the optimal point, the 
following second-order polynomial model was 
fitted to correlate relationship between indepen-
dent variables and three responses:

where Y is the predicted response, β0 is a con-
stant, βi is the linear coefficient, βii is the squared 
coefficient, βij is the cross product coefficient, 
and xi is the dimensionless coded value of ( Xi). 
The above equation was solved by using the soft-
ware design expert (Version 7.0.2, State ease inc., 
USA). A 25 factorial design with five replicates at 
the center point with a total number of 20 trials 
were employed (Table 3).

2Y o ixi ijxixj iixiβ β β β= + Σ + Σ + Σ

Table 4  Central composite design (CCD) matrix of independent variables and the corresponding experimental and 
predicted values
Run No. Factors Response

A: crude glycerol
(ml/l)

B: colloidal chitin
(g/l)

C: peptone
(g/l)

Chitinase activity (Uml−1)

Coded 
value

Actual 
value

Coded 
value

Actual 
value

Coded 
value

Actual 
value

Observed 
value

Predicted 
value

1 0.00 55.00 0.00 27.50 0.00 28.75 2.18 2.29
2 − 1.00 32.50 1.00 38.75 1.00 39.38 2.42 2.47
3 0.00 55.00 0.00 27.50 0.00 28.75 2.29 2.29
4 − 1.00 32.50 1.00 38.75 − 1.00 18.13 2.69 2.72
5 1.00 77.50 − 1.00 16.25 − 1.00 18.13 2.31 2.25
6 0.00 55.00 − 1.68 8.58 0.00 28.75 2.30 2.39
7 1.00 77.50 1.00 38.75 1.00 39.38 2.20 2.23
8 − 1.68 17.16 0.00 27.50 0.00 28.75 1.55 1.53
9 0.00 55.00 0.00 27.50 0.00 28.75 2.29 2.29
10 0.00 55.00 0.00 27.50 0.00 28.75 2.50 2.29
11 0.00 55.00 0.00 27.50 0.00 28.75 2.32 2.29
12 1.00 77.50 − 1.00 16.25 1.00 39.38 2.06 2.02
13 0.00 55.00 1.68 46.42 0.00 28.75 3.55 3.47
14 0.00 55.00 0.00 27.50 0.00 28.75 2.18 2.29
15 0.00 55.00 0.00 27.50 − 1.68 10.88 2.00 2.03
16 − 1.00 32.50 − 1.00 16.25 − 1.00 18.13 1.68 1.64
17 1.00 77.50 1.00 38.75 − 1.00 18.13 2.40 2.41
18 − 1.00 32.50 − 1.00 16.25 1.00 39.38 1.37 1.35
19 1.68 92.84 0.00 27.50 0.00 28.75 1.80 1.83
20 0.00 55.00 0.00 27.50 1.68 46.62 1.63 1.62
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Validation of Optimization of Media
For validation studies, periodic analysis of chitin-
ase activity up to 5 days was performed by tak-
ing six separate 20 ml fermentation systems for 
unoptimized fermented KBCG broth with 1.5 % 
colloidal chitin v/v at 29 ℃ and compared with 
periodical responses in optimized media pro-
vided by the design. Log CFU/ml and antifungal 
activity of matured broth at the time period of 
maximum chitinase activity were also analyzed.

Results and Discussion

Effects of crude glycerol and inducers chitinase 
assay (Uml−1) were performed from supernatants 
of cultured broth for 84 h. Among all the eight, 
which had amendments in basal KB media and 
KB media with crude glycerol (KBCG), super-
natant of cultured broth in presence of colloi-
dal chitins showed significantly higher 3.51and 
2.72 Uml−1 chitinase activity, respectively. Inhi-
bition zone and microbial biomass were higher 
in case of colloidal chitins with KB and KBCG, 
respectively (Table 5). Colloidal chitin proved 
to be the most significant inducer for chitinase 
production in P. aeruginosa p-15 after 84 h. In 
presence of altered carbon source as crude glyc-

erol as carbon source in KB media showed higher 
chitinase activity and inhibition diameter and ex-
hibited significantly higher microbial biomass 
(Fig 1).

Screening of Important Medium 
Components via Plackett–Burman 
Design

To enhance the production of chitinase, Plack-
ett–Burman design was employed as a statistical 
approach for the screening of suitable medium 
components. Table 2 represents the independent 
variables and their respective high and low con-
centrations used in the optimization study, while 
Table 3 shows the Plackett–Burman experimen-
tal design for 12 trials with two levels of concen-
trations for each variable and the corresponding 
chitinase activity in terms of (Uml−1) of the cul-
ture medium. The variables X1−X6 represent the 
experimental variables, whereas D1−D5 represent 
the dummy variables. Table 6 represent the ef-
fect, S.E., t( xi), and P-values of each process vari-
able for chitinase production.

The significant process variables were 
screened at probability value ( P ≤ 0.05). The 
probability value of crude glycerol, colloidal 
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Fig. 1  Deviations in predicted and observed response
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chitin, and peptone ( P < 0.05) for chitinase pro-
duction was considered as significant positive 
variables. However, tryptone, K2HPO4, and 
MgSO4.7H2O showed no significant influence on 
chitinase production.

To obtain above results, Plackett–Burman de-
sign is considered a powerful tool for identifying 
factors that have significant influence on chitin-
ase production. The optimal concentration of the 
individual factor was further determined by the 
subsequent CCD experiment.

Optimization of Screened Medium 
Components Using CCD

CCD was used to determine the optimal concen-
tration (level) of the medium components. A total 
of 20 experiments with three variables (compo-
nents of the medium) and five coded levels (five 
different concentrations) were performed. Model 
was run for optimization of significant media 

components screened via Plackett–Burman ex-
perimental design without any transformation 
for chitinase activity values. Chitinase response 
ranged from 1.37 to 3.55 Uml−1 and the ratio of 
maximum to minimum was found 2.59.

Based on the results obtained from Plackett–
Burman design, we selected three variables, name-
ly, crude glycerol, colloidal chitin, and peptone 
were selected. As they were positive influencing, 
increased concentrations were studied for optimi-
zation. The other components of the production 
medium were nonsignificant and hence, their con-
centrations were set at middle level in CCD. The 
other conditions were: temperature 29 ℃, 0.2 % 
inoculum size, agitation speed (140 rpm), incuba-
tion period 84 h and pH 7.2. (Fig. 2)

Table 7 represents the experimental design 
matrix for CCD along with the experimental 
results of predicted responses for chitinase ac-
tivity in broth. The experimental values for the 
regression coefficient were obtained by quadrat-
ic polynomial equation, where only significant 

Table 5  Effects of media amendments on chitinase production, growth and in vitro antipathogenic activity against 
F. udum Butler
Treatments Chitinase activity (U/ml) Microbial biomass

(Log CFU/ml)
Inhibition zone
(mm)

KB 2.73 8.00 2.69
KB + FP 3.16 11.00 11.00
KB + CC 3.51 9.00 20.00
KB + IP 2.96 8.00 9.00
KBCG 2.00 8.00 6.00
KBCG + FP 2.10 8.50 14.00
KBCG + CC 2.72 13.00 13.00
KBCG + IP 2.23 10.00 10.00
SEM 0.08 0.32 0.06
CD 0.25 0.95 0.20
CV % 5.64 5.82 4.27

Table 6  Statistical analysis of process parameters for chitinase activity
Factors Fermentation 

parameters
Chitinase activity (Uml−1)
Effect ( Exi) S.E. t( xi) P-value

X1 Crude glycerol 12.07 0.66 4.58 0.00593
X2 Colloidal chitin 15.32 14.48 0.00003
X3 Peptone 11.72 3.52 0.01695
X4 Tryptone 9.88 −2.09 0.09131
X5 K2HPO4 11.26 2.12 0.08785
X6 MgSO4.7H2O 11.15 1.78 0.13487



78 N. Parvez et al.

coefficients ( P < 0.05) were considered (Table 3). 
The smaller P-values indicate the higher signifi-
cance of the corresponding coefficient. The in-
significant coefficients were not omitted from the 
equations, since it was a hierarchical model. The 
predicted response Y (Table 4) for the chitinase 
activity was obtained as follows:

Y 2.29 0.090 A 0.32 B  12 C 0.23 A B 0.016 A  C 0.011  B C 

0.22 A2 0.23 B2 0.17 C2

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗

= + + − − + +

− + −

where Y is the chitinase activity (Uml−1) and A, 
B, and C are coded values of the independent 
variables (crude glycerol, colloidal chitin, and 
peptone, respectively). The statistical signifi-
cance of the quadratic model for the experimental 
responses was evaluated by the analysis of vari-

Table 7  Analysis of variance (ANOVA) for the experimental results of the CCD
Source Sum of squares Degree of 

freedom
F-value p-value

Prob
 F

Remark

Model 4.119 9 47.0175 < 0.0001 Significant
A—crude glycerol 0.110 1 11.3875 0.0071
B—colloidal 

chitin
1.412 1 145.1031 < 0.0001

C—peptone 0.199 1 20.5334 0.0011
AB 0.418 1 42.9998 < 0.0001
AC 0.002 1 0.2169 0.6513
BC 0.001 1 0.1040 0.7537
A2 0.672 1 69.0752 < 0.0001
B2 0.735 1 75.5607 < 0.0001
C2 0.399 1 41.0462 < 0.0001

Fig 2  Interaction effects of crude glycerol and colloidal chitin on chitinase activity
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ance (ANOVA). According to ANOVA (Table 7), 
the model was significant with an F-test of a very 
low probability [( P > F) < 0.0001]. The goodness 
of fit for the model was expressed by coefficient 
of determination R2 and the value was 0.9769. 
The value of R2 indicated that the experimental 
values were in agreement with the predicted val-
ues and suggested that the model is suitable and 
practicable.

Model run showed that the predicted and 
obtained response values were with minimum 
alteration as shown in Fig. 1. The 3-D surface 
and contour plots illustrate the response over a 
region of interesting factor levels, the relation-
ship between the response and experimental lev-
els of each variable and the type of interactions 
between the test variables in order to deduce the 
optimal composition of the culture medium. But 
at higher concentration of crude glycerol, the ef-
fect of different concentrations of peptone was 
little on chitinase production. It is evident from 
fig. 3 that at low concentration of colloidal chitin, 
production of chitinase increased with decrease 
in concentration of peptone and on increasing 
crude glycerol. When colloidal chitin was high-
er, higher chitinase production was obtained at 

lower values of both the variables. There was 
maximum production of chitinase at low peptone 
value and highest colloidal chitin (Fig. 4). We can 
determine the optimal concentration of the medi-
um components from the data obtained from the 
3-D surface and contour plots and the equations 
obtained from the multiple regression analysis.

The model predicts that the chitinase pro-
duction (2.88 Uml− 1) is located at the actual 
values: crude glycerol—47.70 ml/l, colloidal 
chitin—38.75 g/l, and peptone—25.59 g/l. The 
predicted values of the response obtained and 
their corresponding concentration of medium 
components vary accordingly. Thus, graphical 
optimization of the overall desirability function 
was performed to determine the best possible 
combination for each response simultaneously.

To validate optimized media components for 
chitinase activity, periodical production curve 
with 0.2 % culture inoculation up to 120 h was 
carried out and compared with both unoptimized 
KBCG and KB in presence of 1.5 % of colloidal 
chitin. It was found that optimal media compo-
nents were responsible for premature production 
peak (72 h) with 3.75 Uml−1 which was 12 h ear-
lier as well as 46.4, 30.20, and 5 % higher than 

Fig. 3  Effects of peptone and crude glycerol
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unoptimized KBCG, predicted optimized re-
sponse and KB, respectively (Fig. 5).

Further effects on other responses such as 
Log CFU/ml and Fusarium growth inhibition 
(mm) were performed at 72 and 84 h, and found 
Log CFU value (14 Log CFU/ml) and inhibition 
(14 mm) value were higher at 84 h as compared 

to 13 Log CFU/ml and 11 mm, respectively, at 
72 h. These results also suggest that inhibition of 
F. udum may be a contribution of combination of 
other metabolites of P. aeruginosa p-15 also.

There are several reports on the optimiza-
tion of medium composition for the production 
improvement using statistical approaches as it 

Fig. 5  Validation of optimization for difference responses

 

Fig. 4  Effects of peptone and colloidal chitin
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was found a reliable methodology to obtain re-
producible results (Li et al. 2007; Ghanem et al. 
2010; Dong et al. 2012). Pseudomonas is a po-
tential producer of chitinolytic and other bio-
control enzymes (Fallahzadeh et al. 2010). The 
optimal concentration ranges of the three factors 
were optimized using CCD in RSM. As a result, 
a quadratic model was found to fit for chitinase 
production and the optimal medium composi-
tion was determined as follows: crude glyc-
erol—47.70 ml/l, colloidal chitin—38.75 g/l, 
peptone—25.59 g/l, and chitinase activity 
reached 3.75 Uml−1 when compared with the 
predicted value of 2.88 Uml−1. A successful and 
significant improvement (46.48 %) in the pro-
duction of chitinase by P. aeriginosa p-15 was 
accomplished using cheaper carbon source and 
inducer. The optimized medium established in 
this work might result in a significant reduc-
tion in the cost of medium constituents. These 
preliminary results also suggested employing 
crude glycerol in media optimization studies for 
chitinase production. Future trends in biocontrol 
research will unite fundamental biology with the 
quest for solutions that will make biocontrol in-
tegral to the safe and wise management of every 
agroecosystem.
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Abstract

Transgenic crops producing Bacillus thuringiensis (Bt) toxins for insect–
pest control have been successful and started paying lucrative returns to the 
farmers in terms of increased production due to low pest damage, savings in 
cost of pesticides and manpower involved for pest control. However, their 
efficacy shows a reducing trend due to evolution of resistance among the 
target pests is a significant environmental risk. Resistance is a genetically 
based decrease in susceptibility of a population to an insecticide. To date, 
field-evolved resistance to Bt crops has been documented in only three 
insect species: Helicoverpa zea Boddie, Spodoptera frugiperda Smith, and 
Busseola fusca Fuller to Bt cotton and Bt corn producing Cry1Ac, Cry1F, 
and Cry1Ab, respectively. Scientists in the industry, government, and aca-
demia now recognize evolution of resistance to Bt in pests as a great threat 
to the continued success of Bt. Insect Resistance Management (IRM) strat-
egies begin with resistance risk assessment. Phenotypic monitoring meth-
ods are best studied for low-dose events and genic methods are best suited 
for high-dose events. Resistance risks are real. But they can be managed. 
Resistance issues are associated with first-generation technologies and 
incomplete or compromised IRM programs. Next generation technologies 
(NGS) with multiple pyramided modes of action are needed.

hind by the insect species have proved to be an 
uphill task for agriculturists to answer. Perhaps 
the most serious threat to the durability of this 
novel insect control technology is the potential 
of insect populations to develop resistance to 
Bt Cry proteins. Despite many efforts over the 
successful exploitation of Bt, some insects have 
developed resistance to Bt-toxin. This situation 
contributed to the development of biological con-

Keywords 

Insect · Resistance · Bt transgenic

Introduction

Even though, Bacillus thuringiensis (Bt) has been 
widely exploited, some critical questions left be-
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trol strategies on a wider basis. Several biological 
insecticides have been developed ranging from 
bacterial, fungal, viral, etc., for the efficient pest 
control in formulations suitable for agroclimatic 
conditions. Among these agents, Bt is the most 
widely studied and exploited worldwide (Estada 
and Ferre 1994).

Bt occurs over a wide range of habitats such 
as soil, insect hosts, treated habitats, phylloplane, 
stored products, etc. (Uribe et al. 2003). The abil-
ity of Bt to produce many insecticidal crystal-
line toxins during sporulation has been exploited 
and δ-endotoxin, the main principle of insect 
toxicity is successfully utilized in pest-control 
programmes. Despite many efforts over the suc-
cessful exploitation of Bt, insects have developed 
resistance to Bt-toxins. The first report on insect 
resistance to Bt was published by McGaughey 
1985 in Indian-meal moth. Plutella xylostella 
was the first insect to develop resistance in field 
(Tabashnik et al. 1994) while other species have 
the genetic potential to develop resistance in the 
near future. First, Bt commercial formulation 
was made available for field in 1958. Whiteley 
and Schnepf cloned a Bt-toxin gene in 1981. 
Monsanto developed first transgenic cotton plant 
in 1990. According to ISAAA Executive Report, 
the global area of biotech crops continued to in-
crease for the 16th year at a sustained growth rate 

of 8 % or 12 million ha (30 million acres), reach-
ing 160 million ha or 395 million acres (Fig. 1). 
Biotech crops have set a precedent in that the 
biotech area has grown impressively every single 
year for the past 16 years, with almost a remark-
able 94-fold increase since commercialization 
began in 1996. Thus, biotech crops are consid-
ered as the fastest adopted crop technology in the 
history of modern agriculture (James 2011a).

Action of Bt is very specific. Different strains 
of Bt are specific to different receptors in insect 
gut wall. Bt toxicity depends on recognizing re-
ceptors, damage to the gut by the toxin occurs 
upon binding to a receptor. Each insect species 
possesses different types of receptors that will 
match only certain toxin proteins, like a lock to 
a key. However, the history of insecticide resis-
tance informs us that adaptation by insects could 
diminish the long-term efficacy of Bt crops and 
the associated economic, health, and environ-
mental benefits. To date, field-evolved resistance 
to Bt crops has been documented in only three 
insect species: Helicoverpa zea, Spodoptera fru-
giperda, and Busseola fusca to Bt cotton and Bt 
corn producing Cry1Ac, Cry1F, and Cry1Ab, re-
spectively (Tabashnik 2008). This chapter sum-
marizes the current status of resistances in Bt 
crops, the principles of IRM for Bt crops and 
what they mean for the design of IRM programs.

Fig. 1  Global area of biotech crops, 1996–2011 (mha)
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Resistance and Its Mechanism

Resistance is the phenotype of an individual 
that gives the individual ability to survive on 
the transgenic insecticidal plants from egg to 
adult and produce viable offspring. Resistance is 
caused by gene in the target insect that reduces 
susceptibility to a toxin and is a trait of an in-
dividual. Nine different insect like diamondback 
moth, pink bollworm, Helicoverpa armigera, 

Heliothis virescens, Earias vittella, etc., have al-
ready shown resistance to Bt toxins worldwide. 
The global status of various traits incorporated 
in GM crops summarized in ISAAA Executive 
Report, 2011, (Fig. 2); it is showing a logarithmic 
increasing trend in the usage. However, insect re-
sistance gene incorporation among various crops 
has declined while traits like herbicide tolerance 
or mixture of herbicide tolerance and insect resis-
tance shows an increasing trend (James 2011b).

Table 1  Response of DBM from parental susceptible (LAB-P) and resistant (NO-QA) strains to four toxins. 
(Tabashnik et al. (1997))
Strain Toxin 10 mg/lit 100 mg/lit

n % mortality N % mortality
LAB-P Cry1Aa 86 98 197 99

Cry1Ab 118 97 61 100
Cry1Ac 50 94 109 100
Cry1F 91 100 220 97

NO-QA Cry1Aa 86 11 168 4
Cry1Ab 130 2 164 1
Cry1Ac 140 10 212 3
Cry1F 91 0 120 0

Fig. 2  Global area under GM crops by traits (mha)
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Tabashnik and Liu (1997) studied the re-
sponse of diamondback moth larvae from paren-
tal susceptible and resistant strain (Table 1) to 
four toxins and observed that at concentration of 
10 and 100 mg/lit toxin killed 90–100 % larvae 
of susceptible strain but only 0–11 % of resistant 
counterpart. Gould et al. (1992) studied the gen-
eration verses resistance ratio (RR) between se-
lected and control strain of H. virescens against 
Cry1Ac and reported that after ten generations 
the ratio of LC50 of selected strain to control was 
10 and RR suddenly increased to 50 after 17th 
generation of selection.

Tabashnik et al. (2008) submitted the report 
on field-evolved resistance to the Bt toxin in 
sprays and transgenic cotton which say that H. 
zea had maximum RR (> 1000 fold) to Cry1Ac 
while field population of diamondback moth 
and cabbage looper showed the 36 RR in Hawaii 
and 160 RR in British Columbia, respectively, 
against Bt spray (Table 2). He also conducted a 
laboratory diet bioassay on field population of 
H. zea resistant to Cry2Ab and observed that the 
number of resistant populations to the total popu-
lation was 0 of 8 in 2002, 1 of 25 in 2003, 1 of 24 
in 2004, and 5 of 10 in 2005. Means proportion 
of resistant population was significantly higher 
in 2005 so, he concludes that continues use of 
Bt toxin may develop resistance simultaneously 
in insect species. Rajagopal et al. (2009) stud-
ied development of resistance by H. armigera 
to Cry1Ac on an artificial diet and observed that 

after ten generations the larvae were able to toler-
ate 72-fold more Cry1Ac than susceptible strain. 
The resistance dose is reflected more in the LC90 
values than in the LC50 values, suggesting that 
the larvae become much more adopted to survive 
an ever increasing dose of the selection pres-
sure. Yenagi et al. (2010) studied the resistance 
development in H. armigera in response to Del-
fin for different Bt cotton ecotypes in northern 
Karnataka, namely, Dharward, Haveri, Raichur, 
Bijapur, and Belgaum (Table 3). The populations 
from Raichur and Haveri were found tolerant 
to Bt toxin. LC50 values resulting from 0.149 to 
0.828 mg/ml. The Dharward strain was the most 
susceptible.

 Belgaum and Bijapur population were similar 
to each other at RF. This would suggest that under 
field condition tolerant individual is likely to per-
sist and may subsequently contribute to the resis-
tant pool. Studies carried out by CICR (Kranthi 
2012b) showed that there was a decline in the 
proportion of susceptible populations. These re-
sults were obtained by studying LC50 (median 
lethal concentration) and IC50 (median growth 
inhibitory concentration) which were expressed 
in terms of µg Cry1Ac/ml of diet (Table 4) and 
further they compared RR value with reference 
to susceptible strains.

However, the LC50 values ranged from 
0.02 to 0.54 µg Cry1Ac/ml of diet in 2002 and 
0.246–5.10 µg Cry1Ac/ml of diet in 2011–2012. 
The IC50 values ranged from 0.003 to 0.034 µg 

Table 2  Field-evolved resistance to Bt toxins is prays and transgenic cotton. (Tabashnik et al. (2008))
Insect Bt spray or toxin Resistance ratio

> 10 > 100 > 1000 Maximum
P. xylostella Dipel 2 0 0 36
T. ni Dipel 23 2 0 160
H. zea Cry1Ac 54 14 2 > 1000

Table 3  Geographical variability in susceptibility of H. armigera to Bt toxin across northern Karnataka cotton eco-
system. (Yenagi et al. (2010))
Location LC 50 mg/ml 95 % FL RF

Lower Upper
Dharwad 0.149 0.042 0.220 1.00
Haveri 0.710 0.507 2.154 4.77
Raichur 0.828 0.570 1.021 5.66
Bijapur 0.186 0.090 0.159 1.25
Belgaum 0.174 0.047 0.259 1.17
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Cry1Ac/ml of diet in 2002 and 0.036–0.363 μg 
Cry1Ac/ml of diet in 2011–2012. Ninety percent 
of the populations showed typical susceptible re-
sponse, RRs of 31-fold were recorded in one or 
two locations during 2008–2009 to 2010–2011 
and 51-fold in one location during 2011–2012.

Apart from that, Bt cotton was found effec-
tive in bollworms in some districts where the RRs 
were 51-fold. Thus, it appears that the data did not 
indicate levels of resistance in the populations that 
may be adequate for significant survival of the 
populations under field conditions in any of the 
populations tested. However, the data indicated 
that there was a clear decrease in the proportion of 
susceptible populations. Bt produces δ- endotoxin 
which comes in contact with insect gut enzymes; 
gets solublized and is converted from protoxin to 
active toxin to which insect is susceptible. If there 
is any change in configuration the gut enzyme/s 
may be by mutation or selection, the protoxin 
does not get converted to active toxin and in 
turn it is unable to bind to the receptors on brush 

border membrane which result into inactivation 
of toxin and insect becomes resistant. Tabashnik 
et al. (1994) studied cross resistance to Cry1B, 
Cry1F between resistant and susceptible strain 
of DBM. Resistant strain of Cry1Ab and Cry1F 
showed RROF 750 and 240, respectively, at the 
same concentration. Moar et al. (1995) studied 
the cross-resistance of CryIC resistant S. exigua 
to other Cry proteins and observed that at 22nd 
generation of resistant strain (Table 5) showed 
highest RR of 93 against Cry1Ab followed by an 
RR of 73 against CryIIA at 34th generation.

Biochemical and Genetic Basis of 
Resistance

Evolution of resistance to Bt toxin has necessitat-
ed proper understanding of biochemistry of tox-
in-insect interaction. Some biochemical mecha-
nisms responsible for resistance development 
are altered proteolytic processing, modification 

Table 4  Resistance monitoring to Cry1Ac toxin of Bt cotton on cotton bollworm populations collected from various 
locations in India. (Kranthi (2012b))
Year Sites Highest IC50 Resistance ratio Highest LC50 Resistance ratio
1999–2000 10 0.034 2 0.67 7
2002–2003 45 0.043 2 0.54 5
2003–2004 20 0.023 1 0.38 4
2004–2005 21 0.104 5 0.74 7
2005–2006 39 0.166 9 0.72 7
2006–2007 27 0.195 10 0.79 8
2007–2008 49 0.201 11 1.15 12
2008–2009 26 0.58 31 3.12 31
2009–2010 31 0.59 31 3.14 31
2010–2011 27 0.24 13 3.26 33
2011–2012 17 0.36 19 5.10 51

Table 5  Cross-resistance of CryIC resistant S. exigua to other Cry proteins. (Moar et al. (1995))
Generation Toxin n LC50 (µg of protein/g diet) RR
20 Cry IAb 92 Nd 20
Susceptible 86 25.3
22 Cry IAb 96 5866 93
Susceptible 96 63.2
34 Cry IIA 258 10,731 73
Susceptible 282 147
34 Cry IH 53 80 12
Susceptible 409 6.6
All proteins used were toxins except Cry IIA (protoxin)
Nd not determined
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of binding site, absence of specific receptors, 
hindrance in pore formation, and removal of a 
highly conserved glycosylation pathway (Heckel 
1994). Candas et al. (2002) studied the changes 
in the levels of proteins identified in the midgut 
epithelium of Indian-meal moth larvae resistant 
to Bt and found that the levels of aminopeptidase 
N, vacuolar ATPase subunit B, phosphopyruvate 
hydratase, cytochrome oxidase subunit I, NADH 
dehydrogenase subunit V, 3-Dehydroecdysone 
reductase, F1F0-ATPase/resistant variant, and 
GSH transferase showed significant increase. 
Ferre and van Rie (2002) proposed a model 
for binding site modification of Cry proteins to 
brush border membrane of midgut cells of P. xy-
lostella larvae and found conformational changes 
in binding site can alter the degree of specificity 
of toxin binding. Aroian et al. (2003) proposed 
an oligosaccharide receptor-based model for 
bre genes in intestinal cells of Caenorhabditis 
elegans and reported that bre genes synthesize 
an oligosaccharide which serves as receptor for 
crystal toxins. Loss of any of the bre enzymes 
leads to high level of resistance to Cry5B sug-
gesting that oligosaccharide is the major receptor 
for Cry5B. In the case of Cry14A, the reduced 
level of resistance conferred by mutants suggests 
that other receptors can partly compensate in the 
absence of bre oligosaccharide.

Genetic reasons for resistance development 
can be intraspecific variation in baseline sus-
ceptibility, frequency of resistance gene allele, 
mode of inheritance of resistance, and stability 
of resistance. Sayyed et al. (2004) studied the 
toxicity of commercial formulations and purified 
Cry toxins to susceptible laboratory and resistant 
field populations of P. xylostella and reported 
that among the various toxins tested, susceptible 
populations were less sensitive to Cry1Ab, Cry-
1Aa, and Cry1Fa, respectively. While among the 
resistant field populations tested, they developed 
severe resistance especially to Cry1Ac and MVP 
(Table 6) along with resistance development to 
other toxins tested. This suggests that there is an 
intraspecific variation in the baseline susceptibil-
ity among susceptible populations.

Kranthi (2008) has been assigned job to 
monitoring the shifts in baseline susceptibility 
(development of tolerance/resistance) in the H. 
armigera against Cry1Ac toxin in various cotton 
growing regions of the country. Yu Cheng Zhu 
et al. (2009) studied frequencies of resistance al-
leles to Bt cotton in field population of H. ar-
migera. In 1999, the allele frequency estimated 
for population (0.0058) significantly fluctuated 
during 2003–2005. F1 and F2 screens conducted 
in 2006 and 2007 revealed > 3-fold increase of 
resistant gene frequency compared to the levels 
of 2003–2005, > 18-fold increases over 1999 in 
same population.

Table 6  Toxicity of commercial formulations and purified Cry toxins to susceptible laboratory and resistant field 
populations of P. xylostella. (Sayyed et al. (2004))
Population Toxin used LC50 (µg/ml) Resistance ratio
LAB-UK (susceptible) Dipel 0.0039 –

MVP 0.027 –
Cry1Ac 0.007 –
Cry1Ab 0.47 –
Cry1Aa 0.039 –
Cry1Fa 0.20 –

Karak (resistant field) Dipel 2.97 770
MVP 9800 363,000
Cry1Ac > 40 > 5710
Cry1Ab 77.0 164
Cry1Aa 32.9 845
Cry1Fa 82.7 414
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Insect Resistance Management (IRM) 
Strategy

The ultimate goal of IRM programs for Bt 
crops—as with IRM programs for any insect-
control technology—is to slow the rate at which 
insect-resistance evolves. IRM programs cannot 
be expected to prevent resistance, but they should 
be designed to maximize the effective life of a 
Bt crop. The economic benefits of this strategy 
are obvious and prolonged product life increases 
the likelihood that next-generation products can 
be developed and commercialized in a timely 
manner, creating a paradigm of continuous im-
provement in technologies rather than sequential 
replacement to keep up with resistance (Head and 
Greenplate 2012). Resistance management strat-
egies try to prevent or diminish the selection of 
the rare individuals carrying resistance genes and 
hence to keep the frequency of resistance genes 
sufficiently low for insect control. Strategy de-
velopment generally relies heavily on theoretical 
assumptions and on computer models simulating 
insect population growth under various condi-
tions (Alstad and Andow 1994). Proposed strate-
gies include the use of multiple toxins (stacking 
or pyramiding), crop rotation, high or ultrahigh 
dosages, and spatial or temporal refugia (Tabash-
nik 1994; McGaughey 1992). It is expected that 
each pest-crop complex may require a specific 
implementation of certain resistance manage-
ment strategies that may have to address the use 
of both B. thuringiensis sprays and transgenic 

crops. Experience with transgenic crops express-
ing cry genes grown under different agronomic 
conditions is essential to define the requirements 
of resistance management. It is equally important 
to design a resistance management strategy ac-
ceptable to everyone involved: technology sup-
pliers, seed companies, extension workers, crop 
consultants, regulators, and, most of all, growers 
Kennedy and Whalon (1995). To prevent the loss 
of this valuable management tool, IRM guide-
lines have been established to delay or stop the 
development of ECB resistance.

The refuge strategy, which is mandated in the 
USA and elsewhere, is based on the idea that 
most of the rare resistant pests surviving on Bt 
crops will mate with abundant susceptible pests 
from nearby refuges of host plants without Bt 
toxins. If inheritance of resistance is recessive, 
the hybrid progeny from such matings will die 
on Bt crops, substantially slowing evolution of 
resistance. This approach is sometimes called 
the “high-dose refuge strategy” because it works 
best of the dose of toxin ingested by insects on 
Bt plants is high enough to kill all or nearly all 
of the aforementioned hybrid progeny. In prin-
ciple, if high-dose is achieved, resistance can be 
delayed by increasing refuge abundance which 
lowers proportion of the population selected 
for resistance to compensate for survival of hy-
brid progeny of Bt plants (Tabashnik and Gould 
2004). Thus, the US environmental protection 
agencies guidelines for high-dose specified that 
Bt plants should kill at list 99.99 % of susceptible 
insects in the field. As an example, Anderson and 
Hellmich (2005) described the refuge strategy of 
corn in the Site-Specific Management Guideline 
that Refuge plants, or nontransgenic corn, are 
an important component of IRM. The purpose 
of planting a refuge is to dilute resistance genes 
by supplying an abundance of susceptible ECB 
moths that can mate with the rare resistant moths 
that have survived exposure to Bt corn (Fig. 3). 
Offspring from these matings are likely to be sus-
ceptible to Bt corn.

Refuge strategy: reduce chances that resistant 
moths mate with each other by providing large 
numbers of susceptible moths from the refuge, 
non-Bt corn. Offsprings of these moths are sus-

Site-Specific Management Guideline: Anderson and Richard

Resistaat Moths Suseeptible Moths

Fig. 3  Refuge strategy

 



90 L. Pathak et al.

ceptible to Bt. Recommended amounts of refuge 
to delay resistance is 20 % or more located within 
one-half mile of the Bt corn.

If transgenic plants can express a cry gene at 
doses high enough to kill even homozygous re-
sistant insects, that crop will become a nonhost. 
While such an ultrahigh dose might be imprac-
tical with a sprayable product due to high cost, 
incomplete coverage, toxin breakdown, and plant 
growth, it may be possible with toxin-engineered 
plants, taking into account the currently attain-
able levels of Cry expression in planta (Jansens 
et al. 1997). For example, a Colorado potato 
beetle population 100-fold resistant to a Cry3A-
containing B. thuringiensis spray could not sur-
vive on potato plants expressing the same pro-
tein (Altre et al. 1996). It remains to be seen if 
a combination of toxins with ultrahigh expres-
sion can overcome all homozygous resistance 
alleles, changing the crops into nonhost plants. 
Metz et al. (1995) demonstrated that F1 larvae 
from a cross between a susceptible laboratory 
P. xylostella colony and a field-resistant colony 
did not survive on transgenic broccoli expressing 
Cry1Ac. It has been reported that the inclusion 
of refuge plants in cages with transgenic broccoli 
plants resulted in slower evolution of resistance in 
populations of P. xylostella. Supporting evidence 
also comes from selection experiments using B. 
thuringiensis subsp. aizawai and a diamondback 
moth population that had evolved resistance to 
Cry1Ab and Cry1Ca in the field. In these stud-
ies, a 10 % refuge delayed resistance over a nine-
generation test (Luiand Tabashnik 1997).

A specific planting strategy that has been 
recommended to reduce selection is the use of 
seed mixtures of toxin-expressing and toxin-free 
plants to provide prepackaged refugia. The seed 
mix strategy, still controversial, would probably 
only be effective for insect species whose larvae 
move very little between plants (Mallet and Por-
ter 1992). Another valuable option for resistance 
management, in combination with the use of re-
fugia, is the expression of multiple Cry proteins 
in crops or incorporation of multiple proteins in 
B. thuringiensis sprays, provided these toxins 
have different modes of action with respect to 
the insect’s mechanism of resistance. Cry tox-

ins that recognize different receptors in the same 
target species could be deployed in this strategy, 
since they are less prone to cross-resistance. As 
noted above, diamondback moth populations re-
sistant to field applications of Cry1A-containing 
B. thuringiensis formulations showed minimal 
cross-resistance to other crystal proteins such 
as Cry1Ba, Cry1Bb, Cry1Ca, Cry1Da, Cry1Ia, 
Cry2A, and Cry9Ca, while they were cross-resis-
tant to Cry1Fa and Cry1Ja (Lambert et al. 1996). 
For many insect species, multiple Cry1A proteins 
would not be an appropriate choice, since some 
of these proteins share binding sites with one 
another and even with other toxins of the Cry1 
class. Yet for other insects, Cry1A proteins have 
been shown, at least on ligand blots, to recog-
nize different binding proteins. Additionally, B. 
thuringiensis Cry toxins could be combined with 
other insecticidal proteins.

The multiple-attack strategy assumes that 
within a population, if insects homozygous for 
one resistance gene are rare, then insects homo-
zygous for multiple resistance genes are extreme-
ly rare. Crops or sprays deploying multiple toxins 
would still control even insects homozygous for 
one or two resistance genes yet heterozygous for 
another gene. A critical condition for the success 
of this strategy is that each of the insecticides on 
its own should have high mortality for suscep-
tible homozygote. An example is O. nubilalis, in 
which Cry1Ab and Cry1Ba, both highly active, 
bind to different receptors. A strong argument for 
the utility of multiple-gene pyramiding is found 
in the recent results of Georghiou and Wirth 
(1997). Their field-collected C. quinquefascia-
tus populations readily developed resistance in 
the laboratory to a single B. thuringiensis subsp. 
israelensis toxin (Cry11A) but remained remark-
ably sensitive when selection was with the full 
complement of toxins from this variety.

Due to the urgent need for a more complete 
understanding of the parameters of effective re-
sistance management, companies developing B. 
thuringiensis biopesticidal sprays and transgenic 
plants formed the B. thuringiensis Management 
Working Group to promote research on the judi-
cious use of B. thuringiensis products. It is hoped 
that an increased understanding of the complex 
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interplay among Cry toxins, their bacterial hosts, 
their target organisms, and the ecosystems they 
share will allow for the long-term, effective use 
of Cry toxins for pest management.

Evolution of resistance in target pests to trans-
genic insecticidal crops is a significant environ-
mental risk that could affect multiple stakeholders 
including those outside of agriculture. Reduction 
in binding is a major mechanism of resistance in 
all cases of field-evolved resistance to Bt products 
or Cry proteins in P. xylostella, except for resis-
tance against Cry1Ca. In Pink bollworm and other 
pests, resistance could evolve via selection for 
alleles that are not recessive, have lower fitness 
cost or completely overcome disadvantage on Bt 
plants. A number of studies have reported the abil-
ity of insects resistant to Cry1Ac to acquire cross-
resistance to structurally similar insecticidal pro-
teins such as Cry1Aa, Cry1Ab, Cry1C, etc. Of all 
of the various strategies and tactics considered for 
IRM, the high-dose/refuge strategy is by far the 
most widely considered and used. Refuges can 
delay pest resistance to Bt crops, especially when 
resistance is recessive and refuges are abundant.
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Abstract

A study was taken up for cross resistance between Bacillus thuringiensis 
Cry toxins and synthetic insecticides in larvae for two field populations 
of Cnaphalocrocis medinalis collected from the Directorate of Rice Re-
search (DRR) and ICRISAT using the leaf-dip bioassay method. Bioassays 
with third instar larvae were carried out for two selected rice leaf folders, 
C. medinalis field populations with monocrotophos. The bioassay results 
showed a twofold difference in the resistance ratios for the two popula-
tions. Qualitative and quantitative changes of carboxylesterase (CarE) and 
glutathione-s-transferase (GST’s) were worked out with midgut extracts 
of the two C. medinalis populations of α-napthyl acetate and chloro di-
nitro benzene substrates. The results revealed a 1.35-fold and 2.245-fold 
more variation in CarE and GST’s in midgut homogenates of the two 
populations. Midgut and whole body extracts of the resistant C. medinalis 
showed difference in the esterase banding pattern with midgut producing 
three esterase bands. Inhibitor studies of the esterase isozymes separated 
under native PAGE with specific esterase inhibitors DDVP, eserine, and 
serine sulphate at different concentrations revealed esterase isozymes are 
B type esterases and were associated with carboxyl esterase activity.

Introduction

The rice leaf folder (RLF), Cnaphalocrocis me-
dinalis (Guenee) (Lepidoptera: Pyralidae) is an 
important rice pest, widely distributed in many 
rice growing areas of Asia (Cheng 1996).There 
have been frequent and serious outbreaks of this 

Keywords 
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pest in many countries, namely India, Korea, 
Japan, China, Malaysia, Sri Lanka, and Vietnam 
(Dale 1994). The over-use of broad-spectrum 
insecticides, such as methyl parathion, monocro-
tophos, and endosulfan has been cited as a major 
cause of outbreaks of C. medinalis because ex-
cessive spraying of insecticide disrupts natural 
control (Dale 1994). Insecticides still remain the 
major control tactics against leaf folder. Carbo-
furan and fenthion (Chandramohan and Jayaraj 
1976), bendiocarb, acephate and carbosulfan, 
quinolphos, monocrotophos, and phosphamidon 
(Raju et al. 1990) and fenvalerate (Ramaraju and 
Natarajan 1997) were the common insecticides 
used against rice leaf folder.

Genetically modified rice lines expressing 
B. thuringiensis insecticidal crystal proteins 
have been produced that are highly tolerant to 
lepidopteran pests. In China, three GM rice lines 
transformed with cry1Ac/cry1Ab genes(GM 
Minghui 63), cry1Ac/CpTI genes (GM Minghui 
86) and cry1Ab genes(GM Kemingdao) effective 
against Scirpophaga incertulus, C. medinalis, 
and Chilo suppressalis have been tested both at 
field and laboratory levels and are on the verge 
of commercialization (Tu et al. 2000; Ye et al. 
2003; Han et al. 2007). Though economic and 
environmental benefits of GM crops are well 
established, a matter of concern is the possibil-
ity of the target insect pest developing resistance 
to B. thuringiensis insecticidal toxins. Though a 
couple of resistance mechanisms have been re-
ported for conferring resistance to B. thuringien-
sis viz. reduced binding of crystal toxins to the 
brush border membrane vesicles (BBMVs) of 
midgut epithelium and alteration in the midgut 
proteases that cleave the protoxin to active toxin. 
A new resistance mechanism to B. thuringiensis 
Cry toxins is identified and is associated with 
increased activity of midgut carboxylesterase ac-
tivity (Gunning et al. 2005). The involvement of 
glutathione-S-transferase, carboxylesterase, and 
microsomal mono-oxygenase in insecticide re-
sistance has been reported in insecticide-resistant 
strains of many insect species. Carboxylesterases 
(CES, EC 3.1.1.1) are members of a superfamily 
of serine hydrolases that hydrolyze ester, amide, 
and carbamate bonds. Several different carbo-

xylesterase (CarE) genes exist with evidence of 
multiple gene duplication in insects. Esterases 
hydrolyze ester bonds from various substrates 
with a carboxylic ester. Esterases are frequently 
implicated in the resistance of insects to organo-
phosphorus, carbamates, pyrethroids, neonicoti-
noids, and to many other new classes of insec-
ticides through gene amplification, upregulation, 
coding sequence mutations, or a combination of 
these mechanisms (Li et al. 2007).

Material and Methods

Two field populations of C. medinalis were col-
lected from the Directorate of Rice Research 
(DRR), Rajendranagar and ICRISAT, Patancheru. 
C. medinalis adults were collected from rice fields 
during the boot leaf stage in rabi 2011. The col-
lected adults were released into pots containing 
TN-1 plants for egg-laying and were covered with 
a muslin cloth for aeration, 20 % honey solution 
was also provided for feeding. Ten pairs of C. me-
dinalis adults were released into each TN-1 pot. 
C. medinalis populations from different locations 
were reared separately and after larval hatching 
the third instar larva was used for bioassay.

The leaf-dip bioassay method was used. 
Three–four long tender leaves from TN-1 were 
used. The leaves were first washed with distilled 
water and were then dipped in monocrotophos so-
lution and thoroughly air-dried for about 10 min, 
different concentrations of the insecticide were 
prepared, and bioassays were carried out first at 
tenfold variation. Based on 20–80 % mortality, 
concentrations were prepared in a narrow range of 
fivefold for further bioassays. Six concentrations 
were tested with ten third instar larvae per treat-
ment and replicated thrice. Larvae were allowed 
to feed on insecticide treated leaves for 24 h and 
mortality was recorded for 24 h after treatment. 
Control treatments with larval mortality more 
than 20 % were discarded and bioassays were 
repeated. Statistical analysis for calculating the 
LC50 values for the bioassay was estimated using 
maximum likelihood program MLP 3.01 (Ross 
1987). The corrected percentage mortality was 
calculated using Abbott’s formula (Abbott 1925).
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Preparation of Enzyme Homogenate

Fifth instar larvae C. medinalis were used for en-
zyme preparation. Larval midguts were excised 
with replicated samples and were homogenized 
in 500 µl homogenization buffer (50 mM sodium 
phosphate buffer, pH 7.4). After centrifugation at 
10,000 rpm for 20 min, the clear supernatant was 
collected and used as enzyme sources for analy-
sis. All the operations were carried out on ice and 
centrifugation was carried out at 4 °C to minimize 
losses of enzyme activity. The protein content of 
enzyme extract was estimated by Coomassie Bril-
liant Blue G-250 dye binding method using bovine 
serum albumin as the standard (Bradford 1976).

Carboxylesterase Assay

Carboxylesterase activity was determined fol-
lowing van Asperen (1962) with necessary modi-
fications and α-naphthyl acetate as a substrate. A 
0.3 mM substrate solution of 1-naphthyl acetate 
was prepared in acetone. The assay mixture con-
tained 15 μl of enzyme preparation, 0.5 ml of 
50 mM sodium phosphate buffer pH 7.4, and 
800 μl of 0.3 mM substrate solution. The mixture 
was incubated at 30 °C for 30 min. Finally, 200 μl 
of 0.1 % tetrazotizedo-dianisidine (Fast blue B) 
in 3.5 % Sodium Dodecyl Sulphate (SDS) was 
added and incubated for 20 min at room tempera-
ture in the dark. The α-naphthol formation was 
measured at 590 nm. Enzyme activity was calcu-
lated from α-naphthol standard curve.

Esterase Isozyme Studies

Native Polyacrylamide Gel Electrophoresis 
(PAGE) with 10 % resolving gel was performed 
to separate esterase isozymes. Qualitative chang-
es in the esterase-banding pattern were performed 
using F2 generation larvae reared after surviving 
the insecticidal bioassay with monocrotophos. On 
the native PAGE, 5 µg protein concentrations of 
the midgut homogenate per well were loaded and 
run at a constant voltage of 90 for 45 min. Gels 
were stained briefly for esterase activity with 

freshly prepared 0.05 % (w/v) α-napthyl acetate 
and 0.1 % (w/v) fast blue B in 50 mM phosphate 
buffer pH 7.4. For inhibition studies, gels were 
cut into strips and incubated in 10− 4 and 10− 6 M 
serine sulphate each and 10− 4 M DDVP indi-
vidually in 50 mM phosphate buffer pH 7.4 for 
30 min at 28 °C with occasional shaking. Control 
gels were incubated for 30 min in buffer alone. 
All the gel strips were stained and incubated for 
30 min in α-napthyl acetate substrate diazonium 
mixture for confirming the esterase activity.

Glutathione-S-Transferase Activity 
Estimation

Glutathione-S-transferase assay was performed 
using reduced glutathione (50 mM), midgut ho-
mogenate supernatant (10,000 × g) from the F2 
generation larvae reared after surviving the insec-
ticidal bioassay with monocrotophos, chlorodini-
tro benzene (CDNB) 50 mM, sodium phosphate 
buffer (pH 6.5, 100 mM), and Ethylenediamine-
tetraacetic acid (EDTA) (1 mM). The assay mix-
ture contained 50 µl of 50 mM CDNB, 150 µl of 
reduced glutathione, and 2.77 ml of 100mM, pH 
6.5 phosphate buffer containing 1mM of EDTA. 
To the above assay 30 µl of enzyme (midgut ho-
mogenate) was added and the contents shaken 
gently and incubated for 2–3 min at 25 °C then 
the contents were transferred to 4 ml cuvettes and 
absorbance was recorded for 6–7 min at 340 nm. 
Based on the increase in absorbance over 5 min 
the enzyme activity was calculated in µmol/min/
mg/protein.

Results and Discussion

Bioassay results for the two selected C. medina-
lis populations, DRR and ICRISAT, Patencheru 
revealed LC50 of 60 ppm for ICRISAT C. medi-
nalis population and showed twofold resistance 
ratio over the DRR population which showed 
LC5030 ppm against monocrotophos (Table 1).

Qualitative and quantitative changes of 
CarE and GST’s for DRR population in 
α-napthyl acetate and CDNB revealed a 



98 R. B. Veegala and S. Vemuri

titre of 114.3 µmols min− 1 mg− 1 protein and 
5.66 µmols min− 1 mg− 1 protein while ICRISAT 
population showed 155.2 µmols min− 1 mg− 1 pro-
tein and GST titre of 12.59 µmols min− 1 mg− 1 
protein, respectively. The results revealed that 
ICRISAT C. medinalis population had 1.35-fold 
greater carboxyl esterase and 2.245-fold more 
GST’s in its midgut homogenates over DRR pop-
ulation (Table 2). Similar findings were reported 
by Mohan and Gujar (2003a), where 1.2–1.8-
fold increased CarE activity was observed in P. 
xylostella for monocrotophos, cartap and fipro-
nil resistant populations. Yamamoto et al. (2008) 
reported that GST from RLF, C. medinalis, was 
inhibited by fenitrothion, permethrin, and del-
tamethrin, suggesting GST may be involved in 
metabolizing organophosphorus and pyrethroid 
insecticides.

Esterase activity visualized in native PAGE 
following incubation in substrate solution 
(0.05 % α-naphthyl acetate in 0.1 % fast blue ® 
revealed two isozyme bands. The major band 
with diffused esterase activity was relatively of 
more molecular mass than the other esterase ac-
tivity band (Fig. 1). Difference in esterase band-
ing pattern in ICRISAT C. medinalis population 
was observed when using midgut and whole body 
extracts. The midgut produced all three types of 
esterase bands while whole body homogenates 
produced only two bands (Fig. 2). Inhibitor stud-
ies with the esterase isozymes separated under 
native PAGE when subjected to inhibition by 
incubating with class-specific esterase inhibitors 
in buffers containing dichlorvos (DDVP)10− 4 M, 
eserinesulphate, 10− 6 and 10− 4 M concentrations 
indicated that these two esterase isozymes are B 
type esterases as eserinesulphate, a specific in-
hibitor of cholinesterase did not inhibit the ester-
ase activities at 10− 6 and 10− 4 M and esterases 
were characterized to have carboxylesterase ac-
tivity (Fig. 2).

In insects, the esterase bands separated elec-
trophoretically under native condition are classi-
fied into three types by the substance which in-
hibits their activity (Aldridge 1953; Van Asperen 
1962). The results of the present study are in 
conformity with cypermethrin resistant Plutella 
xylostella strain, wherein the carboxylesterase 
levels from the first to the fourth instar, pupa and 
adult showed 2.64-, 3.16-, 2.61-, 3.04-, 2.93-, 
and 2.75-fold higher carboxylesterase activity 
in comparison to P. xylostella susceptible strain 
(Moharil et al. 2008) and also reported DDVP 

Table 2  Carboxylesterase and GST activity of third instar C. medinalis larvae
Location CarE (µmols/min/mg protein) CarE folds GST (µmols/min/mg protein) GST folds
DRR population 114.39 1.00 5.660 1.00
ICRISAT population 155.2 1.35 12.598 2.245

Fig. 1  Carboxylesterase, profiles from whole body and 
midgut homogenates of ICRISAT, C. medinalis popula-
tion. Lanes 1–5 are whole body homogenates showing 
two bands of esterase isozymes, Lanes 6–10 are midgut 
homogenates showing three bands of esterase isozymes

 

Table 1  Toxicity of monocrotophos to third instar larvae C. medinalis 24 HAT
Location LC50 (ppm) RR SLOPE ± SE ‘F’ limits χ2 (degrees of freedom)

Lower Upper
DRR population 30 1.00 1.29 ± 0.21 0.0018 0.0057 4.0(4)
ICRISAT population 60 2.00 1.14 ± 0.21 0.002 0.011 2.31(4)
RR resistance ratio over one generation, F Limits fiducial limits, HAT hours after treatment
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to be the best inhibitor amongst chlorpyriphos, 
monocrotophos, profenofos, quinalphos, and ph-
enthoate, as it showed 54.34, 72.54, 78.71, 80.82, 
and 82.94 % inhibition of carboxylesterase titres 
associated with cypermethrin resistance at 0.01, 
0.1, 1, 5, and 10 mg/ml and suggested that DDVP 
is the best synergist to mitigate cypermethrin re-
sistance in P. xylostella. Rashad (2008) reported 
high titres of esterase activity in brain, foregut, 
midgut, and ovary of 2-day old adults of Schis-
tocerca gregaria (Forsskal) while in 13-day-old 
adults the hindgut exhibited high esterase levels. 
Inhibitory studies with EDTA and profenofos de-
picted high levels of both carboxylesterase and 
phosphotriesterases in the brain tissues of two 
ages, attributed to play a role in insecticide re-
sistance.

In the present study, correlation between LC50 
value of monocrotophos of the third instar larvae 
and carboxylesterase activity was similar to that 
obtained by Kranthi et al. (1997) who studied 
the seasonal dynamics of metabolic mechanisms 
responsible for pyrethroid resistance in H. armi-
gera and assigned it to the involvement of micro-
somal oxidase and esterases. Young et al. (2005) 
reported pyrethroid resistance in H. armigera 
and attributed to overproduction of esterase 
isoenzymes that metabolize and sequester pyre-
throid insecticides and found out that pyrethroid-
resistance-associated esterases were inhibited by 

piperonylbutoxide (PBO) and maximum inhibi-
tion achieved 3–4 h after dosage and again re-
stored by 24 h.

Esterase zymogram in the present study 
showed an additional fast moving band by mid-
gut extracts in comparison with whole body ho-
mogenates; this is in conformity with the find-
ings in DBM (Mohan and Gujar 2003a).

In the present study, the carboxylesterase 
present in ICRISAT population was calibrated in 
vitro to be 155.2 µmols min− 1 mg− 1 protein and 
the esterase zymograms showed intensely stained 
bands depicting resistance association. The me-
dian lethal concentration, LC50, for this strain 
was 60 ppm though more than the discriminat-
ing dose for monocrotophos, 0.35 µg per larvae 
(Anandan and Regupathy 2007). The base-line 
LC50 estimate for the ICRISAT population with 
Cry1Ab toxin is 0.50 µg/ml, the matter of con-
cern in this regard is that indiscriminate usage 
of insecticides for control of C. medinalis may 
further bring an elevation in the esterase titre 
which may sequester the toxin before it reaches 
the target site as exemplified in the case of ‘Silver 
strain’ H. armigera towards Cry1Ac expressed 
by transgenic cotton Ingard ® in Australia, where 
sequestration by esterases was recognized as a 
potential resistance mechanism apart from previ-
ous resistance mechanisms viz. reduced binding 
by the Cry toxin to BBMVs of midgut epithelium 
and alteration in midgut proteases that cleave 
protoxin to active toxin (Gunning et al. 2005).

This chapter emphasizes the importance of 
monitoring carboxylesterase enzyme titre and 
its characterization in RLF larvae that may also 
mediate resistance to Cry toxins along with other 
resistance mechanisms when transgenic rice gets 
commercialized.
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Abstract

Calcium cyanamide (CC) has been extensively reported as a plant growth 
regulator and N-resource fertilizer. CC phytotoxicity and cytotoxicity have 
also been showed on organisms such as microorganisms, schistosomes, 
mollusks, mammals and plants. But to date, little is known about its bioac-
tivity against filth flies. In this study, housefly maggots, Musca domestica 
(L.), were used to measure biological activity of CC. Laboratory bioassays 
showed that CC (at a dosage of approximately 2 % (W/W)) resulted in aver-
age mortality rate of 37.67 % on day 1 and 100 % on day 2, compared with 
the average mortality rate of 34.51 % on day 1, 89.80 % on day 2 and 100 % 
on day 3 at dosage approximately 1 % (W/W). This outcome demonstrated 
that the application of CC could be used as a part of the filth fly-integrated 
management. In the relationship between CC concentrations and pH value 
evaluation, the performance of CC and non-CC larval rearing medium 
differed within pH. The positive relationship of concentration of CC dis-
solved in water with pH was supported by the formula y = 43.33x + 6.61 
( R2 = 0.95, p < 0.01). The results showed that housefly maggots’ death had 
a positive relationship with the pH of larval rearing medium.

Introduction

Flies are a large class of insects of the order Dip-
tera (Hardy 1981; Hardy and Delfinado 1980). 
They have widespread food choices ranging from 
decayed plants to decayed bodies of animals, in-
cluding human beings (Beadle et al. 1938; Fabre 
et al. 2003; Greathead 1969; Hanski 1977; Ku-
mara et al. 2012; Landolt and John 1992; Liquido 
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et al. 1994; Lysyk and Axtell 1986; Syamsa et al. 
2012). They also suck plant juice and animal 
blood (Perlman 1962; Schofield and Torr 2002). 
Flies cause major damage in agriculture, forestry, 
animal husbandry and food-processing industry 
(Bonnefoy et al. 2008; Chapin et al. 1989; Ekesi 
2010; Schofield and Torr 2002; Yadav et al. 
2006). The global economic loss cannot be mea-
sured every year because of the damage and in-
festation caused by flies (Bonnefoy et al. 2008). 
In China, field flies mainly infest citrus fruit, 
vegetables, cowhide and silkworm, and seriously 
degrade the commercial value of these products 
(Huang and Huang 2012; Li et al. 2000; Liang 
et al. 2012; Liu et al. 2012; Ma et al. 2008). Of 
the thousands of species of flies, only a few are 
common in and around the home. Some of the 
most common flies in China are housefly ( M. 
domestica), false stable fly ( Muscina stabulans) 
and the lesser house fly ( Fannia canicularis). 
The most commonly found flies are the common 
green bottle fly ( Lucilia sericata), the oriental la-
trine fly ( Chrysomya megacephala), Aldrichina 
grahami, Anthomyia illocata, Helicophagella 
melanura and the flesh fly ( Boettcherisca per-
egrina) (Jia and Wu 2008). These pests breed 
in pathogen-laden animal wastes, carrion and 
decaying organic material from where they can 
pick up bacteria and viruses. A single filth fly 
can carry over 1 million pathogens that can be 
a threat to public health (Barin et al. 2010; Bon-
nefoy et al. 2008; Graczyk et al. 2005). Around 
60 different diseases can be transmitted by filth 
flies, from salmonella infection to dysentery 
(Bonnefoy et al. 2008).

The most commonly used control measures 
for flies are environmental management, physical 
control, chemical control and biological control, 
but in some instances integrated fly control has 
also been implemented (Collier and Van Steen-
wyk 2003; Cook et al. 2007). (1) Environmen-
tal management: Most filth flies can reproduce 
quickly in warm weather. To keep fly population 
under control, we should limit the places where 
they can breed and feed. Good sanitation prac-
tices can largely reduce fly population. There is 
nothing a filth fly who likes less than proper sani-
tation. Adult flies need a place to lay their eggs, 

and a clean home and yard just won’t appeal to 
mama fly (Powell 1993; Rozendaal 1997). (2) 
Physical control: Following all the sanitation 
rules above will significantly reduce, but not 
completely eliminate flies in or around our yard 
and home. Physical control steps can be adopted 
to further limit and exclude the number of these 
unhealthy pests using barriers and traps to keep 
doors, windows and vents closed, and by screen-
ing and sealing these and other fly entry points. 
Automatic door closing devices and air curtains 
that blow air away from doorways can also be 
installed to supplement an integrated fly man-
agement program. In addition to fly swatting, 
mechanical fly control includes trapping. Sticky 
fly paper is one type of fly trap. Ultraviolet light 
traps are another type, often used to supplement 
fly control in commercial buildings (Kaufman 
et al. 2005; Powell 1993; Rozendaal 1997). (3) 
Chemical control: Pesticides are available to 
control flies but should never be used as the first 
line of defence against them. This type of control 
provides only temporary relief. Even worse, the 
indiscriminate and improper use of chemical in-
secticides has given rise to many well-known and 
serious problems such as the risk of developing 
insect resistance and residual insecticides for hu-
mans and the environment. These problems have 
been coupled with acute neurotoxicity for human 
beings and domesticated animals (Brogdon and 
McAllister 1998; Elliott et al. 1978; Metcalf 
1989). (4) Biological control: This type of con-
trol measure is generally accepted due to advan-
tages such as environmental friendliness and 
harmlessness to non-target organisms. Biologi-
cal control can also be subdivided into release of 
parasitic wasp, introduction of natural enemies, 
use of pathogenic microorganisms and applica-
tion of secondary compound derived from plants 
or animals.

Parasitic Wasp Release

A few datum available indicate that Spalangia and 
Muscidifurax species are commercially available 
parasites most likely to attack both house fly and 
stable fly pupae in feedlots. Muscidifurax species 
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are parasites of house flies and Spalangia species 
are parasites of stable flies (Aluja et al. 2003; Ax-
tell and Arends 1990; Feder 1995; Ratcliffe et al. 
2002; Rivers et al. 2012).

Introduction of Natural Enemies

Predators sometimes have a decisive effect on 
controlling fly populations in an orchard, veg-
etable garden and human-inhabited area. Inver-
tebrate predators may include spiders, ants, ca-
rabid beetles, assassin bugs, staphylinid beetles 
among others. Vertebrate predators, such as 
birds, domestic fowls and primates, can consume 
flies, resulting in marked reduction in their num-
bers (Bruns 1960; Geden et al. 1988; Kaufman 
et al. 2000; Klopsch et al. 2012; Prasad and Sny-
der 2004; Redford 1984; Urbaneja et al. 2006; 
Wright et al. 1960).

Pathogenic Microorganisms for Flies

Bacillus thuringiensis (Bt) is best known as a 
pathogen of lepidopterous larvae, which was 
first isolated at the beginning of the twenti-
eth century from diseased silkworms in Japan. 
Commercial production of pesticides based on 
Bt began in the USA in 1958 (Alfazairy et al. 
2013; Farrar Jr et al. 2009; Hughes et al. 1986; 
La Lacey et al. 2001). Today, Bt products are 
the most widely used biological agents for the 
control of lepidopteran pests on food crops and 
forest trees, including dipteran pests such as flith 
flies. Isolation of mosquito pathogenic strains of 
Bacillus sphaericus (Bs) predated the isolation 
of Bt by some 10 years, but these early strains 
showed low toxicity. Following an intensive iso-
lation and screening program organized by the 
WHO, more toxic strains of Bs were recovered 
and these, together with several isolated strains 
in other research project, have considerable po-
tential as control agents. On the other hand, an 
important attribute of Bs seems to be its residual 
effect in the environment following application 
and activity in heavily polluted areas which have 
promoted its use as a biocontrol agent for insect 

pests of public health importance (Charles et al. 
1996; La Lacey et al. 2001; Priest 1992).

Plant or Animal Secondary Compound 
Application

Natural products, especially plant or animal sec-
ondary compounds, are well known to have a 
range of useful biological properties against in-
sect pests. Botanical pesticides with azadirachtin, 
rotenone, pyrethrin, hot-pepper wax, garlic oil, 
citrus oil and herbal essential oils as their active 
ingredients are commercially applied in crop 
protection, nuisance and diseases control and 
prevention in human and livestock (Al-Doghairi 
and El Hag 2003; Dorman and Beasley 1991; 
Ho et al. 1996; Liu et al. 2009; Madanlar et al. 
2000; Miller and Chamberlain 1989; Park and 
Shin 2005; Shalaby et al. 1998; Singh et al. 2003; 
Singh and Singh 1998; Witt et al. 1999). Accord-
ing to research, other plant-based materials, such 
as basil oil, catnip oil, turpentine, rosin, camphor, 
cineole, have been proved to have the toxicity 
and/or repellant efficacy to control insect pests 
(Al-Doghairi and El Hag 2003; Bernier et al. 
2005; Chang et al. 2009; Dube et al. 1989; Isman 
2000; Lee et al. 2004; Obeng-Ofori et al. 1998; 
Park and Shin 2005; Peterson et al. 2002; Prates 
et al. 1998; Witt et al. 1999).

Although both environmental management 
and physical control have been recently empha-
sized as basic fly-control measures all over the 
world, it is important to stress that environmental 
management and physical control cannot operate 
alone; they must work alongside other control 
strategies in an integrated fashion. Chemical con-
trol remains the first consideration for fly con-
trol, because its killing effect can immediately 
solve the insect pest problem. However, chemi-
cals harm the environment. Biological control is 
the best recommended fly-control measure as it 
is eco-friendly and is harmless to non-target or-
ganisms. It is urgent to find an alternative way to 
complement those measures.

Calcium cyanamide (CC) has been identified 
as an N-fertilizer resource, vegetable product 
improver, soil ameliorant, microorganism con-
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trol, snail and schistosome control and herbicide 
control (Bourbos et al. 1997; Donald et al. 2004; 
Kaushal et al. 2002; Shi et al. 2009; Weeks et al. 
2000; Wei et al. 2009; Xu 2009). Meanwhile, it 
has gained increased attention as a contributor to 
alcohol control and treatment (Ferguson 1956; 
Jones et al. 1988). The present chapter reports the 
results of CC killing efficacy tests on houseflies 
( M. domestica) larvae (maggot), and reveals the 
relationship between maggot mortality and pH.

Material and Methods

Test Maggots

Housefly maggots, M. domestica, were nurtured 
in laboratory at 25–27 °C and 60–80 % relative 
humidity (RH). The maggots were reared using 
mixed materials whose formula was 100 parts of 
wheat bran every 5 parts of dried milk powder; 
dechlorinated water was added to the mixture to 
the extent of water saturation but not dripping. 
Eggs laid on mixed material from female house-
flies were hatched into larvae 1 for 2–3 days and 
larvae 2 for 4–5 days. Randomly mixed house-
flies larvae 1 and 2 were chosen for bioassay.

Test Chemicals

Rongbao dust is a dark gray powder made by 
Ningxia Darong Industrial Group Co., Ltd., the 
People’s Republic of China. Rongbao® also 
known as CC is a secondary product of metal-
lurgy. N resource fertilizer product Rongbao® in 
this study contains approximately 50 % CC, and 
other inert fillers. 

Killing Efficacy

The killing efficacy of CC was evaluated using 
chemical-feed-maggot complex touch technique. 
The testing period lasted up to 72 h depending 
on the efficacy. The timing of the tests depended 
on whether the target maggots were killed by 

 movement when touched. Evaluations were car-
ried out in laboratory, at 26 ± 1 °C and 60 ± 10 % 
RH. Maggots (larvae 1 and 2 in combination) 
together with their larval rearing medium were 
prepared and placed into a 100 ml beaker. Before 
10 g complex was separated and introduced into a 
25 ml beaker, maggots and larval rearing medium 
were mixed gently and evenly using glass rod. 
0.2/0.4 g Rongbao® dust on the basis of weight 
were applied to the mixed larval rearing medium 
and gently mixed again. The 25 ml beaker with 
larval rearing medium was covered with a gauze 
fastened tightly by a rubber band. The treatment 
group was set to two groups ( n = 3). A series of 
concentration was prepared from each treated 
groups; one group for 0.2 g Rongbao® dust with 
its dosage of approximately 1 %, the other group 
0.4 g with approximately 2 % dosage. Dead mag-
gots in the complex were selected, counted and 
recorded everyday until 72 h of deadline that was 
previously defined. As a blank control, nothing 
was placed on larval rearing medium with the 
same process as the test group.

Data Analysis

Formulated CC (Rongbao dust) was assessed 
for insecticidal activity to M. domestica maggots 
at dilutions of approximately 1 % and 2 % in lar-
val rearing medium. Maggots in control were not 
treated with any chemical compound. The rate 
of larvicidal activity of CC was calculated as the 
percentage reduction in maggots’ mortality rate. 
Mortality rate (MR, %) was calculated as:

 (1)

where S is the number of the total insects in the 
treated (control) beakers and L is the number of 
live insects in the treated (control) beakers.

Mortality data was corrected for control mor-
tality when mortality rate of maggots in control 
beakers was less than 20 %. Adjusted mortality 
rate (AMR, %) was calculated as:

 (2)

( ) / 100 ,MR S L L= − × %

AMR T C C= −( ) −( )×/ ,1 100%
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where C is the mortality rate of maggots in con-
trol beakers and T is the mortality rate of maggots 
in the treated beakers.

Microsoft Excel (version 2003) software was 
applied to record primary data and calculate mor-
tality rate and adjusted mortality rate according 
to formulas 1 and 2 listed above. Data for mean, 
standard deviation (SD) and analysis of variance 
(ANOVA) were calculated and analyzed using 
SPSS 20 software.

Results and Discussion

Effect of CC on Maggots

To determine the effect of CC on maggots, mor-
talities following two concentrations of CC ex-
posure were compared to an equivalent control 
group. Cumulative mortality rates of groups ex-
posed to two different concentrations of CC on 
day 1, day 2 and day 3 were corrected for mor-
talities of corresponding control groups, where-
as for the other treatments no corrections were 
made since their control mortalities measured 
on corresponding day did not exceed the 5 % 
level. CC-induced cumulative mortality mea-
sured on day 1, day 2 and day 3 was higher in 
groups exposed to 2 % concentration compared 
with groups exposed to 1 % concentration on the 
corresponding day. The cumulative mortality rate 
increased from 34.51 to 37.67 % on day 1, 89.80 
to 100 % on day 2 and 100 to 100 % on day 3 
as CC concentrations increased from 2 to 4 %, 
respectively. Groups exposed to 2 % CC on day 
1 demonstrated insignificantly higher mortal-
ity rates than 1 % counterpart (chi square = 0.51, 
p = 0.48). However, once the period of maggots 
treatment had proliferated for two days, exposure 
to 2 % CC induced significantly higher mortality 
rates (chi square = 23.21, p = 0) compared to 1 % 
concentration. One percent CC-induced mortal-
ity rates measured on day 3 reached the complete 
100 % level the same as 2 % CC-induced mortal-
ity rates measured on day 2. As for blank control 
groups, null-mortality rates in housefly maggots 
were observed with correction of mortality rates 
in the treated groups in vain (Table 1).

Relationship Between CC Concentration 
and pH Value

The performance of CC and non-CC larval rear-
ing medium differed within pH value. The pH 
values of larval rearing medium were 7.0 and 
7.5 after treatment with 1 and 2 % CC, respec-
tively, whereas that of the control group was 
6.63. The non-CC larval rearing medium had less 
pH value than CC 1 %, and then the 1 % concen-
tration had less pH value compared to 2 % con-
centration (Table 2). The positive relationship 
of the concentration of CC dissolved in water 
with the pH value was supported by the formula 
y = 43.33x + 6.61 ( R2 = 0.95, p < 0.01) (Fig. 1).

Common species of filth fly in and around 
the home breed between manure and human and 
livestock food from a wide range of human and 
domestic animal (Bonnefoy et al. 2008). They are 
not only a group of pests affecting growth, feed 
intake and feeding efficiency of livestock and 
poultry, but also pose a major threat to human 
health (Bonnefoy et al. 2008; Schofield and Torr 
2002; Yadav et al. 2006). The filth fly is primar-
ily a nuisance to human, livestock and poultry, 
and also transmits pathogens and acts as a vector 
for more than 100 human and animal intestinal 
diseases (Bonnefoy et al. 2008; Coffey and Maier 
1950; Round 1961). As a consequence, it has 
now become a major focus of medical and veteri-
nary research and its control is an ongoing battle. 
Pyrethroids, carbamates, organophosphates and 
organochlorines-based products are insecticides 
applied as aerosols, baits, granules or sprays for 
larval and adult fly control (Bonnefoy et al. 2008; 
Coffey and Maier 1950; Powell 1993; Rozendaal 
1997; WHO 2006). However, the repetitive and 
inappropriate use of synthetic pyrethroids has 
been reported with different levels of resistance 
or cross resistance in Chinese field-captured pop-
ulation. Such is often the case with carbamates 
and organophosphates (Ma et al. 2004).

CC is a calcium compound commonly used 
as N-resource fertilizer, first synthesized in 1898 
by Adolph Frank and Nikodem Caro (van Der 
Ploeg et al. 2001). It is commercially known as 
Rongbao in China, and used as vegetable prod-
uct improver and inducer, micro-organisms con-
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trol, snail control and herbicide (Shi et al. 2009; 
Auchmoody and Wendel 1973; Lu et al. 2006; Xu 
et al. 2010). The larvicidal activity of CC against 
housefly maggots was significantly higher in 2 % 
concentration than in 1 %. The optimum killing 
activity concentration for CC was 2 %. The opti-
mum length of exposure to determine the effec-
tiveness of treatment was 2 days. The test showed 
that CC had great effect on killing housefly mag-
gots. In the study of effect of CC on killing eggs 
of Schistosoma japonicum and maggots, all death 
of maggots from liquid homogenized excreta 3 
days after 1 % (W/V) CC exposure was found 
and the effect lasted for 15 days (Wei et al. 2009). 
This finding is in agreement with the observa-
tion by Wei et al. The present data indicated that 
CC could be suitable as a promising alternative 
housefly larvicide for medical use.

CC is soluble in water and is hydrolyzed 
forming a soluble acidic salt Ca(HCN2)2 and cal-
cium hydroxide. Continuous carbonation of CC 
in water results in calcium hydroxide and forma-
tion of hydrogen cyanamide (H2NCN) referred 
to as cyanamide (Miller and Bann 1956). When 
applied to moist soil, CC undergoes hydrolysis 
as a result of which calcium hydroxide and urea 
(CO(NH2)2) are formed, inducing pH value in-
crease in soil environment. Soil pH value directly 
affects nutrient availability for plant growth and 
development. The common practice of making 
soils less acidic is to apply a material that con-
tain some form of lime or CC to adjust the soil 
pH value. CC not only raises soil pH value, but 
also provides abundant nitrogenous fertilizer (Oh 
et al. 2006). Similarly, when CC is in contact 
with water in larval rearing medium, it decom-

Table 2  Relationship between CC concentrations and pH value of larval rearing medium after CC dissolved in the 
complex
Concentration Time pH value
1 % Day 1 7.00

Day 2 7.00
Day 3 7.00
Mean ± SD 7.00 ± 0

2 % Day 1 7.50
Day 2 7.50
Day 3 7.50
Mean ± SD 7.50 ± 0

Blank control Day 1 6.50
Day 2 6.80
Day 3 6.60
Mean ± SD 6.63 ± 0.15

Table 1  Killing efficacy of different concentrations of CC against housefly maggots in larval rearing medium 72 h 
after each touch
Contents Time 1 2 3 Mean

T N M (%) T N M (%) T N M (%) T N M (%)
1 % Day 1 71 13 18.31 78 22 28.21 106 53 50 255 88 34.51

Day 2 67 94.37 62 79.49 100 94.34 229 89.80
Day 3 71 100 78 100 106 100 255 100

2 % Day 1 69 28 40.58 100 44 44 46 9 19.57 215 81 37.67
Day 2 69 100 100 100 46 100 215 100
Day 3 69 100 100 100 46 100 215 100

Control Day 1 55 0 0 35 0 0 43 0 0 133 0 0
Day 2 0 0 0 0 0 0 0 0
Day 3 0 0 0 0 0 0 0 0

T is the total number of tested maggots, N is the cumulative number of the dead maggots, M is the cumulative mortality 
rate of the dead maggots



107Bioassay of Rongbao (Active Ingredients of Calcium Cyanamide) Against Housefly Maggots

poses and liberates more hydroxyl ion to raise 
pH value in the mixed system. Our simple study 
design, based on pH value test in the larval rear-
ing medium, absolutely confirms our hypothesis 
presented above. In our study, results from analy-
ses of relation between CC and pH value demon-
strated a positive lineal pattern of increase in pH 
value in response to the increasing concentration 
of CC. Data from blank control group evidenced 
background pH value in larval rearing medium. 
pH value occurred in blank control group among 
three repeats fluctuated in small size among 3 
days. This difference is interpreted as due to the 
influence of larval rearing medium environment 
upon the pH value of blank control group. How-
ever, no pH value fluctuations in treatment group 
during the experimental period was observed.

Nutrient-rich substrates such as animal ma-
nure and human excreta provide an excellent de-
velopmental substrate for maggots’ development 
and growth. However, recent research suggests 
that the acidity of rearing substrates may also af-

fect the development of larval flies. The appli-
cation of sodium bisulfate to calf bedding mate-
rial indirectly reduced housefly larval survival. 
Acidification as a mode of fly management can 
be beneficial to many areas of a dairy facility, es-
pecially for areas housing newborn calves. By re-
ducing larval density, calf housing areas can po-
tentially serve as less attractive sites to adult flies 
for laying eggs (oviposition) (Calvo et al. 2010). 
When caring for larval rearing medium, pH level 
should be kept moderate in order to maintain a 
healthy environment for housefly maggots. If the 
pH balances are broken, it could mean death for 
maggots. This viewpoint is supported by our test 
result. In our test, the application of CC to larval 
rearing medium has shown to increase pH value 
and maggots survival was significantly affected 
after the chemical addition. But, it is still un-
known whether alkalization was responsible for 
the reduction in maggots survival, thus, further 
study is required to verify this phenomenon.

Fig. 1  Effect of contents on pH values of larval rearing medium after CC dissolved in water. Little circles represent 
observed value. Line represents the expected relationship between contents and pH. The relationship of contents and pH 
value is described as the formula y = 43.33x + 6.61 ( R2 = 0.95, p < 0.01)
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After one day of larval rearing medium treat-
ment by CC, the substrates were in the condi-
tion of compaction, appearing rigid and turning 
gray. Compaction is the process of compacting 
materials. It means to compress, condense or 
consolidate. Severe compaction reduces materi-
als’ pore space, thereby increasing bulk density, 
expressed as grams per cubic centimeter (g/cm3) 
(Horn et al. 1995). In soil, compaction has impact 
on microorganisms, growth of plant and soil ani-
mal, just because soil compaction induces sever-
al stresses which negatively influences physical 
properties of soil (bulk density and pore space) 
and may interact simultaneously, including in-
creased soil strength, decreased aeration and re-
duced hydraulic conductivity (Tracy et al. 2011). 
Therefore, soil compaction may consequently 
limit soil microfungi, which are significant for 
nutrient bioavailability. Non-normal microbe 
population further heads off plant and soil ani-
mal development (Kara and Bolat 2007). These 
problems such as aeration decrease and hydrau-
lic conductivity shrinkage demonstrated in soil 
compaction may happen in larval rearing me-
dium. Larval rearing medium compaction due to 
chemical or physical reaction after CC addition 
can have profound effects on water communica-
tion and air exchange and, hence, can have a det-
rimental effect on maggots’ normal metabolism. 
We performed a study to observe the effect of 
different CC concentrations on larval rearing me-
dium compaction. The effect was predominantly 
obvious, higher concentration CC having heavier 
compaction compared with the lower concentra-
tion counterpart. Our observed results indicated 
some negative effects of larval rearing medium 
compaction focusing on minimizing water and 
air exchange between medium and maggots, and 
then heading off normal metabolism, inducing 
maggots mortality at last. Compared to null mag-
gots in control group, approximately one third of 
the whole maggots sneaked up on side wall of the 
beakers in treatment counterpart. This phenom-
enon strongly and further confirms decrease in 
aeration and hydraulic conductivity shrinkage in 
larval rearing medium after its compaction.

CC and its break-down products hydrogen cy-
anamide (HC) exhibit some bioactivity to other 

organisms involving fungi, mollusk and nema-
tode. The mode of action of CC or HC on kinds 
of plants has extensively been exposed. HC stim-
ulates the fermentative pathway, inhibits respira-
tion to release buds from dormancy and restricts 
plant growth (Vergara et al. 2012). The bud re-
sponse to HC is showed, more condensed and 
stronger, as reflected by a higher number of regu-
lated genes and a higher intensity of regulation. 
HC perturbed mitochondrial activity, developed 
oxidative stress and established a situation that 
resembled hypoxia (Ophir et al. 2009). Oxidative 
stress or hypoxia induced expression of Ca2+-
ATPase and then evoked an increase in [Ca2+]cyt. 
Similar induction was confirmed for calmodulin, 
calmodulin-binding protein, and calcium-depen-
dent protein kinase (CDPK). HC induced-mech-
anism of Ca2+ signaling led to release of bud dor-
mancy. HC also changed the interplay between 
abscisic acid (ABA) and ethylene metabolism. It 
temporarily caused an increase of acetaldehyde, 
ethanol and ethylene which enhanced bud break 
(Ophir et al. 2009). Most genes identified fol-
lowing HC application appeared to be associated 
with the reactivation of growth. Groups of genes 
that were rapidly up-regulated in response to HC 
were the glutathione S-transferase (GST) class 
of genes. Phylogenetic analysis of these GSTs 
showed that they clustered into sub-clades, sug-
gesting a strongly correlation between their ex-
pression and bud-break across species (Walton 
et al. 2009). HC also induced early bud break 
and at the same time down-regulated PpDAM5 
and PpDAM6 expression, two of the six peach 
( Prunus persica) dormancy-associated MADS-
box genes (Yamane et al. 2011). In the short term, 
HC induced transiently the expression of hypox-
ic responsive genes (HRG) and flowering locus 
T(VvFT), a transcription factor related to dor-
mancy release in Vitis, and hastened the sprout-
ing of endodormant grapevine-buds. In the long 
term, along with the advancement of bud-break, 
the expression of these genes moved forward in 
treated buds, suggesting that this second induc-
tion that occurred just before bud-break was de-
velopmentally regulated (Vergara et al. 2012). On 
the other hand, HC restricted growth of plant in 
a dose-dependent manner. Cytological observa-
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tions of root tip cells suggested HC disturbance 
in cell division. The process changes were reduc-
tion of mitotic cells, inhibition of proliferation of 
meristematic cell and cell cycle, and modifica-
tion of cytoskeleton arrangement. The phytotoxic 
effect of HC was manifested by modifications 
in expansion of gene expression, especially in 
expansions responsible for cell wall remodel-
ing after the cytokinesis ( LeEXPA9, LeEXPA18) 
(Soltys et al. 2011).

Recently, the mode of action of CC on plants 
has been demonstrated. However, little informa-
tion is available on the mode of action of CC or 
its break-down products HC on filth fly maggots. 
CC initiated hypoxia round the body of maggots 
because of compaction in larval rearing medi-
um, when it was reacted with water from larval 
rearing medium and in maggots’ skin. Hypoxia 
developed oxidative stress, perturbed mitochon-
drial activity and then disturbed respiration. The 
hypothesis of mechanism of action on maggots 
should be conducted through series of physi-
ological and cytological experiments for con-
firmation. Other possible mode of action of CC 
on maggots and its related genes and enzymes 
should be further explored.
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Abstract

Nanotechnology, a new field of research, prompted scientists to work 
on a wide range of aspects. Nanoparticles relating to pest management 
include formulation for herbicides and pesticides. The potential uses of 
nanotechnology in insect–pest management include the slow release, 
efficient dosage of insecticides, and provide diagnostic tools for early 
detection. Application of nanaoparticles also includes development of 
nanodispensers, nanogels, and nanocapsules. Effects of different in-
organic nanoparticles against selected insects were evaluated under 
laboratory conditions. DNA-tagged nanogold caused 30.50, 57.50, 
and 75.00 % mortality on third, fourth, and fifth instar Spodoptera li-
tura larvae, respectively. CdS nanoparticle caused highest S. litura lar-
val mortality of 21.41–93.79 % at 150 and 2400 ppm, respectively. The 
nano-TiO2 showed maximum of 73.79 % S. litura larval mortality at 
2400 ppm and the least was 18.50 % at 150 ppm. Nano-Ag caused maxi-
mum 56.89 % S. litura mortality at 2400 ppm followed by 46.89 and 
33.44 % mortality at 1200 and 600 ppm, respectively. Nanoparticles 
coated with ecdysteroid analogues like tebufenozide and halofenozide 
were tested against Corcyra cephalonica. The treated eggs did not hatch 
due to arrest of embryonic development. Tebufenozide and halofenozide 
caused maximum larval mortality at 80 ppm. These two compounds at 
80 ppm reduced fecundity and fertility in adults. Tebufenozide against 
Helicoverpa armigera larvae reduced the larval weight. Tebufenozide 
at 5.00 ppm was reduced the larval weight significantly (14.23 ± 1.43 
and 112.35 ± 0.29, respectively) compared to control. Histopathologi-
cal effects of tebufenozide at the light microscopic level showed vacu-
olation and inhibition of imaginal buds. At electron microscopic level, 
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Introduction

Nanoscience is concerned with the unique prop-
erties of matter at its nanolevel and exploits them 
to create novel structures, devices, and systems 
for a variety of different uses. Nanoparticles 
are 1 billionth of a meter. These have strikingly 
different properties due to their small size and 
thus are found useful in many applications. With 
the development of nanotechnology systems de-
livering pesticides appropriately can contributes 
to improve pest-management practices. Nanopar-
ticles and nanotechonology can be used in more 
than one way in pest management. Select ways 
of use of nanaoparticles in countries like India 
is only discussed here. This chapter initially re-
views the possibilities of using nanoparticles in 
then results of evaluation trials on moult using 
growth regulators are furnished.

Nanoparticles possess insecticidal property 
due to novel characteristics like extraordinary 
strength, chemical reactivity, and electrical con-
ductivity. They have distinct physical, biologi-
cal, and chemical properties associated with their 
atomic strength (Leiderer and Dekorsy 2008). 
Nanoparticles are agglomerated atom by atom, 
and their size/shape may be maintained specifi-
cally (Roy 2009) and particles can be arranged 
into ordered layers (Ulrich et al. 2006). Such 
self-assembly is due to forces such as hydrogen 
bonding, dipolar forces, hydrophilic and hydro-
phobic interactions, surface tension, and gravity. 
Since, inorganic nanoparticles have unique prop-
erties owing to the quantum size effects and the 
large number of unsaturated atoms, polymeric 
films containing inorganic nanoparticles exhibit 
novel catalytic, magnetic and optical properties.

Nanoparticles in natural ecosystems have dif-
ferent biological responses than those observed 

in laboratory cell-based toxicity assays. Prop-
erties of nanoparticles can be exploited in the 
production of new insecticides (Owolade et al. 
2008). These particles are released slowly but 
efficiently to a particular host plant against an in-
sect pest (Scrinis and Lyons 2007). Seema Singh 
(2012) and a team of researchers from IIT Madras 
have developed nanoparticles from gold, silver, 
copper, and several other metallic oxides that 
have been found effective against insect pests.

Recently, nanotechnology embraced the 
world of pesticides and pest control and has the 
potential to revolutionize modern-day agricul-
ture. Recently, smart polymer or nanocapsules 
with crop protection agents like insecticides, 
herbicides, fungicides, pheromones, repellents, 
and allomones are being used in pest control 
(Perez-de-Luque and Rubiales 2009; Racuciu 
et al. 2009; Matsumoto et al. 2009; Roy et al. 
2010). Several nanoparticles like nanoporous 
zeolites, nanocapsules, and nanosensors may be 
used in insect–pest suppression (Hallberg 2010). 
Certain carbon nanotubes (1 nm) have the tre-
mendous potential to protect host plants from 
insect pests (Yao 2010). Nanomaterials possess 
important properties of self-assembly, stability, 
specificity, encapsulation, and biocompatibil-
ity (Ehdaie 2007). Nanobiotechnology can be 
used to enhance the yield and nutritional values 
of crops as well as increase the plant’s ability 
to resist insect pests (Bhattacharyya and Deb-
nath 2008; Bhattacharyya et al. 2010). Nano-
technological tools are useful in detecting host 
plant diseases, types of viral infections, and 
crop pathogens. Moreover, a tremendous loss of 
crops due to attack by insect pests can be pre-
vented. A recent approach to the control of insect 
pests is the use of DNA-tagged nanoparticles, 
insecticide-coated nanoparticles, and hormonal 
blended nanoparticles. Chowdappa and Shivaku-

Keywords

Corcyra cephalonica · Halofenozide · Nanotechnology · Spodoptera litura · 
Tebufenozide

peritropic membrane was completely disrupted in the larval stages and 
dearrangement of columnar cells was observed.
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mar Gowda (2013) reviewed the literature on the 
status and scope of nanopartechnology in crop 
protection.

Nanodispensers

Nanoparticle with good adsorption capacity 
of pheromone molecules, slow and controlled 
release of molecules during the entire period 
of insect activity provide an opportunity to ex-
ploit such technology for pest management. 
Many kinds of such materials were exploited as 
pheromone dispensers, viz., filter paper, nylon 
mesh, polymers, paraffin wax, zeolites, and glass 
ampoules among others (Beroza et al. 1971; Sho-
rey et al. 1972; Bradley et al. 1995). The commer-
cially available dispensers are mainly made from 
different kinds of polymers. Among several kinds 
of silica-based porous glasses, porous vycor glass 
(PVG) is a commercial transparent porous mate-
rial obtained by acid leaching of a phase-separat-
ed alkaline borosilicate glass (Aline Tiboni et al. 
2008). The soluble borate phase is dissolved, 
leaving an open porous structure of essentially 
pure silica with interconnecting pores, a narrow 
pore size distribution, and a pore volume of near-
ly 28 %. The pore surface contains slightly acidic 
silanol groups. The nanometric pores in PVG 
have been used to incorporate several compounds 
(conducting polymers, oxides, semiconductors, 
amorphous carbon, and carbon nanotubes), with 
the purpose of obtaining novel functional nano-
composite materials. PVG was impregnated with 
pheromones of Grapholita molesta (Lepidoptera: 
Tortricidae) and Leucoptera coffeella (Lepidop-
tera: Lyonetiidae), the main pests of apple and 
coffee plantations in Brazil, respectively (Aline 
Tiboni et al. 2008). The release rate was depen-
dent on the interaction between the molecules of 
the impregnated pheromone and the surface of 
the PVG pores. A good performance of the po-
rous glass was observed, similar to that of rubber 
septa commercially used as pheromone dispens-
ers (Aline Tiboni et al. 2008).

Nanogel is a synthetic polymer or biopolymer 
which is chemically or physically cross linked. 
Nanogels are usually in the tens to hundreds of 

nanometers in diameter. The pores in nanogels 
can be filled with small molecules or macromol-
ecules and properties such as swelling, degrada-
tion, and chemical functionality can be controlled 
(Bencherif et al. 2009). A nanogel pheromone, 
methyl eugenol is stable at ambient conditions 
that results in slow release rate of pheromone. 
Nanogelled pheromone brought about an ef-
fective management of Bactrocera dorsalis, a 
prevalent harmful pest for a number of fruits in-
cluding guava (Bhagat et al. 2013).

Hydrogel is a network of polymer chains that 
are hydrophilic, sometimes found as a colloidal 
gel in which water is the dispersion medium. Hy-
drogels are highly absorbent natural or synthetic 
polymers. Hydrogels also possess a degree of 
flexibility similar to natural tissue, due to their 
significant water content. These hydrogels can 
be used in diverse areas of agriculture such as 
dryland/rainfed agriculture, hi-tech horticul-
ture and floriculture, nursery raising in soil-less 
media, soil reclamation, agroforestry, artificial 
lawns and landscapes, terrace gardening, etc. 
Heat-tolerant species of entomopathogenic nem-
atode, Steinernema thermophilum, incorporated 
and immobilized into water insoluble superab-
sorbent hydrogel matrix, has been developed for 
the first time by a simple method that comprises 
swelling of the xerogel in appropriate volume of 
aqueous suspension of the nematode. The formu-
lation obtained has improved shelf life ranging 
from few hours to 36 months at storage tempera-
tures varying from 5 to 50 °C. The formulation 
is not infected by any microorganism and hence 
does not require any antimicrobial or antifungal 
chemicals.

Nanoparticles—A Revolution 
in Future

Agricultural productivity enhancement by de-
velopment of slow-release formulation, with 
efficient dosage insecticides, biopesticides, hor-
mones, and nanosensors for pest detection (Scri-
nis and Lyons 2007; Liu and Du 2004) has been 
effected. Nanoparticles help to produce new 
pesticides, insecticides, and insect repellants 
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(Owolade et al. 2008). Nanoencapsulation is a 
process through which a chemical or an insecti-
cide is slowly but efficiently released to a particu-
lar system for efficient pest control. Nanoencap-
sulation with nanoparticles in the form of pesti-
cide allows for proper absorption of the chemical 
into the plants unlike the case of larger particles 
(Scrinis and Lyons 2007). This process can also 
deliver DNA and other desired chemicals into 
plant tissues for protection of host plants against 
insect pests (Torney 2009). Release mechanisms 
of nanoencapsulation include diffusion, dissolu-
tion, biodegradation, and osmotic pressure with 
specific pH (Vidhyalakshmi et al. 2009; Ding and 
Shah 2009). Nanoparticles loaded with garlic es-
sential oil are efficacious against Tribolium casta-
neum Herbst (Yang et al. 2009). It is also known 
that aluminosilicate-filled nanotube can stick to 
plant surfaces while nanoingredients of nano-
tube have the ability to stick to the surface hair 
of insect pests and ultimately enter the body and 
influence certain physiological functions. Sukul 
et al. (2009) have reported that potentized drugs 
significantly increased plant growth, chlorophyll, 
protein, and water content in the leaves as com-
pared to the control. CCC 30 (nano) was found 
more effective than CCC 30. Potentized drugs 
are thought to initiate action on the integral mem-
brane proteins of leaves and modulate cell physi-
ology towards growth. Barik et al. (2008) opined 
that more ambitious uses of nanoparticles are 
bioremediation of contaminated environments, 
biocides and antifungals on textiles.

Surface-modified hydrophobic as well as li-
pophilic nanosilica could be effectively used as 
novel drugs for treatment of nuclear polyhedrosis 
virus (BmNPV), a scourge in the silkworm indus-
try. Also, research on silkworm Bombyx mori, L. 
race Nistari, clearly demonstrates that nanopar-
ticle could stimulate more production of fibroin 
protein which can help in producing carbon 
nanotube in future (Bhattacharyya et al. 2008; 
Bhattacharyya 2009). This highlights the putative 
effects of nanoparticles on insects, as these small 
particles are present in their body. Research on 
nanoparticles and insect control should be geared 
toward introduction of faster and ecofriendly 
pesticides in future (Bhattacharyya et al. 2007). 

Nanopesticide formulations increase the solubil-
ity of poorly soluble active ingredient and help 
in releasing the active ingredients slowly. Rote-
none, a water-soluble botanical insecticide used 
to control aphids, thrips, and acari from decades; 
however, its effective utilization has limited due 
to its poor water solubility, stability, degradation, 
and isomerization when exposed to sunlight. Lao 
et al. (2010) synthesized nanoparticles by loading 
rotenone into a nanoparticle increasing their ef-
fectiveness by several times than free rotenone 
in water-soluble one. It is high time, therefore, 
that leading chemical companies to focus on 
formulation of nanoscale pesticides for delivery 
into the target host tissue through nanoencapsula-
tion. At present, the toxicological and ecotoxico-
logical risks linked to this expanding technology 
(“emerging technology”) cannot be assessed yet. 
While nanotechnology is increasingly moving 
into the center of public attention, it is currently 
not yet linked to any great degree to concerns 
about health and the environment.

Environmental Risks

Several environmental scientists working with 
nanoscale structures, natural weathering of min-
erals such as iron oxides and silicates, silicates 
and microorganisms produce nanoscale colloids, 
which include dispersion of nanosized particles in 
media with special properties that can be impor-
tant. Anthropogenic and natural colloids of solids 
and liquids in gasses are commonly encountered 
in the environment. However, nanotechnology is 
not just about the size of very small things. It is 
about structure and the ability to work—observe, 
manipulate, and build at the atomic or molecular 
level. The nano when it is micro then the systems 
that often exhibit novel and significantly changed 
physical, chemical, and biological properties due 
to their size and structure. This new property has 
the abilities to improve catalysis, tunable wave-
length sensing ability, and increase mechanical 
strength. The basic structures of particles in-
clude nanoparticles, nanolayers, and nanotubes. 
Nanoparticles or nanopolymers have the ability 
to prevent pollution at source and other practices 
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that efficiently use raw materials, energy, water 
or other resources to reduce or eliminate creation 
of wastes. This strategy also includes using less 
toxic and renewable reagents and processing 
materials, where possible, and the production 
of more environmentally benign manufactured 
products. Nanotechnology could play a key 
role in pollution-prevention technologies. For 
example, nanotechnology-based home lighting 
can reduce energy consumption. It can consider 
as the silicon nanowires that detect pH of the soil, 
carbon nanotubes, small organic molecules, and 
biomolecules are examples of nanoscale materi-
als, devices, and circuits that could be used for 
pollutants sensing, prevention, and treatment. 
Nanotechnology applications also help to create 
benign substances that replace toxic materials. 
For example, nontoxic energy-efficient computer 
monitors are replacing those made of cathode 
ray tubes, which contain many toxic materials. 
Newer liquid crystalline displays are smaller, do 
not contain lead, and consume less power than 
CRT computer monitors. Using carbon nano-
tubes in computer displays may further diminish 
the environmental impacts by eliminating toxic 
heavy metals and drastically reduce material and 
energy use requirements, while providing en-
hanced performance for consumer needs. Only 
few examples of beneficial and toxic effects of 
nanoparticles are mentioned here. As it is a new 
technology, there are several pros and cons of this 
technology. Possible effects of the nanoparticles 
in the environment have to be studied. The early 
impact of nanotechniology research has been 
mostly in remediation and end-of-pipe treatments 
of pollutions in the environment. Thus, nanotech-
nology could substantially enhance environment 
quality and substainability through pollution pre-
vention, treatment, and remediation.

DNA-Tagged Particles

DNA-tagged particles are oligofunctional DNA-
gold nanoparticle conjugated and highly func-
tionalized reagents can be produced from gold 
nanoparticles containing up to seven different 
DNA oligionucleaotide sequence. The individual 

oligomers are orthogonally addressable and re-
veal an efficient reactivity that is comparable to 
the analogous monofunctional conjugates.

The electrochemical properties of gold 
nanaoparticles (AuNps) have led to their wider-
spread use as DNA labels. This fact has improved 
the design strategies of the electrochemical de-
tection modes that are based on either AuNP 
detection after dissolving or the direct detection 
of the AuNP/DNA conjugates anchored onto the 
genosensor surface. Various enhancement strate-
gies have been reported so as to improve the de-
tection limit. Most are based on catalytic deposi-
tion of silver onto AuNP. Other strategies on the 
use of AuNPs as carrier/amplifier of other labels 
will also be revised. The developed techniques 
are characterized by sensitivities and specificities 
that enable further applications of the developed 
DNA sensors in several fields.

Material and Methods

In order to evaluate the efficacy of inorganic 
nanoparticles like DNA-tagged nanogold on 
Spodoptera litura Fab., CdS, Nano-Ag, and 
Nano-TiO2 against Spodoptera litura (Fabri-
cius), tebufenozide—RH-5992, and halofeno-
zide—RH-0345) on the development of Corcyra 
cephalonica (Stainton), and tebufenozide on 
Helicoverpa armigera Hubner was tested under 
laboratory conditions.

Activated DNA-tagged gold nanoparticles 
were prepared following Chakravarthy et al. 
(2012a) method. A 200, 300, 400, and 500 ppm 
were prepared and 10 μl of the suspension was 
mixed with chickpea ( Cicer aritinum)-based 
semisynthetic diet filled in 5 ml glass vials. Sec-
ond instar S. litura larvae were released onto the 
diet 20 min after surface treatment. Twenty S. 
litura larvae of were exposed to each concentra-
tion of DNA-tagged gold nanoparticle for 30 s. 
A control with ten untreated larvae was also 
maintained.

Studies were also conducted to evaluate the 
nanopartiles coated tebufenozide (RH-5992) and 
halofenozide (RH-0345) against C. cephalonica. 
The effect of 5, 10, 20, 40, and 80 ppm of the 
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above compounds on eggs, larvae, and adults 
was evaluated under laboratory conditions.

The potential effect of CdS, Nano-Ag, and 
Nano-TiO2 nanoparticles was evaluated on S. 
litura. The preparation of the nanoparticles was 
as per Chakravarthy et al. (2012b). Serial dilu-
tions from 150 to 2400 ppm were prepared in 
the geometric order. The nanoparticle suspen-
sions were then subjected to ultrasonication. 
Ten, second instar larvae were released on the 
castor leaf discs (4 × 4 cm) treated with desired 
concentrations of the solutions of nanoparticles 
(leaf dip method bioassay technique). Each leaf 
disc served as replicate, 3 per treatment and 
leaf discs treated with water served as control. 
The larvae after release on the castor leaf discs 
were incubated at 25 ± 1˚C with a specific 70 % 
relative humidity (RH) in a BOD incubator. The 
numbers of larvae killed were recorded at 24 h 
intervals up to 9 days and the percent larval mor-
tality was computed.

An attempt was also made to evaluate the 
effect of tebufenozide (RH-5992) against fruit 
borer, H. armigera. A stock solution of tebufe-
nozide (RH-5992) in acetone was first made, 
from which the different test concentrations were 
prepared and dispensed with the synthetic diet. 
Neonate larvae were fed on diet treated with 
tebufenozide at 0.01, 0.25, 0.50, 1.00, 2.50, and 
5.00 ppm for 96 h. The fourth instar larvae were 

fed on diet treated with 1.00, 2.50, 5.00, 10.00, 
and 20.00 ppm of tebufenozide for 96 h. Tebufe-
nozide was dissolved in acetone and thoroughly 
mixed with the diet and control diet treated with 
acetone alone was kept for allowing it to evapo-
rate. The synthetic diet was prepared according 
to Nagarkatti and Prakask (1974). Each experi-
ment was replicated five times with 50 larvae per 
replicate. All data recorded from the experiments 
were analyzed using software package R. version 
2.10.0 (R development Core Team 2008) for sta-
tistical analysis.

Observations on developmental processes, 
behavior and mortality were recorded on the lar-
vae till adults emerged. Histopathological obser-
vations: newly born and fourth instar larvae of H. 
armigera reared in laboratory were utilized for 
histopathological study. Treated and untreated 
group of larvae were fixed in Bovin’s solution 
overnight and rinsed in 70 % ethanol four times 
prior to dehydration. The newly and fourth in-
star larvae were embedded in paraffin and cross 
sections (4–6 µm thickness) were stained with 
haematoxvlin-eosi. Cross sections of midgut of 
untreated (control) larvae were also examined 
under the microscope.

Results

Effect of DNA-Tagged Nanogold Against 
Spodoptera litura Fab.

As the concentration and days after treatment 
increased, the larval mortality of second in-
star S. litura larvae also increased significantly 
( p < 0.05). The maximum mortality of 30.0, 
57.5, and 75.0 was observed at 500 ppm on 
3rd, 4th, and 5th day, respectively (Table 1). 
DNA-tagged gold nanoparticle has a devastat-
ing effect on the larval tissue of S. litura. These 
metal nanoparticles were the better alternative 
to synthetic insecticides, in addition to being a 
toxicant that inhibits the biological and physi-
ological systems of insects (Biju 2007). The 
high binding affinity of noble metals (e.g., gold) 
for proteins is well documented (Joshi et al. 

Table 1  Effect of different concentrations of DNA-
tagged gold nanoparticle on second instar S. litura 3, 4, 
and 5 days after treatment
Treatment 
(ppm)

Percentage of larval mortality days after 
treatmenta

3rd 4th 5th
200 10.0 (16.0)b 27.5 (31.4)c 35.0 (36.0)b
300 22.5 (28.2)a 42.5 (40.7)b 62.5 (52.3)a
400 25.0 (29.7)a 55.0 (47.9)ab 72.5 (58.6)a
500 30.0 (33.2)a 57.5 (49.6)a 75.0 (60.5)a
Control 0.0 (0.6)c 0.0 (0.6)d 0.0 (0.6)c
SEM ± 2.92 2.87 3.05
CD at 5 % 8.81 8.66 9.20

a Mean of 30 larvae/replication/treatment; figures in the 
parentheses are angular transformed values; means fol-
lowed by same letters in each column are not signifi-
cantly different by LSD at 5 %



119Nanomaterials: A Review of Their Action and Application in Pest Management …

2004; Love et al. 2005) and colloidal gold is 
commonly used to stain proteins in gels or blot-
ted on membranes. The high binding affinity of 
noble metal like gold to proteins was attributed 
to the affinity of the thiols for the amino groups 
(Joshi et al. 2004; Love et al. 2005; Duchesne 
and Fernig 2007; Whaley et al. 2000; Zhu et al. 
2008a, b). It has also been reported that gold 
nanoparticles can bind with SH-group contain-
ing amino acids of proteins (Duchesne et al. 
2008). Gold metal is a conductor of heat, but, 
when its size is reduced by 1 billion, it becomes 
insulator so that it can be used to deliver the 
toxicant to the target cells directly. This unique 
property will be of immense value in medical, 
entomological, and allied sciences.

Peculiar symptoms of nanoparticles were 
larval death and larval tissue lysis. It has been 
reported that gold nanoparticles have the abil-
ity to stimulate different physiological enzymes 
(Biju 2007). DNA-tagged gold nanoparticles can 
affect phosphorylation in relation to kinase activ-
ity that helps to inhibit the indirect effect of DNA 
functions and thus lysis of the insect–pest tissue 
leads to death of the S. litura. DNA-conjugated-
gold nanoparticles have an effect on kinase activ-
ity (Brennan et al. 2006; Wang et al. 2006; Ehrlich 
et al. 2008). In this context, DNA-tagged nanop-
olymer has a tremendous potential to locate the 
specific damaged part of the tissues in relation to 
its application in different physiological process-
es (Stadler et al. 2007; Liedl et al. 2010). Thus, 
DNA-tagged gold nanoparticles may stimulate 
the chitinases activity for disruption of the larval 
tissue of S. litura from 3rd day onwards.

Effect of Inorganic Nanoparticles CdS, 
Nano-Ag, and Nano-TiO2 Against 
S. litura

The CdS exhibited negligible larval mortality, 
as the days advanced, larval mortality increased 
(Table 2). On 3rd day after treatment (DAT), the 
larval mortality ranged from 4.50 to 13.79 %, 
whereas on 9th DAT the cumulative larval mor-
tality was ranged from 21.41 to 93.79 % in 150 
and 2400 ppm, respectively. Maximum mortal-
ity (93.79 %) was recorded in 2400 ppm and fol-
lowed by 1200 and 600 ppm (73.79 and 51.72 %, 
respectively). In case of other treatments, the 
larval mortality was the least (150 and 300 ppm 
recorded 24.41 and 38.40 % mortality, respec-
tively). Nano-Ag caused only 56.89 % mortal-
ity at 2400 ppm (Table 2) followed by 46.89 
and 33.44 % mortality at 1200 and 600 ppm, re-
spectively. Least mortality (22.50 and 15.45 %) 
was observed in 300 and 150 ppm. Nano-TiO2 
showed very low effect at 3rd and 5th days after 
treatment, the mortality ranged from 2.50 to 
13.79 % and 7.84 to 33.79 per ppm, respectively. 
After 7 days, the mortality further increased and 
maximum of 53.79 % larval mortality was re-
corded in 2400 ppm and the lowest was 13.50 % 
in 150 ppm. During 9th DAT, resulted 73.79 % 
of cumulative larval mortality in 2400 ppm and 
the least was 18.50% in 150 ppm. Another pe-
culiar observation recorded was in this treatment 
discharge of larval inner contents due to ruptured 
midgut during 7th and 9th days after treatment.

The CdS, Nano-Ag, and Nano-TiO2 ceased 
active movement larvae, the skin and entire 
body became stiff and hard and oozing of the 

Treatment PPM Egg Second instar 
larvae

Third instar 
larvae

Fourth instar 
larvae

Adults

5 77.1 56.3 30 45.3 57.6
10 77.2 65 45 54 62.4
20 80.1 66.1 53 54.7 70.8
40 89.2 72.8 56.3 60.3 72.6
80 96.4 74.3 66.3 67.5 89.3
Control 0 0 0 0 0
SEm ± 1.68 0.96 1.63 0.51 0.94
CD@5 % 3.80 2.86 4.85 1.54 2.88

Table 2  Effect of select 
concentrations of RH-5992 
on eggs, larvae, and adults 
of C. cephalonica
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body contents (lysis) was observed. Further, 
the body became swollen, pulpy, and fragile and 
body turned dark brown. The larvae showed pre-
mature moulting and larvae attained pupal shape, 
all the internal contents oozed out, and eventually 
death occurred.

Nanosilver particles possess insecticidal 
properties due to morphological and structural 
features brings about physiological changes 
(Nel et al. 2006). Stadler et al. (2010) success-
fully tested nanoalumina against two stored grain 
pests Sitophilus oryzae Linn. and Rhyzopertha 
dominica (F.). Glutathione-coated CdS quantum 
dots (GSH-CdS) exhibited an absorption peak at 
366 nm, indicative of 2.4 nm core size. It also 
interacts with more than one protein molecule 
and affinity of GSH-CdS for proteins was tested 
(Gabellieri et al. 2011). This study demonstrated 
that CdS nanoparticle has adverse effects on S. 
litura larvae and could be a better alternative 
to synthetic insecticides, in addition to being a 
toxicant that inhibits biological and physiologi-
cal systems of insects and also essential com-
ponents of new biosensors and self-assembled 
nanodevices.

The acute toxicity of silver is dependent on its 
chemistry and free ions. Research has shown that 
aqueous concentration of 1–5 mg/l was sensitive 
to aquatic insects, trout, and flounder (Bryan and 
Langston 1992; Wood et al. 1994). Eisler (1997) 
indicated that the accumulation of silver has lead 
to adverse effects on growth, because of their dif-
ferent physico–chemical properties and free-ions 
released from nanosilver. Asharani et al. (2007) 
reported that silver nanoparticles have the poten-
tial to cause chromosomal aberrations and DNA 

damage and are capable of inducing cell prolif-
eration in cell lines of zebrafish. Further, it was 
shown that these particles have the capability to 
enter cells and cause cellular damage (Hussain 
et al. 2005; Ji et al. 2007). Indeed, several lines 
of evidence support the enhanced efficiency of 
silver nanoparticles on antimicrobial activity and 
are highly reactive as they generate Ag + ions 
while metallic silver is relatively unreactive 
(Morones et al. 2005). It was also shown that the 
nanoparticles efficiently penetrate into micro-
bial cells, which implies lower concentrations of 
nanosized silver would be sufficient for micro-
bial control. This would be efficient, especially 
for some organisms that are less sensitive to an-
tibiotics due to the poor penetration of antibiot-
ics into cells (Samuel and Guggenbichler 2004; 
Fig. 1).

Effect of Tebufenozide- and Halofeno-
zide-Coated Nanaoparticles on Corcyra 
cephalonica (Stainton)

Mortality of eggs increased significantly with an 
increase in concentration. The two ecdysteroids 
progressively caused egg mortality (Tables 2 
and 3). When the unhatched eggs were observed 
under stereo binocular microscope, there was no 
or negligible embryonic development. Adminis-
tration of Juvinile Hormone (JH) mimics to Cydia 
pomonella (L.) eggs during incubation period in-
hibited egg embryogenesis and showed deformi-
ties in embryogenesis (Gelbic and Sehnal 1973). 
Larvae of Malacosoma californicum pluviale 
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Fig. 1  Killing effect of artificially synthesized CdS, Nano-Ag, and Nano-TiO2 nanoparticles on S. litura
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(Dyar) do not hatch if the yolk content in the eggs 
is decreased (Wellington and Maelzer 1967).

Similar trend of mortality was also observed 
when 2nd, 3rd, and 4th instar larvae treated with 
tebufenozide and halofenozide (Tables 2 and 
3). At higher concentrations, maximum of 74.3, 
66.3, and 67.5 % mortality was observed when 
RH-5992 was treated on 2nd, 3rd, and 4th in-
star larvae, respectively, whereas 76.3, 71.5, and 
69.00 % mortality was observed when 2nd, 3rd, 
and 4th instar larvae were treated with RH-0345. 
Adults’ mortalities at higher concentration were 
89.30 and 92.40 % on RH-5992 and RH-0345, 
respectively.

It has been reported that several insecticides 
reduce Corcyra sp. infestation (Jalali et al. 2007). 
Introduction of ecdysteroid analogues in agricul-
tural field is not usual (Jenson 2008). Several in-
secticides have the ability to interfere with the cu-
ticular enzymes like phenoloxidase, quinone me-
thide isomerase, and DOPA decarboxylase and 
these help in cuticle sclerotization in insects 
(Tsubota et al. 2010). The successful effect of ec-
dysteroid analogues in C. cephaplonica denoted 
that these substances have tremendous effect in 
the cuticular cell DNA. The modified insect pro-
toxin nucleic acid sequences can also protect the 
plant host, plant cells, and seeds of plants from 
insect–pest attack (Abad et al. 2004). Moreover, 
tebufenozide and halofenozide (RH-5992; RH-
0345) can induce the feeding mechanism lead-
ing to incomplete moult and thus exhibit death of 
the larvae. The fecundity of treated females was 
reduced by 60 % normal value and hatchabil-
ity of laid eggs ranged 0–40 %, as compared to 
96.80 % in control. Due to decrease in fecundity 
and hatchability, the females treated with 80 ppm 
of the two compounds produced no offspring and 

suffered mortality. In some insects, the decrease 
in fecundity after treatment with a mimic was 
shown to be due to the derangements in the dif-
ferentiation of oogonia and follicular cells (Met-
wally et al. 1973; Rohdendorf and Sehnal 1972).

It is clear that tebufenozide and halofenozide 
also act through the receptor binding mechanisms 
and transactivates the expression of upregulated 
genes. But, because of its persistence, the down-
regulated genes that are normally expressed in the 
mild presence of 20E do not express themselves. 
It has been established now that tebufenozide 
(RH-5992) is a potential insecticide (Retnakaran 
et al. 2001; Kreutzweiser et al. 2011). Tebufeno-
zide possesses several alkyl groups such as CH3, 
n-C3H7, i-C3H7, n-C4H9, and n-C5H11 at the 
para-position of the benzene ring and also pos-
sess tert-butyl group. Tebufenozide is more active 
because it possesses the 1- and 2-naphthyl deriva-
tives and these are very active moieties in its struc-
ture (Nakagawa et al. 2000; Nakagawa 2007).

Other types of nanoparticles for storage pest 
are nanopesticides and nanoencapsulated pesti-
cides, which are expected to reduce the volume 
of application and slowdown the fast release 
kinetics (Elibol et al. 2003, Niemeyer and Doz 
2001, Leiderer and Dekorsy 2008). Mode of ac-
tions of nanoparticles includes destruction of 
the cuticle layers, the waxy layer of the cuticle 
results in the desiccation of arthropods. Since 
there is no chemical alteration of the absorbed 
lipids the mode of action can be described as 
physisorption (Leiderer and Dekorsy 2008). 
Stadler et al. (2010) showed that nanoalumina 
can be successfully used to control stored grain 
pests. Nanocarriers are designed to reduce the 
volume of application and slowdown the release 
kinetics of agrochemicals (Perez de Luque and 

Treatment PPM Egg Second instar 
larvae

Third instar 
larvae

Fourth instar 
larvae

Adults

5 73.5 58.1 33.7 42.5 60.5
10 77.4 68.8 51 55 65.5
20 86.2 74.3 53.8 55.7 70.8
40 89.2 75.5 61 60.6 80.6
80 98.6 76.3 71.5 69 92.4
Control 0 0 0 0 0
SEm ± 1.92 0.96 1.63 0.51 0.94
CD@5 % 2.34 2.86 4.85 1.54 2.1

Table 3  Effect of select 
concentrations of RH-0345 
on eggs, larvae, and adults 
of C. cephalonica
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Rubiales 2009). Sabbour (2012) evaluated nano 
aluminium oxide (Al2O3) and titanium diox-
ide (TiO2) against rice weevil Sitophilus oryzae 
(Coleoptera: Curculionidae). Nano Al2O3 found 
highly effective against S. oryzae and nano TiO2 
has low to moderately effective against S. oryzae. 
Silica nanoparticle (SNP) was evaluated Debnath 
et al. (2011) against S. oryzae and its efficacy 
was compared with bulk-sized silica (individual 
particles larger than 1 lm). Amorphous SNP was 
highly effective against this insect pest causing 
more than 90 % mortality.

Effect of Tebufenozide—A Moult 
Inducing Growth Regulator 
on Helicoverpa armigera Larvae

Effect of tebufenozide on the neonate and fourth 
instar larvae of H. armigera (Lepidoptera: Noc-
tuidae) was recorded through feeding for 96 h 
and then transferred the larvae to normal diet. 
At lower concentrations of IGR, i.e., at 1.0 and 
2.5 ppm, behavior of the larvae was normal on the 
1st DAT. Larvae showed taxis towards the source 
and palpated on the diet. However, at higher con-
centrations of IGR, i.e., at 10 and 20 ppm, lar-
vae exhibited kinesis (undirected orientation and 
movements), larvae turned sluggish and treated 
diet surface inhibited feeding in larvae. After 
18 days, the compound resulted in 100 % lar-
val mortality. Study clearly denoted significant 
change in the developmental processes of newly 
borne larvae H. armigera larvae. The sensitiv-
ity was observed after about 60 h of feeding on 

tebufenozide. This insect growth regulator dis-
rupted the normal development of neonate larvae 
subsequently in a more or less dose-dependent 
manner (Table 4). At 0.10 ppm, average of single 
neonate larval weight after 7 days from the start 
of the experiment was 64.46 ± 2.82 mg. In control, 
the neonate larval weight after 7 days from the 
start of the experiment was 78.52 ± 2.61 mg. At 
the lowest concentration of 0.10 ppm, tebufeno-
zide failed to exert influence on the pupal weight 
(Table 4). However, with subsequent increase in 
concentration pupal weights (163.51 ± 18.20 mg 
and 124.63 ± 8.56 mg) differed significantly from 
control (208.52 ± 12.12 mg) (Table 4). Concentra-
tion gradient effect of tebufenozide was also re-
flected in the neonate larval weights taken 7 days 
after the experiment. The average pupal weight 
at 0.25 ppm was 163.51 ± 18.20 mg and at dose 
0.50 ppm, it was 124.63 ± 8.56 mg, respectively.

Fourth instar larvae of fruit borer fed on syn-
thetic diet treated with tebufenozide for 96 h 
disrupted the development in a dose-dependent 
manner. This disruption of growth was reflected 
in the maximum average larval weight as well as 
average pupal weight (Table 2). Average pupal 
weight in all concentrations differed significantly 
from control (Table 2). There were no significant 
differences in average fourth instar larval weight 
after 7 days. Data denoted that at 10 and 20 ppm 
pupation did not take place since 100 % larval 
mortality occurred on day 7 (Table 5). Both first 
and fourth instars larvae of H. armigera after 
tebufenozide reduced intake of food, growth and 
caused rupture of the cuticle, resulting in malfor-
mation and mortality.

Tebufeno-
zide (conc. 
ppm)

Average single 
larval weight after 7 
days (mg) (X ± SE)

Average larval 
weight (mg) 
(X ± SE)

Day 100 % 
larval mortal-
ity occurred

Average single 
pupal weight 
(mg) (X ± SE)

Control 78.52 ± 2.61a 506.51 ± 11.50a – 208.52 ± 12.12a
0.10 64.46 ± 2.82b 325.63 ± 7.16b – 197.47 ± 15.36a
0.25 60.57 ± 2.43b 309.47 ± 15.60b – 163.51 ± 18.20b
0.50 52.51 ± 5.01c 270.54 ± 11.76c – 124.63 ± 8.56c
1.00 30.27 ± 1.73d 264.32 ± 20.48c 16 –
2.50 27.64 ± 1.84d 146.57 ± 14.28d 14 –
5.00 14.23 ± 1.43e 70.51 ± 7.36e 12 –

Experiment terminated 48 h after treatment; means followed by the same letter are not 
significantly different ( p < 0.01; one-way ANOVA followed by Tukey–Kramer test)

Table 4  Effect of feeding 
on tebufenozide (RH-
5992) treated diet on the 
developmental responses 
of neonate larvae of H. 
armigera for 48 h
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The purpose of this work was to evaluate 
whether this specific hormone analog RH-5992 
has potential effect in insect hormonal alteration, 
which then can be introduced as ecofriendly in-
secticide. The long-term effect of the above-said 
product might alter the hormone feedback 
mechanisms in the physiology of H. armigera. 
The tebufenozide RH-5992, a nonsteroid agonist, 
exhibited an effective disruption in the insect de-
velopment, which included moulting and meta-
morphosis controlled by the steroid hormone 
20-hydroxyecdysone (20E).

Naturally, it may be assumed that tebufeno-
zide RH-5992 can bind ecdysterone receptors 
to cause a precocious and incomplete moulting 
that is lethal to larvae. RH-5992 has the ability 
to bind with lepidopteran ecdysterone receptor 
(Retnakaran et al. 2001; Hu et al. 2004). H. ar-
migera undergoes six larval instars and it is from 
the third instar that active feeding on tomato 
fruits begin. The life cycle is completed in 30 to 
35 days on tomato crop, depending on the con-
ditions (David and Ramamurthy 2011). Tomato 
fruit loss can be prevented in early instar larvae 
are prevented from feeding on fruits without any 
adverse effects on environment, human health, 
and other nontarget species.

The biochemical alterations lead to death of 
the larvae. It has already been reported that in-
sect chitinases were found in the integument, 
gut, and fat bodies but were absent in the hae-
mocytes which belong to glycosylhydrolases. 
These glycosylhydrolases have been observed 
in moulting fluid and midgut tissues. Moreover, 
these chitinases can synthesize chitin through 
peritrophic membrane (PM) of the midgut. 
Genes and cDNAs encoding insect chitinases 

have been identified and characterized from sev-
eral lepidopteran insects (Zhu et al. 2008). Fur-
ther observations have established that certain 
endotoxins may bind with the midgut epithelial 
cells and can inhibit the synthesis of proteases 
and aminopeptidases causing lysis of the midgut 
epithelial cells (Sanjay et al. 2001).

Cross section of the midgut of the newly born 
and fourth instar treated larvae revealed morpho-
logical differences in the treated compared to un-
treated larvae. In newly born larvae, the epider-
mal cells were dearranged and the imaginal buds 
failed to show any growth and development. The 
cement, epicuticle, and exocuticle layers were 
dearranged. In the fourth instar larvae, the epicu-
ticle was partially detached from the exocuticle 
and cells were dearranged. The cells showed 
damage to varying degrees. Vacuolation of epi-
thelial cells, destructured cytoplasmic, and pro-
toplasmic organelles were evident from the cross 
section of the midgut.

Tebufenozide (RH-5992) at 10 to 20 ppm dis-
rupted growth and development of H. armigera 
larvae in a week. Limited knowledge on the mode 
of action of this IGR in the physiology of neonate 
larvae of H. armigera will of value in the future. 
Tebufenozide (RH-5992) showed consistent ef-
fects in disrupting the gene functions. Thus, the 
study revealed that tebufenozide potentially can 
be used as ecofriendly biopesticide.
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Tebufenozide 
(conc. ppm)

Average single 
larval weight 
after 7 days 
(mg) (X ± SE)

Average larval 
weight (mg) 
(X ± SE)

Day 100 % 
larval mortality 
occurred

Average single 
pupal weight 
(mg) (X ± SE)

Control 113.51 ± 0.21 568.45 ± 21.4a – 209.53 ± 11.9a
1.00 109.46 ± 0.60 468.55 ± 19.6b – 188.45 ± 15.4b
2.50 110.57 ± 0.74 428.37 ± 14.3b – 178.55 ± 13.8b
5.00 112.35 ± 0.29 220.51 ± 18.5c – 162.35 ± 17.5c
10.00 111.53 ± 0.35 145.57 ± 11.3d 6 –
20.00 112.57 ± 0.31 138.41 ± 20.4d 6 –

Experiment terminated 48 h after treatment; means followed by the same letter are not 
significantly different ( p < 0.01; one-way ANOVA followed by Tukey–Kramer test)

Table 5  Effect of feeding 
on tebufenozide (RH-
5992) treated diet on 
growth and development 
of IV instar larvae of H. 
armigera for 48 h
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Introduction

Insects are among major pests of stored cereals 
often causing an important economic damage 
amounting to 5–10 % in the temperate zone and to 
20–30 % in the tropical one (Haque et al. 2000). 
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Abstract

Unlike conventional pesticides, usually these natural aromatic products, 
present less risk to humans and the environment. Essential oils are rec-
ognized as alternatives to fumigants. The biological activity of essential 
oil extracted from nutmeg seed, Myristica fragrans against adults of Cal-
losobruchus maculatus was investigated in a series of laboratory experi-
ments carried out at 27 ± 1 °C and 60 ± 5 % relative humidity (RH), in dark 
condition. Dry seeds were subjected to hydrodistillation, using a modi-
fied Clevenger-type apparatus. The oil was applied against 1–3 day old 
adults of C. maculatus. The LC50 of M. fragrans on C. maculatus was 
4.232 µL/L air. The relationship between exposure time and oil concen-
tration on mortality showed that mortality increased as oil concentration 
and exposure time increased. The concentration of 30 µL/L and exposure 
time of 24 h was sufficient to obtain 100 % kill of insects. C. maculatus 
was significantly susceptible to this essential oil. Bioassays conducted in 
air-tight glass chambers showed fumigant toxicity as per the filter-paper 
method. The experiment was conducted in four replications using a com-
pletely randomized design. The results suggest that M. fragrans can be 
used to control C. maculatus.
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In the countries where modern storage technolo-
gies have been introduced, bean pests are usu-
ally controlled either by contact insecticides or 
by fumigation with an insecticidal gas. However, 
residual toxicity, resistant insect strains, worker’s 
safety, and high cost of the treatment call for new 
systems for their control (Yildirim et al. 2001).

Fumigant Toxicity

Fumigation is one of the major chemical meth-
ods to control stored-product insect infestations 
worldwide. Currently, phosphine and methyl bro-
mide are the products most widely used (Bond 
1984; Fields and White 2002; Lee et al. 2004; 
Emekci 2010). Carbon dioxide and sulfuryl fluo-
ride are also registered for fumigation of stored 
grain in several countries. Fumigation is the 
method of choice for many stored-grain manag-
ers because it is effective against all life stages, 
inexpensive, rapid, and leaves minimal residues 
(van Someren Graver 2004). However, there 
are some concerns about the current fumigants. 
Methyl bromide has largely been phased out in 
developed countries, and it is slated to be phased 
out in the rest of the world by 2015, because it 
is an ozone-depleting substance (TEAP 2000; 
Fields and White 2002). Phosphine is not effec-
tive against insect populations in India, Australia, 
and Brazil because of resistance (Bell and Wil-
son 1995; Benhalima et al. 2004; Collins et al. 
2005; Pimentel et al. 2009). Carbon dioxide re-
quires high temperatures and high concentrations 
to control insect populations (Soderstrom et al. 
1992). Sulfuryl fluoride is used as a replace-
ment for methyl bromide, but eggs require high 
doses or long durations to be effective (Kenaga 
1957; Baltaci et al. 2009). However, for small 
subsistent farmers in developing countries these 
fumigants are not available or too costly to use. 
Several essential oils have antiparasitical, bac-
tericidal, fungicidal, virucidal, and insecticidal 
properties (Bakkali et al. 2008; Rajendran and 
Sriranjini 2008). The essential oils are rich in 
monoterpenes and cause death of insects by in-
hibiting acetylcholinesterase activity in nervous 
system (Houghton et al. 2006).

Control of stored-product insects primar-
ily depends upon the continuing application of 
liquid–gaseous insecticides (White and Leesch 
1995; Ren et al. 2008). Although effective their 
repeated use for several decades has disrupted 
biological control system by natural enemies and 
led to outbreaks of insect pests, widespread de-
velopment of resistance, undesirable effects on 
nontarget organisms, environmental and human 
health concerns (Champ and Dyte 1977). The 
increasing concern about its adverse effects has 
highlighted the need for the development of se-
lective insect-control alternatives. Plants may 
provide potential alternatives to currently used 
insect-control agents because they constitute a 
rich source of bioactive chemicals (Regnault-
Roger 1997; Weaver and Subramanyam 2000; 
Isman 2006; Negahban et al. 2007). Much ef-
fort has, therefore, been focused on plant derived 
materials for potentially useful products as com-
mercial insect-control agents (Rajendran and 
Sriranjini 2008). Sometimes it has been claimed 
that monoterpenoids have comparable fumigant 
action to that of methyl bromide (Shaaya et al. 
1997; Dunkel and Sears 1998). Many aromatic 
plant species are indigenous to Iran (Naghibi 
et al. 2005), but essential oils have scarcely been 
evaluated (Negahban et al. 2007).

Essential Oil

Nutmeg ( Myristica fragrans), whose seed is 
widely used as a spice, is a tropical, dioeciously 
evergreen tree native to Moluccas or Spice Is-
land of Indonesia. Nutmeg has a characteristic 
pleasant fragrance and has slightly warm taste. 
It is used to flavor many kinds of baked goods, 
confections, puddings, meats, sausages, saucers, 
vegetables, and beverages (Panayotopoulos and 
Chisholm 1970).

The hypnotic, analgesic, and hypotensive ac-
tivities of M. fragrans have also been reported 
(Grover et al. 2002). With the recent gain in 
popularity of herbal medicine the world over it is 
also possible to misuse M. fragrans because of its 
medicinal properties. It has been reported that the 
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spice can be toxic when ingested in large quanti-
ties (1–3 nutmegs) (Forrest and Heacock 1972).

The utility of nutmeg as a spice has been 
known since ancient times in Indonesia. Nutmeg 
has aromatic, stimulant, narcotic, carminative, 
astringent, aphrodisiac, hypolipidaemic, anti-
thrombotic, antiplatelet aggregation, antifungal, 
antidysenteric, and anti-inflammatory activities. 
The spice is used as a remedy for stomach ache, 
rheumatism, and vomiting during pregnancy 
(Olajide et al. 1999; Sonavane et al. 2002). This 
chapter describes a laboratory study to assess the 
potential fumigant effects of essential oils ex-
tracted from the fruits of M. fragrans on adults of 
Callosobruchus maculatus.

Material and Methods

Cowpea ( Vigna unguiculata) Blackeye, a variety 
susceptible to C. maculatus (Baker et al. 1989), 
was stored in a freezer at 18 °C for a week and 
subsequently dried in a stove at 60 °C for about 
a week to guarantee the absence of viable insects 
without having to use chemicals. The beans were 
stored in airtight plastic containers at room tem-
perature before use. Only visually uninfested 
beans were used for the experiments.

C. maculatus was collected in Urmia on local 
cowpea. The beetles were reared on cowpea in 
laboratory for a year (≈ 12 generations) prior to 
the experiments. The rearing was done in a cli-
mate chamber at 30 ± 1 °C with a 12-h photope-
riod and 50–80 % relative humidity (RH) For the 
tests, newly emerged (1–1.5 h) insects were used. 
For repellence tests, female beetles were used 
that had been kept for 1 h with a surplus of newly 
emerged males and were assumed to have mated.

In the experiments, the day of death of the 
adults was determined as the day the antennae 
and legs did not move upon gentle disturbance 
with forceps. Unhatched eggs recognized by the 
color of the egg. In the cowpea variety that pro-
duced big yellowish seeds, the tunnel that is dug 
by the developing larva could be seen a few days 
before emergence of the beetle as a bluish spot 
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under the seed coat. From the size and the clear-
ness of this spot, the stage of development could 
be estimated, but further investigation was avoid-
ed to keep the beans intact. If no beetles emerged 
from the beans for 5 days, the larvae were con-
sidered dead.

Plant Materials

Plants were collected and dried in Urmia (North-
west Iran). The plant samples were stored in plas-
tic bags (1 L volumes) in the dark at 4 °C. Shortly 
before use, after warming up to room tempera-
ture, the dry plant material was isolated.

Isolation and Extraction of Essential Oil

The essential oil of nutmeg seeds was isolated 
with a yield of 6.85 % w/w. The essential oils 
were extracted by hydrodistillation of dried plant 
material (100 g of each sample in 500 ml of dis-
tilled water) using a modified Clevenger-type 
apparatus for 4 h. The oils were dried over anhy-
drous sodium sulfate and stored in sealed glass 
vials at 4–5 °C prior to analysis. Yields were av-
eraged over four experiments and calculated ac-
cording to dry weight of the plant materials.

Gas Chromatography Mass 
Spectrometry (GC/MS) Analysis

Measurements were performed using a QP-
5050A (Shimadzu) gas chromatograph coupled 
to a VG autospect mass spectrometer at 70 eV, 
40–550 amu with a fused silica capillary column 
(DB-5MS, 30 m × 0.25 mm) using helium as a 
carrier gas and with temperature programming 
from 60 °C/5 min to 300 °C/2 min (10 °C/min) for 
essential oils (Adams, 1995). The MS was oper-
ated using an interface temperature of 240 °C, 
and an electron impact ionization of 70 eV with 
a scan mass range of 40–350 m/z (sampling rate 
of 1.0 scan/s).
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Test on Toxicity

All tests were done in a climate chamber at 
27 ± 1° C with a 12-h photoperiod at ambient RH 
Untreated beans were used as control for every 
experiment. Different amounts of essential oils, 
at 0, 1.5, 2.21, 3.31, 4.95, and 7.80 µL/L in air 
were placed on to Whatman No. 1 filter-paper 
disks of 3 cm diameter. Each filter-paper disk 
was then air dried for 2 min and placed on the un-
derside of the screw cap of a glass vial (300 mL). 

Caps were screwed tightly on the vials, each of 
which contained 20 unsexed adults (1–2 days 
old). Cap was screwed tightly and the lid was 
sealed with parafilm. Each concentration and 
control was replicated four times. Insect mortal-
ity was checked after 24 h. Test insects were con-
sidered dead if appendages did not move when 
prodded with a fine brush. Each treatment was 
replicated three times.

Statistical Analyses

Using SPSS (SPSS Inc. 1989–2002), data 
were analyzed by one-way analysis of variance 
(ANOVA) and means were compared using 
Tukey test at P < 0.05. (If significant differences 
between the treatments were found, they were 
tested by Tukey’s tes.) Mortality of adults was 
arcsine square root transformed prior to analysis. 
The number of dead and live insects was counted 
and probit analysis was used to estimate LC50 
and LC95 values with their Wducial limits by 
SAS 8.0 (SAS Institute 2000). One-way ANOVA 
using Statistica (Statsoft 1998) was performed on 
the data. A Duncan test was applied to the means 
to detect significant differences of repellency 
among concentrations and oils at the 0.05 % level. 
Data are presented in tables as means with stan-
dard errors. A median lethal concentration (LC50) 
was considered significantly different when the 
respective 95 % fiducial limits did not overlap.

Results and Discussion

The essential oil of nutmeg seeds was isolated 
with a yield of 6.85 % w/w. Thirty-two compo-
nents were identified. The major compounds 
in the oil were sabinene (21.38 %), 4-terpineol 
(13.92 %), and myristicin (13.57 %). On the other 
hand, allylbenzene and propylbenzene deriva-
tives (myristicin, safrole, eugenol, and deriva-
tives thereof) were the predominant compounds 
in nutmeg seeds. The data describing select com-
pounds extracted from nutmeg seeds are present-
ed in Table 1.

Table 1  Chemical composition of essential oil of nutmeg 
seeds
No. Retention 

time
LRI Compounds Percentage

1 5.967 920 α-thujene 0.78
2 6.246 931 α-prinene 10.23
3 6.583 943 Camphene 0.16
4 7.508 978 Sabinene 21.38
5 7.792 989 α-myrcena 2.38
6 8.493 1017 α-terpinene 2.72
7 8.843 1032 Limonene 5.57
8 9.142 1045 β-ocimene 0.03
9 9.525 1061 y-terpinene 3.98
10 9.728 1070 trans-sabinene 

hydrate
0.03

11 10.097 1085 Terpinolene 1.62
12 10.393 1098 Linalool 0.75
13 10.821 1119 Fenchyl alcohol 0.05
14 11.603 1158 cis-sabinene 

hydrate
0.06

15 12.306 1193 4-terpineol 13.92
16 12.492 1203 α-terpineol 3.11
17 12.67 1212 Citronellol 0.77
18 13.297 1247 Linalyl acetate 0.06
19 13.949 1282 Bornyl acetate 0.24
20 14.158 1293 Safrole 4.28
21 15.76 1392 Methyl eugeunol 0.77
22 16.568 1447 Isoeugeunol 1.74
23 17.773 1530 Myristicin 13.57
24 18 1551 Elimicin 1.42
25 18.573 1586 Metoxyeugeunol 0.1
26 18.742 1595 β-asaron 0.03
27 20.625 1767 Myristic acid 0.11
28 21.01 1789 Ethyl miristate 0.04
29 21.352 1716 Palmitic acid 0.03
30 22.946 1954 Ethyl palmitate 0.07
31 25.103 2181 Stearic acid 0.01
32 25.183 2193 Ethyl oleate 0.01
LRI linear retention indices
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This research showed that the essential oil of 
nutmeg seeds is of good quality as it has ideal per-
centages of essential oil and active compounds. 
The standard of Materia Medica Indonesia (MMI) 
requires that the essential oil content in nutmeg 
seeds be 5–10 %, and it was found to be 6.85 % in 
this study. Additionally, the content of myristicin 
and safrole measured in this study exceeded MMI 
requirements of 5–10 %. M. fragrans oil showed 
strong fumigant activity against C. maculates 
adults at different concentrations and exposure 
times. In all of the concentrations, the oil yielded 
more than 90 % mortality after 12 h, so the effec-
tive time for mortality could be 12 h.

Concentration of 30 µL/L in air and exposure 
time of 24 h were enough to obtain 100 % kill of 
the insects. At the lowest concentration, the oil 
yielded nearly more than 50 % after 9 h against 
C. maculates. Probit analysis showed that for this 
essential oil the LC50 is 4.232 and LC95 is 19.158 
(Table 2).

This is the first report on the insecticidal activ-
ity of M. fragrans in the world. It has been rec-
ognized that plant-derived insect-control agents 
could be developed into products suitable for 
integrated pest management because they are 
selective to pests, have no or little harmful ef-
fect against nontarget organisms or the environ-
ment (Arnason et al. 1989; Schmutterer 1992; 
Hedin et al. 1997; Isman 2000). The essential oil 
extracted from Myristaceae family has shown 
strong effect on stored-product insects such as 
C. maculates. In this study, the fumigant activity 
of M. fragrans was attributed especially to sabi-
nene, 4-terpineol and myristicin as major con-
stituents of the oil.

In this study, M. fragrans was characterized 
by a rapid knockdown effect, hyperactivity, con-
vulsion and paralysis and dead. These effects 
show that this essential oil could act like tradi-

tional fumigants. M. fragrans naturally produce 
many volatile compounds that are not only im-
portant for aromatic and flavor characteristics, 
but also have the additional benefit of offering 
for the management of stored-product pests.

Therefore, essential oil of M. fragrans could 
have potential as an alternative to methyl bro-
mide for postharvest control of insect pests in 
storage. Regardless of potent activity of essential 
oils as fumigants, however, there are several bar-
riers to commercialization for botanical insecti-
cides including availability of sufficient quanti-
ties of plant material to produce the pesticides, 
the standardization and refinement of pesticide 
products. While some essential oils are currently 
available in large quantities, essential oils from 
rare plants may be difficult to obtain in sufficient 
quantities (Isman et al. 2007).

It may be possible to produce botanical in-
secticides by phytopharming through genetic 
engineering of an existing field crop to produce 
high-value natural products. Due to rapid volatil-
ization and low persistence of the essential oils 
in the environment, it is unlikely to use them in 
field crops; however, this property is conductive 
to use them in stored-product pest-controlled 
conditions.

The insecticidal constituents of many plant 
extracts and essential oils are monoterpenoids. 
Due to their high volatility, they have fumigant 
activity that might be of importance for control-
ling stored-product insects (Coats et al. 1991; 
Konstantopoulou et al. 1992; Regnault-Roger 
and Hamraoui 1995; Ahn et al. 1998).

In general, the longer insects are exposed to 
a fumigant, the lower the dose that is required to 
control insects. The rate of decline is described 
by the concentration-time (CT) product; concen-
tration, usually the LD50 or the LD95, multiplied 
by time. For some fumigants, such as methyl 

Table 2  Fumigant toxicity of M. fragrans essential oil against C. maculates
Insect species LC50 LC95 Slope ± SE Degrees of freedom
Chi-square
C. maculates 4.232 19.158 2.72 ± 0.26 6
6.502

(3.52–4.81) (13.09–32.28)
Units LC50 and LC95 = μL/L, applied for 24 h at 27 °C; 95 % lower and upper fiducial limits are shown in parenthesis
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bromide, the CT is constant with time, in other 
words the dose can be reduced by half if the du-
ration is doubled (Estes 1965; Bell and Glanville 
1973; Bond 1984).

Fumigants, such as phosphine, are much more 
effective for longer durations (Bell and Glanville 
1973). For example, the CT of phosphine reduces 
by 50 % when the exposure goes from 2 to 24 h 
(Lindgren and Vincent 1966), whereas other fu-
migants, such as sulfuryl fluoride, have higher CT 
with longer durations (Kenaga 1961). For many 
of the pure products we tested the LD50 remained 
constant with time, causing the CT to increase 
with time. For products such as camphor the LD50 
declined with time, the CT increased with time. 
Understanding the factors that affect CT of essen-
tial oils will be important in predicting mortality 
under field conditions, where concentrations var-
ied due to loss of gas from leakage and absorp-
tion by commodities (Bond 1984). The amount of 
fumigant needed to control insects depends upon 
a number of factors: stage, species, duration, tem-
perature, and commodity (Bond 1984).

This study reports that the volatile compounds 
detected in blood samples such as myristicin, 
4-terpineole, and safrole were associated with 
fumigant toxicity in C. maculates. It is sug-
gested that the fumigant toxicity by nutmeg seed 
essential oil is due, at least in part, to the direct 
pharmacological action of one or more of its con-
stituents. Although the essential oils and their 
constituent compounds tested as fumigants were 
not as active as commercial fumigants, they, un-
like commercial fumigants, do act as repellents 
and have contact toxicity (Bakkali et al. 2008).
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Abstract

Weligama coconut leaf wilt disease (WCLWD) is phytoplasma borne and 
reported in the southern part of Sri Lanka. The disease debilitates the palm, 
resulting in a drastic yield loss. It is well known that phytoplasma is trans-
mitted from plant to plant by insect vectors, particularly phloem-feeders in 
the order Homoptera, i.e. leafhoppers and plant hoppers. A survey was con-
ducted in the disease affected areas to collect homopterans present on the 
coconut palms, other plant species in the vicinity and in the environment. 
Insects were collected by hand, aspirator, sticky and light traps. The most 
abundant species were subjected to the nested polymerase chain reaction 
(PCR) using universal phytoplasma specific primers, P1/P7 and Pc399/
P1694 to detect phytoplasma DNA present in their bodies. Thirty two ho-
mopteran and a few hemipteran species were collected from coconut plan-
tations. Eight homopteran species, Goniagnathus (T.) punctifer, Recilia 
dorsalis Motschulsky, Kolla ceylonica (Melichar), Idioscopus clypealis 
(Lethierry), Proutista moesta (Westwood), Proutista sp., Nisia nervosa 
(Motschulsky) and an unknown Cixiid and a hemipteran species, Stepha-
nitis typica (Distant) gave positive bands at 1280 bp. The DNA sequence of 
these bands was similar to WCLWD phytoplasma sequence (Gene Bank: 
EU635503), suggesting them as putative vector species of WCLWD.

Introduction

Coconut ( Cocos nucifera L) is a major economi-
cally important plantation crop widely grown 
in Sri Lanka. Most plantations are distributed 
in the north western region called ‘coconut tri-
angle’. The southern region of Sri Lanka is the 
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important coconut growing area found at about 
more than 100 km away from the coconut trian-
gle and covering 13,498 ha. A debilitating yel-
lowing syndrome of coconut plantation appeared 
in 2006, and it was identified as a phytoplasma-
borne disease (Wijesekara et al. 2008). The dis-
ease was named as Weligama coconut leaf wilt 
disease (WCLWD) (Wijesekara et al. 2008; Per-
era et al. 2010). It was confirmed that WCLWD 
phytoplasma belong to the 16SrXI Candidatus 
Phytoplasma oryzae group and is most similar 
to the sugarcane white leaf phytoplasma as well 
as root wilt (Kerala wilt) phytoplasma in India 
(Perera et al. 2012). Symptoms of the disease are 
flattening and ribbing of the leaflets called flac-
cidity, marginal necrosis of leaflets and exten-
sive yellowing of leaflets. These symptoms are 
more similar to the root wilt disease symptoms 
in India, but the symptoms of inflorescence rot-
ting and yellowing of midworld fronds are not 
common in WCLWD. Both of these maladies act 
as predisposing factors for leaf rot disease, and 
palm become unproductive in a short period.

Phytoplasmas are prokaryote organisms of 
the class Mollicutes, affecting more than 700 
plant species from tropical to temperate countries 
(Jones 2002). The phytoplasma cannot be culti-
vated invitro; therefore, molecular methods like 
PCR, RFLP, etc are the best approach for their 
detection, identification and characterization. 
Based on PCR-amplified ribosomal DNA (16S 
rgene) of phytoplasmas are classified using re-
striction fragment length polymorphism (RFLP) 
and DNA sequence analysis (IRPCM 2004). Phy-
toplasma diseases are transmitted through insect 
vectors, vegetative propagation of disease shoot 
to the healthy stocks, a vascular connection of 
healthy plant and disease plant by parasitic plants 
like Dodder (Dale and Kimks, 1969; Weintraub 
and Beanland 2006). Recently another mode of 
transmission of phytoplasma through seed/em-
bryo has also been confirmed (Cordova et al., 
2003; Khan et al., 2002; Oropeza, pers. comm.). 
However, the major mode of transmission is 
through insect vectors. In general, phloem-feed-
ing insects, mainly in the suborder Auchenor-
rhyncha of order Homoptera, i.e. leafhoppers 
(Cicadellidae) and plant hoppers (Maixner 2005; 
Weintraub and Beanland 2006).

Most of identified phytoplasma-born dis-
ease vectors are belongs to the family Cicadel-
lidae to date. Within Cicadellidae, subfamily 
Deltocephalinae contains more than 75 % of all 
confirmed phytoplasma vector species (Nielson 
1979; Weintraub and Beanland 2006). Insects 
in the subfamily Deltocephalinae are either mo-
nophagous or polyphagous and are able to trans-
mit single or multiple phytoplasma species (Niel-
son 1979; Weintraub and Beanland 2006). Four 
families of plant hoppers namely Cixiidae, Del-
phacidae, Derbidae and Flatidae are well-known 
vectors of phytoplasma diseases (Weintraub and 
Beanland 2006). In addition, few species of He-
miptera have been reported as vectors of phyto-
plasma-borne diseases. Stephanitis typica (He-
miptera: Tingidae) has been identified as a vector 
of Kerala (root) wilt disease of India (Mathen 
et al. 1990). Brown marmorated stink bug, Haly-
omorpha halys (Hemiptera: Pentotomidae), re-
sponsible for transmission of the witches’ broom 
phytoplasma to Paulownia trees in Asia (Hiruki 
1999). Most of phytoplasma vectors are non-de-
structive feeders of plant and both nymphs and 
adult feed on same plant parts while living in the 
same habitat (Weintraub and Beanland 2006). In 
India, three insect vector species namely S. typica 
(Hemiptera: Tingidae), Proutista moesta (West-
wood) (Homoptera: Derbidae), Sophinia greeni 
(Homoptera: Cicadellidae) have been confirmed 
in Kerala (root) wilt disease (Mathen et al. 1990; 
Solomon et al. 1998). The vector of lethal yel-
lowing disease of coconut in the Caribbean and 
Central America was identified as a Mindus cru-
dus Van Duzee (Homoptera: Cixidiidae) (How-
ard et al. 1983); whereas, in the African region, 
vector of lethal yellowing is not yet identified. 
The putative vectors of plant hoppers and leaf-
hoppers were identified phytoplasma diseases, 
i.e. Kalimanthan wilt of Indonesia and lime de-
cline phytoplasma in Saudi Arabia (Alhudaib 
et al. 2009; Warokka et al. 2006). This chapter re-
ports abundance of phloem-feeding insect fauna 
associated with WCLWD, their seasonal varia-
tion, and PCR-based phytoplasma detection.
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Material and Methods

Field Collection of Insects

Monthly surveys were conducted during 2010–
2011 at ten locations in the disease-affected area 
in south Sri Lanka. The rainfall and maximum 
and minimum temperature data were obtained 
from the climatology department of Sri Lanka. 
Initially, preliminary observations and insect col-
lections were made for the selection of suitable 
collection methods and insect distribution in the 
palms and surroundings using sticky traps, hand 
collection, aspirator and sweep netting. There-
after, the survey was conducted in young palms 
and surrounding areas in the affected plantations 
based on the observations of preliminary survey. 
It was conducted in severely, moderately and 
mildly affected areas. Collected insect samples 
were freeze-dried and transported for further 
studies to the laboratory at the Coconut Research 
Institute. Collected insects were categorized ac-
cording to the rainfall pattern as two rainy sea-
sons and two off-rainy seasons, respectively, i.e. 
March–May, September–November, June–Au-
gust and December–February. All the collected 
insects were separated and stored in the freezer 
for DNA extractions. Initially, insects were clas-
sified up to their genus level and sent to the Fac-
ulty of Agriculture, University of Peradeniya for 
further classification.

DNA Extraction and PCR Analysis

The stored insects were used for DNA extrac-
tion. The insect total nucleic acids were extracted 
from preserved insects using a protocol slightly 
modified by Mpunami (1997). CTAB extrac-
tion buffer (2 % Cetyltrimethylammonium bro-
mide); 1.4 M NaCl; 20 mM EDTA pH 8.0; 1 % 
(wt/v) PVP−40; 0.2 % (v/v) 2-mercaptoethanol) 
was used for DNA extraction. Pre-warmed ex-
traction buffer—300 µl—was added into 1.5 ml 
sterile microcentrifuge tubes. Three insects from 
each species were placed in tubes and crushed 
using a pestle. This pestle was made from a ster-
ile 1000 µl micropipette tip while sealing it at 

the distal end using a flame. Each sample was 
crushed and incubated at 65 °C in a water bath for 
30 min for the lysis of the insect DNA. Then the 
tubes were allowed to cool at room temperature 
and were extracted by adding an equal volume of 
chloroform: isoamyl alcohol (24:1). The solution 
was gently mixed by inversion for 5 min, and was 
centrifuged at 12,000 rpm for 10 min to separate 
the phases. Then, the upper aqueous phase was 
transferred to a clean sterile tube. This chloro-
form: isoamyl alcohol (24:1) extraction method 
was repeated again to get pure DNA. Thereafter, 
separated upper aqueous phase was transfered 
into clean new tube and added the 0.6 volume 
of ice cold isopropanol into it. The mixture was 
inverted slowly in few minutes and was kept for 
few minutes at − 20 °C for DNA precipitation. 
Tubes were then centrifuged at 12,000 rpm for 
10 min for forming DNA pellet. DNA pellet was 
isolated by removing the liquid portion and then 
washing with 70 % (v/v) ethanol. Washed pellet 
was air-dried and it was dissolved in 25 µl sterile 
distilled water or TE buffer and stored DNA at 
4 °C for analysis.

The amplification of 16S ribosomal DNA was 
performed using a nested PCR and the phyto-
plasma universal primer pairs P1 (5′–AAG AGT 
TTG ATC CTG GCT CAG GAT T−3′ (Deng and 
Hiruki 1991) and P7 (5′–CGT CCT TCA TCG 
GCT CTT−3′ (Smart et al. 1996) used for the first 
PCR. The universal phytoplasma primers PC 399 
(5′–GAA ACG ACT GCT AAG ACT GG−3′) 
and P1694 (5′–TGA CGG GCG GTG TGT 
ACA AAC CCC G−3′) (Skrzeczkowski et al. 
2001) were used for the second PCR. PCR was 
performed in 20 µl reaction volumes in 0.25 ml 
micro tubes, and this reaction mixture contained 
20–30 ng of template DNA, 0.5 μM of each prim-
er, 200 μM each of the four dNTPs, 2 mM MgCl2, 
10 x polymerase buffer/PCR buffer, sterile water 
and 0.4 μl of Taq DNA polymerase (Go Taq poly-
merase, USA). Thermo-cycling parameters for 
primers P1/P7 and PC 399/P1694 followed the 
same procedure previously described by Smart 
et al. 1996; Heinrich et al. 2001; Skrzeczkowski 
et al. 2001; Perera et al. 2012. The primary PCR 
(first PCR) products were then diluted: 2 μl in 
38 μl sterile distilled water, and 4 μl of dilution 
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was used for the nested PCR/2nd PCR. In nested 
PCR, the primers P1/P7 were used followed by 
universal primers Pc399/P1694, which amplify a 
1280 bp DNA fragment (Lee et al. 1993; Skrzec-
zkowski et al. 2001; Perera et al. 2012). This 
PCR amplified template DNA of suspected in-
sects collected from the diseased area, the insects 
collected from disease-free areas, diseased coco-
nut leaf midribs and sugar cane white leaf disease 
DNA (positive control) and sterile distilled water 
(negative control). Amplified PCR products were 
subjected to electrophoresis in 1 % agarose gel 
(using TBE buffer) by staining it with ethidium 
bromide (5 μg/ml). DNA bands were visualized 
with a UV transilluminator. The amplified DNA 
bands were cut and purified using Wizard ® SV 
Gel and PCR Cleanup System in accordance with 
the manufactured protocol. The purified products 
were sent for DNA sequencing to the University 
of Nottingham, UK and Gene Tech lab (Pvt.), 
Colombo.

Data Analysis

The mean number of each putative vector insects 
in each season was analyzed using ANOVA, 
and compared regression analysis of each insect 
group with rainfall and average atmospheric tem-
perature using IBM SPSS version 19.

Result and Discussion

Relative Abundance

Preliminary observations revealed that both adult 
and young palms were associated with similar 
species of sucking insects. Lethal decline disease 
of coconut in Tanzania and lethal yellowing dis-
ease in the Caribbean, where disease symptoms 
appear in both young and old palms, and most 
of the insects captured were on young palms 
(Mpunami 1997). The insect-collection meth-
ods facilitated the trapping of a large number of 
airborne adult insects, and allowed collection of 
insects potentially moving between coconut trees 
or from ground-cover plants to and from coco-

nut. Sticky traps were used to collect the insects 
living and flying around the coconut canopy; 
sweep nets caught those species living under the 
canopy and on grass; light traps gave an indica-
tion of species that were abundant at the vicinity 
of plantations as well as insects with nocturnal 
habit. Insects were collected from both the palms 
with symptoms and without symptoms in the se-
lected plantations. In the survey, 32 Homopteran 
and one Heteropteran were collected. Insects 
belonged to seven families, i.e. Cicadellidae, 
Cixiidae, Delphacidae, Derbidae, Meenoplidae, 
Membracidae and Tingidae (Table 1). Among 
these, 22 species belonged to Cicadellidae. How-
ever, considering the abundance of individuals, 
the highest number of individuals in the affect-
ed area was from Stephanitis typica (Tingidae), 
Proutista moesta, Proutista sp. (Derbidae), Re-
cilia dorsalis, Nephotetreix virescens (Cicadel-
lidae) and Nisia nervosa (Meenoplidae) (Fig. 1). 
Schwartziella typica completes its life cycle on 
the coconut palm and the life stages on the coco-
nut leaves, while adults of P. moesta and Proutista 
sp. were found only on the coconut palms, and 
their eggs and nymphal stages were found on 
the decaying organic material especially palm 
waste like decaying fronds, inflorescence etc. N. 
nervosa and K. ceylonica were mostly collected 
from surrounding vegetation, and few individu-
als were noticed on the coconut palm.

PCR and DNA Sequencing

According to the nested PCR test, the 1280 bp 
bands were given DNA samples of nine insect 
species collected from disease areas, four sam-
ples of the disease-affected coconut leaf midrib 
DNA, sugarcane white leaf disease sample. The 
DNA sample of insects ( P. moesta and S. typica) 
collected from disease-free areas, sterile water 
samples and the three diseased coconut samples 
collected from diseased area were not given the 
required size of bands (Fig. 2a, b). The insects 
given to them that gave positive results among the 
33 insect species were P. moesta, Proutista sp., S. 
typica, N. nervosa, R. dorsalis, Goniangnathus 
(T.) punctifer (Cicadelidae), Idioscopus clypealis 
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Table 1  Insect species collected in a survey from the WCLWD affected palms in Weligama
Order Suborder Family Species
Homoptera Auchenorhyncha Cicadellidae Goniagnathus (T.) punctifer

Recilia dorsalis
Kolla ceylonica
Kolla paulula
Scaphoideus morosus
Idioscopus clypealis
Nephotetrix virescens
Nephotetrix nigropictus
Exitianus indicus
Exitianus sp.
Hishimonus sp.
Platyrectus marginatus
Stirellus sp. 1
Stirellus sp. 11
Balclutha sp.
xvi. Hecalus porrectus
xvii. 5, Unknown species

Homoptera Auchenorhyncha Derbidae Proutista moesta
Proutista sp1
Unknown sp.

Homoptera Auchenorhyncha Meenoplidae Nisia nervosa
Homoptera Auchenorhyncha Cixidae Unknown sp.
Homoptera Auchenorhyncha Delphacidae Unknown sp.

Unknown sp.
Unknown sp.
Unknown sp.
Unknown sp.

Homoptera Auchenorhyncha Membracidae Unknown sp.
Hemiptera Tingidae Stephanitis typica

Fig. 1  Relative abundance of phloem feeding insect association in the WCLWD-affected coconut plantations
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(Cicadelidae), Kolla ceylonica (Cicadelidae) and 
an unknown Cixiid sp. (Fig. 2 a&b). The sequenc-
ing and blasting of the positive DNA bands indi-
cated that these sequences are matched with the 
gene bank deposited WCLWD sequence (Gene 
Bank accession number: EU635503). Among 
the tested insects, the highest percentage of posi-
tive results was given by P. moesta and S. typica, 
while other insects relatively were given low 
percentage of positive results. The results varied 
with time; due to a low titre of phytoplasma DNA 
present in the plant tissues especially in woody 
plants like coconut tree, the phytoplasma DNA 
was comparatively in very low concentrations 
in coconut tree tissues (Perera et al. 2012). How-
ever, the phytoplasma DNA concentration within 
the insect body was comparatively higher than in 
the plant due to multiplication of phytoplasma 
within the insect body before transmission (Wein-
traub and Beanland 2006). Comparatively, results 

showed on the DNA collected from P. moesta, 
Proutista sp., S. typica were consistent while the 
other six species showed a low constancy. It may 
be due to their feeding habit that adult insects al-
ways feed on the coconut leaf phloem sap. Their 
body has been filled every time with infected sap. 
R. dorsalis relatively is a more abundant insect 
but the percentage of positive results given was 
relatively low (Fig 3). The nine insect species 
have a wide host range and were not specific to 
coconut or family Palmae.

All phloem-feeding insects can acquire phy-
toplasma by feeding phloem sap. However, the 
insects are acquired the phytoplasma from plant 
sap through feeding, it was not translocated with-
in the all phloem feeding insects. Within the in-
sect digestive tract of most insects, the acquired 
phytoplasma was digested within short period of 
time before translocated. But few insects were 
allowed to multiple and translocation  of phyto-

Fig. 2  Representative gels showing phytoplasma rDNA amplified from the DNA of putative insect vectors WCLWD 
with P1/P7 followed by nested PCR with primers PC 399/P1694; A Lane = 1 & 20, 1 kB ladder; 2–10, insect samples11 
and 12 insect DNA collected from disease free area; 13, 14 and 15 infected coconut sample; 17 sugar cane white leaf 
sample, 18 sterile distilled water; B lane = 1 & 20, 1 kB ladder; 2–10, insect samples collected infected area; 10 and16 
collected infected area; 10, 16 and 19 blank well, blank well, 11 and 12 insect DNA collected from disease-free area; 
13, 14 and 15 infected coconut sample; 17 and 18 sterile distilled water
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plasma in their body and they act as vectors. Ac-
cording to the Weintraub and Beanland (2006), 
vector species are found mainly in four families 
of Fulgorids: Cixiidae, Delphacidae, Derbidae 
and Flatidae. The first three families have at 
least one species that transmit a phytoplasma 
in the coconut lethal yellows group (16SrIV). 
Several species in these families also transmit 
phytoplasmas from the stolbur (Sr16XII) group. 
A Flatid vector, Metcalfa pruinosa (Say), trans-
mits aster yellows (AY) (group Sr16I). This study 
was identified nine insect species as the putative 
vectors of WCLWD in Sri Lanka and five spe-
cies of  among them were recorded as vectors of 
several other phytoplasma diseases. The subfam-
ily Deltocephalinae has the most highly derived 
lineages. More than 75 % of all confirmed phy-
toplasma vector species are found in this sub-
family. The feeding habits of the species within 
the Deltocephalinae range from monophagous 
to polyphagous, and members of this group can 
transmit one or more different phytoplasma taxa 
(Weintraub and Beanland 2006). The four spe-
cies identified belong to this subfamily, viz. R. 
dorsalis, K. ceylonica, I. clypealis and G. punc-
tifer. All the homopterans are non-destructive 
feeders (Mitchell 2004; Okuda et al. 1998), and 
among these nine species of insects, eight spe-
cies are non-destructive feeders except S. typical. 
Hence, the feeding marks were also not visible 
on the coconut palms.

The presence of phytoplasma DNA within the 
body of these insects can be suspected as puta-
tive vectors of the WCLWD in Sri Lanka. This 
disease is more similar to root wilt disease of 
India, and they confirmed P. moesta, S. typica 
and Sophonia greeni (distant) are vectors of dis-
ease through electron microscopic studies, but 
they have not confirmed the disease using mo-
lecular techniques (Mathen et al. 1990). Some 
insects act as the dead-end host of phytoplasma 
and they acquire phytoplasma into body but do 
not transmit them. The alternate host plants also 
act as a source of inoculum without showing the 
symptoms (Weintraub and Beanland 2006). The 
alternative host plant present in the WCLWD-
affected area surrounding the coconut plantations 
and insect may acquire the phytoplasma directly 
from that plant. This study may not clearly reflect 
the percentage of positive insects, as one sample 
contains DNA of three insects (Fig. 3).

Phytoplasma pass through insect generations 
via transovarian transmission, and if the infected 
female lays eggs, the phytoplasma goes to the 
next generation. Therefore, the insect, before 
feeding on the affected plant, may have phyto-
plasma in their body (Mitsuhashi et al. 2002; 
Alma et al. 1997). The identification and confir-
mation of the vector is not an easy task; however, 
it is important to identify the putative or possible 
vector before going to transmission studies.

Fig. 3  Total number of each insect who were subjected to the nested PCR, and the number of those insects have given 
positive results

 



144 A. D. N. T. Kumara et al.

Relationship with Climatic Factors

The 2-year survey indicated that the insect species 
and their abundance varied throughout the year. 
Compared to the mean number of insects with the 
season, P. moesta (F = 3.505, p = 0.034), G. punc-
tifer (F = 8.653, p = 0.001), R. dorsalis (F = 5.015 
p = 0.009), Cixiid sp. (F = 4.732, p = 0.012) were 
significantly different in the four seasons. Their 
abundance was generally higher in rainy seasons, 
and the number gradually declined with the reduc-
tion of rainfall (Fig. 3). However, only P. moesta 
and Proutista sp. followed the rainfall pattern 
(Fig. 4) (Pearson Correlation coefficient = 0.460, 
p = 0.012, R2 = 0.47). The average atmospheric 
temperature is not significantly different in the 
four seasons, and there is no correlation with in-
sect and the atmospheric average temperature 
(F = 0.264, p = 0.613). S. typica showed negative 
relationship with rainfall but this relationship is 

not significantly correlated (Fig. 4). In addition, 
there is a significant correlation of abundance pat-
tern between insect species. The similar trends 
were observed in an individual species with others 
of their abundance in the field i.e. R. dorsalis and 
G. punctifer (Pearson Correlation coefficient = 
0.460, p = .012, R2 = 0.47) also, K. ceylonica and 
Proutista sp. (Pearson Correlation coefficient = 
0.455, p = 0.025, R2 = 0.41), N. nervosa correlate 
with (Fig. 4) I. clypialis (Pearson Correlation 
coefficient = 0.744, p = 0.001) and Cixiid spe-
cies (Pearson Correlation coefficient = 0.712, p = 
0.001), and Proutista sp. also correlated with the 
N. nervosa, (Pearson Correlation coefficient = 
0.368, p = 0.038) I. clypialis (Pearson Correlation 
coefficient = 0.376, p = 0.033) as well as K. cey-
lonica (Pearson Correlation coefficient = 0.455, 
p = 0.013). The above data indicated that all puta-
tive vectors followed the same trend in the field 
(Fig. 4) and their abundance is related to the rain-
fall pattern, but all the data were not significantly 

Fig. 4  Relationship insect vectors with rainfall pattern according to the season (within 2 years); season 1 December–
February, 2 March–May, 3 June–August, 4 September–November. Rf Mean rainfall pattern, pm P. moesta, ps Proutista 
sp., cx cixiid sp., st S. typica, rd R. dorsalis, kc K. ceylonica, nn N. nervosa, ic I. clypialis, gp G. punctifer
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related due to the higher variation. It can be con-
cluded that all the nine species are putative vectors 
of WCLWD in Sri Lanka, and P. moesta, S. typica 
and Proutista sp. are the more abundant ones.
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Abstract

Arthropod-borne plant viruses are among the most important complex and 
extensively distributed plant disease agents. The vectors of any plant virus 
are always restricted to one of the major taxa, such as aphids, leafhoppers, 
whiteflies, thrips, mealy bugs, beetles, mites, or nematodes. The first vec-
tors recognized as being associated with a plant virus disease were insects, 
i.e., leaf hoppers ( Deltocephalis dorsalis Motschulsky) transmitting rice 
stunt virus disease. Different terms or categories used for describing the 
relationship between vectors and viruses give some indication of the be-
havior of the virus in the vector during transmission or mechanism of 
virus transmission by vector. The most threatening property of the insect 
vector is its wide host range. The knowledge of virus–vector relation-
ship is essential to devise suitable measures against vector-borne diseas-
es. Most approaches to control the vectors of virus diseases are aimed 
at eradicating or altering one or more of the primary participants in the 
transmission process (vector, virus, and host plant) or at preventing their 
coming together. Broadly, the management of vectors of viral diseases 
can be done by adopting methods of cultural control, biological control, 
and chemical control, e.g., an integrated management strategy consisting 
of appropriate transplanting time, use of barrier crops, and periodical ap-
plication of synthetic and botanical chemicals for management of aphid 
vectors of papaya ring spot virus (PRSV) on papaya has been successfully 
developed at I. A. R. I. Regional Station, Pune.
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Introduction

Most of the devastating plant diseases are at-
tributed to viruses transmitted by vectors. In the 
absence of vectors, these diseases would be of 
little importance. Therefore, the control mea-
sure is dependent on vectors. Arthropod-borne 
plant viruses are among the most important, 
most complex, and most extensively distributed 
plant disease agents in the world. They feed on 
plants and move from one plant to the other, dur-
ing which viruses get effectively transmitted. 
The vectors of any one plant virus are always 
restricted to one of the major taxa, such as the 
aphids, the leafhoppers, the whiteflies, the thrips, 
the mites, or the nematodes. The first vectors that 
are recognized as being associated with a plant 
virus disease were insects when Takata (1895) 
confirmed observation by a rice farmer that the 
rice stunt virus disease was found transmitted by 
leafhoppers Deltocephalis dorsalis Motschulsky. 
Later on, Nephottetix apicalis Motschulsky was 
found to be very efficient vector of rice stunt 
viral disease. Subsequently, aphids were also 
identified as vectors of plant viruses (Doolittle 
1916). The first authentic report of plant hoppers, 
Peregrinus madis (Ashmead) as vectors of corn 
mosaic virus was given by Kunkel (1922). The 
first report of whitefly Bemisia tobaci (Genna-
dius) as virus vector transmitting mosaic disease 
of abutilon was demonstrated by Orlando and 
Silberschmidt (1946) in Brazil. Not all vectors 
are insects, and some viruses are transmitted 
by leaf and bud-feeding eriophyoid mites, e.g., 
Phytoptus ribis Nal. transmitted current rever-
sion agent (Amos et al. 1927). More recently, 
vectors of viruses have been found among soil-
inhabiting organisms, a dorylaimid nematode 
by Hewitt et al. (1958) and a chytrid fungus by 
Teakle (1960). All these vectors transmit more 
than 283 viruses and other similar pathogens 
(Harris 1981). More than half of the nearly 550 
vectors transmitted virus species recorded are 
disseminated by aphids (55 %), 11 % by leafhop-
pers, 11 % by beetles, 9 % by whiteflies, 7 % by 
nematodes, 5 % by fungi and plasmodiophorids, 

and the remaining 2 % by thrips, mites, mirids, or 
mealybugs (Astier et al. 2001).

All above plant viruses’ vectors show a com-
mon feature i.e., they all penetrate unwounded 
plant cells, usually when feeding on the plants 
and thus have an opportunity to acquire virus 
from an infected plant and inoculating it. These 
processes occur in very different ways with dif-
ferent vectors and viruses, making a fascinating 
series of biological adaptation. The most threat-
ening property of the insect vector is its wide 
host range. Natesan et al. (1996) studied the host 
range, vector relation, and serological relation-
ship of cotton leaf curl virus in South India and 
found that the virus was transmitted by whitefly, 
B. tabaci to 24 plant species in 6 families. The 
major hosts included were bean, cotton, tobacco, 
tomato, and several other weed hosts of the in-
sect.

Relationship Between Plant Viruses 
and Vectors

Kennedy et al. (1962) introduced terms which are 
descriptive of the relationship between vectors 
and viruses and give indication of the location 
and route followed by the virus–vector relation-
ship.

Terms Used in Virus–Vector Relationship

Acquisition Access Period
The time for which, initially, a virus-free vector 
is allowed to access a virus source and could de-
sire to feed on that source.

Acquisition Feeding Period or Acquisition 
Threshold
The time for which, initially, a virus-free vector 
actually feeds on the virus source.

Inoculation Access Period
The time for which the virus-carrying vector is 
allowed to access a virus-free plant and feed on it.
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Inoculation Feeding Period
The time for which the virus-carrying vector ap-
pears to be feeding on virus-free plants.

Latent Period
The time for the beginning of acquisition feeding 
until the vector can infect healthy plants with the 
virus. It is also called as preinfection period or 
incubation period.

Transmission Threshold Period
The minimum total time that a vector needs to ac-
quire a virus and inoculate it to a virus-free plant.

Infective Capacity or Retention Period of 
Vector
This is the period for which an insect carries/
retains/transmits the virus to host plants and re-
mains viruliferous.

Persistence
The time for which a vector remains infective 
after leaving a virus source. Persistence is further 
divided into three main but integrating catego-
ries.

A. Nonpersistence Virus persisting for few (usu-
ally for few seconds, minutes, or less than an 
hour) hours at about 20 °C.

B. Semipersistence Virus persisting for 10–100 h.

C. Persistent Persistence for more than 100 h, 
in some instances for the life of the vector.

Recently, there has been an attempt to replace 
these somewhat arbitrary categories of persis-
tence by categories based on the behavior of the 
virus in the vector during transmission or mecha-
nism of virus transmission by vector.

Mechanism of Virus Transmission

Stylet-Borne Viruses

These are in fact nonpersistent viruses which are 
carried in the stylets of the vector to the site of 
inoculation. The term was proposed by Bradley 

(1964) based on a series of experiments. Stylet-
borne viruses adhered to tips of stylets, are im-
mediately acquired by vector during feeding and 
are transmitted by vectors soon after acquisition. 
Viruliferous insects can transmit these viruses 
for a limited period, rarely for a few days but 
never forever or after moulting. Thus, they can 
infect only a limited number, sometimes only one 
or two plants. These viruses are transmitted by 
aphids. They are acquired mainly from the epi-
dermis within the first few seconds of probing. 
Many viruses are stylet-borne viruses and a great 
majority of them induce mosaic symptoms and 
are sap transmitted, e.g., Cucumovirus, Carlavi-
rus, and Potyvirus are aphid stylet-borne viruses.

All aphids and leaf hoppers feed on plants 
and possess piercing and sucking mouth parts, 
consisting of pairs of stylets, a labium, a large 
slender rigid organ with a deeply concave ante-
rior surfaces forming the channel of beak, a la-
brum, mandibles, and maxillae. The two pairs of 
stylets form a compact bundle or fascicle with 
slides in the groove of labium and constitute the 
piercing organ. Piercing organ has two channels; 
through one (salivary channel), saliva is injected 
into a plant and through the second (food chan-
nel), plant sap is sucked. Mean length of 75 
single stylets of adult Myzus persicae (Sulzer) is 
496 ± 17 µm (Forbes and Mac Carthy 1969).

Aphids and leafhoppers secrete two types of 
the salivary sheath material, which coagulate rap-
idly and form a salivary sheath or stylet sheath in 
the path of stylets and water-soluble saliva (Miles 
1968). Most of the aphids and leafhoppers form 
this sheath around their stylets during the feed-
ing process. Stylet sheath is laid by the vector in 
tissue of the host and it stays there even after the 
withdrawal of stylets. It shows the intercellular 
(in majority of aphids) or intracellular (in major-
ity of leaf hoppers) path that the stylet follows 
during its passage through the tissues and also 
the point where it terminates. Stylets move fairly 
rapidly within this sheath but are subsequently 
extended beyond the sheath for ingestion of food 
material from host cells. Most aphids are surface 
feeders and feed in parenchyma and mesophyll 
and hence, induce mosaic symptoms while most 
leafhoppers feed on phloem.
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Foregut-Borne Viruses

An ingestion–egestion mechanism for transmis-
sion of both nonpersistently and semipersistent-
ly transmitted viruses was proposed by Harris 
(1977), where virus enters the foregut, attaches to 
the lining of the anterior portion of the alimentary 
canal, and is inoculated when the vector egests 
while probing a plant. Foregut-borne viruses have 
no latent period in their vectors, cannot recover 
from the vectors hemolymph and cannot be trans-
mitted after injection into the vector’s hemocoel. 
Infectivity is retained only a few days and it is lost 
after ecdysis, e.g., Rice tungro spherical virus.

Circulative Viruses

Kennedy et al. (1962) used the term circulative 
for these viruses that after ingestion, pass through 
the gut wall into hemolymph, and then pass 
through the salivary glands to be discharged with 
the salivary secretion. Circulative viruses can be 
recovered experimentally from the vector’s he-
molymph, can be transmitted after injection into 
the vector’s hemocoel, are not lost after ecdysis 
and may be transmitted for weeks, sometimes for 
the life of the vector (Sylvester 1980). These vi-
ruses are not transmitted mechanically or imme-
diately after acquisition but become transmissi-
ble only after a latent or incubation period within 
the body of insects. The latent period may be sev-
eral hours or days and is temperature-dependent. 
No circulative virus is transovarially transmitted 
from ineffective females to their progeny. Circu-
lative viruses are mainly transmitted by aphids, 
e.g., Barley yellow dwarf, beet curly top, and 
beet western yellows.

Propogative Viruses

These viruses propogate or multiply within their 
insect vector which transmits them for a long time 
but vary upon as they live. These viruses possess 
incubation period (one or more weeks) which 
is presumed to be the time needed for them to 
multiply and to reach a definite concentration to 

become transmissible. Thus, they have a definite 
biological relationship with their vectors. Some 
propogative viruses are transovarially transmit-
ted from a viruliferous female to its progeny, e.g., 
Maize rayado fino virus, rice stripe virus.

Transmission by Aphids

Aphids form the largest group of insect vector 
both because of large number of species, about 
370 involved and the large number of viruses, 
about 300 they transmit. M. persicae alone is es-
timated to transmit about 100 viruses while other 
aphids transmit more than 30 viruses each. Some 
aphids on the contrary can transmit only one 
virus each. Following three types of virus trans-
mission are observed in aphid vectors.

Nonpersistent Viruses

The nonpersistent viruses transmitted by aphids 
include Potyviruses, Carlaviruses, and alfalfa 
mosaic virus. Specificity between the virus and 
species of vector is not well developed and usu-
ally one virus is transmitted by several or many 
aphid species. The transmission threshold period 
can be as short as 2 min, and the virus can be ef-
ficiently acquired and inoculated during probes 
of only 10–30 s indicating that the virus is ac-
quired and inoculated to cells of the epidermis. 
Transmission of nonpersistent virus is favored by 
making the aphids fast before giving acquisition 
feeding. Experimental results show that nonper-
sistent viruses are generally stylet borne. Some 
workers have suggested that a virus is held in the 
food canal and still others opined that it is carried 
in a plug of gelled saliva where the stylet punc-
tures the leaf.

Semipersistent Viruses

A small heterogeneous group of viruses is ac-
quired by aphids or other insects during feeding 
times from several minutes to several hours but 
not usually by probing. Efficiency of transmis-
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sion increases with increase in both acquisition 
feeding and inoculation feeding time but there is 
no definite incubation period and fasting before 
acquisition feeding has no effect on efficiency of 
transmission. There is no good evidence on how 
or where these viruses are held with the aphids 
but they seem not to be retained through moult.

Persistent Viruses

Persistent aphid transmitted viruses have mini-
mum acquisition access and inoculation access 
period of 10–60 min usually, have latent period 
of 12 h or more and can be retained by the aphids 
for at least a week. Infected plants mainly show 
leaf rolling and yellowing symptoms and many 
viruses are probably concentrated in the phloem 
of the plant.

Transmission by Leafhopper and Plant 
Hopper

Leafhopper and plant hopper make up the second 
most important group of virus vectors. Most of 
the vector species are leafhopper (Cicadellidae), 
but nearly 20 are plant hoppers (Fulgoridae) and 
the tomato pseudo curly top agent is transmitted 
by the treehopper, Micratalis sp.

The viruses transmitted by leaf and plant hop-
pers cause yellowing and/or leaf rolling and only 
a few are sap transmissible. The vector mainly 
feeds from the phloem of plants. Most com-
monly, the viruses multiply in their vectors and 
persist for a long periods and several of them are 
transmitted through the eggs to the progeny.

Transmission by Whiteflies

Of the 1100 identified species of whiteflies in the 
world, only three are recognized as vectors of 
plant viruses. B. tabaci is considered as the most 
common and important whitefly vector of plant 
viruses.

None of the whitefly–transmitted (WFT) vi-
ruses is transovarially or seed transmissible. Only 

a few of these viruses induce mosaic symptom. 
Whiteflies generally acquire viruses more rapidly 
from young leaves and recently infected plants. 
Females are more efficient vectors of virus trans-
mission than males. Muniyappa (1980) divided 
WFT virus diseases into four groups, i.e., yellow 
mosaic, yellow vein mosaic, leaf curl, and mosa-
ic diseases. Transmission efficiency of whiteflies 
increases with longer feeding periods, a short 
incubation period occurs in most cases, viruses 
retain in vectors from few days up to 20 days and 
serial transmission is generally intermittent and 
inefficient. Hence, relationship of WFT viruses 
to their vectors is of circulative type. However, 
Brown (1994) stated that Gemini viruses are 
transmitted in a persistent manner by whitefly 
as well as some WFT gemini viruses were ex-
perimentally transmitted by sap or mechanical 
inoculation.

Transmission by Thrips

Thrips tabaci (L.) and three species of Franklini-
ella are the only known vectors of tomato spotted 
wilt virus (TSWV). T. tabaci is a cosmopolitan 
species feeding on at least 140 species in 40 fam-
ilies of plants. It reproduces parthenogenitically 
and feeds by sucking the content of the subepi-
dermal cells of the host plant. Only larvae can 
acquire TSWV with a minimal acquisition time 
of 15–30 min and with incubation period of 4–18 
days. Before completion of incubation period, the 
larvae become ineffective. Virus may be retained 
for life with erratic transmission. No transversal 
transmission. Probably the virus multiplies in the 
vector (Matthews 1970).

Transmission by Mealy Bugs

Several species of mealy bugs are recorded as 
vectors of isolates of cacao swollen shoot virus. 
The virus can be acquired in 1 h and inoculated 
in 15 min. This virus persists for 3–4 days in 
Planococcoides njalensis (Laing) and is retained 
through the moult (Gibbs and Harrison 1976).
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Transmission by Beetles

Nearly 40 viruses are transmitted by beetles 
which are sap-transmissible, relatively stable, 
highly antigenic, and icosahedral except TMV 
and PSTV. They always cause mosaic diseases.

Beetles have biting mouthparts and transmit 
virus mechanically. Viruses are acquired by vec-
tors within short acquisition feeding period of 
few minutes, have no incubation period and are 
always transmitted immediately after acquisition 
period. Some of the viruses are retained by vec-
tors for short time usually ranging from 24–48 h, 
while others are retained by vectors for prolonged 
periods ranging from 7 to 20 days. Virus vector 
relationship of these viruses is of nonpersistent 
type except that some viruses are retained for 
many days.

Transmission by Mites

Some eriophyid mites are firmly established as 
virus-vector. Mites possess mouthparts that are 
spherically adopted for piercing and sucking pro-
cess. Relationship of wheat streak virus with its 
mite vector is of persistent type but not circula-
tive because of long acquisition, long inocula-
tion, and retention period of virus in its vector 
through moulting. Virus particles mostly exist in 
densely packed bundles in greatest concentration 
in the lumen of mid-gut and rectum-like sac of 
hind-gut. Plants could possibly get infected by 
the virus by its back flow from gut to mouth parts 
during feeding or by introduction of defected 
virus into plant cells through feeding punctures 
or abrasions caused by anal setae or anal suckers.

Transmission by Nematodes

About 25 viruses belonging to two groups are 
transmitted by three genera of soil inhabiting 
plant parasitic nematodes. The nepoviruses, 
which have isometric particles about 30 nm in di-
ameter, and the tobra viruses, which are straight 
tubular ones. Nepoviruses are transmitted by spe-

cies of Xiphinema or Longidorus (Dorylaimidae), 
whereas vectors of tobra viruses are Trichodorus 
species (Trichodoridae). The three species are 
cosmopolitan in distribution and are considered 
as obligatory but migratory ectoparasite getting 
their food mainly from root tips. Both adults and 
larval stages of most nematode vector species 
can transmit viruses equally efficiently and there 
is no transovarial transmission.

Important Aspects of Virus 
Transmission by Vectors

Sequential Spread of Viruses in Insects

Propogative viruses occur systematically in al-
most all body parts of vector. They follow a defi-
nite route and sequence to spread systematically 
within the body of a vector after ingestion. The 
virus is sucked into the gut which is generally 
the primary site of virus multiplication, passes 
into hemolymph through some part of alimen-
tary track, enters the blood stream, is carried to 
salivary glands by circulating blood and is finally 
injected into healthy plant with salivary liquid 
during feeding.

Transovarial Spread of Viruses

Propogative viruses occur systematically in inter-
nal parts including presumably, ovaries and eggs 
of vector. Progeny of viruliferous females will be 
infected. This is called as transovarial passage of 
viruses.

Dependent Transmission

Aphids sometimes transmit virus from an in-
fected plant only if the later is also infected by 
second virus. In this dependent transmission, the 
presence of second virus, i.e., helper virus is es-
sential, e.g., potato virus C is transmitted only in 
presence of potato virus Y.
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Epidemiology of Virus Transmission

Spread of aphid-borne nonpersistent viruses fol-
lows the seasonality of vectors; especially the 
dominant species (Mora-Aguilera et al. 1993; 
Basky 1986). Alate aphids land on available 
plants regardless of species and are unable to 
distinguish host plants from nonhost prior to 
landing. Host selection occurs after arriving on 
plant surface and after ingestion of plant sap. 
Virus transmission occurs if the aphid is carry-
ing specific virus, even though the aphid does not 
colonize the plant. The acceptance or rejection 
of plant host by a vector with piercing-sucking 
mouth parts is performed by a series of brief 
probes into multiple plant epidermal cells, which 
is sufficient to inoculate the nonpersistent vi-
ruses. If brief feeding probes designate the plant 
as an acceptable host or food source, the vector 
is likely to initiate prolonged feeding. However, 
in case of nonregular host plant, there is little 
chance of initiating prolonged feeding and in 
this case the number of efficient vectors involved 
decides the epidemiology of virus incidence. 
Thus, in papaya ring spot virus (PRSV), the rapid 
spread of virus occurs within a short period when 
the vector population is high and it appears that 
the fresh incidence of PRSV coincided with num-
ber of aphids trapped 2 weeks prior to infection 
suggesting a strong link between aphid vectors 
and PRSV incidence (Krisna Kumar et al. 2010). 
Similarly, to understand ecological factors medi-
ating the spread of insect-borne plant pathogens, 
vector species for these pathogens need to be 
identified, e.g., different strains of grapevine leaf 
roll virus were found to be borne by two mealy-
bug, Planococcus ficus Signoret and Pseudococ-
cus longispinus (Tsai et al. 2010).

Transmission Specificity of Plant 
Viruses by Vectors

Virus transmission by a vector is often charac-
terized by some degree of specificity. Numerous 
studies suggest the involvement of a virus–ligand 

interaction in transmission specificity. The coat 
protein (CP) and its derivatives and nonstructural 
proteins, such as a helper component (HC) or a 
transmission factor, are major viral determinants 
of transmission specificity. The CP or its de-
rivatives, in the case of Luteoviruses, Cucumber 
mosaic virus (CMV), Cucumber necrosis virus 
(CNV), and Grape vine fan leaf virus (GFLV), 
and a HC or a transmission factor in Potyviruses, 
Caulimoviruses, and Waikaviruses have a pro-
found role in transmission specificity (Andret-
Link and Fuchs 2005).

Cross Protection

A strain of propogative virus already present in 
a vector may cross protect that vector against ac-
quisition and transmission of second strain., e.g., 
Aster yellows and corn stunt.

Ingestion–Egestion Mechanism of 
Transmission

According to Harris (1977), the transmission 
process is based in epidermal and intracellular 
zones of the host tissue. The insect vectors dur-
ing their sap sampling and host selection routine, 
take in the cell sap or protoplasm to their fore 
alimentary canal and in case the host is infected, 
the virus-laden material (cell sap or protoplasm) 
contaminate the free alimentary canal. This is the 
ingestion step. The virus gets transmitted and the 
transmission cycle is completed in the next step, 
all or part of the virus-infected material is egested 
during subsequent sap sampling probes by the 
same vector in healthy plants.

Horizontal and Vertical Transmission

Spread of viruses by vector in a field or in differ-
ent areas is horizontal transmission while trans-
versal transmission is the vertical transmission of 
viruses.
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Effect of Viruses on Vectors

Harmful Effects

Deleterious effects induced by viruses and mol-
licute like organism (MLO) are identical and can 
be grouped under four categories.

Cytopathological and Histological Effects
Fat bodies take up different shapes and their 
cells contain scanty cytoplasm, decreased car-
bohydrates and numerous vacuoles. Their nuclei 
become stallate or sharply irregular, sometimes 
they first enlarge and then shrink and amount of 
their DNA and RNA may damage. Mycetome 
undergoes premature degeneration in Colladonus 
montanus infected with western X MLO and be-
come abnormally hardened in Nephotettix sp. in-
fected with rice dwarf virus.

Effect on Age of Vectors
Cytopathological and histopathological effects 
are liable to reduce life span of infected vectors. 
Mean adult longevity of N. cincticeps infected 
with rice dwarf virus decreased from 29 days life 
of healthy insects to 20 days. Simultaneously, 
nymph mortality increased from 21.7 to 35 %.

Effect on Reproductive Capacity of 
Vectors
Viruses and MLO cause partial to total reduc-
tion in their egg laying capacity. N. cincticeps 
infected with rice dwarf virus lays only 32–72 % 
of eggs laid by healthy leaf hoppers.

Metabolic Effects
Viruliferous insects may show increased or de-
creased respiration of N. cincticeps infected with 
rice dwarf virus.

Beneficial Effects

Virus-infected plant serves as better host for 
aphids than healthy plant. Aphids fed on infect-
ed plant in certain cases have longer life span, 
greater egg laying capacity, early attainment of 
adulthood and rapid breeding. A. fabae breeds 

more rapidly on sugar beet plant infected with 
beet yellow mosaic virus than on healthy beets. 
Similarly, maturation of aphids as winged forms 
(alatae) was favored when cereal grain aphids, 
Sitobion avenae F. and Rhopalosiphum padi (L.), 
were reared from birth on barley yellow dwarf 
virus (BYDV)-infected oats or barley (Gildow 
1983).

Management of Vectors of Virus 
Diseases

Most approaches to control the vectors of virus 
diseases are aimed at eradicating or altering one 
or more of the primary participants in the trans-
mission process (vector, virus, and host plant) or 
at preventing their coming together. Knowledge 
of virus–vector relationship is essential to de-
vise suitable measures against vector-borne dis-
eases (Watson and Plumb 1972; Basu and Handa 
1987). Broadly, management of vectors of viral 
diseases can be done by adopting cultural con-
trol, biological control, and chemical control.

Cultural Control Methods

The nonchemical methods of control are becom-
ing increasingly popular due to limitations of 
pesticide in preventing disease spread, growing 
problem of insect resistance, and recent aware-
ness of pollution problems. The control of vec-
tors of plant virus diseases by cultural practices 
is not new. These methods include:
1. Use of disease-free seeds, seedings and tubers 

for initial sowing/planting
2. Removal of weeds, volunteer crops, and crop 

residues being alternate source for virus and 
vector

3. Vector avoidance by crop rotation, crop isola-
tion or growing barrier crops

4. Use of reflective surfaces as crop mulches to 
deter vectors from alighting on the crops

5. Manipulating plant distribution, density and 
field size to minimize vector population and 
there by checking disease spread
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6. Suitable adjustment of planting and harvest-
ing dates to avoid high-density populations of 
vectors.

7. Breeding vector-resistant cultivars

Biological Control Methods

Although biological control by introduction of 
predators and parasites of vectors is attractive for 
economic and environmental reasons, it is not at 
present very successful in virus control.

Chemical Control Methods

Use of chemicals remains the basic control mea-
sure for vectors of virus diseases but for maxi-
mum economic returns and in order to use them 
only when needed, the epidemiology of the virus 
and its vector needs detailed study.

Insecticides, particularly the systemic ones, 
can sometimes efficiently control the spread of 
circulative viruses because long acquisition and 
inoculation feedings are required for transmis-
sion. On the other hand, pesticides hardly affect 
the spread of NP viruses and may rather aggra-
vate the situation by enhancing vector manage-
ment and more sap sampling.

Mineral and vegetable oils and milk lipids 
might inhibit NP transmission by modifying the 
probing behavior responsible for transmission. 
There, the physico- and electrochemical prop-
erties might insulate the secondary transduction 
systems of insect feeding apparatus and inhibit 
sap sampling (Simmons et al. 1977).

To prevent virus spread by insect, integrated 
programmes have to be developed based on an 
understanding of the biology and phenology of 
the vectors and means of perpetuation of viruses, 
adopting cultural control measures and minimum 
application of the proper pesticidal formulations 
at carefully chosen times.

Integrated Management of Aphid 
Vectors vis-a vis PRSV (P)

The field experiment consisting of eight treat-
ments including control as well as synthetic and 
plant-based chemicals with maize as border crop 
was laid out in randomized block design at I. A. 
R. I. Regional Station, Pune. The border crop of 
maize was raised 15–20 days before transplant-
ing of papaya seedling. Starting 15 days after 
transplanting till commencement of flowering of 
plants, four applications of treatments as foliar 
sprays were carried out at a fortnight interval. 
Observations were recorded on 3rd, 7th and 14th 
day after each application for number of migra-
tory aphids on five randomly selected plants per 
plot from which mean number of aphids per plot 
was worked out separately for each application as 
well as pooled data. Similarly, numbers of plants 
showing PRSV (P) symptoms were counted in 
each plot at weekly interval to get the percent-
age of disease incidence after each application as 
well as pooled data.

Management of Aphid Vectors on 
Papaya

After all the spray applications (Table 1), ex-
cept second application, the different treatments 
showed significant effect in checking the aphid 
incidence on papaya plants as compared to con-
trol plot receiving no spray application. Plants in 
the plots with border crop of maize and treated 
with fortnightly alternate sprays of dimethoate 
(0.05 %) and azadirachtin (Nimbicidin 0.03 EC 
4 ml/lt) were most promising in reducing the 
aphid population on papaya plants. The average 
effect of all the four sprays indicated significant 
reduction in aphid incidence by different treat-
ments as compared to untreated control having 
1.33 numbers of aphids per plant. The most sig-
nificant treatment of maize as a border crop with 
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alternate sprays of dimethoate and azadirachtin 
(0.22 aphids/plant) was followed by other effec-
tive treatments of acetamiprid (0.005 %), imida-
cloprid (0.01 %), thiamethoxam (0.005 %), and 
azadirachtin (4 ml/lt).

Management of Incidence of PRSV (P)

As observed after each spray application 
(Table 2), all the treatments showed significant 
reduction in disease incidence caused by PRSV 
on papaya plants in the field as compared to 

Table 2  Management of PRSV (P) on papaya
Mean incidence of PRSV (P) (%)
Treatments 1st spray 2nd spray 3rd spray 4th spray Pooled
Thiamethoxam 0.005 % 8.33 25 64.58 80 44.48

(16.60a (29.22) (54.44) (63.93) (43.01)
Imidacloprid 0.01 % 6.67 31.67 61.64 76.48 44.12

(14.76) (33.24) (51.71) (61.96) (42.08)
Acetamiprid 0.005 % 5.00 28.33 63.33 76.67 43.33

(7.60) (30.38) (53.39) (66.15) (41.75)
Buprofezin 0.025 % 11.67 43.33 73.15 82.92 52.77

(19.90) (41.07) (59.73) (66.34) (47.42)
Dimethoate 0.05 % 10 35 68.33 81.48 48.70

(18.05) (35.59) (56.33) (65.25) (44.44)
Azadirachtin 4 ml/L (Nimbicidin 0.03 EC) 10 33.33 66.67 81.67 47.92

(18.05) (34.92) (55.01) (65.00) (44.22)
Border crop of maize + fortnightly 
alternate spray of dimethoate 0.05 % and 
azadirachtin 4 ml/L (Nimbicidin 0.03 EC)

5.00 11.67 25.00 48.33 22.50
(10.45) (16.45) (28.45) (44.03) (28.14)

Untreated 11.67 51.67 90 100 64.58
(23.85) (45.90) (72.53) (90) (54.75)

S.E.m. + 3.90 7.11 6.28 4.77 2.71
C.D. at 5 % N.S. N.S. 19.05 14.47 8.22
NS non significant
aFigures in parentheses are arc sine transformed values

Table 1  Management of aphid vectors on papaya
Treatments Mean number of survival aphids per plant

1st spray 2nd spray 3rd spray 4th spray Pooled
Thiamethoxam 0.005 % 0.73 0.31 0.76 0.44 0.56
Imidacloprid 0.01 % 0.87 0.20 0.58 0.33 0.51
Acetamiprid 0.005 % 0.56 0.33 0.69 0.24 0.46
Buprofezin 0.025 % 0.91 0.65 1.36 0.33 0.81
Dimethoate 0.05 % 1.60 0.38 0.87 0.36 0.80
Azadirachtin 4 ml/L (Nimbicidin 0.03 EC) 0.89 0.42 0.76 0.29 0.59
Border crop of maize + fortnightly alternate 
spray of dimethoate 0.05 % and azadirachtin 
4 ml/L (Nimbicidin 0.03 EC)

0.29 0.20 0.27 0.13 0.22

Untreated 1.67 0.73 1.76 1.16 1.33
S.E.m.+ 0.18 0.13 0.14 0.12 0.07
C.D. at 5 % 0.54 N.S 0.44 0.35 0.21
NS nonsignificant
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control plot. The pooled observations of all the 
four sprays indicated significant reduction in the 
incidence of disease by different treatments as 
compared to the untreated control showing 64.88 
percent disease incidence. Plants in the plots 
having maize as a border crop and subsequently 
sprayed with dimethoate (0.05 %) and azadi-
rachtin (4 ml/lt) alternately at fortnightly interval 
recorded lowest incidence of the virus,  (22.50 %) 
and thus was significantly superior over all other 
treatments in checking the disease incidence. The 
other remaining treatments in order of their ef-
fectiveness were acetamiprid (0.005 %), imida-
cloprid (0.01 %), thiamethoxam (0.005 %), aza-
dirachtin (4 ml/lt), dimethoate (0.05 %), and bu-
profezin (0.025 %) showing 43.33, 44.12, 44.48, 
47.92, 48.70, and 52.27 percent incidence of 
disease caused by PRSV (P). Kalleshwarswamy 
et al. (2009) also reported that aphid vector man-
agement using timely chemical intervention as a 
component has a place in integrated management 
of PRSV on papaya.
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Abstract

Plant viruses are transmitted by aphids, whiteflies, leafhoppers, plant hop-
pers, thrips, mites, fungi, and nematodes mainly from one host plant to 
another. These have been classified as non-persistent, semi-persistent, and 
persistent, depending on the length of the period the vector that can har-
bour infectious particles, which can range from minutes to hours (non-
persistent) to days (semipersistent) and to lifetime and even inheritance 
by the insect progeny (persistent). Aphids are the vectors for the nonper-
sistent viruses. Some aphids, leaf hoppers, thrips, and whiteflies are the 
vectors for different viruses that fit in the persistent category.
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can also transmit these pathogens (Table 1). In-
sect and other noninsects transmit 76 % of all the 
diseases. However, hemipteran insects transmit a 
majority of the vectored viruses (55 %).

Watson and Roberts (1939) coined the terms 
non-persistent and persistent viruses, as a first 
attempt to categorize and understand plant virus 
vector transmission relationships. The nonpersis-
tent viruses had very short retention times (> 12 h) 
in vectors in contrast to persistent viruses where 
retention time was 12 h to indefinite. Nonper-
sistent viruses were efficiently transmitted after 
relatively brief (< 5 min) acquisition access pe-
riod (AAP) and inoculation access period (IAP), 
while persistent viruses required longer AAP and 
IAP, and optimum transmission efficiencies were 
associated with feeding (Table 2). Some of the 

Introduction

Many plant viruses cannot spread to other plants 
without the help of seeds, tubers, pollen, and 
other propagating materials. However, impor-
tantly other major external factor that spread 
viruses is a vector. Vectors feed on the infected 
plant, become contaminated or infested with the 
virus, then move to healthy plants and infect 
them by feeding. Arthropods (insects and mites) 
are the most common plant virus vectors, though 
nematodes and primitive soil microorganisms 
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important and major viral diseases can be identi-
fied through the visual symptoms (Fig. 1).

Plant viruses cause severe yield losses to the 
cereal, vegetable, fruit, floral industries and sub-
stantially lessen the quality of crop products. Due 
to virus infection, losses of over US$1.5 billion 
are reported in rice in Southeast Asia (Hull 2002), 
and estimates of losses have been calculated at 
US$63 million in apple in the USA (Cembali 
et al. 2003), and over US$20 million in potato 
in the UK (Hull 2002). Tomato spotted wilt virus 

(TSWV) alone is responsible for losses of over 
US$1 billion in vegetable and ornamental crops. 
TSWV is transmitted by thrips and has the larg-
est host range of any plant virus infecting more 
than a thousand plant species from 84 families 
(Parella et al. 2003).

Most plant viruses are absolutely dependent 
on a vector for plant-to-plant spread. Although a 
number of different types of organisms are vec-
tor for different plant viruses, phloem-feeding 
hemipterans are the most common and transmit 

Table 1  Vectors and plant viruses in relation to transmission. (Hogenhout et al. 2008; referred to the International Com-
mittee on Taxonomy of Viruses (ICTV),   http://phene.cpmc.Columbia.edu/Ictv/index.htm)
Vector taxa Vector groups Virus groups

Icosahedral 
particles RNA 
genome

Rod-shaped 
particles RNA 
genome

DNA 
genome

Enveloped 
particles RNA 
genome

Total %

Hemiptera Aphids 26 153a 13 5 197 28
Whiteflies – 13 115b – 128 18
Leaf hoppers 8 – 15 3 26 4
Plant hoppers 10 4c – 4 18 3
Other Hemiptera – 8 5 – 13 2

Thysanoptera Thrips 2 – – 14 16 2
Coleoptera Beetles 50 1 – – 51 7
Acari Mites 10 9 – – 10 1
Nematoda Nematodes 45 3 – – 48 7
Mycota Fungi 8 16 – – 24 3

No identified 
vectors

84 60 19 3d 166 24

Total 233 268 167 30 697
% 33 39 24

a Includes 110 virus species of the genus Potyvirus, family Potyviridae
b Virus species of the genus Begomovirus, family Geminiviridae; these are all tenuiviruses that have multiple shapes
c Tenuiviruses that have multiple shapes
d These viruses probably have insect vectors

Table 2  Transmission characteristics and timing of plant viruses transmitted by hemipteran insects. (Hogenhout et al. 
2008; referred to the International Committee on Taxonomy of Viruses (ICTV), http://phene.cpmc.Columbia.edu/Ictv/
index.htm)
Biological 
characteristics

Nonpersistent
stylet borne

Semipersistent 
foregut—borne

Persistent 
circulative

Persistent 
propagative

AAP and IAP Seconds, minutes Minutes, hours Hours, days Hours, days
Latent period None None Hours, days Days, weeks
Retention time in the 
vector

Minutes, lost after 
moulting

Hours, lost after moulting Days, weeks Lifespan of the vector

Presence in vector’s 
hemolymph

No No Yes Yes

Multiplication in vector No No No Yes
Transovarial 
transmission

No No No Often

AAP acquisition access period, IAP inoculation access period

http://phene.cpmc.Columbia.edu/Ictv/index.htm
http://phene.cpmc.Columbia.edu/Ictv/index.htm
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the great majority of plant viruses. The complex 
and specific interactions between the hemipteran 
vectors and viruses depend on two general strate-
gies, the capsid and helper strategies. Both strate-
gies are required for transmission by aphids in a 
nonpersistent and semipersistent manner (Ng and 
Falk 2006).

More than 200 plant viruses are transmitted 
by hemipteroid insects beginning a few hours or 

days after acquisition and for upto life of the in-
sects, i.e., in a persistent-circulative or persistent-
propagative mode. These viruses move through 
the insect vector, from the gut lumen into hemo-
lymph or other tissues and finally into the sali-
vary glands, from which these viruses are intro-
duced back into plant host during insect feeding. 
The movement and/or replication of the viruses 
in the insect vectors require specific interactions 

Fig. 1  Important plant viral diseases
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between viruses and vector components (Hogen-
hout et al. 2008).

Many plant viruses are transmitted from plant 
to plant in nature by invertebrate vectors and the 
plant virus vector interactions are very specific 
(Muniyappa and Veeresh 1986; Hohn 2007). 
Members of the class, Insecta and Arachnida 
from the phylum Arthropoda and the members of 
the order Dorylaimida from of the phylum Nem-
atoda are the major vectors of plant viruses. The 
Homopterans feed by sucking sap from plants 
and are numerically the most important suborder 
containing plant virus vectors. The tomato yel-
low leaf curl virus tomato yellow leaf curl virus 
(TYLCV) and its whitefly vector Bemisia tabaci 
Genn. have been of increasing importance re-
cently in many regions with tropical, subtropical 
and arid Mediterranean climates due to a rapid 
expansion in geographic distribution and host 
range of the virus and its vector (Pico et al. 1996).

In this review, vectors that transmit viral dis-
eases on important crops are discussed (Table 3). 
Viruses cause serious diseases of crop plants 
reducing both quality and quantity of final produce 
and keeping quality of plant produce. Some of the 
important viral diseases are: mosaics in chilli and 
cucumber, tomato mosaic, tomato spotted wilt, 
potato virus Y in potato, papaya ringspot virus in 
papaya and cucurbits, citrus tristiza, chilly leaf curl, 
banana bunchy top, etc. Aphids constitute the larg-
est vector group transmitting plant viruses com-
pared to whitefly, thrips leafhoppers, psyllids and 
mites. The number of transmission patterns that 
have evolved are unique in their variety compared 
to those found with other vector groups. In India, 
the viruses transmitted by aphids, mainly Aphis 
craccivora, Myzus persiacae, Aphis gossypii, are 
more important in transmitting many viruses com-
pared to other South Asian country infecting varied 
crop plants ranging from cereals, vegetables, fruit, 
and ornamental crops. mMst of them are major vi-
ruses which are not so important in countries like 
Pakistan, China, and neighboring countries.

Additionally Rhopalosiphum padi, R. maidis  
and Aphis gossypii are found important in trans-
mitting sugarcane mosaic and chilli veinal mottle 
virus (ChiVMV). The occurrence of M. persicae 

in many South Asian countries on transmission 
of several viruses in nonpersistent manner can 
be observed. However, viruses like tomato leaf 
curl virus, yellow mosaics in legumes, Bhendi 
are transmitted through whitefly in a semiper-
sistent manner. The tomato yellow leaf curl virus 
(TYLCV) and tomato yellow leaf curl China 
virus (TYLCCNV) transmit through B. tabaci are 
major viral diseases in China and Nepal, and dif-
ferences can be found in transmission, symptom 
expression, and molecular description compared 
to Indian ToLCV. In recent years, tomato spotted 
wilt (Tospo) virus in tomato, capsicum and let-
tuce has become serious. In general, viruses do 
not exist and survive in nature without another 
living organism. In Thailand, Ceratothripoides 
claratris is a major thrip vector which is trans-
mitting capsicum chlorosis virus in capsicum 
and other solanaceous crops causing huge loss. 
Leaf hoppers are found to be successful transmit-
ters of many viral diseases in cereals compared 
to vegetables particularly phytoplasma diseases 
viz. southern rice black-streaked dwarf virus, rice 
gall dwarf virus, grassy stunt virus in a persis-
tent propagative manner. Mites Aceria tulipae 
and Aceria tosichella are also important virus 
vectors, transmitting wheat streak mosaic and pi-
geon pea sterility mosaic virus. Plant viruses can 
be transmitted by insects in many ways. These 
have been classified as nonpersistent, semiper-
sistent, and persistent, depending on the vector 
that can harbor infectious particles, ranging from 
minutes to hours (non-persistent) to days (semi-
persistent) and to life-time and even inheritance 
by the insect progeny (persistent) (Hohn 2007).

Aphids Aphids are among the most destruc-
tive insect pests on cultivated plants in temper-
ate regions. The damage they cause to plants has 
made them enemies of farmers and gardeners the 
world over, though from a zoological standpoint 
they are a highly successful group of organisms. 
Their success is due in part to the asexual repro-
ductive capabilities of some species. About 4400 
species of 10 families are known. Historically, far 
fewer families were recognized, as most species 
were included in the family Aphididae. Around 
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250 species are serious pests for agriculture and 
forestry as well as an annoyance for gardeners.

Virus Transmission and Virus–Vector Rela-
tionship Aphids constitute the largest vector 
group transmitting plant viruses. Cardamom 
mosaic (Katte) is an important virus affecting the 
production of cardamom in Karnataka. The virus 
was transmitted by aphid, Pentalonia nigroner-
vosa. There was a negative correlation between 
aphid population and the disease spread. The 
highest spread of disease occurred when aphid 
population was low. The spread of the disease 
was more associated with aphid activities rather 
than aphid population (Deshapande et.al. 1972).

The seed borne nature of common bean mo-
saic virus and its transmission by Aphis crac-
civora Koch, A. fabae sub-sp solanella, A. gos-
sypii Glov. Liphaphis erysimi, and M. persicae 
Sulz. were reported by Muniyappa (1976). Citrus 
tristeza virus (CTV) and a virus disease resem-
bling Hassaku dwarf in acid lime ( Citrus auran-
tifolia) were transmitted efficiently by aphid, 
Toxoptera citricida Kirkaldy (Balaraman and 
Ramakrishnan1977a, 1977b).

Marrow mosaic virus, a strain of watermel-
on mosaic virus, is transmitted by M. persicae 
(Sulz.) to marrow plants in a typical stylet-borne 
manner. Preacquisition starving of vectors was 
not essential for transmission, but did increase 
the transmission rate. Single aphid could trans-
mit the virus, more than 5/plant were required 
for 100 % transmission. A feeding period of only 
30 s was needed for acquisition of the virus, but 
one of 2 min resulted in maximum percentage 
transmission (Raychaudhuri and Varma 1977).

Pepper vein banding virus on bell pepper was 
reported to be transmitted by two aphid species, 
A. gossypii and M. persicae with the transmis-
sion efficiency of 62.0 % and 75.0 %, respective-
ly (Nagaraju and Reddy 1981). Similarly, pepper 
veinal mottle virus and cucumber mosaic virus 
also reported on bell pepper and were transmitted 
by the same aphids (Nagaraju and Reddy 1980).

In the absence of reliable virus-free garlic 
plants, Chenopodium album local lesion host of 
garlic mosaic virus–D isolate was successfully 
transmitted nonpersistently through M. persicae 

and A. craccivora (Noda and Inouye 1989). Ba-
nana bunchy top virus transmission is through its 
insect vector, the banana aphid ( Pentalonia ni-
gronervosa Coq) with minimum feeding period 
of 1.5–2 h on susceptible plants. An average of 
about 25 days incubation is necessary for the 
development of banana bunchy top symptoms. 
Nymphs are more effective vectors than mature 
aphids (Magnaye and Valmayor 1995).

Cucumber mosaic virus (CMV), pepper vein 
banding, pepper veinal mottle, potato virus Y, and 
tobacco etch viruses infected chilli crop through 
aphids namely A. craccivora, A. gossypii, and M. 
persicae in a nonpersistent manner as reported by 
Bidari and Reddy (1990). Likewise, mosaic dis-
ease was reported in sunflower crop for the first 
time from Karnataka (India) and they were trans-
mitted successfully by three aphid species viz., A. 
gossypii, A. craccivora and M. persicae. A. crac-
civora and M. persicae transmitted the mosaic 
virus in garlic nonpersistently to Chenopodium 
album (Ghosh and Ahlawat 1997).

The efficient transmitter M. persicae was able 
to transmit three cucumber mosaic virus (CMV) 
isolates in a nonpersistent manner to solanaceous 
crops. The efficiency of transmission was rang-
ing from 67 to 70 % for CMV in brinjal, 81–85 % 
for CMV in chilli, and from 77–81 % for CMV in 
tomato (Kiranmai et al. 1997). Transmission of 
CMV infecting cowpea was through A. cracciv-
ora, A. gossypii, and M. persicae in a nonpersis-
tent manner (Nagaraju and Keshavamurthy 1994; 
Mahalakshmi et al. 2008). Single aphid M. per-
sicae was able to transmit the CMV with 3 min 
AAP and 5 min IAP. The transmission efficiency 
of vector increased with 1 h preacquisition star-
vation (Nagaraju and Keshavamurthy 1997).

PRSV was reported to be transmitted by sev-
eral aphid species tested with transmission ef-
ficiency of more than 90 % (Lakshminarayana 
Reddy et al. 2007). A strain of PRSV was report-
ed infecting several cucurbitaceous crops around 
Bangalore through M. persicae, A. gossypii, and 
A. craccivora (Sreenivasa Rao Gude et al. 2008).

Gherkin ( Cucumis anguria) crop was found 
infected with two viral  diseases namely, PRSV 
strain P (PRSV-P) and cucumber green mottle 
virus (CGMV) (Rashmi et al. 2005a, 2005b). 
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PRSV-P is transmitted by four species of aphids 
namely, A. craccivora, A. gossypii, M. persicae, 
and M. nicotianae. Whereas, CGMV could not 
be transmitted by any of the above aphid species. 
Shah et al. (2008) found efficient transmission of 
ChiVMV in chilli and tobacco plant when one 
hour starved A. gossypii was allowed for 2–3 min 
of acquisition-feeding period with 5–10 virulifer-
ous aphids.

Single aphid of M. persicae and A. gossypii 
was able to transmit PRSV with a transmission 
of 56 % and 53 %, respectively, compared to A. 
craccivora (38 %). The time required for the 
initiation of the first probe on inoculated test 
plants was significantly shorter compared to A. 
craccivora. There was a perceptible decline in 
transmission efficiency as the sequestration pe-
riod increased, although M. persicae successfully 
transmitted PRSV after 30 min of sequestration 
(Kalleshwaraswamy and Krishna kumar2008; 
Krishnakumar et al.2010).

The natural spread of PRSV disease in the east-
ern Uttar Pradesh region (India) occurs by aphid 
vectors transmiting the disease through wounds 
created during sucking of sap for feeding. Five 
aphid vectors viz. A. craccivora, A. gossypii, A. 
citricola, M.persicae, and Rhopalosiphum mai-
dis, were common in the surveyed areas. The 
virus–vector relationship with M. persicae was 
the most efficient transmitting, 70 % of diseases 
within 12 days after inoculation. Aphids could ac-
quire the virus without any preacquisition fasting, 
and showed a decline in transmission after 4 h of 
preacquisition fasting. The aphid could readily 
transmit PRSV after 2 min of infection feeding 
with an optimum transmission after 6 min. of in-
fection feeding. The virus was totally inactivat-
ed at 4 h of postacquisition fasting. M. persicae 
ceased to be infective very soon and could infect 
not more than two plants in succession reveal-
ing “nonpersistent nature” stylet borne nature of 
PRSV (Singh Vimla and Singh Devendra 2010).

Two aphid species A. craccivora and A. gos-
sypii are efficiently transmitted the CMV in a non-
persistent manner within 20 min of acquisition and 
inoculation of 10–15 min. Thirty plants of robusta 
were inoculated with infective A. gossypii and 
30 plants of cowpea and commulina inoculated 

with infected A. craccivora. (Dheepa and Paran-
jothi 2010).Two aphid species, M. persicae and A. 
gossypii, transmitted the strain of potato virus Y 
causing egg plant mosaic in southern Iran between 
Turkish tobacco plants (Sadeghi et al. 2008).

Five to ten viruliferous aphids, A. gossypii 
transmitted successfully Pakistani isolate, chilli 
veinal mottle virus (ChiVMV) when they were 
starved for 1 h with acquisition-feeding period of 
2–3 min and IAP of 1 h (Shah et al. 2008).

Symptoms characteristic of the virus eggplant 
blister mottled virus (EBMV) appeared when 
healthy eggplants exposed to group of aphids M. 
persicae precaged on virus-infected plants for 1/2 
and 1 min. A. fabae and B. tabaci failed to trans-
mit the virus. The same period is also required 
for inoculation of healthy plants. This indicated 
that M. persicae transmitted the virus in a non-
persistent manner (Rakib et al. 2011). The en-
zyme-linked immunosorbent assay (ELISA) tests 
showed that two aphid species, M. persicae and A. 
gossypii, carried cowpea mottle virus. These tests 
also showed weak reaction with T. tabaci colonies 
collected from infected fields, but no positive re-
action was observed with T. tabaci colonies col-
lected from non-infected fields (Hajiabadi 2012).

Citrus triteza virus (CTV) is a member of 
genus Closterovirus with long flexuous virions, 
monopartite genome and is vectored by aphids. 
Efficiency of CTV transmissibility is affected by 
the species of aphids, the source plant at acqui-
sition feeding and the CTV isolate. The Brown 
citrus aphid (BrCA), i.e., A. gossypii is the most 
efficient vector of CTV in major citrus growing 
areas of Peninsular Malaysia, all citrus varieties 
and its hybrids including Fortunella sp., Citrofor-
tunella microcarpa and Citromelo were infected 
with CTV in a high rate. The survey of CTV 
vector(s) in Peninsular Malaysia revealed that 
atleast there is one efficient vector ( A. gossypii) 
of CTV in citrus growing areas (Ayzapour 2013).

In Nepal, sweet bean ( Lablab purpureus L.) 
is an important legume crop. During 2010, sweet 
bean plants showed mottling and leaf deforma-
tion, severe mosaic, necrosis, downward curling 
of leaves, and reduction in leaf size in addition to 
malformation of leaves and pods with 60–70 % 
incidence. It is transmitted in a nonpersistent 



169Vectors of Plant Viruses of Crop Plants in Southeast Asia

manner by M. persicae and is also reported as 
seed-transmitted (Pudashini et al. 2013).

Whitefly Whitefly, Bemisia tabaci (Hemiptera: 
Aleyrodidae) transmitted viruses (WTVs) occur 
predominantly in the tropics where their vec-
tors are most abundant. Several crops in Kar-
nataka, India are infected with WTVs causing 
enormous losses (Muniyappa 1980; Muniyappa 
and Veeresh 1984. Saikia and Muniyappa 1989; 
Banks et al. 2001.

B. tabaci originated in the tropics and sub-
tropics, has rapidly spread as a consequence of 
the international trade in flowers and other nurs-
ery stock. Because of its wide host range, rapid 
propagation, and superior ability to transmit 
virus, B. tabaci has become one of the most im-
portant pests in field crops worldwide. B. tabaci 
is a complex of numerous genetically distinct 
populations, previously referred to as biotypes 
and now recognized as cryptic species. There 
are about 24 cryptic species of B. tabaci, includ-
ing the two most widely distributed and invasive 
biotypes, B and Q, hereafter referred to as B and 
Q whiteflies. B. tabaci is the only known vector 
of TYLCV, which seriously reduces tomato pro-
duction and quality. TYLCV is a single-stranded 
DNA (ssDNA) plant virus in the genus begomo-
virus, family Geminiviridae that originated in the 
Middle East (Cohen and Harpaz 1964; Varma and 
Malathi 2003) Begomoviruses are transmitted by 
B. tabaci in a circulative manner and persist in 
the whitefly vector. Transmission of tomato leaf 
curl virus was successful when B. tabaci (Genn) 
were allowed to feed on leaf curl infected tomato 
for 24 h AAP and IAP with 10–15 whiteflies.

As early as 1947, mosaic on common weed, 
Malvastrum coromandelianum, was reported, 
and now it is whitefly transmitted begomovi-
rus (Harrison et al. 1991). Bhendi yellow vein 
mosaic (Harrison et al. 1991), Cassava mosaic 
(Mathew and Muniyappa 1991), Cotton leaf curl 
(Nateshan et al. 1996), croton yellow vein mo-
saic (Mandal and Muniyappa 1991), Hibiscus 
leaf curl (Rajeshwari et al. 2005), Pumpkin yel-
low vein mosaic (Muniyappa et al. 2003), Jat-
ropha mosaic (Aswatha Narayana et al. 2007), 
Tobacco leaf curl (Valand and Muniyappa1992), 

and Tomato leaf curl (Muniyappa et al. 2000) 
begomoviruses were transmitted by B. tabaci in 
a semipersistent manner (circulative manner).

For the first time, Cowpea mild mottle virus 
(CMMV) has been demonstrated transmitted by 
B. tabaci in a nonpersistent manner. B. tabaci 
adults acquired CMMV in 10 min transmitted it 
within 5 min to soybeans. Starvation before ac-
quisition had no effect upon transmission, but 
starvation after acquisition decreased transmis-
sion frequency (Muniyappa and Reddy 1983). 
The Bhendi yellow mosaic virus (BYVMV) dis-
ease is caused by the whitefly ( B. tabaci) trans-
mitted virus complex consisting of a monopartite 
begomovirus BYVMV and a betasatellite mol-
ecule. The causal virus and its associated betasat-
ellite molecule infect the crop at all the stages 
(Jose et al. 2003).

The infection of BYVMV to Bhendi under 
natural field conditions was depending on the en-
vironmental parameters, crop characteristics, and 
efficient vector whitefly ( B. tabaci) population 
(Khan and Mukhopadhyay 1985; Bhagabati and 
Goswami 1972). Susceptibility of cultivars en-
courages its incidence in the field in the presence 
of the active vectors. Considering it as one of the 
major constraints of okra cultivation, it is essential 
to gather basic information to understand the na-
ture of infection, source and gradual increase with 
the increase of plant age survival capacity of the 
virus and mode of spread among different varieties 
in a cropping season (Karri and Acharyya 2012).

High incidence of TYLCV in most tomato-
growing pockets and yield losses of 40 % or even 
higher in Risingpatan, Tanahun and Kudule, of 
western hills of Nepal is recorded. The TYLCV 
vector, whitefly ( B. tabaci), was found active 
throughout the crop-growing period in commer-
cial tomato-growing pockets ( Sita et al. 2001).

In China, TYLCV and tomato yellow leaf curl 
China virus (TYLCCNV) were shown to be hori-
zontally transmitted by both B and Q biotypes 
of whitefly, but transmission frequency was low 
(Wang et al. 2010). In 2006, TYLCV was intro-
duced into China, approximately 10 years after 
the introduction of an invasive whitefly, B. taba-
ci B biotype. After the introduction of Q biotype 
into China in 2003, the prevalence and spread of 
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TYLCV started to accelerate and found that the two 
biotypes might not be equally competent vectors 
of TYLCV. B. tabaci B and Q biotypes needed 48 
and 12 h AAP, respectively, to reach their respec-
tive maximum viral loads (Pan et al. 2012). Vector 
salivation is essential for TYLCV transmission.

The transmission efficiency of TYLCV by the 
whitefly vector, B. tabaci is high when it asso-
ciated with the bacterial symbiont Hamiltonella 
with a high frequency with close association of 
bacterial symbiont Hamiltonella with high fre-
quency. The Hamiltonella helps in retention and 
transmission efficiency of TYLCV helps in re-
tention and transmission efficiency of TYLCV 
by the whitefly vector (Pan et al. 2013). Tomato 
leaf curl virus (ToLCV-Ban4) was transmitted by 
single whitefly, but five insects were necessary to 
achieve 100 % transmission. Minimum AAP and 
IAP were 10 min and 20 min, respectively. A la-
tent period of 6 h was required for B. tabaci to 
efficiently infect tomato test plants. Following a 
24 h AAP, the insect retained its ability to infect 
tomato test plants for 12 days, but not for its entire 
life. In one insect/one plant inoculation tests, fe-
male whiteflies were more efficient (~95 %) than 
males (~25 %) in transmitting the virus (Muniyap-
pa et al. 2000). Similar virus vector relationships 
were found in whitefly transmitted viruses such 
as Croton yellow vein mosaic virus (CYVMV) 
(Mandal and Muniyappa 1991); ICMV (Mathew 
and Muniyappa 1991) and pumpkin yellow vein 
mosaic virus (PYVMV) (Muniyappa et al. 2003). 
The existence of a short incubation period and 
persistence of virus for 12 days in the vector sug-
gests that the virus is circulative but not propaga-
tive. The long persistence of ToLCV in vector and 
ability of single whitefly to cause disease, togeth-
er with intensive cultivation of tomato throughout 
the year and abundance of weed hosts are impor-
tant factors for very high incidence of ToLCV in 
nature (Muniyappa et al. 2000). At least 25 B. 
tabaci adults were required for the transmission 
of hibiscus leaf curl virus (HLCV) from hibiscus 
to hibiscus with minimum AAP and IAP of 12 and 
24 h, respectively (Rajeshwari et al. 2005). The 
minimum AAP and IAP were 30 min (10 % trans-
mission) and 15 min (10 % transmission), respec-
tively, and female B.tabaci are able to transmit 

TYLCV. The efficiency of transmission increased 
by increasing both AAP and IAP, as well as insect 
numbers (Ajlan et al. 2007).

The B-biotype B. tabaci was first observed in 
Kolar, Karnataka in India, during 1999 on toma-
to. High population of B-biotype was responsible 
for outbreak of tomato leaf curl virus which re-
sulted in total failure of tomato crop (Banks et al. 
2001). The B-biotype was more common than 
the indigenous B. tabaci, in locations where it 
had been present more than 2 years. It was found 
in most districtrs of Karnataka, Andhra Pradesh 
and Tamil Nadu, South India. (Rekha et al. 2005; 
Shankarappa et al. 2007).

Virus causing yellow vein disease on Calen-
dula officinalis L.was transmitted from natu-
rally infected C.Officinalis to healthy seedlings 
of C. officinalis through whiteflies. inoculation. 
A single whitefly could transmit the virus and 
showed 20.55 % infection and 15 whiteflies were 
required for 100 % transmission. The minimum 
acquisition access feeding period and minimum 
inoculation access feeding period for the present 
virus were 10 min and 30 min, respectively. Ac-
quisition access feeding period and inoculation 
access feeding period was 100 % at 6 h and 3 h, 
respectively. A pre-acquisition access feeding pe-
riod of 3 h or more gave 100 % transmission. Post 
acquisition access feeding period of whiteflies 
did not have any effect in increasing transmis-
sion of CYVV. As post acquisition access feeding 
period increased, the transmission of CYVV was 
gradually decreased (Bushra Afreen 2000)

[PYVMV was transmitted to healthy pumpkin 
plants only by B. tabaci and not through sap inoc-
ulation. A single viruliferous whitefly was able to 
cause 21.67 % infection but 100 % infection was 
obtained when 15 whiteflies were used per plant. 
The acquisition threshhold and the inoculation 
threshhold periods for the whitefly were 6 h and 
3 h, respectively. The percentage of transmission 
increased with increase in both acquisition and in-
oculation feeding periods. A preacquisition star-
vation period of 3 h gave 100 % transmission, but 
postacquisition starvation was found to reduce the 
transmission efficiency (Jayashree et al. 1999).

Dolichos yellow mosaic virus (DoYMV) 
was transmitted poorly by B. tabaci. Whitefly 
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acquired DoYMV in 6 h and transmitted in 1 h. A 
minimum of four B. tabaci adults were required 
for the transmission of virus with 1.6 % efficien-
cy which increased to 18.3 % using 50 adults/
plant after 24 h AAP and IAP (Manjunath and 
Muniyappa 1995; Maruthi et al. 2006). The rate 
of transmission of Jatropha mosaic virus (JMV) 
by B. tabaci was low (4 %) when 5 or 10 adults 
were used for inoculation. About 25 adults that 
were given 24 h AAP and 48 h IAP transmitted 
the virus to an extent of 40 % (Aswatha Narayana 
et al. 2007).

A single whitefly was capable of transmitting 
chilli leaf curl virus, and eight or more whiteflies/
plant resulted in 100 % transmission. The mini-
mum AAP and IAP were 180 and 60 min, respec-
tively. The virus persisted in whiteflies for up to 
5 days post acquisition (Senanayake et al. 2012). 
The infected plants develop partial or complete 
brilliant golden yellow mosaic on leaves, stunt-
ed growth, less number of pods with reduced 
pod size. The rate of transmission of virus with 
10 viruliferous whiteflies ( Bemisia tabaci) was 
100 % at 24h acquisition and inoculation access, 
and latent period for symptom expression was 
between 7 and 15 days after inoculation. Single 
whitefly per plant could transmit the disease up 
to 40 %. (Jyothi et al. 2013)

Thrips Thrips are small to minute insects with 
an adult body size ranging in most species from 
about 0.5 to 5 mm and adults usually have four 
slender wings. About 5000 species of thrips have 
been recognized represents a little over 60 % of 
the world total. As plant disease perspective all 
known vectors of tospoviruses are only in two 
genera of thirps: Franklieniella and Thrips. 
Among several thrips, Thrips palmi Karny com-
monly known as melon thrips is believed from 
Southeast Asia (Mound 1996). T. palmi Karny is 
a phytophagous pest, especially of species in the 
Cucurbitaceae and Solanaceae, such as sweet 
pepper, tobacco, cucumber, watermelon, melon, 
squash, and pumpkin and potato. However 
other crops such as cotton, cowpea, pea, com-
mon bean, soybean, sunflower, and sesame are 
also hosts. T. palmi lifecycle from egg to adult 
lasts 17.5 days at 25 °C. The adults emerge from 

pupae in the soil and migrate to leaves and flow-
ers of host plants, where they can be found in 
pockets, cracks or crevices. Eggs are laid on the 
host. The second larva goes into the soil, where 
it develops and pupates, thus completing the life 
cycle. T. palmi transmits Groundnut Bud Necro-
sis Virus (GBNV) (Vijaylakshmi 1994; Wight-
man et al. 1995. In India Adkins et al. (2010) 
reported major thrips species viz., T. palmi, T. 
tabaci, F. schultzei, Scirtothrips dorsalis and T. 
hawaiiensis in crops like tomato, chilli, pepper 
and onion.

In Thailand, a new vector of capsicum chlo-
rosis virus, i.e., adult Ceratothripoides claratris 
showed 69 % transmission to tomato after acquir-
ing the CaCV (isolate AIT) as freshly emerged 
(< 1 h) first-instar larvae. However, when just 
molted (< 1 h) second-instar larvae acquired the 
virus, the percentage of adult transmitters signifi-
cantly decreased (48 %). The transmission effi-
ciency of up to 47 % was detected with second 
instar larvae of C. claratris which had acquired 
the virus as freshly emerged first-instar larvae 
(Premachandra et al. 2005). Transmission effi-
ciency did not significantly differ between adult 
males and females, irrespective of the larval 
stage at which the virus was acquired. Highest 
transmission efficiency for CaCV was recorded 
in adult C. claratris derived from second-instar 
larvae collected from infected tomato plants in a 
greenhouse. Lowest transmission efficiency was 
observed in adults directly collected from infect-
ed tomato plants in the greenhouse. The spread of 
CaCV on tomato plants in greenhouses showed a 
close association with thrips infestations.

Members of the subfamily Deltocephali-
nae include many vector species transmitting 
pathogens among economically important crops. 
Species of ten genera belonging to seven tribes 
namely, Exitianus ball, Nephotettix matsumura, 
Deltocephalus Burmeister, Hecalus Stål, Balclu-
tha Kirkaldy, cicadulina China, Hishimonus ishi-
hara, Orosius distant, Changwhania Kwon and 
Doratulina melichar were detected in a survey 
carried out during 2007–2008 in Mid Country 
associated with the vegetable ecosystems of Sri 
Lanka. An illustrated dichotomous key based on 
the morphology and genitalia characters is pre-
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sented here for easy identification of field col-
lected leafhoppers at generic level (Gnaneswaran 
et al. 2010).

After 3 weeks of exposition to a colony of 
Thrips tabaci previously grown on tomato yellow 
ring virus infected soybeans, some tobacco plants 
(2/12, 16.7 %) showed leaf chlorosis and diffuse 
necrosis symptoms. In another test, 7 out of 20 
tobacco seedlings (35.0 %) exhibited the same 
symptoms 21 days after the inoculation with lar-
val thrips (Ali Raza Golnaraghi et al. 2007).

Leaf Hopper Transmission of eggplant mot-
tled dwarf virus (EMDV), a plant rhabdovirus, 
was achieved by the agallian leafhopper Agallia 
vorobjevi. Symptoms began to appear 20 days 
after inoculation. Viruliferous leafhoppers were 
also captured in the field (Babaie and Izadpanah 
2003). Chickpea chlorotic dwarf virus (CpCDV), 
genus Mastervirus, family Geminiviridae), is 
the most common viral disease of chickpea 
in Pakistan. Transmission results showed that 
leafhopper O. albicinctus successfully transmit-
ted CpCDV from diseased to healthy chickpea 
plants. (Akthar et al. 2011). The phytoplasma 
that causes phyllody disease in Sesamum was 
successfully transmitted from infected to healthy 
plants via leafhopper O.albicinctus. The caus-
ative agent was successfully transmitted to ten 
healthy plants, producing disease symptoms 
within 25–35 days in all the plants with 60 % of 
healthy plants (Akhtar et al. 2009).

Psyllids Two species of citrus psyllid, Diapho-
rina citri Kuwayama (Asiatic psylla) and Trioza 
erytreae Del Guerico, (African psylla) can trans-
mit the greening pathogen. Acquisition feeding 
period is 30 min or longer. The pathogen remains 
latent for 3–20 days. Inoculation feeding period 
is 1 h or more (Huang et al. 1990; Batool et al. 
2007).

Management

Khan and Mukhopadhyay (1985) found that soil 
application of methyl phosphoro dithioate (fura-
tox-104) at 15 kg ha/ha followed by four sprays 

of matasystax 25 EC at 0.03 % at 15 days inter-
vals recorded reduced yellow vein mosaic inci-
dence in Okra with 23.26 % compared to control 
(81.22 %). The average whitefly population in 
treated plot was 59.66 compared to 231 in con-
trol with enhanced yield up to 59.45 q/ha over 
23.8 in control. Three sprays of phosphomidon 
(0.02 %) or metasystax (0.02 %) or soil appli-
cation of phorate 15 kg ha−1 or early sowing or 
intercropping okra with cowpea or mungbean re-
corded less number of B. tabaci with decreased 
BYVMV incidence and increased yield (Singh 
and Singh 1989). Neem-based products showed 
no effect in controlling whitefly and the disease 
(Pun et al. 2000).

As reported by Shankarappa (2002) the seed 
treatment with imidacloprid 70WG (3 g/kg seed) 
followed by three sprays of imidacloprid 200SL 
(0.03 ml/L) in tomato recorded lowest incidence 
of ToLCV disease (30.0 %) with increased yield 
of 51.17 t/ha over control (14.94 t ha). Seed treat-
ment with imidacloprid 70WG (5 g kg seed) was 
effective in controlling YVMV in okra transmit-
ted by with highest C:B ratio of 5.9 (Shivapuri 
et al. 2004).

Yellow mosaic virus (YMV) in okra could ef-
fectively managed by growing maize as border 
crop, the disease incidence was 30.0 % compared 
to 50.06 % in control with yield of 46.90 and 
2.73 t ha, respectively (Pun et al. 2005). The low-
est YMV incidence was due to obstruction in the 
movement of viruliferous whiteflies from out-
side. Profenophos 40 EC (500 g a.i/ha) and thio-
methoxam 25 % WDG (25 g a.i/ha) effectively 
controlled whitefly population with reduced leaf 
curl incidence and increased yield in tomato (Ra-
jashri et al. 2009).

The management of leaf curl disease, by plant 
products showed that neem seed kernal extract 
(5 %) was most effective than karanj and tumba 
seed extract. Management by insecticides, imi-
dacloprid 17.8 SL (0.003 %) was most effective 
than spinosad 48 EC (0.02 %), malathion 50 EC 
(0.05 %), acephate 75 SP (0.1%) and methyl-
demeton 25 EC (0.025 %). Management of chilli 
leaf curl was done by seed extract of plants and 
insecticides at different concentrations. (Pandey 
et al. 2010).
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The pole bean yellow mosaic disease could be 
effectively managed by integrated module viz., 
border crop with African tall maize, seed treat-
ment with of imidacloprid 70 % WS at 5.0 g kg, 
use of reflective mulch, spraying triazophos 40 
EC at 0.175 % at 30 days after sowing (DAS) 
and with thiomethoxam 25WDG at 0.05 % at 45 
DAS. The integrated module resulted in reduced 
disease incidence (7.4 %) and whitefly count 
(1.0), highest yield of 32.2 t ha with cost:benefit 
ratio of 1:3.17 compared to untreated control 
recording mean incidence of 33.0 %, white fly 
count 4.73 and 9.70 t ha yield (Jyothi et al. 2013).

Vectors play a main role in the epidemiol-
ogy of the virus diseases. Most of the viruses 
are transmitted by aphids and leafhoppers. Once 
pathogens are identified, molecular diagnostic 
techniques could be established, and this would 
help in epidemiology and identification of dura-
ble resistant sources. Potential transmission of vi-
ruses with other vector groups (fungi, nematodes, 
and other insect species) has to be identified. 
Biodiversity of both viruses and vectors should 
be studied for better management of viruses. In 
future, genetic engineering techniques facilitate 
with resistant genes from wild species into culti-
vated genotypes to combat viruses.
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Abstract

Multiple pest management tools including biological approaches, are gen-
erally recognized as possible solutions. Bacillus thuringiensis (Bt) Berliner 
has been used as a biopesticide in agriculture. The insecticidal properties 
of this bacterium are due to insecticidal proteins. Genetic improvement of 
Bt natural strains, in particular Bt recombination, offers a promising means 
of improving efficacy and cost-effectiveness of Bt-based bioinsecticide 
products to develop new biotechnological applications; which describes 
site-specific recombination, including transposition and transduction. Ap-
plications of homologous recombination include disruption of cry and cyt 
genes to assess their contribution to pesticidal activity and inactivation 
of protease producing genes to increase crystal production and stability. 
Conjugation-like system is used to transfer cry encoding plasmids within 
strains but most cry genes are not readily transmissible by this process. 
Nevertheless, a number of transconjugant and naturally occurring strains 
producing Cry proteins distinct from those of Bt HD-1 subsp. kurstaki, 
including strains of Bt subsp. aizawai and Bt subsp. morrisoni, have been 
registered with Environmental Protection Agency (EPA). Engineering Bt 
and B. cereus came in 1989 through electroporation to transform vegeta-
tive cells with plasmid DNA. Genes conferring resistance to insects have 
been inserted into crop plants.

Keywords 

Bacillus thuringiensis · Molecular approaches · Pest · Resistance

Introduction

Since World War II, control methods of insect 
disease have relied heavily on broad-spectrum 
synthetic chemical insecticides. However, many 
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governments have restricted the usage of chemi-
cal insecticides due to their negative environmen-
tal effects. As a result, the use of biopesticides, as 
a component of an integrated pest management 
(IPM), has been gaining worldwide acceptance. 
Bacillus thuringiensis (Bt) has been used as a 
biopesticide. Its advantages are specific toxic-
ity against target insects, non-polluting residues 
and safety to non-target organisms. Bt produces 
crystals, composed of protein/s known as insecti-
cidal crystal protein/s (ICPs) during sporulation, 
which are selectively toxic to different species 
of several invertebrate phyla. In addition, some 
Bt strains secrete vegetative insecticidal proteins 
(VIPs) during vegetative growth that are toxic to 
many lepidopteran pests, causing lysis of midgut 
epithelial cells and gut paralysis. Some Bt strains 
also secrete proteases, chitinases, and other viru-
lence factors conferring insecticidal activity.

Genetic improvement of Bt strains for the 
development of novel biopesticides entails in-
creasing their potency against target insects, 
broadening the insecticidal spectra for specific 
crop applications, improving persistence on 
plants and optimizing fermentation production 
and the most important of all meeting the resis-
tance development needs. This review focuses 
on the developments of genetic manipulation for 
improving Bt strains.

Genetic Manipulation of BT

Transduction
The first genetic exchange system available in 
Bt was generalized transduction mediated by the 
Bacillus cereus Frankland and Frankland phages 
CP-51 or CP-54. This system allows the trans-
fer of chromosomal markers. Since then, various 
phage-based systems for mapping chromosomal 
genes have been developed for several groups. 
The generalized transducing phage CP-55, ob-
tained by Thorne’s laboratory, was able to realize 
inter-varietal transduction between Bt subspecies 
galleriae and israelensis. TP-13, a broad host-
range temperate phage, which infected 18 of 19 
tested Bt subspecies, is useful in scanning large 
segments of chromosome. TP-18, a narrower 
host-range phage, which infected 9 of 21 Bt sub-

species and had a head size seven times smaller 
than that of TP-13, was effective for ordering 
markers that were too closely linked. CP-51 
could also be used to transduce plasmid mole-
cules such as pBC16 and pC194 into strains of B. 
cereus, B. anthracis and Bt, at frequencies as high 
as 10−5. Transduction has allowed the transfer of 
recombinant plasmids carrying crystal protein 
genes between Bt strains at detectable frequen-
cies. This is of particular value for biotechnologi-
cal applications because introduction of cloned 
crystal protein genes into various Bt subspecies, 
including both Cry−  and Cry+ strains can expand 
the insecticidal spectrum of each strain, allowing 
native strains to have better insecticidal activity 
against more insect species. Transduction is an 
efficient means of gene transfer yielding high 
levels of gene expression, but not all strains are 
amenable to phage transduction. Furthermore, 
the stability of the introduced plasmids depends 
mainly on the host.

Conjugation
The second important advance in genetic ex-
change is the discovery of a conjugation process 
where the donor and the recipient strains are 
grown together for a few generations in nutrient 
broth, and the mixture is plated onto an appro-
priate medium that is selective for the recipient 
cells. The transcipient cells are scored by analyz-
ing the plasmid profiles of the resulting recipient 
colonies by electrophoretic analysis. Using the 
cell-mating method, both large and small plas-
mids were found to transfer equally well between 
strains Bt, B. cereus and B. anthracis. Subse-
quently, there were many reports on the use of 
this conjugation-like process for transferring spe-
cific plasmids in Bt. A recombinant plasmid from 
B. subtilis (containing a cloned Bt toxin gene) 
transferred readily into Bt subsp. kurstaki, israel-
ensis and sotto. This mating system can also be 
used for Bt and other gram-positive species. Plas-
mid pC194 from Bt strain 0016 and pBC16 from 
B. cereus could be transferred to Bt subsp. israel-
ensis. Plasmid pBC16 transfers from B. subtilis 
to B. anthracis, B. cereus, B. licheniformis, B. 
megaterium, B. pumilus, B. subtilis, and Bt using 
the conjugation-like process. In soil microcosm, 
the conjugation-like process has been poorly 
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described (Vilas Boas et al. 2000). This is very 
important from a biotechnological point of view 
because many biopesticides can be created. For 
example, scientists in Ecogen Corporation (USA) 
have developed a broad spectrum Bt biopesticide 
foil for controlling lepidopteran, coleopteran and 
many plant pests through conjugal transfer and 
plasmid curing. An important advantage of the 
conjugational approach is that the transconju-
gants are treated as “non-genetically engineered” 
and are, thus, subject to relatively simple regula-
tory registration. Strain improvement may also 
entail elimination of any undesirable activities 
through plasmid curing.

Transformation
Initially, transformation of Bt was only possible 
using a protoplast, which yielded low transfor-
mant frequencies. This technique is largely inef-
ficient, complex and can probably not be applied 
to most Bt strains. The preferred method of gene 
transfer employs the electroporation technique, 
for which numerous protocols are available, 
where a high voltage electric discharge through 
a cell suspension results in a transient increase 
in permeability of the cell membrane and hence 
DNA enters the cells and transformants can be 
obtained within 24 h. Two plasmids can be trans-
formed simultaneously into a recipient using this 
technique. The transformation frequencies are in 
the range of 102–105 colony forming units (cfu)/
µg, depending on the strain or the replicon used. 
This technique is useful for the introduction of 
cloned toxin genes, in either their native or modi-
fied form, into a variety of host strains, includ-
ing acrystalliferous strains. This allows to the 
broadening of the insecticidal activity spectrum 
of many strains, which can have biotechnologi-
cal applications against many plant pests. Bao 
et al. (2009) applied Agrobacterium-mediated 
genetic transformation to produce transgenic 
plants of spinach ( Spinacia oleracea) resistant to 

two pest species, Trichoplusia ni (Hubner) and 
Autographa nigrisigna. They checked the effect 
of Cry1Ac toxin on the development of Autog-
rapha nigrisigna larvae and observed that larvae 
fed with non-transgenic plant developed into 
pupal stage while the larvae fed with transgenic 
plants died within 1 week (Table 1, Fig. 1).

Mehrotra et al. (2011) modified cry1Ab and 
cry1Ac insecticidal genes of Bt under the con-
trol of two different constitutive promoters and 
introduced into chickpea ( Cicer arietinum L.) 
by Agrobacterium-mediated transformation. One 
hundred and eighteen stable transformed T0 
plants as independent transformation events were 
obtained expressing individual cry1Ab, cry1Ac, 
or both pyramided genes for their co-expression 
driven by either cauliflower mosaic virus 35S 
promoter with duplicated enhancer (CaMV35S) 
or synthetic constitutive promoter (Pcec) and 
their combinations. Integration and inheritance of 
transgenes in T0 and T1 population of transgenic 
chickpea plants were determined by PCR, RT-
PCR and Southern hybridization. The performed 
insect bioassay with modified transgenic plant 
showed relatively higher toxicity for plants ex-
pressing Cry1Ac protein as compared to Cry1Ab 
to Helicoverpa armigera (Hubner). Pyramided 
transgenic plants with moderate expression levels 
(15–20 ng mg−1 of TSP) showed high-level of re-
sistance and protection against pod borer larvae of 
H. armigera as compared to high level expression 
of a single toxin. These results have shown the 
significance of pyramiding and co-expression of 
two Cry toxins for efficient protection against lep-
idopteran pests of chickpea. Ibrahim et al. (2008) 
studied Cry1Ag-expressing BT4 Bt strain caused 
mortality of S. littoralis larvae only slightly (the 
LC50 was 104 ppm) and observed that in the 
presence of only Cry1C, the LC50 was 64 ppm. 
In the presence of Cry1C co-expressed with 
Cry1Ag, the LC50 decreased to 2.2 ppm. Thus, 
a combination of the Cry proteins 1C and 1Ag 

Insects n Insect mortality (%)a

Control Cry1Ac
Trichoplusia ni 25 0 100
Autographa nigrisigna 30 10 93.3
a Data were recorded 7 days after feeding. (Bao et al. 2009)

Table 1  Bioassay of 
transgenic plant against 
Trichoplusia ni and Autog-
rapha nigrisigna

  



182 A. Patel et al.

could result in effective insect control. With this 
approach, a combination of Cry proteins can be 
designed rather than discovered (Fig. 2, Table 2).

Genetic Recombination
To avoid segregation or structural instability of 
plasmids in the recombinant strain, strategies for 
the integration of genes into resident plasmids or 
into the chromosome of the desired strain by in 
vivo homologous recombination were developed 
with the help of integration vectors. Since 1991, 
genetic recombination has been used as a tech-
nique to improve Bt strains. The integration via 
single or double crossover can occur by homolo-
gous recombination between the resident plasmid 
and the Bt subsp. israelensis. DNA fragments 
flanking the erm gene harbored in the integration 
plasmid. A very low frequency of recombination 
was observed for this event; this is not surprising, 
since the integration of the nonreplicative plas-
mid is the result of both a transformation and a 
recombination event between two different plas-
mids. Due to low frequency, the insecticidal host 
range of Bt, transformation and recombination 
were uncoupled using a thermo sensitive plasmid 
as integrative vector.

Another tool for the recombination in Bt 
strains was the deployment of a site-specific re-

combination (SSR) system, to selectively delete 
ancillary or foreign DNA elements from recom-
binant plasmids after their introduction into a Bt 
host. The SSR system is useful for engineering 
strains with unique combinations of cry genes, 
resulting in new active ingredients with improved 
insecticidal properties. This system consists in 
Tn5401, which is a transposable element indig-
enous to the Bt subsp. morrisoni strain EG2158. 
This transposon encodes a transposase protein 
(TnpA), a recombinase protein (TnpI) and a site-
specific recombination site, or internal resolution 
site (IRS) which is required for Tn5401 transposi-
tion in Bt (Baum et al. 1999). Transposon Tn4430 
was used to eliminate in vivo unwanted DNA se-
quences from transforming vectors harboring two 
IRSs. The transposon vector pEG922, containing 
transposon Tn5401 was used to disrupt the spo0F 
gene. In addition, a native Bt plasmid replicon 
was combined with an indigenous site specific re-
combination system that allowed for the selective 
removal of foreign DNA from the recombinant 
bacterium after introduction of the Cry-encoding 
plasmid vector. In this way, a coleopteran-active 
strain, approved as the native ingredient for Raven 
OF bioinsecticide, was constructed. The lethal 
concentration 50 % (LC50) of G033A against S. 
exigua, P. xylostella, and H. amigera was 4.26, 
0.86, and 1.76 μg/ml, respectively (Table 3).

Fig. 1  Effect of Cry1Ac toxin on development of Autographa nigrisigna larvae. A larva developed into pupal stage 
when fed with leaves of control non-transgenic plant (a), whereas the larvae fed with leaves of transgenic plants died 
within 1 week of feeding (b). Arrows indicated dying larvae. (Bao et al. 2009)
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Yue et al. (2005a) obtained two integra-
tive recombinant Bt strains; BMB1520-E, and 
BMB1520-F. In recombinant BMB1520-F, 
the cry1C gene was expressed stably at a sig-
nificant level and did not reduce the expression 
of endogenous crystal protein genes. Bioas-

say results indicated that BMB1520-E and 
BMB1520-F showed a higher level of activ-
ity against S. exigua third-instar larvae than did 
their parent strains, in addition to the high toxic-
ity to Plutella xylostella third-instar later larvae 
(Table 4).

Fig. 2  The effect of toxicity of Bt Bt4 cry- and Bt4 transformed with cry1C, cry1Ag and cry1C/1Ag on larvae of S. 
littoralis compared with the effect of Bt strain kur-HD73 and its transformed one ( kur-HD73 harboring cry1C; Ibrahim 
et al. 2008)

 

Strain/toxina LC50
b c d ( ppm) 95 % confidential 

limits
Slope/SE

Kur-HD73 Cry1Ac 197.42 (150.42–321) 1.79 ± 0.36
Bt/NC3 Cry1C 63.23 (221.15–22.07) 1.67 ± 0.391
Bt/NAg Cry1Ag 103.69 (122.71–87.71) 2.94 ± 0.40
Bt/N1C1Ag Cry1C & Cry1Ag 2.216 not determined 0.87 ± 0.38
Entomocidus Cry1C 41.48 not determined 3.9 ± 1.016
Transformed-HD73 Cry1C & 

Cry1Ac
6.65 not determined 1.89 ± 1.059

Mixture of HD73 and entomocidus 31.32 (33.49–29.23) 9.13 ± 0.926
Mixture of BtN1Ag and BtN1C 6.6 not determined 1.89 ± 1.059
SE standard error
a Bioassays were performed on spore-crystal preparations from T3 liquid cultures (Ibra-
him et al. 2008)
b LC50 is a concentration of toxin required to kill 50 % of 1st instar larvae
c LC50s were calculated by probit analysis
d Probit model is Y = a + b * x; where Y = probit value, a = intercept, probit value for x = 0, 
b = slope, regression coefficient of y on x, x = log (dose)

Table 2  The LC50 values 
in ppm of toxins and 
combination of toxins used 
against the cotton leaf 
worm S. littoralis
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Wang et al. (2008) studied the cry-type gene 
of wild Bt strain UV17, identified and a novel 
cry1Ba gene was cloned. The cry3Aa7 gene, 
which was highly toxic to coleopteran pests, was 
introduced into UV17, and a recombinant strain 
designated as UV173A was obtained. Bioassay 
results showed that UV173A was not only high-
ly toxic against Plutella xylostella (50 % lethal 
concentration [LC50] = 18.03 µg ml−1), but also 
against coleopteran Leptinotarsa decernlineata 
(LC50 = 0.19 µg ml–1). The recombinant strain 
was then tested in field trials to monitor its spatial 
variation of population and to investigate the im-
pact on non-target invertebrates. A recombinant 
Bt strain, UV173A with broad insecticidal spec-
trum was obtained, and it did not cause adverse 
effects on the population of non-target organisms 
(Table 5, Fig. 3).

Table 4  Bioassays of wildtype strain and integrative recombinants. (Yue et al. 2005a)
Test pests Strains Regression equation of toxicity Correlation coefficient LC50 value (µL/mL)
P.xylostella YBT1520 Y = − 1.348 + 2.073X 0.94 1.066

BMB1520–B Y = 3.382 + 0.538X 0.99 1.203
BMB1520–E Y = − 1.165 + 2.312X 0.98 1.186
BMB1520–F Y = 2.797 + 1.122X 0.97 1.019

S.exigua YBT1520 Y = 2.684 + 0.681X 0.97 1.597
BMB1520–B Y = 2.793 + 0.925X 0.98 1.308
BMB1520–E Y = − 1.331 + 2.074X 0.93 1.048
BMB1520–F Y = 1.668 + 1.125X 0.98 0.856

Fig. 3  Re-isolation of the released strain UV173A inside 
and outside the release plot. Included in graphs are con-
centrations of total bacteria within the plot (log CFU g−1 
soil dry weight), the released strain UV173A within the 
plot (log CFU g−1 soil dry weight), as well as at 20 m from 
the plot. All samples were analyzed in duplicate (Wang 
et al. 2008)

 

Strains Insecticidal activity (LC50; 95 % confidence interval)
Plutella xylostella
(µg ml−1)

Leptinotarsa decernlineata
(mg ml−1)

UV17 18.21 (16.0–20.0) > 500.0
UV173A 18.03 (13.0–22.0) 0.19 (0.09–0.33)
Bt22 NA 0.44 (0.25–0.80)
NA no activity (Wang et al. 2008)

Table 5  Insecticidal activ-
ity assay of lyophilized 
spore crystal mixtures of 
the strains

Strains Insecticidal activity (LC50; 95 % confidence interval)
P. xylostella
(μg ml−1)

H. amigera
(μg ml−1)

S. exigua
(μg ml−1)

P. aenescens
(mg ml−1)

G03 0.71(0.49–1.07)a 1.48(1.2–1.77)a 2.98(1.85–3.98)a NA
G033A 0.86(0.56–1.26)a 1.76(1.29–2.22)a 4.26(2.74–6.51)a 0.35(0.24–0.57)b

Bt22 NA NA NA 0.22(0.12–0.36)b

NA no activity
a Only for the 130 kDa components contained in the dry powder of tested stain (Wang 
et al. 2006)
b Only for the 67 kDa components contained in the dry powder of tested stain

Table 3  Insecticidal assay 
results of lyophilized 
spore-crystal mixtures of 
the strains
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This review has shown that all contributions are 
focusing on the main biotechnological application 
of Bt as bioinsecticide, although they are using dif-
ferent genetic techniques. However, all techniques 
have advantages and disadvantages that make 
them different from each other and true to the pur-
pose of each research as summarized in Table 6.
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Table 6  Advantages and disadvantages of each genetic method for improvement of Bt strains. (Sansinenea et al. 2010)
Method of genetic manipulation Advantages Disadvantages
Transduction Is an efficient means of gene transfer 

yielding high levels of gene 
expression

Not all strains are amenable to phage 
transduction and the stability of the 
introduced plasmids depends mainly 
on the host

Conjugation (1) Both large and small plasmids 
were found to transfer equally well 
between strains

(2) Transconjugants are treated as 
“non-genetically engineered” and 
are, thus, subject to relatively 
simple regulatory registration

(1) Plasmid incompatibility, as strains 
are often limited in their capacity to 
act as donors or recipients

(2) Location of cry genes on non-trans-
missible plasmids

(3) A plasmid may carry additional unde-
sirable genes

(4) Eventual segregational loss of plas-
mid in transconjugant strains

(5) Unintended transfer of plasmids from 
one to another strain may occur

Transformation by electroporation Rapid, simple and effective method 
of introducing plasmid DNA intro 
strains of Bt

(1) The transformation depends on the 
strain or the replicon used

(2) Segregational or structural instability 
of some plasmids in the recombinant 
strain

Genetic recombination Avoids segregational or structural 
instability of plasmids in the 
recombinant strain integrating 
genes into resident plasmids or 
into the chromosome

The low frequency of recombination 
makes this approach unsatisfactory for 
poorly transformable strains
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Abstract

The diapause hormone has been identified as a major factor inducing dia-
pause in silkworm, Bombyx mori L. However, the molecular mechanism 
controlling egg diapause in multivoltine silkworm remains unclear. In 
this study, an attempt is made to decipher molecular events during em-
bryonic diapause in multivoltine silkworm. Using suppressive subtrac-
tive hybridization (SSH) 186 cDNA clones were isolated and sequenced 
from both diapause and non-diapause eggs wherein 29 diapause-related 
genes were identified and classified into six functional groups. The qPCR 
analysis confirmed the expression of 11 of these genes, wherein, three 
were upregulated during diapause and another seven during non-diapause, 
while, one gene remained unchanged. The gene expression profiles of 
diapause-induced and non-diapause eggs of multivoltine silkworm were 
also investigated at 18 and 30 h after oviposition using oligonucleotide mi-
croarrays containing 24,924 probes. Data analysis revealed upregulation 
of 638 genes and downregulation of 1136 genes at 18 h after oviposition. 
Further at 18 and 30 h after oviposition, 115 genes were stably upregu-
lated, while 117 were stably downregulated. The annotated genes showing 
fold change of one and above were classified into seven functional groups, 
viz. immune, metabolism, stress, signal transduction, cell cycle, transcrip-
tion, and apoptosis. The overall genes expressed at 18 h was higher than 
that at 30 h under both diapause and non-diapause conditions indicating 
that crucial biological processes for initiation or termination of diapause 
mechanism occur during 18 h time period.
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Bombyx mori · Diapause · Gene expression · Multivoltine
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Introduction

Among the factors contributing to the abundance 
of insects, a major element is the adaptation to 
survive under unfavourable environmental condi-
tions through diapause in different developmental 
stages leading to suppressed metabolism. It has 
long been known that the major cues that insects 
use to enter diapause are photoperiodic, sensing a 
reduction in day length and thermoperiodic, sens-
ing a reduction in temperature. Suppression of 
metabolism enables the insect to stretch its food 
reserves to bridge the unfavourable period. Sur-
vival during diapause may also be enhanced by 
coupling suppression of metabolic activities with 
synthesis of polyols, other cryoprotective agents, 
and heatshock proteins that reduce injury at low 
temperatures. Upon termination of diapause, the 
metabolic rate rapidly increases, which initiates 
development. Thus, the diapause and non-dia-
pause phase of the insect’s life cycle represent 
striking contrasts, and these differences at the 
molecular level remains largely unknown.

The silkworm, Bombyx mori, is a holome-
tabolous insect that has four distinct life stages, 
including embryo, larva, pupa, and moth. It is 
a model organism for Lepidoptera in molecular 
genetics as well as functional genomics (Den-
linger 2002). Diapause hormone (DH), one of the 
neurohormones, has been identified as a major 
factor inducing diapause in the resulting embry-
os (Hwang et al. 2005). The expression of DH 
mRNA in the early pupal stage correlates to the 
incidence of diapause (Sato et al. 1993; Xu et al. 
1995). Although these findings clearly show that 
this hormone regulates the induction of embry-
onic diapause, it is still unidentified whether the 
individual gene expression profile regulates the 
stage of initiation or termination of diapause.

Several classes of diapause upregulated genes 
such as stress response genes, developmental 
arrest genes, and genes involved in regulating 
specific physiological activities that are unique to 
diapause have been noted. Although some genes 
are turned on at the onset of diapause and remain 
upregulated until diapause has been broken, oth-
ers are uniquely expressed only in early or late 
diapause.

Earlier, Flannagan et al. (1998) identified 
genes differentially regulated during diapause 
in the flesh fly ( Sarcopahaga crassipalpis Mac-
quart). The study resulted in significant obser-
vations like downregulation of proliferating 
cell nuclear antigen during diapause. Another 
interesting discovery was of the ribosomal pro-
tein P0, expressed in a cyclic pattern throughout 
diapause (Craig and Denlinger 2000). However, 
the characterization of genes upregulated during 
the egg diapause of Bombyx mori is still quite 
limited.

Although the molecular mechanism control-
ling egg diapause remains obscure, it has re-
cently been reported that Heat shock protein 70a, 
samui, sorbitol dehydrogenase (SDH a & b) and 
glycerol kinase genes play important roles in the 
mediation of egg diapause in silkworm, B. mori 
(Kihara et al. 2011). However, the role of each 
gene in diapause regulation is unclear. Further, 
to decipher the molecular events, it is essential 
to identify additional genes upregulated during 
diapause. In the present study, efforts have been 
made to use the suppressive subtractive hybrid-
ization (SSH) technique for identifying genes 
that are differentially expressed in the diapause-
induced multivoltine silkworm eggs of B. mori. 
Using this technique, several genes have been 
identified that are expressed during diapause 
and non-diapause. These genes offer insight into 
the molecular mechanisms contributing to egg 
diapause.

Material and Methods

Insect Culture

The multivoltine strain MW13 (Indian origin) 
was selected for the study. The larvae were 
reared by the standard rearing method of Krish-
naswami (1978) up to the third instar. The late 
stage (fourth and fifth instars) larvae were then 
reared under low temperature (18 °C ) and photo-
period (6L: 18D) up to the cocooning stage and 
the moths were made to lay eggs at normal room 
temperature (25 °C ).
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RNA Isolation

After oviposition, the diapause and non-diapause 
egg samples were collected from 6–48 h at every 
6 h time interval. The total RNA was extracted 
from the diapause and non-diapause eggs using 
TRIzol reagent (invitrogen) and quantified by 
UV absorbance at 260 or 280 nm. The RNA sam-
ple was denatured in formaldehyde, formamide, 
and electrophoresed in 2.0 % agarose gels.

Construction of Subtracted cDNA 
Library Through Suppressive 
Subtractive Hybridization

The SSH was performed using Clonetech PCR-
SelectTM cDNA Subtraction Kit to select genes 
that are upregulated and downregulated dur-
ing diapause and non-diapause. The forward 
selection of SSH consisted of cDNA from non-
diapausing eggs as tester and diapause-induced 
eggs as driver and the reverse selection had dia-
pause-induced eggs as tester and non-diapausing 
eggs as driver.

The forward and reverse subtracted libraries 
were cloned using InsTAcloneTM PCR Cloning 
Kit (Fermentas). Transformed plasmids were in-
serted into competent Escherichia coli cells and 
grown overnight on Luria-Bertani (LB) plates 
containing ampicillin. Over 100 colonies were 
isolated from each library and grown overnight 
in LB-ampicillin broth at 37 °C. Colonies were 
then purified with GeneJETTM Plasmid Miniprep 
Kit (Fermentas), run on a 1 % agarose gel to de-
termine concentration and all subtracted clones 
were subjected to sequencing using M13 primer.

Basic Local Alignment Search Tool 
Analysis

The sequences were edited and assembled using 
MEGA version 5. Putative sequence homologies 
were determined by BLASTn and BLASTx algo-
rithms in Silkbase database (http://www.silkdb.
org) and GenBank (http://www.ncbi.nlm.nih.
gov/).

Real-Time PCR Analysis

The total RNA isolated from diapause and non-
diapause eggs from 6–48 h at each 6 h time in-
terval was DNase-treated and reverse transcribed 
in a 20 µl reaction using M-MLV Superscript III 
reverse transcriptase (Invitrogen). One µl of the 
first strand cDNA was used in a 20 µl reaction 
mixture using the specific primers designed for 
real-time PCR (qPCR) (Table 1). The reactions 
were conducted on a STRATAGENE Mx 3005P 
real-time PCR system. The experiment was per-
formed in triplicate and results were standardized 
to the expression level of the constitutive β actin 
gene. A non-template control (NTC) sample was 
also run to detect contamination if any.

Microarray Experiment and Data 
Analysis

A genome wide oligonucleotide microarray con-
taining 24,924 probes were used to investigate 
the gene expression profiles of diapause-induced 
and non-diapause eggs of multivoltine silkworm 
B. mori at 18 and 30 h after oviposition. The 
complete sets of raw and normalized data from 
this study have been deposited in the NCBI Gene 
Expression Omnibus (GEO) repository (acces-
sion number GSE35622).

Results and Discussion

Diapause and Non-diapause 
Subtraction

Two SSH experiments were carried out under 
which, 186 cDNA clones each (94 non-dia-
pause, 92 diapause) were specifically identified 
from forward (non-diapause) and reverse (dia-
pause) subtraction. The plasmids were isolated 
from all 186 clones and run on a 0.8 % agarose 
gel. Based on size variations among the clones 
amplified by using M13 primers, 40 clones were 
selected from forward- and reverse-subtracted 
libraries and sequenced. The sequences obtained 
were subjected to BLAST analysis to know their 

http://www.silkdb.org
http://www.silkdb.org
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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homology and a total of 29 genes were identi-
fied from the diapause and non- diapause SSH 
libraries of which 17 were non-diapause specif-
ic and 12 were diapause specific (Tables 2, 3). 
The subtractive genes identified were classified 
into six functional groups (regulatory, food uti-
lization, stress response, metabolic, ribosomal, 
and transposable elements) (Table 4). Based on 
the above classification, specific primers were 
designed for 11 nonredundant genes (Table 1) 
and validated through qPCR.

Confirmation by QPCR Analysis

The upregulation and downregulation of the 
11 putative genes identified from the diapause 
and non-diapause subtracted libraries were con-
firmed through qPCR. In most cases, qPCR 
analysis confirmed the upregulation or down-
regulation of the cDNAs that were identified 
through SSH. However, in one case, the qPCR 
results showed a different pattern where expres-
sion was observed in both diapause and non-dia-
pause conditions.

Diapause Upregulated Genes

The following genes were upregulated during 
diapause: one regulatory gene (40S ribosomal 
protein S19), two stress responsive genes (heat 
shock cognate 71 kDa protein and ubiquitin 
c-terminal hydrolase), two metabolic genes (sim-
ilar to chitin metabolic process and chitinase do-
main containing protein), six ribosomal protein 
genes (Bm ribosomal protein L41, 60S ribosom-
al protein L8,L18,L27a, L13, ribosomal protein 
L14), one transposable gene element (negative 
regulation of transcription), and two genes with 
unknown function (D-37 and D-57) (Fig. 1).

Non-diapause Upregulated Genes

The following genes were upregulated during 
non-diapause: 11 regulatory genes (pseudouridine 
synthase, remodelling, and splicing factor 1, 40S 
ribosomal protein S14 and S5, RNA binding pro-
tein, translationally controlled tumor protein ho-
molog, eukaryotic translation elongation factor, 
nucleosome assembly protein, nascent protein, 
B. mori profilin protein, Bm acyl-coenzyme A 
dehydrogenase), one food utilization gene (taste 
receptor type 2 member 117), two stress response 

Table 1  Primers used in real-time qPCR for confirmation of differentially expressed genes
Gene Forward primer Reverse primer
Propanediol utilization 
protein

5′TGTCTACCATCGTGCCAAAG3′ 5′CATGCATTCGTCAAACGAGA3′

Ubiquitin family protein 5′GCCATCTTCAAGCTGTTTGC3′ 5′GAGGTGGCATGCAGATCTTT3′
Translationally controlled 
tumor protein homolog

5′ATATTCCATCATGGCAACCA3′ 5′GTAGCAAAATTGGAAGAGAAGG3′

Heat shock cognate 71 kDa 
protein

5′CCATACGCTCGATCTCTTCC3′ 5′GTGAGCGTGCTATGACCAAA3′

60S ribosomal protein L3 5′CAGCCTCCACGATCTCTTTC3′ 5′TCGTCATCGTGGTAAGGTCA3′
40S ribosomal protein S14 5′AATGCGGCCAATCTTCATAC3′ 5′GGCACAGGATGTAGCAGAGA3′
Ubiquitin c-terminal 
hydrolase

5′CGGAGCTATTTCAGAGCACA3′ 5′TGGAGCTGTTGTGAAATTCG3′

Protein coding gene 5′TGATCTAGCAGTAGAGGACCAA3′ 5′GGTCATGAACTAGAGTCCACAGG3′
Chitinase A precursor 5′TGGCAGAGGTCAACTCGTAA3′ 5′CTTCGATGGTGTCGACATTG3′
Negative regulation of 
transcription

5′GCGATAAGAAGGCCACAGTT3′ 5′ACATACAGGCTTCCCGATTT3′

Eukaryotic translation 
elongation factor

5′ACGTTGTAGGGCTTGCTCTG3′ 5′TGAAGGCCTACCTACCTGTCA3′
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Sl. no. Clone ID Size (bp) Putative identity Percent identity E-value Matched Expressed 
Sequence Tag 
clone ID

During non diapause
1 ND–8 257 Propanediol utilization protein 99 1e–98 ovS315D08f
2 ND–10 188 Predicted similar to CG7849-

PB (pseudouridine synthase)
99 3e–69 fner29d24r

3 ND–21 166 Rsf1 (remodelling and splicing 
factor 1)

100 7e–61 ovS334D03f

4 ND–24 181 40S ribosomal protein S14 97 1e–68 wdS30543
5 ND–17 135 40S ribosomal protein S5 98 8e–19 wdV10964X
6 ND–54 230 Ubiquitin family protein 98 3e–84 fcaL-P08_pT_N24
7 ND–11 182 RNA binding 99 5e–66 fner3n16r
8 ND–60 193 Translationally controlled 

tumor protein homolog
99 2e–70 wdV30789

9 ND–50 231 Similar to ribosomal protein 
L23Ae

100 9e–78 fdpeP07_F_B21

10 ND–13 307 Taste receptor type 2 member 
117

99 1e–87 fner3p04r

11 2ND–18 229 Polyubiquitin 4 UBQ4 99 1e–56 fner50g04r
12 2ND–6 405 Chitinase A precursor 99 e–117 FWDP32_FL5_O09
13 ND–55 169 Eef2protein (eukaryotic trans-

lation elongation factor)
100 2e–33 prgv0458

14 ND–1A 195 Nucleosome assembly protein 99 0.0 Ce-1048
15 ND–1B 463 Nascent protein 99 0.0 wdV30032
16 ND–64 133 B. mori profilin protein 99 0.0 wdV30234
17 ND–3 140 B. mori acyl-coenzyme A dehy-

drogenase (acade)
100 0.0 NM_001044207.1

Table 2  Non-diapause upregulated genes isolated by suppressive subtractive hybridization. Percent identities, E-value, 
matched Expressed Sequence Tag clone ID retrieved from Silkbase database ( http://www.silkdb.org ) and GenBank 
( http://www.ncbi.nih.gov/ )

Clone ID Size (bp) Putative identity Percent identity E-value Matched EST clone ID
During diapause
D–4 262 Heat shock cognate 71 kDa 

protein
99 1e–100 BmNP26_FL5_N17

D–12 185 B. mori ribosomal protein L41 99 6e–90 NM_001042449.1
D–28 107 60S ribosomal protein L8 99 3e–36 wdV40936
D–64 129 60S ribosomal protein L18 100 6e–45 wdV30295
D–68 228 60S ribosomal protein L27a 100 e–110 ovS334G05f
D–9 160 Ribosomal protein L14 100 3e–40 ovS325C03f
2D–12 98 Predicted similar to 

ENSANGP00000018877 
(chitin metabolic process)

96 4e–12 fdpeP08_F_H14

2D–14 367 40S ribosomal protein S19 99 e–125 fprwP27_F_G11
D–20 213 ENSANGP00000001579 

(negative regulation of 
transcription)

100 1e–59 BmNP15_T7_H13

Table 3  Diapause upregulated genes isolated by suppressive subtractive hybridization. Percent identities, E-value, 
matched EST clone ID retrieved from Silkbase database ( http://www.silkdb.org ) and GenBank ( http://www.ncbi.nih.
gov/ )

http://www.silkdb.org
http://www.silkdb.org
http://www.ncbi.nih.gov/
http://www.ncbi.nih.gov/
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genes (ubiquitin family protein, polyubiquitin 4), 
two metabolic genes (propanediol utilization pro-
tein, chitinase A precursor), and one ribosomal 
gene (ribosomal protein L23Ae) (Fig. 2).

Genes Unchanged in Diapauses

One ribosomal gene, 60S ribosomal protein L13, 
had its expression almost similar in both diapause 
and non-diapause conditions (Fig. 1).

The results presented herein provide a few 
initial clues about the molecular events that 
characterize the egg diapause B. mori. Twenty-
nine genes have been identified by SSH whose 
expression patterns were confirmed by qPCR. 
Twelve genes were upregulated during dia-
pause, 17 during non-diapause, two genes were 
with unknown function, and one gene remained 
unchanged during diapause and non-diapause. 
The above 32 genes were characterized into six 
functional groups. The qPCR analysis confirmed 
the expression of 11 genes selected for analysis.

Regulatory Genes

Identification of genes regulating the molecular 
mechanism may prove useful in understanding 
how B. mori can survive in a prolonged inactive 
state. A few ribosomal proteins have functions in 
regulating cell growth and death in addition to 
their roles in translation (Naora and Naora 1999; 
Horino et al. 1998). The appearance of ribosom-
al proteins in the SSH libraries suggests a pos-
sible contribution of these proteins in regulating 
the embryonic diapause of B. mori. In an earlier 
study on adult diapause of Culex pipiens, it was 

observed that two ribosomal proteins have been 
downregulated before diapause termination (Ro-
bich et al. 2007). Several studies have document-
ed the presence of diapause-associated proteins 
from the fat body and haemolymph of diapausing 
insects (Brown and Chippendale 1978; Brown 
1980; Osir et al. 1989; Salama and Miller 1992; 
Palli et al. 1998; Levenbook 1985). All these have 
proven to be storage proteins that are synthesized 
before the onset of diapause and are then utilized 
when development resumes at the termination 
of diapause. In this study, three 40S ribosomal 
proteins involved in regulatory role were found, 
one from diapause and two from non-diapause. 
The qPCR analysis of 40S ribosomal protein S14 
showed an upregulation during non-diapause 
supporting the earlier reported data.

When diapause is terminated, one would ex-
pect to see a major shift in the patterns of gene 
expression. The insect rapidly increases its 
metabolic rate and promptly initiates develop-
ment. Thus, one would predict that the genes 
involved in the mechanisms that suppress devel-
opment would be switched off and new sets of 
genes involved in initiating development would 
be switched on (Denlinger 2000). From this per-
spective, 11 regulatory genes have been identi-
fied during the non-diapause period.

Pseudouridine synthases catalyze the isomeri-
zation of uridine to pseudouridine (Psi) in a vari-
ety of RNA molecules (Ramamurthy et al. 1999). 
Depletion of the minifly (mfl) encoded pseudouri-
dine synthase gene of Drosophila causes severe 
reduction in size by decreasing both the number 
and size of wing cells suggesting that a compo-
nent of the pseudouridine synthase loss of func-
tion phenotype causes defects in notch signalling 
(Tortoriello et al. 2010). Through qPCR analysis, 

Clone ID Size (bp) Putative identity Percent identity E-value Matched EST clone ID
D–53 216 60S ribosomal protein L13 99 2e–53 wdV30635
2D–20 133 PREDICTED: similar to ubiqui-

tin c-terminal hydrolase
98 8e–16 FWDP02_T7_O15

D–36 140 Chitinase domain-containing 
protein 1

96 4e–67 XP_001869617.1

Table 3 (continued)
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the upregulation of pseudouridine synthase gene 
confirms the possible role of pseudouridine syn-
thase in cell growth and proliferation.

Remodelling and spacing factor 1 (Rsf-1) is a 
member of the chromatin-remodelling complex 
family of proteins that regulate gene expression 
and cell growth. Rsf-1 is a nuclear protein that 
acts as a histone chaperone and binds to another 
member of the chromatin-remodelling complex, 
hSNF2H. Together, this protein duplex regu-
lates RNA transcription and DNA replication by 
spacing nucleosome arrays and mobilizing nu-
cleosomes when chromatin remodelling occurs 
(Loyola et al. 2003).

RNA-binding proteins (RBPs) play key roles 
in post-transcriptional control of RNAs, which, 
along with transcriptional regulation, is a major 
way to regulate patterns of gene expression dur-
ing development. Post-transcriptional control can 

occur at many different steps in RNA metabo-
lism, including splicing, polyadenylation, mRNA 
stability, mRNA localization, and translation 
(Curtis et al. 1995; Wickens et al. 2000; de Moor 
and Richter 2001; Johnstone and Lasko 2001).

Translationally controlled tumor protein 
(Tctp) is known to be synthesized preferentially 
in cells during the early growth phase of tumors, 
but is also expressed in normal cells. RT-PCR 
analyses indicated that the BmTCTP mRNA was 
transcribed in all larval organs examined and was 
present constantly during the cell cycle of BmN4 
cells (Lee et al. 2004). In this study, the qPCR 
analysis confirmed the upregulation of Tctp in 
non-diapause eggs suggesting a similar role of 
Tctp during embryonic development in B. mori.

Eukaryotic elongation factor promotes the 
delivery of aminoacyl-tRNA to the acceptor site 
of the ribosome during protein synthesis and has 

Table 4  Functional classification of genes isolated through suppressive subtractive hybridization
Diapause Non-diapause

Regulatory 40S ribosomal protein S19 1. Pseudouridine synthase
2. Remodelling and splicing factor 1
3. 40S ribosomal protein S14
4. 40S ribosomal protein S5
5. RNA binding
6. Translationally controlled tumor protein 

homolog
7. Eukaryotic translation elongation factor
8. Nucleosome assembly protein
9. Nascent protein
10. B. mori profilin protein
11. B. mori acyl-coenzyme A dehydrogenase

Food utilization Taste receptor type 2 member 117
Stress response Heat shock cognate 71 kDa protein Ubiquitin family protein

Similar to ubiquitin c-terminal hydrolase x4 Polyubiquitin 4 UBQ4
Metabolic genes Chitin metabolic process Propanediol utilization protein

Chitinase domain-containing protein 1 Chitinase A precursor
Cytoskeletal Nil Nil
Ribosomal B. mori ribosomal protein L41 Ribosomal protein L23Ae

60S ribosomal protein L8
60S ribosomal protein L18
60S ribosomal protein L27a
Ribosomal protein L14
60S ribosomal protein L13

Transposable Elements Negative regulation of transcription Nil
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multiple and divergent roles in cell physiology 
affecting the cytoskeleton, peptide synthesis, and 
protein degradation (Gonen et al. 1996). qPCR 
analysis carried out in the study revealed the up-
regulation of this gene during non-diapause dem-
onstrating a role in cell proliferation.

Nucleosome assembly protein is an integral 
component in the establishment, maintenance, 
and dynamics of eukaryotic chromatin. It shut-
tles histones into the nucleus, assembles nucleo-
somes and promotes chromatin fluidity, thereby 
affecting the transcription of many genes (Park 
et al. 2005). The presence of nucleosome assem-
bly protein transcripts in non-diapause eggs sug-
gests its function in the embryonic development 
of B. mori.

Nascent proteins, a newly synthesized protein 
is not ready to start working in a cell immediately 
after it is made by the ribosome. Instead, these 
nascent proteins must first fold into proper 3-D 

shape, and possibly also receive modifications 
such as the addition of sugars or lipids. The site 
where these maturation steps take place depends 
upon where the final protein will be used in the 
cell (Sedwick 2011).

Profilin is a ubiquitous eukaryotic protein that 
regulates the actin cytoskeleton. In mammalian 
cells, profilin appears to act at the intersection 
of signal transduction and cytoskeletal organiza-
tion systems (Machesky et al. 1990) suggesting 
a possible role in B. mori cell growth and pro-
liferation. Acyl-CoA dehydrogenases are a class 
of enzymes that function to catalyze the initial 
step in each cycle of fatty acid β-oxidation in the 
mitochondria of cells (Thorpe and Kim 1995). 
Acyl-CoA dehydrogenases are an important class 
of enzymes in mammalian cells because of their 
role in metabolizing fatty acids present in ingest-
ed food materials. The occurrence of Acyl-CoA 
dehydrogenase in non-diapause eggs suggests 

Fig. 1  Relative gene expression patterns of genes upregulated during diapause. RNA was isolated at 6 h intervals from 
6 to 48 h after oviposition. The experiment was performed in triplicate and results were standardized to the expression 
level of the constitutive β actin gene. A non-template control (NTC) sample was also run to detect contamination if any. 
□-Non-diapause ■- Diapause
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that this enzyme might be utilized in fatty acid 
β-oxidation as an energy source during embry-
onic development in B. mori.

Food Utilization

Only one gene related to food utilization was iso-
lated by SSH, i.e., taste receptor type 2 member. 
The receptors of type II cells bind with sweet, bit-
ter, or umami compounds (Adler et al. 2000). The 
actual function of the taste receptor type 2 mem-
ber during embryonic development in B. mori is 
not clear.

Stress Response

In several insect species, heat shock proteins 
are highly upregulated upon entry into diapause 
(Denlinger et al. 2001). These proteins act as mo-
lecular chaperons by preventing abnormal pro-
tein folding during environmental stresses and 
have also been implicated in playing a role in cell 
cycle arrest (Feder et al. 1992). Hsp23 and hsp70 
are upregulated during diapause in flesh fly Sar-
cophagi crassipalpis (Rinehart and Denlinger 
2000). A small heat shock protein is observed to 
be slightly upregulated during adult diapause in 
Cx. pipiens (Robich et al. 2007). A heat shock 

Fig. 2  Relative gene expression patterns of genes upregulated during non-diapause. RNA was isolated at 6 h intervals 
from 6 to 48 h after oviposition. The experiment was performed in triplicate and results were standardized to the expres-
sion level of the constitutive β actin gene. A non-template control (NTC) sample was also run to detect contamination 
if any. □-Non-diapause ■- Diapause
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cognate 71 kDa protein is found upregulated in 
the diapausing eggs of B. mori supporting the 
earlier data that heat shock protein might play a 
cryoprotective role during diapause and also as 
molecular chaperones in maintaining the integ-
rity of key metabolic enzymes or structural pro-
teins (Denlinger 2002).

Modification of proteins by ubiquitination is 
a fundamental mechanism for regulating numer-
ous cellular processes, including DNA repair, cell 
cycle regulation, antigen presentation, cell–cell 
communication, cell differentiation, and apopto-
sis (Bheda et al. 2009). Many biological process-
es rely on targeted protein degradation. Ubiquitin 
plays a well-established role in this process, in 
which the covalent attachments of polyubiq-
uitin chains to protein substrates culminate in 
their degradation via the proteasome. Some of 
these so-called “ubiquitin family proteins” have 
recently been shown to bind components of the 
26S proteasome via their ubiquitin-like domains, 
thus implicating proteasome activity in pathways 
other than protein degradation (Walters et al. 
2004). These ubiquitin family proteins might 
help in the degradation of proteins which mis-
fold under stress and which can be related to the 
upregulation of ubiquitin family proteins in the 
non-diapause eggs.

Metabolic Genes

The metabolic rates in insects are typically sup-
pressed during diapause, the metabolic sup-
pression in egg or pupa being very extensive 
compared to adult diapause (Danks 1987). Two 
proteins of metabolic function were identified 
in diapausing eggs involved in chitin metabolic 
process and chitinase domain containing protein 
and one gene encoding chitinase A precursor in 
non-diapause eggs. Even though there is no obvi-
ous role for chitin proteins at this stage of embry-
onic development, this protein might have been 
obtained from the shell of which it is a major 
component. Earlier mRNAs for chitin-binding 
proteins that are similar to those in peritrophic 
membrane are upregulated in diapause-destined 
embryos in Artemia. The mRNAs especially cod-

ing for chitin reactive domains are of embryonic 
origin and they might show an unrecognized 
contribution to cyst wall assembly by the em-
bryo (Qiu and MacRae 2007). However, chitin-
degrading enzymes play a crucial role in post-
embryonic development, especially during larval 
molt and pupation. During the molt, proteases 
and chitinases are synthesized by epidermal cells 
and accumulate in the molting fluid between the 
epidermis and the old cuticle (Merzendorfer and 
Zimoch 2003). The qPCR analysis of chitinase 
A precursor showed an upregulation of this gene 
during non-diapause suggesting its role in post-
embryonic development in B. mori.

The propanediol utilization (pdu) operon of 
Salmonella enterica serovar typhimurium LT2 
contains genes needed for the coenzyme B12-
dependent catabolism of 1,2-propanediol (Bobik 
et al. 1999), but the actual pathway in insects 
is not yet known. However, the qPCR analysis 
revealed an upregulation of this gene in non-
diapause eggs suggesting a possible role of this 
enzyme in the utilization of polyols at the termi-
nation of diapauses

Ribosomal Genes

In addition to the three ribosomal genes (two in 
diapause and one in non-diapause) thought to 
have regulatory function, six additional ribosom-
al genes have been identified during diapause 
and one gene during non-diapause. Even though 
these ribosomal proteins play a role as transla-
tion elongation factors, their role during diapause 
is not known. The ribosomal protein L23 found 
upregulated by qPCR during non-diapause is 
found to play a crucial role in cell proliferation 
(Jin et al. 2004).

Transposable Elements

One gene, with negative regulation of tran-
scription, was identified to have a transposable 
elemental role. Transcriptional repression is re-
quired for the establishment of the temporally 
and spatially complex patterns of gene expres-
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sion which are characteristic of eukaryotes, and 
is also frequently involved in the modulation of 
gene expression in response to changes in the mi-
croenvironment of the cell.

Microarray Analysis

The gene expression profiles of diapause-induced 
and non-diapause eggs of multivoltine silkworm 
B. mori were investigated at 18 and 30 h after 
oviposition using oligonucleotide microarrays 
containing 24,924 probes. Data analysis revealed 
upregulation of 638 genes and downregulation 
of 1136 genes at 18 h after oviposition. At 30 h 
after oviposition, 675 genes were upregulated 
and 595 downregulated. Further, at 18 as well as 
30 h after oviposition, 115 genes were stably up-
regulated, while 117 were stably downregulated. 
The annotated genes showing fold change of one 
and above were classified into seven functional 
groups, viz., immune, metabolism, stress, signal 
transduction, cell cycle, transcription, and apop-
tosis. Hierarchical clustering based on the Pear-
son coefficient correlation algorithm revealed 
that most of the identified genes fall under the 
transcriptional mechanism with an increase in 
the number of genes expressed in diapause eggs 
at 30 h compared to 18 h, but a decrease in the 
case of non-diapause eggs. The overall genes ex-
pressed at 18 h was higher than that at 30 h under 
both diapause and non-diapause conditions indi-
cating that crucial biological processes for ini-
tiation or termination of the diapause mechanism 
occur during 18 h time period.

This work represents the first attempt at in-
vestigating the molecular aspects of embryonic 
diapause in multivoltine silkworm eggs. Through 
SSH, the differential regulation of diapause-relat-
ed genes in early embryonic diapause has been 
demonstrated.
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Abstract
The recent demonstration of the potential of RNAi in pest management 
has opened a new avenue which will fuel a futuristic approach where ap-
plication of chemical insecticides will no longer be needed. Identification 
of suitable target genes and delivery method will usher a new ecofriendly 
approach that is safer to nontarget organisms including humans. In addi-
tion to its role in field level pest management RNAi is also promising in 
other investigations such as validation of gene functions, control of insect 
vector transmitted plant viruses, and management of insecticide resistance.
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tivation, increasing the productivity is the only 
plausible and viable option to meet the demand. 
It has been estimated that India’s population will 
become roughly 2,000,000,000 by 2040 and we 
have to go a long way from the current produc-
tion level of 800 million t of major crops. Among 
the various biotic factors, insect pests limit the 
crop productivity to a larger extent and the agro-
chemical policy group has reported that the crop 
loss during the year 2007 was ` 1.40 lakh crores 
due to pests. Management of insect pests by in-
secticides account for 61 % of the total pesticides 
usage and has already resulted in many control 
failures due to accelerated development of resis-
tance. Further it has also resulted in contamina-
tion of soil, water, and affected nontarget pests 
including human beings.

Introduction

Meeting the food security for billions of people is 
a Herculean task faced by the Indian agriculture 
today and the population is slated to increase by 
leaps and bounds in the ensuing years. This calls 
for more land to be brought under cultivation and 
also increasing productivity of crops. While there 
is no scope to further increase the area under cul-
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Therefore, there is an urgent need to look 
for an effective, ecofriendly alternative for pest 
management, where a new and novel approach 
called RNA interference (RNAi), popularly called 
Gene Silencing is poised to play a vital role. Em-
ploying this RNAi approach, it is now possible to 
control insect pests by silencing some of the vital 
genes that play an important role in insect-host 
plant interaction, growth and development, flight, 
reproduction, etc. by delivering cognate double-
stranded RNA (dsRNA) either as spray or through 
transgenic plant. But RNAi approach has to be 
tailor made and cannot be universal, as the mecha-
nism of RNAi is highly species specific. Hence the 
basic mechanisms underlying RNAi for selected 
species of insect pests that belong to three impor-
tant orders of insects has to be studied thoroughly 
before venturing into field level application.

General Mechanism of RNAi

RNAi is an innate immune response that re-
tard the gene expression by degrading specific 
mRNA molecules. RNAi mechanism is gener-

ally employed for maintaining genome integrity 
against the invasion by transposons and viruses. 
The RNAi pathway is initiated by the cellular 
enzyme called Dicer (RNase III), which cleaves 
the long double-stranded RNA (dsRNA) into 
short fragments of 20–25 base pairs. One of the 
two strands of each fragment known as guide 
strand is incorporated into the RNA induced 
silencing complex (RISC) and base pair with 
complementary mRNA sequences and cleaves 
the cognate mRNA thus arresting the target 
gene expression (Fig. 1). This mechanism is 
also known as posttranscriptional gene silencing 
(PTGS) in plants. In some organisms like Cae-
norhabditis elegans and ticks the silencing sig-
nal generated in a cell is communicated to other 
cells which are exposed to the dsRNA which is 
known as systemic silencing. Two components 
which are needed to elicit systemic silencing are 
RdRP (RNA dependent RNA polymerase) and 
sid 1 and 2 genes (systemic interference defec-
tive). Presence of at least one of them has been 
documented in many insects except Drosophila 
melanogaster (Fig. 2).

Fig. 1  General mechanism of RNAi
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RNAi in Insect Pest Management

Most of the studies on RNAi in entomology 
were on establishing the function of genes that 
are involved in various metabolic processes 
(Kramer & Bentley 2003; Fabrick et al. 2004; 
Dong and Friedrich 2005; Amico & Nijhout 
2006; Arakane et al. 2006; Collinge et al. 2006; 
Lagos et al. 2006; Mutti et al. 2006). But many 
researchers envisaged the potential of RNAi for 
field level insect pest management, but success 

was not forthcoming due to many reasons like 
poor understanding on the mechanism of RNAi 
in different orders of insects, amplification and 
systemic spread of the silencing signal in the 
treated insects, amenability of different orders of 
insects for the RNAi approach, etc. In the year 
1998 an experimental proof that introduction of 
dsRNA into the cell evoked RNAi mechanism 
in the free living nematode, C. elegans Maupas 
(Fire et al. 1998) opened a new exciting area of 
RNAi in various spheres of research including 

Fig. 2  Variation in theme of RNAi mechanism in various organisms. (Gordon and Waterhouse 2007)
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entomology. In the year 2007 two research 
groups from China and USA experimentally 
validated the utility of RNAi in insect pest man-
agement. The choice of the gene for RNAi medi-
ated silencing could be many and generally falls 
into two broad categories, viz. silencing of genes 
that results in quick control, for example, genes 
involved in insect–plant interactions, digestion, 
moulting, etc. and silencing of genes that results 
in long-term management, for example, genes 
involved in pheromone biosynthesis, pheromone 
reception, migration, flight, diapause, etc. Mao 
et al. (2007) demonstrated that it is possible for 
a no chemical management of the cotton boll 
worm, Helicovera armigera Hub. by transgenic 
cotton mediated silencing of cytochrome P 450. 
Similarly Baum et al. (2007) proved that RNAi’s 
approach is feasible in the management of the 
coleopteran pest the corn root worm ( Diabrotica 
virgifera virgifera LeConte).

Plant Mediated-RNAi Against 
Insect Pests

The discovery of RNA interference was first 
studied in Caenorhabditis elegans where soak-
ing of nematode in dsRNA solution resulted in 
the degradation of the target mRNA and thus 
affected the protein synthesis. So far more than 
32 target genes have been screened for their po-
tential for gene silencing in insects (Zhang et al. 
2013). These observations showed that RNAi re-
sponse in several less derived species is robust 
and inheritable (Ronco et al. 2008), whereas, it is 
otherwise in more derived species, for example, 
Lepidoptera exhibits variable RNAi response 
when administered with exogenous dsRNA 
(Terenius et al. 2011). The tremendous success of 
RNAi facilitated plant biotechnologists to utilize 
the various physiologically important genes from 
insects as ingestible insecticides through plant 
mediated expression of cognate dsRNA. The era 
of plant mediated RNAi (PM-RNAi) is a new line 
of defense against insects and nematodes (Huang 
et al. 2006; Baum et al. 2007; Mao et al. (2007).

Potential of PMRNAi in the management of 
root knot nematode (RKN) was successfully dem-

onstrated by Huang et al. (2006), in Meloidogyne 
incognita L. In vitro studies revealed that a full 
length dsRNA16D10 reduced 93–97 % of tran-
script and 16D10 peptide by 65–69 % and re-
duced the extent of gall formation. Similarly 
Baum et al. (2007), studied 290 genes from West-
ern corn root worm, Diabrotica virgifera virgefer 
and 14 genes like V-ATPase A, D, E and α-tubulin 
showed immediate response within 24 h of ap-
plication of dsRNA. Similarly, susceptibility of 
other coleopterans such as Southern corn root-
worm, Diabrotica undecimpunctata; Colorado 
potato beetle, Leptinotarsa decemlineata Say and 
cotton boll weevil, and Anthonomus grandis Bo-
heman were studied for their response to RNAi. 
Recently dsRNA for Mi-Rpn7 of M, incognita 
was introduced into the soyabean through hairy 
root culture for managing plant parasitic nema-
todes (Niu et al. 2012). The PMRNAi has been 
efficiently utilized in the control of green peach 
aphid Myzus persicae Sulzer which transmits 
more than 100 type of plant viruses by silenc-
ing Rack1 ( Receptor of Activated Kinase C) and 
C002 genes (Pitino et al. 2011). Rack1 based on 
the earlier gene silencing results as carried in the 
C. elegans (Simmer et al. 2003; Kamath et al. 
2003) and Heterorhabditis bacteriophora Poinar 
(Ciche et al. 2007). Where knock down of this 
gene in M. persicae resulted in lethality in early 
developmental stage, stunted growth, reduced 
egg laying etc. Rack1 is the multifunctional re-
ceptor protein and one of the internal compo-
nents of the circadian clock binds to the various 
proteins and initiates signal transduction cas-
cades, it also functions in the actin organization. 
Another target gene of M. persicae was MpC002 
a homologue of COO2 that plays an important 
role in insect–plant interaction and is expressed 
predominantly in salivary glands. Knockdown 
COO2 gene resulted in mortality and improved 
tolerance to peach aphid in transgenic tobacco 
plants.

Similarly, Mao et al. (2007) successfully 
silenced the allelochemical, gossypol detoxifying 
gene of H. armigea through artificial diet con-
taining dsRNA for CYP450 monooxygenease 
gene and developing dsRNA expressing trans-
genic plants where there was two-fold weight 



203Role of RNA Interference in Pest Management

loss in the treated larvae as compared to control. 
The above authors in the year 2013 further ex-
tended their studies and developed a new cotton 
expressing dsRNA for both membrane perme-
ability enhancer gene 35S:GhCP1 and Cyto-
chrome 450 monoxygenease downregulationg 
gene ( 35S:dsCYP6AE14). GhCP1 is the serine 
protease of cotton that plays an important role 
in plant-insect interactions. The entry of GhCP1 
increases easier food absorption in the midgut. 
To employ RNAi mediated protection in tob-
baco against H. armigera, Zhu et al. (2012) used 
20-Hydroxyecdysone gene ( HaEcR), a steroid 
hormone required for the growth and develop-
ment. In yet another study the ecdysone recep-
tor, EcR has been tested by engineering into the 
tobacco which showed improved resistance to H. 
armiger and Spodoptera exigua Hub.

In yet another study Zha et al. (2012) dem-
onstrated utility of RNAi in the management of 
Nilaparvata lugens Stal by expressing dsRNA 
for hexose transporter, trypsin like serine pro-
tease and carboxypeptidase. In this regard, the 
above researchers identified RNAi core machin-
ery in N. lugens such as Nlsid-1 and Nlaub gene, 
where Nlsid -1 is needed for the dsRNA uptake 
and spread silencing signals among tissues. 
By using virus-based expression of dsRNA in 
plants, a new line of approach was developed in 
RNAi mediated management of Manduca sexta 
L. (Kumar et al. 2012). They called it as ‘plant 
virus based dsRNA producing system’(VDPS). 
It was originally described and used against 
nematodes in the demonstration of the transient 
RNAi response in tobacco plants using tobacco 
rattle virus (Meyering-Vos and Muller A 2007; 
Dubreuil et al. 2009). Kumar et al. (2012) em-
ployed nicotine detoxifying cyp genes which 
were upregulated during nicotine detoxification, 
particularly, CYP4B46, CYP4M1 and CYP4M3. 
They selected the above three cyp targets based 
on the sequence homology where CYP4B46 
showed 85 % homology to CYP4B45, the other 
two CYP4M1 and CYP4M3 showed 53 % simi-
larity. They transformed the entire fragment indi-
vidually into tobacco plants using VDPS meth-
od and CYP4B46 fragment alone transformed 
into the plants using Agrobacterium mediated 

transformation method. Interestingly this ap-
proach of silencing CYP4B46 did not affect lar-
val weight but the level of transcript, whereas, 
the VDPS-CYP4M3 ingested larvae had gained 
less weight as compared to control. In another 
successful example, controlling H. armigera 
was achieved by the knockdown of the hormone 
regulating transcription factor HR-3 (Xiong 
et al. 2013). The above authors studied the ef-
fect of dsRNA on the larvae by providing differ-
ent size fragments of dsRNAhaHR-3 delivered 
through the artificial diet where the bacterially 
expressed dsRNA could cause significant mortal-
ity in 3–7 days after treatment. Molecular vali-
dation of gene silencing showed that HaHR-3-1 
and HaHR-3-3 were dominant in silencing effect 
than HaHR-3-2 and HaHR-3-4, the repression of 
this protein negatively affected the development 
of the H. armigera.

Imparting Plant Resistance to Viruses

Resistance to RNA viruses is brought about by 
the enzyme RNA dependent RNA polymerase 
sequence-specific degradation of the targeted 
viral mRNA. Studies have indicated RNAi could 
be brought about by siRNA or dsRNA molecules 
that are cognate to the viral coat protein genes. 
This has been demonstrated in tobacco, squash, 
and papaya. But RNAi could not protect against 
the infection of single-stranded DNA Gemini vi-
ruses that causes severe damage to cassava and 
tomato (Auer and Frederick 2009).

Bacterial Blight and Fungal Resistance

As compared to the other research areas appli-
cation of RNAi in offering protection against 
fungal and bacterial pathogens is very scanty. 
Some studies have indicated that small RNAs 
have changed their expression during pathogen 
attack and also regulate gene expression dur-
ing the pathogen attack. Take also participate in 
regulation of gene expression involved in disease 
resistance pathways. The small RNAs silence 
the negative regulator molecules in the plant cell 
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under normal circumstances, but permit quick 
upregulation of genes when pathogens attack. 
Studies have shown that silencing two bacterial 
genes, iaaM and ipt reduced the formation of 
crown gall tumors by Agrobacterium. This opens 
a new avenue for engineering trees and woody 
ornamental plants against crown gall formation 
(Auer and Frederick 2009).

MicroRNAs in Imparting Plant 
Resistance to Diseases

The first identified miRNA to play an active 
role in pathogen associated molecular pattern 
triggered immunity Pattern triggered immunity 
(PTI) was in Arabidopsis. The bacterial infection 
induces expression of miR393 which negatively 
regulates the mRNAs for the auxin receptor, 
including the transport inhibitor response1 for 
the degradation. It has been observed that over-
expression of miR393 suppressed auxin signal-
ing and restricted the growth of the bacterium, 
Pseudomonas syringae pv. Tomato. In addition to 
the above, miR167 and miR160 that target auxin 
response factors were also found to be induced 
by the Pseudomonas syringae pv. tomato (Pst). 
Hence several miRNAs that repress auxin signal-
ing are induded by bacterial pathogens and con-
tribute to the PTI (Padmanaban et al. 2009).
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Abstract

The genus Conogethes is a large, taxonomically complex cosmopolitan 
moth taxon. To date, 24 species have been identified by DNA bar codes 
and deposited in the Barcode of Life Data Systems (BOLD) (http://www.
boldsystems.org). Type locality of Conogethes punctiferalis is India, so 
many closely allied species may be included but taxonomic revision of 
them has been neglected for a long time. Integration of several approaches 
like conventional taxonomy, DNA bar code, electrophysiological and be-
havioral responses of adults and larvae, host–plant relationship patterns, 
hybridization experiments, biochemical analysis, and analysis of and re-
sponses to pheromone components of Conogethes reared on castor and 
cardamom confirmed that the populations belong to two different spe-
cies. Bioecology and management of Conogethes have been well stud-
ied. More than 31 alternate host plants for the borer have been recorded. 
Therefore, it has better adaptation in the cultivated ecosystems. An in-
tegrated approach involving nontoxic chemicals is desired as currently 
mostly insecticides are applied to suppress this pest.

Keywords 
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Introduction

The fruit and shoot borer Conogethes (= Di-
chocrocis) punctiferalis mainly occurs in tropi-
cal and subtropical countries (Pena et al. 2002) 
and is distributed in Asia and Australia. Larvae 
of this crambid moth are typically polyphagous 
pests attacking more than 120 wild and culti-
vated diversified plants, namely, peach, chestnut, 
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durian, citrus, papaya, castor, cardamom, ginger, 
eggplant, and maize ( Sekiguchi 1974). Man-
agement of the pest by insecticides is not only 
undesirable, but also ineffective and expensive 
(Chakravarthy et al. 2012). Further, this insect 
has more than 30 alternate host plants (Hus-
sain et al. 1995). Until now ten named species 
of genus Conogethes have been known from 
eastern Palaearctic and Indo-Australian regions 
(Meyrick 1884). The type locality of C. punc-
tiferalis is India, so many closely allied species 
may be included; however, taxonomic revision 
of them has been neglected for a long time. C. 
punctiferalis is in focus because of the expanding 
host range, geographical occupancy, and com-
plexity involved in species identifications. As 
such the pest, an internal tissue borer is difficult 
to manage in fruit orchards and plantations. This 
insect group is undergoing speciation, genomic 
changes, or evolving into new taxon. So, molecu-
lar characterization and management aspects of 
Conogethes spp. are discussed in this chapter.

Distribution and Host Range

Conogethes punctiferalis is localized to Asia, 
Australia, and Papua New Guinea. In Asia, it 
is found in, for instance, China (AQSIQ 2007), 
India, Indonesia, Japan, Korea, Malaysia, Tai-
wan, Thailand, Vietnam (Gour and Sriramulu 
1992; Hang et al. 2000; Kang et al. 2004). C. 
punctiferalis is a polyphagous crop and fruit 
pest found to infest 30 crop plants belonging 
to 23 different families in India. Cardamom is 
the most preferred plant followed by Hedycium 
spp., Alpinia spp., and Ammomum spp. (Thya-
garaj 2003). Gossypium hirsutum L., Zea mays 
L, Sorghum bicolor (L.)Moench spp., Psidium 
guajava L., Curcuma longa L., Zingiber offici-
nale Roscoe, Citrus L., Mangifera indica L., and 
Punica granatum L. served as the host plants 
for this pest (Gurmey 1918; Tryon 1920; Flether 
1922; Ballard 1924; Clausen 1927; Veitch 1931; 
Hutson 1937; Narasimhaswamy 1937; Sloan 
1945; Twine 1971; Bilapate and Talati 1977; Cai 
and Mu 1993; Lu et al. 1995; Wu 1995; Konno 
and Shishido 1996; Peter 1996; Park et al. 1998). 

Theobroma cacao L. and Vitis vinifera L. were 
also recorded as host plants (Mohanan and 
Kumar 1976; Gour and Sriramulu 1992; Ram 
et al. 1997), and Ricinus communis L. served as 
another major host plant for this pest (Flether 
1922; Ballard 1924; Pruthi 1944; Issac 1948; 
Bilapate and Talati 1978; Hossain et al. 1995; 
Sharma et al. 1995). Diospyros virginiana L. is 
also attacked by this pest (Ono 1937; Tomomatsu 
1995). C. punctiferalis has also been recorded on 
yellow peach as a major pest (Konno et al. 1980; 
Konno et al. 1981; Kadoi and Kaneda 1990; Abe 
and Sanari 1992; He 1997; Kimura and Honda 
1999) in Japan and other countries.

On Musa L., C. punctiferalis was recorded as 
a pest (Jarvis 1914). In China, Castania mollis-
simia is attacked by the pest (Ni 1998), and this 
pest has also been recorded to attack Malus Mill 
(Kadoi and Kaneda 1990). Conogethes has been 
recorded on Soybean (Anonymous 1944), Gly-
cine max (L.) Merr., Tectona grandis L., and 
Ceiba pentandra (L.) Gaertn in Java (Tryon 
1920; Kalshoven 1922, 1928), Macadamia F. 
Muell. In Queensland (Ironside and Davis 1969), 
Pinus sp. (Shiukaji 1969), Crataegus L. (Sun 
et al. 1992), and Citrus sinensis L. (Anonymous 
1913a). Prunus domestica and Persea ameri-
cana (Wang and Cai 1997), Prunus persica var. 
nectarina (Tryon 1920), Artocarpus heterophyl-
lus Lam. (Devasahayam et al. 1998) were also 
damaged by this pest. Sapindus sp. was attacked 
by this pest (Rao 1992). Quercus virginiana is 
known to be attacked by this pest (Park et al. 
1998) in temperate region.

Biosystematics

Earlier workers have put Conogethes under 
Pyralidae. Maes (1998) demonstrated that the 
differences in structure of tympanal organ or ears 
that are present at the base of abdomen called 
the praecinctorium, which joins two tympanic 
membranes in the Crambidae, are absent in the 
Pyralidae. The latest review by Munroe and Solis, 
in Kristensen (1999) retains the Crambidae fam-
ily. Genus Conogethes is a large, taxonomically 
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complex taxon belonging to superfamily Pyral-
oidea, family Crambidae, subfamily Pyraustinae.

The genus for a long time was under confu-
sion because the taxonomy was based on wing 
venation. Since the publication of Sir George 
Hampson’s Fauna volumes in 1896 in the “Fauna 
of British India” series, considerable changes in 
the taxonomy of this group have taken place. The 
species punctiferalis was placed in genus Cono-
gethes by Meyrick (1884), although moved to 
Dichocrocis after that. It has been placed back 
in Conogethes by Munroe (Munroe 1989). Shaf-
fer et al. (1996) placed it in Conogethes as a 
revised combination. The Natural History Mu-
seum (London) card index is yet to be updated 
(10/10/2012), so we considered GlobIZ (Global 
Information System on Pyralidae) as a better 
source. Hence, retention of Conogethes for the 
crambid moth is now followed by entomolo-
gists all over the world, excepting few in China. 
Hampson in his “Fauna of British India” report-
ed 20 species of Dichocrocis mainly based on 
wing venation and arrangements of black spots 
on wings. Subsequently, few preliminary stud-
ies have been done by lepidopterists in India and 
abroad on this genus. Five species of Dichocrocis 
were identified, namely, D. evaxalis Walker, D. 
punctiferalis Walker, D. nigrilnealis Walker, D. 
plutusalis Walker, and D. surusalis Walker from 
light trap collections in Kerala, India (Mathew 
and Menon 1984).

Azam and Ali (1965) studied the morphology 
of larva of D. punctiferalis with special reference 
to chaetotaxy collected from castor bean ( Ricinus 
communis L.). The genitalial morphology of D. 
punctiferalis and D. plutusalis was studied and 
main modification in the morphology of valvae, 
uncus, saccus, phallus, bursae, and ductus in these 
species were elucidated (Mathew and Menon 
1989). Until now, ten named species of genus 
Conogethes Meyrick (1884) have been known 
from eastern Palaearctic and Indo-Australian re-
gions (Shaffer et al. 1996). Inoue and Yamanaka 
(2006) redescribed C. punctiferalis along with 
two new ( C. parvipunctalis and C. pinicolalis) 
closely allied species from eastern Palaearctic 
and Oriental regions. In mid-1980s, Chakravar-
thy (unpublished observations) found differences 

in morphology of Conogethes moths reared on 
castor and cardamom ( Elettaria cardamomum 
Maton) in the Western Ghats of Karnataka, South 
India. The male genitalia also differed between 
the two. The Conogethes larvae reared on castor 
bean and cardamom required two different mass-
rearing techniques (Chakravarthy et al. 1991). 
Nowadays DNA bar coding is a major tool for 
identification of species. Molecular taxonomy 
is giving an additive support for species identi-
fication with traditional taxonomy. Seventeen 
species (Table 1) from six countries, namely, 
Australia, Papua New Guinea, Cambodia, China, 
Indonesia, and Nepal are bar coded for genus 
Conogethes and deposited in the Barcode of Life 
Data Systems (BOLD) till today.

Unfortunately, there is no single species from 
India that is bar coded. There is a need for tax-
onomic revision of this genus with the help of 
molecular taxonomy. The species listed in Hamp-
son’s fauna differ from those that are bar coded. 
Recently, Shashank (2012) bar coded Cono-
gethes moths reared on castor and cardamom 
from different geographical locations of India. In 
many classifications, the family Crambidae has 
been treated as a subfamily of the Pyralidae or 
snout-moths. Currently, Crambidae is treated as a 
full-fledged family.

In Japan

In Japan biosystematics of Japanese Cono-
gethes spp. with special reference to host plant 
preference and reproductive isolation was done 
(Honda 2013). In genus Conogethes, C. punc-
tiferalis (CPU) and C. pinicolalis (CPI) are the 
most well-known pest species of agricultural and 
forest plants in Japan. The C. punctiferalis was 
called as the fruit-feeding type (FFT) of the yel-
low peach moth in order to distinguish from other 
feeding group, the Pinaceae-feeding type of C. 
punctiferalis, which was registered as C. pinico-
lalis in 2006.

Morphology of male and female adults be-
tween these species is very slightly different, but 
some morphometric comparisons were possible 
in order to segregate both species. Although the C. 
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punctiferalis larvae were typically polyphagous, 
their development delayed on C. pinicolalis host, 
while C. pinicolalis lay eggs and feed exclusively 
on conifer needles including Pinus parviflora 
or Abies homolepis. Such host plant preference 
may also cause reproductive isolation between 
both species. In electroantennogram (EAG) (C. 
punctiferalis females responded of host plants to 
17 more compounds more than males, whereas 
there was no sexual difference in C. pinicolalis. 
A cluster analysis of the EAG responses of each 
species showed a definite difference in the anten-
nal olfactory spectra between C. punctiferalis and 
C. pinicolalis. Although the male moths of both 
species were cross-attracted to calling females 
and their pheromone gland extracts, a strong ho-
mogamic mating preference in laboratory test 
and postmating reproductive isolation between 
both species was also confirmed by laboratory 
cross tests. Female sex pheromone system of C. 
punctiferalis and C. pinicolalis are quite simi-
lar, which allows cross-attraction by males, and 
consisted of E-10-hexadecenaal (E10-16:Ald) 
and Z-10- hexadecenal (Z10-16:Ald) at a ratio of 

95.4:4.5. The final conspecific sexual recognition 
in each species is accomplished with a male pher-
omone. E-2-methyl-2-butenoic acid was identi-
fied from hairpencil organs of C. punctiferalis 
but no pheromonal volatiles from C. pinicolalis 
hairpencils were identified. Recently, two hydro-
carbons were found as pheromonal synergists in 
female pheromone system of C. punctiferalis, 
which functioned in a short distance from phero-
mone source, calling females. A similar system 
also was prospected in C. pinicolalis, but these 
new hydrocarbon synergists may have no contri-
bution to reproductive isolation between C. punc-
tiferalis and C. pinicolalis (Honda 2013).

Bioecology

Krishnamurthy et al. (1989) reported that Cono-
gethes completed one life cycle on cardamom 
in 25–40 days with five generations a year at 
Mudigere, Chikmangalur, Karnataka at 26 °C and 
70 % relative humidity (RH). Eggs of C. punc-
tiferalis are round and light yellow in color, and 

Table 1  Conogethes species with records on BOLD. (Source: http://www.boldsystems.org/views/speciessummary.
php)
No. Species Specimens Sequences Bar codes (COI of > 500 bp)
1 Conogethes diminutiva 2 2 1

2 Conogethes ersealis 3 3 3

3 Conogethes evaxalis 9 8 8

4 Conogethes haemactalis 3 3 3

5 Conogethes nr. diminutiva 1 1 1

6 Conogethes nr. haemactalis 3 3 3

7 Conogethes parvipunctalis 1 1 1

8 Conogethes pluto 12 12 12

9 Conogethes punctiferalis 67 26 26

10 Conogethes punctiferalis PS2 1 0 0

11 Conogethes semifascialis 11 8 8

12 Conogethes sp. 1 0 0

13 Conogethes sp. ANIC 1 2 1 1

14 Conogethes sp. ANIC 2 3 3 3

15 Conogethes sp. ANIC 3 1 0 0

16 Conogethes sp. complex 4 3 3

17 Conogethes tharsalea 5 4 4

http://www.boldsystems.org/views/speciessummary.php
http://www.boldsystems.org/views/speciessummary.php
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0.63 × 0.41 mm in size. After incubation of 6–7 
days, the eggs turn dark brown with a dark head 
(Bilapate 1978; Jarvis 1914; Thyagaraj 2003). 
Then phenology of host plant influences the 
size, growth, and development of eggs (Bilapate 
1978; Jacob 1981; Twine 1971). There was a sig-
nificant difference in percent egg hatching from 
65.0 ± 0.76 to 90.5 ± 1.38 and incubation period 
from 4.19 ± 0.80 to 9.35 ± 1.05 days under var-
ied temperature and relative humidity (Thyaga-
raj 2003; Wang and Cai 1997). Temperature and 
relative humidity play an important role in egg 
hatching (Rajan 1965). The egg characteristics 
under various temperature ranges and relative hu-
midity conditions have been extensively studied 
in laboratory (Kalshoven 1929; Thyagaraj 2003).

First instar (neonate) larva bored the pseu-
dostem or capsule. On pseudostem, the larva 
bored at the base of leaf axis and entered inside 
the cardamom shoot tissue (Jacob 1981). The 
excreta plugged at the entry hole on the shoot 
indicated larval boring (Thyagaraj 2003). Larva 
fed on the shoot was light greenish, while those 
on capsules were dull yellow (Bilapate and Talati 
1977; Thyagaraj 2003). The larva remains inside 
the pseudostem till pupation. Therefore, it is dif-
ficult to study the larval instars directly. Dyar’s 
law was applied to record the number of larval 
instars, and there were five larval instars (Asante 
1991; Dyar 1890; Thyagaraj 2003). Observa-
tions revealed that there was no major difference 
among the instars except for head and body size. 
All larval instars were active and when disturbed, 
tried to fall down with a fine silken thread (Bi-
lapate and Talati 1978; Kondo and Miyahara 
1930; Kodoi 1990; Thyagaraj 2003; Twine 1971; 
Young and Shaw 1962).

The growth and development of different lar-
val instars varied with varying temperature and 
relative humidity. Each larval instar lasted for 
3–4 days. Sloan (1945) reported that, larval pe-
riod of C. punctiferalis lasted 3 weeks under nor-
mal conditions and 2–3 weeks in winters. Yang 
and Shaw (1962) studied the peach borer biology 
in China and reported 4–5 generations a year, the 
larvae overwintering in the flowers, stem, and 
fallen leaves. The duration of the larval stage 
varied from 20–23 days in August–September at 

21–35 °C to 22–26 days in October–January at 
14–28 °C and larvae were found in the field until 
February, and also the total larval period extend-
ed up to 12–14 days (Bilapate 1977; Jacob 1981; 
Kondo and Miyahara 1930; Twine 1971; Wang 
and Cai 1997; Xi et al. 1996). The larval period 
varied from 12.55 ± 2.00 to 19.59 ± 5.50 days 
and the percent survival varied from 49.6 ± 0.18 
to 92.8 ± 1.39. 28.0 ± 1.0 °C and 80.0 ± 5.0 % RH 
were most favorable for larval development 
(Thyagaraj 2003).

Pupation of Conogethes took place in co-
coons inside or between the capsules, and the 
pupal stage lasted for 7–10 days (Patel and 
Gangrade 1971; Bilapate and Talati 1978; Gour 
and Sriramulu 1992).The duration of devel-
opment varied from 27 days at 30 °C to 48–51 
days at 20 °C. Pupal period took over 8 weeks 
and more in winter on sorghum in Queensland 
(Sloan 1945).According to Wu (1995) 86.5 % lar-
vae of C. punctiferalis pupated in leaf axils and 
in ears of maize and 13.5 % pupated in stalks. 
There is a clear difference in size, shape, and 
weight of male and female pupae. Female pupae 
were larger (17.81 × 6.29 mm with 0.127 gm in 
weight). Male pupa measured 14.30 × 4.26 mm 
with 0.108 gm in weight, shorter, slightly nar-
rower, and the genital opening was located in the 
posterior region of the ninth abdominal segment 
and flanked by a pair of pads. Significant differ-
ence was also noticed between the sexes in terms 
of length and diameter (Thyagaraj 2003). Pupal 
period extended up to 7.90 ± 2.80 mean days in 
laboratory. There was no significant difference 
in the pupal period under different temperature 
regimes (20.0–38.0 ± 1.00 °C (Bilapate and Talati 
1977; Jacob 1981; Mishra and Teotia 1965; Wang 
and Cai 1997). There is a morphological dimor-
phism in the Conogethes pupa that helps in sex 
determination.

Development and reproduction of C. punctife-
ralis were investigated at five different tempera-
tures (15, 19, 23, 27, and 31 °C) with chestnut as 
food in China. The results showed that tempera-
ture had significant effects on the developmental 
duration, survival rate, pupal weight, and repro-
duction. The developmental duration at every 
stage reduced with increasing temperatures from 
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15 to 27 °C and there was a positive relationship 
between the developmental rate and temperature. 
The results provide the basis for forecasting the oc-
currence of the yellow peach moth in agroecosys-
tems. Bilapate and Talati (1978) revealed that the 
males survived for 14.00 ± 3.80 days as compared 
with 15.80 ± 2.50 days for females. The ratio of 
males to females of the progeny ranged between 
1:1 and 1:2. The rate of occurrence of the banded 
adult form, C. punctiferalis varied between 1 and 
5 % during different months. Kaneko (1978) ob-
served a clear abdominal constriction in female C. 
punctiferalis that had already paired. This proved 
a reliable indication of pairing and greatly facili-
tated the separation of virgin and paired females. 
The constriction was apparent 45–60 min after 
pairing. Kang et al. (2004) reported that moths 
of the overwintered C. punctiferalis generation 
emerged from May 20 to June 28 and reached to 
50 % emergence on June 8–9 under emergence 
cage. Attraction of the male moths of overwin-
tered generation to sex pheromone traps showed 
that the date of 50 % catches to the traps was June 
17. Kuang et al. (2009) reported that, in China, 
adults emerged mainly between 22.00–08:00 h. 
The emergence rate was 92.22 %. The dates corre-
sponding to the emergence of 16, 50, and 84 % of 
the total number of moths were in May 8, 11, and 
15, respectively. The longevity of adults was sig-
nificantly affected by adult nutritional conditions. 
Adults fed on water, 10 % honey solution, or 10 % 
sugar and vinegar liquid survived significantly 
longer than when they remain unfed. C. punc-
tiferalis males have hair pencils at the abdominal 
end and thus can be differentiated from the other 
sex. Mating occurs only in the dark after 7.30 PM 
(Stanley et al. 2009).

Hybridization experiments with Conogethes 
moths reared on castor and cardamom were con-
ducted under laboratory conditions. The mat-
ing experiments were conducted in single pair/
cage and multiple pairs (4 pairs/cage). In cages 
where multiple pairs were enclosed, higher mat-
ing success was achieved. When the moths were 
reared on “shifted” plants, no mating occurred al-
though the moths attempted to mate several times 
(Shashank 2012), the sexes were reproductively 
isolated.

Sex Ratio and Adult Longevity

Mean sex ratio worked out to be 1:1.095 (1:1.2) 
male to female in C. punctiferalis (Sithanan-
tham and Subramaniam 1975; Bilapate and Ta-
lati 1977; Thyagaraj 2003). Life table studies 
pin point the key factors in the management of 
the pest (Moralesranous and Cote 1992). Adult 
longevity studies clearly indicated no significant 
difference between male and female moths. But 
laboratory studies with artificial diet showed dif-
ferences in longevity between male and female, 
i.e., female moths survived 2–3 days more than 
the male (Sithanantham and Subramaniam 1975; 
Shanuowr et al. 1993).

Life Table

Life cycle of an insect varies with changing en-
vironmental conditions (Abraham 1965; Bilapate 
and Talati 1978). Insect populations are primarily 
controlled by weather conditions. Under labora-
tory conditions (28.0 ± 1.0 °C and 80.0 ± 5.0 % 
RH), the incubation period lasted for a mean of 
5.3 ± 0.49 days. Larval period 17.62 ± 4.88 days, 
pupal period 8.81 ± 0.69 days and the mean male 
and female longevity worked out to be 14.26 ± 3.29 
and 15.29 ± 3.39 days, respectively, in Cono-
gethes species. Sex ratio was 1:1.3. The total life 
cycle from egg to adult emergence required a 
mean of 31.75 ± 10.16 days (Pruthi 1944; Young 
and Shaw 1962). Under field conditions in carda-
mom plantations the incubation lasts 8.51 ± 0.65 
days, larval period 25.49 ± 4.76 days, pupal pe-
riod 9.55 ± 1.12 days, and the total life cycle from 
egg to adult emergence was 43.63 ± 11.23 days. 
There was 8–10 days difference in the total num-
ber of days in a particular generation. However, 
there will be still differences in the life cycle be-
tween generation to generation due to changed 
environmental conditions.

Seasonal Occurrence

Shoot and fruit borer, C. punctiferalis occurred 
throughout the year on Cardamom in Western 
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Ghats in South India. Two peaks in the popula-
tion were noticed in a year, i.e., one during April–
May and the other during November–December 
(Thyagaraj 2003). The population coincided 
with the period of less or no rainfall, i.e., during 
premonsoon and postmonsoon periods (Ballard 
1927; Ono 1937; Thyagaraj 2003). Temperature 
and rainfall influences greatly the growth and 
development of life stages (Moralesranous and 
Cote 1992; Rao 1992; Shanuowr et al. 1993). 
The overwintering of the needle feeding type/
Pinaceae feeding type (PFT) of the yellow peach 
moth, C. punctiferalis were studied in China and 
Korea under laboratory and field conditions. Au-
thors observed that third or fourth instar larvae 
rolled the needles in twigs into a bag with silk, 
in which they overwintered (Kang et al. 2004; 
Kuang et al. 2009).

Feeding Behavior

Larvae of C. punctiferalis exhibit diverse feed-
ing habit; feeding on underground rhizome/root 
to cones/needles in pine to fruiting bodies from 
ground to fruit trees. On cardamom, moths lay 
eggs singly on the top of the leaf axis of young 
pseudostems; rarely two larvae are found in a 
pseudostem. This kind of egg laying habit prob-
ably is to avoid larval competition for food with-
in the same pseudostem (Thyagaraj 2003). The 
young caterpillar bores at the base of the pedi-
cel and later at the base (0.3 m above ground 
level) of the seedlings in the nursery and at the 
nodal region of the grown-up suckers, feeding 
the central tissue, and tunneled the shoot caus-
ing a dead heart. The live caterpillar indicates 
its presence by faecal matter (excreta) from the 
entry hole (Anonymous 1913a; Kalshoven 1922; 
Clausen 1927; Anonymous 1944; Thyagaraj 
2003). Larvae feed on capsules from July to 
November (Anonymous 1918; Thyagaraj 2003). 
Second instar larvae bored into the capsule, fed 
on the immature seeds leaving empty capsule and 
then moved to another capsule or psuedostem to 
soil for pupation (Kalshoven 1929; Smith 1937; 
Sloan 1945; Sen Gupta and Behera 1955; Iron-
side and Davis 1969; Ram et al. 1997; Wang and 

Cai 1997; Ni 1998). Occasionally larvae bored 
into panicles also. Such panicles dry up without 
bearing capsules. Feeding preference test showed 
that among the cardamom plant parts, tender 
shoots were preferred the most, following young 
capsules (Autson 1923; Thyagaraj 2003).

Attempts have been made to mass rear Cono-
gethes on artificial diet. Most insect studies deal 
with laboratory-reared insects, often on artificial 
diets. In fact, the rearing conditions and the diet 
composition are critical parameters for insect 
quality and yield. So far, artificial diet has been 
developed and proposed for the maintenance and 
continuous rearing of C. punctiferalis FFT using 
“soybean meal powder” and corn seeds (Honda 
et al. 1979; Utsume et al. 1990). Although there 
has been some success in efforts to rear succes-
sive generations by these diets, still there are 
lacunae.

Crop Loss

The shoot damage in cardamom due to borer 
Conogethes infestation varied from 5 to 10 %. In 
terms of capsule yield loss (dry weight basis), it 
varied from 6.79 to 9.18 %. Therefore, combin-
ing together, the loss was estimated to be more 
than 20 % every year (Kapadia 1996;Thyagaraj 
2003). However, the crop loss due to this pest 
was worked out in cardamom and economic 
threshold level was fixed at 10 % (Anonymous 
1954; Krishnamurthy et al. 1989; Ram et al. 
1997). Studies on castor in Salem, Tamil Nadu, 
South India recorded 10.80–26.70 % capsule 
damage (Suganthy 2011). Kapadia (1996) esti-
mated 42.30 % crop loss in castor in Indis. Fifty 
percent yield reduction was recorded on grapes 
due to C. punctiferalis attack (Ram et al. 1997).

Mitochondrial DNA Barcoding

The protein coding genes are the most frequent-
ly sequenced mitochondrial genes for evolution-
ary studies and phylogenetic analysis. Shashank 
(2012) did molecular characterization in Cono-
gethes. Six legs of moths were taken in a 1.5 ml 
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eppendorf tube and powdered well using liquid 
nitrogen. The DNA extraction was done using 
Cetyltrim ethyl ammonium bromide (CTAB) 
procedure and DNA amplification was done 
with procedure described by Doyle and Doyle 
(1990). Extracted DNA pellet was dissolved in 
500 µl TE and quantified using Nanodrop DNA 
quantifier and electrophoresis method (0.8 % 
agarose gel). Two μl of isolated DNA were 
diluted to 1 ml with TE buffer and the absor-
bance at 260 and 280 nm were recorded against 
a buffer blank for assessment of DNA purity. A 
260/280 nm ratio for all the samples was calcu-
lated to check the purity. DNA was quantified 
using: μg ds DNA/μl = (A260 * 40)/2. Further all 
samples were diluted to a final concentration of 
10 ng/μl.

DNA Bar coding

The CBOL established the “All-Leps Barcodes 
of Life” project because the Lepidoptera is the 
second most diverse order of insects. There are 
about 180,000 known species, and it is likely that 
there are another 300,000 species awaiting de-
scription. The initiative involves campaigns on 
three geographic scales: Global (Geometridae, 
Saturniidae and Sphingidae), Continental (North 
America and Australia), and Regional (Great 
Smoky Mountains National Park (USA) and Area 
de Conservation Guanacaste) (Bravo et al. 2008). 
Until now, 632,006 lepidopteran species are with 
bar codes; of them 4443 are Crambidae (Interna-
tional Barcode of Life 2012). Hebert et al. (2004) 
studied the morphological and DNA bar coding 
of Astraptes fulgerator Walch widely distributed 
neotropical skipper butterfly (Lepidoptera: Hes-
periidae) in north western Costa Rica with mu-
seum specimens. They showed that A. fulgerator 
is a complex of at least ten species in Costa Rica. 
Largely sympatric, these taxa have mostly dif-
ferent caterpillar food plants, mostly distinctive 
caterpillars, and different ecosystem preferences 
but only subtly differing adults with no genitalic 
divergence.

Conogethes Bar Code

Bar codes were generated on Conogethes from 
specimens collected on castor and cardamom 
from six and eight locations, respectively. The 
locations were chosen including all the spots in a 
cultivated zone of the crops. The DNA bar codes 
were appended to an existing dataset from BOLD 
for Conogethes species. The entire data set on 
Conogethes included 115 DNA signatures cat-
egorized into four clades and these further have 
been classified into more than 50 clusters. The 
Conogethes on castor and cardamom belonged 
to two distinct clades, moths were distinguished 
based on the host plants. With castor speci-
men matching 91 % of the standard signature in 
BOLD, the signature corresponded to C. punc-
tiferalis. The Conogethes specimen on carda-
mom is a new signature, this DNA signature did 
not match with any signatures in BOLD deposit-
ed earlier. So this indicated that the moths reared 
on cardamom possibly belong to a new species. 
This needs to be further confirmed. The mean 
within species divergence for C. punctiferalis 
was 2.102 %. However, the pairwise divergence 
between C. punctiferalis and the moths reared on 
cardamom was > 5 % (Shashank 2012) (Fig. 2).

The family Crambidae, subfamily Pyrausti-
nae, has 4585 species with bar codes. The genus 
Conogethes has 138 bar code sequences and 
19 species (Table 2). Armstrong (2010) com-
pared DNA bar coding of different populations 
of Conogethes and revealed that Australian and 
Asian specimens form separate clades divergent 
by ~ 6 %. The bar code data successfully distin-
guished C. punctiferalis and C. pluto, but unex-
pectedly revealed divergence between the Asian 
and Australian populations. Morphologically 
these were determined to be the same species, 
and distinct from other closely related species 
found on the east coast of Australia such as C. 
haemactalis Walker, C. semifascialis Walker, or 
C. tharsalea Walker.

The neighbour joining tree (NJ tree) was 
constructed based on all the 33 DNA bar codes 
using BOLD analysis tool. Based on NJ tree, two 
clades were recognized and those clades which 
includes all the Conogethes individuals breeding 
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on cardamom named as Conogethes sp. and 
which include Conogethes from castor named 
as Conogethes punctiferalis, as shown in Fig. 1.
The sequence details are analyzed carefully, sub-
mitted to NCBI for Gen Bank Accessions and 
subsequently uploaded to COBOL bar coding 
facility for formally obtaining the bar codes. All 
generated sequences, together with photographs 
and collection details, have been deposited at the 
BOLD (www.boldsystems.org) under the proj-
ect code. DNA bar coding analyses were done 
through the online interface of the BOLD web-
site. The taxon identification tree was based on 
the Kimura 2-parameter distance model (Kimura 

1980), with the filter set to sequences with length 
> 100 base pairs, and all codon positions includ-
ed. A sequence distance summary was provided 
through the online interface of BOLD, with only 
sequences longer than 425 base pairs included 
in order to ensure reliable sequence distance 
estimates (Shashank 2012). Preliminary mor-
phological, biological, and bar code analysis of 
Conogethes moths reared on castor, cardamom, 
turmeric, ginger, guava, and cocoa revealed two 
distinct clusters: (1) Moths on castor, guava, and 
cocoa fall in one cluster and (2) Moths on carda-
mom, ginger, and turmeric into another.

Conogethes pinicolalis Inoue and 
Yamanaka 2006: An Evolved Species

In Japan, workers for convenience identified two 
different types, in absence of precise identifica-
tion the fruit tree type and conifer type from an-
giosperms and Pinaceae gymnosperms, respec-
tively (Koizumi 1960). Later it was reported that 
the adults from coniferous plant, Japanese Cedar, 
Cryptomeria japonica (L. f.) D. Don was of the 
fruit tree type (Sekiguchi 1974). Then, the fruit 
tree type was renamed as FFT and the Conifer 
type, the PFT (Konno et al. 1981). Subsequently, 

Fig. 2  Divergence in bar codes within Conogethes spe-
cies. (Shashank 2012)

  

Fig. 1  Neighbor joining analysis of COI DNA bar code sequences for Conogethes species breeding on castor and 
cardamom
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Honda and Mitsuhashi (1989) studied the mor-
phological comparison between the FFT and PFT 
of C. punctiferalis. Nine quantitative characters 
were morphometrically evaluated on the male 
genitalia and female ovipositor. Male moths of 
the two types were easily distinguishable by the 
angular and linear characters on the valve and teg-
ument. Differences were also observed between 
mandible, labrum, epipharynx, and pinacular of 
larvae, and cremaster of pupae. Based on these 
morphological differences in adults, larvae, and 
pupae, Honda and Mitsuhashi (1989) determined 
PFT of the yellow peach moth as a segregated 
species of the genus Conogethes. Until 2006 C. 
pinicolalis was deposited under C. punctiferalis. 
Now C. pinicolalis represents a new species of 
Conogethes and shares similar but not the same 
wing patterns with the other species. The present 
species could be identified by the following char-
acters: the second segment of labial palp almost 
black; hind tibia and hind tarsus with large tufts 
of fuscous scales (Inoue and Yamanaka 2006).

In 2013 Vasudev Kammar studied the genetic 
diversity of Conogethes species infesting cas-
tor (CBR) and cardamom (CBE) based on COI, 
ITSI, and ITST gene. The multiple alignment 
was obtained on COI gene and most number of 

substitutions were (up to 35) found on turmeric 
population with castor population (up to 3). Pair-
wise genetic distance analysis indicated that high 
genetic divergence and phylogenetic analysis of 
aligned Mt COI gene sequence of Conogethes 
species breeding on castor and cardamom. The 
NJ tree was conducted based on all the 15 DNA 
bar code using BOLD analysis tool. The pair wise 
genetic distance analysis between the individu-
als varied from 0.000 to 0.074, indicating high 
genetic divergence. The maximum intraspecific 
pairwise distance in CBR was 0.022 compared 
to maximum intraspecific distance of CBE 0.003. 
The nearest neighbor distance between CBR and 
CBE was 5.02 % indicating wide genetic variabil-
ity between two populations. This suggests that 
both populations differed from each other, as evi-
dent from NJ tree where they form two different 
clades. This may due to two species preferring to 
utilize host plant in two diverse habitats (Fig. 3).
The NJ phylogenetic tree was constructed based 
on ITS1 and ITS2 gene sequence, obtaining dif-
ferent locations and different host plant showing 
sub branching and felt two clades that also indi-
cated the divergence of the two population breed 
on castor and cardamom (Figs. 4 and 5).

Table 2  DNA sequencing of Conogethes species. (Source: http://www.boldsystem.org/views/speciessummary.php)
Sl. No. Species Specimens Sequences Bar codes (COI of > 500 bp)
1 Conogethes diminutiva 2 2 1
2 Conogethes ersealis 3 3 3
3 Conogethes evaxalis 9 8 8
4 Conogethes haemactalis 3 3 3
5 Conogethes nr. diminutiva 1 1 1
6 Conogethes nr. haemactalis 3 3 3
7 Conogethes parvipunctalis 1 1 1
8 Conogethes pluto 12 12 12
9 Conogethes punctiferalis 67 26 26
10 Conogethes punctiferalis PS2 1 0 0
11 Conogethes semifascialis 11 8 8
12 Conogethes sp. 1 0 0
13 Conogethes sp.ANIC 1 2 1 1
14 Conogethes sp. ANIC 2 3 3 3
15 Conogethes sp.ANIC 3 1 0 0
16 Conogethes sp. complex 4 3 3
17 Conogethes tharsalea 5 4 4
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Fig. 5  Neighbor joining (NJ) phylogenetic tree of Conogethes spp. Population fromeight localities collected on various 
hosts for ITS2 primers. (Vasudev 2013)

 

Fig. 4  Neighbor joining (NJ) phylogenetic tree of Conogethes spp. Population from six localities collected on various 
hosts for ITS1 primers. (Vasudev 2013)

 

Fig. 3  Neighbor joining (NJ) of COI for Conogethes spp. Breeding on castor, cardamom, turmeric, and ginger. (Va-
sudev 2013)
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Pheromones

Sex pheromone was detected in Japan in extracts 
of the abdominal tips of females of the FFT of 
C. punctiferalis. It was identified by gas liquid 
chromoatography, mass spectrometry, ozonoly-
sis, and electro antennography as (E)-10-hexa-
decenal. The synthetic compound was attractive 
to males (10 ng being equivalent to 1 live virgin 
female) in the laboratory, but in the field, traps 
baited with this compound trapped only a few 
males. However, four times as many males were 
trapped with a mixture of (E)—and (Z)-10 hexa-
decenal in 9:1. It is therefore concluded that (Z)-
10-hexadecenal is a minor component of the sex 
pheromone of C. punctiferalis. Males of the type 
C. punctiferalis feeding on the leaves of Pinaceae 
were also caught in traps baited with the mixture 
at 9:1 and 8:2 (Konno et al. 1982).

Konno (1986) investigated the relationship 
between daily changes in the sex pheromone 
quantity and calling behavior in females of C. 
punctiferalis in the laboratory at 23 °C, 70–80 % 
RH, and LD15:9. He recorded that quantity of 
the sex pheromone, (E)-10-hexadecenal, in the 
pheromone gland increased when the lights were 
turned off, reached a maximum after 5 h and then 
decreased. On the other hand, calling started 
from 5 h after light-off and reached to a maxi-
mum of 7.5 after light-off and then decreased. 
Similar results were obtained by Rajabaskar and 
Regupathy (2012) on cardamom in India. Na-
kano et al. (2012) detected ultrasound produced 
by male C. punctiferalis for mating. Males de-
veloped mesothoracic tymbal organs for gener-
arating ultrasonic clicks in mating. Mori et al. 
(1990) studied and described the synthesis and 
biological evaluation of 2 sex pheromone mimics 

((E)—and (Z)-Tetradecenyl formate) for the po-
lyphagous pest C. punctiferalis. A 10:1 mixture 
of (E) -and (Z)-tetradecenyl formate was found 
as attractive as the natural pheromone for adults 
of the crambid.

Chakravarthy and Thyagaraj (1997) stud-
ied activity of 7 pheromone compounds ((Z)-
9-hexadecenyl acetate, (Z)-7-tetradecenal,(E)-11
-tetradecenal, (Z)-11-tetradecenal, (Z)-11-hexa-
decenal, (E)-10-hexadecenal, and (Z)-10-hexa-
decenal) against C. punctiferalis. Tests were 
carried out in laboratory and cardamom fields in 
Mudigere and Sakleshpur, Karnataka, India during 
September–December between 1985 and 1993. In 
laboratory, males responded to (E)-10-hexadece-
nal, (Z)-10-hexadecenaland (Z)-11-hexadecenal 
at 1000 ng. A blend of (E)-10-hexadecenal and 
(Z)-10-hexadecenal at 9:1 had maximum attrac-
tancy. Field trials with this blend gave positive 

response from moths. Laboratory studies on the 
mating behavior of C. punctiferalis showed that an 
airborne sex pheromone is released from the call-
ing female. Males were attracted to virgin female 
extract in laboratory tests suggesting that the ex-
tract contained pheromone components for attrac-
tion. (E)-10-hexadecenal and (Z)-10-hexadecenal 
at 1000 ng concentration when tested separately, 
and a blend of these two compounds at 9:1 at-
tracted maximum number of male moths in the 
laboratory. In field trials at Sakaleshpur and Mu-
digere, male moths were attracted to traps baited 
with (E)-10-hexadecenal and (Z)-10-hexadecenal 
at 9:1 in cardamom plantations (Chakravarthy and 
Thyagaraj 1998).

The sex pheromone components of Cono-
gethes in Japan, Korea, China, and India show 
variations (Table 3) (http://www.pherobase.com). 
The host plant interactions also vary. Conogethes 

Source: http://www.pherobase.com/database/kovats/kovats-detail-Z10-16Ald.php

http://www.pherobase.com
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Table 3  Pheromone components of C. punctiferalis reported by workers. (Source of the chemical signal: F Female, 
L Lure, M Male. Category of the chemical signal A Attractant, P Pheromone (*) indicates that compound is active. 
Source: http://www.pherobase.com/database/genus/genus-Conogethes.php)
Author Year Journal Binary mixture Relative ratio of 

the component
Category & Source 
of Chemical

Country

Jung et al. 2000 Korean Journal of 
Applied Entomology 
39:105

E10–16Ald
Z10–16Ald

80
20

P L Korea

Kimura T. 1999 Applied Entomology 
and Zoology 34:147

Tiglic acid P M Japan

Boo K. S. 1998 Journal of Asia 
Pacific Entomology 
1:17

E10–16Ald
Z10–16Ald

100
8

Japan

Boo K. S. 1998 Journal of Asia 
Pacific Entomology 
1:17

E10–16Ald
Z10–16Ald

100
11

P L China

Boo K. S. 1998 Journal of Asia 
Pacific Entomology 
1:17

E10–16Ald
Z10–16Ald

100
43

P L Korea

Chakravarthy A. 
K. & Thagaraj

1998 Pest Management 
in Horticultural 
Ecosystems 4:78

E10–16Ald
Z10–16Ald

9
1

P L India

Liu et al. 1994 Entomologia Sinica 
1:150

E10–16Ald
Z10–16Ald
16Ald

80.4*

6.6
13

P F China

Mori et al. 1990 Liebig’s Annalender 
Chemie 12:1257

E8–14-formate
Z8–14-formate

10
1

A L Japan

Konno et al. 1982 Applied Entomol-
ogy and 
Zoology 17:207

E10–16Ald
Z10–16Ald

9
1

P L Japan

represents a cryptic species complex (Konno 
et al. 1980). The nonpolar components of female 
body wax and pheromone gland extracts of yel-
low peach moth synergistically enhanced male 
behavioral responses from close to pheromone 
resources in wind tunnel experiments in Japan 
(Xiao and Matsuyana 2011). For efficient man-
agement of this serious pest, studies on molecu-
lar genetic aspects are urgently required. Stud-
ies are needed on sex pheromone components, 
morphology and anatomy, and host plant inter-
actions for the effective management of the pest 
on a variety of crops and cultivated ecosystems. 
So, collaborative and multidisciplinary research 
is essential. Literature concerning the status of 
shoot and fruit borer, Conogethes spp. in the Ori-
ent has recently been reviewed (Chakravarthy 
et al. 2012).

Gas Chromatography and Gas 
Chromatography Linked Electroanten-
nogram (GC-EAG)

The pheromone gland extracts were analyzed 
using gas chromatography (GC) and are pre-
sented in Figs. 6 and 7. Before analyzing the 
abdominal gland extracts the previously identi-
fied synthetic pheromone E10-16: Ald was ana-
lysed. Sixty female abdominal gland extracts 
of Conogethes bred on castor was analyzed in 
GC (Fig. 6) and the observations revealed that 
there was a small peak at 31.79 retention time. 
This peak indicates the presence of E10-16: Ald 
when compared with standard peak. Fifty-one 
female abdominal glands extracts of Conogethes 
bred on cardamom was analyzed in GC and the 
observations revealed there was a small peak at 

http://www.pherobase.com/database/genus/genus-Conogethes.php
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31.86 retention time, which was almost similar to 
E10-16:Ald. In this case, there were many small 
peaks which overlapped on specific peak. Thus, 
GC analysis indicated the presence of major 
pheromone compound in both populations.

Host—Plant Interactions

Egg incubation period (in days) was the least 
(2.67 days) on spineless spike castor as also the 
larval period (26.68 days) compared to compact 
spiny and spiny loose castor types. The trend in 
the egg incubation, larval and pupal periods was 

consistent across three castor types. Conogethes 
larvae preferred compact spiny castor type for 
feeding over other two types. Conogethes larvae 
and pupae gained more weight on compact spiny 
castor type than on the spineless and spiny loose 
castor types. This is obvious because compact 
spiny type was more suitable to Conogethes than 
the other two castor types. There were statisti-
cally significant differences between the spine-
less spike and spiny loose spike types and the 
compact spiny types at 1 % ( p < 0.001) level of 
significance. Female pupae weighed more than 
the male. Studies on the biology of Conogethes 
on castor and cardamom revealed that the insect 

Fig. 7  Gas chromatogram (GC) of female abdominal extracts of Conogethes breeding on castor (60 FE; arrow, peak at 
which E10: 16Ald activity was detected). (Shashank 2012)

 

Fig. 6  Gas chromatogram (GC) of synthetic E10:16Ald (Retention time indicated). (Shashank 2012)
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could complete the life cycle on the three types of 
castor and cardamom. The insect required longer 
period (in days) of time to complete the life cycle 
on cardamom than on castor, i.e., on an average 
34.5 days on castor compared to 39 days on car-
damom (Doddabasappa 2012).

When Conogethes reared on cardamom were 
implanted on castor, larvae suffered cent percent 
mortality. Besides, larvae completed the period 
early probably because of physiological stress 
throughout by host plant shift (11–12 days). 
When castor larvae were on castor itself, larvae 
took 14–16 days. This is the normal larval period 
and larvae did not suffer from any mortality.

When Conogethes reared on castor were im-
planted on cardamom, larvae suffered cent per-
cent mortality. Larvae completed the period early 
probably because of physiological stress brought 
out by host plant shift (13–14 days). When car-
damom larvae were implanted on cardamom, 
larvae took 20–22 days. This is the normal larval 

period and larvae did not suffer from mortality. 
The drastic reduction in survival of the larvae, 
pupae, and insect as a whole may be attributed 
mainly to antibiotic factors. Antixenosis in com-
bination with antibiosis might play a role in re-
duced pest survival. The antibiotic factors in 
terms of antimetabolites/antidigestible chemical 
components and antixenosis in terms of presence 
of trichome on castor types may impede larval 
movement on the host, the spines inhibited con-
sumption of the host material. It is interesting to 
record here that the mortality of neonate larvae 
recorded was much higher compared with the 
later instar larvae (Doddabasappa 2012). Davis 
et al. (1989) too found reduced larval survival 
and larval weight of southwestern corn borer, 
Diatraea grandisella Dyar with increased devel-
opment time when larvae were fed on whorl leaf 
tissue from resistant genotype. Resistance was 
identified as a combination of larval nonprefer-
ence and antibiosis.

A flow chart showing pattern of Conogethes infestation on castor and cardamom (Doddabasappa 2012)
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Consideration of the sequential behavioral steps 
in host selection raises a number of issues that 
have consequences for host specificity testing. 
Much of the progress in applying the concepts 
of insect behavior to host specificity testing has 
been made by examining this process (Wapshere 
1989; Marohasy 1998). Possibly, the most im-
portant consequences are those that stem from 
the absence of early steps in the host selection 
sequence in experimental arenas. To find wheth-
er Conogethes populations sustaining on castor 
and cardamom are genetically homogenous, 
studies on the host shift involving two afore-
said plants were conducted. Results showed that 
the Conogethes originating from castor could 
not survive on cardamom and vice versa. Lar-
vae suffered 100 % mortality when fed on cas-
tor and cardamom after host shift. The reduced 
plant consumption and subsequent reduced lar-
val survival may also be due to Hopkins’ host-
selection principle (HHSP). HHSP refers to the 
observation that many adult insects demonstrate 
a preference for the host species on which they 
themselves developed as larvae. Although the 
practicality of HHSP has been debated signifi-
cantly since its first proposal in 1916, in the case 
of Conogethes a cent percent mortality of insects 
was recorded and not even a single insect com-
pleted the life cycle normally (Hopkins 1917). 
This suggest that, although there is an effect of 
host shift, but the entire impact on the life his-
tory of insect is not due to the HHSP but in a 
major way due to the unsuitability of the plant as 
a food source for the candidate species (Dodda-
basappa 2012).

When nonhost plant like Ocimum was offered 
to these Conogethes larvae, none of the larvae 
orientated and none of them showed initial bit-

ing responses. This observation suggested that on 
the same host higher number of larvae oriented 
toward and moderate number of larvae orientated 
toward plants related to Conogethes species to the 
host plant and none of the larvae showed orien-
tation and biting responses on the nonhost plant 
(Table 4).Host selection is influenced primarily 
by moth oviposition, but neonate ballooning and 
larval movement also are important (Ross and 
Ostlie 1990). Learning about feeding preferenc-
es of the neonates for different plant hosts will 
help decipher complex plant–insect interactions 
in different cultivated ecosystems and may help 
predict the degree of Conogethes infestations in 
natural and cultivated ecosystems.

Quarantine importance

The distribution of C. punctiferalis extend from 
Asia to Australia (CABI 2011), representing a 
complex species (Robinson et al. 1994). Accord-
ing to the unpublished reports of the Food and 
Environment Research Agency (FERA, UK) lar-
vae of C. punctiferalis have been detected inside 
tropical fruits 18 times in the last 5 years at three 
points (in England and Wales) between 2007 and 
2011. Due to report of damage to apples in North 
China (CABI 2011), interceptions of the pest in 
fruits from Pakistan, and a pest concern to many 
countries like New Zealand, South Africa, Cana-
da, and the USA, a Rapid Pest Risk Analysis on 
Conogethes was conducted.

Since the members of species within the com-
plex are unknown and their biology cannot be 
distinguished, Conogethes represent all the more 
important species from quarantine point of view. 
So the Pest Risk Analysis (PRA) assessment has 

Table 4  Behavioural responses of Conogethes to host and shifted host plants. (Doddabasappa 2012)
Attribute Host plant Shifted plant
Movement Direct (taxis) Random (Kinesis)
Time budgeting Less for movements, more for feeding Negligible or Very less for feeding
Energetics Normal growth and development Abnormal, highly reduced
Establishment on plant Occured Does not occur
As food source Suitable Unsuitable
Feeding behavior of larvae Normal Deviate from the normal
Ovipositional behavior of moths Normal Deviate from the normal
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been made on all putative species within C. punc-
tiferalis species complex. Although C. punctife-
ralis is not listed in the European Commission 
(EC) plant Health Directive nor in any of the 
European and Mediterranean plant protection 
organization (EPPO) lists, it is an important quar-
antine pest. Being a highly polyphagous pest, 
larvae of C. punctiferalis attack fruits, seeds, 
and stems of diverse plants. While much of the 
species distribution is in the subtropics, C. punc-
tiferalis has also been recorded from Hokkaido 
prefecture, North Japan (Inoue and Yamanaka 
2006), and north China (CABI 2011). Current-
ly C. punctiferalis is a serious pest for several 
plants of economic importance for more than two 
centuries worldwide.

Management

Since many plants serve as alternate hosts, the 
pest has adapted well in agroecosystems. So, 
tactfully one has to tackle this pest. Individual 
methods like cultural, mechanical, biological, 
and chemical are partially effective in keeping 
this pest below the economic threshold level. 
Hence, an integrated approach is a must to man-
age this pest. Some of the cultural practices like 
increased planting distance reduced the pest 
damage (Sharma et al.1992). Reducing the ni-
trogenous fertilizer levels also minimizes the pest 

damage to a greater extent (Chakravarthy and 
Thyagaraj 1999). Clean cultivation in cardamom 
plantations can reduce the borer damage (Sharma 
1992). Mechanical methods also checked the pest 
to the extent of 5–10 % (Butani 1978; Tomomatsu 
et al. 1995; Chakravarthy et al. 1997; Boo 1998) 
in crops like castor and pomegranate.

Some predators and parasites were also identi-
fied and can be exploited in the management of 
this pest (Clausen 1927; Rodrigo 1940; Abe and 
Sanari 1992; Anandraj and Peter 1996). Inter-
cropping is an important tool for C. punctiferalis 
management. Intercropping is based on the prin-
ciple of reducing pests by increasing diversity in 
an agroecosystem. In semiarid tropics in India 
introducing cluster bean, cowpea, blackgram, 
and/or groundnut as intercrops in castor (1:2 
proportions) reduced C. punctiferalis infestation 
and build up of natural enemies of crop pests has 
been recorded (Rao et al. 2012). There are prov-
en insecticides that can be used (Rama 1980; He 
1997; Chakravarthy et al. 1997; Thyagaraj 2003). 
Individual management methods were evaluated 
and compared with the integrated method (Thya-
garaj 2003) in cardamom plantations in Western 
Ghats of Karnataka. Cardamom is an export ori-
ented crop, residual effects of toxic compounds 
are to be avoided or carefully used (Devasahay-
am 1998; Thyagaraj 2003).

Therefore, an integrated approach embracing 
thrashing (removing dried leaves, suckers, pan-
icle, etc., during February and March), and the 
timely spraying of monocrotophos 36 % SL @ 
15 ml/10 L of water (March and April) followed 
by spraying phosalone 30 EC. @ 20 ml/10 L of 
water twice at an interval of 25–30 days after 
each spray could be adopted for better, eco-
nomical, and ecofriendly management of the 
pest (Krishnamurthy et al.1989; Devasahayam 
1998; Thyagaraj 2003) in cardamom planta-
tions. The pesticide effect to C. punctiferalis of 
2 % thiacloprid DP was tested in Chestnut Or-
chard in July, 2010 in China. Results showed 
that orchards sprayed with 2 %Thiacloprid DP 
achieved significant results to kill the borer. The 
killing efficiency became stronger with the dose 
increased (Yuan Yuan et al. 2011). The castor 
ecosystem is entirely different from cardamom 

Table 5  Interceptions of Conogethes punctiferalis by 
the PHSI in England and Wales between 2007 and 2011. 
(Anastariq 2012)
Host Origin Year(s)
Annona squamosa 
(sugar apple)

India 2011

Mangifera indica 
(mango)

India 2011

Psidium guajava 
(guava)

India 2011

Psidium guajava Pakistan 2008 (twice), 
2009 (twice), 
2011 (eight times)

Psidium guajava Sri Lanka 2011
Psidium sp. Thailand 2011
Psidium sp. Unknown 2007
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plantations. Most of the work on management of 
Conogethes on castor is by insecticides. Insecti-
cides such as fenitrothion (0.05 %), dimethoate 
30 EC (0.05 %), endosulfan (0.07 %), carbaryl 
(0.15 %), monocrotophos (0.05 %), and quinal-
phos (0.05 %) have proved effective (Saroja et al. 
1973; Patel et al.1988).

In Japan, entomopathogenic fungi detrimental 
to Conogethes eggs have been identified. Ap-
plication of microbial suspensions on emerging 
fruiting bodies can avert the need for application 
of chemical insecticides. Intercropping, mixed 
cropping, use of pheromone traps and timely har-
vests, and destruction of affected plant parts can 
substantially contribute to borer suppression.

References

Abe Y, Sanari G (1992) Notes on the peach moth Cono-
gethes punctiferalis attacking cynipid and aphid galls. 
Japanese J Entomol 60(1):108

Abraham P (1965) The cardamom in India. ICAR Farm 
B 37:6–8

Abraham EV, Padmanabhan MD (1967) Pests that dam-
age cocoa in Madras. Indian Hortic 11(3):11–12

Anandraj M, Peter KV (1996) Biological control in spices. 
Indian Institute of Spice Research, Calicut, p 52

Anonymous (1913a) Insect injurious to Papaw apple. 
Queens Land Agric J 3:33–35

Anonymous (1913b) The cotton bollworm. Queens Land 
Agric J 3:142

Anonymous (1918) Cultivation of castor. Tropic Agric 
5:297–301

Anonymous (1944) Annual report of dept. of agriculture 
and stock for the year, Brisbane. Queens Land Agric 
J 3:88

Anonymous (1954) Pests of cardamom. Memories of the 
Department of Agriculture, Madras, pp 998–1000

AQSIQ (2007) Chinese Table Grape Export Technical 
Information. Animal and Plant Quarantine Service of 
the People’s Republic of China. pp 99

Armstrong K (2010) DNA barcoding: a new module in 
New Zealand’s plant biosecurity diagnostic toolbox. B 
OEPP/EPPO 40:91–100

Asante SK, Danthanarayana W, Heatwol H (1991) Bio-
nomics and population growth static of aptirousvir-
ginoparae of woody aphid, Eriosomal anigereum, at 
constant temperature. Entomol Exp App 60:261–270

Autson JC (1923) Report of entomologist, cyclone depart-
ment of agriculture report, 1921, pp C-21–26

Azam KM, Ali MH (1965) Morphology of larva of Dicho-
crocis punctiferalis Guen., the castor shoot and capsule 
borer with special reference to chaetotaxy (Lepidop-
tera: Pyralvdae). Indian J Entomol 27(4):423–431

Ballard E (1924) Entomological Note. Queens Land Agric 
J 11:31

Ballard E (1927) Some insects associated with cotton in 
Papua and in the mandated territory of New Guinea. 
Bull Entomol Res 27:295–300

Bilapate GG, Talati GM (1978) Some studies on bio-
nomics of castor short and fruit borer Dichocrocis 
punctiferalis from Gujarat. J Maharashtra Agric Univ 
3(1):75–76

Bilapate G, Talati GM (1977) Effect of different food 
plants on the larval and papal development of Dicho-
crocis punctiferalis. Madras Agric J 64(1):53–54

Boo KS (1998) Variation in sex pheromone composition 
of a few selected lepidopteron. J Asia Pacific Entomol 
1(1):17–23

Bravo JP, Silva JLC, Munhoz REF, Fernandez MA 
(2008) DNA barcode information for the sugar cane 
moth borer Diatraea saccharalis. Gen Mol Res 
7(3):741–748

Butani DK (1978) Insect pests of fruit crops and their con-
trol. Pesticides 12(8):53–59

Cai RX, Mu ZL (1993) Trap trials for Conogethes punc-
tiferalis with sex pheromones in citrus orchards. China 
Citrus 22(1):33

Chakravarthy AK, Thyagaraj NE (1997) Response of car-
damom shoot and fruit borer to different pheromone 
compounds. Insect Environ 2(4):127–128

Chakravarthy AK, Thyagaraj NE (1998) Evaluation of 
selected synthetic sex pheromones of the cardamom 
shoot and fruit borer, C. punctiferalis in Karnataka. 
Pest Manag Hort Eco 4(2):78–82

Chakravarthy AK, Thyagaraj NE (1999) Effect of differ-
ent NPK fertilizer levels on the incidence of carda-
mom pests. Insect Environ 4(4):139–140

Chakravarthy AK, Honda H, Thyagaraj NE (1991) Com-
parison of containers for larval rearing in stalk and 
fruit feeding type of Conogethes punctiferalis (Guen.) 
Lepidoptera: Pyralidae. Placrosym IX:127–131

Chakravarthy AK, Shivanna S, Chandrappa L, Naik L, 
(1997) Insect pests on castor in Karnataka. Insect 
Environ 2(4):135

Chakravarthy AK, Shashank PR, Doddabasappa B, Thya-
garaj NE (2012) Status of shoot and fruit borer, Cono-
gethes spp (Lepidoptera: Crambidae) in the Orient: 
biosystematics, biology and management. J Insect Sci 
25(2):107–117

Clausen CP (1927) The citrus insects in Japan. Technol 
Bull USDA 15:15

Devasahayam S, Koya MA, Reddy PP, Kumar WKK, 
Varghese A (1998) IPM in spices, challenges for the 
future. Advances in IPM for horticultural crops: envi-
ronmental complications and thrust, Bangalore. India 
Oct 15-17(1997):157–164

Doddabasappa B (2012) Factors associated with resis-
tance mechanism with shoot and fruit borer Cono-
gethes punctiferalis Guenee (Lepidoptera, Crambidae) 
population infesting caster and cardamom. PhD Dis-
sertation, UAS, GKVK, Bangalore



225Molecular Characterization and Management of Shoot and Fruit Borer Conogethes …

Doyle JJ, Doyle JL (1990) A rapid total DNA isolation 
preparation procedure for fresh plant tissue. Focus 
12:13–15

Du YL, Guo HM, Sun SL, Zhang MZ, Ai H, Wang JB, 
Qin L (2012) Effect of temperature on the develop-
ment and reproduction of the yellow peach moth, 
Conogethes punctiferalis (Lepidoptera: Pyralidae). 
Acta Entomol Sinica 55(5):561–569

Dyar HG (1890) The number of molts of Lepidopterus 
larvae. Psyche 5:420–422

Flether TB (1922) Report of the Imperial Entomologist. 
Scientific reports of the Imperial Institute of Agricul-
tural Research. Pusa. pp 51–67

Gour TB, Sriramulu M (1992) Grapevine, Vitis vinifera—
a new host of castor shoot and capsule borer Cono-
gethes punctiferalis. Trop Pest Manag 38(4):459

Gurmey WB (1918) The insect pests of maize. Agr Gazet-
teer Bydney 9:641–650

Hampson (1863) The Fauna of British India. Cyclone 
Moths IV:305–312

Hang HL, Yan KF, Sun XH, MA JX (2000) Investigation 
on the kinds of fruit moth in the western part of Henan 
province and their control. China Fruits 2:44–45

He RQ (1997) Study on the control of yellow peach moth 
in china. South China Fruits 26(4):33

Hebert PDN, Penton EH, Burns JM, Janzen DH, Hall-
wachs W (2004) Ten species in one: DNA barcoding 
reveals cryptic species in the neotropical skipper but-
terfly Astraptes fulgerator. Proc Natl Acad Sci U S A 
101(41):14812–14817

Honda H (2013) Bio systematics of Japanese Conogethes 
spp. With special reference to host plant preference 
and reproductive isolation. New Horizons in Insect 
Science. Abstracts ICIS-2013 (eds) Chakravarthy AK, 
Ashok Kumar CT, Varghese A, Thyagaraj NE, Banga-
lore, pp 136

Honda H, Mitsuhashi W (1989) Morphological and mor-
phometrical differences between the fruit and Pina-
ceae Feeding type of yellow peach moth, Conogethes 
punctiferalis (Guenee) (Lepidoptera:Pyralidae). J 
Appl Entomol Zool 24(1):1–10

Honda H, Kaneka JI, Konno Y, Matsumoto Y (1979) A 
simple method for most rearing of the yellow peach 
moth Dichocrocis punctiferalis on an artificial diet. J 
Appl Entomol Zool 14(4):464–468

Hopkins AD (1917) A discussion of C. G. Hewitt’s paper 
on “Insect Behavior”. J Econ Entomol 10:92–93. 
http://www.boldsystems.org/views/speciessummary.
php

Hossain MM, Ali SH, Rahim A (1995) Some lepidopteron 
and homopterous and pests and parasites of castor. 
Bangladesh J Sci Ind Res 30(23):265–67

Hussain MM, Ali SH, Rahim A (1995) Some lepidopteron 
and homopterous and pests and parasites of castor. 
Bangladesh J Sci Indu Res 30(23):265–267

Hutson JC (1937) Report on the work of the Entomologi-
cal Division. Report of The Director of Agriculture 
Ceylon, 1936. pp 22–28

Inoue H, Yamanaka H (2006) Redescription of Cono-
gethes punctiferalis (Guenee) and description of two 

new closely allied species from Eastern Palaearctic 
and Oriental regions (Pyralidae, Pyraustinae). Tinea 
19(2):80–91

Ironside DA, Davis JJ (1969) Major Macadamia pests. 
Queens Land Agric J 95(7):468–471

Issac PV (1948) Imperial Entomologist.Scientific reports 
of the Agricultural Research Institute. Pusa. pp 73–79

Jacob SA (1981) Biology of Conogethes punctiferalis on 
turmeric. J Plantation Crops 9(2):119–123

Jarvis E (1914) A new fruit boring caterpillar of Banana 
occurring at Tweed keeds. Queens Land Agric J 
5:280–284

Jung JK, Han KS, Choi KS, Boo KS (2000) Sex phero-
mone composition for field-trapping of Dichocrocis 
punctiferalis (Lepidoptera: Pyralidae) males. Korean 
J Appl Entomol 39:105–110

Kalshoven LGE (1922) Notes on forest zoology for the 
Dutch East India. Tectona 15:944–959

Kalshoven LGE (1929) Injuries, diseases and pests of 
Teak forests in Java. Tectona 21:593–523

Kang CH, Lee SM, Chung YJ, Choi KS, Park CG (2004) 
Overwintering ecology of the peach pyralid moth, 
Dichocrosis punctiferalis in southern regions of 
Korea. Korean J Appl Entomol 43(3):201–209

Kapadia MN (1996) Estimation of loses due to pod borer 
in oil seed crops. J Oil Seeds Res 13(1):139–140

Kimura M (1980) A simple method for estimating evo-
lutionary rate of base substitutions through com-
parative studies of nucleotide sequences. J Mol Evol 
16:111–120

Kimura T, Honda N (1999) Identification and possible 
functions of the hair pencil scent of the yellow peach 
moth Conogethes punctiferalis in Japan. Appl Ento-
mol Zool 34(1):147–153

Kodoi M, Kaneda M (1990) Development of yellow 
peach mouth Conogethes punctiferalison apple fruit. 
Res Bull Plant Protec Serv Japan 26:61–63

Koizumi K (1960) Two forms of Dichocrocis punctiferalis 
(Guenee) presumably representing separate species. 
The main purport of a lecture the 20th annual meeting 
of the Entomological Society of Japan, pp 8–9

Kondo T, Miyahara T (1930) Fruit borer and a summary 
of their life histories in Knangtuny. China J Plant Pro-
tec 17:85–94

Konno Y (1986) Time-lag between sex pheromone con-
tent and the calling behavior in the yellow peach moth, 
Conogethes punctiferalis (Guenee) (Lepidoptera: 
Pyralidae). Appl Entomol Zool 21:622–624

Konno Y, Shishido T (1996) Glutathione—depen-
dent o-alkyl and oral conjunctions for dicapthon 
and fertikothine in several insects. J Pesticide Sci 
21(4):430–433

Konno Y, Honda N, Matsumoto Y (1980) Observation on 
the mating behaviour and biology for the six phero-
mone of yellow peach moth, Dichocrocis punctifera-
lis. Appl Entomol Zool 15(3):321–322

Konno Y, Honda N, Matsumoto Y (1981) Mechanism of 
reproductive isolation between the fruit feeding and 
pin ace feeding type of yellow peach moth, Dicho-



226 P. R. Shashank et al.

crocis punctiferalis. Japanese J Appl Entomol Zool 
25(4):253–258

Konno Y, Arai K, Sekiguchi K, Matsumoto Y (1982) 
(E)-10-hexadecenal, a sex pheromone component 
of the yellow peach moth, Dichocrocis punctiferalis 
Guenée (Lepidoptera: Pyralidae). Appl Entomol Zool 
17:207–217

koryeinska A (2012) Food and environment research 
agency (FERA) Rapid arresment of the need for detail 
pest risk analysis of Conogethes punctiferalis FERA 
4th version

Krishnamurthy K, Khan MM, Avadhani KK, Venkatesh 
J, Siddaramaiah L, Chakravarthy AK, Gurumurthy 
BR (1989) Three decades of cardamom Research, 
Regional Research Station (1958–1988). Station 
Technol Bull 2:44–68

Kristensen NP (1999) Lepidoptera, Moths and Butterflies. 
Volume 1: evolution, systematics, and biogeography 
(Handbuch der Zoologie [founded by Willy Kuken-
thal; ed.: Fischer, M.]. Band 4, Teilband 35). Walter de 
Gruyter, Berlin, pp 217–232

Kuang MH, Liu SW, Ji BZ, Gao JY, Gao YG, Wang GX 
(2009) Investigation on the overwintering status and 
bionomics of needle feeding type of Conogethes punc-
tiferalis. Chinese Bull Entomol 46(4):569–573

Lall BS, Zafer JM, Yazdani SS (1980) Preliminary stud-
ies on comparative susceptibility of different castor 
cultivars against Dichocrocis punctiferalis. Indian J 
Entomol 42(2):299–301

Liu MY, Tian Y, Li YX (1994) Identification of minor 
components of the sex pheromone of yellow peach 
moth, Dichocrocis punctiferalis Guenee, and field tri-
als. Entomol Sinica 1:150–155

Lu Z, Yang ZF, Wang GY, Bo WL (1995) The niche of 
the corn and peach borers and interspecific competi-
tion between them in corn. Acta Agric Zhajiangensis 
7(1):31–34

Maes KVN (1998) Pyraloidea: Crambidae, Pyralidae pp. 
87–98, 426–435. In: Polaszek A (Ed) African cereal 
stem borers: economic importance, taxonomy, natural 
enemies and control. CAB International, Oxon, pp 74

Marohasy J (1998) The design and integration of host 
specificity tests for weed biological control with par-
ticular reference to insect behaviour. Biocontrol News 
Inform 19:13–20

Mathew G, Menon MGR (1984) The pyralid fauna (Lepi-
doptera: Pyralidae) of Kerala (India). J Entomol Res 
8(1):5–13

Mathew G, Menon MGR (1989) Identification of some 
Indian Pyraustinae (Lepidoptera: Pyraustidae). J Ento-
mol Res 13(1):76–89

Meyrick E (1884) On the classification of the Australian 
Pyralidina. Trans Ento Soc Lond 32(3):277–350

Mishra SC, Teotia TPS (1965) Studies on the biology of 
the castor shoot and capsule borer. Indian oil seeds J 
9(3):184–187

Mohanan RC, Kumar RH (1976) The castor capsule borer 
Dichocrocis punctiferalis as a pest of cocoa is India. 
Agr Res J Kerala 14(1):79–80

Moralesranous JA, Cote JR (1992) Rate of increase and 
adult longevity of Catolocus grandis in the laboratory 
at four temperature. Environ Entomol 21:620–627

Mori K, Watanabe H, Fujiwhara M, Kuwachau (1990) 
(E)—and (Z). Tetra decenyl format, potent sex phero-
mone mimics against the yellow peach moth. Liebigs 
Annalen der Chemie 12:1257–1259

Munroe E (1989) Changes in classification and names of 
Hawaiian Pyralidae since the publication of Insects 
of Hawaii, vol 8, by Zimmerman EC (1958). Bishop 
Museum Occasional Papers 29, pp 199–212

Nakano R, Takanashi T, Ihara F, Mishiro K, Toyama M, 
Ishikawa Y (2012) Ultrasonic courtship song of the 
yellow peach moth, Conogethes punctiferalis (Lepi-
doptera: Crambidae). Appl Entomol Zool 47(2):87–93

Narasimha Swamy RL (1937) Staminodes in Elettaria 
cardamomum. Maton Current Sci 5(8):427

Ni DW (1998) Main pests and diseases of Castame amo-
llissinia in Zhejiang and their control technique. J 
Zhejany Forestry Sci Tech 6:68–71

Ono K (1937) On the insect pests of persimmon. Insect 
world 41(5):195–199

Park JD, Lec SG, Kim CS, Byun RK (1998) The bio-
nomics of the oak nut weevil, Mehorisur sulus and 
the insect pests of the corer in Korea. J Forest Sci 
5:151–156

Patel RK, Gangrade GA (1971) Note on the biology of cas-
tor capsule borer, Dichocrocis punctiferalis Gn. (Lepi-
doptera: Pyralidae). Indian J Agril Sci 41(5):443–444

Patel MM, Naik MM, Vyas HN (1988) Field evaluation of 
certain insecticides against castor capsule borer. Agr 
Sci Digest 8(3):122–124

Pena JE, Nadel H, Pereira MB, Smith D (2002) Polli-
nators and pests of Annona Sp. In: Pena J, Sharp J, 
Wysoki (eds) Tropical fruit pests and pollinators: biol-
ogy, economic importance, natural enemies and con-
trol. CABI Publication, UK, p 208

Peter KV (1996) Major spices, 50 years of crop science 
research in India. Indian Council of Agricultural 
Research, New Delhi, pp 771–796 (CAR)

Peterson D (1967) A quick method for sex determination 
of codling moth. J Eco Entomol 58:576

Pruthi HS (1944) Report of the Imperial Entomologist. 
Abriay. Scientific reports of the Agricultural Research 
Institute. Pusa, pp 64–71

Rajan SV (1965) Protect your cardamom against insect 
pests. Indian Farm 14(11):21–24

Ram KT, Hugar PS, Somasekhar Patil BV (1997) Record 
of Conogethes punctiferalis (Guenee) on grapes. Pest 
Manag Hortic Ecosyst 3:37–39, 137

Rama CSV (1980) Plant protection in plantation crops 
through the soil. J Plant Crops 8(1):1–12

Rao AS (1992) Preliminary studies on the seasonal occur-
rence of insect pests a soap nut ( Sapindus sp). Indian 
Forester 118(6):432–437

Rao MS, Rao CAR, Srinivas K, Pratibha G, Sekhar SMV, 
Vani GS, Venkateswarlu B (2012) Intercropping for 
management of insect pests of castor in the semi-arid 
tropics of India. J Insect Sci U S A 12:14



227Molecular Characterization and Management of Shoot and Fruit Borer Conogethes …

Robinson DN, Cant K, Cooley L (1994) Morphogen-
esis of Drosophila ovarian ring canals Development, 
120(7):2015–2025

Rodrigo E (1940) Administration report of the Acting 
Director of Agriculture for 1940. RAE 30:338

Ross SE, Ostlie KR (1990) Dispersal and survival of early 
instars of European corn borer (Lepidoptera: Pyrali-
dae) in field corn. J Econ Entomol 83:831–836

Saroja R, Lewin HD, Padmanabhan MD (1973) Control 
of the pests of castor ( Ricinus communis L.) with 
insecticides. Madras Agric J 60:484–486

Sekiguchi K (1974) Morphology, biology and control of 
the yellow peach moth, 402 Dichocrocis punctiferalis 
Guenée (Lepidoptera: Pyralidae). Bull Ibaraki Hort 
403 Expt Stn Special Issue, pp 89

Senguptha GC, Behera BK (1955) Some new records of 
crop pests from India. Indian J Entomol 17:283–285

Shaffer M, Nielsen ES, Horak M (1996) Pyralidae. In: 
Nielsen ES, Edwards ED, Rangsi TV (eds) Checklist 
of the lepidoptera of Australia. Monograph Australia 
lepidoptera, vol 4, pp 164–199

Shanuowr TG, Guttierray AP, Wightman A (1993) Effect 
of temperature on development rate, fecundity and 
longevity of ground nut leaf minor, Aproaerema mod-
icella (Lepidoptera: Gelechiidae) in India. Bull Ento-
mol Res 83:413–419

Sharma YR, Devasahayam S, Anandraj M (1992) Black 
Pepper and cardamom: problems and prospects. Pro-
ceedings of National seminar on black pepper and car-
damom. May, 17–18 1992, Calicut, Kerala, India

Sharma ML, Shukla A, Reddy RK (1995) Field testing 
of caster cultivar for yield potential and resistance 
against shoot and capsule borer Conogethes punctife-
ralis. Crop Res 10(1):54–58

Shashank PR (2012) Biosystematics and pheromone 
components of Conogethes punctiferalis Guenee 
(Lepidoptera: Crambidae) with special reference to 
populations infesting castor ( Ricinus communis L) 
and cardamom ( Elettaria cardamomum Moton). Ph D 
thesis submitted to UAS, GKVK, Bangalore

Shiukaji N (1969) Notes on the parasites attacks the fruit 
type of and confer type of Dichocrocis punctiferalis. 
Japanese J Appl Entomol Zool 13(2):91–93

Sithananthan S, Subramaniam TR (1975) Sex determina-
tion of pupae of Sorghum stalk borer, Chilo zonallus. 
Madras Agric J 62(2):62–63

Sloan WJS (1945) Insect pests of grain sorghum. 
Queensland Agric J 61(4):221–239

Smith JH (1937) Insects and allied pests of the Papua. 
Queensland Agric J 48:553–557

Stanley J, Chandrasekaran S, Preetha G (2009) Cono-
gethes punctiferalis (Lepidoptera: Pyralidae) its 
biology and field parasitization. Indian J Agric Sci 
79(11):906–909

Suganthy M (2011) Field screening of promising castor 
cultures against capsule borer, Conogethes punctife-
ralis and leafhopper, Empoasca flavescens. Madras 
Agric J 98(4/6):178–179

Sun ZP, Wang W, Mung FY (1992) Survey of pests and 
diseases of Chinese hawthorn. Bull Agric Sci Techn 
44:25–26

Thyagaraj NE (2003) Integrated Management of some 
important cardamom pests of hill region of Karnataka, 
South India. Ph D Thesis, Dr BR Ambedkar Univer-
sity, Uttar Pradesh, India

Tomomatsu S, Sakaguchi T, Ogino T, Hiramatsu T, 
Kaukami F (1995) Methyl bromide fumigator for 
quarantine control of persimmon fruit moth and yel-
low Peach moth on Japanese persimmon. Res Bull 
Plant Prot Serv 31:67–73

Tryon H (1920) Report of the Entomologist, Vegetable 
pathologist. Queensland annual report of department 
of agriculture for 1916–1917, pp 49–63

Twine PH (1971) Insect pests of maize. Queens Land Agr 
J 97(10):523–531

Utsume K, Aihara E, Watanabe N (1990) Artificial diet 
of yellow peach moth Conogethes punctiferalis eating 
corn seeds. Res Bull Plant Prot Serv Japan 26:65–67

Vasudev K (2013) Molecular diversity of Conogethes 
spp. Guenèe,(Lepidoptera: Crambidae) infesting cas-
tor andcardamom, M Sc Dissertation, University of 
Agricultural sciences, GKVK, Bangalore, pp 55–66

Veitch R (1931) Report of the chief entomologist, Annual 
report of department of agriculture. Queens Land 
Agric J 1930–1931:43–46

Wang YX, Cai RT (1997) The emergence and control of 
Dichocrosis punctiferalis for Younai plum variety. 
South China Fruits 26(3):45

Wapshere AJ (1989) A testing sequence for reducing 
rejection of potential biological control agents for 
weeds. Ann Appl Biol 114:515–526

Wu LM (1995) A study on the pupation pattern of three 
pyralid caterpillars helps is maize field. Plant Prot 
21(3):24–26

Xi K, Xu FY, Dai YS (1996) Studies on the Chinese 
chestnut cone life table. J Joangsu For Sci Technol 
23(4):6–10

Xiao WH, Matsuyama S (2011) Monoenyl Hydrocar-
bons in female body wax of the yellow peach moth as 
synergists of aldehyde pheromone components. Appl 
Entomol Zool 46(2):239–246

Young HY, Shaw KY (1962) Preliminary studies on the 
peach borer Dichocrocis punctiferalis. Entomol Sinica 
1(2):109–134

Yuan Zuo, Wang Mingyue, Lu Junmei, Li Qiliang (2011) 
Efficacy of 2% Thiacloprid DP to control Dichocro-
cis punctiferalis in chestnut orchard. J Jiangsu For Sci 
Technol 2011(4):21–23



Part VI

Insect Semiochemicals



231

Use of Insect Pheromones 
in Vegetable Pest Management: 
Successes and Struggles

R. Srinivasan, M-Y Lin, F-C Su, Sopana Yule, Chuanpit 
Khumsuwan, Thanh Hien, Vu Manh Hai, Le Duc Khanh 
and K. R. M. Bhanu

A. K. Chakravarthy (ed.), New Horizons in Insect Science: Towards Sustainable Pest Management,
DOI 10.1007/978-81-322-2089-3_21, © Springer India 2015

R. Srinivasan () · M.-Y. Lin · F.-C. Su
AVRDC—The World Vegetable Center, Shanhua,  
Tainan 74199, Taiwan
e-mail: srini.ramasamy@worldveg.org

S. Yule · C. Khumsuwan
AVRDC—The World Vegetable Center, East and 
Southeast Asia, Research and Training Station, Kasetsart 
University, Kamphaeng Saen,  Nakhon Pathom 73140, 
Thailand

T. Hien · Vu M. Hai · Le. D. Khanh
Vietnam Academy of Agricultural Sciences, Thanh Tri, 
Hanoi, Vietnam

K. R. M. Bhanu
Biocontrol Research Laboratories, Pest Control (India) 
Pvt. Ltd., Bangalore, Karnataka 561203, India

Abstract

Insect pheromones can be used to monitor, mass-trap, and/or disrupt the 
mating process of insect pests. Sex pheromones of major lepidopteran 
pests such as tomato fruit worm ( Helicoverpa armigera) and common 
armyworm ( Spodoptera litura) are widely used as monitoring lures 
in tropical vegetable production systems. The use of sex pheromone traps 
as a mass-trapping tool against polyphagous insects is limited. However, 
such traps are highly effective in reducing the damage and yield losses 
caused by monophagous insects such as eggplant fruit and shoot borer 
( Leucinodes orbonalis), as demonstrated in the Indo-Gangetic Plains of 
South Asia by AVRDC—The World Vegetable Center. By definition, 
pheromones are species-specific, yet “cross-talks” were observed when 
we attempted to refine sex pheromones for monitoring and mass-trap-
ping legume pod borer ( Maruca vitrata) and cucumber moth ( Diaphania 
indica). In addition to sex pheromones, the possible use of aggregation 
pheromone as a pest management tool has been attempted in striped flea 
beetle ( Phyllotreta striolata) on vegetable brassicas. Recent research indi-
cated that pheromones act synergistically when combined with host plant 
volatiles, a process validated against P. striolata at AVRDC.
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Introduction

By definition, pheromones are substances se-
creted by an individual and received by a 
conspecific in whom it elicits a specific reac-
tion (e.g., behavior or developmental process) 
(Karlson and Lüscher 1959). Depending on the 
modes of action, the pheromones give a “releas-
er” effect (an immediate and reversible behav-
ior change in the receiver) or a “primer” effect 
(eliciting a neuroendocrine or developmental 
change). The pheromone compounds that give 
a releaser effect are quite important, since they 
are responsible for a change in the behavior such 
as alarm, aggregation, trail, or sex, which could 
be exploited in pest management. Although sex 
pheromones have been reported in several insect 
orders, use of long-distance sex pheromones for 
mate recognition has been widely studied in 
Lepidoptera (Löfstedt and Kozlov 1997). After 
the identification of first moth sex pheromone 
in silkworm ( Bombyx mori), several hundred 
pheromone compounds have been identified in 
Lepidoptera.

The pheromones are used to monitor, mass-
trap, and/or disrupt the mating process of selected 
insect pests in vegetable production systems in 
the tropics. For instance, placing a high concen-
tration of sex pheromone in a slow-release for-
mulation at 5- and 10-m grid in the field resulted 
in drastic reduction of tomato fruit worm ( Heli-
coverpa armigera) male moths being attracted to 
virgin females, which adversely affects mating in 
H. armigera (AVRDC 1988). An integrated pest 
management (IPM) strategy based on sex phero-
mones for managing eggplant fruit and shoot 
borer ( Leucinodes orbonalis) reduced the pesti-
cide use significantly in the Indo-Gangetic plains 
of South Asia (Alam et al. 2006).

Besides sex pheromones, aggregation pher-
omones are the other group that is being used 
in pest management. Aggregation pheromones 
are produced by one or both sexes of an insect 

species to increase the density of conspecifics 
for feeding, mating, and protection. Several co-
leopterans such as Bostrichids, Cerambycids, 
and Chrysomelids are known to produce aggre-
gation pheromones (Edde 2005; Soroka et al. 
2005; Teale et al. 2011). For instance, the ac-
tive male-derived aggregation pheromone com-
pound of striped flea beetle ( Phyllotreta stri-
olata) attracted significantly high numbers of P. 
striolata either alone or in combination with the 
host plant volatiles (Beran et al. 2011). Thus, the 
sex and aggregation pheromones have become 
an important component in the IPM strategies. 
This chapter aims to compile few case studies 
on the attempts in developing and using select-
ed insect pheromones as pest-management tools 
at AVRDC—The World Vegetable Center.

Sex Pheromone of Common Armyworm, 
Spodoptera litura F. (Lepidoptera: 
Noctuidae)

After the isolation, identification, and synthesis 
of sex pheromone of S. litura by Tamaki et al. 
(1973), significant progress has been made in the 
use of this pheromone. Researches from differ-
ent parts of the world have confirmed that the 
adoption of sex pheromone lures can effectively 
monitor and/or suppress adult population, large-
ly decrease larvae or egg mass density and thus 
reducing the damage rate of S. litura on various 
crops (Singh and Sachan 1993; Arida et al. 2002; 
Yang et al. 2009). An experiment was set up at 
AVRDC—The World Vegetable Center, during 
2005–2007 to continuously monitor the S. litura 
population in vegetable fields. The synthetic 
lures were obtained from the Taiwan Agricultural 
Research Institute (TARI), Taichung, and plastic 
funnel traps with two windows (2 × 2 cm) on two 
opposite sides were used in the experiment. The 
results have indicated that S. litura has only one 
peak in Taiwan during November, with popula-
tion exceeding 5000 moths per trap per month 

Keywords 
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(Fig. 1). The population usually starts increasing 
in October, reaches a peak in November, and then 
gradually declines in December. Thus, S. litura 
pheromone traps could be used to predict the 
population build-up in the field, and to initiate the 
IPM interventions. However, it cannot be solely 
used as a pest-management tool because of its 
polyphagy (several cultivated and wild plant spe-
cies as host in at least 40 families) (Brown and 
Dewhurst 1975), and great potential to undertake 
long-distance migratory flights (> 83 km for a 
male S. litura moth in a day) (Tu et al. 2010).

Sex Pheromone of Eggplant Fruit and 
Shoot Borer, Leucinodes orbonalis 
(Guenée) (Lepidoptera: Crambidae)
(E)-11-hexadecenyl acetate (E11-16: Ac) was 
identified as the major component of L. orbonalis 
sex pheromone in China (Zhu et al. 1987). At-
tygalle et al. (1988) and Gunawardena et al. 
(1989) also identified the presence of this com-
pound from the sex pheromone glands of L. orbo-
nalis in Sri Lanka. In addition, they also identified 
(E)-11-hexadecen-1-ol (E11-16: OH) as a minor 
component. Cork et al. (2001) also confirmed the 
presence of E11-16: Ac as a major component, 
and E11-16: OH as a minor component in the 
pheromone gland extracts of L. orbonalis from 

India and Taiwan, and found that E11-16: Ac and 
E11-16: OH (100:1 ratio) attracted significantly 
more numbers of male moths. Hence, the L. or-
bonalis sex pheromone was included as a poten-
tial component in the L. orbonalis IPM program 
that was implemented by AVRDC—The World 
Vegetable Center in the Indo-Gangetic Plains of 
South Asia (Alam et al. 2003). Because of the 
monophagous nature of L. orbonalis, the phero-
mone traps are highly effective in mass-trapping 
the male moths, when the traps are deployed in 
the entire community in a region. Thus, the L. 
orbonalis sex pheromone trap as a component 
of IPM significantly reduced the fruit damage, 
and increased the yield (Alam et al. 2003; Cork 
et al. 2003). Due to its high success and demand, 
about nine small and medium sized enterprises in 
India are currently selling sex pheromone lures 
and traps of L. orbonalis throughout the country 
(Alam et al. 2006). With the recent opening of the 
registration system for biopesticides in Bangla-
desh, several companies have got registration for 
the L. orbonalis sex pheromones. For instance, 
the sales of L. orbonalis pheromone lures and the 
eggplant acreage under pheromone-based IPM 
have almost doubled in 2012 compared to the 
previous year in Bangladesh (Mr. Kbd. Md. Ibra-
him Khalil, Ispahani Agro Ltd., Personal Com-
munication). Hence, L. orbonalis pheromone-

Fig. 1  Monitoring of Spodoptera litura population using sex pheromone lure during 2005–2007
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based IPM strategy has high potential in reducing 
the pesticide misuse in the eggplant production 
systems of South and Southeast Asia.

Sex Pheromone of Legume Pod 
Borer, Maruca vitrata F. (Lepidoptera: 
Crambidae)

Sex pheromone components of M. vitrata have 
been already identified. The major compound is 
( E, E)-10,12-hexadecadienal ( EE10,12-16:Ald) 
(Adati and Tatsuki 1999), whereas the minor 
components are ( E, E)-10,12-hexadecadienol 
( EE10,12-16:OH) and ( E)-10-hexadecenal ( E10-
16:Ald) (Downham et al. 2003). A synthetic pher-
omone lure for M. vitrata consisting of EE10,12-
16:Ald, EE10,12-16:OH, and E10-16:Ald in the 
ratio of 100:5:5 was attractive to male moths in 
Benin and Ghana, while EE10,12-16:Ald alone 
was most effective in Burkina Faso (Downham 
et al. 2004). Neither pheromone was effective 
against M. vitrata in Taiwan, although EE10,12-

16:Ald alone attracted significantly higher male 
moths of S. litura (Schläger et al. 2012). Hence, 
we evaluated these pheromone blends against 
M. vitrata in Thailand and Vietnam during 2012. 
The lures were tested using sticky delta traps in 
two heights (120 and 170 cm above ground) in 
the yard-long bean fields. In both Thailand and 
Vietnam, none of the pheromone blend was at-
tractive to the male moths of M. vitrata (Table 1). 
However, traps containing EE10,12-16:Ald alone 
lures attracted significantly higher male moths of 
S. litura, especially at a height of 170 cm.

Five different pheromone blends were sub-
sequently developed at Bio-Control Research 
Laboratories (BCRL), India. They were—(A) 
EE10,12-16:Ald + EE10,12-16:OH in 100:5 ratio, 
(B) EE10,12-16:Ald + EE10,12-16:OH in 100:10 
ratio, (C) EE10,12-16:Ald + E10-16:Ald in 100:5 
ratio, (D) EE10,12-16:Ald + E10-16:Ald in 
100:10 ratio, and (E) EE10,12-16:Ald + EE10,12-
16:OH + E10-16:Ald in 100:10:10 ratio. These 
lures were tested using sticky delta traps in the 
Sesbania grandiflora field at AVRDC—The 
World Vegetable Center during 2012–2013. 
None of these pheromone blends was attractive 
to the male moths of M. vitrata. However, the 
lures were significantly attractive to the male 
moths of S. litura (Table 2). Although M. vitrata 
and S. litura do not share any pheromone com-
pounds in common, the attraction of S. litura to 
EE10,12-16:Ald, the major component in M. vit-
rata pheromone has been confirmed in this study 
in both Thailand and Vietnam. Similar results 
were already obtained in Taiwan (Schläger et al. 
2012).

This is a rare example for cross-attraction 
between species sharing the same habitat in the 

Table 2  Mean trap catches of Maruca vitrata and 
Spodoptera litura in Sesbania grandiflora fields at 
AVRDC, Taiwan
Pheromone lure Mean number of moths per trap

M. vitrata S. litura
A 2.33 17.00 a
B 1.33 8.67 ab
C 1.00 21.00 a
D 0.67 15.00 ab
E 1.33 16.67 a
Check 2.67 2.00 b
Means within a column followed by different letters indi-
cate significant differences (LSD following ANOVA, 
p ≤ 0.05)

Lure Height (cm) Thailand Vietnam
M. vitrata S. litura M. vitrata S. litura

Ratio 100:5:5 120 0.00 7.75 c 0.00 1.33 c
170 0.00 15.25 bc 0.00 3.67 bc

EE10,12–16:Ald 120 0.25 19.25 ab 0.00 6.33 b
170 0.25 21.75 a 0.00 10.67 a

Check 120 0.25 8.75 bc 0.00 3.00 bc
170 0.75 19.00 bc 0.00 1.00 c

Means within a column followed by different letters indicate significant differences 
(LSD following ANOVA, p ≤ 0.05)

Table 1  Total catches 
of Maruca vitrata and 
Spodoptera litura per trap 
in yard long bean fields 
using delta traps at two dif-
ferent trap heights in Kam-
phaeng Saen (Thailand) 
and Hanoi (Vietnam)
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field. However, none of the pheromone blends 
was found to be attractive to the target insect pest, 
M. vitrata, which implied that additional compo-
nents may be present in its pheromone, besides 
the known compounds. Hence, future research 
activities should focus on the identification of 
these missing links in the M. vitrata pheromone 
chain to develop the most effective lures.

Sex Pheromone of Cucumber Moth, 
Diaphania indica (Saunders 1851) 
(Lepidoptera: Crambidae)

Three sex pheromone components of D. in-
dica, viz., E11-16:Ald, EE10,12-16:Ald, and 
hexadecanal (16:Ald) were already identi-
fied (Wakamura et al. 1998). E11-16:Ald and 
EE10,12-16:Ald are the two major components. 
Synthetic mixture of E11-16:Ald and EE10,12-
16:Ald attracted male moths of D. indica in the 
field (Wakamura et al. 1998). It is interesting to 
note that EE10,12-16:Ald, which is a major com-
ponent in the pheromone of M. vitrata is one of 
the major components in D. indica as well. The 
commercially available D. indica pheromone 
lures (Qlure-DII) were purchased from Russell 
IPM Company, UK. The lures were tested using 
sticky delta traps in the cucumber field during 
2010 at AVRDC—The World Vegetable Center. 
However, the season-long trial confirmed that 
the lure was not attractive to the male moths of 
D. indica (Table 3). However, traps containing 
D. indica lures overwhelmingly attracted male 
moths of S. exigua. Similar trial was conducted 
during 2012 in bitter-gourd field. In this trial 
also, no D. indica male moths was attracted by 
the pheromone lures. Although S. exigua male 

moths were attracted by the Qlure-DII, it was not 
significantly different from the untreated check 
(traps without pheromone lures). Hence, it has 
become imperative to refine the sex pheromone 
lures of D. indica to use it in the IPM strategies.

Aggregation Pheromone of Striped 
Flea Beetle, Phyllotreta striolata 
F. (Coleoptera: Chrysomelidae)

Flea beetles ( Phyllotreta spp.) are known to pro-
duce aggregation pheromones (Peng et al. 1999), 
and mostly they are the male-specific com-
pounds. Synthetic compounds of these aggrega-
tion pheromones attracted both sexes of the flea 
beetles (Soroka et al. 2005). Since information 
on the aggregation pheromone of P. striolata was 
scanty, efforts were made to identify the aggrega-
tion pheromones in P. striolata. An active male-
specific compound from P. striolata was identi-
fied as (+)-(6R,7S)-himachala-9,11-diene. Under 
laboratory conditions, the activity of this synthetic 
pheromone either alone or in combination with 
the host plant volatile (allyl isothiocyanate, AITC) 
attracted significantly high numbers of P. striolata 
(Beran et al. 2011). Subsequently, the synthetic ag-
gregation pheromone was evaluated either alone 
or in combination with AITC against P. striolata 
under field conditions on radish at AVRDC—The 
World Vegetable Center during 2011. The results 
indicated that the pheromone alone was ineffec-
tive in attracting the P. striolata beetles (Table 4). 
However, the pheromone compound, when com-
bined with AITC, enhanced its attraction. The 
result is also consistent with our earlier findings 
(Beran et al. 2011). This may be due to the fact 
that P. striolata aggregation pheromone might 

Pheromone lure Mean number of moths per trap 
per week (cucumber field, 2010)

Mean number of moths per trap 
per week (bitter-gourd field, 
2012)

D. indica S. exigua D. indica S. exigua
Qlure-DII 0.75 250.25 a 1.00 13.43
Check 1.50 11.00 b 0.57 4.43
Means within a column followed by different letters indicate significant differences 
(LSD following ANOVA, p ≤ 0.05)

Table 3  Mean trap catches 
of Diaphania indica and 
Spodoptera exigua in 
cucurbit fields at AVRDC, 
Taiwan
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have more than one active compound, which 
should be identified to improve its efficiency.

Conclusions

Insect pheromones are useful as a monitoring 
(e.g., S. litura) or a mass-trapping (e.g., L. orbo-
nalis) tool in IPM strategies in tropical vegetable 
production systems. However, a thorough under-
standing on various factors, such as insights on 
the complete list of pheromone components and 
their ratio in an insect species, genetic variations 
among the populations of a pest species, varia-
tions in local weather factors in a region, etc., is 
highly imperative before designing a pheromone-
based pest management strategy. For instance, 
the pheromone-based monitoring is still a chal-
lenge for pest species such as M. vitrata, D. indi-
ca, and P. striolata, although the major constitu-
ents of their pheromone compounds are already 
known. Hence, additional research is required to 
refine and develop the most effective pheromone 
blends for these key pest organisms in tropical 
Asia and Africa.
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Abstract

Pests of horticulture importance are evolving rapidly with changing cli-
matic conditions, intensive farming practices, and constant selection pres-
sures exerted through insecticides. With worldwide interest in environ-
mental protection, chemical insecticides have become objects of scientific 
and popular protest. Critics charge chemical insecticides of their danger 
in provoking the development of resistant strains of pests, sabotaging 
ecological systems, and poisoning the environment. These liabilities of 
chemical insecticides have paved way to nonchemical methods, which use 
natural processes and mechanisms against insect pests. Of several natural 
processes available for exploitation of management of insect pests, semio-
chemicals are less exploited inspite of their ability in making integrated 
pest management (IPM) programs sustainable in the long run. The past, 
present, and future of integrating these viable alternatives with IPM pro-
grams against horticultural insect pests in India is discussed.

Keywords 
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Introduction

“Certainly insects cannot think, but they can 
react”—Chemical cues (= semiochemicals/info-
chemicals) are used by insects to interact with 
their environment for survival and reproduc-
tion. This reliance of insects on chemical cues 
offers a number of opportunities for their con-
trol (Bruce 2010). Recently, semiochemicals are 
being increasingly used as important components 
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of integrated pest management (IPM) for a num-
ber of insect pests worldwide. Push–pull strate-
gies or stimulo-deterrent diversionary strategies 
(SDDS) (= behavioral manipulation methods) 
uses repellent/deterrent (push) and attractant/
stimulant (pull) stimuli to direct the movement 
of pest or beneficial insects for sustainable pest 
management. However, their potential is less ex-
ploited in horticulture. This may be mainly due 
to lack of thorough understanding of chemical 
mediated processes or chemical ecology of the 
intended pests. Therefore, development of reli-
able, robust, and sustainable push–pull strate-
gies requires a clear scientific understanding 
of behavioral and chemical ecology of pest, its 
interactions with hosts, conspecifics and natu-
ral enemies in order to underpin key processes 
that can be exploited as weak links. Moreover, to 
understand/manipulate various semiochemicals 
(pheromones, allelochemicals-kairomones, al-
lomones, and synnomones) and maximize their 
usefulness in IPM, collaborations between ento-
mologists and chemists is essential. Presently, se-
miochemicals that induce behavioral responses to 
over 1500 insect species are described (Arn et al. 
1992). Apart, there is a growing awareness about 
the complex interaction between host plants and 
insects (Landolt and Phillips 1997, Bruce and 
Pickett 2011). Despite the importance of semio-
chemicals, there is no information available on 
potential behavior modifying cues involved in 
tritrophic interactions and application of this 
technology for horticultural IPM in India. An 
adaptive approach to take advantage of collab-
orative work between biology, chemical ecology, 
physiology, analytical chemistry, and molecular 
biology in order to elucidate, develop, and im-
plement the field application of semiochemicals 
for the sustainable management of horticultural 
insect pests is paramount for India.

Fruit Crop Pests

The major fruit crops grown in India and their 
insect pests along with the status of semiochemi-
cals in their management are outlined in Table 1. 
Overview of major potential fruit crop pests in 
India reveals significant losses due to lepidop-

terans, coleopterans, dipterans, and homopter-
ans where the practical feasibility of isolation, 
identification, and application of semiochemi-
cals is quite possible. At present, in India the 
focal pest species where semiochemicals are 
playing a major role in integrated management 
programs are very limited. It is largely confined 
to tephritid fruit flies through male annihilation 
technique (MAT) in mango as well as in other 
crops viz., guava, citrus (Verghese and Jayanthi 
2001). No serious efforts have been made about 
chemo-behavioral strategies of fruit flies in India 
involving host kairomones and male based sex 
pheromones.

Studies have revealed that visual and chemi-
cal cues play an important role in the host-finding 
behavior of fruit flies (Kamala Jayanthi and Ver-
ghese 2011; Kamala Jayanthi et al. 2012). Since, 
the host plant is the focal point for the ecologi-
cal behavior of fruit flies involving host seeking, 
adult feeding, mating behavior, oviposition, and 
egg development, these functions are strongly 
modulated by chemical cues (Drew 1989). Vola-
tile fruit odors have been used successfully as at-
tractants for the apple maggot fly, Rhagoletis po-
monella (Walsh; Reissig et al. 1985; Jones 1988; 
Jones and Davis 1989; Agnello et al. 1990). Vol-
atile fruit odors have also been investigated as 
potential attractants for the Mediterranean fruit 
fly, Ceratitis capitata (Wiedemann; Prokopy and 
Vargas 1996; Warthen et al. 1997; Prokopy et al. 
1998), the Mexican fruit fly, Anastrepha ludens 
Loew (Robacker 1992; Robacker and Andheath 
1996), and Caribbean fruit fly, Anastrepha sus-
pensa (Loew) (Nigg et al. 1994). However, such 
studies are limited in case of Bactrocera dorsalis 
complex in India (Kamala Jayanthi et al. 2012, 
2013, 2013a).

Apart from tephritid fruit flies, the other im-
portant pests of national importance in fruit 
crops where semiochemicals can play a key 
role in strengthening the existing IPM strategies 
are mango stone weevil (MSW), Sternochetus 
mangiferae (Fabricius), inflorescence hoppers, 
Idioscopus spp, red banded caterpillar, Deonalis 
albizonalis (Hampson), fruit borer, Citripestis 
eutraphera (Meyrick), leaf gall midge, Procon-
tarinia matteiana Kieffer and Cecconi, inflores-
cence midge, Erosomyia indica Grover, shoot 
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Table 1  Status of semiochemical technologies in important pests of horticultural crops
Crop Major economically significant pests Status of semiochemicals in pest 

management
Global India Future scope

Fruits
Mango Fruit flies, Bactrocera spp., (Tephritidae: Diptera) MA MA K, SP,+

Stone weevil, Sternochetus mangiferae (Fab.) (Curculioni-
dae: Coleoptera)

– – K, SP, AgP,+

Hoppers, Ideoscopus spp, (Cicadellidae: Hemiptera), – – K, SP, AP
Gall midges, Procontarinia spp, Erosymia indica (Grover) 
(Cecidomyiidae: Diptera)

– – K, SP

Psyllids, Apsylla cistellata (Buckton), (Psyllidae: 
Hemiptera)

– – K, SP

Leaf webbers, Orthaga spp., (Pyralidae: Lepidoptera) – – K, SP
Leaf miner, Acrocercops syngramma (Meyrick) 
(Gracillaridae:Lepidoptera)

– – K, SP

Leaf eating weevils, Deporaus marginatus (Pascal) 
(Curculionidae: Coleoptera)

– – K, SP

Shoot borers, Chlumetia transversa (Walker) (Noctuidae: 
Lepidoptera)

– – K, SP

Stem borer, Batocera rufomaculata (DeGeer) (Cerambyci-
dae: Coleptera)

– – K, SP

Banana Rhizome weevil, Cosmopolites sordidus (Germar) (Curcu-
lionidae: Coleoptera)

SP SP K, SP,+

Stem borer, Odoiporus longicollis (Olivier), (Curculioni-
dae: Coleoptera)

– – K.,SP, AgP,+

Fruit scarring beetle, Colaspis hypochlore Lef., (Chryso-
melidae: Coleoptera)

– – K, SP

Citrus Citrus leaf miner Phyllocnistis citrella (Stainton) (Gracil-
laridae: Lepidoptera)

SP – K, SP,+

Citrus psylla, Diaphorina cirti (Kuwayama), (Psyllidae: 
Hemipteara)

– – K, SP,+

Whiteflies, Aleurocanthus citriperdus (Quaintance and 
Baker)

– – K, SP,+

Lemon butterflies, Papilio spp (Linn.), (Papilionidae: 
Lepidoptera)

– – K, SP,+(K, P reported 
for P. polytes)

Black aphids, Toxoptera spp. (Aphididae: Hemiptera) – – K, SP, AlP
Blackfly, Aleurocanthus woglumi Ashby, (Aleyrodidae: 
Hemiptera)

– – K, SP, AlP

Bark eating caterpillars, Indarbela quadrinotata (Walker) 
(Indarbelidae: Lepidoptera)

– – SP

Stem boring beetles, Chelidonium spp, (Cerambycidae: 
Coleoptera)

– – K, SP,+

Fruit sucking moths, Eudocima spp. (Noctuidae: 
Lepidoptera)

– – K, SP,+

Guava Fruit flies, Bactrocera spp., (Tephritidae: Diptera) MA MA K, SP,+
Grapes Flea beetles, Scelodonta strigicollis (Mostschulsky) 

(Chrysomelidae: Coleoptera)
– – K

Berry webber, Adoxophyes privatana (Walker) (Tortric-
idae: Lepidoptera)

SP – SP

Shot hole borer, Xyleborus spp, (Scolytidae: Coleoptera) – – K, AgP,+

 



242 Kamala Jayanthi PD et al.

Crop Major economically significant pests Status of semiochemicals in pest 
management

Global India Future scope
Sapota Chikoo moth, Nephopteryx eugraphella (Rag.) (Pyralidae: 

Lepidoptera)
– – SP

Leaf miner, Acrocercops gemoniella (Stainton) (Gracillari-
dae: Lepidoptera)

– – SP

Bud borers, Anarsia species (Gelichiidae: Lepidotera) – – SP
Seed borer, Trymalitis margarias Meyrick (Tortricidae: 
Lepidoptera)

– – SP

Pomegranate Pomegranate butterfly, Deudorix isocrates (Fab.) (Lycaeni-
dae: Lepidoptera)

– – K, SP,+

Ber Fruit flies, Carpomyia vesuviana (Costa), (Tephritidae: 
Diptera)

– – K, SP, +

Fruit borers, Meridarchis scyrodes (Mey.), (Carposinidae: 
Lepidoptera)

– – SP

Litchi Litchi stink bug, Tessaratoma papillosa Drury (Tessarot-
omidae: Hemiptera)

– – K, SP, +

Temperate 
fruits

Codling moth, Cydia pomonella (L.), (Tortricidae: 
Lepidoptera)

SP SP K, SP,+

Stem borer, Apriona cinera (Chevrolet), (Cerambycidae: 
Coleoptera)

– – K, AgP, SP+

Tent caterpillar, Malacosoma indica (Walk.) (Lasiocampi-
dae: Lepidoptera)

– – SP

Leopard moths, Zeuzera spp (Cossidae: Lepidoptera) – – SP(A, SP are avail-
able for Z. pyrina)

Leaf roller, Archips termias (Meyrick), (Tortricidae: 
Lepidoptera)

P – SP (SP are available 
for other Archips spp)

Peach twig borer, Anarsia lineatella Zeller (Tortricidae: 
Lepidoptera)

P – SP

Walnut weevil, Alcidodes porrectirostris Marshall (Curcu-
lionidae: Coleoptera)

– – K, SP,+

Vegetables
Tomato Fruit borer, Helicoverpa armigera Hub. (Lepidoptera: 

Noctuidae)
SP SP K,+

Tobacco caterpillar, Spodoptera litura Fab. (Lepidoptera: 
Noctuidae)

SP SP K,+

Serpentine leaf miner, Liriomyza trifolii (Burgess) (Agro-
myzidae: Diptera)

– – SP

Whiteflies, Bemisia tabaci (Genn.), (Aleyrodidae: 
Hemiptera)

– – SP, HD

Brinjal Fruit and shoot borer, Leucinodes orbonalis Guen. 
(Pyralidae: Lepidoptera)

SP SP K, SP,+

Ash weevil, Myllocerus spp., (Curculionidae: Coleoptera) – – SP, K,+
Epilachna beetle, Epilachna viginctioctopunctata Fab. 
(Coccinellidae: Coleoptera)

– – K, SP,+

Mealy bug, Coccidohystrix insolita (Green) (Pseudococ-
cidae: Hemiptera)

– – K, SP,+

Gall midge, Asphondylia sp. (Cecidomyiidae: Diptera) – – K, SP,+

Table 1 (continued) 
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Crop Major economically significant pests Status of semiochemicals in pest 
management

Global India Future scope
Chilli/
Capsicum

Thrips, Scirtothrips dorsalis Hood (Thripidae: 
Thysanoptera)

– – A, HD

Green peach aphid, Myzus persicae Sulzer, (Aphididae: 
Hemiptera)

A, AlP – A, AlP,+

Gall midge, Asphondylia capsici Barnes (Cecidomyiidae: 
Diptera)

– – K, SP,+

Okra Leafhoppers, Amrasca biguttula Ishida, (Cicadellidae: 
Hemiptera)

– – K, Agp

Shoot and fruit borer, Earias spp (Noctuidae:Lepidoptera) SP – SP
Aphids, Aphis gossypii Glover, (Aphididae: Hemiptera) SP – SP, HD
Red cotton bug, Dysdercus cingulatus Fab., 
(Pyrrhocoridae:Hemiptera)

– – K, SP,+

Cruciferous 
vegetables

Diamondback moth, Plutella xylostella,(L), (Plutellidae: 
Lepidoptera)

SP, K SP SP, K,+

Leaf webber, Crocidolomia binotalis (Zeller), (Pyralidae: 
Lepidoptera)

SP – SP, K,+

Stem borer, Hellula undalis (Fab.), (Crambidae: 
Lepidoptera)

SP – SP, K,+

Cabbage butterfly, Pieris brassicae (L), (Pieridae: 
Lepidoptera)

A – K, SP,+

Aphids, Brevicoryne brassicae (Linn), Lipaphis erysimi 
(Kalt.) (Aphididae: Hemiptera)

– – K, AlP, HD+

Leguminous 
vegetables

Stem fly, Ophiomiia phaseoli (Tryon), (Agromyzidae: 
Diptera)

– – K, SP.+

Pod borers, Lampedis boeticus (L.), (Lycaenidae: 
Lepidoptera)

– – K, SP,+

Aphids Aphis craccivora (Koch), Acrythosiphon pisum 
(Harris) (Aphididae: Hemiptera)

– – K, SP, HD,+(P avail-
able for A. fabae, A. 
gossypii)

Bruchids, Callosobruchus chinensis (L.), (Bruchidae: 
Coleoptera)

A, SP – K, SP,+

Cucurbits Fruit flies Bactrocera cuccurbitae (Coq.), (Tephritidae: 
Diptera)

MA MA K, SP,+

Red pumpkin beetle, Aulacophora fovicollis (Lucas) 
(Chrysomelidae: Coleoptera)

– – K, SP,+ (A available 
for A. fermoralis)

Leaf eating caterpillar, Diaphania indica (Saund) (Crambi-
dae: Lepidoptera)

SP SP

Onion/
Garlic

Thrips, Thrips tabaci Lindeman, (Thripidae: Thysanoptera) K, A – K, HD,+

Tuber crops
Potato Tuber moth, Phthorimaea operculella (Zeller) (Gelechi-

idae: Lepidoptera)
P – SP, K,+

White grubs, Holotrichia sp., (Scarabaeidae: Coleoptera) – – K, SP,+
Green leaf hopper, Empoasca kerri Pruthi (Cicadellidae: 
Hemiptera)

– – K, HD,+(A, PgS 
available for E. vitis, 
E. fabae)

Green peach aphid, Myzus persicae Sulzer, 
(Aphididae:Hemiptera)

A, SP – A, SP, HD,+

Sweet potato Sweet potato weevil, Cylas formicarius Fab., (Curculioni-
dae: Coleoptera)

K, SP K, SP K, SP,+

Table 1 (continued) 
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gall psylla, Apsylla cistellata (Buckton), early 
shoot borer, Chlumetia transvera (Walker), web-
ber, Othaga exvinaceae (Hampson), stem borer, 
Batocera rufomaculata (DeGeer), etc. in mango; 
asian citrus psylla, Diaphorina citri Kuwayama, 
leaf miner, Phyllocnistis citrella Stainton, black-

fly, Aleurocanthus woglumi Ashby, black aphid, 
Toxoptera aurantii (Boyer de Fonscolombe), 
brown aphid Toxoptera citricida (Kirkaldy), 
fruit sucking moth, Eudocima spp. in case of 
citrus; rhizome weevil, Cosmopolites sordidus 

Crop Major economically significant pests Status of semiochemicals in pest 
management

Global India Future scope
Flowers sucking pests – – HD
Plantation crops
Coconut Rhinoceros beetle, Oryctes rhinoceros (L.) (Scarabaeidae: 

Coleoptera)
AgP, A AgP K, SP,+

Red palm weevil, Rhynchophorus ferrugineus (Olivier) 
(Curculionidae: Coleoptera)

AgP, A AgP K, AgP,+

Black headed caterpillar, Opisina arenosella Walker 
(Crystophasidae: Lepidoptera)

SP SP K,+

Cashew Stem/root borer, Plocaederus ferrugineus L. (Cerambyci-
dae: Coleoptera)

– – K, SP,+

Tea mosquito bug, Helopeltis antonii Sign., (Miridae: 
Heteroptera)

– – K, SP,+

Coffee White stem borer, Xylotrechus quadripes (Chevrolat) 
(Cerambycidae: Coleoptera)

A, AgP, 
CP, 
CuH

AgP K, AgP, SP,+

Coffee berry borer, Hypothenemus hampei (Ferrari) 
(Curculionidae: Coleoptera)

A A K, SP,+

Shot hole borer, Xylosandrus compactus (Eichhoff) 
(Scolytidae: Coleoptera)

A – K, SP, AgP,+

Spice crops
Arecanut Root grub, Leucopholis burmeisteri Brenske Scarabaeidae: 

Coleoptera)
SP – K, AgP, SP,+

Inflorescence caterpillar, Tirathaba mundellaWalker (Pyral-
idae: Lepidoptera)

– – K, P,+

Ginger/
Turmeric

Shoot borer, Conogethes punctiferalis Guen. (Crambidae: 
Lepidoptera)

SP SP K, SP,+

Leaf roller, Udaspes foIus Cram., (Hesperiidae: 
Lepidoptera)

– – SP

Thrips, Panchaetothrips indicus Bagnall (Thripidae: 
Thysanoptera)

– – A, HD

Cigarette beetle, Lasioderma serricorne (F.) (Anobiidae: 
Coleoptera)

Al, MaP – Al, MaP, SP,+

Cardmom Shoot borer, Conogethes (= Dichocrocis) punctiferalis 
Guen. (Crambidae: Lepidoptera)

SP SP K, SP,+

White flies, Dialeurodes cardamomi (David and Subr.) 
(Dialeurodidae: Hemiptera)

– – A, Al, HD,+

Thrips, Sciothrips cardamomi, (Thripidae: Thysanopotera) – – A, Al, HD,+
Pepper Pollu beetle, Longitarsus nigripennis, (Chrysomelidae: 

Coleoptera)
SP – SP, K,+ (SP are 

available for other 
Longitarsus spp)

A attractant, AgP aggregation pheromone, Al Allomone, AlP alarm pheromone, CP contact pheromone, CuH cuticular 
hydrocarbons, HD host plant defense, K kairomone, MaP Marking pheromone, PgS phagostimulant, SP sex phero-
mone, + mixtures

Table 1 (continued) 
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(Germar), pseudostem weevil, Odoiporus longi-
collis Olivier in banana; anar butterfly, Deudorix 
isocrates (Fab.) and fruit sucking moth, Eudo-
cima spp in pomegranate; seed borer, Trymalitis 
margarias Meyrick, chiku bud borer, Anarsia 
achrasella Bradley, chiku moth, Nephopteryx 
eugraphella Ragonot in sapota; codling moth, 
Cydia pomonella in apple; Ber fruit borer, Meri-
darchis scyrodes Meyrick and ber fruit fly, Car-
pomyia vesuviana Costa in ber; fruit borer com-
plex viz., Conopomorpha cramerella (Snellen), 
Platepeplus aprobola Meyer, Dichocrosis sp., li-
tchi bug, Tessarotoma javanica Thumb in Litchi.

The MSW, S. mangiferae is monophagous to 
mango and carries quarantine regulations. The 
IPM strategies involve chemical as well as cultur-
al measures only to manage this pest so far. Info-
chemical research revealed that volatile odors sur-
rounding weevils, frass, and mango leaves were 
chemically distinguishable through Gas chroma-
tography mass spectrometry (GC-MS) (Andrew 
2011). The compounds identified in weevil odors 
were found to be of mango origin with varied lev-
els of relative abundance suggesting a sequestra-
tion by the weevils and a possible role in chemi-
cal communication. The behavioral experiments 
further demonstrated that weevils are attracted to 
conspecifics possibly through an actively released 
aggregation pheromone. Nevertheless, role of phy-
to-semiochemicals have not been explored in this 
monophagous pest. Studies on the semiochemistry 
of closely related species S. frigidus (mango pulp 
weevil) that is restricted to North east (NE) India 
revealed that floral volatiles of Mangifera indica 
L. (cv. Carabao) are attractive to adult weevils (De 
Jesus et al. 2003). Further, a six component blend 
of floral volatiles containing acetic acid (0.70 %), 
decane (0.3 %), acetone (4.4 %), linalool (82.2 %), 
ethyl benzoate (11.4 %), and 2-methyl heptenone 
(1.0 %) elicited 70 % attraction response in S. 
frigidus. This blend was better than each individ-
ual component. The hexane extract of 70-day-old 
green “carabao” mango fruit yielded two active 
fractions (fractions 5 and 6 at 4.6 mg and 11.7 mg 
per kg. fruit, respectively) eliciting oviposition by 
gravid female weevils. The fatty acids found in 
the active fractions viz., myristic and oleic acids 
elicited significantly higher oviposition response 

(Averages of 5.7 and 4.0 eggs, respectively) com-
pared to all other treatments including the control 
(average of 1.5 eggs) representing an important 
step in the development of bait traps (de Jesus 
et al. 2004). Similarly, in MSW, semiochemicals 
involving either aggregation/sex pheromones or 
plant kairomones appear to offer the best chance 
of developing practical systems for orchard moni-
toring and may provide additional opportunities 
for controlling this quarantine pest through mating 
disruption or mass-trapping.

The stem borer, Batocera rufomaculata (Sub 
family: Lamiinae, Family: Cerambycidae, Order: 
Coleoptera), a longhorned beetle is increasingly 
becoming a menace in older (> 10 years) mango 
orchards across the country. It is highly polypha-
gous and about 50 host plant species of 18 dif-
ferent plant families are attacked (CABI 2007). 
Several thousands of trees have been lost in the 
last decade. The borer, a beetle of almost 4–5 cm 
length, thought to be univoltine, lays eggs on the 
main trunk of relatively older mango trees mainly 
during monsoon season. The grubs bore and feed 
on vascular tissues thereby interrupting nutrient 
and water transport. The symptoms of damage 
include active frass that shove out from infested 
holes and sometimes sap oozing. Our observation 
revealed existence of overlapping generations as 
against previously thought and reinfestation of 
already damaged trees (with fresh frass) are quite 
common. There is a growing body of evidence 
that hydrocarbons within the epicuticular wax 
layer of females serve as contact pheromones, 
and play important roles in the mating systems 
of longhorned beetles (Ginzel and Hanks 2003; 
Ginzel et al. 2006; Ginzel 2010; Spikes et al. 
2010). Males from diverse subfamilies of the 
Cerambycidae orient to females only after con-
tacting them with their antennae, suggesting that 
males recognize potential mates by contact che-
moreception (Ginzel 2010). Nevertheless, these 
signals have been identified already for several 
species in the phylogenetically advanced sub-
families like Lamiinae (Ginzel 2010).

Further, long range mate location mediated by 
pheromones has been documented in several sub 
families of Cerambycidae including Lamiinae, 
through both male-produced (Lacey et al. 2004; 
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Reddy et al. 2005a) as well as female-produced 
sex pheromones (Rodstein et al. 2011; Ray et al. 
2011). Further, evidences suggest that attraction 
in longhorned beetles is likely to be a combina-
tion of host kairomones and pheromones (Nehme 
et al. 2010; Saint- Germaine et al. 2007; Smith 
et al. 2007, 2008) indicating at least two strate-
gies of long-range attraction that depend largely 
on the condition of the larval host (Hanks 1999; 
Allison et al. 2004; Millar et al. 2009) have 
emerged. For species utilizing stressed hosts as 
noticed in the case of B. rufomaculata, which 
tend to be ephemeral resources, both sexes are 
reported to get attracted to host kairomones 
(Ginzel and Hanks 2005), male-produced pher-
omones (Hanks et al. 2007; Lacey et al. 2007a, 
b, 2008, 2009; Ray et al. 2009a, b), host kairo-
mones + male produced aggregation pheromones 
(Silk et al. 2007), or host/bark kairomones + male 
produced aggregation pheromones (Pajares et al. 
2010). In a few species, females are attracted 
to male-produced sex pheromones (Lacey et al. 
2004; Hall et al. 2006; Hanks et al. 2007) or a 
combination of host kairomones + male produced 
sex pheromones (Fonseca and Zarbin 2009).

The role of semiochemicals in mate location 
in majority of cerambycids apparently appears 
quite complex involving possible role of male 
and female pheromones and kairomones (Wick-
ham et al. 2012). A detailed multi-faceted behav-
ioral approach to understand the mate/host loca-
tion perhaps will provide a needed tool for pest 
management, survey and detection, and control 
for this important polyphagous cerambycid.

Similarly, there are a couple of serious cur-
culionid weevil pests in banana viz., rhizome 
weevil, C. sordidus; pseudostem weevil, O. lon-
gicollis that are highly monophagous and spe-
cific to banana. Of these, for rhizome borer, C. 
sordidus, a commercial male aggregation phero-
mone—Sordidin was identified by Budenberg 
et al. (1993) and is popular among banana farm-
ers. In case of pseudostem borer, O. longicollis, 
the weevils were already known to get attracted 
to cut stems of host plant (Sahayaraj and Kom-
baiah 2009; Palanichamy and Ya-Ping 2011; 
Kamala Jayanthi et al. 2012) and conspecifics 
(Prasuna et al. 2008). Baiting with male aggrega-

tion pheromone (2-methyl-4-heptanol) of O. lon-
gicollis in conjunction with host plant extract in 
funnel traps attracted significantly more weevils 
than traps baited with either pheromone or host 
plant extract alone (Gunawardena et al. 1997, 
1999; Palanichamy and Ya-Ping 2011). Further, 
evidence for a female-produced sex pheromone 
which is attractive to male weevils was also re-
ported (Ravi and Palaniswami 2002). Neverthe-
less, all these studies are limited laboratory/field 
trials and there is no commercial availability of 
phyto-semiochemicals that will attract weevils 
to strengthen the management programs to date. 
Semiochemical based trapping in banana weevil 
management has potential either in mass trapping 
or as part of IPM programs. Accurate identifica-
tion, isolation, characterization, synthesis and 
formulation of these semiochemicals through 
consistent behavioral bioassays will be a boon to 
farmers.

The chemical ecology of homopterans from 
host plants to consepcific interactions were com-
piled in detail by Kristoffersen (2003) where 
research concerning homopteran behaviors and 
semiochemicals (= sex pheromones, alarm pher-
omones, aggregation pheromones, spacing pher-
omones, host plant volatiles and their synergistic 
interactions) though quite scarce. The positive 
results of aphid and psylloid studies certainly en-
courage similar attempts in other major pestrifer-
ous homoptera in mango and citrus.

There are several species of hoppers damag-
ing mango crop all over India. Of these Ideosco-
pus spp are very important mainly attacking 
inflorescence and causing economic damage. 
The Ideoscopus spp are highly host specific; I. 
clypealis breeds only on inflorescence stalks of 
mango; where as I. nitidulus, Amrasca splen-
dens, and Amritiodus atkinsoni though specific to 
mango can breed both on new flushes of leaves 
as well as inflorescence stalk. Amrasca bigut-
tula biguttula can however feed and breed on a 
number of hosts of several families such as so-
lanaceae, cucurbitaceae, malvaceae, asteraceae 
etc. Apart from cultural and biological meth-
ods, chemical option is still the major weapon 
for controlling this pest. There are no studies on 
exploring the role of host plant cues involved as 
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stimulants for oviposition and also for breeding. 
Further, any insect borne semiochemicals like 
aggregation pheromones helping the hoppers to 
stay as broods is less understood. Studies in other 
cicadellids indicated the role of olfactory cues in 
host plant detection of American grapevine leaf-
hopper nymphs, Scaphoideus titanus Ball (Maz-
zoni et al. 2009; Hegde et al. 2012).

The regulated pest, mango fruit borer or Red 
banded mango caterpillar (RBMC), Deanolis al-
bizonalis Hampson is causing alarming damage 
to all stages of mango fruits (Sujatha and Zaher-
uddeen 2002). An effective pheromone lure has 
been identified by Hortresearch in New Zealand 
that trapped hundreds of male moths and was 
significantly more attractive than virgin female 
moths, catching six times more moths than caged 
virgin females suggesting the possibility of rou-
tine trapping of male moths for monitoring as 
well as for mating disruption (Gibb et al. 2006, 
2007). Initial testing suggested the lure was ef-
fective for at least four weeks in the field under 
tropical conditions and further work needs to be 
done on trap type, lure matrices (instead of rub-
ber septa), mating behavior, dispersal, and lure 
attractancy range (Gibb et al. 2006, 2007). Fur-
ther, Yarrow and Chandler (2007) suggested that 
trap clearance is needed to be done weekly to 
fortnightly in tropical areas to minimize degra-
dation of trap catches. Further, the lure impreg-
nated septum used with a delta trap/sticky mat 
can also be used as a supplementary early warn-
ing to growers. In India, attempts were made 
to use the reported sex pheromone fractions to 
Indian RBMC populations, but did not generate 
any moth response under field conditions indicat-
ing the need to study the behavioral ecology and 
strain differences in Indian RBMC populations. 
Limited studies on intermittent calling behavior 
of D. albizonalis and female sex pheromone were 
carried out in India (Sujatha et al. 2002).

Until recently, the leaf webber, O. exvinaceae 
is a major problem in neglected orchards where 
infestation starts from April and continues up to 
December. Literature states that after Decem-
ber, the webber moth undergoes hibernation in 
pupal form in soil until April. During the sum-
mer showers the moths from hibernating pupae 

emerges and fresh infestation starts from April 
onwards. However, the change in precipitation 
pattern resulting in intermittent showers after 
December lead to continuous webber infestation 
even in well maintained orchards. Recent stud-
ies clearly proved that O. exvinaceae tags along 
with conspecifics through multiple ovipositions 
by several conspecific gravid females into the 
same web and/or nearby web (Kamala Jayanthi 
et al. 2013b). Usually, the mother moths depend 
on several cues viz., secondary compounds, vi-
sual signals (plant and leaf shape), presence of 
natural enemies or mutualists, presence of con-
specific immatures, microclimate (Rausher 1978; 
Williams and Gilbert 1981; Freitas and Oliveira 
1992) to choose the suitable ovipostion site for 
its progeny survival. Further experiments to find 
out the cues aiding the gravid female to oviposit 
within the same web or near the already exist-
ing web and female based sex pheromone (In the 
Lepidoptera, with the exception of butterflies, 
mate finding is primarily mediated by female-
emitted sex pheromones and finely tuned male 
responses, Wyatt 2003) will definitely help in 
luring both sexes into traps. Similar attempts to 
locate female-based sex pheromones may yield 
positive results in another lepidopteran, early 
shoot borer, C. transversa. Successful synthesis 
of codlemone, the codling moth female sex pher-
omone blend has led to behavior based monitor-
ing and management of codling moth infestations 
in apple (Lo et al. 2013).

Pomegranate fruit borer, Deudorix isocrates 
(Fab.), a polyphagous pest with a wide range of 
host plants such as plums, peaches, mulberry, li-
tchi, sapota, guava, tamarind, pears, citrus, litchi, 
ber, anola, and apple. Pomegranate is the most 
preferred host in which the pest may destroy up 
to 50 % of the fruits. The management includes 
several cultural, mechanical, chemical, botanical 
and biocontrol agents, but still leaves scope for 
strengthening of IPM through semiochemicals. 
Existence of strong female based sex pheromone 
communication system in pomegranate fruit 
borer was identified by Indian Institute of Chem-
ical Technology (IICT) in collaboration with 
Mahatma Phule Krishi Vidyapeeth (MPKV), 
Rahuri. Three sex pheromone components have 
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been identified and synthesized successfully in 
the lab and confirmed their bioactivity by GC-
EAD (Seema 2009).

The role of semiochemicals was less explored 
for the notorious fruit piercing moths, Eudocima 
spp that are serious pests on commercially im-
portant crops including pomegranate, citrus, 
guava, mango, papaya, litchi, carambola, grapes, 
eggplant tomato, etc. This pest occurs not only 
in the tropics all around the world including In-
do-Australian-Pacific region but also in Africa. 
Moths feed at night by penetrating the rind of 
ripe fruits with their strong proboscis and suck 
the juice. Internal injury consists of a bruised dry 
area beneath the skin. Secondary rots develop at 
the puncture site. Fermenting fruits are often vis-
ited and fed on by secondary-moth feeders taking 
advantage of the access hole drilled by this fruit 
piercing moth. The management for this moth in-
cludes insecticidal control, night watching, hand 
collection of moths, moth destruction using light 
traps, bonfires, and altering cropping period that 
have limited impact. No attempts to explore the 
possibility of phytosemiochemicals were made. 
However, semiochemicals may have tremendous 
impact on the moth, which breeds on a specific 
creeper host, Tenospora cordifolia L.

Usually cecidomyids select hosts and mates by 
means of olfactory signals. Semiochemical trap 
can be a sensitive monitoring tool for detection, 
timing treatments, monitoring population trend, 
etc. in gall midges owing to their minute, incon-
spicuous body size and sudden outbreaks. In the 
recent past, numbers of chemical identifications 
of gall midge sex pheromones have been accu-
mulated highlighting the feasibility of practical 
pheromone based field monitoring in these diffi-
cult to detect insects (Bruce and Smart 2009). In 
mango, leaf gall midges viz., Procontarinia mat-
teiana Kieffer and Cecconi, inflorescence midge, 
E. indica, are attaining serious status causing 
severe damage. Similarly, in case of shoot gall 
psylla, A. cistallata, an unique univoltine species 
that causes huge direct damage through transfor-
mation of reproductive and vegetative buds in to 
galls (Jha et al. 2013); optimizing a sex phero-
mone-based method of monitoring may help to 
attract psyllids to traps as being practiced in sev-

eral other crops (Pear psylla, Cacopsylla pyricola 
(Forster), Guédot et al. 2009). Similarly, a psyllid 
repellent that was discovered by scientists ex-
ploring why citrus trees planted near guava trees 
had fewer citrus psyllids revealed that the com-
pound dimethyl disulphide (DMSD), identified 
in volatiles emitted by the guava trees was found 
in laboratory tests to be highly repellent to citrus 
psyllid. Recent trials have shown that the potato 
psyllid is also repelled by the compound.

Vegetable Crop Pests

At present the prospects of using semiochemical 
technologies for controlling various insect pests 
of vegetable crops are mainly limited to sex pher-
omones of lepidopterans and tephritid fruit flies. 
Among the lepidopterans, (Z) 11 hexadecanal + 
(Z) hexadecanal (97:3) (popular as Helilure- for 
Helicoverpa armigera); (Z, E), 9,11 tetradecanyl 
acetate + (Z, E) 9,12-dienyl acetate (19:1) (popu-
lar as Spodolure for Spodoptera litura); (E)-11 
hexadecenyl acetate + (E)-11-hexadecen-1-o1 
(100:1) (popular as Leucilure for brinjal fruit 
and shoot borer, Leucinodes orbonalis); (Z)-
hexadecanal-11-enal + (Z)-exzadec-11-enyl ac-
etate (popular as Nomate-DBM, Checkmate for 
diamondback moth-DBM, Plutella xylostella) 
and tephritid fruit flies 4-(4-hydroxyphenyl)-
2-butanone acetate (as Cuelure for cucurbit fruit 
fly, B. cucurbitae) are commercially available 
and fitting well in to the current IPM programs. 
The possibility of exploring and integrating po-
tent viable semiochemical approaches of either 
insect or plant derived chemical cues for several 
priority target pests across vegetable crops viz., 
solanaceae, cruciferaceae, cucurbitaceae, etc 
where semiochemical scientific input is lacking 
will pave the way for new interventions to make 
current IPM programs more robust (Table 1).

Among vegetable crops, except for major 
lepidopteran pests ( H. armigera, S. litura and L. 
orbonalis, P. xylostella) where sex pheromones 
are being used predominantly for monitor-
ing and to an extent in the management of this 
pest (Tamhankar et al. 2003; Anju et al. 2004; 
Sun et al. 2002, 2003; Gedia et al. 2007; Logna-
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than 2000; Zhu et al. 1987; Attygalle et al. 1988; 
Kong et al. 1990; Srinivasan and Babu 2000; 
Cork et al. 2001; Andagopal et al. 2010), efforts 
were limited to explore the semiochemical pos-
sibilities for other sucking pests viz., whiteflies, 
aphids, hoppers where a clear scientific under-
standing of chemical ecology interactions be-
tween host plant-pest-natural enemy will help 
to design reliable, robust, and sustainable IPM 
components. Globally, much of success in utiliz-
ing the host plant defense was already realized 
against several sucking pests viz., grain aphid, 
Sitobion avenae; oat aphid, Rhopalosiphum 
padi, etc. Field plots of wheat sprayed hydrauli-
cally with volatile plant activator, cis-jasmone at 
50 g ha−1 in 200 l ha−1, in mid May and early June 
reduced aphid infestations consistently (Bruce 
et al. 2003). Application of methyl salicylate, a 
plant signal associated with oat aphid, R. padi 
either as an aqueous emulsion or from slow re-
lease vials significantly reduced settling of aphid 
spring migrants and served as an attractant for 
beneficial insects (James and Price 2004).

Further, role of host plant volatiles and host 
plant cues were less explored even for major lepi-
dopteran pests. Application of aqueous jasmonic 
acid (JA-signalling pathway best known to regu-
late plant defence against herbivore attack) to to-
mato plants with backpack sprayer received 60 % 
less leaf damage from herbivory than control 
plants with enhanced parasitism of lepidopteran 
larvae (Thaler 1999a, b). The push–pull system 
of IPM (where companion plants are used instead 
of synthetic chemicals to deliver semiochemicals 
in the field) developed for small holder agricul-
ture has been used with much success in maize 
and sorghum in eastern Africa (Hassanali et al. 
2008; Khan et al. 2008).

A study to explore the oviposition preferenc-
es of the gravid female moths of H.armigera to 
identify the strong kairomone source(s) from its 
favored hosts viz., marigold, maize, sunflower, 
and pigeonpea revealed that young pods of pi-
geonpea are the best kairomone source that could 
be used for the management of H.armigera in a 
cotton ecosystem (Anitha and Peter 2011). Fun-
nel traps baited with synthetic floral odors of 
African marigold, Tagetes erecta and sweet pea, 

Lathyrus odoratus caught significantly more H. 
armigera (Bruce and Cork 2001; Bruce et al. 
2002). The marigold blend contained benzalde-
hyde, (+)-linalool, phenylacetaldehyde and (S)-
(-)-limonene, and the sweet pea blend (-)-lin-
alool, phenylacetaldehyde, benzyl alcohol and 
diacetone (4-hydroxy-4-methyl-2-pentanone) in 
natural ratio. Although the target specificity and 
level of attraction obtained with floral traps was 
too low for mass trapping, the floral cues could 
possibly be used for monitoring female H. armi-
gera populations in their integrated control. The 
electrophysiological responses of H. armigera 
to a range of putative kairomonal compounds 
showed that of nine host plant-produced terpe-
noids tested, ocimene and beta-phellandrene 
elicited the highest responses and of the six aro-
matic compounds tested phenylacetaldehyde and 
benzaldehyde elicited the largest responses (Bur-
quiere et al. 2001). Several studies to understand 
the role of kairomones from lepidopteron pests in 
eliciting a host searching behavior of their natu-
ral enemies (Ballal and Singh 1999; Bakthavat-
salam et al. 2000, 2007; Sahayaraj and Paulraj 
2001; Singh et al. 2002; Sahayaraj 2008; Srivas-
tava et al. 2008; Maruthadurai et al. 2011) with a 
aim to manipulate role of entomophagous insects 
in biological control programs has already been 
attempted.

Potential of trap crops for integrated manage-
ment of several vegetable pests viz., H. armigera, 
S. litura (Zhong-Shi et al. 2010, 2012), major 
cabbage pests (Srinivasan and Krishnamoorthy 
1991; Muniappan et al. 2001) was well estab-
lished. Nevertheless, elucidation and identifica-
tion of specific chemical compounds responsible 
for attractiveness of trap crops to main crop will 
further ease the crop-phenology related manipu-
lations and pave way for push–pull strategies. 
Further, enhancing the efficacy of mass trapping 
programs through combinations of pheromones 
with attractive host-plant kairomones have been 
attempted in several pests (Stelinski et al. 2013; 
Ryall et al. 2013). This demand in depth stud-
ies to determine the optimal combinations of 
attractants and trap designs to maximize target 
pest capture. In field experiments, significantly 
more diamondback moths were captured in traps 
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baited with synthetic sex pheromone with either 
( Z)-3-hexenyl acetate alone or a blend of ( Z)-
3-hexenyl acetate, ( Z)-3-hexen-1-ol, and ( E)-
2-hexenal compared with sex pheromone alone 
and other blend mixtures demonstrating that 
green leaf volatiles (GLVs) could be used to en-
hance the attraction of P. xylostella males to sex 
pheromone-baited traps (Li et al. 2012). A simi-
lar phytochemical associations were reported in 
the family Cucurbitaceae, which include squash, 
melons and cucumbers against chrysomelid leaf 
beetles ( Diabrotica spp/Aulacophora spp) and 
tephritid fruit flies ( B. cucurbitae).

Cucurbitacins, the compounds responsible for 
bitterness in cucurbits were reported as feeding 
stimulants for red pumpkin beetles, Aulacophora 
foveicollis (Mehta and Sandhu 1990) and as at-
tractants for B. cucurbitae (Siderhurst and Jang 
2010). Thus recent research suggests that exploi-
tation of kairomone based monitoring will result 
in more robust semiochemical based control pro-
grams that use concept of lure and kill, consisting 
of an attractant and a killing agent.

Ornamental Crops

Despite considerable economic importance, there 
are no systematic studies on flower and medici-
nal crop pests to explore the feasibility of se-
miochemical based management techniques in 
India. Keeping this in view, the important pests 
where semiochemicals have scope to play role 
are listed in Table 1. Major damage in crops like 
rose, gladiolus, chrysanthemum, jasmine, tube-
rose, aster, marigold, etc is mainly reported to be 
due to sucking insect pests viz., aphids, thrips, 
whiteflies, and mites. The thrust till recently had 
been on standardization of plant protection man-
agement using combination of biological and 
chemical methods. In view of the fact that most 
of the sucking pests do respond to semiochemical 
mediated communication, efforts in this direc-
tion to explore potent phyto-semiochemicals will 
definitely add up to their existing management 
strategies.

Tuber Crop Pests

The major pests distributed across the impor-
tant cultivated tuber crops are listed in Table 1. 
The existing tuber crop pest management strat-
egies that include semiochemical interventions 
are reported in sweet potato weevil (SPW), 
Cylas formicarius (Fab.) (Pillai et al. 1993). 
Management of SPW took a tremendous path 
after the discovery of the sex pheromone, (Z)-
3-dodecen-1-ol (E)-2-butenoate by Heath et al. 
(1986) and thus become an important precise 
component in the monitoring, control, and 
subsequent eradication programs in different 
parts of sweet potato growing countries glob-
ally (Rajasekhara Rao et al. 2010). Isolation of 
boehmeryl acetate (a pentacyclic triterpenoid) 
that serves as a potent kairomone for attract-
ing both sexes lead to pheromone–kairomone 
combinations that contributed to significant re-
duction in weevil populations and subsequent 
tuber damage (Palaniswami et al. 2000). A new 
SPW pheromone formulation, a combination of 
visual stimulation, pheromone and insecticide 
exhibited a synergistic response among weevils 
thereby lowering the cost of application (Ya-
suda et al. 2004).

In another important gelichiid pest, Phthori-
maea operculella that causes huge damage to 
potato both in field and storage, the existing 
sex pheromones (mixtures of trans-4, cis 7-tri-
decadienil-1-ol-acetate and trans-4, cis7, cis 10 
tridecatrienil-1-ol-acetate compounds in a ratio 
of 1:1.5) are being used as an ideal tools for 
monitoring moth flight activity than means of 
control (Raman 1982, 1988). A comprehensive 
analysis of olfactory sensitivities of P. opercu-
lella moths to broad range of host volatiles re-
vealed fatty acid derivatives as important link 
in host location process of this oligophagous 
pest (Das et al. 2007). A new strategy involving 
attract-and-kill through optimizing pheromone 
and insecticide was also worked out (Kroschel 
and Zegarra 2010).
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Plantation Crop Pests

Developing semiochemical based management 
technologies is highly relevant for pests of plan-
tation crops where application of pesticides is not 
practical. Several groups have been working in 
this direction on several pests viz., rhinoceros 
beetle (RB), Oryctes rhinoceros (= rhinolure), 
red palm weevil (RPW), Rhynchophorus fer-
rugineus (= ferrugincol), black headed caterpil-
lar, Opisina arenosella, coffee white stem borer 
(CWSB), Xylotrechus quadripes, coffee berry 
borer, Hypothenemus hamper, etc. and integra-
tion of semiochemicals with IPM is already 
in place (Table 1). Of three sex-specific com-
pounds, ethyl 4-methyloctanoate (E4-MO), ethyl 
4-methylheptanoate, and 4-methyloctanoic acid 
produced by male O. rhinoceros beetles, the 
first is an aggregation pheromone. In field trap-
ping experiments, (4S)-ethyl 4-methyloctanoate 
and the racemic mixture were equally attractive 
and ten times more effective in attracting beetles 
than ethyl chrysanthemumate (EC), a previously 
recommended attractant indicating the potential 
of using ethyl 4-methyloctanoate in operational 
programs to control O. rhinoceros in plantation 
crops (Hallett et al. 1995). Thus the discovery 
of E4-MO as the male-produced aggregation 
pheromone and its commercial synthesis led to 
E4-MO rapidly superseding the earlier synthetic 
attractant, EC. Several trap designs, lure sources, 
dispensers have been tested (Bhanu et al. 2011) 
for use on a commercial scale.

Usually, the aggregation pheromones of RPW 
and RB are used for monitoring and mass trap-
ping to manage the pest under economic thresh-
old level and these lures predominantly attracted 
virgin and gravid females of RPW and RB. Fe-
male sex pheromone of black headed caterpillar, 
O. arenosella was also identified and developed 
in India by Pest Control India (PCI) with detailed 
studies on dispensers, dosage and traps to suit 
field conditions. Thus, it is already a quite estab-
lished fact that pheromone lures can be used as a 
component of IPM against major coconut pests.

In case of CWSB, male produced sex phero-
mone, (S)-2-hydroxy-3-decanone was identified 
as the major and potent component for female 

attraction (Hall et al. 2006). Field trials in India 
using different trap designs viz., sticky, cross-
vane traps, etc., along with different racemic 
mixtures have been tried for trapping females 
(Venkatesha et al. 2001; Hall et al. 2006). How-
ever, the pheromone-based trapping of females 
does not seem to be a viable strategy in managing 
the CWSB infestation in China as female beetles 
are not directly attracted to the pheromone source 
because of the complex mating behavior (i.e., 
attraction of potential mates by both sexes, re-
peated landing of a female next to a male, males 
dashing to a nearby female, rejection of mating 
attempts by females, post-mating female guard-
ing by males, and size-dependent mating suc-
cess of males). However, in India, pheromone 
traps can successfully trap the female beetles 
(Hall et al. 2006). Although the behavior of the 
beetles from both China and India is similar, 
larger plantation area and greater CWSB popula-
tion density in India may have contributed to a 
higher pheromone trapping of females, compared 
to China (Rhainds et al. 2001). Response of cof-
fee berry borer, Hypothenemus hampei Ferrari 
to host volatiles and their role in monitoring and 
management has been studied in detail (Mendesil 
et al. 2009; Da Silva et al. 2006; Saravanan and 
Chozhan 2003).

In case of oil palm bunch moth Tirathaba 
mundella Wlk., identification and testing of 
male sex pheromone components viz., (3S, 6S)-
2, 2,6-trimethyl -6-vinyl-tetrahydro-pyran-3-ol, 
4-hydroxy-3-methoxy-benzaldehyde (= vanil-
lin), 6,10,14-trimethyl-2-pentadecanone and 
6,10, 14-trimethyl-2-pentadecanol elicited an-
tennal responses in female antenna (Yorianta Sa-
saerila et al. 2003).

Spice Crop Pests

At present, the reality of using semiochemicals 
for insect pest management in these crops are 
limited by both in terms of quantum of original 
research and standardization of IPM programs 
which are certainly the cases. Of various insect 
pests infesting spices, the scope of semiochemi-
cal application technology do exists for several 
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lepidopteran and sucking pests that are most de-
structive and persistent in spice crop ecosystems 
(Table 1). Semiochemical work on cardamom 
shoot and capsule borer Conogethes punctifera-
lis Guenee (Lepidoptera: Pyralidae) is directed 
extensively on the sex pheromones in order to 
monitor moth populations. The calling behavior 
and attractive responses of male C. puntiferalis 
to the female crude extract and synthetic blend 
was studied in detail by Rajabaskar and Regu-
pathy (2012) who found that attraction of male 
moths to synthetic blend (E-10-hexadecenal and 
Z-10-hexadecenal) was maximum at 90:10 and 
followed by 80:20 ratio. However, the field trap-
ping studies by JinKyo et al. (2000) revealed the 
best attraction of males to blend at 70:30 ratio of 
E-10-hexadecenal and Z-10-hexadecenal for hair 
pencil extrusion and at 80:20 ratio for the flying 
upwind response with the highest attractiveness 
in fields between 70:30 and 80:20. Apart from 
field pests, the stored-product pests are also re-
sponsible for tremendous damage and economic 
losses during post-harvest phase of spices. Of 
which in the cigarette beetle, Lasioderma serri-
corne (F.), also known as the tobacco beetle, syn-
thetic serricornin (4,6-dimethyl-7-hydroxy-non-
an-3-one), a female sex pheromone is commer-
cially available (Chuman et al. 1985) with noted 
variation in the chemical and isomeric purity of 
synthetic compound based on manufacturer.

Scope

Future applications of semiochemicals depend on 
the availability of the potential cues that enable 
efficient manipulation of mate- and host-finding 
behavior in horticultural pests. It is now within 
our reach to facilitate the discovery of relevant 
chemical cues with emerging molecular/sensi-
tive biochemical-behavioral equipments. Never-
theless, detection and identification of potential 
semiochemicals for several Indian horticultural 
crop pests are still rudimentary and particularly 
needed. Our thorough understanding of insect–
insect/insect–plant interactions via semiochemi-
cals, that are involved in tritrophic interactions, 
could form an integral component for updating 

the current IPM programs. To understand the role 
of semiochemicals in insect–plant interactions, 
in addition to studying the behavioral responses 
of host plant-pest-natural enemies, we should be 
able to elucidate the origin of these chemical cues 
and also locate the trophic level at which they are 
potentially active. Of all these, the most promis-
ing will be studying the combination of host plant 
derived kairomones and sex/aggregation phero-
mones for developing sound behavior modifying 
pest management tactics. This will help to formu-
late end-to-end programs with viable behavioral 
cues that can be incorporated into current IPM 
programs. Many of the successful early studies in 
this field are the result of collaborations between 
biologists and chemists that helped to elucidate 
the structures of the chemical cues. Thus, cus-
tomized work plan to take advantage of collab-
orative work on the biology, chemical ecology, 
physiology, analytical chemistry, and molecular 
biology is the need of the hour in order to eluci-
date, develop, and standardize the field applica-
tion of sustainable semiochemical based IPM.
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Abstract

The impact of gall midge infestation on total phenols, proline and in-
dole acetic acid (IAA) contents in rice genotypes was investigated under 
laboratory conditions. The resistant rice genotypes showed an increased 
phenol and decreased proline and IAA contents in the growing apical 
meristem due to infestation. Significant and rapid accumulation of total 
phenols (0.24–0.59 mg/g) was observed at the third, seventh, and the ninth 
day after midge infestation in resistant genotypes compared to suscep-
tible ones. The rapid accumulation of phenols in resistant genotypes fol-
lowing gall midge infestation highlights the inducible biochemical path-
ways involving synthesis of phenolic precursors and further oxidation 
into toxic quinones. Even in the susceptible genotypes, a slight increase 
(0.22–0.31 mg/g) was observed initially. It may be associated with gall 
initiation process because phenols act as IAA-oxidase inhibitors result-
ing in hyper-auxinity in gall tissue that leads to formation of nutritive 
tissue on which the gall midge feed. Significant and rapid accumulation 
of proline (2.96−13.50 µg/g) from the third, seventh and ninth day after 
infestation was recorded only in susceptible genotypes indicating their 
role under stress conditions. Likewise, the higher accumulation of IAA 
(3.16−8.18 µg/g) was observed in all the susceptible genotypes. Thus, 
rapid accumulation of IAA in relation to insect infestation in susceptible 
genotypes clearly indicated their role in gall formation because IAA acts 
as a growth regulator.
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Introduction

The Asian rice gall midge, Orseolia oryzae 
(Wood-Mason) (Diptera: Ceceidomyiidae), is 
a major insect pest of rice in Asia (Bentur et al. 
2003). In India, gall midge has been reported 
from almost all the rice growing states except 
Western Uttar Pradesh, Uttarakhand, Punjab, 
Haryana and the hill states of Himachal Pradesh 
and Jammu and Kashmir (Bentur et al. 1992). 
The insect being endoparasitic, use of resistant 
varieties is the most economical and feasible tool 
for its suppression (Heinrichs and Pathak 1981; 
Khush 1997; Mathur et al. 1999). But the emer-
gence of new virulent biotypes of gall midge in 
popular rice varieties is capable of overcoming 
resistance and this is a cause for concern. To 
date six biotypes of gall midge were identified 
and characterized in India (Bentur et al. 2003). 
Widespread cultivation of high-yielding variet-
ies made a radical change in the pest status of 
rice gall midge in coastal Karnataka. In the past 
few years, rice growers faced a substantial loss in 
yield because of this pest.

A wide range of allelochemical compounds 
present in the plants play an important defensive 
role against insects and other herbivores. Several 
instances of associations have been reported be-
tween phenolics and the resistance of plants to 
insect damage (Panda and Khush 1995). Proline 
is a basic amino acid found in high percentage in 
basic protein. Free proline is said to play a role in 
plants under stress conditions (Singh et al. 1972; 

Blum and Ebercon 1976). Though the molecular 
mechanism has not yet been established for the 
increased level of proline, one of the hypotheses 
refers to the breakdown of proteins into amino 
acids and conversion to proline for storage. Many 
workers have been reported a severalfold increase 
in the proline content under entomological, path-
ological and other physiological stress conditions 
(Mohanty and Sridhar 1982; Roy et al. 1988). In-
dole acetic acid (IAA) is an important hormone 
involved in plant growth and development. As 
this phytohormone is intimately involved in the 
biochemical, physiological and genetic functions 
of plants under stress conditions (Balasubrama-
nian and Purushothaman 1971), information on 
the exact amount of IAA is essential. Since the 
gall was developed upon infestation by the gall 
midge, the present investigation was made to 
know the changes in phenols, free proline and 
IAA profile due to infestation of gall midge.

Material and Methods

Extraction

Un-infested vegetative shoot epics of 0.5 cm (ap-
prox.) from 30-day-old plants of test entries were 
collected after stripling leaves and leaf sheaths. 
Five replications were maintained for each geno-
type. The collected plant samples were thorough-
ly washed with distilled water and dried under 
shade. One gram plant sample piece of all geno-
types were taken in separate conical flasks and 
15 ml, 80 % ethanol, was added. It was refluxed 
for 30 min on hot water bath. After boiling, the 
extract was cooled and the pieces of tissues were 
ground thoroughly in a mortar with pestle in 
slight ethanol. The supernatant was decanted into 
another flask and residue was re-extracted with 
small quantity of hot ethanol and decanted. The 
extract was filtered through Whatman No.1 filter 
paper and made up to a known volume with 80 % 
ethanol. The ethanol part of (alcoholic) extract 
was stored in refrigerator at 4 °C and was used 
for the estimation.
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Total Phenols, Proline and IAA Profile

Four resistant viz., JGL 13595, RP 4639-233, 
RDR 987, Abhaya and three highly susceptible 
viz., Jaya, IR 20 and TN1 rice genotypes were 
selected based on the field and laboratory evalu-
ation against local gall midge populations from 
wet and winter seasons of 2005 and 2006. The 
genotypes were grown in plastic trays as a row 
of 25–30 seedlings and exposed to gall midge 
populations (50 females and 10 males) 8 to 10 
days after sowing. The next day the trays were 
shifted to shallow trays containing water, and 
plants were frequently (once in 2 h) sprayed with 
water using hand atomizer to create high rela-
tive humidity for egg incubation and hatching. 
Eggs hatched on the third day were treated as day 
0 of infestation. Stem bases, 3–5 cm in length, 
were cut from five seedlings/replication; pooled 
and fresh weights were recorded before phenol 
extraction in methanol at 60 °C for 20 min. Five 
replications variety were maintained. The plants 
were sampled on 0, 1, 3, 5 and 7 days after infes-
tation. The total phenols was estimated following 
the Folin–Ciocalteau method (Bray and Thorpe 
1954), proline by the acid ninhydrin method 
(Sadasivam and Manickam 1996) and IAA by 
the fluorimetric method of Knegt and Bruinsma 
(1973). The biochemical profiles in gall midge 
resistant and susceptible genotypes were com-
pared with a noninfested, susceptible TN1. The 
data on biochemical contents were subjected to 
analysis of variance (ANOVA) and means were 
separated by LSD at P < 0.001 (SPSS Inc 1999; 
SAS 2007).

Results and Discussion

Total Phenols

On the day of infestation each resistant and sus-
ceptible genotypes differed significantly with 
respect to total phenols. Further, the day of in-
festation had a significant effect on the total phe-
nol content in all the genotypes. All the resistant 
genotypes showed increased level of phenols 

from 3−7 days after infestation compared to a 
susceptible and noninfested TN 1.

On the third day subsequent to infestation 
all the resistant genotypes viz., JGL 13595, RP 
4639-233 RDR 987, OR 1941-8, NDR 2063, JGL 
11605 and Abhaya recorded significantly higher 
total phenols compared to a susceptible and non-
infested TN 1. Similarly, on the fifth and seventh 
day after infestation, in all the resistant genotypes 
there was a rapid increase in accumulation of 
total phenols compared to susceptible genotypes 
viz., Jaya, IR 20 and TN 1 and the day effect on 
the level of phenol contents in resistant geno-
types was found significant. The total phenol 
content in resistant genotypes viz., JGL 13595, 
RP 4639-233, RDR 987, OR 1941-8, NDR 2063, 
JGL 11605 and Abhaya on the seventh day after 
infestation was 0.576, 0.550, 0.547, 0.510, 0.520, 
0.549 and 0.596 mg/g, respectively, as against 
the day of infestation (0.240, 0.242, 0.290, 0.216, 
0.180, 0.230 and 0.242 mg/g, respectively) in 
Fig. 1.

Thus, there was a higher accumulation of total 
phenols in resistant genotypes compared to sus-
ceptible genotype in relation to gall midge infes-
tation. Thus, the rapid accumulation of total phe-
nols in all the resistant genotypes following gall 
midge infestation highlights the inducible bio-
chemical pathways, probably involving synthesis 
of phenolic precursors and their further oxidation 
into toxic quinones in the insect.

The present investigation was in close agree-
ment with the study made by Amudhan et al. 
(1999). Similarly, higher concentration of poly-
phenols has been reported in shoot apices of 
resistant rice cultivars such as Shakti, Leauang 
152 (Vidyachandra et al. 1981), Ptb 18 (Raja-
mani 1982), IET 7009, IET 7008 and Siam 29 
(Joshi and Venugopal 1984). Increased phenolic 
content in the growing point of resistant rice cul-
tivars during early infestation by gall midge has 
been reported (IRRI 1977). In the present inves-
tigation, the amount of total phenols in relation 
to gall midge infestation could be related to re-
sistance. Even in susceptible genotypes such as 
Jaya, IR 20 and TN1 in the present investigation, 
slight increase in phenol content was observed, 
and it may be associated with the gall midge initi-
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ation process because phenols act as IAA oxidase 
inhibitors (Amudhan et al. 1999), resulting in hy-
perauxinity in gall tissue that leads to formation 
of nutritive tissue on which the gall formers feed.

Proline

On the day of infestation significant differences 
were observed between the resistant and suscep-

tible genotypes (Fig. 2). Further, the day of in-
festation had a significant effect on the proline 
content in all the genotypes observed. Among the 
genotypes, significantly higher, rapid accumu-
lation of proline on the third, fifth and seventh 
day after infestation was observed in the infested 
susceptible genotypes. In resistant genotypes this 
phenomenon was not evident. On the third day 
after infestation, the proline content in suscepti-
ble genotypes viz., Jaya IR 20 and TN 1 was 3.70, 

Fig. 2  Effect of gall midge infestation on total proline (days after infestation)

 

Fig. 1  Effect of gall midge infestation on total phenols (days after infestation)
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2.96 and 3.92 µg/g, respectively, and it increased 
to 6.19, 5.26 and 6.86 µg/g, respectively, on the 
fifth day and 11.96, 10.21 and 13.50 µg/g on the 
seventh day after infestation, respectively. Thus, 
the rapid accumulation of proline in relation to 
insect infestation in susceptible genotypes indi-
cated clearly their role under stress conditions.

Among the genotypes, studies for proline 
profile in relation to gall midge infestation were 
significantly higher with rapid accumulation of 
proline on the third, fifth and seventh day after 
infestation in susceptible genotypes. In resistant 
genotypes this phenomenon was not evident. On 
the third day after infestation, the proline con-
tent in susceptible genotypes viz., Jaya, IR20 
and TN1 was 3.70, 2.96 and 3.92 µg/g and it in-
creased to 6.19, 5.26 and 6.86 µg/g on the fifth 
and 11.96, 10.21 and 13.50 µg/g on the seventh 
day after infestation, respectively.

Thus, the rapid accumulation of proline in 
relation to insect infestation in susceptible geno-
types indicated clearly their role under stress con-
ditions. Silver shoots caused by gall midge infes-
tation contained higher levels of proline than the 
healthy leaves. Even the healthy leaves from the 
damaged plant contained more amount of proline 
than the healthy leaves of the noninfested plant 
as reported by Roy et al. (1988). In the present 

study also higher accumulation of proline in sus-
ceptible (infested) genotypes was evident.

These observations clearly showed that insect 
damage stimulates increase in free proline level 
in rice and the concentration increases in the in-
sect damaged plants compared to the noninfested 
plants (resistant). A similar trend of proline ac-
cumulation was reported in brown plant hopper 
infestation, where the stems of the affected plants 
(hopper burnt hills) possessed higher concen-
tration of proline than the stems of noninfested 
plants (Roy et al. 1988). Thus, in physiological 
stress, biotic stress caused by diseases (Mohanty 
and Sridhar 1982) in the present study also makes 
it evident that the gall midge infestation also in-
duces accumulation of free proline in rice plants.

Indole Acetic Acid (IAA)

The data on IAA profile in resistant and suscep-
tible genotypes in relation to gall midge infesta-
tion are presented in Fig. 3. On the day of infesta-
tion, significant differences among the genotypes 
were observed. Further, the day of infestation 
had significant effect on the IAA. Among the 
test genotypes, significantly higher accumulation 
of IAA on the third, fifth and seventh day after 
infestation was noticed in the infested suscep-

Fig. 3  Effect of gall midge infestation on indole acetic acid (days after infestation)
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tible genotypes. In resistant genotypes this phe-
nomenon was not evident. On the third day after 
infestation, the IAA content in susceptible geno-
types viz., Jaya, IR20 and TN 1 was 3.16, 3.56 
and 3.78 µg/100 g, respectively, and it increased 
to 7.46, 8.18 and 6.91 µg/100 g, respectively, on 
the fifth day and 10.58, 11.26 and 10.86 µg/100 g 
on the seventh day after infestation, respectively. 
Thus, the rapid accumulation of IAA in relation 
to insect infestation in susceptible genotypes 
clearly indicated their role in gall formation be-
cause IAA acts as a growth regulator. In the phe-
nol profile studies there was a slight increase in 
the level of phenols even in the susceptible geno-
types viz., Jaya, IR 20 and TN 1. This slight in-
crease in phenols acts as IAA-oxidase inhibitors 
resulting in hyperauxinity in gall tissue on which 
the gall midge feed.

As observed in the accumulation of proline in 
susceptible genotypes, significantly higher ac-
cumulation of IAA levels on the third, fifth and 
seventh day after infestation was observed in all 
susceptible genotypes, while in the case of resis-
tant entries this phenomenon was not observed. 
On the third day after infestation, the IAA con-
tent in susceptible genotypes such as Jaya, IR 
20 and TN1 was 3.16, 3.56 and 3.78 µg/100 g, 
respectively, and it was increased to 7.46, 8.18 
and 6.91 µg/100 g on the seventh day after infes-
tation, respectively. Thus, the rapid accumulation 
of IAA in relation to insect infestation in suscep-
tible genotypes in the present study clearly indi-
cated their role in gall formation because IAA 
acts as a growth regulator.

The present investigation corroborates the 
study by Balasubramanian and Purushothaman 
(1971) who also reported higher tryptophan and 
IAA level in galled shoot than healthy tissues. 
In the present study the increase in IAA level in 
susceptible genotypes of rice might be attributed 
to the release of IAA from IAA–protein com-
plex. The IAA might also have originated from 
structural proteins by the action of proteolytic en-
zymes releasing a number of amino acids, includ-
ing proline. Similarly, the present phenol profile 
study indicated the slight increase of phenols 
even in susceptible genotypes due to gall midge 
infestation. This slight increase in phenols acts 

as IAA-oxidase inhebitors (Amudhan et al. 1999) 
which might have resulted in hyperauxinity due 
to changes in the auxin level due to host parasite 
interactions in the gall tissue on which the gall 
midge feed.

Orseolia oryzae continues to be one of the 
most important endemic pests of rice in Coastal 
Karnataka. All cultivated rice varieties, either 
local or released as resistant, have become sus-
ceptible during the past decade. Concomitantly, 
the O. oryzae population has evolved into a com-
plex, embracing more than one biotype, i.e. the 
genetically homogenous population has become 
heterogeneous, rendering pest management dif-
ficult. This study has clearly revealed the bio-
chemical profile of selected rice genotypes and 
induced resistance in these rice genotypes against 
the rice gall midge damage.
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Abstract

Antixenosis and antibiosis component of resistance to Asian rice gall 
midge, Orseolia oryzae was investigated in 23 selected rice genotypes 
under greenhouse conditions in a free-choice test. The higher number of 
adults was found settled on TN1 and Jaya (0.35 and 0.32 adults/plant) com-
pared to resistant genotypes. However, the resistant genotypes, viz., RP 
4647-1073, MTU 1075, and RP 4644-1183 were also recorded higher num-
ber of adults per plant 6 h after adult release besides showing resistance. So 
no distinct antixenosis in terms of numbers of adults settled was evident 
between resistant and susceptible genotypes. But significantly higher num-
ber of eggs were recorded on susceptible genotypes TN1 (14.44 eggs/plant) 
and Jaya (13.10 egg/plant) compared to resistant. Nevertheless, these dif-
ferences could not be linked to resistance against gall midge, in view of the 
short adult life span of one day and total inactivity of adults during the day 
time. It is not surprising if antixenosis component is not clearly expressed 
in case of rice gall midge. Similarly, the maggots survived on all the resis-
tant genotypes remained in the first instar while in susceptible genotypes 
they reached second instar at 7 days, third instar at 14 days, and pupal 
stage at 18 days after adult release. However, in resistant genotypes despite 
supporting the maggot development up to second instar caused mortality 
without manifestation of silver shoot. In this study, genotypes such as NDR 
2063, JGL 11459, and JGL 13376, despite recording comparable propor-
tion of eggs to the susceptible TN1 and Jaya, continued to be resistant.

Keywords 

Asian rice gall midge · Resistance · Antixenosis · Antibiosis · Rice genotypes
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Introduction

The Asian rice gall midge, Orseolia oryzae 
(Wood-Mason) (Diptera:Ceceidomyiidae) is a 
major insect pest of rice in several Asian coun-
tries (Bentur et al. 2003). In India, gall midge has 
been reported from almost all the rice growing 
states except the Western Uttar Pradesh, Utta-
ranchal, Punjab, Haryana, Hill states of Himachal 
Pradesh, and Jammu and Kashmir (Bentur et al. 
1992). The insect being endoparasitic, the use of 
resistant varieties is the most economical and fea-
sible tool to its supression (Heinrichs and Pathak 
1981; Khush 1997; Mathur et al. 1999). But the 
emergence of new virulent biotypes of gall midge 
in popular rice varieties capable of overcoming 
resistance and this is a cause for concern. So far 
six biotypes of gall midge were identified and 
characterized in India (Bentur et al. 2003). Wide-
spread cultivation of high yielding varieties made 
a radical change in the pest status of rice gall 
midge in coastal Karnataka. Recently, the emer-
gence of resistance-breaking biotypes of rice gall 
midge has also contributed to its spread in new 
regions and a change in its status by evolving dif-
ferent resistance mechanism in resistant rice cul-
tivars and donors.

Early studies to correlated morphological 
differences in attributes such as color and hairi-
ness of the leaf or compactness of the leaf sheath 
with resistance (Rao et al. 1971). Similarly, the 
density and length of trichomes were negatively 
correlated with gall midge incidence (Joshi 1982; 
Devaiah 1984) while tillering pattern, leaf sheath 
compactness and interspace had no influence. 
Soon it was noted that resistant varieties offered 
no mechanical barrier since maggots could reach 
the apical meristem in all varieties (Shastry et al. 
1972; Sain 1988). No distinct oviposition prefer-
ences were noted among resistant and susceptible 
varieties (Hidaka 1974; Kalode 1980; Kalode 
et al. 1983; Sain and Kalode 1994). The prima-
ry component of varietal resistance against gall 
midge is antibiosis (Modder and Alagoda 1971; 
Hidaka 1974; Kalode 1980). Understanding rice 
gall midge interaction and the genetics of resis-
tance is important for breeders and entomologists 
in crop improvement (Bentur et al. 2004).

Material and Methods

Gall Midge Culture

Fertile soil was collected from the field and fer-
tilizers were mixed thoroughly. Twice in a week 
seeds of susceptible variety TN 1 were soaked for 
germination and sown in the plastic pots of 8 cm 
diameter and 10 cm height, 2 days later at the rate 
of 50–75 seeds per pot. The potted plants were 
kept in the greenhouse with adequate light for 10 
to 15 days after sowing. Eight potted plants were 
kept inside oviposition cage covered by poly-
thene cover. During evening 19.00–22.00 h, the 
adults of rice gall midge were collected near light 
source using aspirator developed by the Direc-
torate of Rice Research (DRR), Hyderabad, and 
were released inside oviposition cage for infesta-
tion. Twenty-five females and twenty-five males 
were released inside oviposition cage containing 
8–10 potted plants of 15 to 20 days old seedlings. 
Two cages were daily infested for routing rearing 
during the study period. Adults were provided 
with fresh 15–20 days old potted plants daily 
for oviposition. Two days after adult release, the 
potted plants were sprayed with water periodi-
cally at 2–3 h intervals to moisten the plants for 
egg hatching and for better movement of newly 
hatched maggot to reach the apical meristem re-
gion for better establishment and development. 
The potted plants were transferred to shallow 
water tray and water level of 2–3 cm above the 
basal part of the plant was maintained to create 
optimum humidity and to prevent natural pasa-
sitization and predation of maggot. On gall for-
mation, the potted plants were shifted from water 
tray to the adult emergence cage. The adults 
were collected every morning between 18.00 and 
09.00 h carefully with an aspirator for studies.

Four hundred and sixteen rice genotypes 
under All India Coordinated Rice Improvement 
Programme were evaluated under field condi-
tions during wet 2005 and 2006 at Agricul-
tural Research Station, Kankanady, Mangalore 
(12°54‘ N, 74°51‘ E; 30 m), Karnataka, South 
India. Each entry was rated either resistant with 
< 10 % seedling damage or susceptible with 
higher damage (Kalode and Bentur 1989). The 
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genotypes recording < 10 % seedling damage in 
preliminary evaluation were selected for replicat-
ed tests. Only the genotypes recording no dam-
age in replicated tests were rated as resistant and 
were used for studying mechanism of resistance. 
After screening, the selected rice genotypes were 
used for resistance studies.

Nature of Resistance
Antixenosis and antibiosis were studied together. 
The test resistant and susceptible entries from 
the trials, viz., gall midge screening trial (GMS) 
and gall midge biotype trial (GMBT), National 
screening trial 1 (NSN 1) were sown as row in 
plastic trays (42 × 30 × 8 cm) with 2–3 cm from 
plant to plant and 4 cm between rows. Each test 
entry was represented by ten seedlings of 20 days 
age in a tray, as replicate. Such four trays were 
maintained as four replications. A day before in-
festation, the trays were covered with cage made 
out of plastic sheets. From the stock culture, 20 
female and 10 male adult gall midges were re-
leased on the test seedlings in each replication. 
Thus, in the free choice test gall midges were al-
lowed to settle on test seedlings of the entries. 
The number of adults settled on each entry after 
6 h and the number of eggs laid on seedling of 
the test entry 48 h after infestation were count-
ed using hand lens. Antibiosis was studied on 
the same plants by recording maggot survival 
through periodic dissection and recording the 
number of surviving and dead insects at 7, 14, 
and 18 days after release. The data obtained were 
subjected to analysis of variance (ANOVA) and 
means were separated by Duncan’s multiple 
range test (DMRT) (Duncan 1955).

Results and Discussion

Nature of Resistance

Antixenosis
The results revealed that, significantly higher 
number of adults ( P  < 0.05) settled on suscep-
tible checks TN 1 (0.35 per plant) and Jaya (0.32 
per plant) compared to resistant genotypes. For 
instance, the number of adults that settled on JGL 

13595, NDR 2063, Abhaya, and RDR 987 was 
0.11, 0.11, 0.12, and 0.12 per plant, respectively, 
and was on par with each other. However, on the 
resistant genotypes, viz., RP 4647-1073, MTU 
1075, and RP 4644-1183 recorded higher number 
of adults after release besides showing resistance. 
So no distinct antixenosis in terms of number of 
adults settled was evident between resistant and 
susceptible genotypes. But, significantly higher 
number of eggs ( P < 0.05) were noticed on TN 1 
(14.44 eggs per plant) and Jaya (13.10 eggs per 
plant) compared to resistant genotypes. Among 
the resistant genotypes, significantly lower eggs 
were observed on RP 4613–260 (3.88 eggs per 
plant) followed by OR 2093-4 (6.77 eggs per 
plant). Likewise, the number of eggs on RP 4647-
1073, Abhaya, RDR 987, NDR 3110, RP 4644-
1183, MTU 1075, and OR 1914-8 was 8.33, 8.44, 
8.77, 9.33, 9.44, 9.77, and 9.88, respectively, and 
was on par with each other (Table 1).

Similarly, in 2006 wet, significantly higher 
number of adults ( P < 0.05) settled on susceptible 
check TN 1 and Jaya, which recorded 0.54 and 
0.34 adults per plant, respectively, compared to 
resistant genotypes. Among the resistant geno-
types, few adults were found on JGL 13376, 
JGL 13418, JGL 11605, RP 4643-713, and JGL 
11459 which recorded 0.05, 0.15, 0.21, 0.21, and 
0.23 adults per plant, respectively, and differed 
significantly ( P < 0.05) from each other. Thus, 
distinct antixenosis in terms of number of adults 
settled was noticed between resistant and sus-
ceptible genotypes. Maximum (23.21 and 16.33 
eggs per plant) numbers of eggs were noticed on 
susceptible checks TN1 and Jaya, and were sig-
nificantly higher ( P < 0.05) compared to resistant 
genotypes. Likewise, the number of eggs laid by 
the females on JGL 13418, RP 4643-713, JGL 
11605, and OR 1967-15 was 4.33, 5.11, 5.44, and 
5.44 eggs per plant, respectively, and they were at 
par with each other. Thus, distinct ovipositional 
preference was observed between the resistant 
and susceptible genotypes (Table 2).

Earlier studies on the mechanism of resistance 
to gall midge suggested the involvement of bio-
physical characters such as hairiness of leaf blade 
or compactness of leaf sheath as a factor confer-
ring resistance (CRRI 1952; Israel et al. 1961; 
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Venkataswamy 1966; Roy et al. 1971). Subse-
quent studies did not confirm this view (Shastry 
et al. 1972; Rao 1972; Kalode 1973). Antixenosis 
studies have indicated greater attraction of adult 
midges toward the susceptible genotypes than the 
resistant genotypes (Kalode et al. 1977). In this 
study, significant differences were recorded on 
the number of adults settled 6 h after adult re-
lease further, Kalode et al. (1983) also observed 
the similar results. But this study is contradicted 
by the reports of Sain and Kalode (1994) who 
observed nonsignificant differences with respect 
to the number of adults settled between resis-
tant and susceptible cultivars. Studies in India 
(AICRIP 1969), Sri Lanka (Modder and Alagoda 
1971), and Thailand (Hidaka et al. 1974) indicat-
ed ovipositional antixenosis by the adult female 
gall midge. Kalode (1980) and Sain and Kalode 
(1994) also found significant differences in the 
number of eggs laid on resistant and susceptible 
rice varieties. This study also revealed significant 
differences in the number of eggs oviposited on 
the resistant and susceptible cultivars.

Nevertheless, these differences could not be 
linked to resistance against gall midge. In view 
of the short adult life span of one day and total 
inactivity of adults during the day time, it is not 
surprising if antixenosis component is not clearly 
expressed in rice gall midge. In this study, NDR 
2063, JGL 11459, and JGL 13376 despite record-
ing comparable proportion of eggs to the suscep-
tible TN1 and Jaya, continued to be resistant.

Antibiosis
Among the genotypes, maximum number of live 
maggots after 7 days of release was observed on 
TN 1 (5.77 per plant) and Jaya (4.22 per plant), 
and was significantly superior compared to the 
rest. The number of live maggots at 7 days after 
release on OR 2093-4, RDR 987, OR 1914-8, 
NDR 3110, NDR 2063, MTU 1075, RP 4644-
1183, RP 4613-260, RP 4647-1073, and JGL 
13595 was 1.11, 1.22, 1.33, 1.44, 1.55, 1.88, 
2.10, 2.66, 3.44, and 3.44 maggots per plant, re-
spectively. But, the maggots in all the resistant 
genotypes tested remained in the first instar while 
in susceptible genotypes the maggots reached the 
second instar. At 14th day after adult release, in 

all the resistant genotypes the mortality of mag-
gots was evident but in JGL 13595 and RP 4647-
1073, live maggots were observed. But still the 
maggots remained in the first instar only, while 
in susceptible genotypes they moulted to second 
and third instars (Table 1).

Observations on 18th day revealed high mag-
got mortality in all the resistant donors includ-
ing JGL 13595 and RP 4647-1073, while most of 
the surviving insects on TN 1 and Jaya were in 
pupal stage. Not only survivals of maggots were 
adversely affected on resistant varieties, even the 
development of surviving insects was retarded. 
In 2006 wet, 7 days after adult release, signifi-
cantly higher numbers of live maggots ( P < 0.05) 
were noticed in TN 1 and Jaya which recorded 
6.33 and 5.33 maggots/plant and were on par 
with each other. Among the resistant genotypes, 
lower (0.77 maggot per plant) number of mag-
gots was observed in WGL 157 and significantly 
differed other genotypes. Likewise, the number 
of live maggots on OR 1967-15, JGL 13418, 
JGL 11459, RP 4643-713, and JGL 11605 was 
0.88, 1.33, 1.66, 1.99, and 2.33 maggots/plant, 
respectively. Though the maggot survival was 
noticed on resistant genotypes at 7 days of adult 
release, the maggots remained in the first instar 
only, while in the susceptible genotypes, TN 1 
and Jaya, the maggots reached the second instars 
(Table 2).

After 14 days of adult release, on resistant 
genotypes maggot mortality was observed ex-
cept in JGL 13376 and NDR 9930095, where 
the maggots remained in first instar only. But, 
on susceptible genotypes, TN 1 and Jaya sec-
ond- and third-instar maggots were observed. 
Further, subsequent observations on 18th day of 
adult release indicated higher maggot mortality 
on the resistant genotypes including JGL 13376 
and NDR 9930095. Most of the surviving mag-
gots in TN 1 and Jaya were already in pupal stage 
on 18th day. Thus, antibiosis is evident; not only 
in survival of maggots were adversely affected 
on resistant genotypes, but even the development 
of surviving maggots was retarded.

So, in the present investigation distinct anti-
biosis effects leading to mortality of maggots on 
the resistant cultivars were evident. This study 
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was in close agreement with studies conducted 
by several workers such as Modder and Alagoda 
(1971), Hidaka and Vungsilabutr (1971), Hidaka 
(1974), and Kalode (1980). The present investi-
gation has also confirmed antibiosis effects on re-
sistant rice cultivars studied by Sain and Kalode 
(1994). Presence of live maggots in all the test 
entries on 7th day after adult release further sup-
ports the view that mechanical or biophysical 
barrier preventing entry of maggots may not be 
playing a critical role in resistance.

Hidaka and Vungsilabutr (1971) observed 
failure in moulting of first-instar maggot on 
W1263. A predominant antibiosis component 
leading to mortality of first-instar larvae has 
been also observed by many workers (Pathak and 
Heinrichs 1982; Mathur and Rajamani 1984). 
Mounting inhibition was presumed to be a cause 
of resistance, but was not attributed to nutritional 
inadequacy. In the present investigation, mag-
gots remained in the first instar in all the resistant 
genotypes. However, some of the test cultivars 
despite supporting the maggot development up 
to second instar caused mortality without mani-
festation of silver shoots. Thus, failure to moult 
cannot be the sole case of maggot mortality, but 
other factors like nutritional deficiency, or the 
presence of folic chemicals also might have in-
fluenced survival and development. Joshi and 
Venugopal (1984) also reported reduced maggot 
development and lower weight of adult females 
on the resistant cultivar IET 7008 than on suscep-
tible TN1 and Co 42.
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Abstract

Studies on the factors responsible for reddening in Bt cotton are due to in-
creased incidence of sucking pests, especially leafhoppers, use of suscep-
tible hybrids and improper nutrient management. Validation of integrated 
module comprised use of sucking pest-tolerant cotton hybrid; balanced 
and timely soil application of macro- and micro-fertilizers as per recom-
mendation based on site-specific soil test results; threshold-based man-
agement of sucking pests, especially leafhoppers, using systemic insecti-
cides; foliar applications of Mancozeb 75WP at 2 g/L against leaf spot dis-
ease; three foliar applications of water-soluble multinutrient mixtures at 
4 ml/L during 60, 75 and 90 DAS and weeding during first 40 DAS proved 
best for the management of Bt cotton reddening. Differential response to 
reddening was found among the cultivated commercial Bt cotton hybrids. 
Among the hybrids tested, Jackpot, MRC-7347, Marvel and MRC-7351 
were found tolerant to sucking pests and, in turn, the manifestation of red-
dening symptoms. Bt hybrids such as RCH 2, RCH 530, Brahma, Arya 
and Bunny were highly sensitive to insect-induced reddening.

Introduction

Reddening in Bt cotton is one of the most com-
plex problems in Bt cotton-growing areas of 
India. Thousands of acres of cotton were found 
to be affected by this problem in major cotton-
growing belts of many states. Worldwide studies 
revealed multifaceted factors responsible for red-
dening in cotton (Praharaj and Sankaranarayanan 
2010). Both biotic and abiotic factors have been 
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considered as possible causative agents for red-
dening. As many as 40 reasons were documented 
as factors influencing reddening in Bt cotton 
(Ghante et al. 2010). Thus, a concerted effort in-
volving physiological, biochemical, nutritional 
and biotic factors is required for diagnosing, con-
firmation and management of red leaf symptoms 
in Bt cotton (Praharaj and Sankaranarayanan 
2010). Survey work and field experiments for 
reddening management on Bt cotton were un-
dertaken with the aim to understand (a) sucking 
pests (b) multinutrient management for Bt cotton 
reddening and (c) identification of tolerant Bt hy-
brids for reddening.

Material and Methods

Surveys were carried out across different Bt cot-
ton-growing belts of North Karnataka to know 
the causes for reddening in Bt cotton through a set 
of questionnaire. Thereafter, experiments were 
designed and executed to validate the biotic and 
abiotic factors known to cause the problem. Pot 
culture experiments were conducted to know the 
role of biotic factors such as insects and disease-
causing pathogens in symptom manifestation. 
Field experiments with Bt hybrids, susceptible 
to sucking pests were conducted with and with-
out sucking pest management and red leaf index 
(RLI) at 60 and 100 DAS to know the role of 
sucking insects, especially green leafhopper. RLI 
is the manifestation of all the factors responsible 
for reddening in leaves in cotton. RLI indicates 
the degree of leaf reddening quantitatively (Das-
tur et al. 1952). As the performance of Bt cotton 
hybrids depends on the interaction of hybrids and 
environment, a total of 14 Bt cotton hybrids with 
one non-Bt check (DCH-32) (most preferred by 
farmers) was screened for reaction to reddening 
under recommended package of practices and 
unprotected conditions.

Integrated module includes (1) use of leaf red-
dening–tolerant cotton hybrid, namely Jackpot, 
MRC 7351, MRC 7347 and Marvel; (2) balanced 
and timely soil application of macro- and micro-
fertilizers; (3) threshold-based management of 

sucking pests, especially leafhopper, using effec-
tive systemic insecticides like Acephate 75 SP at 
1 g/L, Clothianidin 50WG at 0.07 g/L and Thia-
methoxam at 0.25 g/L; (4) seed treatment with 
Trichoderma 4 g/kg seeds against wilt and foliar 
application of Mancozeb 75WP at 2 g/L against 
leaf spot diseases; (5) three foliar applications of 
water-soluble multinutrient mixtures at 4 ml/L 
during 60, 75 and 90 DAS; (6) recommended 
plant density was adopted for variety/hybrid to 
avoid competition for light, moisture and nutri-
ents; and (7) weeding during first 40 DAS.

Results and Discussion

Comprehensive studies conducted for 3 years on 
reddening in Bt cotton revealed that it is a com-
plex phenomenon caused due to multiple factors. 
Reddening is of two types: in the first, the change 
in colour is from green to yellow and then to red; 
in the second type, the change is directly from 
green to red (Fig. 1). Reddening was seen irre-
spective of the crop stage (Fig. 2 and 3), and in 
most of the cases, the reddening at the early phase 
of the crop was attributed to severe incidences of 
cotton leafhopper. The reddening noticed during 
the later phase of the crop was specifically due to 
nutrient deficiencies.

The role of sucking pests in Bt cotton leaf red-
dening was confirmed by an experiment of suck-
ing pest management in leafhoppers susceptible 
to non-hairy cotton hybrid RCH-2 Bt. The crop 
treated for effective control of leafhoppers was 
free from reddening compared to the untreated 
one (Table 1). Reddening with change in the shape 
of the leaf (curling/cupping) was observed under 
field conditions due to desapping by leafhopper, 
while reddening caused by nutrient deficiencies 
usually have normal leaves without any change 
in the shape of the leaf (Fig. 4). Leafhopper plays 
a major role in the manifestation of reddening 
symptoms under field conditions. Yield losses of 
60–75 % were seen due to occurrence of redden-
ing in the early stages of squaring to flowering, 
and losses of about 10–25 % were recorded in 
the fields when reddening was observed at post-
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boll formation. From the study, it is clear that the 
onset of reddening is not harmful if it commences 
at late reproductive stage (Dhopte 2001).

Pot culture studies involving artificial infesta-
tion with sucking insects confirmed the finding 
of insect-induced reddening by cotton leafhop-
per. Other sucking pests such as red spider mites, 
whiteflies, aphids and thrips do induce reddening 
due to feeding, but results were not consistent.

Infestation of leafhopper on Bt cotton has 
been widespread since 2002. Every Bt cotton 
seed has been treated with the highly effective 

insecticide, imidacloprid. Farmers have also 
been spraying the chemical on cotton crops to 
control leafhoppers. Recently, leafhoppers were 
found to develop resistance to imidacloprid 
(neonicotinoid) and development of resistance 
to the widely used neonicotinoid insecticides 
to control leafhopper incidence is aggravating 
the reddening in cotton. Bt cotton is non-toxic 
to any of the sucking pests of cotton. Since the 
donor parent, Coker 312, is known to be highly 
susceptible to sucking pests such as leafhoppers 
and thrips, the hybrids showed slightly enhanced 
susceptibility to these pests, especially if the 
recurrent parent did not possess inherent resis-
tance (Khadi 2007).

Yellowing and reddening in leaves were con-
sidered as hopper burn, cupping (an inward curl 
of the leaf) and leaf fall, and in severe cases the 
vigour of the plant is diminished and it does not 
grow, were due to the leafhoppers attack which 
starts early in the season. Differential response to 
reddening was found among the cultivated com-
mercial Bt cotton hybrids. Among the hybrids 
tested, Jackpot, MRC-7347, Marvel and MRC-
7351 were found more tolerant to the manifesta-
tion of reddening symptoms. Bt hybrids such as 
RCH 2, RCH 530, Brahma, Arya and Bunny were 
found to be highly sensitive to reddening whereas 

Fig. 3  Reddening symptoms on various parts of the Bt 
cotton. a Leaves, b square, c boll, d bursting boll

 

Fig. 2  Reddening at different stage of Bt cotton. a Seed-
ling, b vegetative, c boll formation, d boll bursting

 

Fig. 1  Reddening type in Bt cotton
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Ankur Bt, Tulsi-144, VICH-32 and Pratika were 
found to be moderately tolerant (Table 2).

Bt cotton hybrids are more prone to red leaf 
symptoms. More than 500 Bt cotton hybrids 
have been released for cultivation in India. The 
expression of reddening depends on the interac-
tion of the hybrid and the environment. Cotton 
varieties with hairy leaves are less susceptible to 
leafhopper attacks than varieties with glabrous 
leaves (Praharaj and Sankaranarayanan 2010). 
The phenomenon of leaf reddening is genetically 
controlled and some genome is responsible for 
anthocyanin synthesis. A differential response 
of different hybrids was observed with respect 
to specific activity of phenylalanine ammonia 
lyase, tyrosine ammonia lyase and phenol con-
tent of leaves, which play a major role in flavo-
noid biosynthesis (Koukol and Conn 1961). Bt 

hybrids should have a strong photosynthetic sys-
tem and stay green so that the hybrid is capable to 
withstand enhanced Bt gene-induced reproduc-
tive load (Patil et al. 2010).

Among the different nutrients tested through 
foliar application during reproductive stage of Bt 
cotton crop, multinutrient mixture (both major 
and micro nutrients) proved best in managing 
the reddening due to nutrient deficiencies and 
recorded very less values for RLI (Table 3). The 
mismatch in nutrient application and crop re-
moval resulted in multiple nutrient deficiencies 
(Naidu et al. 2011). Foliar application/feeding is 
one of the most efficient ways of supplying essen-
tial nutrients to the crop at the appropriate stage. 
Through foliar nutrition, the nutrients are taken 
into the foliage and distributed (transported) to 
all parts of the plant within a short period to get 
the needed effect. It is also effective in correcting 
the mid-season discrepancies in crop growth that 
may be due to either intensive growth or inap-
propriate supply of nutrients from the soil under 
abiotic stress conditions (Rathinavel et al. 1999).

Based on the confirmation of the major factors 
influencing reddening in Bt cotton (i.e., insect 
pests, nutrients and Bt hybrid), multidisciplinary 
crop management practices (MDCMP) involving 
balanced and timely applications of macro- and 
micro-fertilizers based on site-specific soil test 
results, use of leaf reddening-tolerant cotton hy-
brid, effective management of sucking pests spe-
cially leafhoppers, effective management of dis-
eases and 2–3 foliar applications of water-soluble 
multinutrient mixtures during reproductive stage 
of the crop were evaluated for the management 
of leaf reddening in Bt cotton and compared with 
farmers’ practice. An integrated approach was 
found (Table 4).

Table 1  Severity of reddening in Bt cotton with and without sucking pest management
Treatment Reddening severity (RLI) Average LH/plant Yield/ha (qtl)

60 DAS 100 DAS
RCH 2 with sucking pest management 1.21 1.52 1.87 26.52
RCH 2 without sucking pest management 2.89 3.32 11.28 15.92

Fig. 4  a Differentiation of reddening due to cotton leaf-
hoppers, b nutrient deficiency
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Abstract

Sesame ( Sesamum indicum L.) is one of the ancient oil seed crops cultivat-
ed extensively in several countries of Asia and Africa. Incidence of insect 
pests and diseases cause severe yield losses in sesame. Among the insect 
pests, shoot webber, and capsule borer, Antigastra catalaunalis Duponchel 
(Pyraustidae: Lepidoptera) is predominant throughout India. To identify 
insect tolerant sesame, 140 sesame accessions were evaluated under glass-
house and field conditions for resistance against A. catalaunalis at the Fac-
ulty of Agriculture, Annamalai University during 2005–2007. Among the 
140 accessions, 14 accessions were found resistant to A. catalaunalis. Based 
on this earlier work and reports from other sources, in the present work, 
accessions namely IVTS-2001–7(TKG-22), NIC-7875, NIC-16278, NIC-
17345, NIC-7908, KMR-102, KMR-63, KMR-56, TMV-3 and SVPRI-1 
were selected for inducing mutation. These accessions were evaluated for 
the LD50 with regard to the physical mutagen namely Gamma rays and 
chemical mutagens namely EMS (Ethyl methane sulfonate) and DES (Di 
ethyl sulfate). For gamma rays, the LD50 was at 50 krad while EMS and 
DES registered 0.06 and 0.5 % respectively as LD50. Upon evaluating the 
first mutant (M1) and second mutant (M2) generations under screenhouse 
conditions, based on leaf, flower, and capsule damage, mutants of four ac-
cessions namely IVTS 2001-7, NIC-7875, NIC-16278, and TMV-3 were 
rated resistant. To ascertain the segregation of such desirable traits in the 
mutant generations, concerted field evaluation needs to be conducted till 
stabilization of phenotypic variability in the offsprings.

Introduction

Sesame ( Sesamum indicum Linn.) (Pedaliaceae) 
is an important oilseed crop grown in India and 
is regarded as the “Queen of Oilseeds”. Sesame 
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seeds contain 45–55 % of oil, which is high in 
quality because of the presence of antioxidant 
sesamol. In most of the countries including India, 
sesame is an underutilized crop of local impor-
tance, which warrants improved use and con-
servation. In India, it is being cultivated under 
both rainfed and irrigated conditions. Among the 
sesame cultivating countries, though India ranks 
first in the production, the productivity is com-
paratively less (413 kg/ha). This shortfall in the 
productivity is attributed to the incidence of in-
sect pests.

Among the key insect pests, shoot webber, 
and capsule borer, Antigastra catalaunalis (Du-
ponchel) (Pyraustidae: Lepidoptera) is the most 
serious in India. It occurs regularly and infests 
the crop during seedling, flowering, and matu-
rity stages of crop growth and causes up to 90 % 
yield losses (Cheema and Singh 1987). But the 
attack is more severe during dry seasons and after 
initiation of flowering. A. catalaunalis feeds on 
tender foliage by webbing the top leaves, bores 
into the pods and shoots (Narayanan and Nada-
rajan 2005). Keeping in view the ill effects of 
chemical control of this insect pest, exploiting 
host plant resistance is considered economically 
viable, technically feasible, socially acceptable, 
and environmentally compassionate. But, sesa-
me varieties currently under use are susceptible 
to pests and diseases and if tolerant, they have 
either limited yield potential (Rohilla et al. 2003) 
or limited adaptability to wider geographic area.

Hence, in India, increasing research efforts 
are being initiated to identify, exploit, and utilize 
sesame varieties possessing pest and disease re-
sistance in addition to higher yield potential and 
better adaptability to specific locations. Realiz-
ing this, the present study was carried out to ex-
plore and exploit host plant resistance in sesame 
against A. catalaunalis.

Gene Pool of Sesame

The genus Sesamum, (Pedaliaceae) includes 
many species. Of these species, few are domes-
ticated like Sesamum indicum Linn. while many 
others are wild relatives like Sesamum prostratum 

Retz. This wider gene pool offers diverse sources 
of pest resistance well exploited for development 
of insect tolerant/resistant varieties.

Resistance in Wild Species of Sesame 
Against A. catalaunalis

Sesamum prostratum, a wild species was found 
resistant to A. catalaunalis (Mukherjee 1947). 
Crosses between Sesamum indicum Linn. and 
Sesamum prostratum (Ramanujam 1942) led 
to the hybrid Sesamum indicatum Linn., which 
was found susceptible to Antigastra catalauna-
lis. The wild species Sesamum prostratum, Sesa-
mum malabaricum, Sesamum alatum Thonn., 
Sesamum lacinatum, and Sesamum radiatum 
were found to possess resistance against A. cata-
launalis (Nath and Agarwal 1982; Thangavelu 
et al. 1989; Muralibaskaran et al. 1990; Ahuja 
and Kalyan 2001). Philip Sridhar and Gopalan 
(2002) reported that the wild species S. alatum, 
S. laciniatum Klein., and S. prostratum exhibited 
high resistance under field conditions.

Resistance in Domesticated Sesame 
Against A. catalaunalis

In India, because of the wider diversity in the 
available Sesamum gene pool, though many ses-
ame lines are being maintained under All India 
Coordinated Research Project on Oilseeds (Ses-
ame and Niger) at Jabalpur, Madhya Pradesh, 
and at other Regional Research Stations, only 
few lines possess insect and/or disease resistance 
traits, but may be either wild lines or lines with 
lesser yield potential or otherwise may be suited 
to specific areas (DOR 1999; Gupta 2004).

Attempts were made in Tamil Nadu to identify 
and exploit host plant resistance in sesame gene 
pool (Muralibaskaran et al. 1990; Selvanarayan-
an and Baskaran 1996b; Manisegaran et al. 2001; 
Philip Sridhar and Gopalan 2002; Vijai Anandh 
and Selvanarayanan 2005). But, success had not 
been attained in the development of sesame vari-
eties with higher yield potential and insect and/
or disease resistance as well as adaptability to 
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wider areas. In spite of this, many cultivars were 
reported promising at specific areas by workers 
(Tables 1 and 2).

In addition to the above, under the All India 
Coordinated Research Project on Oilseeds pro-
gram being conducted by Indian Council of Ag-
ricultural Research many varieties/cultivars have 
been identified (Table 3).

Screening Sesame Accessions for 
Resistance Against A. catalaunalis

An attempt was made to study the biology, vari-
etal resistance, and management of A. catalau-
nalis during 1989–1991 at Annamalai University, 
Tamil Nadu, India (Selvanarayanan 1991). Later, 
40 sesame lines were gathered from various 
sources and screened for field resistance at An-
namalai University Experimental Farm as well as 
at a popular sesame tract namely Vridhachalam, 
in Cuddalore district, Tami Nadu, India (Vijai 
Anandh 2003). Subsequently, 140 sesame ac-
cessions were evaluated for resistance against A. 
catalaunalis under field conditions during two 
seasons at the experimental Farm of Faculty of 
Agriculture, Annamalai University, Tamil Nadu, 
India (Balaji 2006; Balaji and Selvanarayanan 
2009).

The sesame accessions were sown on the 
ridges of 2-m length with a spacing of 30 cm 
between the rows and 30 cm between plants. 
Ten plants were maintained per replication and 
three replications were maintained per accession. 

A known susceptible check, namely, SVPR-1 
(Vijai Anandh 2003) was maintained at one row 
for every five rows of the test accessions as well 
as two rows around the experimental field as au-
gumentor rows. Recommended agronomic prac-
tices were followed and no pesticide was applied. 
The per cent leaf, flower, and capsule damage 
caused by A. catalaunalis was recorded respec-
tively from 15, 30, and 50 days after sowing on-
wards till harvest at weekly interval by observing 
five plants selected randomly/replication and the 
mean percentage damage was computed.

Based on the intensity of damage assessed 
on different plant parts, the accessions were cat-
egorized adopting the score chart formulated by 
Philip Sridhar and Gopalan (2002), but with the 
modification in fixing the rating scales at a lower 
range based on the maximum and minimum dam-
age by A. catalaunalis (Balaji 2006; Table 4). As 
the damage on reproductive parts such as flowers 
and capsules influence yield more than the leaf 
damage, lesser flower and capsule damage and 
more leaf damage were equated to a particular 
score (Table 5).

Based on per cent damage on leaves, flowers, 
and capsules for an accession, individual scoring 
was given and subsequently were summed up to 
calculate the cumulative score and accordingly 
the scoring grade (1–9) was allotted by referring 
the grade chart and resistance rating was made.

In the first field evaluation, based on leaf and/
or flower damage, only few accessions were 
rated highly resistant or resistant or moderately 
resistant. Whereas several accessions were ei-

Table 1  Reports from Tamil Nadu on resistance in sesame against A. catalaunalis
Name of tolerant/resistant varieties/cultivars/accessions Reference
ES 22, Si 250, ES 12 Mahadevan 1988
SI-53, SI-75, SI-810, SI-882, SI-935, SI-968, SI-970, SI-1002, SI-1004, 
SI-1029, SI-1671, SI-3315/6, SI-3315/11, PDK-31, PDK-20-3-1, PDK-59-1

Mahadevan et al. 1989

ES 22, SI-250, TMV 3, S. alatum Muralibaskaran and Mahadevan 1989
SI-250, ES 22, PDK 31, SI-810, B 67, C 1036 Thangavelu et al. 1989
ES 22, SI 250 Muralibaskaran et al. 1990
SVPR-1 Jebaraj et al. 1993
ES 22, SI-250, S. alatum Muralibaskaran et al. 1994
CO-1, TMV-3 Selvanarayanan and Baskaran 1996a
IVTS 2001-20, IVTS 2001-23, IVTS 2001-24, IVTS 2001-25, IVTS 
2001-24

Vijai Anandh 2003
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Table 3  Reports from all India coordinated research project on oilseeds on resistance in sesame against A. catalaunalis
Name of tolerant/resistant varieties/cultivars/accessions Reference
HCH, RUSS, DDI-1484, Hogular, ES-12,ESS-22, RCR-5, Jodge 10 AICORPO 1987
RTS-152 (Immune), SI 32-6, ISI 178-2, IS-42, SI-79, SI-197, SI-2225, RTS-165, GGK-7, 
IS-423, IS-79-2, 84-B, ES 98-3-84-B, ES 102, OLT-12, SI 837, TLC 88B, TLC 88A, TLC 
74

AICORPO 1989

K-382-2, JS-80, KRR-1, RT-4, RT-106, K-302 DOR 1995
SI-898, 1345, 172, ES-31–2, ES-93-3-84, IS 194, 245, 285, 347, BS 10, EC 303430, ES 
22, SI-1030, SI-3257, SI-3315, IS-733, SI-250

DOR 1997

VDV-8/145, NKD-1089, SI-116, SI-810, SI-926, SI-1887, SI-2584, SI-107, SI-1250, 
SI-1258, SI-1887

DOR 1999

IC-132089, IC-132378, IC-204670, IC-431102, IC-132176, IC-204079, IC-204013, 
IC-204045

DOR 2002

Table 2  Reports from other parts of India on resistance in sesame against A. catalaunalis
Name of tolerant/resistant varieties/cultivars/accessions Reference
NP 29 Bhattacharjee and Lal 1962
C 1036, Chanda-3 Prasad 1970
M 3-2 Jakhmola and Yadav 1974
N66-276, N66-250, N66-4 Yadav and Lal 1976
IS-2, IS-22, IS-36 Singh and Ghewande 1981
TC 289, Pb. Til No.1 Cheema et al. 1982
TMV 2, B 14, T4 Jakhmola 1983
B 67, RAUSS 17-6 Yadav 1985
C1036, JT, CT, Anand 74 Singh and Dhamdhere 1986
B 67, RAUSS-17, RAUSS-17-4 Singh 1987
Pb. Til-1, HT-111, HT 12, TLC 75, TLC 77 Singh 1988
C-7 Tiwari and Shaw 1988
RAUSS 17-4 Surendarkumar and Rohilla 1989
TLC 83,TLC 77 Singh et al. 1990
IVTS-17 Gurs and Hussain 1998
OMT-30, OMT-32, B67, Bolangir local Rath et al. 1998
ES 12, ES 22, SI-3317/11, SI-250, IS-210-1, Zodge-3 Ahuja and Kalyan 2001
JCS-9426, OS-15, OS-5, JTS-104, TC-22, RT-28, RT-238 Patil et al. 2001
Bolangir Local, Kalika, Uma, OTM 10 Patra 2001
JT-7, CT-785, JLT-26, TK-6-21, TKG-22 Gupta et al. 2002
SI-73, SI-1406, SI-1729, SI-3239, IC-132246, IC-204137, IC-205071, 
IC-205082, IC-205304

Shrivastava et al. 2002

ES-22, SI-250, IS-23-1, KIS-305, ES-12 Singh 2002
PR 19/9, S17 Talpur et al. 2002
RAUSS-17-4, B-67 Rohilla et al. 2003
SI-232–2, SI-911, SI-928, Si-934, SI-1400, SI-1496, SI-1556, SI-1843, 
SI-2174-2, SI-2253, SI-2584, SI-3175, TZA/91-640, TC-204788, IC-205595

Gupta 2004

SI 250, ES 22, Uma Karuppaiah and Nadarajan 2011
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ther susceptible or highly susceptible (Fig. 1). In 
contrast, based on capsule damage, 58.57 % of 
the accessions was rated highly resistant, while 
22.85 % was rated as resistant. In the second field 
evaluation, many accessions were rated suscep-
tible or highly susceptible, where as only lesser 
proportion was rated “HR” or “R” or “MR”. A 
significant difference was observed between two 
seasons with regard to total number of accessions 
observed under each category for the respective 
plant part. Based on the above, five accessions 

tolerant to A. catalaunalis were selected (Balaji 
2006). Culminating from these reports and col-
lections from All India Coordinated Research 
Project on Niger and Sesame at Jabalpur, Mad-
hya Pradesh and Regional Research Station, Vri-
dachalam, Tamilnadu, accessions namely NIC-
7875, NIC-78, IVTS-2001-7, NIC-16278, NIC-
17345, KMR 63, KMR-102, KMR 56, TMV-3, 
and SVPR-1 were selected for inducing muta-
genesis.

Table 4  Scoring sesame accessions for resistance to A. catalaunalis
Per cent damage Resistance rating
Leaf Flower Capsule Score
0–2 0–1 0–1 1 Highly resistant (HR)
> 2–4 > 1–2 > 1–2 3 Resistant (R)
> 4–6 > 2–3 > 2–3 5 Moderately resistant (MR)
> 6–8 > 3–4 > 3–4 7 Susceptible (S)
> 8 > 4 >4 9 Highly susceptible (HS)

Table 5  Cumulative scoring of sesame accessions for resistance to A. catalaunalis
Cumulative score Grade Resistance rating
0–1 1 HR
> 1–3 3 R
> 3–5 5 MR
> 5–7 7 S
> 7 9 HS
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Fig. 1  Resistance reaction of sesame accessions to A. catalaunalis
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Mutation Breeding for Sesame 
Varietal Development

Crop improvement in sesame for such desirable 
attributes is being attempted through convention-
al breeding methods, by exploiting the natural 
variability available in the germplasm. However, 
for changing the plant type, if adequate variabil-
ity is not available in the existing germplasm, 
under such circumstances, mutation breeding can 
be effectively employed as an alternative or sup-
plemental source (Anitha Vaseline et al. 2000). 
In contrast to conventional breeding which may 
require more time to develop a promising variety, 
mutation breeding yields desirable crop variet-
ies in a shorter time. Considering the above, at-
tempts were made at Annamalai University, India 
to develop high yielding, shoot webber resistant 
sesame lines from already selected tolerant lines.

Mutagenesis

The parent materials chosen from earlier works 
were subjected to mutation breeding using physi-
cal and chemical mutagens. For physical muta-
genesis, gamma rays were used. Freshly collected 
sesame seeds were irradiated with 40, 50, and 
60 krad, respectively. Irradiation was conducted 
at Centre for Application of Radioisotopes and 
Radiation Technology (CARRT), Mangalore Uni-
versity, Mangalore, India. Irradiated seeds were 
sown in cement pots and maintained individually.

For chemical mutagenesis, two chemical 
mutagens namely Ethyl Methane Sulfonate 
(EMS) and Diethyl Sulfate (DES) were used. 
To determine the LD50 concentration for EMS, 
freshly collected parent seeds were treated with 
five concentrations of EMS namely 0.04, 0.05, 
0.06, 0.07, and 0.08 %. The treated seeds were 
placed on moist filter paper inside a petri plate 
and observed for germination. Based on the ger-
mination percentage, LD50 was ascertained. For 
every treatment, five replications were main-
tained. Similarly, to ascertain the LD50 for DES, 
the solution was freshly prepared once in every 
half an hour because of the shorter life period of 

the chemical. Five concentrations namely 0.3, 
0.4, 0.5, 0.6, and 0.7 % were evaluated. Based on 
the LD50 values for each chemical, the test dos-
ages were fixed. The treated seeds were washed 
thoroughly several times with distilled water and 
sown in cement pots under screenhouse condi-
tions and maintained as individual plants in each 
pot. Untreated seeds were used as control. The 
plants thus raised were evaluated for resistance 
against A. catalaunalis.

Mass Culturing A. catalaunalis

Sesame plants raised in earthen pots (30 cm diam-
eter and 30 cm high) were used for mass culturing 
of A. catalaunalis. Seeds of sesame were sown 
in the potting mixture comprising soil, farmyard 
manure, and sand in the ratio of 2:1:1 which was 
further amended with urea @ 2–3 g/pot. Sesame 
plants were raised at regular interval so as to 
maintain a continuous stock of young plants.

Mass culturing of A. catalaunalis was done 
by collecting larvae from infested sesame fields. 
The larvae were released on potted plants. The 
potted plants were placed inside a cage consist-
ing of nylon net cloth affixed to an iron frame 
(2.5 × 1.5 × 1.5 m). The cage was permanently 
placed in a sunny area and 20 plants were en-
closed per cage. Fresh plants were provided as 
and when needed for larval infestation. Thus the 
larvae were allowed to grow without any distur-
bance until pupation. The pupae along with silk-
en cocoons were collected in small plastic cups 
having a layer of cotton and kept inside a spe-
cially designed adult emergence and oviposition 
cage. The cage consisted of a cylindrical glass jar 
(15 cm high and 10 cm diameter) above which 
mylar film sheet rolled cylindrically (30 cm high 
and 10 cm diameter) was affixed. Fifteen days 
old sesame seedlings were raised in the nursery 
bag (12 × 8 cm) and kept inside the cage. Strips 
of cloth (15 × 5 cm) were hung from the top of the 
cage, so as to enable emerging moths for stretch-
ing their wings and cuticle hardening. The adults 
were fed with 10 % sucrose solution through 
soaked cotton wigs placed inside. Adults were 
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allowed to mate and lay eggs on the seedlings. 
Neonate larvae were transferred to potted plants 
using a fine camel hairbrush.

Screening M1 Generation

Based on LD50 evaluation, a dose of 50 krad was 
identified as the LD50 value for physical mutant 
while for the chemical mutagens EMS and DES, 
0.5 and 0.06 % were identified as LD50, respec-
tively. Upon evaluating the first mutant genera-
tion for resistance against A. catalaunalis, sever-
al leaf and growth habit mutants were recovered. 
Chlorophyll mutants were also observed wherein 
mostly pale-green or yellowish green leaves were 
seen. One mutant was found to have more vigor-
ous growth while another mutant plant had tripod 

at single node, which is peculiar. Based on leaf, 
flower and capsule damage, mutants of four ac-
cessions namely IVTS 2001-7, NIC-7875, NIC-
16278 and TMV-3 were rated resistant, while 
four accessions were moderately resistant and 
two were susceptible (Tables 6, 7).

Screening M2 Generation

Plants of M2 generation of the four accessions 
namely IVTS 2001-7, NIC-16278, KMR 63, and 
TMV-3 were rated as resistant, while another 
four accessions were moderately resistant and 
two accessions were susceptible (Tables 8, 9). 
Hence, it may be concluded that to ascertain the 
segregation of such desirable traits in the mutant 
generations, concerted field evaluation needs to 

Table 6  Resistance rating of M1 generation of sesame accessions against A. catalaunalis (Physical mutation)
Name of the 
accession

Leaf damage 
(%)

Resistance 
rating

Flower damage 
(%)

Resistance 
rating

Capsule damage 
(%)

Resistance 
rating

NIC 7875 3.1 (10.14) R 1.5 (7.03) R 1.6 (7.26) R
NIC 7908 2.5 (9.09) MR 3.0 (9.97) MR 2.5 (9.09) MR
IVTS 2001-7 1.7 (7.49) R 1.5 (7.03) R 1.0 (5.73) HR
NIC 16278 3.0 (9.97) R 2.0 (8.13) R 1.2 (6.28) R
NIC 17345 5.0 (12.92) MR 3.0 (9.97) MR 2.0 (8.13) MR
KMR-56 4.5 (12.24) MR 2.4 (8.91) MR 2.0 (8.13) MR
KMR-63 4.0 (11.53) MR 2.8 (9.63) MR 2.5 (9.09) MR
KMR-102 6.0 (14.17) MR 3.0 (9.97) MR 2.7 (9.45) MR
TMV-3 2.4 (8.91) R 2.0 (8.13) R 2.2 (8.52) R
SVPRI-1 (‘S’ check) 15.2 (22.46) HS 6.2 (14.41) HS 6.2 (14.41) HS
C.D. 1.05 0.92 0.86

Table 7  Resistance rating of M1 generation of sesame accessions against A. catalaunalis (Chemical mutation)
Name of the 
accTession

Leaf damage 
(%)

Resistance 
rating

Flower damage 
(%)

Resistance 
rating

Capsule damage 
(%)

Resistance 
rating

NIC 7875 3.4 (10.62) R 2.2 (8.53) R 3.7 (11.09) MR
NIC 7908 1.9 (7.92) R 3.6 (10.93) MR 2.0 (8.13) MR
IVTS 2001-7 1.4 (6.79) HR 1.8 (7.71) R 0.9 (5.44) HR
NIC 16278 3.6 (10.93) R 2.9 (9.80) MR 1.8 (7.71) R
NIC 17345 1.9 (7.92) R 3.2 (10.30) S 2.9 (9.80) MR
KMR-56 4.9 (12.79) MR 2.7 (9.46) R 3.1 (10.14) MR
KMR-63 2.1 (8.33) R 4.1 (11.68) R 1.8 (7.71) R
KMR-102 6.4 (14.65) S 2.9 (9.80) MR 2.5 (9.10) MR
TMV-3 2.1 (8.33) R 0.8 (5.13) HR 1.3 (6.55) R
SVPRI-1 (‘S’ check) 13.1 (21.22) HS 9.6 (18.05) HS 7.3 (15.68) HS
C.D. 0.98 0.67 0.38



290 M. Saravanaraman et al.

be conducted till stabilization of phenotypic vari-
ability in the offsprings. Further, the actual mech-
anisms of resistance in such offsprings needs to 
be explored.

Acknowledgement The authors are thankful to Proj-
ect Coordinator; All India Coordinated Research Proj-
ect on Oilseeds (Sesame and Niger), Jabalpur, India and 
Regional Research station, Tamil Nadu Agricultural Uni-
versity, Vridhachalam, India for sparing sesame acces-
sions. Thanks are due to Dr. Shomasekarappa, Centre for 
Application of Radioisotopes & Radiation Technology 
(CARRT), Mangalore University, Mangalore for his help 
in irradiation. Financial support by Department of Sci-
ence and Technology, Government of India is gratefully 
acknowledged. The authors thank Annamalai University 
for according permission to conduct the research and for 
providing all the facilities.

References

Ahuja DB, Kalyan RK (2001) Field screening of geno-
types of sesame against leaf webber capsule borer, 
Antigastra catalaunalis Dup., gall fly Aspondylia 
sesami Felt. and mite Polyphagotarsonemus latus 
(Banks). Pest Manag Econ Zool 29(1):5–9

AICORPO (1987) Annual Progress Report. All India 
Coordinated Research Project on Oilseeds Research, 
Rajendra Nagar, Hyderabad

AICORPO (1989) Annual Progress Report. All India 
Coordinated Research Project on Oilseeds Research, 
Rajendra Nagar, Hyderabad

Anitha Vaseline Y, Saravanan K, Ganesan J (2000) Stud-
ies on variability, heritability and genetic advance in 
mutant population for certain characters in sesame 
( Sesamum indicum L.). Sesamum Safflower Newsl 
15:39–43

Balaji K (2006) Host plant resistance in sesame against 
shoot webber and capsule borer, Antigastra catalau-

Table 8  Resistance rating of M2 generation of sesame accessions against A. catalaunalis (Physical mutation)
Name of the 
accession

Leaf damage 
(%)

Resistance 
rating

Flower damage 
(%)

Resistance 
rating

Capsule damage 
(%)

Resis-
tance 
rating

NIC 7875 3.4 (10.62) R 2.2 (8.53) R 3.7 (11.09) MR
NIC 7908 1.9 (7.92) R 3.6 (10.93) MR 2.0 (8.13) MR
IVTS 2001–7 1.4 (6.79) HR 1.8 (7.71) R 0.9 (5.44) HR
NIC 16278 3.6 (10.93) R 2.9 (9.80) MR 1.8 (7.71) R
NIC 17345 1.9 (7.92) R 3.2 (10.30) S 2.9 (9.80) MR
KMR-56 4.9 (12.79) MR 2.7 (9.46) R 3.1 (10.14) MR
KMR-63 2.1 (8.33) R 4.1 (11.68) R 2.5 (9.10) MR
KMR-102 6.4 (14.65) S 2.9 (9.80) MR 1.8 (7.71) R
TMV-3 2.1 (8.33) R 0.8 (5.13) HR 1.3 (6.55) R
SVPRI-1 (‘S’ check) 13.1 (21.22) HS 9.6 (18.05) HS 7.3 (15.68) HS
C.D. 0.98 0.67 0.38

Table 9  Resistance rating of M2 generation of sesame accessions against A. catalaunalis (Chemical mutation)
Name of the accession Leaf damage 

(%)
Resistance 
rating

Flower damage 
(%)

Resistance 
rating

Capsule damage 
(%)

Resistance 
rating

NIC 7875 2.6 (9.28) R 1.1 (6.02) R 2.2 (8.53) MR
NIC 7908 2.0 (8.13) HR 2.8 (9.63) MR 1.9 (7.92) R
IVTS 2001-7 1.9 (7.92) HR 2.0 (8.13) R 1.0 (5.74) HR
NIC 16278 2.5 (9.10) R 1.9 (7.92) HR 2.1 (8.33) R
NIC 17345 2.9 (9.80) R 4.1 (11.68) S 2.9 (9.80) MR
KMR-56 3.1 (10.14) R 2.9 (9.80) MR 3.5 (10.78) MR
KMR-63 4.0 (11.54) MR 3.8 (11.24) S 0.7 (4.80) HR
KMR-102 5.3 (13.31) MR 2.7 (9.46) R 2.4 (8.91) MR
TMV-3 3.3 (10.47) R 1.5 (7.03) R 0.7 (4.80) HR
SVPRI-1 (‘S’ check) 18.7 (25.62) HS 7.33 (15.68) HS 8.01 (16.44) HS
C.D. 1.07 0.73 0.54



291Inducing Resistance in Sesamum Accessions Against …

nalis (Duponchel) and phyllody disease. Ph. D. Dis-
sertation, Annamalai University, Annamalai Nagar, 
Tamilnadu, India

Balaji K, Selvanarayanan V (2009) Evaluation of resis-
tance in sesame germplasm against shoot webber and 
capsule borer, Antigastra catalaunalis. Indian J Plant 
Prot 37(1&2):35–38

Bhattacharjee NS, Lal R (1962) Studies on the varietal 
susceptibility of ‘til’ ( Sesamum orientale) to the 
attack of Antigastra catalaunalis (Duponchel). Indian 
J Entomol 24:56–63

Cheema JS, Singh G (1987) Biology of sesame leaf 
webber and capsule borer, Antigastra catalaunalis 
(Duponchel) (Pyralidae: Lepidoptera) in Punjab. J Res 
Punjab Agric Univ 24:65–74

Cheema JS, Singh G, Grewal GS, Labana KS (1982) 
Comparative incidence of sesamum shoot webber and 
leaf webber, Antigastra catalaunalis (Duponchel) in 
different cultivars of sesame. J Res Punjab Agric Univ 
19:170–171

DOR (1995) Annual Progress Report, Sesame and Niger, 
Directorate of Oilseeds Research, Hyderabad, India

DOR (1997) Annual Progress Report, Sesame and Niger, 
Directorate of Oilseeds Research, Hyderabad, India

DOR (1999) Annual Progress Report, Sesame and Niger, 
Directorate of Oilseeds Research, Hyderabad, India

DOR (2002) Annual Progress Report, Sesame and Niger, 
Directorate of Oilseeds Research, Hyderabad, India

Gupta MP (2004) Field screening of sesame germplasm 
against leaf webber and capsule borer, Antigastra cat-
alaunalis Dup. Indian J Plant Prot 32(1):42–44

Gupta MP, Rai HS, Chaurasia SK (2002) Incidence and 
avoidable losses due to leaf roller and capsule borer, 
Antigastra catalaunalis Dup. in sesame. Ann Plant 
Prot Sci 10(2):202–206

Gurs SD, Hussian R (1988) Evaluation of sesame germ-
plasm against the incidence of Antigastra catalaunalis 
(Dup.). Insect Env 3(2):50–51

Jakhmola SS (1983) Natural enemies of til leaf roller 
and capsule borer, Antigastra catalaunalis Dup. Bull 
Entomol 24:147–148

Jakhmola SS, Yadav HS (1974) Varietal susceptibility of 
sesame ( Sesamum indicum L.) to Antigastra catalau-
nalis (Dup.). JNKVV Res J 8:285

Jebaraj S, Mohamed Sheriff N, Muralibaskaran RK, 
Ramalingam A, Rajaratinam S (1993) SVPR-1: a new 
high yielding white seeded sesame ( Sesamum indi-
cum). Madras Agric J 80(11):606–608

Karuppaiah V, Nadarajan L (2011) Evaluation of sesame 
genotypes for resistance to sesamum leaf roller and 
capsule borer, Antigastra catalaunalis Duponchel. 
(Pyraustidae: Lepidoptera). Arch Phytopathol Plant 
Prot 44(9):882–887

Mahadeven NR (1988) Screening of sesamum entries 
for resistance to leaf webber, Antigastra catalaunalis 
(Duponchel). Madras Agric J 75(5–6):224

Mahadevan NR, Ganesh SK, Kandasamy G, Sivaraman 
MR (1989) Evaluation of sesame entries for resistance 
to leaf webber and capsule borer, Antigastra catalau-
nalis Duponchel. Madras Agric J 76(5):300

Manisegaren S, Manimegalai N, Pushpa J, Mohammed 
SEN (2001) Non-preference mechanism of resistance 
in sesame to shoot webber and capsule borer, Antigas-
tra catalaunalis. Ann Plant Prot Sci 9(1):123–124

Mukherjee S (1947) On the probable role of soluble solids 
on the causation of resistance or susceptibility of the 
Indian species of sesamum to the larval attack of Anti-
gastra catalaunalis (Lepidoptera: Pyralidae). Nature 
160:95

Muralibaskaran RK, Mahadevan NR (1989) Control of 
shoot and pod borer, ( Antigastra catalaunalis). II—
Reaction of the pest to tolerant sesamum entries. Ses-
ame Safflower Newsl 4:25–27

Muralibaskaran RK, Ganesh SK, Thangavelu S (1990) 
Germplasm screening against sesame leaf roller and 
pod borer. Sesame Safflower Newsl 5:40–45

Muralibaskaran RK, Ganesh SK, Thangavelu S (1994) 
Germplasm screening against sesame leaf roller and 
pod borer, Antigastra catalaunalis. Madras Agric J 
81(11):618–621

Narayanan US, Nadarajan L (2005) Evidence for amale- 
produced sex pheromone in sesame leaf webber, 
Antigastra catalaunalis Duponchel (Pyraustidae: Lep-
idoptera). J Curr Sci 88(4)

Nath V, Agarwal RA (1982) Insect pests of crops and their 
control. Bharathi Publications, Indian Agricultural 
Research Institute, New Delhi. p 94

Patil SK, Dharne PK, Shambarkar DA (2001) Response 
of different promising genotypes of sesame to major 
insect pests and leaf spot disease. Sesame Safflower 
Neswl 16:72–74

Patra AK (2001) Response of sesame ( Sesamum indi-
cum) varieties to dates of sowing during rainy season. 
Indian J Agric Sci 71(8):523–524

Philip Sridhar R Gopalan M (2002) Studies on screening 
and mechanism of resistance against the shoot web-
ber, Antigastra catalaunalis (Duponchel). Entomon 
27:365–373

Prasad SK (1970) Varietal difference in the incidence of 
Antigastra catalaunalis (Duponchel) on Sesamum 
indicum L. Indian J Entomol 32:279–282

Ramanujam S (1942) An interspecific hybrid in sesamum: 
S. orientale × S. prostratum. Curr Sci 2:426–428

Rath LK, Mishra A, Mukherjee SK (1998) Varietal reac-
tion in sesamum to leaf webber and capsule borer, 
Antigastra catalaunalis (Dup). Insect Env 3(2):50–51

Rohilla HR, Chillar BS, Harvir Singh (2003) Assessment 
of yield losses caused by Antigastra catalaunalis 
(Dup) in different genotypes of sesame under various 
agroclimatic conditions of Haryana. J Oilseeds Res 
20(2):315–316

Selvanarayanan V (1991) Biology and control of sesame 
(Sesamum indicum L.) leaf webber, Antigastra cata-
launalis (Duponchel) (Pyralidae: Lepidoptera) M. Sc. 
(Ag.) Dissertation, Annamalai University, Annamalai 
Nagar, India

Selvanarayanan V, Baskaran P (1996a) Efficacy of non-
conventional insecticides against the sesame shoot 
webber and capsule borer, Antigastra catalaunalis 
Dup. Indian J Entomol 58(4):326–336



292 M. Saravanaraman et al.

Selvanarayanan V, Baskaran P (1996b) Varietal response 
of sesame to the shoot webber and capsule borer, Anti-
gastra catalaunalis Duponchel. (Lepidoptera: Pyraus-
tidae). Int J Pest Manag 42(4):335–336

Shrivastava N, Duhoon SS, Raghuwansi KMS (2002) 
Testing of different germplasm lines of sesame against 
leaf roller and capsule borer, Antigastra catalaunalis 
Duponchel (Lepidoptera: Pyraustidae). Sesame Saf-
flower Newsl 17:49–51

Singh H (1987) Key pests of minor oilseeds and their man-
agement. In: Mathur YK et al (eds) Recent advances 
in entomology, Gopal Prakeshan, Parade, pp 353–362

Singh R (1988) Evaluation of sesame germplasm/varieties 
against leaf roller and pod borer, Antigastra catalauna-
lis (Duponchel). M. Sc. (Ag.) Dissertation, Haryana 
Agricultural University, Hisar, India

Singh V (2002) Geographical variation in sesame shoot 
webber and capsule borer, Antigastra catalaunalis 
Duponchal (Lepidoptera: Pyraustidae) populations in 
India. Sesame Safflower Newsl 17:49–51

Singh UC, Dhamdhere SV (1986) Response of sesame 
varieties to Antigastra catalaunalis Dup. Narendra 
Deva J Agri Res 1(2):109–111

Singh V, Ghewande RB (1981) Plant protection in oil-
seeds. Pesticides Annual (1980–81), pp 30–45

Singh H, Jagan RS, Kharub SS (1990) Antibiosis in some 
sesame germplasm genotypes against shoot webber 
and pod borer, Antigastra catalaunalis (Duponchel). 
J Insect Sci 3:176–176

Surendarkumar M, Rohilla HR (1989) Studies on the 
susceptibility/resistance of sesame genotypes to the 

infestation of ‘til’ leaf roller and pod borer, Antigastra 
catalaunalis (Dup.). Sesame Safflower Newsl 4:86–87

Talpur MA, Khuhro RD, Rustamani MA, Nizamani IA 
(2002) Insect pests associated with sesame at Tando 
Jam, Pakistan. J Appl Sci 2(7):723–726

Thangavelu S, Kandaswamy G, SivanandamM, Murali-
baskaran RK (1989) Problem and Progress of Sesa-
mum Production in India. p 87–91. In: Omran AU 
(ed) Proc. Oilcrops network: Sesame and Safflower, 
Agricultural Research Centre, Giza, Egypt and Inter-
national Development research Center, Canada

Tiwari NR, Shaw SS (1988) Assessment of loss caused by 
Antigastra catalaunalis (Dup.) in different varieties of 
sesamum. Agric Sci Digest 8(1):1–4

Vijai Anandh G (2003) Host plant resistance in sesame 
against shoot webber and capsule borer, Antigas-
tra catalaunalis Dup. and phyllody disease. M. Sc. 
(Ag.) Dissertation, Annamalai University, Annamalai 
Nagar, India

Vijai Anandh G Selvanarayanan V (2005) Reaction of 
sesame germplasm against shoot webber Antigastra 
catalaunalis Duponchel and phyllody. Indian J Plant 
Prot 31(1):35–38

Yadav SK (1985) Studies on the susceptibility or resis-
tance of sesame genotypes to the infestation of ‘til’ 
leaf roller, Antigastra catalaunalis (Dup.). M. Sc. (Ag.) 
Dissertation, Haryana Agricultural University, Hisar, 
India

Yadav RD, Lal BS (1976) Field trials and relative suscep-
tibility of some important sesame varieties to Antigas-
tra catalaunalis (Duponchel). Oilseeds J 6:34–35



293

Abstract

Exploitation of host plant resistance (HPR) against insect pests has gained 
greater importance in intensive agriculture since the days of Reginald 
H. Painter. In spite of the initial euphoria mentioning few success stories, 
currently it warrants for introspection and redesigning of research strate-
gies in developing insect tolerant/resistant crop cultivars. Conventional 
tools of resistance breeding, though successful, have lost its legacy be-
cause of temporal, manpower, and cost considerations. The declined out-
put in terms of research publications or pest resilient crop cultivars stands 
testimony to the dwindling number of entomologists and breeders con-
centrating on such conventional tools. Many of the novel molecular ap-
proaches such as marker aided selection, mapping QTL have gained much 
prominence and few successful outputs are being popularized. Though 
many preliminary laboratory reports on molecular techniques in HPR 
are widely surfacing, their field success is less validated. The success of 
pest resilient cultivars depends on various factors including preference 
by growers based on better yield and economic parameters and in turn 
preference by consumers based on organoleptic characters. The sustained 
use of genetically modified crops is still suspected and debated. Further, 
the consumerist enigma attached to its wider adoption needs to be rusti-
cated through ostensible safety studies. Our two decade-long experience 
in exploiting the resistant traits in a huge germplasm of tomato has given 
a far insight into the trends that were followed earlier, failures faced in 
developing insect tolerant cultivars and the conceptual changes visualized 
for the future, which are highlighted in this chapter.
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Introduction

Since the advent of intensive agriculture, explo-
ration for pest-resistant crop cultivars and their 
widespread exploitation is continually practiced. 
Though successful initially, those crop cultivars 
lost their glory later due to selection pressure 
by the target pest as well as other factors. Con-
ventional breeding methods for exploitation of 
insect-resistant traits have earlier yielded prom-
ising cultivars. Due to practical limitations such 
as time and manpower requirements and cost 
considerations, such methods are in wane paving 
way for novel molecular approaches. This is evi-
denced by a brief perusal of the papers published 
in the Annual Reviews of Entomology since 
2000, wherein a major proportion of the papers 
related to host plant resistance was focused on 
genetically modified crops or on molecular bases 
of plant resistance. Though many molecular tech-
niques are available, the field success of outputs 
is less validated. Further, genetically modified 
food crops still faces the consumerist enigma, 
warranting for more detailed safety studies. The 
success of pest resilient cultivars depend on fac-
tors including preference by the growers based 
on better yield and economic parameters and 
preference by the consumers based on organo-
leptic characters. This chapter highlights insect 
resistance in huge germplasm of tomato, the 
paradigm shifts in research approaches, attempts, 
and the results therein.

Insect Resistance in Tomato 
Germplasm

Tomato ( Lycopersicon esculentum Mill.), an 
important vegetable is commercially cultivated 
throughout the world both for fresh consump-
tion and processing industries. In India, among 
the insect pests damaging tomato, the fruitworm, 
Helicoverpa armigera Hubner (Lepidoptera: 
Noctuidae) is a polyphagous, widely distributed 
insect pest inflicting heavy loss. Its young larvae 
feed on leaves or flowers, while matured instars 
bore into the fruits. Occasionally, vine boring is 
also witnessed (Gopalakrishnan 2006). Among 

the other insect pests, whitefly, Bemisia tabaci 
Gennadius (Hemiptera: Aleyrodidae) is also pre-
dominant in India. Besides desapping and reduc-
ing the vigor of plants, it also vectors leaf curl 
disease. In addition to these two insect pests, leaf 
caterpillar, Spodoptera litura Fabricius (Lepidop-
tera: Noctuidae) and serpentine leaf miner, Liri-
omyza trifolii Blan. (Diptera: Agromyzidae) are 
also commonly infesting tomato. Dependence on 
chemical insecticides for managing these insect 
pests is discouraged and warrants for exploration 
of insect tolerant or resistant tomatoes.

The gene pool of tomato ( Lycopersicon spp.) 
is diverse and offers an ample scope for exploita-
tion and utilization in pest and disease resistance. 
Resistance to 16 pest species has been reported 
in accessions of wild lines such as Lycopersicon 
hirsutum f. typicum and L. hirsutum f. glabra-
tum (Dimock 1981; Dimock and Kennedy 1983; 
Kauffman 1987). Both physical (Gentile et al. 
1969) and chemical (Williams et al. 1980) factors 
have been reported in these accessions where in 
the trichome mediated resistance playing a major 
role. Other physical and chemical factors asso-
ciated with the leaf lamella were also reported 
earlier (Quiros et al. 1977; Elliger et al. 1981). 
Host plant resistance in tomato against H. armi-
gera, B. tabaci and other pests has been widely 
explored and exploited. Reports on resistance of 
tomatoes against key insect pests are listed below 
(Table 1 to 6).

Evaluation of Insect Resistance in 
Tomato Germplasm

Considering the above, a huge tomato germ-
plasm comprising 321 accessions were gathered 
from various sources. This germplasm included 
few wild species, land races, hybrids, and many 
cultivars (89 % cultivated species, L. esculentum, 
10 % wild relative, L. pimpinellifolium and 1 % 
suspected cross of this two). These accessions 
were screened for resistance against H. armig-
era, both under field and glasshouse conditions at 
Annamalai Nagar, Tamil Nadu, India from 1998 
to 2000. In the field screening, larval population 
and fruit damage was recorded while in the glass-
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house screening, feeding damage was recorded 
to rate the resistance of the accessions (Table 7).

Based on the above-said resistance rating, a 
major proportion of the germplasm was found 

either susceptible or highly susceptible (Fig. 1) 
and five accessions namely Varushanadu Local, 
PT 4287, Seijima Jeisei, Ac 238 and Roma were 
identified as resistant/tolerant (Selvanarayanan 

Table 1  Evaluation of resistance in tomato against fruitworm, H. armigera in the global perspective
Plant spp. (variety/
accession/line/cultivar)

Reports on resistance Reference

1030 Accessions cv. Tiny Tim to be resistant Fery and Cuthbert 1974
Popular cultivars cv. Pearson to be resistant Schuster 1977
L. hirsutum accessions High level of antibiosis Juvik 1980; Elliger et al. 1981; Isman 

and Duffey 1982
3000 Accessions Few cultivars and many wild varieties found 

resistant
AVRDC 1981, 1985

Wild accessions High level of resistance Juvik et al. 1982
Few cultivars cv. Parker, Bonus and VEN−8 Lal 1985
Few cultivars Tolerance in cv. Red Clande and Urbana Farid 1987
800 Accessions Wild accessions free from damage Opena et al. 1989
8 Accessions cv. Rashen and Yusuporskii 40 found resistant Todzhaer and Ruzmetor 1993
12 Genotypes cv. Bingo most promising Santiago et al. 1998

Table 2  Evaluation of resistance in tomato against fruitworm, H. armigera in the Indian perspective
Plant spp. (variety/accession/line/
cultivar)

Reports on resistance Reference

124 Genotypes Biochemials like ascorbic acid Kashyap and Verma 1987
Wild types and cv. Paiyur 1 Less infestation in L. pimpinellifolium and cv. 

Paiyur 1
Sivaprakasam 1988

19 Wild types and cultivars L. hirsutum f. glabratum Kashyap et al. 1990
Four cultivars Less damage in cv. Kanchan 3 Sharma et al. 1990
250 Accessions Less damage in Punjab Kesari, Punjab Chu-

hara, Sel 152 and Roma
Singh et al. 1990

70 Genotypes including 31 crosses Resistance in No. 122775 and the cross Rick 
x Solan Gola

Kakar et al. 1990

69 Accessions Less damage in LE 206 x CO3 Janarthanam et al. 1992
12 Cultivars cv. Pusa Ruby found tolerant Shukla and Sharma 1993
16 Varieties cv. RT6–2, BT10, BT17, T30 and T32 were 

resistant
Mishra and Mishra 1993

Wild accessions and cultivars LA 2992, LA 2449, LA 2531 found resistant Brar et al. 1995
Hybrids and breeding lines Less damage in Hybrids TH 802, TH2920, 

TH818 and breeding lines No.48, 29, 21
Kaur et al. 1996

35 Varieties cv. Angurtala highly resistant Mishra et al. 1996
Ten cultivars cv. CO 3 found susceptible Sivaprakasam 1996
28 Genotypes Wild accessions and cv. HT 64 found resistant Rath and Nath 1997
Two indeterminate varieties Less fruit damage in Hybrid Naveen Kaur and Singh 1997
10 Cultivars and 12 hybrids Hybrids and cv. Roma tolerant Pandey et al. 1997
Popular cultivars and hybrids Hybrid Meenakshi susceptible than cultivars Sankhyan and Verma 1993
Few varieties cv. S12 resistant; cv. HS10 susceptible Thakur et al. 1998
Popular varieties Least damage in cv. HT 64 and HT 50 Shukla and Yadav 1998
24 Cultivars Pusa Early Dwarf, Arka Vikas, Pusa Gaurav 

less susceptible
Chandrakar et al. 1998

cv. Pusa Ruby and 6 hybrids Hybrid Arjuna found resistant Chaudhuri et al. 2000
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2000). As the young larvae of H. armigera feed 
on tender foliage and flowers while older larvae 
feed on the fruits, a promising resistant/tolerant 
accession should have the defense traits both in 
the foliage and fruits. Hence, in vitro and in situ 
studies were made to ascertain the mechanisms 
and factors of resistance in the selected acces-
sions in comparison with the susceptible check, 
I 979. Feeding preference of H. armigera toward 
the foliage and fruits of the selected accessions 
was less compared to the susceptible check. In 
contrast, the selected accessions recorded higher 

ovipositional preference but egg hatching got 
impaired considerably (Selvanarayanan and Na-
rayanasamy 2004). Larval feeding on the foliage 
and fruits of these accessions exerted pronounced 
antibiosis on H. armigera as evidenced by higher 
larval and pupal mortality; prolongation of lar-
val and pupal tenure; decline in emergence and 
longevity of adults and also higher malformation 
in the adults (Selvanarayanan and Narayanasamy 
2006; Selvanarayanan 2011) as observed earlier 
by Farrar and Kennedy (1990).

Table 4  Reports on resistance in tomato against whitefly, B.tabaci/ B. argentifolii Trialeurodes vaporiorum W
Plant spp. (variety/accession/line/
cultivar)

Reports on resistance Reference

L. pennellii Significant levels of resistance Gentile et al. 1968; de Ponti et al. 1975
L. hirsutum High level of antibiosis Juvik 1980
Four cultivars Glandular trichome mediated resistance Jennifer and Kisha 1981
L. pennellii ecotypes Trichome mediated resistance Shevach-Urkin 1983; Dahan 1985; 

Morag 1986
L. pennellii and L. hirsutum Glandular trichome secretions Berlinger et al.1984
L. pennellii accessions Sticky exudates from type IV glandular 

trichomes
Goffreda et al. 1989; Steffens and 
Walters 1991

Ecotypes of L. hirsutum f. 
glabratum

Glandular secretions Berlinger and Dahan 1987

Seven accessions Varying susceptibility to TLCV Banerjee and Kalloo 1987a
L. hirsutum f. glabratum Biochemicals mediated resistance Banerjee and Kalloo 1987b
Wild accessions Acyl sugar based resistance Liedl et al. 1995
cv. Pusa Ruby and 6 hybrids Hybrid Abinash susceptible to leaf 

miner but tolerant to whitefly
Chaudhuri et al. 2000

Selected cultivars L 27, 8484, Fiona and TY 172 found 
resistant and lower incidence of leaf curl

Lapidot et al. 2001

L. hirsutum var. hirsutum Leaf glandular trichome based 
resistance

Freitas et al. 2002

Hybrid derivatives Hybrid derivatives of Varushanadu 
Local tolerant

Muthukumaran 2004

Mutants Mutants of Varushanadu Local tolerant Gopalakrishnan 2010
Backcross generations (PKM1 × VL) × PKM1 (BC1) tolerant Manikandan 2012

Table 3  Evaluation of insect resistance in tomato at Annamalai University
Plant spp. (variety/accession/line/cultivar) Reports on resistance Reference
32 accessions Less damage in No. 1101, Hybrid F3 and 

No. 986
Krishnakumar 1993

321 accessions (285 L. esculentum; 32 L. 
pimpinellifolium; four suspected crosses)

Varushanadu Local, Seijima Jeisei, Ac 
238, Roma found resistant

Selvanarayanan 2000

F1 Hybrids Hybrid of Ac 238 × Roma tolerant Dhakshinamoorthy 2002
Mutants Mutants of Varushanadu Local tolerant Gopalakrishnan 2010
Backcross generations (PKM1 × VL) × PKM1 (BC1) tolerant Manikandan 2012
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Antixenosis and/or antibiosis mechanisms of 
resistance operating in insect resistant/tolerant 
crop varieties may be attributed to the biophysi-
cal and/or biochemical factors of resistance. Vari-
ous biophysical parameters of resistance name-
ly trichome density, calyx area, thickness and 
toughness of the fruit rind, fruit sepal thickness, 
seed: pulp ratio were examined among which, 
trichome density was found to exert a significant 
negative correlation with larval feeding (Fig. 2). 
Trichomes or plant hairs on the foliage of Lyco-
persicon spp. have been categorized as types I–
VII (Luckwill 1943). Among these, types I, IV, 
VI, and VII are glandular and types II, III, and 

V are non-glandular. In this study, the selected 
accessions had two non-glandular (III and V) and 
three glandular types (I, VI, VII) (Selvanaray-
anan 2011) (Fig. 3). Though the trichome density 
exerts a negative influence on pest species, it also 
negates the role of natural enemies as inferred 
earlier by Kennedy (2003).

Various biochemical factors of resistance name-
ly, reducing sugars, non-reducing sugars, total sug-
ars, amino acids in the foliage and fruits; acidity, 
ascorbic acid, lycopene in the fruits; total phenols, 
O. D. phenols and chlorogenic acid in the foliage 
were estimated. Among them, phenol content of 
the foliage and acidity of the fruits exerted a sig-

Table 5  Reports on resistance in tomato against serpentine leaf miner, L. trifolii
Plant spp. (variety/accession/line/
cultivar)

Reports on resistance Reference

L. hirsutum accessions L. hirsutum f. typicum, L. hirsutum f. 
glabratum

Farrar and Kennedy 1992

Wild accessions and cultivars LA 1663 found resistant Eigenbrode et al. 1993
cv. Pusa Ruby and six hybrids Hybrid Abinash susceptible to leaf miner 

but tolerant to whitefly
Chaudhuri et al. 2000

10 tomato accessions cv. Varalakshmi found less susceptible Tandon and Bakthavatsalam 2003
Hybrid derivatives Hybrid derivatives of Varushanadu 

Local tolerant
Muthukumaran 2004

Backcross generations (PKM1 × VL) × PKM1 (BC1) tolerant Manikandan 2012

Table 6  Reports on resistance in tomato against S. litura/ S.littoralis
Plant spp. (variety/accession/line/cultivar) Reports on resistance Reference
Wild accessions High level of resistance Juvik et al. 1982
Cultivars and wild accessions Fruit skin toughness Juvik and Stevens 1982
Wild accessions and cultivars Antibiosis in wild lines Eigenbrode and Trumble 1993
Five L. pennellii accessions and two 
cultivars

L. pennellii found resistant Berlinger and Dahan. 1987

Hybrid derivatives Hybrid derivatives of Varushanadu 
Local tolerant

Muthukumaran 2004

Backcross generations (PKM1 × VL) × PKM1 (BC1) 
tolerant

Manikandan 2012

Table 7  Criteria used to determine resistance ratings of 321 tomato accessions under glasshouse and field conditions. 
(Selvanarayanan 2000; Selvanarayanan and Narayanasamy 2006)
Rating Glasshouse Field

Percent foliage 
damage

Percent fruit damage Number of larvae/
plants

Percent fruit damage

Highly resistant (HR) < 10.0 < 15.0 0.0–0.30 < 15.0
Moderately resistant (MR) 10.1–25.0 15.1–30.0 0.31–0.60 15.1–30.0
Susceptible (S) 25.1–40.0 30.1–45.0 0.61–0.90 30.1–45.0
Highly susceptible (HS) > 40.0 > 45.0 > 0.90 > 45.0
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Fig. 3  Types of trichomes on the foliage of selected tomato accessions

 

Fig. 2  Interaction between trichome density of tomato accessions and Helicoverpa armigera ( Hubner) feeding

 

Fig. 1  Resistance rating of the tomato accessions under glasshouse and field conditions
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nificant negative correlation with larval feeding 
(Table 8). In addition to phenols, other secondary 
metabolites on wild tomatoes were reported to 
confer insect resistance. The type VI glandular tri-
chomes of L. hirsutum f. glabratum were reported 
to possess methyl ketones such as 2-tridecanone 
and 2-undecanone, (Farrar et al. 1992) while that of 
L. pennelli possess acyl sugars (Juvik et al. 1994).

Exploiting Insect Resistance in 
Selected Tomato Accessions Through 
Hybridization

Realizing the value of the selected accessions, 
they were subjected to intercrossing by conven-
tional hybridization (emasculation and pollina-

tion). Among the many intercrosses, Varushana-
du Local x Ac 238; Varushanadu Local x Roma 
and Ac 238 x Roma yielded Hybrid 1, Hybrid 2 
and Hybrid 3 respectively. The selected acces-
sions and their hybrid derivatives were evaluated 
for insect resistant traits, both in the glasshouse 
and field, in comparison with a susceptible check 
against fruit worm, H. armigera (Dhakshin-
amoorthy 2002), serpentine leaf miner, L. trifolii, 
whitefly, B. tabaci, and leaf caterpillar, S. litura 
(Muthukumaran 2004). Though the hybrids re-
corded tolerance to many of the pests at the field 
level, a wider variation was observed among 
them with regard to population of H. armigera, 
S. litura and B. tabaci, besides fruit and leaf dam-
age (Table 9). Similarly, under glasshouse condi-
tions also, preference of these insects toward the 

Table 8  Biochemical constituents of the foliage of selected tomato accessions
Name of the Phenol (mg/g of dry leaf) Chlorogenic Acidity
accession O.D. Phenol Total Acid (mg/g) (% citric acid)
Roma 0.103 0.190 0.010 0.62
Ac 238 0.096 0.185 0.010 0.67
PT 4287 0.140 0.198 0.017 0.80
Seijima Jeisei 0.142 0.184 0.012 0.78
Varushanadu local 0.146 0.202 0.016 0.83
I 979 (Susceptible check) 0.082 0.172 0.007 0.60
C.D. ( p = 0.05) 0.02 0.02 0.00 0.08
Correlation coefficient (r) − 0.79** − 0.77** − 0.88** − 0.85**
Each value is a mean of five replications
Significant at 5% level

Table 9  Field screening of selected tomato accessions and their hybrid derivatives against major insect pests
Accession Helicoverpa armigera (Hubner) Spodoptera 

litura Fab. larval 
population/plant

Percent leaf dam-
age by Liriomyza 
trifolii Blan

Population of 
Bemisia tabaci 
Genn./plant

Larval 
population/plant

Fruit damage (%)

Ac 238 0.53 17.65 (24.84) 0.38 19.17 0.56
Roma 0.77 16.81 (24.20) 0.16 19.44 0.00
Seijima Jeisei 0.42 15.50 (23.18) 0.06 19.96 0.36
Varushanadu 
Local

0.50 12.48 (20.69) 0.30 19.89 0.56

HY1F1 0.66 6.20 (14.42) 0.22 19.81 0.08
HY2F1 0.42 5.70 (13.81) 0.26 18.78 0.44
HY3F1 0.32 5.35 (13.37) 0.06 3.48 0.00
HY1F2 0.52 7.40 (15.79) 0.06 20.54 0.62
HY2F2 0.45 6.75 (15.06) 0.28 19.61 0.18
HY3F2 0.36 5.80 (13.94) 0.08 5.14 0.00
I 979 1.83 32.24 (34.60) 0.42 25.20 0.86
C.D. ( p = 0.05) 0.18 3.56 0.07 4.41 0.11
Each value is a mean of five replications
Values in parentheses are arcsine transformed
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selected accessions and their hybrid derivatives 
were found varying (Table 10) (Selvanarayanan 
2011). The major biophysical factor namely tri-
chome density and the major bio-chemical factor 
namely phenol content was found varying in the 
F1 and F2 generations. This suggested the possi-
bility of segregation of the defense traits among 
the generations and hence a promising hybrid 
with higher yield potential could not be devel-
oped.

Exploiting Insect Resistance in Selected 
Tomato Accessions Through Backcross 
Breeding

Upon realizing that the conventional hybridiza-
tion approach is proving futile in developing in-
sect tolerant/resistant tomato varieties, backcross 
breeding strategy may be adopted, provided the 
segregation of desirable traits is well ascertained 
and exploited. The most promising insect tolerant 
accession namely Varushanadu Local was back-
crossed with the most popular cultivar namely 
PKM 1 (Manikandan 2012). The resultant F1 
and the backcross progenies were evaluated for 
resistance under semi-field conditions against 
key insect pests. Both the selected accessions 
and the hybrid derivatives varied widely among 
themselves with regard to resistance potential. 
Significant variation was observed in the pre-

liminary semi-field screening. The accession VL, 
(PKM1 × VL) × PKM1 (BC1) and (VL × PKM1) 
× PKM1 (BC1) recorded lesser population of 
H. armigera and S. litura larvae, lesser popula-
tion of whitefly as well as lesser damage by leaf 
miner (Table 11). Further studies on the hybrid 
derivatives may unravel the nature of segregation 
and stabilization of the desirable traits.

Mutation Breeding of Selected Tomato 
Accessions

If the natural variability available in the germ-
plasm could not be exploited through conven-
tional breeding methods, mutation breeding may 
be attempted to increase variability in morpho-
logical and physiological characters besides in-
ducing new plant ideotypes. Mutation breeding 
is relatively a quicker method for crop improve-
ment and it has an added advantage over hybrid-
ization since the basic genotype of a variety is 
slightly altered (Gopalakrishnan 2010).

Keeping the above approach in view, chemi-
cal mutagens namely Ethyl Methane Sulfonate 
(EMS) and Di Ethyl Sulfate (DES) and physi-
cal mutagen namely gamma rays were used for 
inducing mutation in the selected tomato acces-
sions (Gopalakrishnan 2010). EMS and DES 
at various doses were evaluated and the LD50 
dose was fixed at the dose recording 50 % seed 

Table 10  Preference of major insect pests toward selected tomato accessions and their derivatives
Accession Helicoverpa armigera (Hubner) 

damage
Spodoptera litura Fab Liriomyza trifolii Blan

Foliage (%) Fruit (g) Percent leaf damage Percent infestation
Ac 238 14.54 (22.40) 3.28 99.09 (85.89) 39.90 (39.11)
Roma 14.54 (22.40) 2.53 100.00 (90.00) 31.04 (33.72)
Seijima Jeisei 12.80 (20.96) 1.82 23.63 (29.08) 39.99 (38.87)
Varushanadu Local 13.86 (21.85) 1.59 25.56 (30.35) 46.66 (43.05)
HY1F1 12.59 (20.79) 2.23 100.00 (90.00) 41.33 (39.67)
HY2F1 12.20 (20.44) 1.35 100.00 (90.00) 49.66 (44.89)
HY3F1 10.19 (18.64) 1.28 100.00 (90.00) 6.66 (14.94)
HY1F2 12.80 (20.96) 2.04 100.00 (90.00) 36.66 (36.92)
HY2F2 12.10 (20.36) 1.38 99.99 (87.87) 44.28 (41.64)
HY3F2 11.20 (19.55) 1.32 98.63 (83.45) 13.33 (13.82)
I 979 26.45 (30.96) 6.26 93.40 (75.14) 37.61 (37.46)
C.D. ( p = 0.05) 0.26 0.47 2.45 13.68
Each value is a mean of five replications
Values in parentheses are arcsine transformed
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germination. Based on these values, seeds, pre-
soaked in distilled water for 6 h were treated 
with DES @ 0.09, 0.1, and 0.2 % and EMS @ 
0.2, 0.3, and 0.4 % for 12 h. After the treatment, 
seeds were washed in sodium thiosulfate buffer 
and distilled water.

For physical mutation, the seeds of the selected 
tomato accessions were treated with gamma rays 
at the radiation frequency of 5, 10, and 15 kR in 
the Gamma Chamber 1200, supplied by Board of 
Radiation and Isotope Technology (BRIT), De-
partment of Atomic Energy (DAE), Government 
of India, Mumbai, India and established at the 
Centre for Plant Breeding and Genetics, Tamil 
Nadu Agricultural University, Coimbatore, India.

The mutagenized seeds were sown in earthen 
pots and 25 days old seedlings were transplant-

ed in the field for resistance evaluation against 
H. armigera and B. tabaci. Three field trials were 
conducted respectively for the M1, M2, and M3 
generations of mutagenized tomato accessions. 
Population of H. armigera larvae and B. tabaci 
nymphs was recorded and the mutant generations 
were rated for resistance.

In the field trials, larval population of 
H.armigera was found the least in mutagenized 
tomato accession Varushanadu Local in all the 
three generations (Table 12). In the M1 genera-
tion, plants of this accession mutagenized with 
DES @ 0.1 % recorded the least population. But 
in the M2 and M3 generation, plants mutagenized 
with EMS @ 0.4 % recorded the least population. 
With regard to whitefly population, wider varia-
tion was observed among mutagens and their 

Table 11  Evaluation of backcross progenies of promising tomato accession against key insect pests
Accession/Hybrid Mean larval/nymphal population per plant Percent leaf infestation L. 

trifoliiH. armigera S. litura B. tabaci
PKM1 0.32 0.36 1.07 21.42
Varushanadu Local (VL) 0.06 0.06 0.05 8.12
PKM1 × VL (F1) 0.26 0.30 0.45 20.48
VL × PKM1 (F1) 0.08 0.18 0.21 18.24
(PKM1 × VL) × PKM1 (BC1) 0.06 0.08 0.08 9.86
(VL × PKM1) × PKM1 (BC1) 0.08 0.08 0.11 17.22
(VL X PKM1) × VL (BC1) 0.16 0.26 0.26 18.96
(PKM1 X VL) × VL (BC1) 0.18 0.24 0.23 18.52
C.D. ( p = 0.05) 0.01 0.02 0.05 1.56
Each value is a mean of five replications

Table 12  Field evaluation of tomato mutants against H. armigera
Mutagen Larval population per plant

M1 M2 M3
Conc./Dose VL I 979 VL I 979 VL I 979
DES
0.09 % 1.98 4.66 1.49 4.66 3.49 5.89
0.1 % 0.89 3.55 1.94 4.83 3.16 4.98
0.2 % 1.94 3.16 2.39 4.61 2.44 4.22
EMS
0.2 % 2.21 3.83 2.05 5.16 3.32 5.61
0.3 % 2.49 5.28 1.44 3.67 3.30 5.05
0.4 % 2.55 4.17 0.94 3.94 1.22 3.44
Gamma rays
5 KR 2.43 4.38 2.44 3.50 1.98 4.77
10 KR 2.11 4.56 2.16 4.94 3.50 6.22
15 KR 2.38 5.22 3.27 4.60 3.99 5.83
Control 4.43 6.88 4.39 6.67 5.55 7.61
C.D. ( p = 0.05) 0.56 0.75 0.37
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concentrations (Table 13). In the M1 genera-
tion, plants of Varushanadu Local mutagenized 
with DES @ 0.2 % recorded the least popula-
tion of whitefly whereas in M2 and M3 genera-
tion, plants mutagenized with EMS @ 0.3 % and 
Gamma rays @ 5 KR recorded the least popula-
tion of whitefly. Though whitefly population was 
noticed, symptoms of leaf curl disease could not 
be observed in all the three generation suggest-
ing that the population present may not be active 
transmitters (Gopalakrishnan 2010).

Inherent Insect Resistance Vis-A-Vis 
Induced Insect Resistance in Tomato

In view of the failure of conventional hybridiza-
tion in exploiting the inherent resistance in the 
selected accessions, inducing insect resistance 
using external inputs was attempted. Arbuscular 
mycorrhizal fungi (AMF), which form symbiotic 
associations with root systems of most agricul-
tural, horticultural and hardwood crop species, 
have been suggested as widespread potential bio-
protective agents. Fungal symbiosis in various 
crop plants confers tolerance and/or resistance 
against many phytophagous insects, nematodes 
and pathogens. Co-inoculation of AM fungus, 
Glomus spp. with Azospirillum brasilense (Linn.) 
reduced the incidence of leaf folder, Cnaphalo-

crocis medinalis Guen. in upland paddy var. 
PKM−1 (Amutha et al. 2003) while individual 
inoculation of G. intraradices in pea plants con-
ferred resistance against the adult weevils, Sitona 
lineatus (Wamberg et al. 2003). In view of the 
above, the influence of AM fungal inoculation in 
inducing resistance in the selected tomato acces-
sions against fruit worm, H. armigera and leaf 
caterpillar, S. litura was analysed. The resistant 
tomato accession namely Varushanadu Local 
and the susceptible check, I 979 identified ear-
lier were tested for their interaction with four AM 
fungi viz., Glomus fasciculatum (Thaxt.)Gerd. 
and Trappe, Glomus mosseae (Nicol. and Gerd.), 
Acaulospora laevis (Gerd. and Trappe) and Gi-
gaspora margarita (Becker and Hall) under pot 
culture conditions and also under field conditions 
for two seasons (Gopalakrishnan 2006).

The length of the trichomes on tomato foli-
age was found increased, but their density was 
not enhanced considerably in AM fungal inocu-
lated plants. On analyzing the phenol content of 
the leaves of the test accessions, it was found 
that G. margarita inoculated plants of the re-
sistant accession Varushanadu Local contained 
higher amount (0.3303 mg/g of leaf) followed by 
G. mosseae, G. fasciculatum, A. laevis (0.3106, 
0.3105, 0.3022 mg/g respectively) as against the 
least in control plants (0.3007 mg/g). Based on 
the above, it is inferred that the role of Arbuscular 

Table 13  Field evaluation of tomato mutant generations against B. tabaci
Mutagen Population of nymphs per plant

M1 M2 M3
Conc VL I 979 VL I 979 VL I 979
DES
0.09 % 20.78 30.39 21.39 25.94 14.56 17.94
0.1 % 19.39 29.28 14.94 21.88 12.22 15.00
0.2 % 18.38 26.83 14.33 21.72 10.56 13.06
EMS
0.2 % 19.72 27.78 13.11 19.55 11.39 14.39
0.3 % 20.72 27.05 14.89 21.28 10.98 14.83
0.4 % 23.50 30.33 16.83 23.38 13.89 17.67
Gamma rays
5 KR 19.88 29.33 16.94 23.67 13.28 17.34
10 KR 20.83 28.61 16.00 22.61 13.11 17.67
15 KR 17.94 30.22 14.98 22.27 11.78 15.22
Control 31.22 38.45 31.33 42.89 22.34 28.22
C.D. ( p = 0.05) 2.33 3.10 2.11
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Mycorrhizal Fungi (AMF) inoculation in induc-
ing insect resistance/tolerance could not be defi-
nitely explained though yield enhancement was 
achieved (Gopalakrishnan 2006; Selvanarayanan 
2009; Selvanarayanan 2011).

In the field evaluation, larval population of H. 
armigera was found to be less in the AM fun-
gal inoculated plants as against the uninoculated 
plants of both the resistant and susceptible acces-
sions (Table 14). But higher larval population of 
S. litura was recorded in inoculated plants than 
that of uninoculated plants. Similarly, in the pot 
culture studies, feeding preference of H. armig-
era was high toward uninoculated plants of both 

the accessions in contrast to S. litura which pre-
ferred the inoculated plants (Table 15). G. mar-
garita inoculated plants recorded lesser feeding 
preference by H. armigera while G. mosseae in-
oculated plants were less preferred by S. litura 
(Selvanarayanan 2011).

Problems and Prospects of Resistance 
Breeding of Tomatoes

In resistance breeding programs, segregation 
of desirable traits in the generations is a com-
mon phenomenon and for obtaining sustenance 

Table 14  Influence of AM fungi on larval population of H. armigera and S. litura on tomato
AMF Larval population/plant

H. armigera S. litura
Varushanadu Local I 979 Varushanadu Local I 979

Glomus fasciculatum 
(Thaxt.)Gerd. and 
Trappe

1.00 1.83 0.67 1.20

Glomus mosseae 
(Nicol. and Gerd.)

0.67 1.73 0.93 1.53

Gigaspora. Margarita 
(Becker and Hall)

1.27 2.00 1.10 1.70

Acaulospora laevis 
(Gerd. and Trappe)

1.47 2.67 1.13 1.40

Control 2.47 2.30 0.67 1.33
C.D. ( p = 0.05) Acc./
AMF

0.36 0.16

Acc. × AMF 0.80 0.36
Each value is a mean of five replications

Table 15  Influence of AM fungi on feeding preference of H. armigera and S. litura on tomato accessions
AMF Leaf damage (%)

H. armigera S. litura
Varushanadu Local I 979 Varushanadu Local I 979

Glomus fasciculatum 
(Thaxt.)Gerd. and 
Trappe

10.25 23.53 8.51 70.97

Glomus mosseae 
(Nicol. and Gerd.)

10.23 23.55 7.84 70.61

Gigaspora. Margarita 
(Becker and Hall)

10.21 23.50 8.51 70.62

Acaulospora laevis 
(Gerd. and Trappe)

10.23 23.84 8.29 70.96

Control 11.07 24.49 8.27 70.63
C.D. ( p = 0.05) Acc./
AMF

0.078 0.24

Acc. × AMF 0.17 0.54
Each value is a mean of five replications
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of such traits, evaluation is to be done for many 
generations. This needs not only concerted perse-
verance but sufficient funding sources.

Any new promising variety that is developed 
by conventional or other novel methods of resis-
tance breeding should be subjected to molecular 
studies. Mapping of the genes of the generations 
and their parents using marker aided selection 
or identifying the QTL may unravel the genes 
responsible for such desirable traits. DNA-se-
quencing will therefore be extremely useful in 
providing the information necessary for future 
crop improvement in tomato. Under the Interna-
tional Solanaceae Genome Project (SOL), novel 
DNA sequencing technologies collectively re-
ferred to as Next Generation Sequencing (NGS) 
technologies had emerged, which may enable 
faster and better sequencing.

A cultivar that is developed by any of the 
above methods, even if less susceptible or toler-
ant to insect pests with desirable yield attributes 
may be subjected for inducing the resistance 
using suitable strain of bio-inoculants such as 
arbuscular mycorrhizal fungi. Elaborate studies 
and large scale evaluation of strains suitable for 
varied agro-climatic conditions are warranted. 
These efforts may culminate in developing insect 
tolerant/resistant tomatoes with promising yield 
traits that enable eco-friendly management of the 
major insect pests. Developing such an insect tol-
erant/resistant tomato is pivotal in implementing 
integrated management of insect pests.
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Abstract

With increasing hazards due to chemical/synthetic pesticides, the only an-
swer to mitigate these ill-effects is use of safe alternatives. Amongst them, 
use of natural enemies comprising of parasitoids, predators, entomopatho-
gens, etc. as biological control agents is the most effective, environmen-
tally sound and cost-effective pest management approach to control insect 
pests. It is anticipated that biological control will play an increasingly 
important role in integrated pest management (IPM) programs as broad-
spectrum pesticide use continues to decline. Moreover, biological con-
trol is a cornerstone of organic farming, and the production of organic 
commodities in developed countries like the USA continues to increase at 
roughly 20 % per year (USDA-ERS 2002). Organic farming is no longer 
considered a cottage industry since retail sales hit $ 14.6 billion in 2006. 
For a given arthropod pest or weed, a pool of natural enemies often ex-
ists which consists of vertebrates, invertebrates and microorganisms. The 
fundamental problem in applied biological control is to select an appropri-
ate species or combination of species from this pool that will bring about 
the desired level of pest suppression with minimal impact on non-target 
species.

Introduction

Integrated Pest Management (IPM) programs 
based largely on biological control are of great 
benefit to agriculture, the quality of rural life and 
the consumer. Reductions in insecticide, acaricide 
and herbicide applications should allow farmers 
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to reduce production costs and make adjustments 
for a more sustainable agriculture. Reduced pes-
ticide use will enhance the quality of rural life by 
decreasing ground and surface water contamina-
tion, reducing effects on non-target species (in-
cluding wildlife) and increasing safety of farm 
workers and other rural residents. These benefits 
also accrue at the interface of urban and agricul-
tural environments, where there is an increasing 
opposition to pesticide use by stakeholders. The 
reduction in pesticide residues in food is also de-
sirable, although controversy remains over the 
extent and public health significance of such resi-
dues. Background information and justification: 
Despite many advances in recent years, our prac-
tical and conceptual understanding of success 
and failure in applied biological control fall short 
of meeting certain current and future require-
ments. For example, in classical biological con-
trol, the rate of establishment of natural enemies 
is relatively low in the case of arthropod pests 
(ca. 34 %) (Kimberling 2004); further research 
into the genetics and ecology of colonization is 
clearly warranted. In the future, classical biologi-
cal control should ideally be able to predict (1) 
the appropriate species (or biotype) or combina-
tion of species (and/or biotypes) to release for 
control of a target pest in a given situation; and 
(2) the environmental impact resulting from the 
introduction of an exotic enemy. Non-target im-
pacts to plants or insects from bio-control agents 
are of great concern to conservation biologists, 
environmentalists and federal agencies.

More than one-and-half million insect spe-
cies occur in this world, out of which only about 
15,000 (1.0 %) have attained the status of pests 
while the others, many of which have pestilent 
potential, remain at low levels. One of the major 
reasons for the secondary status of such insects is 
the perpetual regulatory action exerted on them 
by their natural enemies. This in itself reflects the 
great potential of biological control, which can be 
exploited for management of some of our major 
pests, diseases and weeds by restoring the natural 
balance through purposeful human intervention. 
Such an approach could be classical biological 
control for invasive species, or generally by aug-
mentation or conservation for indigenous pests.

A worldwide review reveals that there have 
been altogether 120 successful cases of classi-
cal biological control of insect pests of which 42 
have been completely controlled, 40 substantial-
ly controlled and 30 partially controlled. These 
include pests, diseases and weeds. There are also 
a number of successful cases by augmentation 
of natural enemies in several countries. India is 
rated as one of the top 10 countries in the world 
in the area of biological control.

In India, innumerable attempts have been 
made to augment the populations of promising 
indigenous natural enemies like trichogram-
matids, bethylids, chrysopids, ladybird beetles, 
nuclear polyhedrosis viruses, etc. to control pests 
of sugarcane, cotton, coconut, coffee, grapevine, 
tomato, sunflower, etc. To support such augmen-
tative programmes, mass-production of natural 
enemies is a necessity. Thus, commercial pro-
duction of biocontrol agents has a great potential 
which has already received considerable atten-
tion in recent years.

Where success has been achieved in classi-
cal biological control, the underlying ecologi-
cal mechanisms are not always clear. After 100 
years of effort, we still do not fully understand 
the mechanisms by which a successful natural 
enemy operates in nature, or why a particular 
organism is successful in one situation and un-
successful in another. Basic research in augmen-
tation and conservation of natural enemies is 
also needed. In augmentation, we urgently need 
a coherent theory of inundative/inoculative re-
lease as well as basic efficacy data in order to 
more readily incorporate commercially available 
predators and parasitoids of arthropod pests into 
IPM systems. The genetics of mass production 
must be evaluated experimentally so that quality 
control procedures can become a regular practice 
in the commercial production of natural enemies. 
Advances in the nutrition of parasitoids and 
predators are needed. Continued commitment to 
conservation of natural enemies is required, in-
cluding innovative ways of integrating pesticides 
and cultural controls with key natural enemy spe-
cies. Global warming has now been accepted as a 
serious threat to our natural and agroecosytems. 
It will be imperative that biological control sci-
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entists watch for the effects of climate change 
on arthropod pests that have been kept in check 
by natural enemies. Products of biotechnology 
designed for pest control must also be assessed 
and incorporated (where appropriate) into IPM 
programs. In the past five years, scientists have 
examined interactions between transgenic crops 
and biological control species, and these studies 
will increase as more such crops are approved. 
Finally, biological control scientists are provid-
ing management professionals with the sustain-
able and effective tools with which to manage the 
relentless pressure of invasive species on natural 
and agricultural ecosystems.

Exotic pests continue to arrive and many of 
these will become permanently established. For 
such pests, the use of classical biological control 
should remain a high priority. At the same time, 
our IPM programs must be continuously evalu-
ated, refined and adjusted in response to changes 
in newer and more specific control technologies 
and production practices.

Transcending the coordination and coopera-
tion on a given pest is an important shared need 
for advances in regulatory policy, general meth-
odologies for release and evaluation of natural 
enemies, and the need to develop sound ecologi-
cal theory concerning pest population dynamics, 
predator–prey interactions, and the genetics of 
colonization in biological control. The advance-
ment in agricultural technology has brought about 
remarkable changes in the agricultural sector. 
These changes have been accompanied by exces-
sive use of pesticides. Worldwide, there are 500 
species of resistant insects, mites and ticks com-
pared with only 25 in 1955, coupled with this has 
been the well-publicized environmental effects, 
such as toxic residues on produce, destruction 
of beneficial insects and other non-target organ-
isms, and human poisoning. The World Health 
Organisation (WHO) estimates that worldwide 
over a million people are poisoned with pesti-
cides each year and up to 2 % of cases may prove 
fatal. At this juncture, biopesticides offer an al-
ternative method of control that do not seem to 
provide the rapid development of resistance in 
the field, leave little, or no toxic residues and are 

generally harmless to beneficial insects and other 
non-target organisms.

Parasitoids and predators can be conserved, 
preserved and multiplied under laboratory condi-
tions or in commercial production units for field 
release against target pests or diseases. A major 
benefit in the use of biopesticides is that they are 
safe for use by human beings and there are no 
reports regarding hazards caused due to the use 
of bio-pesticides, while there are innumerable in-
stances on poisoning due to or non-target effects 
of chemical pesticides.

Developing countries would be highly ben-
efited through development, exploitation and use 
of parasitoids and predators. The production, sale 
and use of biopesticides in a developing country 
can provide local employment opportunities, re-
duce health risks and costs due to chemical poi-
soning and environmental damage, improve ex-
port earnings through reducing chemical residue 
levels on export commodities; and in addition to 
this there are the benefits obtained through the 
extra control achieved by preserving natural en-
emies in crop systems and by maintaining indig-
enous biodiversity.

Biointensive pest management modules have 
been developed by the Project Directorate of Bi-
ological Control (PDBC) (now NBAIR) for man-
agement of pests on cotton, sugarcane, rice, citrus 
and several other crops (Singh 1996; Rabindra 
and Ballal 2002). These modules lay emphasis 
on release of biocontrol agents like parasitoids, 
predators and pathogens and reducing chemical 
pesticide applications to the possible extent. The 
pre-requisite of any biocontrol programme is to 
have a large-scale supply of beneficial agents. 
Today, in our country, there is a great demand for 
biocontrol agents, but the major problem is with 
respect to availability of good quality bioagents 
at the required place and time.

In India, several parasitoids and predators 
have been identified, evaluated and recom-
mended for field releases against agricultural 
pests (Singh 2001). Technologies are available 
for the production and use of parasitoids and 
predators (Rabindra et al. 2003; Singh 2002). 
There are several success stories in the field 
of biosuppression of crop pests in our country 
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(Singh 1996). Biological control has gained max-
imum acceptance amongst sugarcane farmers of 
India through use of Trichogramma species

Biological control is now considered as the 
most important component of an integrated pest 
management strategy and typically involves an 
active human role. Predators, parasitoids and 
pathogens are utilized in biological control at-
tempts against insect pests and in this chapter we 
deal with the utility of parasitoids and predators 
in biological control. Parasitoids have been used 
in biological control more than any other type of 
agent. A successful parasitoid should have a high 
reproductive rate, good searching ability, host-
specificity, be adaptable to different environmen-
tal conditions and be synchronized with its target 
host (pest). No parasitoid has all these attributes, 
but the search should be for one with several of 
the above characteristics. Parasitoids are gener-
ally utilized in three overlapping types of bio-
logical control: conservation, classical biological 
control (introduction of natural enemies to a new 
locale) and augmentation. Conservation of natu-
ral enemies is probably the most important, read-
ily available, generally simple and cost-effective. 
The role played by natural enemies in nature be-
comes evident when insecticide use is stopped 
or reduced. To tackle exotic pests (at times even 
native pests), we may have to turn to classical 
biological control. Unfortunately, classical bio-
logical control does not always work, the reasons 
for failure may include the release of too few in-
dividuals, poor adaptation of the natural enemy 
to environmental conditions at the release loca-
tion and lack of synchrony between the life cycle 
of the natural enemy and the pest. The third type 
of biological control involves the supplemental 
release of natural enemies which could be inocu-
lative (relatively few natural enemies released at 
a critical time of the season) or inundative (mil-
lions may be released). Habitat manipulation 
could be a useful approach, wherein the cropping 
system may be modified to favour or augment the 
natural enemies. Now potential parasitoids which 
are amenable to mass production are being reared 
and marketed by several insectaries, both Gov-
ernment and Private. These are being released 
against several crop pests. Success with such 

releases requires appropriate timing, dosage and 
sufficient number of releases.

With the introduction of exotic pests like the 
scolytid coffee berry borer, Hypothenemus ham-
pei (Ferrari), coconut mite, Aceria guerreronis 
and serpentine leaf-miner, Liriomyza trifolii and 
also some of the indigenous pests like Helicov-
erpa armigera and Spodoptera litura becoming 
increasingly more serious, biological control 
should serve as a major component of IPM.

Indigenous Parasitoids

A successful parasitoid should have a high repro-
ductive rate, good searching ability, host specific-
ity, be adaptable to different environmental con-
ditions and be synchronized with its host (pest). 
No parasitoid has all these attributes, but those 
with several of the above characteristics will be 
more important for use in suppressing pest popu-
lations.

In nature, several parasitoids been observed 
to be potential bio-agents of serious crop pests. 
Over a dozen parasitoids have been recorded on 
the citrus mealybug Nipaecoccus viridis. How-
ever, Anagyrus dactylopii was dominant, para-
sitizing up to 90 % in the field (Ali 1957; Subba 
Rao et al. 1965).

On cabbage, cauliflower and other cole 
crops, diamondback moth (DBM), Plutella xy-
lostella is a major pest. At Anand, Yadav et al. 
(1975) recorded up to 72 % parasitism by Cote-
sia plutellae. In Karnataka and Tamil Nadu, C. 
plutellae was known to cause up to 80 % parasit-
ism (Jayarathnam 1977; Nagarkatti and Jayanth 
1982). In the Nilgiris, Diadegma semiclausum 
provided parasitism ranging from 2.32 to 68 % 
(Chandramohan 1994).

The potential indigenous larval parasitoids 
recorded on H. armigera in the pigeonpea and 
chickpea ecosystems are the ichneumonid early 
larval parasitoids Campoletis chlorideae, Eri-
borus argenteopilosus and tachinid late larval/
larval-pupal parasitoids, Goniophtalmus halli, 
Senometopia ( Carcelia) illota and Palexorista 
laxa (Bilapate et al. 1988). Indigenous natural 
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enemies play an important role in the integrated 
pest management of rice.

Indigenous Predators

In India, several predators have been identified 
as potential biocontrol agents. For instance, more 
than 60 arthropod species have been recorded 
as predators of Helicoverpa armigera (Hübner). 
The important predators found feeding on H. 
armigera in India are chrysopids, anthocorids, 
ants, coccinellids and spiders (Manjunath et al. 
1989; Duffield 1993, 1995). Chrysopids form an 
important group of predators. A number of stud-
ies have been conducted on the biology, popu-
lation ecology, feeding potential and rearing of 
the potential ones such as Chrysoperla zastrowi 
sillemi (Esben-Petersen), Mallada boninensis 
(Okamoto), Mallada astur (Banks) and Aper-
tochrysa sp. (Krishnamoorthy and Nagarkatti 
1981; Patel et al. 1988; Singh et al. 1994; 
Bakthavatsalam et al. 1994).

The important indigenous coccinellids include 
Coccinella septepunctata Linnaeus, Scymnus 
coccivora Ayyar, Chilocorus nigrita Fabricius, 
Cheilomenes sexmaculata (Fabricius) and Bru-
moides suturalis (Fabricius). Amongst syrphids, 
the important ones include Ischiodon scutellaris 
(Fabricius), Paragus serratus (Fabricius) and 
Paragus yerburiensis Stuckenberg.

Aphidophagous coccinellid, C. septempunc-
tata is more abundant in areas with low average 
temperature viz., northern parts of India. It plays 
important role in natural suppression of aphids 
like Myzus persicae (Sulzer), Brevicoryne bras-
sicae (Linnaeus) and Lipaphis erysimi (Kalten-
bach) infesting rabi oilseeds and cole crops. Sim-
ilarly, syrphids like I. scutellaris and Paragus 
spp. are also found in very high numbers feeding 
on these aphids. C. sexmaculata, on other hand, 
is more abundant in warmer areas of southern 
India and it keeps aphid like Aphis craccivora 
Koch, infesting groundnut and pulses, at lower 
ebb during summer and kharif season.

Mass production techniques for these coc-
cinellids (Joshi et al. 2003) and syrphids (Joshi 
et al. 1998) have been developed at the Project 

Directorate of Biological Control, Bangalore and 
are being multiplied throughout the year. How-
ever, there is need to evaluate these natural en-
emies on large-scale, either in open fields or at 
glasshouses.

Amongst indigenous coccidophagous cocci-
nellids, C. nigrita has been utilized through inun-
dative release, not only against Melanaspis glom-
erata (Green) but also on several other diaspine 
scales including red scale of citrus (Singh 1994). 
Other important coccinellids in this group are 
Pharoscymnus horni (Weise) and S. coccivora. 
These two play important role of assisting two 
major coccinellids viz., C. nigrita and C. mon-
trouzieri, respectively in different fruit crops. By 
virtue of their small size, they are able to enter 
leaf sheath and crevices of bark, where crawlers 
of coccids generally reside, and feed on them at 
early stage of crop infestation.

For leaf and plant hoppers, colonization of 
mirid predator Cyrtorhinus lividipennis for 
which now rearing technique is available (over 
1500 predators could be reared on 1 cc Corcyra 
egg), has proved to be effective, if releases are 
carried out @ 100 mirid bugs or 50–75 eggs/m2 
at 10 day interval. Weeds like Cyperus sp. help 
in off-season survival of mirid bug through har-
bouring plant hoppers. Predation by mirid bug 
was more on BPH resistant rice variety PTB 33. 
The presence of any combination of 3 nos./hill of 
spider Lycosa preudoannulata, Oxyopus javanus 
and Tetragnatha sp. checked the population of 
BPH and WBPH.

The coccinellid predator, Cryptolaemus mon-
trouzieri though exotic has established well. It has 
proved to be very effective against the grape mealy 
bug, Maconellicoccus hirsutus (Singh 1989). Re-
lease of 10 beetles per vine could effectively sup-
press the grape mealybugs in about 75 days of 
release (Mani and Thontadarya 1988a). Dichlor-
vos, chlorpyriphos and all the commonly used fun-
gicides at recommended concentrations are safe to 
all the stages of C. montrouzieri, thus allowing the 
combined use of Cryptolaemus with the above 
pesticides in the pest management programmes 
(Mani and Thontadarya 1988b; Babu 1986).

Amongst the different anthocorid predators 
recorded in other countries, Orius spp. appear to 
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be the most promising, especially against thrips; 
examples being Orius sauteri, Orius majusculus, 
Orius laevigatus and Orius insidiosus. In India, 
anthocorids have been recorded as potential bio-
agents of different species of thrips in various 
ecosystems. But, systematic work is lacking in 
our country on the seasonal occurrence of the 
different potential anthocorid predators in our 
country. Information is lacking on the extent of 
control of thrips exerted by the natural popula-
tions of anthocorid predators in the different 
agroecosystems. Orius spp. are the most com-
mon anthocorids which have been collected from 
different crop ecosystems. Orius tantillus and 
O. maxidentex are the most common species col-
lected. (Ballal and Gupta 2011)

Production techniques

Production techniques are also available for some 
potential parasitoids like Trichogrammatids, 
Leptomastix dactylopii, Copidosoma koehleri, 
Telenomus remus, etc. and predators like C. z. sil-
lemi, Scymnus coccivora, Pharoscymnus horni, 
Curinus coeruleus, Coccinella septempunctata, 
Cheilomenes sexmaculata, Chilocorus nigrita, 
Brumoides surturalis, Cardiastethus exiguus, 
etc. (Singh et al. 2001b; Ballal et al. 2012; Ballal 
and Gupta 2011).

Conservation Biological Control

The conservation of natural enemies is probably 
the most important and readily available biologi-
cal control practice available to growers. Natural 
enemies occur in all production systems, from 
the backyard garden to the commercial field. 
They are adapted to the local environment and to 
the target pest, and their conservation is generally 
simple and cost-effective. With relatively little 
effort the activity of these natural enemies can be 
observed. For example, parasitized aphid mum-
mies are almost always present in aphid colonies. 
These natural controls are important and need 
to be conserved and considered when making 
pest management decisions. In many instances 

the importance of natural enemies has not been 
adequately studied or does not become apparent 
until insecticide use is stopped or reduced. Often, 
the best we can do is to recognize that these fac-
tors are present and minimize negative impacts 
on them. If an insecticide is needed, every effort 
should be made to use a selective material in a 
selective manner.

Conservation biological control practices such 
as refuges for natural bioagents, conserving weed 
plants harbouring predators and egg parasitoids, 
use of safer pesticides, judicious and selective use 
of non-persistent pesticides, strip treatment, spot 
treatment, etc. have been found to be effective con-
servation techniques in several crop ecosystems 
(Singh 2002). Use of kairomones, synomones, 
pheromones, adjuvants, etc. to increase the search-
ing ability and retention of parasitoids, build-up 
population of biocontrol agents by providing arti-
ficial structures, food, alternate host, suppression 
of ants, etc., provision of grain sorghum in cotton 
plot, which serves as a source for natural enemies, 
etc are some conservation techniques.

Habitat manipulation techniques (to improve 
the population and performance of natural en-
emies) are easily incorporated into home gardens 
and even small-scale commercial plantings, but 
are more difficult to accommodate in large-scale 
crop production. There may also be some conflict 
with respect to pest control because of the diffi-
culty in targeting the pest species as the refuges 
may be used by the pest insects as well as natural 
enemies. Habitat manipulation involves alter-
ing the cropping system to augment or enhance 
the effectiveness of a natural enemy. Many adult 
parasitoids benefit from sources of nectar and the 
protection provided by refuges such as hedge-
rows, cover crops and weedy borders. Mixed 
plantings and the provision of flowering borders 
can increase the diversity of habitats and provide 
shelter and alternative food sources. They are 
easily incorporated into home gardens and even 
small-scale commercial plantings, but are more 
difficult to accommodate in large-scale crop pro-
duction. There may also be some conflict with 
pest control because of the difficulty of targeting 
the pest species as the refuges could be used by 
the pest insects as well as natural enemies.



313Role of Parasitoids and Predators in the Management of Insect Pests

Natural enemies may be conserved by using 
insecticides or formulations which are least 
harmful and by timing applications to reduce the 
impact on beneficial arthropods. Natural enemy 
populations may be enhanced by increasing the 
diversity of plant species in the vicinity of the 
crop, changing cultural practices to ensure con-
tinuous availability of hosts and by providing al-
ternative food sources (Pawar 1986). Ballal and 
Singh (2001) reported that non-intervention and 
thus conservation of natural enemies to be the 
best strategy for Helicoverpa armigera manage-
ment in the sunflower ecosystem.

Classical Biological Control

Biological control agents that are not host spe-
cific may pose threats to at-risk species and 
constraints have been applied to the types of or-
ganisms that may be used. The requirement for 
increased host specificity means exotic polypha-
gous predators are less appropriate for introduc-
tion and more research emphasis has been placed 
on parasitoid species (Goldson et al. 1994).

In many instances, the complex of natural 
enemies associated with an insect pest may be 
inadequate. This is especially evident when an 
insect pest is accidentally introduced into a new 
geographic area without its associated natural en-
emies. To obtain the needed natural enemies, we 
turn to classical biological control.

Classical biological control has proved its po-
tential in our country with respect to some of the 
introduced natural enemies. The exotic natural 
enemies which have proved effective through 
augmentation include egg parasitoid Telenomus 
remus (Origin: Papua New Guinea) against S. li-
tura infesting tobacco, the egg larval parasitoids 
Chelonus blackburni (Origin: Hawaii) and Copi-
dosoma koehleri (Origin: Australia) against po-
tato tuber moth Phthorimaea operculella. Not all 
introduced parasitoids were successful in manag-
ing the target pests.

Exotic parasitoids that have successfully es-
tablished in our country include the encyrtids 
Encarsia perniciosi and Aphytis diaspidis for 
control of San Jose scale, Quadraspidiotus per-

niciosus and similarly, Leptomastix dactylopii 
against citrus mealybugs.

L. dactylopii introduced from the West Indies 
in 1983 is a fairly specific parasitoid of Plano-
coccus citri, possessing excellent host searching 
ability. Field release of Leptomastix resulted in 
its establishment in mixed plantations of citrus 
and coffee, and also in citrus orchards in several 
parts of Karnataka, resulting in control of P. citri 
within 3–4 months. No insecticidal sprays were 
required subsequently for the control of P. citri 
in the following season (Manjunath 1985; Krish-
namoorthy and Singh 1987; Nagarkatti et al. 
1992).

Three strains of E. perniciosi viz., Califor-
nian, Russian and Chinese, were introduced 
for the control of Q. perniciosus. In addition, 
A. diaspidis (origin: Japan) was introduced from 
California. All the strains could establish and the 
Russian strain of the parasitoid gave 89 % para-
sitism in Himachal Pradesh. A. diaspidis in com-
bination with E. perniciosi gave 86.5 % parasit-
ism. In Kashmir, the Russian and Chinese strains 
appeared to be superior. American and Chinese 
strains of E. perniciosi were also released in 
the Kumaon hills of Uttar Pradesh; the popula-
tion of the pest was reduced by about 95 %. In 
Kashmir, releases of E. perniciosi and Aphytis 
proclia resulted in an increase of parasitism from 
8.9 to 64.3 %. Studies on the biology of E. per-
niciosi revealed that the multiplication rate of the 
parasitoid was over 10 times. In apple, release 
of E. perniciosi or A. proclia @ 2000/ infested 
tree gave effective control of San Jose scale (Rao 
et al. 1971; Singh 1989).

In the tobacco, cabbage and cauliflower eco-
systems, the exotic parasitoid T. remus Nixon has 
proved to be potential parasitoid for the manage-
ment of S. litura. Tobacco IPM has been suc-
cessfully field demonstrated in farmers’ field in 
Andhra Pradesh (PDBC-ICAR, 1999–2000).

Combination of exotic parasitoids, C. black-
burni and C. koehleri with Bt products and gran-
ulosis virus has been found effective in manag-
ing the potato tuber moth, P. operculella in potato 
fields and in storage (Singh 1994).

For the management of the coffee berry borer, 
H. hampei, the bethylid parasitoids, Prorops 
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nasuta and Cephalonomia stephanoderis were 
imported from Mexico in 1995 and the eulo-
phid parasitoid, Phymastichus coffea and an-
other consignment of P. nasuta from Colombia 
in 1999. The first test field releases were made 
in January–February, 1996. Though recover-
ies of P. nasuta and C. stephanoderis could be 
made, P. nasuta could not establish both in the 
laboratory and in the field in spite of repeated 
field releases. C. stephanoderis has established 
in several areas of Kodagu district, Wyanad and 
Lower Palanis. Carry over of the parasitoid from 
one season to the other has also been observed. 
More than 10,000 females of P. coffea have been 
released and establishment in small numbers has 
been observed (Sreedharan et al. 2001).

The spiraling whitefly, Aleurodicus disper-
sus, a native of the Caribbean region and Cen-
tral America, probably came to India from Sri 
Lanka or the Maldives. It was first reported in 
1993 from Kerala and later from other parts of 
peninsular India and the Lakshadweep islands. 
The pest is highly polyphagous and has been re-
corded on 253 host plants in India. Two apheli-
nid parasitoids, Encarsia guadeloupae and E. sp. 
nr. meritoria, have been fortuitously introduced 
together with the host into India. With the acci-
dental introduction of both species of Encarsia 
into India, there has been a perceptible reduction 
in the population of A. dispersus (Ramani et al. 
2002).

One of the most recent and significant success 
stories in the field of classical biological control 
is that of the excellent control of papaya mealy 
bug through introduction and field releases of 
exotic natural enemies. The papaya mealybug 
Paracoccus marginatus W & G was first record-
ed on papaya plants from Coimbatore in 2008 
and later spread to different states viz. Kerala, 
Karnataka, Maharashtra and Tripura. Chemical 
pesticides could not give permanent relief and 
repeated use of chemical pesticides resulted in 
toxicity hazards, pollution and harmful effects 
on non-target beneficials. The natural enemies 
existing in nature like Spalgis epius, Cryptolae-
mus montrouzieri and Scymnus coccivora could 
not keep the papaya mealy bug population under 
check. NBAII imported three species of parasit-

oids Acerophagus papaya, Pseudoleptomastix 
mexicana and Anagyrus loecki (from USDA-
APHIS at Puerto Rico), which are known to ef-
fectively suppress the papaya mealy bug in its na-
tive range. The parasitoids could be successfully 
multiplied and supplied to stake-holders all over 
the country. Inoculative releases of the parasit-
oids were also made in farmers’ fields in different 
villages. The parasitoids could successfully es-
tablish in all the areas of release and suppress the 
papaya mealybug infestation on different crops 
(Shylesha et al. 2010). NBAII also trained ento-
mologists/plant protection officials from SAUs, 
ICAR Institutes, KVKs, CIPMCs, Government 
Biocontrol Laboratories and Central Sericulture 
Research and Training Institute on the mass pro-
duction, field release and conservation of the 
parasitoids.

Production and Utilization of 
Parasitoids and Predators

Besides introducing suitable exotic natural en-
emies, efforts should be made to develop more 
efficient and cost-effective production and utili-
zation of indigenous natural enemies (Rabindra 
et al. 2003; Jalali et al. 2003). Success with field 
releases of natural enemies requires appropriate 
timing, release of the correct number of natural 
enemies per unit area or depending on pest den-
sity and release of quality bioagents. In many 
cases, the most effective release rate has not 
been identified as it will vary depending on crop 
type and target host density. Table 1 lists some 
of the parasitoids and predators, which could be 
released for the management of some major pests 
on different crop ecosystems.

Biological control through augmentation has 
gained maximum acceptance amongst sugarcane 
farmers of India. Use of T. chilonis has been effec-
tively utilized for the management of sugarcane 
borers. Sugar mills have their own co-operative 
parasitoid production units and have contributed 
in a big way in adoption of biocontrol (PDBC 
2000–2001; Singh et al. 2001a). Augmentation of 
the tachinid parasitoid Sturmiopsis inferens has 
decreased the population of shoot borers in Tamil 



315Role of Parasitoids and Predators in the Management of Insect Pests

Nadu and the parasitoid permanently colonized 
in some pockets (Singh 1994). Similarly, inunda-
tive releases of Isotima javensis has given good 
results in the control of top borer, Scirpophaga 
excerptalis in north India.

There are several potential parasitoids in na-
ture which are important mortality factors of 
major pests. On citrus butterfly Papilio demoleus 
Linnaeus, egg parasitoid Trichogramma chilonis 
Ishii parasitized up to 76 % and Telenomus sp. nr. 
incommodus 78 % in February (Krishnamoorthy 
and Singh 1988; Jalali and Singh 1990). Distatrix 
papilionis is the dominant parasitoid of caterpil-

lars and T. chilonis, T. incommodus and D. pa-
pilionis caused a cumulative parasitism of 88 % 
(Krishnamoorthy and Singh 1988). T. chilonis, 
Melalophacharops sp. and D. papilionis could 
be utilized for the biological suppression of but-
terflies attacking citrus. The eggs of fruit sucking 
moth, Othreis fullonia are successfully parasit-
ized by T. chilonis, which suggests the possibility 
of utilizing T. chilonis for the control of this pest 
(Dodia et al. 1986).

Notable success has been achieved in the bio-
suppression of the hopper Pyrilla perpusilla in 
some states by the colonization/redistribution of 

Table 1  Some biological control systems utilizing parasitoids
Crop/Pest Biotic agents Dosage per ha Frequency of application
Sugarcane
Chilo spp. Trichogramma chilonis 50,000 Every 10 days, 8 times starting on 

30-day-old crop for shoot borer and 60 
days for other borers or during egg lay-
ing period

Pyrilla perpusilla Epiricania melanoleuca 2–3 egg masses or 
5–7 cocoons in 40 
selected spots/ha

The releases are initiated before the 
onset of rainy season

Rice
Scirpophaga incertulas &
Cnaphalocrocis medinalis

Trichogramma 
japonicum
T. chilonis

100,000 30, 37 and 44 days after transplanting 
(DAT)

Cotton
Helicoverpa armigera,
Earias spp.,
Pectinophora gossypiella

T. chilonis 150,000 Weekly 6 times starting from 40th day 
after planting or during the egg laying 
period

Tobacco
Spodoptera litura Telenomus remus 120,000 Five times at weekly interval
Coconut
Opisina arenosella Goniozus nephantidis 3000 adults Need based or for each generation

Cardiastethus exiguus 50 adults/tree To coincide with egg or freshly hatched 
larval stage of the pest

Apple
Eriosoma lanigerum Aphelinus mali 1000 adults or mum-

mies/ infested tree
Once, as soon as infestation is noticed

Quadraspidiotus 
perniciosus

Encarsia perniciosi 2000 adults/infested 
tree

Once, in spring

Cydia pomonella Trichogramma 
embryophagum

2000 adults/tree Releasing at weekly interval

Citrus
Planococcus citri Leptomastix dactylopii 3000 adults Need based; under expert supervision
Tomato
Helicoverpa armigera Trichogramma 

brasiliense
T. pretiosum/T. chilonis

50,000 Weekly interval/six times from 25th day 
after transplanting or during egg laying 
period
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the lepidopteran parasitoid, Epiricania melano-
leuca. Misra and Pawar (1984) reported that this 
parasitoid when released @ 400,000–500,000 
eggs or 2000–3000 cocoons/ha in eastern UP, 
West Bengal, Orissa, Karnataka, Kerala, Maha-
rashtra, Rajasthan, Andhra Pradesh and Mad-
hya Pradesh gave complete control of the pest. 
Pawar (1979) reported that in July–September, if 
20–60 % parasitism of nymphs and adults are re-
corded there is no need to panic even if outbreak 
like situation is noticed.

Indigenous parasitoids play a major role in the 
management of the coconut black-headed cat-
erpillar in the coconut ecosystem. Field release 
of the three stage specific Opisina arenosella 
parasitoids viz Goniozus nephantidis, Elasmus 
nephantidis and Brachymeria nosatoi at fixed 
norms and intervals in a heavily infested coconut 
garden (2.8 ha) for a period of 5 years resulted 
in highly significant reduction in Opisina popula-
tion (Sathiamma et al. 2000). Follow-up observa-
tions revealed that even after 3 years no build-up 
of the pest was noted in the released site. The 
anthocorid predator Cardiastethus exiguus and 
G. nephantidis have been observed to be highly 
amenable to mass production and they have also 
proved to be highly effective against the egg and 
larval stages of O. arenosella as indicated in the 
recent field trials conducted at Kerala and Karna-
taka (Venkatesan et al. 2008).

The sugarcane woolly aphid, Ceratovacuna la-
nigera, was observed as a serious pest of sugarcane 
and reported in outbreak proportions from western 
and southern India (Rabindra et al. 2002; Joshi and 
Viraktamath 2004). The parasitoids which were 
recorded on this pest in Nagaland included Aph-
elinus desantisi, Encarsia falvoscutellum, Diaer-
etiella rapae, Anagyrus sp. and Antocephalus sp. 
(Tripathi 1995). In Assam, Jorhat Encarsia flavos-
cutellum was observed in abundant numbers para-
sitising woolly aphids. The heavy incidence of this 
parasitoid could prevent the further spread of the 
woolly aphid population. Dipha and Micromus are 
potential predators of SWA in nature, which keep 
the pest population under control.

In the cotton ecosystem, the indigenous para-
sitoid Bracon greeni gave satisfactory control 
of spotted and spiny bollworms Earias spp. in 

Karnal, Haryana (Khan and Rao 1960) and for 
the control of Pectinophora gossypiella in Coim-
batore (Swamiappan and Balasubramanian 1980).

In rice ecosystem, conservation and inunda-
tive release of the egg parasitoid T. japonicum 
and T. chilonis along with the predator Cyrto-
rhinus lividipennis have given promising results. 
Weekly releases of T. japonicum and T. chilonis 
@ 100,000/ ha starting after a month of trans-
planting is recommended for the control of stem 
borer, Scirpophaga incertulas and leaf roller, 
Cnaphalocrocis medinalis. A total of three re-
leases for Rabi and Kharif crops are sufficient. 
The trials conducted at Tamil Nadu, Maharashtra, 
Punjab, Assam and Kerala proved that Biocon-
trol Based Integrated Pest Management (BIPM) 
was either at par or better than farmers’ practice 
in all the places (PDBC-ICAR 2001–2002).

The BIPM schedule for pest management in-
cludes releases of C. z. sillemi for sucking pests. 
This schedule was successful in Karnataka, Ma-
harashtra and Gujarat

At the erstwhile Project Directorate of Bio-
logical Control (now NBAIR), the two indig-
enous early larval parasitoids of H. armigera—
C. chlorideae and E. argenteopilosus could be 
continuously reared on alternate laboratory hosts 
and several basic studies conducted (Venkatesan 
et al. 1995; Ballal et al. 2000; Ballal et al. 2001b).

Geographical strains of C. chlorideae were 
obtained from different parts of the country and 
their biological parameters and performance 
evaluated and it was found that the Sehore strain 
was most efficient (Ballal and Ramani 1994). 
Variations were observed in the performance of 
C. chlorideae populations collected from differ-
ent crop ecosystems. The lab-reared parasitoids 
which were originally from the pigeonpea eco-
system could not efficiently parasitise H. armi-
gera larvae from the cotton ecosystem, whereas 
the parasitoids from the cotton ecosystem were 
capable of parasitizing more than 40 % of the 
larvae of cotton ecosystem (Ballal et al. 2001a). 
The studies clearly indicated that the perfor-
mance of C. chlorideae is largely governed by 
the host plants on which the pest is found. Bajpai 
et al. (2002) reported that on chickpea plants, 
the chemical cues released during feeding by the 
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H. armigera was essential for C. chlorideae to 
be attracted to the infested plants and to induce 
parasitism. Parasitism was also governed by 
host plant variety (Ballal and Gupta 2003). This 
was also true for Trichogramma spp. (Ballal and 
Singh 2003).

In a successful attempt to bridge the gap be-
tween research and commerce through a path 
breaking work involving studying for 325 gen-
erations, a strain of T. chilonis with physiological 
tolerance to 0.07 % of endosulfan has been devel-
oped for the first time. The strain is distinctly su-
perior (98 % control) to endosulfan spray (72.0 %) 
in the control of cotton bollworm. This strain has 
been transferred to M/s.Excel Industries Limited, 
Mumbai. It is multiplied on a large scale and dis-
tributed to the farmers under the trade name “En-
dogram”. Endogram technology is registering a 
gradual spread in different states. In three years, 
29700 ha of cotton and vegetables crops were 
treated with endogram in six different states.

This strain has been further developed for 
multiple tolerances to the recommended dos-
ages of monocrotophos (0.05 %) and fenvalerate 
(0.002 %). Multiple insecticides tolerant strain of 
T. chilonis is for use on cotton, vegetables and 
rice, etc. where several insecticides. The strain is 
tolerant to endosulfan, monocrotophos and fen-
valerate. It also shows moderate to high cross-
tolerance for other insecticides too.

A strain of T. chilonis which can tolerate a 
temperature of 36 °C has been developed. High 
temperature tolerant strain of T. chilonis and 
T. japonicum can be utilized during months when 
temperatures are more than 35 °C. The strain can 
tolerate the temperatures up to 38 °C. It is useful 
against the sugarcane shoot borer and top borer 
and also others pests on cotton and vegetable 
crops during hot months. High host searching 
strain of T. chilonis, T. japonicum, T. achaeae 
and T. bactrae can be used on several pests as 
this strain has better host searching ability and 
higher fecundity. These strains can be used on 
a number of crops in milder climatic conditions 
(Jalali and Singh 1993; Jalali et al. 2006; Ballal 
et al. 2009b).

Mealy bugs like the common mealy bug ( Pla-
nococcus citri), grape mealy bug ( Maconellicoc-

cus hirsutus), mango mealy bug ( Rastrococcus 
iceryoides), spherical mealy bug ( Nipaecoccus 
viridis), striped mealy bug ( Ferrisia virgata), 
oriental mealy bug ( Planococcus lilacinus, P. 
pacificus, P. robustus) and pineapple mealy bug 
( Dysmicoccus brevipes) cause serious damage 
and decrease the productivity and marketability 
of the produce. Some mealybugs have also been 
able to develop resistance to insecticides.

Cryptolaemus montrouzieri was introduced 
from Australia into India in June, 1898 for the 
control of soft green scale Coccus viridis. It 
could not establish on soft green scale. Later, it 
was reported as a common predator of many spe-
cies of mealy bugs and to some extent on scale 
insects in Karnataka (Rao et al. 1971). In 1977, 
an insectory was established at Central Horti-
cultural Experiment Station, Chethalli, Kodagu, 
Karnataka for its multiplication. This coccinel-
lid can now be successfully mass produced and 
field released (Joshi et al. 2003). The production 
cost of 100 beetles in some private companies is 
Rs 70 (As per the 2000 price index). This beetle 
can also be reared using a semi-synthetic diet. A 
single grub is known to feed about 1500 eggs or 
880 nymphs or 30 adult females of M. hirsutus 
(Mani et al. 2014). Now commercial insectaries 
are also producing and supplying C. montrouzieri 
to the growers. In fruit and plantation crops, the 
beetles are released @ 5–50 per plant, depending 
upon the severity of infestation and crop canopy. 
On each mealy bug infested plant of coorg man-
darin, robusta coffee, arabica coffee and san–
ramon coffee release of 10, 5, 3 and 2 beetles per 
plant resulted in reduction of mealy bug popula-
tion and by 5th week the pest population reduced 
to negligible level. Beetles were released in 13 
mixed planted orchards (citrus and coffee) and 
satisfactory results obtained. Field releases of C. 
montrouzieri @ 20 adults per tree gave excellent 
control of F. virgata, M. hirsutus and P. lilacinus 
on guava within 50 days in the presence of other 
local natural enemies. It was also found to be 
highly effective in suppressing the populations of 
M. hirsutus in grapes within 75 days. The preda-
tor was found effective in suppressing the mealy 
bugs on citrus, guava, grapes, mulberry, coffee, 
mango, pomegranate, custard apple, ber etc. and 
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green shield scale on sapota, mango, guava, brin-
jal and crotons in Karnataka. It did not seriously 
impair the efficiency of local biocontrol agents 
(Table 2).

The conventional pesticides such as dichlor-
vos. chlorpyrifos, dicofol, fish oil rosin soap and 
most of the botanicals and fungicides are safe to 
C. montrouzieri.

C. montrouzieri does not feed on the mealy-
bugs mummified due to parasitisation by Anagy-
rus dactylopii. C. montrouzieri in the presence of 
the encyrtid parasitoid Anagyrus dactylopii gave 
excellent control of M. hirsutus in vineyards. 
Similar control of Ferrisia virgata was achieved 
on guava with C. montrouzieri in the presence of 
the encyrtid parasitoid Aenasius advena (Mani 

et al. 1990). In Karnataka, C. montrouzieri 
although was found on Dactylopius opuntiae did 
not seriously impair the effectiveness of Dactylo-
pius in controlling the weed Opuntia.

Chrysopids In India, 65 species of Chrysopids 
belonging to 21 genera have been recorded from 
various crop ecosystems. Some species are dis-
tributed widely and are important natural enemies 
for aphids and other soft bodied insects. Amongst 
them, C. z. sillemi, Mallada boninensis, Aper-
tochrysa crassinervis and Mallada astur are the 
most common. The first two have been used in 
cotton ecosystem for protection from aphids and 
other soft bodied insects. C. z. sillemi has been 
recorded on cotton, green gram, sorghum, maize, 

Table 2  Biological control of mealy bugs and scale insects with Cryptolaemus montrouzieri
Crop Species Place Result
Araucaria Eriococcus araucariae Karnataka Completely wiped out
Brinjal Coccidohystrix insolita Karnataka Suppressed
Crotons Planococcus minor Karnataka Brings down the population
Ficus Chloropulvinaria psidii Karnataka Managed successfully
Hibiscus Aphis gossypii Karnataka Suppressed successfully
Jacoranda Saissetia hemisphaerica Karnataka Suppressed
Jasmine Pseudococcus longispinus Karnataka Kept under check
Mulberry – Karnataka –
Mussaenda Orthesia insignis Karnataka Suppressed
Neem Chloropulvinaria maxima Karnataka Kept under check
Sapota Coccus viridis Karnataka Suppressed

Planococcus citri – –
Tomato Planococcus citri Karnataka Suppressed
Ber Nipaecoccus viridis, P. lilacinus, P. citri M. hirsutus 

and Drepanococcus chiton
Karnataka Suppressed

Chow-chow P. lilacinus Karnataka Suppressed
Citrus Planococcus citri and Nipaecoccus viridis Karnataka Suppressed successfully
Coffee Planococcus spp. Karnataka Suppressed successfully
Custard apple M. hirsutus, P. citri, P. lilacinus, F. virgata and N. 

viridis.
Karnataka and 
Andhra Pradesh

Suppressed

Grapevine Maconellicoccus hirsutus and Planococcus citri Karnataka and 
Andhra Pradesh

Suppressed successfully

Guava Chloropulvinaria psidii Aphis gossypii Drepano-
coccus chiton Ferrisia virgata Planococcus citri 
and P. lilacinus

Karnataka and 
Tamil Nadu

Suppressed successfully

Mango Chloropulvinaria polygonata Ferrisia virgata 
Planococcus citri Rastrococcus iceryoides and R. 
invadens

Karnataka Suppressed

Pomegranate Siphoninus phyllireae Maconellicoccus hirsutus, 
Planacoccus citri, P. lilacinus, Ferrisia virgata and 
Nipaecoccus viridis

Karnataka Suppressed



319Role of Parasitoids and Predators in the Management of Insect Pests

safflower, sunflower and pigeonpea, predating on 
the pest like safflower aphid, maggots of safflower 
fruit fly, eggs of pentatomid bugs on green gram, 
sorghum aphid, eggs of Pyrilla, cotton aphid and 
leaf hoppers. In Himachal Pradesh, C. z. sillemi 
feeds on woolly aphid Eriosoma lanigerum colo-
nies and hibernates in cocoons as prepupae from 
first week of November to early March.

C. z. sillemi can be multiplied on the eggs of 
C. cephalonica. A monocrotophos tolerant strain 
of C. z. sillemi has been selected by Gujarat Ag-
ricultural University, Anand. C. z. sillemi is now 
used extensively all over the country. C. z. sillemi 
is multiplied for commercial use by adopting 
a two step rearing. In the first step larval rear-
ing, 120 three-day-old chrysopid eggs are mixed 
with 0.75 ml of UV-irradiated Corcyra eggs in 
a plastic container (group rearing). On hatching, 
the larvae start feeding and on the 3rd day the 
larvae are transferred to 2.5 cm cubical cells of 
plastic louvers as the second step individual rear-
ing. Total quantity of Corcyra eggs required for 
rearing 100 chrysopid larvae is 4.25 ml. They can 
also be produced on semi synthetic diet, which 
includes the utilization of wastes from other 
insect production units.

The cost of production and application of 
C. z. sillemi @ 100,000/ ha came to Rs 744, which 
could be reduced when the production capacity 
was increased. Attempts are on to reduce the cost 
involved in field use of chrysopids through ma-
nipulation of the dosages. Normally, chrysopids 
are recommended for use against different crop 
pests @ 50,000 or 100,000 1st instar larvae/hect-
are, 4–6 larvae/plant or 10–20 larvae/fruit plant 
are released. Depending on the situation, two 
releases are recommended. They are released on 
the plants along with sawdust, or dropped from 
the corrugated paper strips.

Anthocorids In India, very few attempts have 
been made to rear the anthocorid predators. 
Mukherjee et al. (1971) tried a synthetic diet for 
the rearing of X. flavipes (Reut.). Mass rearing 
methods have been standardised for four poten-
tial anthocorid predators, Cardiastethus exiguus 
Poppius (Ballal et al. 2003a), Blaptostethus 
pallescens Poppius (Ballal et al. 2003b) and 

Xylocoris flavipes (Reuter) (Ballal et al. 2013) 
and Orius tantillus Motshulsky (Gupta and Ballal 
2006).

Techniques were not available to mass rear 
Orius spp. in India till recently. At the NBAIR, 
Bangalore, methods have now been standardised 
to multiply Orius tantillus on different host eggs. 
Earlier studies had indicated that the progeny 
production by Orius maxidentex when reared on 
sorghum midge, was 35.10 per female and 23.61 
per female when reared on thrips. There are 
problems associated with continuous multiplica-
tion of host insects like thrips and midges. Hence 
other alternate laboratory hosts eggs were tried. 
O. tantillus could be continuously multiplied for 
12 generations on UV irradiated C. cephalonica 
eggs, however, the progeny production was very 
low, the mean value being 3.1 per female. It is 
clear that there is a need to improve the diet pro-
vided to improve the progeny production. The 
UV-irradiated eggs of Sitotroga cerealella was 
also tried. O. tantillus could be reared more ef-
ficiently on S. cerealella eggs than on C. cepha-
lonica eggs. The optimum temperature regime 
for multiplication of O. tantillus was found to be 
24 and 28 °C as progeny production was maxi-
mum at these two temperatures, the values being 
28.8 and 26.2 per female, respectively.

Laboratory studies were conducted to check 
the feeding preference of O. tantillus on para-
sitized and un-parasitized eggs of Helicoverpa 
armigera. Results of choice and no-choice tests 
showed that there was significantly higher pref-
erence for un-parasitized eggs in comparison to 
parasitized eggs, thus indicating that it may be 
possible to integrate releases of anthocorids and 
trichogrammatids for biological control of lepi-
dopteran pests/thrips in different crop ecosys-
tems (Gupta and Ballal 2007).

The anthocorid species which have been 
commonly used for field releases are: Anthoco-
ris nemoralis (Fabricius), and Orius spp. An-
thocorids are now being commercially produced 
in several countries. C. exiguus has been field 
evaluated against O. arenosella and B. pallescens 
against onion thrips and two spotted spider mites 
on bhendi. Both the anthocorids have proved to 
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be potential predators for field use (Lyla et al. 
2006; Ballal et al. 2009a).

Climate Change and Biological Con-
trol Though clear evidence is lacking, it is 
strongly felt that climate change may alter the 
effectiveness of biological control. Success-
ful biocontrol agents are highly specific to the 
invasive species they are targeted to control and 
changes in the climatic factors may alter these 
inter specific interactions. Tritrophic interactions 
between plants, herbivorous insects and their nat-
ural enemies (predators, parasitoids and patho-
gens) result from a long co-evolutionary process 
specific to a particular environment and relatively 
stable climatic conditions. These tri-trophic 
interactions would be affected by climatic con-
ditions in diverse ways. Extreme temperatures 
can affect both pests and their natural enemies. 
A warmer climate would increase the metabolic 
rate of insects and their natural enemies. Studies 
show that metabolic rate and hence burning of 
resources increases monotopically with tempera-
ture, while activity is maximum at intermediate 
temperatures. Therefore, increased temperature 
could lead to reduction in longevity and realized 
fecundity of temperate insect parasitoids, in turn 
causing decrease in their efficacy. Besides, expo-
sure to stressful temperatures could induce lethal 
and sub lethal damages to parasitoids, generally 
decreasing mobility, ability to orient themselves 
to attractive odours and learning capacities and 
increasing production of male progeny. The endo-
symbiont bacteria associated with the parasitoid 
and host could be suppressed by short exposure 
to high temperature.

While the effects of global atmospheric 
changes on vegetation and resulting insect popu-
lations (‘bottom-up interactions’) are being in-
creasingly studied, how these gases modify inter-
actions amongst insects and their natural enemies 
(‘top-down interactions’) is less clear. As natural 
enemy efficacy is governed largely by behav-
ioural mechanisms, altered prey finding and prey 
defence may change insect population dynamics.

Long term studies on effect of climate change 
on pests or natural enemies have not been con-
ducted in India. Likely, impacts of any change 

in climate on populations of pests are manifold. 
They range from expansion in the geographical 
range of pests, increased risk of invasion, chang-
es in overwintering patterns, natural enemy-pest 
interactions, changes in population growth rates, 
change in crop-pest synchrony, pest control fac-
tors and finally changes in pest complexes on 
spatial and temporal bases. Results obtained 
through current modelling approaches do not ac-
count for all the factors operating. Moreover, it 
may not be possible to replicate the methodology 
of other countries in the Indian context, given the 
wide-ranging socioeconomic conditions and dif-
ferent agro-ecology, and a different approach is 
needed to tackle the problem. Consolidation of 
all existing studies done in various parts of the 
country may act as a foundation, which can be 
supplemented by incorporation of the vast re-
sources of data from various government agen-
cies (Sehgal et al. 2006)

In India, a number of short term studies have 
been conducted to investigate the effect of abi-
otic factors, especially temperature on pests or 
natural enemies. Laboratory studies have shown 
that a temperature of 35 °C was detrimental to the 
different biological stages and adult longevity of 
Campoletis chlorideae, which is a potential in-
digenous parasitoid of H. armigera (Teggeli et al. 
2004). Earlier, studies have clearly indicated the 
adverse effect of temperature on parasitoids. 
Singh and Ali (2006) reported that minimum and 
maximum temperatures showed a negative cor-
relation with parasitization of H. armigera by C. 
chlorideae. Field studies in H. armigera infested 
chickpea fields in Himachal Pradesh indicated 
that the activity of C. chlorideae ceased when 
the mean maximum temperature reached above 
40 °C Gupta and Desh Raj (2003). In chickpea 
fields in eastern Uttar Pradesh, parasitic activity 
of C. chlorideae was highest (80.5 %) when max-
imum and minimum temperatures and relative 
humidity were 24.5 °C, 8.6 °C and 85 %, and was 
lowest (22.2 %) when the above parameters were 
36.6 °C, 18.5 °C and 85 %, respectively (Pandey 
et al. 2005).

The abundance of whitefly ( Bemisia tabaci) 
and its parasitoid ( Encarsia lutea) was monitored 
under agroclimatic conditions of Haryana. The 
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pest population had a positive correlation with 
temperature, while the population of parasitized 
pupae showed negative correlation with tempera-
ture (Sharma et al. 2004). The infestation of the 
Oak tasar silkworm, Antheraea proylei by two 
species of tachinid parasitoids viz., Blepharipa 
zebina Walker and Exorista sorbillans (caus-
ing considerable loss to the oak tasar industry in 
Manipur) starts from March and reaches a peak 
during May with rise in temperature. This study 
indicated that a fair prediction for uzi fly infesta-
tion can be made from the prevailing abiotic con-
ditions (Venkatachalapathy et al. 2002).

Khan and Misra (2003) reported that the 
populations of both the spiders and hoppers in 
the upland rice ecosystem in eastern UP during 
kharif were negatively correlated with tempera-
ture. Predaceous coccinellids could have vary-
ing responses to high temperature. To avoid high 
temperature, they could enter into diapause dur-
ing pupal or larval stages, or could hide in land 
crevices or migrate (Indu and Chatterjee 2006). 
The activity of predatory fauna (coccinellids, 
chrysopids and syrphids) on aphids ( A. gossypii) 
infesting isabgol ( Plantago ovata) were studied 
in a field experiment conducted in Gujarat. The 
predatory activity of Coccinella septempunctata, 
C. transversalis and Cheilomenes sexmaculata 
increased due to increase in temperature (Patel 
and Borad 2005). Coccinella septempunctata 
and Ischiodon scutellaris are the established 
predators of mustard aphid Lipaphis erysimi. 
Maximum temperature had a significant negative 
relationship with the aphid population, but was 
positive for C. septempunctata and I. scutellaris 
(Tripathi et al. 2005). The natural parasitism of 
the predator C. septumpunctata by Tetrastichus 
coccinellae ( Oomyzus scaposus) and the number 
of parasitoids emerging per coccinellid increased 
with an increase in temperature, thus adversely 
affecting the performance of the predator (Singh 
and Singh 2003).

Commercial Production of Parasitoids 
and Predators

Standard techniques are now available for the 
successful production of several parasitoids and 
predators, which could be followed by commer-
cial insectaries. India’s first private insectary, 
Biocontrol Research Laboratory was established 
at Bangalore in 1981. Since then numerous com-
panies have come up country-wide, which pro-
duce parasitoids, predators, entomopathogens, 
plant disease antagonists, weed killers, etc. The 
PDBC has compiled an infobase on bioagent 
producers in India (private and government). As 
per this infobase (Biswas et al. 2000) and Singh 
(2002), there are 128 organizations producing 
bioagents.

Biological control workers have to face sev-
eral major direct technical constraints in the pro-
cess of production. These problems get further 
compounded by artificial selection forces and 
the conflicting requirements for natural enemies 
in a mass production programme. These techni-
cal obstacles include: non-availability of long 
term storage techniques for the most important 
alternate laboratory host insect Corcyra cepha-
lonica and also for Tricho cards and mechanized 
application technology of parasitoids and preda-
tors, not available, problems associated with 
male-biased sex-ratio in the laboratory cultures 
and maintenance of cultures during summer and 
winter due to unfavourable temperature and hu-
midity conditions, cannibalizm in chrysopids and 
in some coccinellid larvae which necessitates in-
dividual rearing, in vivo rearing of predators as 
it necessitates continuous production of host in-
sects and host plants, infestation by Bracon and 
mites in Corcyra culture, disease insect cultures, 
effective in vitro mass production techniques for 
natural enemies on artificial diets, need for rear-
ing at relatively high prey densities in the case 
of predatory mites, leading to high costs, occur-
rence of microbial contaminants fungi, bacteria, 
viruses, protozoa and nematodes in insect cul-
tures leading to high mortality, prolonged de-
velopment, diminutive adults, wide fluctuations 
in the quality of insects and direct pathological 
effects, lack of techniques that prevent selection 
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pressures leading to genetic deterioration of the 
mass-produced natural enemies and loss of effec-
tiveness, lack of techniques that prevent behav-
ioural changes and/or the loss of vigour through 
poor nutrition when reared on alternative hosts or 
artificial diets, non-availability of commercial ar-
tificial diet for rearing of entomophagous insects, 
lack of automation to produce low-cost products 
and lack of good standard measures for evaluat-
ing the performance of mass reared biological 
control agents.

Future Thrusts 
• Population dynamics of the pest and the natu-

ral biological control agents to be studied in 
detail before introducing an exotic natural 
enemy

• Standard production procedures to be devel-
oped and followed by all insectaries

• Strict quality control protocols to be followed 
by all insectaries

• Uniform release and evaluation techniques to 
be followed by all biological control research-
ers, which would enable the comparison of 
results

• In-depth studies on tri-trophic interactions 
between the pest, parasitoid and host plant

• Large-scale field trials to evaluate potential 
parasitoids in different agro-climatic regions

• Studies on kairomonal interventions to 
improve the performance of parasitoids

• Development of superior strains of parasitoids 
(insecticide tolerant, high temperature toler-
ant, with high searching ability, etc.)

• Climatic pattern mapping and climate map-
ping of a region are important in terms of risk 
assessment of pest as well as for biocontrol 
introductions. Eco-climatic assessment can 
provide valuable insight into species distribu-
tion, in relation to relevant climate data, par-
ticularly relating to assessment of the poten-
tial establishment of a particular biocontrol 
species.

• Future biocontrol attempts must consider cli-
mate variables in evaluating long term effec-
tiveness

• Future research should concentrate on: (a) 
The physiological adaptations or ecological 

implications of exposure of parasitoids/preda-
tors/microbials to extreme climatic conditions 
and on the relationship between physiologi-
cal adaptation and integration of a species 
within an ecosystem. (b) The over wintering 
strategies in parasitoids in relation to climate 
change. (c) Effect of climate change on tri-
trophic interactions.

• The outcome of our research should enable us 
to answer some pertinent questions: (a) Could 
we adjust the practice of biological control by 
changing release schedules to compensate for 
the effects of climate? (b) Will the effect of cli-
mate be stronger on parasitoids and predators 
than on the prey insects? (c) How changes in 
herbivore and plant quality (including semio-
chemical emissions) following a rapid climate 
change affect a parasitoid or predator’s life 
history traits.

Suppression of insect pests is of paramount 
importance considering that they can cause about 
15–20 % loss in agricultural production. The 
present paper highlights the potential as well as 
proven technologies of biological control that 
can be commercialized and upscaled to reach 
farmers. The future of “insecticide-less” pest 
management will be driven by a bouquet of para-
sitoids and predators complimented by entomo-
pathogens.
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Abstract

The approach of integrated pest management (IPM) is to minimize the 
use of insecticides, there by biological control and other environmental 
friendly approaches can gain momentum. However, the use of chemical 
insecticides continues to be widely adopted and remains mainstay of insect 
pest control. In such crop scenario where insecticides are frequently used, 
releases of susceptible strain of a natural enemy may not give any appre-
ciable control. The efficacy of trichogrammatids is also largely dependent 
on temperature conditions. In India, most of the crops are grown during 
monsoon, June–November, when the temperature is high (up to 40 °C). 
Many of the insecticides are also used frequently during the season, there-
by reducing efficacy of trichogrammatids drastically at such stresses. In 
the present chapter, development, characterization and field evaluation of 
multiple insecticide and temperature tolerant strain of an egg parasitoid 
Trichogramma chilonis Ishii on crops is discussed.

Introduction

The insect pest attack on cotton and vegetable 
crop causes yield loss about 11.0 and 7.5 %, 
respectively, in the World (Wittwer 1979) and in 

Asia, 72 % of potential yield loss occurs in cot-
ton and vegetables. Insect pests cause up to 30 % 
yield loss under modern agriculture compared 
to 5–10 % under traditional agriculture in India. 
Several commercial crops, vegetable, and fruit 
crops are subjected to intensive plant protection 
measures. These crops receive about 80–90 % of 
the total pesticide usage in India. Such usage has 
resulted in high level of insecticide resistance, 
necessitating repeated application of insecticides. 
This also often results in frequent outbreaks of 
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sucking pests and borers, DBM/bollworms pests. 
Trichogramma are released to suppress differ-
ent caterpillar pests attacking maize, rice, sugar-
cane, cotton, vegetables, fruits, etc. (Singh and 
Jalali 1994). However, their use in crops where 
insecticides are most frequently used is diminish-
ing due to high insecticidal usage and hot weath-
er conditions found in some part of our country. 
Release of trichogrammatids in crops like cotton, 
tomato, cabbage, etc. are not giving satisfactory 
results due to high application of insecticides. 
Jalali et al. (2002) reported that the  enemies were 
absent on cotton throughout India in sprayed 
fields and recorded trichogrammatids parasit-
izing only in four states, viz., Punjab, Andhra 
Pradesh, Tamil Nadu, and Madhya Pradesh, out 
of nine cotton-growing states in India. Jalali and 
Singh (1993) observed trichogrammatids to be 
highly susceptible to all insecticides and even 
residues were found to effect parasitizing abil-
ity up to 21 days on cotton. Adult Trichogramma 
are quickly killed by broad-spectrum insecti-
cides applied to cotton (Jalali and Singh 1993). 
The trichogrammatids are susceptible to a broad 
spectrum of insecticides and reduced parasitism 
had been reported in T. exiguum and T. pretiosum 
and H. zea and Manduca sp. in plots treated with 
pyrethroids (Campbell et al. 1991). Similarly, the 
drift of pesticide even a mile away and single ap-
plication of pesticides in cotton reduced the ef-
ficacy of trichogrammatids (Stinner et al. 1974; 
Bull and House 1983; Bull and Coleman 1985).

Realizing the need of integrated pest man-
agement (IPM) approach to minimize the use 
of insecticide, biological control, and other en-
vironmental friendly approaches has gained mo-
mentum. However, the use of chemical insecti-
cides continues to be widely adopted and remains 
mainstay of insect pest control. In such a crop 
scenario where insecticides are frequently used, 
releases of susceptible strain of T. chilonis will 
not give any appreciable supression.

Preliminary results revealed that multiple 
insecticides tolerant strain of T. chilonis gave 
63 % more parasitism against cotton bollworms 
compared to susceptible laboratory strain in five 
places in three states. Again 11.2 % higher yield 
against existing IPM practice and 63.4 % higher 
yield was obtained to untreated check (Anony-

mous 2003). The efficacy of trichogrammatids 
is largely dependent on temperature conditions. 
Earlier studies have suggested that temperature 
> 35 °C prevents adult emergence (López and 
Morrison 1980; Singh and Jalali 1994; Scholler 
and Hassan 2001), thereby reducing efficacy of 
trichogrammatids drastically at higher tempera-
tures. In India, most of the crops are grown dur-
ing March–November when the temperature is 
high and much of insecticides are used frequent-
ly during the period. Therefore, the strain of T. 
chilonis having insecticide and high temperature 
tolerance could be utilized against lepidopterous 
pests of crops in different parts of the country.

Material and Methods

Working out Initial LC50 Values for Field 
and Laboratory Collected Population of 
T. chilonis

The parasitoid, Trichogramma chilonis was col-
lected from tomato fields in and around Banga-
lore where several rounds of insecticides were 
sprayed during crop period. This provided initial 
stock culture for work on genetic improvement. 
The experiment was carried out by serial dilution 
of three insecticides, viz., endosulfan, monocro-
tophos, and fenvalerate by 1/2 seven times from 
field recommended dosages to work out LC50 
values. The testing was carried out with labora-
tory and field collected parasitoids, after raising 
parasitoids in sufficient numbers in F2 generation. 
The data obtained on mortality were subjected to 
probit analysis by statistical program SPSS ver-
sion 8.0. The data were transformed to log base 
10 before probit analysis and antilog of calculat-
ed values gave actual LC50 and LC90. The fiducial 
limits slope and χ2 values were also calculated.

Working out Initial Temperature 
Response for Field Collected and 
Laboratory Populations of T. chilonis

The experiment was carried out in growth cham-
bers set at 32, 36, 40 and 45 °C, and at variable 
range of 32–38 °C. About 100 parasitized eggs 
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(by T. chilonis) were kept in the glass vial for 
emergence. After emergence, egg card was pro-
vided @ 50 eggs/female. The vials were kept in 
above temperature to record percent mortality 
and percent parasitism after 6 and 24 h of ex-
posure. The data on mortality and percent para-
sitism were analyzed by one-way ANOVA and 
means were separated by LSD values.

Development of Population of T. 
chilonis Having Multiple Insecticide and 
High Temperature Tolerance

The experiment was conducted with exposing 
field-collected population to three insecticides, 
viz., endosulfan, monocrotophos, and fenvalerate 
as well as to variable high temperature (32–38 °C) 
simultaneously. The induction of tolerance in the 
multiple insecticides tolerant strain of T. chilonis 
to high temperature (32–38 °C) was carried out in 
the laboratory in growth chamber maintained at 
variable temperature for its ability to survive and 
parasitize Corcyra cephalonica (Stainton) eggs. 
Both strains were mixed together and allowed to 
mate for 24 h before exposure to insecticides and 
thereafter to higher temperature. The insecticides 
used were endosulfan (2.0 ml/L), monocrotophos 
(1.5 ml/L), and fenvalerate (0.4 ml/L). Parasit-
oids thus obtained were treated with same con-
centration till fixed parameters were achieved. 
The parameters fixed were ≤ 30 % mortality after 
6 h of constant exposure and ≥ 90 % parasitism 
in sprayed condition. After 50 generations, con-
centrations were increased to double of field rec-
ommended that is, endosulfan (4.0 ml/L), mono-
crotophos (3.0 ml/L), and fenvalerate (0.4 ml/L). 
The mortality and parasitism data were tabulated 
for each generation.

LC50 Values to Determine Increased 
Tolerance to Insecticides and 
Temperature

The experiment was carried out by serial dilution 
method. The pesticide solution was prepared by 
taking dosages higher than field recommended 

dosages and serial dilution by reducing dilution 
by 1/2. About 100 adults were released in each 
vial in each concentration. The mortality was re-
corded after 6 and 24 h of constant exposure and 
percent parasitism was recorded after 6 days of 
exposure. The data obtained on mortality were 
subjected to probit analysis by statistical program 
SPSS version 8.0 and LC50, LC90, fiducial limits, 
slope, and χ2 values were calculated.

Sequencing of Heat Shock Protein (HSP) 
for Determination of High Temperature 
Tolerance in Multiple Insecticides and 
High Temperature Tolerant Strain 
(MIHTTS) of T. chilonis

Heat tolerant adults were heat shocked at 40 °C 
for 30 min and allowed to recover at room tem-
perature for an hour. The adults were freeze killed 
in liquid nitrogen. Total mRNA was extracted 
using Biogene RNA extraction kit as per manu-
facturers’ instruction. The first strand synthesis 
was carried out by reverse transcriptase enzyme 
on total RNA. The amplification reaction was 
carried out in 200 µl PCR tubes using gradient 
thermal cycler. The PCR amplified DNA samples 
were electrophoresed on an Agarose gel along 
with the marker DNA to check the presence of 
heat shock protein (HSP).

Biochemical Characterization

GST-Activity

The conjugative activity of GST was assayed 
with CDNB as a substrate using standard proce-
dure.

Carboxylesterase Activity
Five milligrams of T. chilonis adults were homog-
enized in a micro pestle and mortar with 0.2 ml 
of 50 mM ice-cold buffer of pH 7.5, containing 
0.5 % (w/vol) TritonX-100. The homogenates 
were centrifuged at 4 ºC at 12,000 g for 10 min. 
Supernatant was collected. This was repeated 
for two more extractions and supernatants were 
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pooled. The standard procedure was followed to 
determine carboxylesterase activity (CE).

Isoenzyme Analysis
CE activity was determined for the different 
strains of T. chilonis in nondenaturing PAGE. 
Homogenates from each strain stained for 1-Nap-
thyl acetate. Native PAGE was carried out using 
mini vertical gel system and 7.5 % acrylamide 
(wt: vol) gel at pH 8.5 and stacking gel of 3 % 
acrylamide (wt: vol). Km values were calculated 
for the lab susceptible and tolerant strains for the 
substrate 1-Napthyl acetate, the substrate con-
centrations 0.025 to 1 mM were used.

Microsomal Cytochrome C Reductase and 
p-Nitroanisole O-demethylase
Sigma reagent assay kit used for the preparation 
of microsomes. Sixty milligram each strains of 
T. chilonis adults were homogenized in a micro 
pestle and mortar with 2 ml of PBS pH 7.5 con-
taining 0.1 mM EDTA.

Microsomal Cytochrome p-Nitroanisole 
O-demethylase
This assay measures the reduction of cytochrome 
c by NADPH—cytochrome c reductase in the 
presence of NADPH. The absorption spectrum 
of cytochrome c changes with oxidation/reduc-
tion state. Upon reduction a sharp absorption 
peak is monitored by the increase of cytochrome 
c absorbance at 550 nm. Cytochrome c reductase 
assay was performed by following the manufac-
ture protocol.

Field Efficacy of the Multiple 
Insecticides and High Temperature 
Tolerant (MIHTTS) and Susceptible 
Strain of T. chilonis on Cotton, Tomato, 
and Cabbage Pests in Comparison to 
Insecticides Alone

Cotton

First Year A field trial was conducted at Sirsa, 
Haryana and crop was raised during Kharif 
(monsoon) season of 2007. The variety sown 

was CICR—2 in 10.0 acre with MIHTTS. The 
comparison was made with susceptible strain and 
farmer’s practice in one acre each. Each treat-
ment was separated by 200 m of barren land at 
all the locations. In tolerant strain plots imida-
cloprid, neem oil, and lambda-cyhalothrin was 
sprayed during the season, in susceptible strain 
released plots confidor, monocrotophos + cyper-
methrin, fenvalerate, lambda-cyhalothrin (two 
sprays), and neem oil was sprayed, in farmers’ 
practice plot, insecticides sprayed were imida-
cloprid, monocrotophos + cypermethrin, fenval-
erate, lambda-cyhalothrin (two sprays), endosul-
fan, and neem oil were sprayed once in a week 
and tabulated the results.

Second Year A field trial was conducted at 
Sirsa, Haryana, in collaboration with National 
Centre for Insect Pest Management (NCIPM), 
New Delhi during 2008. The variety sown was 
CICR—2 in 10.0 acre area. The comparison was 
made with susceptible and farmer’s practice in 
one acre each. Each treatment was separated by 
200 m of barren land at all the locations. The 
insecticides sprayed were imidacloprid, lambda-
cyhalothrin, monocrotophos + cypermethrin, fen-
valerate, endosulfan, and neem oil were sprayed 
once in a week and tabulated the results.

Trichogramma chilonis (MIHTTS and suscep-
tible strain) was released in treatments T1 and T2 
@ 150,000/ha/release in the form of parasitized 
eggs to cover the egg laying period of H. armig-
era. The release of parasitoids commenced with 
moth capture in pheromone traps. Eight days old 
parasitized cards were released at weekly interval 
from August to September 2007. The harvesting 
continued till mid November 2007.

Larval population was recorded at each place 
in 10 subplots in each treatment. Twenty plants 
in each subplot at each location were observed 
for the larval population. Thus, 200 plants were 
observed each time to record larval population 
per treatment. The percent boll damage, good 
and bad open bolls, and yield were recorded at 
harvest. Data on larval population, percent boll 
damage and yield data were subjected to one-way 
ANOVA and means were separated by CD values 
at 5 %, wherever ANOVA was significant.
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Tomato

First Year Field trial was conducted for the 
evaluation of MIHTTS of T. chilonis against H. 
armigera at Malur, Karnataka in collaboration 
with University of Agricultural Sciences (UAS), 
Bengaluru during 2007. Tomato was raised dur-
ing summer 2007. The varieties sown were 
Shaktiman and Abhinava in 8.0 acre. Compara-
tive evaluation was done in susceptible strain re-
leased plots (1 acre), farmer practice (1 acre), and 
in untreated control (200 m). Each treatment was 
separated by 200 m of barren land at all the loca-
tions. In tolerant strain plots confidor, neem oil, 
and lambda-cyhalothrin were sprayed during the 
season, in susceptible strain released plots imi-
dacloprid, monocrotophos + cypermethrin, fen-
valerate, lambda-cyhalothrin (two sprays), and 
neem oil was sprayed, in farmers’ practice plot 
insecticides sprayed were imidacloprid, mono-
crotophos + cypermethrin, fenvalerate, lambda-
cyhalothrin (two sprays), endosulfan and neem 
oil were sprayed once in a week.

Second Year Field trial was conducted for the 
evaluation of MIHTTS of T. chilonis against 
H. armigera at Malur, Karnataka during Kharif 
2008. Tomato was raised during winter 2008–
2009. The variety sown was 618—improved in 
1.0 acre. Comparative evaluation was done in 
susceptible strain released plots, farmer practice 
and in untreated control (200 m). Each treat-
ment was separated by 200 m of barren land at 
all the locations. In tolerant strain plots Dhanush, 
quinolphos (2 sprays), M—45 (3 sprays), copper 
oxychloride (2 sprays), Acrobat (2 sprays), Sectin 
(1 spray), Blue cop (1 spray) were sprayed dur-
ing the season, in susceptible strain released plots 
Dimethomorph, Metacid, quinolphos, M—45, 
copper oxychloride, Fenamidome, 10 % manco-
zeb, Blue cop were sprayed, in farmers’ practice 
plot monocrotophos, acephate, Rimon, Dash, 
acetamiprid, Combident Bloom, and Charm were 
sprayed once in a week.

T. chilonis (new insecticides tolerant strain 
and susceptible strain) was released in treatments 
T1 and T2 @ 50,000/ha/release in the form of 
parasitized eggs to cover the egg laying period 

of H. armigera. The release of parasitoids com-
menced with moth capture in pheromone traps 
in all the four areas. Eight days old parasitized 
cards were released at weekly interval from April 
to June, 2007. The harvesting continued till mid 
July 2007.

The eggs parasitism was recorded at each 
treatment in 10 subplots. Twenty plants in each 
subplot at each location were observed for the 
eggs, number of larvae and number of fruits 
bored. Thus, 200 plants were observed each time 
per treatment. The yield data were recorded at the 
end of trial. Field evaluation data on egg para-
sitism, number of larvae/plant and percent fruits 
bored and yield data were subjected to one-way 
ANOVA, and means were separated by CD val-
ues at 5 %, wherever ANOVA was significant.

Cabbage

First Year Field trial was conducted for the evalu-
ation of MIHTTS of T. chilonis against diamond 
back moth (DBM) Plutella xylostella (L.) at Malur, 
Karnataka in collaboration with UAS. The cab-
bage var. Shristi was raised during summer season 
of 2007 in 4 acre. The comparison was made with 
susceptible strain in 0.5 acre and farmers’ practice 
1.0 acre and 200 m for untreated control. Each 
treatment was separated by 200 m of barren land at 
all the locations. In tolerant strain plots methomyl, 
thiodicarb, emamectin benzoate, and acephate 
were sprayed twice the season, in susceptible 
strain released plots methomyl, thiodicarb, ema-
mectin benzoate, malathion, acephate acetamiprid 
and imidacloprid were sprayed twice, in farmers’ 
practice plot methomyl, thiodicarb, emamectin 
benzoate, malathion, acephate and acetamiprid, 
and imidacloprid were sprayed in a week.

Second Year Field trial was conducted for the 
evaluation of MIHTTS of T. chilonis against 
DBM at Malur during Kharif 2008. The cabbage 
(variety—Maharani) was raised during winter 
season of 2008–2009 in 2 acre. The comparison 
was made with susceptible strain, farmers’ prac-
tice and 200 m for untreated control. Each treat-
ment was separated by 200 m of barren land at 
all the locations. In tolerant strain plots Takuni 
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(1 spray), Helicide (Ha NPV—2 sprays), Pad-
son (1 spray), cypermethrin and chlorpyriphos 
(4 sprays), acephate and imidochloprid (1 spray) 
were sprayed during the season, in susceptible 
strain released plots Fame, Sumo powder, Con-
fidor and acephate were sprayed twice, in farm-
ers’ practice plot insecticides sprayed were Dom, 
Ankur, Bancip, Lancer gold, cypermethrin, chlor-
pyriphos, acephate, endosulfan and imidacloprid 
twice in a week.

Trichogramma chilonis (new insecticides tol-
erant strain and susceptible strain) was released 
in treatments T1 and T2 @ 50,000/ha/release in 
the form of parasitized eggs to cover the egg lay-
ing period of P. xylostella. The release of para-
sitoids commenced with moth capture in phero-
mone traps in all the area. Eight days old parasit-
ized cards were released at weekly interval from 
July to August, 2007.

The eggs parasitism was recorded at each 
treatment in 10 subplots. Twenty plants in each 
subplot at each location were observed for the 
egg masses, number of larvae and number of 
feeding punctures. Thus, 200 plants were ob-
served each time per treatment. The yield data 
were recorded at the end of trial. Data on egg 
parasitism, no. of larvae/plant and feeding punc-
tures, and yield data were subjected to one-way 
ANOVA and means were separated by CD values 
at 5 %, wherever ANOVA was significant.

Results and Discussion

Initial LC50 Values for Field and 
Laboratory Collected T. chilonis

The results are presented in Table 1. The LC50 
values obtained for three insecticides, viz., endo-
sulfan, monocrotophos, and fenvalerate after 6 h 
of constant exposure is indicated in Table 1. LC50 
values of laboratory population was 0.08, 0.003, 
and 0.01 compared to 1.07, 0.70, and 0.04 for the 
field-collected population after 6 h of constant 
exposure to endosulfan, monocrotophos, and fen-
valerate, respectively (Table 1). The significant 
χ2 value for all the three tests indicated heteroge-
neity in the test.

Initial Temperature Response for Field 
and Laboratory Populations of T. 
chilonis

The results on initial evaluation of laboratory 
and field-collected populations exhibited differ-
ential response to higher temperature during 6 
and 24 h exposure period. At 32 and 36 °C, and at 
variable temperature of 32–38 °C, indicated very 
low mortality in both populations. However at 40 
and 45 °C, significantly high mortality was re-
corded in the laboratory population compared to 
the field-collected population. At 32 °C, no mor-
tality was recorded upto 6 h exposure, indicat-
ing that this temperature is not higher threshold 
temperature for survival of T. chilonis. However 
at 40 °C, mortality of the adults was 59.7 % in 
laboratory population compared to 0.0 % in the 
field-collected population and it differed sig-
nificantly amongst the populations (LSD = 5.92, 
P = 0.05). The laboratory population was found 
to be highly prone to next higher temperature of 
45 °C as 96.1 % adults died within 6 h as com-
pared to 9.2 % in the field-collected population. 
The low mortality recorded in the field-collected 
population suggests that adaptation to higher 
temperature is necessary to enhance potential of 
T. chilonis in high temperature (Table 2).

The results of exposure to high temperature 
for 24 h exhibited different results than 6 h ex-
posure. The mortality in laboratory population 
(SS) was 47.7, 96.9, 100.0, 100.0, and 98.5 % as 
compared to 45.6, 77.7, 90.7, 97.1, and 57.1 % in 
32, 36, 40, 45 °C and 32–38 °C, respectively. The 
different response of field-collected and labora-
tory populations to high temperature originates 
from its physiological adaptation to extreme 
temperature. The heat hardening is a well-known 
form of acclimatization in many invertebrates 
where exposure to high but sub-lethal tempera-
ture protects against subsequent heat induced 
death and heat hardening enhanced adult fitness 
in the field under hot conditions. The selection 
of Trichogramma lines for improvement of para-
sitization at constant low, medium, or high tem-
perature indicated that a change in performance 
at one temperature concurrently resulted in oppo-
site changes at distant temperature. Thus, genetic 
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trade-off in performance at different temperature 
and phenotypic plasticity in maternal selection 
may con-population evolution of the thermal 
niche in Trichogramma. To avoid genetic trade-
off, a variable temperature of 32–38 °C was taken 
as one of the treatments.

The results of percent parasitism by laborato-
ry population and field-collected population are 
presented in the Table 2. The result indicated that 
in general efficacy of T. chilonis was reduced in 
the high temperature. At 32 °C, parasitism by lab-
oratory population was slightly higher compared 
to the field-collected population, but at all other 
higher temperature of 36, 40, 45 °C and at vari-
able temperature of 32–38 °C percent parasitism 
by field-collected population was significantly 

more. At 40 and 45 °C, very low parasitism was 
recorded mainly due desiccation of the host eggs 
as humidity recorded was < 20 % at these tem-
perature. Most surprisingly at variable tempera-
ture, percent parasitism by field-collected popu-
lation was > 63.3 % compared to no parasitism by 
laboratory population. The results indicated that 
though lab population is capable of surviving in 
the temperature at 32–38 °C but it fails to parasit-
ize its host. Thus, if releases of Trichogramma 
are to be considered during hotter months, ordi-
nary lab population may not give any appreciable 
control of the pest.

Trichogrammatids are known to perform bet-
ter in temperature range 20–32 °C. The effec-
tive pest control is determined by many factors 

Table 1  Dose mortality response (LC) of T. chilonis to three insecticides
Insecticide Period for 

exposed (h)
LC50 95 % Fiducial limit LC90 95 % Fiducial limit Slope ± SE χ2

Lower Upper Lower Upper
Laboratory population to
Endosulfan 6 0.08 0.05 0.11 0.19 0.14 0.42 3.51 ± 0.36 18.8
Monocrotophos 6 0.003 – – 0.01 – – 2.06 ± 0.36 0.2
Fenvalerate 6 0.01 0.01 0.02 0.04 0.02 0.07 3.15 ± 0.24 17.6
Field-collected population to
Endosulfan 6 1.07 0.65 1.64 3.71 2.21 16.46 2.38 ± 0.19 23.1
Monocrotophos 6 0.70 0.48 0.95 1.76 1.22 4.84 3.19 ± 0.24 23.9
Fenvalerate 6 0.04 – – 0.003 – – 1.07 ± 0.27 185.1

Table 2  Response of field-collected and laboratory-reared T. chilonis to high temperature and variable temperature 
regime
Temperature (°C) Mortality (%) Parasitism (%)

6 h Mean (B) 24 h Mean 
(B)

Mean 
(B)LP FP LP FP LP FP

32 0.0 (1.3) 0.0 (1.3) 0.0 (1.3) 47.7 
(43.7)

45.6 
(42.5)

46.6 
(43.1)

54.0 46.7 50.4

36 4.1 (11.7) 0.9 (1.9) 2.5 (9.1) 96.9 
(79.9)

77.7 
(61.8)

97.3 
(80.5)

6.7 45.0 25.9

40 59.7 (50.6) 0.0 (0.0) 29.8 
(33.1)

100.0 
(90.0)

90.7 
(72.2)

95.3 
(77.5)

0.0 18.3 9.2

45 96.1 (78.6) 9.2 (17.7) 52.7 
(46.6)

100.0 
(90.0)

97.1 
(80.2)

98.6 
(78.9)

0.0 2.3 1.2

32–38 1.8 (7.7) 0.0 (0.0) 0.9 (5.4) 98.5 
(83.0)

57.1 
(49.1)

77.8 
(61.9)

0.0 63.3 36.1

Mean (A) 32.3 (34.6) 2.0 (8.1) 88.6 
(70.3)

73.6 
(59.1)

12.1 35.2

A factor B factor A x B A factor B factor A x B A factor B factor A x B
SEM ± 1.26 2.00 2.83 3.40 5.38 7.61 3.34 4.52 7.62
LSD ( P = 0.05) 3.74 5.92 8.37 7.60 15.80 24.40 NS 14.8 19.4
Data in parentheses represent arcsine transformed values; LP laboratory population, FP field-collected population
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including the quality and fitness of the parasitoid 
and complex interactions between the parasitoid, 
the target pest, the crop and environmental con-
ditions. Considering the present scenario of very 
low levels of parasitism achieved during hotter 
months (35–40 °C, parasitism ≤ 25 %), it is abso-
lutely necessary to go for the parasitoids that are 
field collected to high-temperature conditions. 
Hence, high-temperature field-collected popula-
tion of T. chilonis will survive better in hostile 
crop environment and control lepidopteran pests 
efficiently.

The efficacy of trichogrammatids is largely 
dependent on temperature conditions. Earlier 
studies have suggested that temperature > 35 °C 
prevents adult emergence (López and Morrison 
1980; Singh and Jalali 1994; Scholler and Hassan 
2001), thereby reducing efficacy of trichogram-
matids drastically at higher temperature. Scott 
et al. (1997) examined the consequences of accli-
mation for survival and the fitness components of 
T. carverae and reported that acclimating wasps 
by rearing at constant temperature influenced 
parasitism rates at those temperature. They also 
observed that heat hardening at 33 °C during de-
velopment also resulted in significant increases 
in survivorship of adults after exposure to 40 °C. 
Thomson et al. (2001) reported that heat harden-
ing is a well known form of acclimatization in 
many invertebrates where exposure to high but 
sublethal temperature protects against subsequent 
heat induced death and heat hardening enhanced 
adult fitness in the field under hot conditions. 
Carrière and Boivin (2001) reported that selec-
tion of Trichogramma lines for improvement of 
parasitism at constant low, medium, or high tem-
perature indicated that a change in performance 
at one temperature concurrently resulted in oppo-
site changes at distant temperature. Thus, genetic 
trade-off in performance at different temperature 
and phenotypic plasticity in maternal selection 
may constrain evolution of the thermal niche in 
Trichogramma.

The efficacy of trichogrammatids is largely 
dependent on temperature conditions. Singh and 
Jalali (1994) found that the temperature > 35 °C 
affects emergence, thereby reducing efficacy 
of trichogrammatids drastically. Abraham and 

Pradhan (1976) made an attempt to select strain 
of T. chilonis for tolerance to high temperature 
(32–35 °C) from heterogeneous populations 
of the parasitoids developed by interbreeding 
strains from Ambajipet (Andhra Pradesh). Cud-
dalore (Tamilnadu), Delhi, Lucknow, Ludhiana, 
and Mandya (Karnataka) but were unsuccessful. 
Ludhiana, Delhi, and Ambajiper strains, how-
ever, were more tolerant to high temperature 
and low humidity. Significant improvements in 
adult emergence, fecundity, and progeny produc-
tion were made after rearing Ludhiana and Delhi 
strains for 32–33 generations at progressively 
increasing temperature from 30 to 33 °C and de-
creasing humidity from 60 to 10 %.

Development of T. chilonis Population 
with Multiple Insecticide and 
Temperature Tolerance

The results on the development process of a 
population of T. chilonis field-collected to three 
insecticides and high temperature revealed that 
percent mortality ranged from 94.0 to 100.0 % 
during 1st exposure. In endosulfan treatment, 
mortality remained > 80.0 % for 36 generations 
after 6 h of constant exposure. In F45 generation, 
mortality recorded was 80.0 %. The concentra-
tion was increased to double the field recom-
mended dosages, that is, 4.0 ml/L. Increasing 
concentration increased the mortality to 95.0 % 
and after constant selection for 10 generations 
mortality declined to 70.0 % and remained so 
throughout the period of development. The mor-
tality declined due to constant exposure in each 
generation to the insecticides and high tempera-
ture, thus indicating that adaptation to conditions 
can induce tolerance in the parasitoid.

In monocrotophos treatment, mortality was 
100.0 % in 1st generation in high temperature and 
sprayed situation after 6 h of constant exposure. 
The higher mortality obtained in monocrotophos 
indicated that this insecticide was more toxic 
than other insecticides. The mortality declined 
due to constant exposure after 45th generation 
and it was 80.0 %. The increase in concentration 
to double the field recommended dosages, that 
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is, 3.0 ml/L increased mortality to 100.0 % and 
after constant selection for 10 generations mor-
tality declined to 80.0 % and after 71 generations 
of selection, it further declined to 75.0 %. The 
results indicated that exposing parasitoids con-
tinuously to insecticides enhances its surviving 
ability. In fenvalerate treatment, initial mortality 
was 94.0 % and after 36 generations of selection 
it declined to 75.0 % and it remained consistent 
till 45th generation. The increase in concentra-
tion, i.e., 0.4 ml/lit increased mortality to 95.0 % 
and after constant selection for 10 generations 
mortality declined to 60.0 % and after 71 genera-
tions of selection, it further declined to 57.0 %. 
The results indicated that exposing parasitoids 
continuously to insecticides enhances its surviv-
ing ability. The result of parasitizing ability of T. 
chilonis when adults were exposed to sprayed 
situation is presented in Fig. 1. The initial egg 
parasitism obtained was 45.0, 35.0 and 50.0 % 
when exposed to endosulfan, monocrotophos 
and fenvalerate treatments at high temperature. 
The percent egg parasitism ranged from 45.0 to 
60.0 % up to 12 generations after 24 h of con-
stant exposure and increased to 75.0–90.0 % and 
remained high till 50th generation. Increase in 
concentration resulted in decrease in parasitism. 
The parasitism ranged from 55.0–70.0 % for an-
other 10 generations and from 66th generation on-
wards, egg parasitism increased to 80.0–95.0 % 
and remained ≥ 90.0 % throughout the selection 
period. The results thus indicated usefulness of 
adapting multiple insecticide tolerant strain to 
high temperature to obtain a combined popula-
tion, which is tolerant to all three insecticides and 
also to variable high temperature.

LC50 Values to Determine Increased 
Tolerance to Insecticides and 
Temperature

The initial LC50 values of T. chilonis existing 
population at the start of the work to three in-
secticides viz., endosulfan, monocrotophos, and 
fenvalerate were 1.07, 0.70 and 0.04 ml/l, respec-
tively. However, after exposure for 81 genera-
tions to three insecticides, LC50 values increased 

by 5.16, 6.27, and 6.0 times as compared to im-
mediately after collecting parasitoids from the 
field. The formula applied to know percent in-
crease in tolerance levels (T-C x 100/T) revealed 
that tolerance level to endosulfan, monocroto-
phos and fenvalerate increased by 98.2, 94.98 
and 25.0 % over laboratory population. Therefore 
continuous exposure to insecticides starting from 
low selected dosages induced tolerance in popu-
lation (Table 4).

In India cotton alone consumes maximum 
pesticide usage (44.5 %) followed by paddy-
22.8 % and fruits and vegetables-7 % of the total 
pesticide consumption (Dudani and Sengupta 
1991). Trichogramma sp. is used as a bioagent 
on lepidopterous pests attacking cotton, cere-
als, vegetables and fruits. The amenability of the 
parasitoid for mass rearing and release has con-
tributed to its greater utility. However, greater 
reliance on synthetic pesticides had altered the 
ecological niche of the bioagent and reduced its 
potential. The development of resistance to in-
secticides has been more aggressive in insect pest 
of commercial crops like cotton, vegetables and 
fruits, where the onslaught of insect pests and 
also the consumption of pesticides is more. For 
the suppression of borers in the above mentioned 
crops, trichogrammatids have been widely used 
as biological control agent and of which particu-
larly H. armigera P. xylostella L. have developed 
resistance to major group of pesticides. Many of 
the pesticides are extremely toxic to bioagents 
and this has warranted the development of tol-
erant strain of parasitoid. The trichogrammatids 
are susceptible to a broad spectrum of insecti-
cides and reduced parasitism has been reported 
in T exiguum and T. pretiosum against H. zea and 
Manduca sp. in plots treated with pyrethroids 
(Campbell et al. 1991) (Table 3).

Similarly, the drift of pesticide even a mile 
away and single application of pesticides in 
cotton reduced the efficacy of trichogramma-
tids (Stinner et al. 1974; Bull and House 1983; 
Bull and Coleman 1985; Jalali and Singh 1993). 
Artificial selection in the laboratory improved 
resistance in Aphytis melinus generating a car-
baryl-tolerant line with LC50 5.13-time as great 
as the corresponding base colony and 19.7-time 
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Generations/temperature 
and RH

Endosulfan Monocrotophos Fenvalerate
% mortality after 6 h % mortality after 6 h % mortality after 6 h

01/32–38° and 60 % 95.0 100.0 94.0
36/32–38° and 60 %a 80.0 85.0 75.0
37/32–38° and 60 % 80.0 85.0 75.0
38/32–38° and 60 % 80.0 85.0 75.0
39/32–38° and 60 % 80.0 85.0 75.0
40/32–38° and 60 % 80.0 85.0 75.0
41/32–38° and 60 % 80.0 85.0 75.0
42/32–38° and 60 % 80.0 85.0 75.0
43/32–38° and 60 % 80.0 85.0 75.0
44/32–38° and 60 % 80.0 85.0 75.0
45/32–38° and 60 % 80.0 85.0 75.0
46/32–38° and 60 % 95.0 100.0 94.0
47/32–38° and 60 % 95.0 100.0 94.0
48/32–38° and 60 % 95.0 100.0 94.0
49/32–38° and 60 % 95.0 100.0 94.0
50/32–38° and 60 % 95.0 100.0 94.0
51/32–38° and 60 %b 95.0 100.0 95.0
52/32–38° and 60 % 95.0 100.0 95.0
53/32–38° and 60 % 95.0 100.0 95.0
54/32–38° and 60 % 95.0 100.0 95.0
55/32–38° and 60 % 95.0 100.0 95.0
56/32–38° and 60 % 95.0 100.0 95.0
57/32–38° and 60 % 95.0 100.0 95.0
58/32–38° and 60 % 95.0 100.0 95.0
59/32–38° and 60 % 85.0 95.0 90.0
60/32–38° and 60 % 85.0 95.0 90.0
61/32–38° and 60 % 70.0 80.0 60.0
62/32–38° and 60 % 70.0 80.0 60.0
63/32–38° and 60 % 70.0 80.0 60.0
64/32–38° and 60 % 70.0 80.0 60.0
65/32–38° and 60 % 70.0 80.0 60.0
66/32–38° and 60 % 70.0 80.0 60.0
67/32–38° and 60 % 70.0 80.0 60.0
68/32–38° and 60 % 70.0 80.0 60.0
69/32–38° and 60 % 70.0 80.0 60.0
70/32–38° and 60 % 70.0 80.0 60.0
71/32–38° and 60 % 70.0 75.0 57.0
72/32–38° and 60 % 70.0 75.0 57.0
73/32–38° and 60 % 70.0 75.0 57.0
74/32–38° and 60 % 70.0 75.0 57.0
75/32–38° and 60 % 70.0 75.0 57.0
76/32–38° and 60 % 70.0 75.0 57.0
77/32–38° and 60 % 70.0 75.0 57.0
78/32–38° and 60 % 70.0 75.0 57.0
79/32–38° and 60 % 70.0 75.0 57.0
80/32–38° and 60 % 70.0 75.0 57.0
81/32–38° and 60 % 70.0 75.0 57.0
a 36 generations to develop strain
b increasing insecticide concentration

Table 3  Development of multiple insecticides and temperature tolerant strain of T. chilonis
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that of a relatively susceptible natural population 
(Rosenheim et al. 1989) (Table 4).

Sequencing Heat Shock Protein (HSP) 
for Determination of High Temperature 
Tolerance in Multiple Insecticides and 
High Temperature Tolerant Strain 
(MIHTTS) of T. chilonis

Sequencing of HSP PCR Products

A 300 bp HSP PCR product was gel eluted and 
sequenced using HSP-specific primers. Sequenc-
ing was done using both forward and reverse 
primers to check the accuracy of the sequencer. 
The similarity of the obtained sequence was 
found out using Blast program. Sequence showed 
homology with other HSP-70 sequences submit-
ted in the database.

Biotin Labeling of HSP 300 bp Product
The 300 bp PCR was gel eluted and was la-
beled by random oligonucleotide DNA labeling 
method. The tube was incubated in water bath for 
5–10 min and was cooled on ice. Biotin labeling 
mix 5 μl was added to klenow pol 1 μl and again 
incubated at 37 °C in a water bath over night. The 
biotin labeled probe was detected by spot hybrid-
ization using biotin chromogenic detection kit. 
The biotin labeled probe was detected by spot 
hybridization using biotin chromogenic detection 
kit (Fig. 2).

Which resulted intense bright spot. The PCR 
product was labeled with high efficiency.

Biochemical Characterization

GST-Activity

GST—Conjugative activity in the susceptible 
was significantly lower than that of insecticide 
tolerant strains (endosulfan, monocrotopho and 
fenvalerate). Highest activity measured in MI-
HTTS followed by endosulfan, monocrotophos 
and fenvalerate tolerant strains. MIHTS shows 
2.13-fold increase in activity, endosulfan, mono-
crotophos and fenvalerate tolerant strains show 
1.7-fold increases in activity compared with the 
susceptible strain. However, there were no sig-
nificant differences in activity among individual 
insecticides tolerant strains (Table 5).

Carboxylesterase (CE) Activity
Varied levels of CE activity found in the suscep-
tible and insecticides tolerant strains were treated 
with endosulfan, monocrotophos and fenvalerate 
for 30 and 120 min. Table 6 shows that 2.92-fold 
decreased specific activity found in the suscep-
tible strain was treated with endosulfan for 30 
and 120 min, respectively. However, 1.25- and 
1.5-decreased specific activity found in endosul-
fan tolerant strain was treated with endosulfan 
for 30 and 120 min, respectively. A 9.12- and 
9.9-fold decreased specific activity found in sus-
ceptible strain treated with monocrotophos for 30 
and 120 min, respectively. Similarly a 5.6-fold 
and 10-fold decreased specific activity found in 

Table 4  Dose mortality response (LC) of T. chilonis to three insecticides after 6 h of constant exposure of tolerant 
population
Insecticide LC50 95 % Fiducial limit LC90 95 % Fiducial limit Slope ± SE χ2

Lower Upper Lower Upper
After F81 generations
Endosulfan 5.53 3.64 11.6 81.8 29.7 543.3 1.19 ± 1.17 2.60
Monocrotophos 4.39 – – 87.8 – – 0.99 ± 0.22 37.7
Fenvalerate 0.24 0.0 0.0 0.43 0.0 0.0 0.0 0.0

 

         dark brown spot

Fig. 2  Biotin labeled probe was detected by spot hybrid-
ization using biotin chromogenic detection kit
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monocrotophos strain treated with monocroto-
phos for 30 and 120 min, respectively. A 2.92-
fold decreased specific activity found in the sus-
ceptible strain was treated with fenvalerate for 
30 and 120 min. A. 1.25- and 1.4-fold decreased 
specific activity found in fenvalerate tolerant 
strain was treated with fenvalerate for 30 and 
120 min, respectively (Table 6).

Michaelis constant (Km) values were calcu-
lated for the lab susceptible and tolerant strains 
for the substrate 1-Napthyl acetate, the substrate 
concentrations 0.025—1 mM were used. The 
Km value for the susceptible, endosulfan toler-
ant, fenvalerate tolerant, monocrotophos tol-
erant, and MIHTTS was found to be 0.02, 0.1, 
0.032, 0.0735, and 0.02 mM, respectively. In 
terms of respective insecticides tolerance, endo-
sulfan, fenvalerate and monocrotophos tolerant 
strains showed negative correlation toward es-
terase activity. Endosulfan tolerant strain showed 
fivefold higher Km value compared to lab sus-
ceptible strain. Monocrotophos tolerant strain 
showed 3.68-fold higher Km value compared to 
lab susceptible strain. Fenvalerate tolerant strain 
showed 1.6-fold higher Km value compared to 
susceptible strain (Table 7).

Isoenzyme Analysis
The results of native PAGE of esterase electro-
morphs from susceptible, tolerant strains, sus-
ceptible strain treated with endosulfan, mono-
crotophos and fenvalerate separately and tolerant 
strains treated with respective insecticides are 
shown in the Fig. 3. Nondenaturing PAGE of 
homogenates from each strain stained for 1-Nap-
thyl acetate showed difference in composition of 
esterase isoenzyme. Esterase bands were desig-
nated E1, E2 and E3; E1 as the slowest migrat-
ing esterase and E3 as the fastest. E1, E2 and E3 
bands were present in fenvalerate tolerant strain 
treated with fenvalerate. E1 and E3 bands were 
present in susceptible untreated and susceptible 
strain treated with monocrotophos. E2 and E3 
bands were present in endosulfan tolerant, fen-
valerate tolerant, monocrotophos tolerant strains 
and also in endosulfan tolerant treated with endo-
sulfan and fenvalerate tolerant strain treated with 
fenvalerate. However, monocrotophos tolerant 

strain treated with monocrotophos showed only 
one E3 band. The differences in electromorphs 
may be related to individual isoenzyme activity 
to the substrate used and the genetic variation 
among strains. The results provide baseline infor-
mation for further research on the involvement 
of esterases in the insecticides resistance mecha-
nism of T. chilonis.

Microsomal Cytochrome C Reductase and 
p-Nitroanisole O-demethylase
This activity was determined by measuring the 
production of p-nitrophenol spectrophotometri-
cally. The activity of fenvalerate tolerant strain 
was 5.65-fold more compared to susceptible 
strain (Table 8).

Microsomal Cytochrome p-Nitroanisole 
O-demethylase
One unit will reduce 1.0 micro mole of oxidized 
cytochrome c in the presence of 100 micro molar 
NADPH per minute at pH 7.8 at 25°C. The activ-
ity of resistant strain to fenvalerate was 10.5-fold 
more (Table 9).

Wu and Jiang (2003) reported insecticide re-
sistance was associated with insensitivity to ace-
tyl cholinesterase (AchE) in P. xylostella and D. 
rapae based on the kinetic parameters. Again in 
D. rapae insecticide resistance is due to AchE 
insensitivity and detoxification enzymes. Shu-
sheng et al. (2003) found that fenvalerate resis-
tance in Cotesia plutellae is positively related to 
mixed function oxidase (MFO), but not related to 
carboxylesterase (CE) and esterase (Es) activity. 
Perez-Mendoza (2000) studied the biochemical 
mechanism of resistance in a malathion tolerant 
strain of the Hebrobracon hebetor. It was found 
that malathion resistance in H. hebetor is associ-
ated with both an increased activity of the ester-
ase E3 and null alleles of the esterases El and E2.
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Field Efficacy of the Multiple 
Insecticides and High Temperature 
Tolerant and Susceptible Strains 
of T. chilonis on Cotton, Tomato 
and Cabbage Pests in Comparison 
with Insecticides Alone

Cotton

The larval population recorded in tolerant T. chi-
lonis plots was 0.5 larva/plant compared to 0.8 

in laboratory population and 1.2 larvae/plant in 
farmers practice plots. The significant reduc-
tion in larval population in tolerant T. chilonis 
plots indicated tolerant T. chilonis survival in the 
sprayed cotton field and their ability to parasitize 
the eggs in greater numbers than the laboratory 
population.

During 1st year of trial, the mean boll damage 
was significantly lower in MIHTTS of T. chilonis 
plots compared to susceptible strain and farm-
ers practice plots. The bad open bolls recorded 

Table 5  GST activity in susceptible insecticide tolerant and MIHTT strain
Strain Activity (nmol CDNB conjugated mg sample−1 min−1)
Susceptible 11.5
Endosulfan tolerant 20.0
Monocrotophos tolerant 20.5
Fenvalerate tolerant 20.3
MIHTTS 24.5

Table 6  Carboxylesterase activity in lab susceptible and insecticide tolerant strains treated with insecticides
Strain Insecticide treated Pesticide treated for 

(minutes)
Specific activity

Susceptible Nil Nil 180
Endosulfan tolerant Nil Nil 179
Susceptible Endosulfan 30 61.4
Endosulfan tolerant Endosulfan 30 143
Susceptible Endosulfan 120 61.27
Endosulfan tolerant Endosulfan 120 120
Monocrotophos tolerant Nil Nil 200
Susceptible Monocrotophos 30 19.72
Monocrotophos tolerant Monocrotophos 30 35.53
Susceptible Monocrotophos 120 18.15
Monocrotophos tolerant Monocrotophos 120 20
Fenvalerate tolerant Nil Nil 164
Susceptible Fenvalerate 30 61.5
Fenvalerate tolerant Fenvalerate 30 131
Susceptible Fenvalerate 120 61.27
Fenvalerate tolerant Fenvalerate 120 117

Table 7  Michaelis constant (Km) values of Carboxyl-esterase activity for 1-NA for susceptible and insecticide tolerant 
strains
Strain Km (mM)
Lab susceptible 0.02
Endosulfan tolerant 0.1
Fenvalerate tolerant 0.032
Monocrotophos tolerant 0.0735
MIHTTS 0.02
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were 2.4/plant in field-collected population com-
pared to 3.7 in laboratory population and 4.5 in 
farmers’ practice plots, good open bolls record-
ed were 15.7, 11.0 and 12.0/plant, respectively. 
Percent boll damage generally in plots receiving 
MIHTTS of T. chilonis was significantly lower 
2.2 compared to 3.3 and 3.5/plant in susceptible 
strain and farmers practice plots, respectively. 
The results showed that release of MIHTTS of T. 
chilonis was useful in reducing egg hatch, which 
resulted in lesser boll damage (Table 14). Plots 
that received the combination of MIHTTS of T. 
chilonis + insecticides recorded highest yield of 
15.0 q/ha compared to 12.6 q/ha in susceptible 

strain of T. chilonis + insecticides and 14.1 q/ha 
in farmers practice plots. Besides, significant re-
duction in insecticide sprays was also observed 
in MIHTTS of T. chilonis released plots.

The larval population recorded in MIHTTS 
of T. chilonis plots was 0.3 larva/plant compared 
to 0.9 in susceptible strain of T. chilonis and 1.3 
larvae/plant in farmers’ practice plots. The sig-
nificant reduction in larval population in tolerant 
strain plots indicated that tolerant strain’s ability 
to survive in the sprayed cotton field and their 
ability to parasitize the eggs in greater numbers 
than the susceptible strain (Table 10).

During 2nd year of field evaluation, the mean 
boll damage was significantly lower in MIHTTS 
of T. chilonis plots compared to susceptible strain 
of T. chilonis and farmers’ practice plots. The bad 
open bolls recorded were 2.7/plant in field-col-
lected population compared to 4.2 in susceptible 
strain of T. chilonis and 5.6 in farmers’ practice 
plots, good open bolls recorded were 18.3, 10.0, 
and 14.3/plant, respectively. Percent boll damage 
generally in plots receiving MIHTTS plots was 
significantly lower—3.5 compared to 4.8 and 4.1 
in susceptible strain and farmers’ practice plots, 
respectively. The results showed that release of 
MIHTTS strain was useful in reducing egg hatch, 
which resulted in lesser boll damage (Table 11).

Plots that received the combination of field-
collected population + insecticides recorded 
highest yield of 14.8 q/ha compared to 12.4 q/
ha in laboratory population + insecticides and 
14.3 q/ha in farmers’ practice plots. Besides, sig-
nificant reduction in insecticide sprays was also 
observed in field-collected population released 
plots.

The mean boll damage was significantly 
lower in MIHTTS plots compared to susceptible 
strain and farmers’ practice plots. The bad open 
bolls recorded were 2.7/plant in MIHTTS plots 
compared to 4.2 in susceptible strain and 5.6 in 
farmers’ practice plots, good open bolls record-
ed were 18.3, 10.0, and 14.3/plant, respectively. 
Percent boll damage generally in plots receiv-
ing MIHTTS plots was significantly lower 3.5 
compared to 4.8 and 4.1 in susceptible strain and 
farmers’ practice plots, respectively. The results 
showed that release of MIHTTS was useful in 

Table 8  Microsomal p-Nitroanisole O-demethylase 
activity
Strain Units: mole min−1 mg−1 

sample
Susceptible 0.02
Fenvalerate tolerant 0.113

Table 9  Cytochrome C-reductase activity
Strain Units/ml
Susceptible 0.010
Fenvalerate tolerant 0.105

Fig. 3  Esterase isoenzymes banding pattern on native 
PAGE (Lane 1( FF)- Fenvalerate tolerant strain exposed 
to fenvalerate for 30 min; Lane 2 ( LFT) Susceptible strain 
exposed to fenvalerate for 30 min; Lane 3 ( FUT) Fen-
valerate tolerant strain; Lane 4 ( LUT) Susceptible strain; 
Lane 5 ( MMT) Monocrotophos tolerant strain exposed 
to monocrotophos for 30 min; Lane 6 ( LMT) Suscepti-
ble strain exposed to monocrotophos for 30 min; Lane 7 
( MUT) Monocrotophos tolerant strain; Lane 8 ( LUT) Sus-
ceptible strain; Lane 9 ( LUT) Endosulfan tolerant strain 
exposed to endosulfan for 30 min; Lane 10 ( LUT) Sus-
ceptible strain exposed to endosulfan for 30 min; Lane11 
( LUT) Endosulfan tolerant strain; Lane 12 ( LUT) Suscep-
tible strain)
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reducing egg hatch, which resulted in lesser boll 
damage (Table 11).

Plots that received the combination of MI-
HTTS + insecticides recorded highest yield 
14.8 q/ha compared to 12.4 q/ha in susceptible 
strain + insecticides and 14.3 q/ha in farmers’ 
practice plots. Besides, significant reduction in 
insecticide sprays was also observed in field-
collected population released plots.

Tomato
During 1st year field evaluation, egg parasitism 
by Trichogramma in various plots before ini-
tiation of releases was very low ranging from 
1.0–4.0 %. The post-treatment egg parasitism in 
MIHTTS of T. chilonis plots was significantly 
higher than egg parasitism by susceptible strain 
plots. In general, in farmers’ practice plots egg 
parasitism was least, even lesser than untreated 
control (Table 12). The releases of T. chilonis 
commenced with moth capture in pheromone 
traps and coincided with period of egg laying 

Table 11  Effect of field release of MIHTTS of T. chilonis on its efficacy against cotton bollworms and yield at Sirsa 
(Haryana) during 2nd year trial
Treatments No. of larvae/

Plant
BOB GOB % boll damage Yield (q/ha)

MIHTTS of T. chilonis 0.3 2.7 18.3 3.5 14.8
Susceptible strain 0.9 4.2 10.0 4.8 12.4
Farmers’ practice 1.3 5.6 14.3 4.1 14.3
Untreated control 0.22 0.18 0.65 0.17 0.74
SEM. ( ± ) 0.48 0.43 1.82 0.39 1.52
LSD (0.05) 0.73 0.82 2.45 0.57 2.12
LSD (0.01) 32.4 8.43 8.56 8.37 7.48
BOB bad open bolls, GOB good open bolls

Table 12  Effect of field release of MIHTTS of T. chilonis on percent egg parasitism and larval population of H. armi-
gera on tomato in Malur (Karnataka) during 1st year trial
Treatments Egg parasitism (%) No. of larvae/Plant Fruit bored (%) Yield (q/ha)
MIHTRS of T. chilonis 80.0 1.5 0.78 495.0
Susceptible strain 13.3 4.8 4.05 407.1
Farmers’ practice 5.0 3.7 0.91 421.5
Untreated control 20.4 5.9 11.5 257.4
SEM. ( ± ) 3.3 0.66 0.77 1.35
LSD (0.05) 7.26 1.44 1.67 2.94
LSD (0.01) 10.18 2.02 2.34 4.12
CV (%) 17.75 26.36 28.12 0.54

Table 10  Effect of field release of MIHTTS of T. chilonis on its efficacy against cotton bollworms and yield at Sirsa 
(Haryana) during 1st year trial
Treatments No. of larvae/Plant BOB GOB % boll damage Yield (q/ha)
MIHTTS of T. chilonis 0.5 2.4 15.7 2.2 15.0
Susceptible strain 0.8 3.7 11.0 3.5 12.6
Farmers’ practice 1.2 4.6 12.0 3.9 14.1
Untreated control 0.8 3.6 12.9 3.2 13.9
SEM. ( ± ) 0.12 0.13 0.55 0.17 0.54
LSD (0.05) 0.27 0.30 1.27 0.39 1.25
LSD (0.01) 0.39 0.43 1.84 0.57 1.83
CV (%) 21.9 5.67 6.74 8.37 6.19



Development, Characterization and Field Assessment of Multiple Insecticides  … 343

of H. armigera at all the plots. The MIHTTS re-
leased indicated its ability to survive in higher 
proportion than laboratory population and that of 
natural parasitoid population in farmers practice 
plots and untreated control. The higher parasit-
ism by MIHTTS compared to susceptible strain 
plots could be due to its tolerance to various in-
secticides in sprayed situation in the field.

The mean percent damage of fruits increased 
significantly in different treatments. The percent 
fruit damage in MIHTTS plots ranged from 0.78 
compared to 4.05 per plant in susceptible strain 
and 0.91 per plant in farmers’ practice plots and 
damage was highest in untreated control where 
it was 11.5 per plant. The larval population per 
plant also increased with increase in load of eggs, 
however, larval population was significantly less 
in MIHTTS plots + insecticide treated plots com-
pared to susceptible strain + insecticides, farm-
ers’ practice plots and untreated control. The 
yield recorded was highest in MIHTTS plots 
+ insecticides plots 495.0 compared to 407.1, 
421.5, and 257.4 q/ha in susceptible strain plots, 
farmers’ practice plots and untreated control, re-
spectively (Table 12).

During 2nd year trial, egg parasitism by 
Trichogramma in various plots before initia-
tion of releases was very low ranging from 0.0 
to 1.0 %. The post treatment egg parasitism in 
MIHTTS plots (65.5 %) was significantly higher 
than egg parasitism by susceptible strain plots 
(27.2 %), farmers’ practice (8.8 %) and untreated 
control (12.6 %). In general in farmers practice 
plots egg parasitism was least, even lesser than 
untreated control (Table 13). The releases of T. 
chilonis commenced with moth capture in phero-
mone traps and coincided with period of egg lay-
ing of H. armigera at all the plots. The MIHTTS 

plots released indicated its ability to survive in 
higher proportion than susceptible strain plots 
and that of natural parasitoid population in farm-
ers’ practice plots and untreated control. The 
higher parasitism by MIHTTS compared to sus-
ceptible strain could be due to its tolerance to var-
ious insecticides in sprayed situation in the field.

The mean percent damage of fruits increased 
significantly in different treatments. The larval 
population per plant also increased with increase 
in load of eggs, however, larval population was 
significantly less in MIHTTS plots + insecticide 
treated plots (1.8/plant) compared to susceptible 
strain + insecticides (3.6/plant), farmers’ prac-
tice plots (1.9/plant)) and untreated control (4.8/
plant). The percent fruit damage in MIHTTS 
plots ranged from 1.17 %, susceptible strain 
7.11 %, farmers’ practice 2.2 %, and damage was 
highest in untreated control where it was 14.65 %. 
The yield recorded was highest in MIHTTS + in-
secticides plots (502 q/ha) compared to 364 q/ha 
in susceptible strain + insecticides, 419.0 q/ha 
in farmers’ practice plots and untreated control 
(236 q/ha), respectively (Table 13).

Cabbage
In the field evaluation studies during 1st year, no 
egg parasitism was recorded by Trichogramma in 
any treatments. The post treatment egg parasitism 
in MIHTTS of T. chilonis plots was significantly 
higher (35.0 %) than egg parasitism by suscep-
tible strain (1.2 %), farmers’ practice (0.0 %) and 
untreated control (2.0 %). The MIHTTS released, 
indicated its ability to survive in higher propor-
tion than susceptible strain. The higher parasit-
ism by MIHTTS compared to susceptible strain 
could be due to its tolerance to various insecti-
cides in sprayed situation in the field (Table 14).

Table 13  Effect of field release of MIHTTS of T. chilonis on percent egg parasitism and larval population of H. armi-
gera on tomato in Malur (Karnataka) during 2nd year trial
Treatments Egg parasitism (%) No. of larvae/plant % fruit bored Yield (q/ha)
MIHTTS of T. chilonis 65.5 1.8 1.17 502.0
Susceptible strain 27.2 3.6 7.11 364.0
Farmers’ practice 8.8 1.9 2.20 419.0
Untreated control 12.6 4.8 14.65 236.0
SEM. ( ± ) 1.9 0.85 1.12 3.39
LSD (0.05) 5.47 1.88 1.95 12.56
LSD (0.01) 9.36 3.14 3.34 23.48
CV (%) 14.44 18.52 19.78 12.45
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The number of larvae also reduced drasti-
cally due to higher parasitism in MIHTTS plots. 
The larvae per plant was significantly less 0.8 in 
MIHTTS plots compared to 2.5, 6.2, and 20.3/
plant in susceptible strain, farmers’ practice and 
untreated control plots. Feeding punctures were 
also significantly less in MIHTTS released plots 
as compared to other treatments and in untreated 
control feeding punctures recorded were 80.1/
plant, which was significantly higher than all 
treatments. This indicates that it may not be pos-
sible to raise cabbage without control measures. 
The yield recorded was highest in MIHTTS + in-
secticides plots 295.0 compared to 230.0, 265.0, 
and 110.0 q/ha in susceptible strain + insecticides 
plots, farmers’ practice plots and untreated con-
trol, respectively (Table 14).

During the 2nd year trial, no egg parasitism 
was recorded by Trichogramma in any treat-
ments. The post treatment egg parasitism in MI-
HTTS plots was significantly higher (46.53 %) 
than egg parasitism by susceptible strain 
(0.80 %), farmers’ practice (0.0 %) and untreated 

control (3.70 %). The MIHTTS released indi-
cated its ability to survive in higher proportion 
than susceptible strain. The higher parasitism by 
MIHTTS compared to susceptible strain could 
be due to its tolerance to various insecticides in 
sprayed situation in the field (Table 15).

The number of larvae also reduced drastically 
due to higher parasitism in MIHTTS plots. The 
larvae per plant was significantly less 0.33 in MI-
HTTS plots compared to 5.75, 2.10, and 12.75/
plant in susceptible strain, farmers’ practice and 
untreated control plots, respectively. Feeding 
punctures were also significantly less in the MI-
HTTS released plots (10.9/plant) as compared 
to susceptible strain plot (94.7/plant), farmers’ 
practice (15.10/plant) and in untreated control 
feeding punctures recorded were 134.16/plant, 
which was significantly higher than all treat-
ments. This indicates that it may not be possible 
to raise cabbage without control measures. The 
yield recorded was highest in MIHTTS + insecti-
cides plots 315.0 q/ha compared to 228.0, 278.0, 
and 128.0 q/ha in susceptible strain + insecticides 

Table 15  Effect of field release of MIHTTS of T. chilonis on its efficacy against diamondback moth of cabbage at 
Malur (Karnataka) during 2nd year trial
Treatments Egg parasitism of stem 

borer (%)
No. of larvae/plant Feeding punctures/plant Yield (q/ha)

MIHTTS of T. chilonis 46.53 0.33 10.90 315.0
Susceptible strain 0.80 5.75 94.70 228.0
Farmers’ practice 0.0 2.10 15.10 278.0
Untreated control 3.70 12.75 134.16 128.0
SEM. (±) 0.78 0.32 1.12 6.45
LSD (0.05) 2.78 0.95 1.78 12.36
LSD (0.01) 5.17 2.23 3.12 19.56
CV (%) 15.99 8.79 12.65 8.86

Table 14  Effect of field release of MIHTTS of T. chilonis on its efficacy against diamondback moth of cabbage at 
Malur (Karnataka) during 1st year of trial
Treatments Egg parasitism of stem 

borer (%)
No. of larvae/plant Feeding punctures/plant Yield (q/ha)

MIHTTS of T. chilonis 35.0 0.8 2.4 295.0
Susceptible strain 1.2 2.5 39.0 230.0
Farmers’ practice 0.0 6.2 35.0 265.0
Untreated control 2.0 20.3 80.1 110.0
SEM. ( ± ) 0.53 0.12 0.69 4.89
LSD (0.05) 1.16 0.27 1.50 10.66
LSD (0.01) 1.62 0.38 2.11 14.94
CV (%) 8.78 2.61 2.78 3.44
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plots, farmers practice plots, and untreated con-
trol, respectively (Table 15).

Torre (2012) observed that simultaneous use 
of biological and chemical control is one of the 
most important goals of IPM, but has rarely been 
achieved. One explanation for this failure may be 
the limited number of evaluations of field popula-
tions of natural enemies for pesticide tolerance or 
resistance. Earlier work done has suggested that 
insecticide-tolerant natural enemies have proved 
effective in sprayed as compared to laboratory-
bred populations. Jalali et al. (2006a) developed 
an endosulfan tolerant strain of T. chilonis and re-
ported 55 % parasitism under sprayed condition 
compared to less than 5 % by a susceptible strain. 
Later on a multiple insecticides tolerant strain of 
T. chilonis was evaluated against American boll-
worm, Helicoverpa armigera on cotton all over 
India and proved efficacy of parasitoid under 
sprayed situation (Jalali et al. 2006b). Ballal et al. 
(2009) evaluated an endosulfan tolerant strain of 
T. chilonis against H. armigera cotton plants and 
reported that tolerant strain in conjunction with 
endosulfan spray resulted in significantly higher 
pest mortality in comparison to the endosulfan 
treatment or release of T. chilonis alone.
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Abstract

The endosymbiotic bacteria Wolbachia, associated with a number of hy-
menopteran parasitoids play role in the metabolism, physiology, and re-
production of their hosts. The impact on female progeny due to Wolbachia 
infection in the braconid Cotesia vestalis was investigated in different 
geographic populations of the parasitoid. The populations cured of Wol-
bachia recorded a reduction in male progeny compared to those infected. 
The sex ratio skewed toward males in the Wolbachia eliminated popula-
tions, altered toward higher females, when there was infection. There was 
36.6 % increase in female progeny over the males. The exploitation of 
Wolbachia for the biological manipulations of the parasitoid for effective 
pest management is discussed.

Introduction

Symbiotic bacteria have been associated with a 
number of parasitoids, known to inflict types of 
metabolic, physiological, and reproductive al-
terations, with the sex regulatory bacteria being 
the most frequent ones. Among the sex regula-
tors, Wolbachia infects a large number of species 
including parasitic hymenoptera. About 2/3rd of 

all insect species are infected with Wolbachia 
(Werren and Windsor 2000). To date Wolbachia 
have been detected in 31 genera and 70 species of 
parasitic hymenoptera, as well as three dipeteran 
parasitoids, 26 % of parasitoid wasps have Wol-
bachia (Iturbe and O’Neill 2007). Wolbachia 
spp. is maternally inherited obligate intracellular 
bacteria belonging to the α proteobacteria. The 
bacteria infect the reproductive tissues (ovaries 
and testes) of arthropods and are transmitted 
through the egg cytoplasm and alter reproduc-
tion in their hosts. Wolbachia arthropod rela-
tionships have variously been described as mu-
tualistic (Girin and Bouletreau 1995), parasitic 
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(Wade and Chang 1995; Werren et al. 1995; Stolk 
and Stouthamer 1996), pathogenic (Min and 
Benzer 1997), and symbiotic (James and Bollard 
2000; Shoemaker et al. 2002). In arthropods, they 
have been implicated in several host reproductive 
modifications, including cytoplasmic incompat-
ability, parthenogenesis, feminization, and male 
killing (Werren et al. 2008). These symbionts are 
the reproductive manipulators that promote their 
own spread in a population by encouraging the 
production of female progeny or reducing re-
production of uninfected females (Delgado and 
Cook 2009). These have been investigated for 
their potential use to host control because of their 
ability to modulate the sex ratio.

Cotesia vestalis (Haliday) (= Cotesia plutel-
lae (Kurdjumov) (Hymenoptera: Braconidae), a 
solitary larval endoparasitoid, is one of the most 
important biological control agents of the dia-
mondback moth, Plutella xylostella (Linnaeus) 
(Lepidoptera: Plutellidae), regarded as the most 
significant pest of Brassica crops. Parasitoids 
have developed a natural arsenal and a number 
of physiological mechanisms, to enable them to 
successfully colonize the host and regulate host 
development to their own benefit. One of these 
is through their association with symbionts. Ob-
ligate symbionts are required for the successful 
parasitism and suppression of the host immune 
system, as well as for inducing physiological 
alterations in the parasitized host (Consoli and 
Elliot 2006). Molecular evidence for the presence 
of endosymbiotic bacteria Wolbachia in Cotesia 
populations has been well documented (Rattan 
et al. 2011). The impact of Wolbachia infection 
on the parasitoid C. vestalis was investigated to 
rationalize the use of the parasitoid in pest man-
agement programmes.

Material and Methods

Seven populations of C. vestalis collected from 
different geographic locations of the country 
(Bangalore, Hoskote, Malur and Kolar, Bhu-
baneshwar, Varanasi, Salem, Shillong, Tirupathi, 
and Hyderabad) were considered for the study. 
Individual cocoons of C. vestalis from P. xylostel-

la larvae were collected from field-grown cau-
liflower plants. The colony of P. xylostella was 
maintained on potted (0.2 × 0.3 m) mustard seed-
lings, Brassica juncea L. Czern for oviposition, in 
ventilated oviposition cages for the development 
of larval stages. Host larvae at early L3 stage 
were exposed to C. vestalis on mustard seedlings 
in ventilated cages and maintained on the plant 
until cocoon formation. Cocoons were collected 
and held in wooden-plastic cages (0.3 m3) until 
adult emergence. Adult wasps were fed on honey.

Ten adult parasitoids each from different 
populations were surface sterilized in a series of 
double-distilled water and 70 % ethanol washes, 
then were freeze-killed at − 80 °C and transferred 
to an Eppendorf tubes and homogenization was 
done by crushing the adult in 20 µl of 5 % Che-
lex 100 MB DNA extraction buffer (BIO-RAD) 
using a DNA free disposable polypropylene pes-
tle. This was followed by incubation for 3 h at 
56 °C and then at 100 °C for 10 min. Eight mi-
croliters of 2.5 mg/ml Proteinase K solution were 
added to the tubes. Solutions were incubated at 
55 °C for 1 h, heated twice to 90 °C for 15 min, 
and centrifuged for 2 min at 14,000 rpm. The su-
pernatant was refreshed by a 1 min 14,000 rpm 
centrifugation. The supernatant was collected 
and gently mixed with 0.2 volume of Na-acetate 
(3 mM, pH 5.2) and 2 volumes of 100 % ethanol. 
After precipitation for 2 h at − 20°C, the DNA 
was washed with 70 % ethanol, air dried and fi-
nally resuspended in 20 µl double-distilled water. 
DNA sample of 0.3 µl was used for PCR assays.

A molecular diagnostic approach was adapted 
for the detection of Wolbachia infection, since Wol-
bachia cannot be cultured. The assay was based 
on PCR mediated amplification of, and sequence 
determination of 16S rRNA gene. The presence of 
Wolbachia was verified by a PCR method based 
on the Wolbachia surface protein (wsp). Diag-
nostic PCR using the Wolbachia-specific primer 
set (forward:5′-CAT ACC TAT TCG AAG GGA 
TAG-3′; reverse: 5′-AGA TTC GAG TGAAAC 
CAA TTC-3′) was performed to determine the 
Wolbachia infection status of adult wasps. The 
PCR reaction was performed in a 500 μl PCR tube 
with a 25 µl reaction mixtures, each containing 
1 mM dNTPs mix (3 µl), 5 ng/µl specific primer 
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(5 µl), 2.0 U Taq Polymerase (MBI, Fermentas), 
and 2 µl of template DNA solution (30 ng) in 
Taq reaction buffer. The reaction was set in the 
Thermal Cycler (Biorad Laboratories). The tem-
perature profile for Wolbachia-specific PCR was a 
predenaturing step of 2 min at 94 °C, followed by 
38 cycles of 30 s at 94 °C, 45 s at 55 °C, and 90 s 
at 72 °C, with a final extension step of 10 min at 
72 °C. The amplified PCR products were resolved 
by horizontal gel electrophoresis in 1.8 % Aga-
rose gel with a low range ladder (Fermentas Mass 
Ruler 1000 bp), visualized under UV transillumi-
nator and size of the amplified Wolbachia-specific 
bands was estimated by comparison with a co-mi-
grating molecular weight standard. The wsp gene 
fragments from Wolbachia bacteria in C. vestalis 
were sequenced.

To determine the role of Wolbachia in the fit-
ness attributes of the parasitoid, curing of Wol-
bachia with antibiotic, and feeding of Wolbachia 
to the populations free of Wolbachia was done. 
Heat and antibiotic treatments are both estimated 
methods of producing Wolbachia free individu-
als (Grieiner et al. 2002). Antibiotic Tetracycline 
(0.02 %) a potent inhibitor of DNA dependent 
RNA polymerase of bacteria was used to produce 
Wolbachia free hosts. Tetracycline treatment of 
adults was accomplished by introducing a solution 
of tetracycline (0.02 %) dissolved in 50 % honey 
solution and fed to adult parasitoids. Feeding of 

the antibiotic was done for more than ten genera-
tions and each generation was checked for pres-
ence of Wolbachia by molecular methods until no 
detectable levels of wsp gene was amplified.

Wolbachia was isolated and pelleted from 
infected parasitoids. The protocol prescribed by 
Iturbe et al. (2010) was followed to obtain pure 
Wolbachia. Approximately 100 adults of the 
parasitoid were collected, surface sterilized for 
3 min in 70 % ethanol followed by sterile water. 
The insects were homogenized using a 40 ml cold 
SPG buffer (218 mM Sucrose, 3.8 mM KH2PO4, 
7.2 mM KH2PO4, 4.9 mM L-Glutamate, pH 7.2). 
The extract was split in to four Falcon tubes con-
taining another 20 ml SPG buffer each and cen-
trifuged at 3200 × g for 15 min. The supernatant 
was subsequently filtered through syringe filters 
and Wolbachia were pelleted at 18,000 × g for 
20 min in a Oakridge tube and resuspended in 
4 × 750 µl cold SPG Buffer in eppendorf tubes. 
Intact Wolbachia were treated with 20 µl DNAse 
l for 30 min at 37 °C to remove host DNA con-
tamination without disrupting the cells and resus-
pended in eppendorf tubes. The pellet was fed to 
the cured population of C. vestalis by mixing the 
pellet with 50 % honey and feeding. The feeding 
was done for over ten generations. Presence of 
Wolbachia was detected by assays for wsp genes. 
The PCR using Wolbachia-specific primers for 
the wsp gene was performed to detect Wolbachia 
infection in the populations of C. vestalis from 
Bangalore, Bhubaneshwar, Hyderabad, Salem 
Shillong, Tirupathi, and Varanasi. All the popula-
tions revealed the presence of Wolbachia (Fig. 1).

Results and Discussion

Infection with Wolbachia resulted in greater fe-
male progeny production. Observations indi-
cated that the sex ratio that was skewed toward 
males in the population, free of infection altered 
toward females when there was infection. There 
was 36.6 % increase in female progeny over the 
males. (Table 1). Wolbachia can alter the normal 
pattern of sex determination in their host. The 
bacterium distorts host sex ratio via male killing, 
parthenogenesis induction or feminization. Wol-

Fig. 1  PCR amplification of wsp gene of Wolbachia from 
Cotesia vestalis Lane M: 100 bp ladder, Lanes 1, 2 and 3: 
C. vestalis Bangalore (Hoskote, Malur & Kolar), Lanes 
4: C. vestalis (Varanasi), Lane 5: C. vestalis (Tirupathi), 
Lane 6: C. vestalis (Shillong), Lane 7: C. vestalis (Bhu-
baneshwar), Lane 8: C. vestalis (Salem) and Lane 9: C. 
vestalis (Hyderabad)
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bachia cause genetic male embryos to develop 
phenotypically as functional females. Wolbachia 
induces feminization by blocking the formation 
of androgenic glands, which produces the andro-
genic hormone responsible for male differentia-
tion (Johanowicz and Hoy 2008).

Weeks et al. (2002) indicated that the shift 
toward females will occur without the elevated 
mortality of males, if nuclear genes or meiotic 
drive genes are involved in the distortion. Sex re-
version, changing genetic males into functional 
neo females might occur due to reallocation of 
maternal resources from dead male embryos 
to their sisters, provides a direct physiological 
mechanism through which fitness compensation 
could favor male killing by cellular endosymbi-
onts as in Harlequin beetle, Acroeinus longimen-
nus (Zeh et al. 2005). Sex ratio distortion in trans-
fected strain of Mediterranean flour moth Ephes-
tia kuehniella was due to male killing (Hurst 
et al. 2002; Fujii et al. 2001; Dong et al. 2006). 
The removal of Wolbachia resulted in the recov-
ery of 1:1 sex ratio. In Drosophila bifasciata, the 
sex ratio distortion was a result of reduced male 
hatching rate compared to uninfected females, 
due to the arrest of male embryos during the stage 
of development (mitotic abnormalities occurring 
during blastoderm formation and gastrulation) 
and chromosome segregation (chromatin remod-
eling) defects within the spindle in male embryos 
(Dodeine et al. 2001; Jia et al. 2009).

Histone-modifying enzymes or chromatin-
remodeling complexes can be targeted to specific 

promoters by gene-specific or general transcrip-
tion factors, Wolbachia may interfere with any of 
the transcription pathways that regulate some of 
these processes (Dobson 2003). Male killing is 
thought to benefit sibling females by eliminat-
ing competition. These illustrate the mutualism 
where both the host and bacteria are benefited 
(Narita et al. 2007). Because of the higher produc-
tion of female progeny the infected females are 
predicted to be more efficacious in pest control. 
The feasibility of such utilization depends heav-
ily upon how the transmission of wolbachia and 
the genes being driven in to a population occurs 
(Iturbe and O’Neill 2007). Maternally inherited 
endosymbionts spread through populations by in-
creasing relative fitness of infected females. They 
achieve this by increasing the fecundity and or 
survival of infected females relative to uninfected 
females through metabolic processes (Doughlas 
1994), thereby providing benefit to both the host 
and symbiont in a mutualistic association.

The detection of Wolbachia in the parasitoid 
populations of C. vestalis may prove to be use-
ful for biological manipulations of the parasitoid 
as possible transgene drivers (Fry et al. 2004). 
These bacteria can drive particular mtDNA hap-
lotypes through populations and alter reproduc-
tive biology. They can be utilized as vectors for 
spreading desirable genetic modifications in pest 
populations or as microbial agents to enhance 
productivity of natural parasitoids (Saiful Islam 
2007). Infections can be manipulated by elimina-
tion, transfection or genetic modifications. How-

Table 1  Impact of Wolbachia on sex ratio (% females) in different populations of C.vestalis
Population % of females Sex ratio (Female: Male)a

Wolbachia fed Wolbachia cured Wolbachia fed Wolbachia cured
Bhubaneshwar 68.9 55.86 1.79:1 1:1.45
Bangalore 70.9 60.60 1.65:1 1:1.41
Shillong 74.07 66.22 1.51:1 1:1.35
Tirupathi 74.07 58.17 1.69:1 1:1.35
Varanasi 70.42 61.72 1:62:1 1:1.42
Salem 72.99 68.44 1.44:1 1:1.37
Hyderabad 72.99 70.92 1.41:1 1:1.37
Control 68.3 71.42 1:1.4 1:1.2
a Mean of 10 replications
CD ( P = 0.01 %) Populations (P) 16.4 NS
Treatments (T) 6.6 Sig
P x T 2.9 NS
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ever, effective exploitation of Wolbachia in pest 
management requires an in depth exploring of its 
role in insect biology and population dynamics.
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Abstract

A laboratory study was conducted in the Biocontrol laboratory at Depart-
ment of Entomology, Dr. Panjabrao Deshmukh Krishi Vidyapeeth, Akola, 
during Kharif season of 2010–2011, which assessed the influence of dif-
ferent cotton plant herbivores on the biological parameters of Chrysop-
erla carnea. The results revealed that the highest feeding potential was 
found on cotton aphids, followed by Helicoverpa (eggs and neonates), 
and nymphs of jassids 193.87, 179.53, and 142.74 numbers, respectively. 
The shortest larval duration was recorded on cotton aphids followed by 
Helicoverpa (eggs and neonates) as 9.40 and 10.80 days, respectively. 
Prolonged larval duration, pupal period, and incubation period were re-
corded on cotton jassids as 14.47, 6.80, 2.66 days, respectively. The high-
est fecundity was recorded on cotton aphids whereas, lowest fecundity on 
cotton jassids as 418.00 and 342.40 eggs/female, respectively. The longest 
adult longevity was found on cotton aphids.

Introduction

The green lacewing, Chrysoperla carnea (Ste-
phens) (Neuroptera: Chrysopidae) is predomi-
nant among the predacious insect species. It is 
active throughout the year in India, feeding on 

insect pests on crops. The larvae are predacious, 
which feed on the eggs and neonate lepidop-
terous larvae, nymphs, and adults of whitefly, 
aphids, thrips, scale insect, mealy bug, mites, etc. 
(Singh and Narasimhan 1992; Tesfye and Gau-
tam 2002). They feed on aphids in most of the 
agricultural and horticultural ecosystems includ-
ing plantations as well as ornamental crops. The 
role of many chrysopids as predators of pests has 
been required over. Resistance to insecticides 
commonly used against the crop pests has led 
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to an interest toward utilizing them in integrated 
pest management (IPM) programs.

Chrysopids also have a great potential to be 
used as a bioagent against citrus aphids, white-
flies, citrus psylla, and citrus mealy bugs (Bal-
subramani and Swaminappn 1994). For achiev-
ing the effective management of sucking pests 
as well as early stages of lepidopteran pests, the 
study on biological parameters and predatory po-
tential of Chrysoperla carnea (Stephens) against 
different pests was undertaken.

Materials and Methods

A laboratory experiment was conducted in Bio-
control laboratory at Department of Entomology, 
Dr. Panjabrao Deshmukh Krishi Vidyapeeth, 
Akola, during Kharif 2010–2011 with three treat-
ments replicated five times in CRD.

Host Plant

Untreated cotton seeds of cultivar PKV Hy-2 
were planted in field as well as in pots in the 
laboratory to collect pest population, i.e., aphids, 
jassids, and Helicoverpa armigera from fields as 
well as pots.

Insect Pest

The pest population, i.e., Aphids, Aphis gos-
sypii, and jassids, Amrasca biguttula biguttula 
Ishida on cotton plants were collected from field, 
brought to laboratory and were offered to natu-
ral enemy green lacewing, C. carnea. The host 
suitability for C. carnea among herbivores, viz., 
aphids, jassids, and Helicoverpa was studied.

Natural Enemy

Chrysoperla carnea, initial culture of C. carnea 
was procured from Entomology section, College 
of Agriculture, Nagpur, and was reared in labora-
tory on eggs of rice moth, C. cephelonica.

a. Feeding of C. carnea Clean plastic vials 
were used for rearing C. carnea on different 
preys. A set of three plastic vials was used for 
experiment as per treatment replicated five 
times. In each glass vial, a single egg of C. 
carnea with known age was transferred. After 
hatching, individual larva was provided with 
known number of fresh prey daily. The preys 
were provided twice, once during morning at 
9 h and thereafter in the evening at 17.00 h. 
The number of preys consumed were recorded 
daily. Adults of C. carnea were fed with 
honey, Protinex, and yeast mixture diet with 
the help of sponge. The sponge was replaced 
daily.

b. Observations A set of three larvae for each 
treatment was subjected for recording obser-
vations. Observations on biological param-
eters were recorded daily. Larval period was 
recorded daily instar wise. The larval instar 
was confirmed by the presence of exuviae. 
The instar wise larval period and consump-
tion of prey food (instar wise) was noted. The 
total larval period was counted from hatching 
of eggs till pupation on each prey. A known 
quantity of individual prey was provided to 
Chrysoperla larva. The number of preys uti-
lized as food by each larva was recorded by 
counting utilized and unutilized number of 
preys and thus, the feeding potential during 
larval period was noted. Larvae were allowed 
to pupate inside the same plastic vials. The pe-
riod taken from initiation of pupation till the 
emergence of adults was noted and computed 
to determine the pupal duration.

Adult longevity for both male and female was 
noted. The period from the emergence of adult 
from pupae up to the death of adult was consid-
ered as adult longevity. The total number of eggs 
laid by female during the entire oviposition pe-
riod was considered as the fecundity of female. 
The fecundity was determined by working out 
the average number of eggs laid by a female. The 
eggs of same age were transferred singly in sepa-
rate plastic vials. The period taken till the hatch-
ing of egg was considered as the incubation pe-
riod. The data on all relevant observations, thus 
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obtained were subjected to CRD analysis as per 
Gomez and Gomez (1984).

Incubation Period of C. carnea The minimum 
incubation period of 2.93 days was observed 
when Chrysoperla was provided with nymphs 
and adults of cotton aphids. It was followed by 
3.06 days on Helicoverpa (eggs and neonates). 
Maximum incubation period of 3.46 days was 
recorded on cotton jassids. The present findings 
are in accordance with earlier reports by Man-
grule (2002) and Balakrishnan et al. (2005).

Larval Period of C. carnea

The larval stage of Chrysoperla had three instars 
and the total larval period of Chrysoperla on 
different preys ranged between 9.40 and 15.00 
days, minimum being on cotton aphids found 
at par with Helicoverpa (eggs and neonates) on 
which 10.20 days were required to complete the 
larval duration. The instar wise larval duration is 
given in Table 1–7. However, the larval period 
was observed to be prolonged when Chrysoperla 
was provided with cotton-fed nymphs of jassids 
and recorded as 15.00 days. This might be due to 

the unsuitability of jassids as prey for Chrysop-
erla and aphids being the most suitable prey 
among the three tested preys. Saminathan et al. 
(1999) reported 11.37 days of larval duration on 
neonates of H. armigera. Similarly, Bansod and 
Sarode (2000) reported that the total larval pe-
riod was 9.87 and 12.57 days on nymphs of A. 
gossypii and neonates of H. armigera. (Table 1)

Feeding Potential of C. carnea

The predatory potential of Chrysoperla larvae 
was significantly influenced by different preys.

Significantly, higher predatory potential 
was observed with the cotton-fed nymphs and 
adults of aphids recording 198.1 number of 
preys/Chrysoperla larva with the highest host 
suitability and feeding potential. It was followed 
by the eggs and neonates of Helicoverpa record-
ing 181.1 preys per larva, respectively. Kapadia 
and Puri (1992) reported that single larva of C. 
carnea consumed 765.51 nymph of A. gossypii. 
Kabissa et al. (1995) reported that the total con-
sumption of Chrysoperla larvae on eggs of H. 
armigera and nymphs of A. gossypii were 169.80 
and 171.80, respectively.

Table 1  Incubation period of C. carnea
Treatment Incubation period in days

R1 R2 R3 R4 R5 Mean
Cotton aphids 2.67 3.00 2.67 3.33 3.00 2.934
Cotton jassids 3.67 3.67 3.00 3.33 3.67 3.468
Helicoverpa eggs and neonate 3.33 3.00 3.33 2.67 3.00 3.066
‘F’ test Sig.
SE(m) ± 0.132
CD at 5 % 0.398

Table 2  Total larval period of C. carnea
Treatment Total larval period of Chrysoperla

R1 R2 R3 R4 R5 Mean
Cotton aphids 9.33 9.67 9.33 9.33 9.33 9.40
Cotton jassids 14.67 15.33 14.33 15.67 15.00 15.00
Helicoverpa eggs and 
neonate

10.00 10.67 10.33 10.00 10.00 10.20

‘F’ test Sig.
SE(m) ± 0.152
CD at 5 % 0.491
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Table 3  Feeding potential of C. carnea
Treatment No. of prey consumed by Chrysoperla larvae

R1 R2 R3 R4 R5 Mean
Cotton aphids 195.00 195.67 198.67 205.67 195.33 198.1
Cotton jassids 152.33 144.67 146.00 149.67 146.33 147.8
Helicoverpa eggs and neonate 175.67 180.00 180.33 185.67 184.00 181.1
‘F’ test Sig.
SE(m) ± 1.735
CD at 5 % 5.344

Table 4  Pupal period of C. carnea
Treatment Pupal period of Chrysoperla in days

R1 R2 R3 R4 R5 Mean
Cotton aphids 6.33 6.00 6.00 6.33 6.33 6.2
Cotton jassids 6.33 7.00 6.67 6.67 6.67 6.67
Helicoverpa eggs and neonate 6.33 6.67 6.00 6.33 6.67 6.40
‘F’ test Sig.
SE(m) ± 0.107
CD at 5 % 0.328

Table 5  Adult longevity of male Chrysoperla
Treatment Adult male longevity in days

R1 R2 R3 R4 R5 Mean
Cotton aphids 25.00 26.00 27.33 27.33 27.00 26.53
Cotton jassids 24.00 23.00 23.67 23.67 24.67 23.80
Helicoverpa eggs and neonate 24.33 24.67 26.00 27.00 25.00 25.40
‘F’ test Sig.
SE(m) ± 0.415
CD at 5 % 1.279

Table 6  Longevity of adult C. carnea female
Treatment Adult female longevity in days

R1 R2 R3 R4 R5 Mean
Cotton aphids 37.33 39.67 38.67 38.00 37.33 38.20
Cotton jassids 34.67 37.00 36.67 33.33 34.33 35.20
Helicoverpa eggs and neonate 37.00 34.67 35.67 37.33 36.67 36.26
‘F’ test Sig.
SE(m) ± 0.557
CD at 5 % 1.711
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Influence of Different Hosts on Pupal 
Period of C. carnea

The pupal period of C. carnea was significantly 
influenced by different preys. The pupal period 
recorded on different preys, viz., cotton aphids, 
Helicoverpa (eggs and neonates), and jassids was 
6.2, 6.40, and 6.67 days, respectively, indicating 
the prey preference in that order (Table 2).

Balakrishnan et al. (2005) recorded 8.15, 8.00, 
and 8.40 day pupal period when Chrysoperla was 
provided with A. gossypii, A. craccivora, and ne-
onates of H. armigera, respectively.

Influence of Different Hosts on 
Longevity of Adult C. carnea

Adult C. carnea males were identified from their 
short and broader abdomen and the data on lon-
gevity of adult male Chrysoperla revealed sig-
nificant differences among the test preys. Signifi-
cantly, longer male longevity of 26.53 days was 
observed on cotton aphids. The next best superior 
host observed was Helicoverpa eggs and neo-
nates recording 25.40 days longevity. The short-
est longevity of 23.80 days was found on cotton 
jassids (Table 3).

These results are in accordance with studies of 
Geethalakshmi et al. (2000), Dhepe (2001) and 
Mangrule (2002).

Influence of Different Hosts on 
Longevity of Adult C. carnea

The longevity of C. carnea adult female was 
found to be significantly influenced by different 
preys, which recorded significant longer female 
longevity of 38.20 days on cotton aphids. It was 
followed by 36.26 days when Chrysoperla was 
reared on eggs and neonates of Helicoverpa. 
(Table 4, 5, 6, 7)

Influence of Different Hosts on 
Fecundity of C. carnea

The maximum egg laying capacity of Chrysoper-
la was recorded as 415.47 eggs laid/female when 
reared on the nymphs and adults of cotton aphids. 
It was followed by eggs and neonates of Helicov-
erpa and the recorded reproductive potential was 
362.40 eggs laid/female. However, significantly 
minimum fecundity of 342.40 eggs/female was 
observed on jassid nymphs fed on cotton.
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Abstract

More than 900 species of pests are associated with cultivated and wild 
coconut palm. This number includes both invertebrates and vertebrates. 
Of these, red palm weevil, ( Rhynchophorus ferrugineus Olivier) rhinoc-
eros beetle ( Oryctes rhinoceros L.), and coconut black-headed caterpil-
lar ( Opisina arenosella Walker) are the most important devastating insect 
pests of coconut in major coconut-growing areas of the world. These three 
insect pests are distributed wherever coconut palm occurs. Current status, 
bioecology, and the management of the three pests are reviewed and dis-
cussed in the light of the changing scenario on coconut and other palms.

Introduction

Coconut, Cocus nucifera L. (Palmaceae) is an im-
portant crop mainly in the tropical and subtropi-
cal regions of the world, and millions of people 
depend on this crop directly or indirectly. It is 
popularly called “kalpavriksha,” “tree of life,” 

due to multiple uses and it is one of the top ten 
most useful trees in the world, providing food for 
millions (Duke 1983). Across the world, several 
people are employed in coconut-based industries 
like coconut oil, dry coconut powder, tender co-
conut, coir, toiletries, etc. Coconut is grown in 93 
countries mainly in Indonesia, Philippines, India, 
and Sri Lanka together accounting for 78 % of the 
total world production.

The coconut palm is attacked by a number 
of insect pests all around the year (Thampan 
1975). Coleoptera is the most numerous among 
them, and a total of 323 species are associated 
with coconut palm (Child 1974). Most species 
of beetles feed on leaves, roots, or bores in plant 
buds.  Curculionidae, Chrysomelidae, and Scara-
baeidae mainly cause serious damage, resulting 

Keywords 
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in loss of fronds and damage to palms (Howard 
et al. 2001). Large numbers of Lepidopterans are 
also recorded as major devastating pests of coco-
nut, mainly feeding on leaves and inflorescence. 
The coconut mite, Aceria guerreronis Keifer, is 
a serious mite pest and damages immature nuts 
causing serious yield losses. The coconut beetle, 
Brontispa longissima Gestro is a serious chryso-
melid pest of coconut in Southeast Asia. Interest-
ingly, it does not occur in India and Sri Lanka. 
This is probably because the trade of coconut and 
planting materials takes in a sea route connect-
ing the Maldives, Malaysia, Indonesia, Vietnam, 
and other East Asian countries. Red palm weevil 
(RPW) is widely considered the most devastat-
ing insect pest of palms in South and Southeast 
Asia and in the Middle East (Sivapragasam et al. 
1990; Faleiro and Satarkar 2003). The detection 
of pest infestation is difficult because the grub 
starts feeding from inside the palm and never 
comes outside till the adult emergence. The rhi-
noceros beetle (RB) feeds on the growing por-
tion of the palm leading to ragged appearance. 
The heavily attacked palm dies or gets exposed 
to damage by secondary pests (Thampan 1975). 
The coconut black-headed caterpillar (BHC) is a 
defoliating pest of coconut, attacking the coconut 
gardens in patches but heavily.

The tall nature of coconut palm creates dif-
ficulties to adopt pest management practices 
straightforwardly. A variety of cultural, biologi-
cal, and chemical control measures have been 
employed to manage the pests. The difficulties in 
the detection of the correct time to manage the 
pest, hidden habitat of the most coconut pests, 
and the availability of suitable foods throughout 
the year create serious pest threats to the coconut 
palm worldwide (Kumara 2007). Root feeding, 
trunk injection and foliar spraying of synthetic 
pesticide, application of botanical pesticides, im-
proving the palm vigor by the application of or-
ganic fertilizer, use of biological control methods 
such as predators and parasitoids, mass trapping 
of pests by using sex pheromone and aggrega-
tion pheromone, as well as adopting several 
physical and mechanical practices are some of 
the management practices widely used to com-
bat the three coconut pests. These practices are 

employed singly, by combinations, or as an inte-
grated package. In this chapter, the current status 
and the management practices of three important 
insect pests of coconut, viz., the RPW, the RB, 
and the BHC are discussed (Fig. 1).

 Red Palm Weevil (RPW)

Biosystematics

RPWs, commonly known as Asian red palm 
weevils, are large, polyphagous insects (usually 
greater than 25 mm long) belonging to Rhyn-
chophorinae, a subfamily within Curculionidae 
(Coleoptera) (Borror et al. 1964). The Asian spe-
cies include, Rhynchophorus ferrugineus, Rhyn-
chophorus vulneratus (Panzer), Rhynchophorus 
distinctus (Wattanapongsiri) Rhynchophorus lo-
batus (Ritsema), and Rhynchophorus bilineatus 
(Montrouzier) (Murphy and Briscoe 1999).

Distribution and Host Range

The RPW is native to southern Asia and Mela-
nesia. It was first identified in the early twenti-
eth century in South and Southeast Asia (Lefroy 
1906; Brand 1917). In the later part of the twen-
tieth century, the RPW spread to Middle East 
Asia, North Africa, Europe, and Australia (Bux-
ton 1920; Abraham et al. 1998; Al-Ayedh 2008; 
Li et al. 2009; Faleiro 2006). In 1985, the RPW 
was first recorded from the northern United Arab 
Emirates in the Middle East and has become wide-
spread in that area (Ferry and Gomez 2002). The 
pest was reported from the Savaran region in Iran 
in 1990 (Faghih 1996) and Egypt in 1993 (Cox 
1993). In the same year, the weevil crossed into 
Europe, at first into southern Spain (Cox 1993; 
Barranco et al. 1995) and a decade later into Italy 
(Longo and Tamburino 2005), many southern 
European countries, and Turkey (Malumphy and 
Moran 2007). Recently, the RPW was detected in 
the Dutch Antillies and California, USA (Fig. 1; 
Ferry 2010; Nisson et al. 2010).

In the Mediterranean region, the RPW se-
verely damages Phoenix canariensis. Currently, 
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the pest is reported in almost 15 % of the global 
coconut-growing countries and in nearly 50 % of 
the date palm-growing countries (Faleiro 2006). 
It prevails wherever palms are cultivated. The 
geographical spread of the RPW is mainly due 
to human intervention, by transporting infested 
young or adult date palm trees and offshoots 
from contaminated to uninfected areas (Alhu-
daib 1998; Gomez and Ferry 1999; Al-Saqer 
and Hassan 2011). Menon and Pandalai (1960) 
suggested that R. ferrugineus is a serious pest of 
coconut palms in India. It damages 34 % of the 
coconut groves in Cochin, India. In Sri Lanka, it 
is the most serious pest causing fatal damage to 
young coconut palms of 3–10 years old (Brand 
1917; Kirthisinghe 1960). It has been estimated 
that 10 % of young coconut palms in the coun-
try is lost annually due to its attack (Mahinda-
pala 1993). Accordingly, in 2000–2005, nearly 
200,000 young palms have been killed by the 
RPW resulting in US$ 1,800,000 loss (Siriward-
ana et al. 2010). The RPW was first reported on 
coconut from Southeast Asia, and its host range 
included 19 palm species worldwide (Malumphy 
and Moran 2007).The list of known hosts in-
clude: Cocos nucifera (coconut palm), Phoenix 
canariensis, Areca catechu, Arenga pinnata, 
Borassus flabellifer, Caryota maxima, Caryota 
cumingii, Corypha gebanga, Elaeis guineensis, 
Corypha elata, Livistona decipiens, Metroxylon 

sagu, Oreodoxa regia, Phoenix dactylifera (date 
palm), Phoenix sylvestris, Sabal umbraculifera, 
Trachycarpus fortunei, and Washingtonia spp. 
However, sugarcane and Agava americana are 
used for laboratory rearing although their infesta-
tion in the field is not clear (Abraham et al. 1998).

Bioecology

The life cycle of the RPW varies between 45 and 
139 days depending on environmental and geo-
graphical conditions and is spent inside the palm 
itself (Faleiro 2006; Esteban-Duran et al. 1998; 
Murphy and Briscoe 1999). The four stages of 
life cycle (Fig. 3) vary depending on egg, larva, 
pupa, and adult. The duration of each life stage 
and their numbers varies on host substrate and 
climatic factors (Table 1).The female RPW lays 
eggs, ranging from 58 to 531 in quantity, in the 
cracks, wounds, or crevices on the trunk of the 
tree. The light-yellow eggs (2.5 mm long) are laid 
close to the surface of the incision or wound. The 
grubs are white-yellow, and the larvae hatch from 
eggs in 4–6 days. They start feeding themselves 
by chewing the tissues of the plant and start mov-
ing toward the interior of the palm. The chewed 
up palm tissues and the thick brown fluid are 
oozing out from the tunnels of the trunk  usually 
visualized after feeding of grubs. The grub lives 

Table 1  Three major insect pests of coconut
Common name Scientific name Family and order Number of species 

(approximately)
Geographical 
distribution

Pest status

RPW Rhynchophorus fer-
rugineus Olivier

Curculionidae, 
Coleoptera

05 South Asia Major
Southeast Asia Major
Middle East Major
North Africa Major
Australia Invasive
Europe Invasive
North America Invasive

RB Oryctes rhinoceros L Dynastidae 
Coleoptera

03 South Asia Major
Southeast Asia Major
Pacific Area Major
Africa Minor
Australia Invasive

BHC Opisina arenosella 
Walker

Lepidoptera: 
Oecophoridae)

01 South Asia Major
Southeast Asia Invasive
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for 25–105 days, and it becomes a pupa in a co-
coon made up of chewed-up tissues of the plant. 
The developmental state of the pupa usually takes 
11–45 days (Abraham et al. 1998; Faleiro 2006). 
The adult RPW emerges out, or mostly the RPWs 
complete several generations inside the infested 
palm. Therefore, the RPW infestation is detected 
at such a late stage that it is not possible to save 
the infested palm. The RPW stays in the infested 
plant till it is hollow from inside and dead. After 
the death of the infested palm, the RPW moves to 
the neighboring palms. The rate of multiplication 
of the RPW is high as the female lays eggs con-
tinuously throughout the year (Fig. 2).

Management

Detection
The most critical factor in the management of the 
RPW is the detection of the damage at an early 
stage before severe damage to the internal tis-
sues of the palm. The female weevil lays eggs on 
wounded tissues of the palm and the grub bores 
and begins its life in the palm, and normally 
never comes outside. Therefore, neither the grub 
nor the damage caused by it can be readily seen. 
Sometimes, a few small holes occur in the crown 
or on the soft stem. In many cases, the drying 
up of the young heart leaves or splitting of the 
petioles near the area of attack can be observed. 
But most often the attack by the weevil is no-
ticed only when palms have been fatally infested 

and are beyond recovery (Menon and Pandalai 
1960). The damage caused by the pest is severe, 
and once the weevil gets access to the palm, the 
final death of the palm is more or less certain. 
The first indication is the presence of holes on 
the stem with chewed fibrous material, some-
times protruding out (Child 1974). The RPW is 
a concealed tissue borer and all of its life stages 
are found inside the palm. Damage symptoms are 
indicated by the presence of tunnels in the trunk, 
oozing of thick yellow to brown fluid from the 
palm, the appearance of chewed-up plant tissue 
in and around an opening in the trunk, the pres-
ence of a fermented odor from the trunk, or top-
pling of the crown (Kaaheh et al. 2001).

Several detection methods are employed 
to detect the infected palms for treatment. The 
field staff surveys susceptible fields and regu-
larly checks the symptoms of the infested palms. 
When the larvae are present in the palm, they 
produce sounds, due to chewing of palm tissue, 
crawling, emission, and quick oscillation (Pinhas 
et al. 2008).The sound generated by the chewing 
grub can be detected by endoscope or by placing 
the ear on stem (Hamad and Faith 2004). In the 
Middle East region, the infested palms produce a 
typical fermented odor, detected by sniffer dogs 
(Nakash et al. 2000). However, this may be pos-
sible if a considerable number of larvae are pres-
ent, and at this stage the palm may be moderately 
to extensively damaged. Hence, the detection of 
infestations at an early stage is important to save 
the palms. Utilization of sound methodology to 
detect RPW-infested date palms has been attempt-
ed (Soroker et al. 2004), and an electronic device 
to detect infested coconut palms, although with 
less reliability and efficiency, has been developed 
in Sri Lanka (Fernando pers. comm.). Currently, 
digital signal-processing techniques are also used 
to identify the RPW in the palms (Al-Manie and 
Alkanhal 2005). Pinhas et al. (2008) developed a 
prototype that detected larvae of the RPW in off-
shoots of palms, which could be used in inspec-
tion of horticultural and ornamental palms traded 
between countries. However, this device is not 
portable. Siriwardana et al. (2010) developed and 
evaluated the portable RPW acoustic detector, 
which can be used for detecting the early stage of 

Fig. 2  Lifecycle of the RPW (Source: Prabahu and Patel 
2009)
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the damage efficiently and is able to detect 97 % 
of affected palms. Recently, the image-processing 
method was developed by Al-Saqer and Hassan 
(2011).

Management

Because it is difficult to detect the damage by the 
RPW during the early stages of infestation, em-
phasis is generally focused on preventive mea-
sures relying on chemical applications. Control 
methods against RPW range from dusting of the 
leaf axils with insecticides after pruning, or spray-
ing of the palm trunk, to localized direct injec-
tions of chemicals into the trunk (Faleiro 2006). 
All these treatments are often complemented 
with cultural and sanitary methods that include 
early destruction of the infested palm (Kurian 
and Mathen 1971) and prophylactic treatment 
of cut wounds (Pillai 1987). In newly spreading 
areas, preventive measures should be important 
including plant quarantine and plant certification, 
mass trapping using ferrugineol-based food-bait-
ed traps (Hallett et al. 1993), crop and field sani-
tation, preventive chemical treatments of gases, 
filling frond axils of young palms with a mixture 
of insecticides and curative treatments of infested 
palms in the early stages of attack, eradicating 
severely infested palms. These palms should be 
removed and destroyed by shredding (Dembilio 
and Jacas 2012). For avoiding infection, differ-
ent precautionary measures have been consid-
ered, including avoiding mechanical damage or 
wounding the palm, application of repellents for 
the wound of palm trunks, containment/destruc-
tion of infested plants, field sanitation methods.

Insecticides
The most common and practical measure in 
chemical control is mainly based on the repeat-
ed applications of large quantities of synthetic 
insecticides employed in a range of preventive 
and curative procedures designed to contain the 
infestation. These procedures have been devel-
oped and refined since the 1970s in India, when 
work on application of organophosphates and 

carbamates ensured these chemicals to become 
the mainstay of the chemical approach to control 
RPW (Murphy and Briscoe 1999). In Sri Lanka, 
20 to 30 ml of monocrotophos trunk injection to 
the affected palm at 2-monthly intervals twice 
has been recommended. (Fernando 2005). In 
Spain, a minimum of 8 preventive treatments 
with chlorpyrifos, imidacloprid, phosmetand, 
thiamethoxam per season (from March to No-
vember) are recommended to be applied as 
spray on the stipe, injected into the trunk, or as 
a drench, (Dembilio and Jacas 2012). Radiant 
(spinosad), Pyriproxyfen (IGRs) and Neemazal 
(plant extracts) were evaluated in laboratory 
against the RPW, and acute toxicity was record-
ed by high percents after treatment by Radiant 
followed by Pyriproxyfen while Neemazal did 
not exhibit acute toxicity. All tested insecticides 
exhibited lethal effect in the treated larvae and 
in the resulted pupae and adults from the treat-
ment. Radiant was consistently the most toxic 
insecticide to the RPW based on LC50 record-
ed for general mortality (Hamadah and Tanani 
2013).

The formulation, Imidacloprid SL, was suc-
cessfully tested by Kaakeh (2005), in laboratory 
and semi-field assays against R. ferrugineus. Fur-
thermore, high efficacy insecticides and botani-
cal pesticides, biological control methods like 
entomopathogenic nematode, fungus and sterile 
insect techniques can be used as a package for 
preventive control of RPW. However, the sys-
temic insecticide application through root feed-
ing and stem injection are the only methods suc-
cessfully reduced the RPW population in affected 
areas in initial stage of the infection (Prabhu et al. 
2009; Khalifa et al. 2004; Abbas 2010). Efforts 
to develop biological management of RPW are in 
early stages (Abdullah 2009). Preliminary field 
trials suggest that an entomopathogenic fungus, 
Beauveria bassiana, partially controls RPW 
(Dembilio et al. 2010a). Combination trials of 
imidacloprid and entomopathogenic nematode 
Steinernema carpocapsae Weiser and the use of 
entomopathogenic nematode were initiated in 
countries like India and Saudi Arabia (Dembilio 
et al. 2010b).
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Pheromone
The successful integrated pest management (IPM) 
tactics for the management of RPW is the use of 
pheromone traps. It can be used as pest-monitor-
ing and large-scale mass-trapping program. The 
RPW male produced aggregation pheromone 
“rhynchophorol” identified as (2E)-6-methyl 
− 2-hepten − 4-ol for Rhynchophorus palmarum 
by Rochat et al. (1991). Subsequently, Hallett 
et al. (1993) identified and synthesized the “ferru-
gineol” (4-methyl − 5-nonanol) by another male-
produced aggregation pheromone. From that 
time, the pheromone technology has been widely 
used to manage both R. palmarum in oil palm 
and R. ferrugineus on coconut and date palm. Sri 
Lankan researchers, while studying the electroan-
tennogram (EAG) response of male and female 
adults to 16 terpenes, reported that R. ferrugineus 
was sensitive to the size and the position of oxy-
gen function, degree of unsaturation and degree 
of olefinic bonds in the molecules (Gunawardena 
1994). Further, workers from the same labora-
tory reported the synthesis of ferrugineol by using 
Grignard reaction with butyl magnesium bromide 

and 2-methyl − 1-pentanal. The activity of ferru-
gineol could be enhanced by combining it with 
n-pentanol, which is a major constituent of coco-
nut sap, while decanol elicited the lowest EAG re-
sponse (Gunawardena and Bandarage 1995a, b).

In 1994, the first pheromone trap evaluation 
started to monitor the RPW in the Middle East. The 
male-produced aggregation pheromones, chemi-
cally known as ferruginol (4-methyl − 5-nonanol 
and 2. 4-methyl − 5-nonunion), were available in 
various kinds of traps. In Saudi Arabia, inverted-
bucket and upright-bucket traps are commonly 
used. In the United Arab Emirates (UAE), fabri-
cated plastic traps are used while in India and Sri 
Lanka, bucket traps are mostly used (Faleiro 2006; 
Faleiro et al. 1998). The fundamental trap design is 
to have several windows in a container that allows 
the RPW to enter. The outside of the container is 
usually made rough by wrapping it with rough 
material. The RPW is lured by the pheromone and 
palm stems, leaf petiole pieces, pineapple pieces; 
fermented sugar solution or toddy are used syn-
ergistically to attract weevils. Insecticides or soap 
solutions are used as bait in the traps.

•
•
•
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The trap density varies from 0.5 to 10 ha (Fa-
leiro 2006). Normally, it at least 1 or 2 traps/ha 
are recommended for use. In Saudi Arabia, phero-
mone traps brought down the infestation by 6.6 
and 2.5 % in 1993 and 1997, respectively (Vidyas-
agar et al. 2000). In Oman, the infestation was 
brought down by 24 % in 1998 while obtaining 
3 % in 2003 (Al-khatri 2004) and the UAE gained 
64 % reduction in 2 years and 71 % reduction in 
during one year (El-Ezaby et al. 1998; Oehlschag-
er 2006). While India reduced infestation from 5 % 
to zero within 1 year and from 2.4 to 0.2 % dur-
ing 1.5 years (Faleiro 2005a; Sujatha et al. 2006) 
and during 1997, Sri Lanka gained significant 
reduction using pheromone trap at 5 trap/ha, ag-
gregation pheromone with fermented yeast sugar 
solution (Rajapakse 1998). In Sri Lanka it was 
revealed that the small-scale use of pheromone 
did not effectively reduce the pest infestation, and 
they suggest that using it as a large-scale area-
wide mass-trapping program is most suitable for 
the management of pest (Fernando pers. comm.).

Chakravarthy et al. (2014) evaluated commer-
cially available formulations at four concentra-
tions to find the effective dosage for attracting 
maximum weevils. Pheromone 250, 500, 750, 
and 1000 mg were impregnated in wooden blocks 

(0.025 × 0.025 m) for 1 min, packed in a plastic 
cover (0.075 × 0.075 m), and sealed airtight in 
trilaminated pouches (0.075 × 0.075 m). These 
bucket traps (2 L) wrapped in gunny cloth hav-
ing four holes of 4.5–cm diameter were used for 
trapping the weevils and beetles. Several types of 
food bait, such as ripened pineapple fruit pieces, 
sugarcane stem pieces, ripe dates, toddy solution, 
palm leaf petiole, palm stem pieces, etc., are used 
for weevil attraction as shown in Fig. 3 (Flairo 
2006). The trap consisting of 1 L water and car-
bofuron 3G at 5 g and other chemicals as bait was 
used in each trap for the weevils (Fig. 4). The 
pheromone lure was tied to the inner surface of 
the bucket trap lid. The results of the study con-
ducted by Falerio (2005b) were reconfirmed by 
Chakravarthy et al. (2014) and suggested that the 
pheromone compound 800–1000mg with food 
baited trap is the better  for RPW mass trapping 
(Table 4).

In new areas and probable spreading zones, it 
is better to take strengthened quarantine measures 
to avoid the pest invasions. Avoiding the use of 
planting materials from infected areas, properly 
testing plant materials before transport from in-
fected areas to uninfested areas, use of certified 
planting materials are essential for preventing the 

Fig. 3  Comparative weevil catches in red palm weevil pheromone traps using food baits (Source: Faleiro 2006)
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Fig. 4  Monthly RPW mass trapping using pheromone and the pheromone release rate (Source: Faleiro 2006)

  

pest introduction. The most successful way of  
controlling and managing the RPW is the use of 
the IPM program. It includes monitoring and tak-
ing care of the palm in susceptible age regularly; 
trapping adult RPWs using pheromone trap bait-
ed with synthetic pheromone and with synergists 
such as yeast-fermented sugar solution, ripened 
pineapple pieces, sugarcane stem pieces, or coco-
nut petiole pieces; treating cuts and infections in 
palms; detecting the RPW at early stage; treating 
the plant in early stages with systemic insecticide 
if infected with RPW; eradicating and properly 
disposing infested palm or its parts; proper cut-
ting of fronds incorporated with proper agricul-
tural practices and training and educating farmers 
and Agriculture Department officers.

Rhinoceros Beetle

Biosystematics

Oryctes rhinoceros L, Scarabaeidae (Coleoptera), 
Dynastidinae. O. monoceros, O. agamemnon, 
O. elegans are other related species of the RB. 
Synonyms of RB are Oryctes stentor Castel-
nau, (1840) and Scarabaeus rhinoceros Lin-
naeus. Several common names are used for the 
RB around the world: Asiatic RB, bebete coco 
(French-Reunion (La Réunion)), black beetle, 
coconut black beetle, coconut palm RB, coco-
nut RB (English), date palm beetle, dung beetle, 
escarabajo rinoceronte Asiático (Spanish), fruit 

Table 2  Host range of three major pests of coconut
Pest Important host plants and region

Asia Middle East Europe Africa America
RPW Coconut, date palm, oil 

palm, ornamental palms
Date palm, 
coconut

Date palm and 
ornamental 
palms

Coconut and 
date palm

Coconut, ornamental palms, 
and date palm

RB Coconut, oil palm and date 
palm

Date palm, 
Coconut

– Coconut and 
ornamental 
palm

Coconut

BHC Coconut, other palms – – – –
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Table 4 Numbers of rhinoceros beetle and RPW trapped at four pheromone concentrations. (Source: Chakravarthy et 
al. 2014)
Treatments (mg) Mean no. of beetle and weevil/trap

RB RPW
250 33.00 (5.78)c 78.00 (8.85)c

500 42.00 (6.51)b 264.00 (16.26)b

750 98.00 (9.91)a 695.80 (26.38)a

1000 108.00 (10.41)a 789.00 (28.10)a

CD 0.34 0.27
± SEm 0.11 0.09
Mean of 10 traps/concentration, values with the same letter as superscript are nonsignificant at 5 % (P <0.05)

Table 3  Development time and number of instars for the RPW. (Source: Dembilio and Jacas 2012)
Authors Feeding substrate Development time (days) Instars

Egg Larvae Pupae Adult
Shahina et al. 2009 Honey in cotton 4–5 – – – 4
Shahina et al. 2009 Sugarcane lumps 4–5 50–80 20–30 74–115 9
Shahina et al. 2009 Apple slices 4–5 – – – 4
Abe et al. 2009 Apple slices – – – – 12
Salama et al. 2009 Banana slices 5 90 16–20 111–115 5
Salama et al. 2009 Sugarcane lumps 5 128 25–29 158–162 5
Salama et al. 2009 Squash fruit 5 83 20–24 108–112 5
Salama et al. 2009 Apple slices 5 103 16–18 124–126 5
Salama et al. 2009 Palm crown lumps 5 69 16–19 90–93 5
Kaakeh 2005 Sugarcane lumps 3–4 82 19 108 –
Kaakeh 2005 Palm heart lumps 3–4 86 21 124 –
Kaakeh 2005 Palm leaf base 3–4 84 18 119 –
Kaakeh 2005 Artificial diet 3–4 70–102 16–23 93–131 –
Martín-Molina 2004 Sugarcane lumps 3–4 88 25 116 11–17
Martín-Molina 2004 Artificial diet 3–4 93 30 128 7–12
Martín-Molina 2004 Palm lumps – – – – 8–15
Salama et al. 2002 Banana slices – – 13–22 – –
Jaya et al. 2000 Sugarcane lumps – 81 – 89 7
Esteban-Duran et al. 1998 Sugarcane lumps – 76–102 19–45 139 –
Avand Faghih 1996 Palm lumps 1–6 41–78 – – –
Kranz et al. 1982 NS 2–3 60 14–21 76–84 –
Kalshoven 1981 Sago palm pith – – – 105–210 –
Butani 1975 Sugarcan lumps 2–4 24–61 18–34 44–100 –
Rahalkar et al. 1972 Sugarcane lumps 3–4 32–51 15–28 50–82 –
Nirula 1956 Coconut slices 2–5 36–67 12–21 54–120 3
Viado and Bigornia 1949 Coconut slices 3 35–38 11–19 49–70 9
Lepesme 1947 NS 3 60 15 90–180 –
Dammerman 1929 NS 3 60–120 14 74–134 –
Leefmans 1920 Palm lumps – 60 13–15 73–75 –
Ghosh 1912, 1923 Palm lumps 3–4 25–61 18–33 48–82 –
NS not specified
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stalk borer, Indischer Nashornkäfer (Dutch), 
Indischer Nashornkäfer (German), klappertor 
(Dutch), kumbang badak (Indonesia), kumbang 
tanduk (Indonesia), oryctes du cocotier (French), 
Palmen-Nashornkäfer (German), RB, rhinoceros 
du cocotier (French), scarab du cocotier (French) 
(Chandrika Mohan 2005).

Distribution and Host Range

The RB is one of the most damaging insects to 
coconut palm and African oil palm in South and 
Southeast Asia and the western Pacific Islands. 
The adult RBs feed on the growing point of the 
palm producing eventually ragged appearance 
of mature palm leaves. A severely attacked palm 
will die or be damaged by secondary-attack pests 
(Thampan 1975). The RB is distributed through-
out Asia and the western Pacific. Thought to be 
native to the southern Asiatic region, the RB was 
introduced throughout the Pacific primarily as a 
result of the increased sea traffic during World 
War II. Floating logs containing larvae in tun-
nels might spread the pest to new areas (Bed-
ford 1980; Howard et al. 2001; Gressitt 1957). 
Bedford (1980) reviewed the historical account 
of this species, “In Burma the pest first appeared 
in the extreme south of the peninsula. It prob-
ably entered from Malaysia about 1895 and 
worked its way north throughout the coconut 
growing areas of lower Burma over the follow-
ing 15 years”. It was accidentally introduced to a 
number of coconut growing areas of the Pacific 
and Indian Oceans. It is believed to have been 
introduced in rubber seedling potted plants from 
Sri Lanka to the Pacific island of Upolu, West-
ern Samoa in 1909; from there it spread to the 
neighbouring island of Savail and to Tutuila in 
American Samoa. In 1921 the beetle was record-
ed in Keppel Island in the Kingdom of Tonga, 
but it was successfully eradicated in a campaign 
from 1922 to 1930. Wallis Island, about 320 km 
west of Samoa, became infested in 1931. RB in-
troduced Palau Islands in about 1942 (Gressitt 
1957), New Britain in 1942, and West Irian. Fur-
ther establishments occurred in Vavau (Tonga), 

1952; New Ireland, 1952; Pak Island and Manus 
Island (New Guinea), 1960; Tongatapu (Tonga), 
1961; and the Tokelau Islands, 1963. The beetle 
was found at Suva on Viti Levu (main island of 
the Fiji group) early in 1953, and it has spread 
to at least 42 islands of the group, including all 
the important copra-producing ones, despite an 
intensive quarantine program to prevent this. 
An infestation of the beetle was reported from 
Guam in September 2007. In the Indian Ocean 
the island of Diego Garcia was infested during 
the First World War, possibly by beetles carried 
on troop ships (Orian 1959). Specimens were 
collected in the Cocos (Keeling) Islands in 1940. 
In 1962 it was found in Mauritius (Vinson 1963) 
and in 1978 in La Réunion (Chandrika Mohan 
2005).

O. rhinoceros attacks the developing fronds 
of coconut, oil palm, and other palms in tropical 
Asia, and a number of Pacific Islands. Other spe-
cies of RB such as O. monoceros L. African are 
associated with African palm species including 
coconut and other palms in the African region. 
Damaged fronds show typical triangular cuts. The 
beetle kills the palms (particularly seedlings and 
newly planted ones) when the growing point is de-
stroyed during feeding on coconut, oil palm, betel 
nut, sago palm, and dates. They can also feed on 
Pandanus and other fleshy plants (Vargo 2000).

The larvae do not damage crops but instead 
grow in dead, decaying trunks and organic mat-
ter. The RB breeds in dead standing coconut 
palms killed by pest/disease/lightning and de-
caying organic materials like compost and saw-
dust heaps. (Bedford 1980). Decaying Pandanus 
trunk in Palau (Gressitt 1957) and heaps of de-
caying cocoa pod shells in New Ireland (Bedford 
1976a) are also reported as breeding sites. In India 
(Nirula et al. 1956) and Mauritius, heaps of cattle 
dung were the most important breeding sites; 
in Burma, dead coconut stems, heaps of rotting 
paddy straw, and farm yard manure were most 
important (Ghosh 1923). In Sri Lanka, coconut 
logs and places near rafter mills (coconut saw-
dust), coir dust pits, and organic heaps were the 
most important breeding sites (Suwandharathne 
and Kumara 2007). Floating logs containing lar-
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vae in tunnels might spread the pest to new areas 
(Bedford 1980).

Bioecology

Female beetles lay eggs in rotting vegetation, es-
pecially in the trunks of rotting palms. The lar-
vae bore and damage in the tunnel constructed 
by feces and silk among the spikes of flowers. 
The life cycle lasts from 4 to 9 months allowing 
more than one generation/year (Chen 1988). The 
beetle breeds in dead standing coconut palms that 
were killed by pest, disease, lightning, decay-
ing organic materials like compost and sawdust 
heaps. Floating logs containing larvae in tun-
nels might spread the pest to new areas (Bedford 
1980; Howard et al. 2001 cited Gressitt 1957). 
The female lays around 70–140 eggs on the or-
ganic substrate; after hatching between 11 and 
20 days the emerged larvae remain and feed on 
the organic matter around 80–130 days. Pupa-
tion takes place in the breeding site, and organic 
matter cocoon made around the pupae and adult 
emergence occur after 14–30 days. The life cycle 
is completed within nearly 9 months and adult 

longevity about 4–6 months (Fig. 5) (Suwanda-
rathne, pers. comm.).

The adult beetle bores into the soft tissue of 
the bud by cutting and chewing the tender un-
opened leaves and inflorescences. In the process, 
the leaves and inflorescences are severely dam-
aged. The affected leaves, on the emergence, 
will give a characteristic fan-like appearance 
where the leaflets are cut off in the same place 
on both sides of the leaf stalk. When the attack 
is on the unopened spathe, the inflorescence gets 
destroyed. Sometimes the beetles have also been 
found boring into the soft tissues of the tender 
nuts. Though death is not common in the grown-
up trees, the beetle may cause death of the young 
palms by boring into the growing point and de-
stroying it, and repeated attacks may cause death 
(Thampan 1975). In oil palm, the RB bores into 
the base of the cluster of spears, causing wedge-
shaped cuts in the unfolded fronds. In younger 
palms, the effect of damage can be much more 
severe (Wood 1968). Attack by adults may re-
duce yield and kill seedlings. They may provide 
entry points for lethal secondary attacks by RPW 
or pathogens (Bedford 1980).

Fig. 5  Life cycle of the RB
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Management

Mechanical and cultural tools
The management of the RB includes destroying 
breeding sites and collection and destruction of 
bio-stages of the beetle from the manure heaps or 
pits. When applying organic manure to the palms, 
it should be covered with thick (> 0.15 m) soil 
layer or applied as a thin layer (< 0.1 m). Other 
possibilities are: regular examination of seed-
lings and removing the beetle physically using a 
metal hook; application of repellents like neem 
seed cake or powder 150 g with sand (1:2), or 
Carbofuran 3G 40 g with sand (1:1), Naphthalene 
balls (10.5 g) covered with fine sand at 45-day in-
tervals, pongamia seed cake with sand (1:2) and 
filled with Sevidol 8G (25 g with 200 g fine sand) 
thrice in April, September, and December into 
the bases of the three innermost leaf petiole gaps 
between stem and leaf petiole; spraying 0.01 % 
Carbaryl (50WP) in breeding sites; application 
of used engine oil at the basal area of leaf peti-
oles (CPCRI 2012; Jayanth et al. 2009; Fernando 
pers com). Phorate (10 %) granules is reported to 
give protection for up to 60 days when applied 
at 5 g/palm. Application of naphthalene balls in 
the leaf axil at the base of spindle leaf at 12 g/
palm provides good protection against the pest in 
Malaysia and India. This treatment gives 45–60 
days protection to the palm. Application of oil 
cakes of neem ( Azadirachta indica A. Juss., 
Meliaceae) or marotti ( Hydnocarpus wightiana 
Bl., Bixaceae) in powder form at 250 g mixed 
with equal volume of sand, thrice a year to the 
base of the spindle leaf of the coconut palm is 
an effective prophylactic method against the RB 
(Chandrika Mohan 2005).

Biological Control
Under biological control, mainly two biological 
agents were used: entomopathogenic fungus and 
the Oryctes virus. For the management of im-
mature stages entomopathogenic fungi, Metarhi-
zium anisopliae, were used. They were of two 
types: long or short spored, with the long-spored 
( M. anisopliae var. major) varieties isolated from 
Oryctes spp. being more virulent (Ramle et al. 
1999). Malaysian isolates killed all third instar 

larvae after 14 days (Ramle et al. 1999, 2006). 
The infective ability of a strain may become re-
duced by culturing on media but restored consid-
erably following the infection of a host (Fargues 
et al. 1983). M. anisopliae infection is most fre-
quent when rainfall and humidity are high; the 
spores should be applied to breeding sites or can 
be practiced preparing artificial breeding sites 
and applying fungus as a biopesticide. The fun-
gus can be mass-produced on the broken maize 
seed grains and methods of mass-producing and 
on-farm production techniques have been devel-
oped and reported from Asian Pacific countries. 
Fresh spores or dry spores with mycelium or as a 
powder formulations were used and incorporated 
into the breeding ground (Dangar et al. 1991; 
Ramle et al. 2007; Subaharan 2004; Tey 1995).

Use of Oryctes rhinoceros Nudivirus (OrNV) 
is a key factor to control in areas where the pest 
is nonendemic. Virus inoculum mixed with sugar 
solution and it inoculated by pouring to the mouth 
of adult beetle or allowing adult beetle to swim 
the solution for infection. Infected beetles were 
released to field for spreading the virus among the 
population. The virus virulence of different geo-
graphical genomic isolates is different, and their 
efficacy varied from place to place (Crawford 
et al. 1986). Hence, the dosages of virions admin-
istered varied. With this caveat in mind, an isolate 
from Leyte Island, Philippines caused more larval 
mortality than did isolates from other locations in 
the country or from Samoa (Zelazny 1979). On 
the Malay Peninsula, the isolate Ma07, extracted 
from adult midguts from the west coast, caused 
higher mortality in larvae and adults and was 
deemed more virulent than the widespread iso-
late PV505 from the Philippines; the isolate from 
Sabah caused the lowest mortality (Ramle et al. 
2005). In some areas like the Andaman Islands 
(Jacob 1996), the Minicoy Island (Mohan and Pil-
lai 1993), the Maldive Islands (Zelazny et al. 1992; 
Zelazny et al. 1990), and Oman (Kinawy 2004), 
after introducing OrNV, the RB damage subse-
quently cut down significantly. The OrNV is ef-
fectively used in Malaysia, India, the Philippines, 
and Samoa to reduce the damage (Babjan et al. 
19951996; Ramle et al. 2005; Zelazny and Alfiler 
1991; Marschall and JIoane 1982).
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Pheromone
In the Philippines, the O. Rhinoceros phero-
mone, ethylcrysanthemumate, was first tested 
and trapped in 7–25 % of the adult population 
during 3 years (Ragoussis 2007). The male 
producing aggregation  pheromone compound 
4-methyloctanoate identified from Indonesia 
and it was reported that it is 10 times more 
effective than ethylcrysanthemumate (Wood 
1968). Subsequently, ethyl 4-methyloctanoate 
pheromone produced a commercial synthesis 
(Munoz et al. 2009; Ragoussis et al 2007) and 
is spreading rapidly. Trapping with this phero-
mone as a management component is now ap-
plied in Malaysia and Indonesia (Norman and 
Basri 2004; Oehlschlager 2007) and is used as 
a tool in ecological studies. Several trap designs 
of differing costs and effectiveness are used: 
pheromone emitted from a sachet dispenser has 
been tested (Desmier de Chenon et al. 2001); 

Plastic bucket trap; parabolic trap; single- or 
double-vane traps (Oehlschlager 2007); and 
PVC tube trap. The latter is a tube, 16 cm in 
diameter and 2 m in height with two-side open-
ings or windows in the upper part and an open 
top, which stands in a bucket and simulates an 
upright coconut trunk. It catches more beetles 
than the bucket trap and others. Adding empty 
oil palm fruit stalk material or coir dust cow 
dung mixture enhances the catch (Morin et al. 
2001). In India, different doses  of 4-methy-
loctanoate were field evaluated and found sig-
nificantly higher beetle catches  from 750 and 
1000mg doses at the rate of 1 trap/ha (Table 4) 
(Chakravarthy et al. 2014). A nanomatrix and 
polymer composite was developed to load the 
RB pheromone, ethyl 4-methyloctanoate. The 
pheromone loaded to the nanomatrix showed 
extended duration of release when subjected to 
thermal gravity analysis.
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In field trapping experiments, (4 S)-ethyl 4-meth-
yloctanoate and the racemic mixture were equally 
attractive and ten times more effective in attract-
ing beetles than ethyl chrysanthemumate. Ethyl 
4-methylheptanoate was as attractive as ethyl 
chrysanthemumate and more attractive than the 
4-methyloctanoic acid, but further studies are re-
quired before it can be classified as an aggrega-
tion pheromone (Chakravarthy et al. 2014). Com-
pared to ethyl 4-methyloctanoate alone, combina-
tions of the three male-produced compounds did 
not increase attraction, whereas addition of fresh-
ly rotting oil palm fruit bunches to pheromone-
baited traps significantly enhanced attraction. 
With increasing dose, captures of O. rhinoceros 
increased, but doses of 6, 9, and 18 mg/day were 
competitive with 30 mg/day lures. Newly de-
signed vane traps were more effective in captur-
ing beetles than were barrier or pitfall traps. The 
results of this study indicated that there is poten-
tial for using ethyl 4-methyloctanoate in opera-
tional programs to suppress O. rhinoceros in oil 
palm plantations (Hallett et al. 1995).

The total number of RB caught in phero-
mone traps varied with concentrations. Nearly 
98 and 108 beetles were caught in pheromone 
traps baited with pheromone lure with 750 and 
1000 mg, respectively, and were found signifi-
cantly superior to other treatments. Records of 
250 and 500 mg proved inferior with only 33 and 
42 beetles, respectively, in the pheromone traps 
(Chakravarthy et al. 2014). The peak activity of 
beetles was found during the 29th to 53rd week 
after the installation of the traps, i.e., from July 
to March. The beetles caught in the traps ranged 
from 0.0 to 4.5 beetles/trap/week recorded from 
the 29th to the 53rd week after the installation of 
the traps in India. Beetles caught in the trap var-
ied from 0.25 to 1.75 beetles/trap/week recorded 
from the 29th to the 53rd week after trap installa-
tion. Rhinolure is an aggregation pheromone ef-
fective in mass trapping both males and females 
of the coconut RB (Chakravarthy et al. 2014). 
The active compound serving as an attractant, 
ethyl 4-methyloctanoate is supplied as a bubble 
formulation in sachets, and the chemical is sus-
pended in lure. The trap should be installed at 
about 0.8 m from the ground and is effective at 1/

ha. The septa can be suspended in the upper lid of 
the bucket, taking care to avoid direct sunlight as 
it would be affecting the performance of the lure. 
The bucket should contain holes and rough cor-
rugations on the lateral sides just below the upper 
lid so that the beetles that are attracted alight on 
this rough surface before entering the holes.

Field evaluation of traps revealed that nano-
matrix-loaded pheromone (240 mg) trapped 
18.0 beetles/trap/month, followed by the com-
mercial lure (containing 800 mg pheromone), 
which trapped 12 beetles/trap/month. Studies on 
the longevity of pheromone lures indicated that 
the commercial lure was exhausted in 3 months 
whereas in the nanomatrix, it remained active up 
to 8 months (CPCRI 2012). Jayanth et al. (2009) 
evaluated the reproductive status of RB females 
captured in aggregation pheromone traps and re-
vealed that the majority of females captured were 
virgin or gravid females (Fig. 6). Hence, the mass 
trapping of RB is particularly more effective due 
to attract female beetles that had not started re-
productive activity.

The control of the RB is difficult once they in-
vade the new area; therefore, it is better to imple-
ment quarantine measures in those countries that 
are found in the probable spreading zones. If new 
infections are noticed, immediate control mea-
sures should be taken to stop the spreading of the 
pest. Once they spread, integrated management 
measures, such as mechanical and biological 
use of pheromone and chemical control tactics, 
should be taken to manage the pest.

Fig. 6  Reproductive status of RB females in pheromone 
traps (Source: Jayanth et al. 2009)
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Coconut Black-Headed Caterpillar

Biosystematics

The black-headed caterpillar (BHC) was first de-
scribed by Walker and was placed under the fami-
ly Cryptophasidae (Lepidoptera). Meyrick (1905) 
described the same as Nephantis serinopa under 
the family Xyloryctidae. In 1981, Baker com-
pared the holotype of O. arenosella by Walker 
and N. serinopa by Meyrick and found that both 
are conspecific. Hence, the name Opisina areno-
sella is being used again with N. serinopa as a 
synonym.

Distribution and Host Range

The BHC is considered a serious defoliating 
pest on coconut. Its natural range extends from 
India to Sri Lanka (Perera 1987), Burma (Ghosh 
1923), Bangladesh (Alam 1962), and, recently 
reported, Thailand (Bao-qian et al. 2013). Dam-
age to coconut in India was first recorded from 
Andhra Pradesh in 1909 (Rao et al. 1948), and 
this pest menace is frequently noticed in South 
India. The distribution within the region showed 
patchy or spot distribution and recorded frequent 
outbreaks (Perera 1987; Sundararaju 1985; 
Nadarajan and Channabasavanna 1980).

Coconut Palmyra and some ornamental palms 
were recorded in Sri Lanka and India as hosts, 
i.e., Palmyra ( Borassus), Corypha, Hyphaene, 
Phoenix, and Roystonia (Rao et al. 1948; Nirula 
et al. 1951b). Butani (1975) recorded it as a 
minor pest of date palm. Manjunath (1985) re-
corded that larvae feed on banana leaves during 
an outbreak in India. However, from laboratory 
studies it was concluded that fan palm ( Livisto-
nia chinensis), wild date palm ( Phoenix sylves-
tris), and date palm ( P. dactylifera) are suitable 
host plants, but banana is not.

Bioecology

Females of O. arenosella lay their eggs in small 
groups on the undersurface of coconut leaflets. 

Eggs are generally deposited in the vicinity of 
feeding larvae, and it has been suggested that 
this results in the slow spread of outbreaks to 
peripheral, uninfested trees (Perera 1987). The 
larvae usually have five instars and feed on the 
undersurface of coconut leaves, at first gregari-
ously, then singly, consuming the lower epi-
dermis and mesophyll but leaving the upper 
epidermis intact. The upper surface of the leaf 
has a characteristic scorched appearance where 
caterpillars have fed. The larvae construct a gal-
lery of silk and frass, into which they retreat if 
disturbed. Pupation takes place within the larval 
gallery. Adults are frequently found during the 
day resting on the undersurface of the leaves of 
palms damaged by the larvae. The moth flies at 
night, but little is known of its dispersal abili-
ties. The egg stage lasts on average 3 days and 
the five larval instars last six, seven, seven, 
five, and ten days, respectively (Perera, 1987). 
Although there are normally five instars, up to 
eight have been recorded in the laboratory when 
the larvae are stressed (the supernumerary in-
stars would be indistinguishable from the fifth 
instar in the field). The pupal stage lasts for an 
average of 8 days, and the total length of the pre-
adult life cycle is thus approximately 46 days. 
Adult longevity is 7–9 days, during which the 
female lays about 152 eggs (Perera 1987). In Sri 
Lanka, (Perera et al. 1988) BHCs have shown to 
follow partially discrete generation cycles dur-
ing outbreaks. Ramkumar et al. (2006) studied 
the population cycles of the BHC and found that 
there are discrete generation cycles. Further, 
they suggested that the possible reason for the 
discrete generation may be protandry.

The BHC is an important and the most destruc-
tive pest in many commercial and subsistence 
coconut-cultivating areas, because moderate- to 
high-density populations of the BHC do indeed 
cause considerable yield loss. The pest infestation 
is mainly confined to the lower fronds, and in se-
vere infestation, several hundreds to thousands of 
larvae can be observed on a palm. The caterpillar 
feeds on chlorophyll by scraping lower epidermis 
of leaflets and constructs galleries of silk and frass. 
The infested fronds give burnt-up appearance and 
the affected palms often take several years to 
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recover completely. Further, BHC attack results in 
heavy yield loss (> 50 %), and the infested palms 
can regain the normal yield potential during the 
fourth year following the pest attack, provided the 
pest infestation is brought under control (Chan-
drika Mohan et al. 2010).

Management

Cultural and Chemical Control
The early stage of the pest, artificial defoliation 
such as cutting and destruction of lower fronds 
can delay the infestation (Perera 1989). Original-
ly, management of the species was accomplished 
by removing the infested fronds of the coconut 
palms or using light traps in order to physically 
remove the infestation from the palm. However, 
frond removal reduces the palm’s yield drastical-
ly, and does not guarantee to resolve the infesta-
tion (Cork and Hall 1998). Chemical insecticides 
are of course used in the control. Trunk injection 
of Monocrotophos of tall palms at 3–6 g of active 
ingredient per palm was translocated and accu-
mulated in the leaves in quantities sufficient to 
kill the BHC, and experimental palms indicated 
that the insecticidal effect persists for about 6 
months (Kanagarathnam and Pinto 1985); there-
fore, it is suggested that this treatment would be 
adequate to control a succession of larvae hatch-
ing out of eggs over a period of time. However, al-
ternative methods to chemicals have been sought 
out in order to reduce the chemical residues on 
the produced fruit, as well as maintain the health 
of predatory animals and beneficial parasitoids.

Another method is use of botanicals and biopes-
ticides against O. arenosella  and are come from 
different forms. Biopesticides have proven to be 
as effective as chemical pesticides in many cases. 
The control of the BHC has been accomplished 
with the use of both garlic- and neem-based 
biopesticides in India.A commercial formulation 
of soluneem was evaluated and recommended to 
use as application through root feeding. These 
treatments act as poison to the species and are ad-
ministered as O. arenosella consume the leaves. 
In studies, reduction of all stages of larvae as well 
as pupae were observed and drastically reduced 
the damage incurred by the palms. Application 
of organic farming practices also resulted in the 
reduction of pest infestation in applied gardens. 
Chakravarthy et al. (2012) evaluated the combina-
tion of organic manure and biopesticide applica-
tion with synthetic pesticides and they found that 
less number of  infested palms and low defoliation 
in organic manure biopesticide applied fields.

Biological Control
Naturally, a large number of predatory animals 
like birds, spiders, anthocoridae, reduvidae, and 
carabidae are recorded (Cock and Perera 1987). 
A large number of parasitoids associated with 
the BHC were recorded, and they caused the 
suppression of the population. BHC-associat-
ed parasitoids include Braconidae, Eulopidae, 
Chalisidae, Bethylidae, Ichneumonidae, Elasmi-
dae, Tachinidae, Phoridae, Stenomidae, and 
Eupelmidae(Cock and Perera 1987). The classi-
cal biological control method was tested both in 
India and Sri Lanka; however, it was not success-
ful in both countries (Table 5).

Table 5  Summary of classical biological control of the BHC. (Source: Cock and Perera 1987)
Parasitoid Release country Recommendation
Antrocehalus pandens Walker Sri Lanka No field recoveries, not suitable for field releases
Bessa remota Aldrich Sri Lanka, India No field recoveries, not suitable for field releases, fields 

are unable to reach the larval galleries
Bracon brevicornis Wesmeal Sri Lanka, India Field recoveries occur, suitable for releases
Elamus nephantidis Rohwer Sri Lanka No field recoveries
Eriborus trocanteratus Morley India Recoveries occur after adding the parasitoid complex
Stomatomyia bessiana Baranoff India Colony did not persist
Tetrastichus Israeli Mani and Kurian Sri Lanka No recoveries
Trichogamma brasiliensis Ashmead Sri Lanka No recoveries
Trichogamma minutum Riley Sri Lanka, India Not recoveries
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The augmentative releases of parasitiods, 
Trichogramma minimum Riley, Goniozus ne-
phantidis Muesebeck and Bracon brevicornis 
Wesmeal, are all known parasitoids of the spe-
cies, and work by parasitizing larvae at different 
instars (Venkatesan et al. 2009). G. nephantidis 
and B. brevicornis both parasitoid wasps, parasit-
ize third to seventh instar larvae, leading to the 
eventual shriveling and death of the organism. 
Wasps have been observed parasitizing up to 
57 % of the resident larvae, which would reduce 
the population of the BHC significantly. While 
G. nephantidis proves to be the dominant parasit-
izing species over B. brevicornis due to more de-
veloped parental care in B. brevicornis and there-
fore reduced number of parasitization, they both 
act as effective species in controlling the coconut 
BHC (Venkatesan et al. 2009).

Use of Pheromone
The presence of female sex pheromone in the 
BHC has been revealed from studies in Sri Lanka 
and India (Murthy et al. 1995). Studies were 
conducted to ascertain the attraction of virgin 
females of the BHC to conspecific males. One- 
to two-day-old virgin females were individu-
ally confined in net cages and fixed to the sticky 
traps. The traps were placed horizontally in the 
canopy of the infested palms for two consecu-
tive nights. The results indicated that the number 
of male moths trapped in baited traps was sig-
nificantly higher than in unbaited traps. Hence, 
the results revealed the attractiveness of virgin 
females to conspecific males of O. arenosella 
due female sex pheromone released from caged 
virgin females (Fernando and Chandrasir 1997). 

Work conducted in the 1980s by the Natural 
Resource Institute using insects from Sri Lanka 
demonstrated the presence of four electro-physi-
ologically active compounds in extracts from fe-
male moths (Cork and Hall, 1998). The putative 
pheromone components were identified and field 
tested in Sri Lanka but high catches in unbaited 
traps hampered the field work (Cork and Hall 
1998).

Srinivasa and Muralimohan (2009) expressed 
the scope for utilizing sex pheromones for the 
management of O. arenosella. The behavioral 
attributes like that the adults emerge restricted 
to 10–15 days over 30 successive days in a gen-
eration, that populations are protandrous, and 
the reproductive biology of O. arenosella shows 
less probability of trapping an unmated male in 
mass trapping. Further, they suggested that the 
sex pheromones can directly contribute toward 
downsizing populations of O. arenosella if they 
are used for disrupting natural mating.

Female-produced sex pheromone (Z, Z,Z) 
3,6,9-Tricosatriene released by the female was 
identified, artificially synthesized, and field-
tested in India (Bhanu et al. 2009). Bhanu et al. 
(2011) made an attempt of GC-MS analyses of 
volatiles collected from virgin females. O. are-
nosella confirmed the structure of the O. areno-
sella pheromone as (Z, Z,Z)-3,6,9-tricosatriene 
(Z3Z6Z9–23Hy). Further, field trials indicated 
that using wing traps PVC vial dispensers with 
100 μg, the pheromone loading was significantly 
superior in attracting the male moths. The trap 
catches of the BHC male moths in ten phero-
mone traps were able to indicate moth emergence 
peaks.



Status and Management of Three Major Insect Pests of Coconut in the Tropics and Subtropics 377

Chandrashekharaiah et al. (2012) demonstrated 
the calling behavior of the female BHC, the male 
response toward sex pheromone, and the behav-
ioral responses of male and female O. arenosella 
to female pheromone. Studies on exploitation 
of pheromone traps as a surveillance and moni-
toring tool in IPM of O. arenosella were also 
conducted. Nearly 50 % of population reduction 
was found in mass trapping of male BHC moths. 
Chandrashekharaiah (2013a) confirmed the dis-
tinct moth emergence periods of BHC males 
using pheromone traps and nearly five genera-
tions of BHC/year. The duration of moth emer-
gence and nonemergence periods of moth varied 
from 34 to 45 days and 44 to 56 days, respec-
tively. The maximum number of days of moth 
emergence and nonemergence was recorded dur-
ing March, April, and May. From these studies, 
it is inferred that an average moth emergence pe-
riod lasted for 41.50 days (SD = ± 3.93) followed 
by 48.16 (SD = ± 4.35) days of nonemergence 
period. The pheromone traps placement should 
not be universal or the same for all the places. 
But initially, traps should be installed based only 
on the visual observation on stage of the pest; in 
subsequent generations, the traps can be placed 
70–80 days after initial set up.

Chandrashekharaiah et al. (2013b) demon-
strated that the optimum dosage pheromone per 
lure was 0.1 mg. Studies on the standardization 
of lure type revealed that the commercial plastic 
vial type (65.75 moths/trap/generation) was more 
effective than vial with cap, black septa, and red 
septa (31.50, 56.25, 41.50, and 26.25 moths/trap/
generation). The pheromone release rate profile 
of field-installed dispensers quantified at differ-
ent day intervals using gas chromatography with 
flame ionization detectors. The results suggested 
that, initially, i.e., up to 10 days, the release rate 
was maximum (60 and 75 % pheromone released 
within 10 and 20 days, respectively) and later, it 
was further reduced as the days advanced. The 
studies on trap-type standardization indicated 
that the commercial cross vane trap (153.40 
moths/trap/generation) was more effective than 
a wing vane trap (29.66 moths/trap/generation), 
wing vane trap with open side (64.60 moths/
trap/generation), wing vane trap with large size 

(122.66 moths/trap/generation), and funnel trap 
(5.40 moths/trap/generation). The comparison of 
the trap with and without pheromone lure indi-
cated that the trap with lure proved more effec-
tive (77.66 moths/trap/generation) than the trap 
without lure (23.87 moths/trap/generation).

Chandrashekharaiah et al. (2013c) demon-
strated the robustness of mass trapping technol-
ogy using sex pheromone traps. The study was 
conducted in 14.2 ha with 1700 infested coconut 
trees. Nearly 661 (I and II generation, respective-
ly) and 836 (III generation) cross vane traps baited 
with lure were installed in the study area uniform-
ly. Nearly 73,739, 52,392, and 7953 moths were 
trapped in I, II, and III generation, respectively, 
with the larval (2.97 ± 0.63 (Mean ± SD) larvae/
leaflet before mass trapping) reduction of 34.27 
(1.93 ± 0.64 larvae/leaflet), 88.76 (0.12 ± 0.37 lar-
vae/leaflet) and 93.97 % (0.09 ± 0.03 larvae per 
leaf) in II, III, and IV generations, respectively; 
whereas in the control plot (2.5 ha), the larval 
population was increased continuously up to III 
generation (1.83 ± 0.22 to 5.27 ± 2.12 larvae/leaf-
let in I and III generation, respectively) and re-
duced in the subsequent generations. Reduction 
in larval numbers was achieved in treated plot 
due to continuous trapping of male moths using 
pheromone traps.

Chandrashekharaiah (2013a) showed that the 
integration of larval parasitoids with pheromone 
traps have a cumulative effect on BHC popula-
tion. Further, larval parasitoids can effectively in-
tegrate with pheromone traps without having any 
adverse effects. From the above studies, it is con-
firmed that pheromone traps are more effective 
in suppressing BHC population than the release 
of parasitoids and other methods. Further, they 
are eco-friendly, without causing any environ-
mental hazards and safe to nontarget organisms. 
The pheromone traps and lures immediately after 
mass trapping can be easily collected and buried 
in the soil or it can be recycled for further use. 
This technology can also be easily combined 
with other management practices without any ad-
verse effect. With these results, the pheromone 
traps can be recommended for the management 
of BHC either alone or in combination with the 
release of larval parasitoid, G. nephantidis.
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Abstract
Insect pests are the major constraints for pigeonpea yield reduction. Large-
scale integrated pest management (IPM) of pigeonpea was undertaken on 
1000 ha in Parbhani in farmers’ participatory mode. The pest population 
was less in IPM fields than non-IPM fields. The population of pod borer 
larvae was 0.39/plant in IPM, and 0.64/plant in non-IPM. Plume moth 
larvae were 0.16 and 0.25/plant in IPM and non-IPM fields, respectively. 
The webbings by spotted pod borer ( Maruca vitrata Gey.) were 0.08 and 
0.19/plant in IPM and non-IPM fields, respectively. The pod damage due 
to pod borer complex was less in IPM (7.71 %) than non-IPM (21.52 %) 
fields. The immature stages (maggot and pupa) of pod fly were 2.14 and 
7.99/50 pods in IPM and non-IPM fields, respectively. The population 
of natural enemies like coccinellids (0.21/plant in IPM and 0.09/plant 
in non-IPM), chrysopids (0.03/plant in IPM and 0.01/plant in non-IPM) 
and spider (0.36/plant in IPM and 0.24/plant in non-IPM) was more in 
IPM fields. The parasitisation of pod borer larvae was 3.63 % in IPM and 
1.78 % in non-IPM. The impact of the IPM practices resulted in increased 
yield (10.18 q/ha in IPM and 8.41 q/ha in non-IPM) with a net profit of 
₹ 7710/ha. IPM module insect pests effectively managed and conserved 
natural enemies.
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Introduction

Pigeonpea, Cajanus cajan (L.) is one of the most 
important pulse crops in India. Insect pests feed-
ing on flowers and pods are the most important 
biotic constraints affecting pigeonpea yield. In 
India, pigeonpea is attacked by nearly 250 spe-
cies of insect pests (Sachan et al. 1994). The 
pod borers are the key impediments for the low 
productivity. In Maharashtra, pod borer Helicov-
erpa armigera (Hubner), plume moth Exelastis 
atomosa (Walsingham), pod fly Melanagromyza 
obstusa (Malloch), spotted pod borer Maruca 
vitrata Geyer are considered significant in incur-
ring economic losses. These pod borers’ damage 
amounts to 57 % pods and 35 % seeds with final 
yield loss up to 28 % (Saho 2002). The farmers 
use only synthetic insecticides for pest manage-
ment. Increasing insecticide resistance has lead 
to a greater risk of control failure (Armes et 
al.1992).

Material and Methods

The large-scale integrated pest management 
(IPM) programme was demonstrated and evalu-
ated on 1000 ha of farmers’ field in Parbhani dis-
trict (Maharashtra) during 2010–2011. This pro-
gramme was implemented in Chinchtakali, Mar-
dasgaon and Gopa villages. The farmers were 
provided with IPM components including chem-
ical insecticides. All agronomic practices were 
followed as per the recommendation of MKV, 
Parbhani. The IPM module included the follow-
ing practices. Deep ploughing in summer; use of 
high-yielding and disease-resistant varieties, viz. 
BSMR 736, BSMR 853, BDN 708; installation 
of pheromone traps, at the rate of 5/ha, to moni-
tor pod borer H. armigera; installation of bird 
perches, at the rate of 50/ha; intercropping with 
greengram, blackgram, mung, udid, soybean and 
sorghum; in case of sole crops, mixing of 1 % 

sorghum or pearl millet seeds with pigeonpea 
seeds; hand collection of big H. armigera larvae; 
spraying 5 % NSKE or Azadirachtin 3000 ppm at 
bud initiation stage; spraying HaNPV at the rate 
of 450 LE/ha (2 × 109 POB/ml) for early instar 
H. armigera larvae; spraying of emamectin 
benzoate 5SC at the rate of 200 g/ha and mono-
crotophos 36 SL at the rate of 1000 ml/ha.

In non-IPM fields, only the recommended 
agronomic practices were followed and no IPM 
inputs were used. These select farmers were 
mostly dependent on chemical insecticides. Two 
fields of IPM and non-IPM were selected from 
each village for periodical observations. Obser-
vations on incidence of pests and their natural 
enemies were made by following the standard 
procedures. The observations on larva of pod 
borer H. armigera and plume moth E. atomosa, 
immature stages of pod fly M. obtusa, number of 
webbings by spotted pod borer M. vitrata, pod 
damage, number of coccinellids, chrysopids, 
spiders and pod borer larval parasitisation were 
recorded at weekly intervals. Yield was recorded 
for both IPM and non-IPM fields, and economics 
worked out.

Results and Discussion

Pest Status

Population of Pod Borer
The results of IPM demonstration showed that 
population of pod borer larvae was less in IPM 
fields than non-IPM fields throughout the sea-
son. The average larval population of H. armi-
gera was 0.39/plant in IPM, whereas 0.64/plant 
in non-IPM fields (Table 1). The incidence of 
pod borer larvae was noticed during 44th MW 
(25–31 October 10). The peak population was 
recorded in 48th MW (22–28 November 10) 
in IPM (0.76 larvae/plant) and non-IPM (0.88 
larvae/plant).

Population of Plume Moth
The incidence of plume moth was initiated in 
45th MW (1–7 November 10) in both IPM and 
non-IPM fields. The population ranged from 0.08 
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to 0.41 larvae/plant in IPM and from 0.01 to 0.58 
larvae/plant in non-IPM fields. Overall, the pop-
ulation was minimal in IPM fields (0.16/plant) 
as compared to non-IPM fields (0.25/plant). 
The maximum population was recorded in 47th 
MW (15–21 November 10) in IPM and non-IPM 
fields (Table 1).

Incidence of Spotted Pod Borer
The number of webbings on plant due to larvae 
of spotted pod borer was minimal in all IPM 
fields (0.08/plant) compared to that of non-IPM 
(0.19/plant). The peak incidence was recorded in 
52nd MW (20–26 December 10) in both IPM and 
non-IPM fields (Table 1).

Pod Damage Due to Pod Borer Complex
The percentage of pod damage was less in 
IPM (7.71 %) as compared to non-IPM fields 
(21.52 %). The pod damage was observed from 
48th MW (22–28 November 10), and thereafter 
increased till the end of season (Table 2). The 
highest pod damage was noticed in 52nd MW 
(20–26 December 10).

Immature Stages of Pod Fly
The immature stages (maggot and pupa) of pod 
fly in pods of pigeonpea were noticed in 50th 

MW (6–12 December 10). The range was from 
0.66 to 5.66 immature stages/50 pods in IPM, 
and from 4.33 to 17.66 immature stages/50 pods 
in non-IPM fields. The immature stages records 
increased till the end of season. The average of 
the immature stages was 2.14 and 7.99/50 pods 
in IPM and non-IPM, respectively.

Grain Damage due to Pod Fly
At harvest, the observations on grain damage due 
to pod fly indicated that the grain damage in IPM 
was 5.74 % whereas it was 12.20 % in non-IPM 
fields.

Status of Natural Enemies on Pigeonpea 
in IPM and Non-IPM

Predators
The population of natural enemies like coccinel-
lids (0.21 in IPM and 0.09/plant in non-IPM), 
chrysopids (0.03 in IPM and 0.01/plant in non-
IPM) and spiders (0.36 in IPM and 0.24/plant 
in non-IPM) was more in IPM fields. The coc-
cinellid population was 0.03–1.01/plant in IPM, 
and 0.01–0.41/plant in non-IPM (Table 3). The 
chysopids population was 0.02–0.10/plant in 
IPM and 0.01–0.04/plant in non-IPM.

MW Duration No. of Helicov-
erpa armigera 
larvae/plant

No. of Exelastis 
atomosa larvae/
plant

No. of webbings 
by Maruca vitrata 
larvae/plant

IPM Non-IPM IPM Non-IPM IPM Non-IPM
43 18−24 October10 0.00 0.00 0.00 0.00 0.00 0.00
44 25−31 October10 0.03 0.10 0.00 0.00 0.00 0.08
45 01−07 Novober10 0.46 0.60 0.11 0.21 0.13 0.30
46 08−14 Novober10 0.55 0.79 0.08 0.18 0.06 0.16
47 15−21 Novober10 0.62 0.83 0.41 0.58 0.11 0.19
48 22−28 Novober10 0.76 0.88 0.20 0.30 0.10 0.20
49 29 Novober10−05 

December 10
0.58 0.73 0.00 0.01 0.05 0.16

50 06−12 December10 0.53 0.70 0.11 0.35 0.00 0.15
51 13−19 December10 0.36 0.76 0.40 0.45 0.20 0.35
52 20−26 December10 0.25 0.83 0.25 0.33 0.26 0.41
1 27 December10−02 

January 11
0.15 0.85 0.20 0.31 0.01 0.05

Mean 0.39 0.64 0.16 0.25 0.08 0.19

Table 1  Incidence of pod 
borers on pigeonpea in 
IPM and non-IPM fields
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Parasitisation of Pod Borer Larvae
The percentage of parasitized larvae was more in 
IPM (3.63 %) than non-IPM (1.78 %). The range 

of parasitized larvae was 1.50–8.60 % in IPM 
and 1.00–5.00 % in non-IPM. The ichneumonids, 
Eriborus argenteopilosus (Cameron) and Cam-
poletis chlorideae (Uchida), were major parasit-
oids recorded on H. armigera.

Economics

IPM fields recorded the highest yield compared to 
non-IPM fields. The average yield was 10.18 q/
ha in IPM and 8.41 q/ha in non-IPM fields. The 
insecticide sprayings required 3.83 in IPM fields 
and 5.67 in non-IPM fields. The adoption of IPM 
resulted in savings of ₹ 630/ha due to less cost of 
insecticide sprayings in IPM. Also, the additional 
profit of ₹ 7080/ha is recorded due to IPM. The 
IPM crop increased the net profit by ₹ 7710/ha 
(Table 4).

Table 4  Economics of IPM and non-IPM in pigeonpea 
fields
Particulars IPM Non-IPM
Yield (q/ha) 10.18 8.41
Number of sprayings 3.83 5.67
Cost of spraying (₹/ha) 2320 2950
Net income (₹/ha) 40,720a 33,640
Increase in yield (q/ha) 1.77 –
Additional profit due to increase 
in yield (₹/ha)

7080 –

Additional profit due to savings 
of sprayings (₹/ha)

630 –

Net profit due to IPM (₹/ha) 7710 –
aPrice ₹ 4000/q

MW Duration Pod damage (%) No. of immature 
stages of pod 
fly (maggot and 
pupa)/50 pods

IPM Non-IPM IPM Non-IPM
47 15−21 November 10 0.00 0.00 0.00 0.00
48 22−28 November 10 2.33 10.33 0.00 0.00
49 29 November 10−05 December10 5.66 15.33 0.00 0.00
50 06−12 December 10 10.33 23.33 0.66 4.33
51 13−19 December 10 11.66 33.33 2.33 15.66
52 20−26 December 10 13.66 35.66 6.33 18.33
1 27 December 10−02 January 11 10.33 32.66 5.66 17.66

Mean 7.71 21.52 2.14 7.99

Table 2  Pod damage due 
to pod borer complex in 
IPM and non-IPM fields

  

MW Duration No. of spiders/
plant

Parasitisation of pod 
borer larvae (%)

IPM Non IPM IPM Non IPM
43 18−24 October 10 0.51 0.34 0.00 0.00
44 25−31 October 10 0.56 0.40 0.00 0.00
45 01−07 November 10 0.57 0.50 4.00 2.50
46 08−14 November 10 0.58 0.44 4.50 1.00
47 15−21 November 10 0.56 0.43 7.00 3.50
48 22−28 November 10 0.48 0.30 8.60 5.00
49 29 November 10−05 December 10 0.05 0.01 5.00 2.00
50 06−12 December 10 0.30 0.06 4.80 1.00
51 13−19 December 10 0.15 0.08 2.00 0.00
52 20−26 December 10 0.15 0.10 2.00 1.00
1 27 December 10−02 January 11 0.00 0.00 1.50 0.00

Mean 0.36 0.24 3.63 1.78

Table 3  Population of 
natural enemies in IPM 
and non-IPM fields
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Babriya et al. (2010), Sharma et al. (2011) and 
Chaudhary et al. (2008) reported effectiveness 
of chemical insecticides in management of pod 
borer using similar strategies. Mandal and Mishra 
(2003) and Sharma et al. (2011) reported success-
ful management of pod fly with timely detection 
and use of chemical insecticides. Bisane et al. 
(2008) recorded similar parasitisation reports of 
H. armigera. The present evaluation of pigeon-
pea IPM benefited the farmers who participated 
in this programme.
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Abstract
A series of observations were recorded on natural enemies and their role 
in suppression of tea mosquito bug (TMB) Helopeltis antonii Signoret 
in the cashew plantations of Zonal Agricultural Research Station, Brah-
mavar and Pethri village, Udupi district and in maidan (plains) tracts of 
Chintamani, Karnataka during 2006–2008. The ant, Oecophylla smarag-
dina Fabricius was the most effective predator against TMB. Cashew 
trees fully colonized by O. smaragdina received the least TMB damage 
of 11.40 + 1.87 and 8.71 + 1.23 % during 2006–2008 in coastal and maidan 
Karnataka, respectively. TMB damage colonized with O. smaragdina was 
23.40 + 2.16 in coastal and 20.12 + 2.05 in maidan habitat. The unsprayed 
cashew trees with no ant recorded maximum damage of 47.42 + 3.71 and 
52.36 + 3.86 % in coastal and maidan tracts, respectively. Higher nut yield 
of 3.70 kg/tree in coastal and 2.43 kg/tree in maidan tract was recorded 
from the trees fully colonized with O. smaragdina. The yellow crazy ant 
( Anoplolepis gracilipes F Smith) was a deterring factor for the spread, es-
tablishment and effectiveness as a predator on colonies of O. smaragdina 
in cashew plantations in Karnataka. Telenomus species was the predomi-
nant egg parasitoid on TMB. Maximum egg parasitisation of 16.80, 15.35 
and 12.70 % was recorded on TMB eggs in Brahmavar, Pethri and Chin-
tamani cashew plantations, respectively, in December, 2006–2008. The 
sequential sprays of monocrotophos (0.05 %)—λ cyhalothrin (0.005 %)—
carbaryl (0.10 %) registered the least percentage TMB damage, higher nut 
yield and higher C to B ratio.
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Introduction

Cashew ( Anacardium occidentale L.) is an im-
portant cash crop. With the rapid expansion of 
cashew crop acreage, the insect pest problems 
also increased in Karnataka, South India. This 
is quite apparent from the fact that the produc-
tion is not in pace with the increase in area. In 
spite of the adoption of recommended package 
of practices, decline in production is mainly due 
to tea mosquito bug (TMB) H. antonii Signo-
ret. More than 50 insect pests are recorded on 
cashew in India (Devasahayam and Nair 1986). 
Amongst them, TMB alone causes 30–100 % 
yield loss (Abraham and Nair 1981) in outbreak 
situations (Sundararaju and Sundarababu 1999). 
TMB causes serious damage to the tender leaf, 
growing tip, inflorescence, apple and the nut. 
Cashew grows wild in nature; and in Karnataka, 
South India, the Horticulture Department and the 
government encourage cashew plantation in vast 
stretches of wastelands/degraded/government 
lands. Private owners of the lands are also en-
couraged to cultivate cashew. Wherever cashew 
grows, people tend not to use insecticides to sup-
press pests. Therefore, eco-friendly management 
practices are desired for the TMB and other pests.

Material and Methods

During 2006, six field surveys on pests were con-
ducted in cashew plantations of coastal, maidan 
(plane landscape) and other habitats of Karna-
taka to find activity of ants, species composi-
tions, flushing shoots damaged by H. antonii and 
other pests and number of healthy nuts. Attempts 
were made to establish ant colonies on cashew 
trees in Brahmavara, Puttur and Chintamani ca-
shew plantations of 2 ha each at each location. O. 
smaragdina species of ants were released on five 
randomly selected cashew trees after the release 
of ants. Observations were recorded for 1.5 years 

at periodic intervals (2–3 months duration). The 
natural ant colonies of O. smaragdina on exist-
ing trees with terminal branches with ants were 
incised, and ants were held in perforated poly-
thene bags and released on the labelled cashew 
trees and periodic observations were recorded 
for 3 years. Studies on seasonal activity of egg 
parasitoid of Telenomus sp. on TMB in Coastal 
Karnataka was investigated using field surveys. 
Data were collected from two study sites at Brah-
mavar and in Pethri village cashew plantation. 
The cashew plant parts (shoot, petioles, midrib 
and panicles) containing eggs of H. antonii were 
collected at monthly intervals and counted under 
a zoom stereomicroscope. They were treated 
with carbendazim 0.1 % solution for 10 min. 
After treatment, samples were dried to remove 
the dampness of carbendazim solution placed in 
a plastic container completely wrapped in a black 
paper (Geisberger 1993) to record the emergence 
of parasitoids and percentage of TMB egg para-
sitization.

Predatory ants associated with cashew plan-
tations and their effect on H. antonii population 
was assessed at 20 locations in west coast and 
maidan Karnataka. Observations were recorded 
on insecticide-sprayed and non-sprayed cashew 
plantations in October–February, 2006–2007 and 
2007–2008, to determine the differences in TMB 
infestation and occurrence of natural enemies. 
The ant specimens were identified by Mr. T. M. 
Mushtak Ali, Department of Agricultural Ento-
mology, UAS, GKVK, Bangalore. Abundance 
and effectiveness of predatory ants were deter-
mined on their predominance and predation of 
TMB on cashew in coastal Karnataka. Data on 
the ant colonisation and damage on reproductive 
parts of the tree and yield (kg/tree) were also re-
corded.

Indices for assessing abundance of predatory 
ant O. smaragdina were made based on quick ex-
amination of an individual cashew tree (Way and 
Khoo 1991) as follows.
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+ (Few) less than 20 workers/tree; no trails; very 
few or no homopterans; no nests

++ (Moderate number) > 20–50 Oecophylla 
smaragdina

+++ (Common) > 50–500 Oecophylla smaragdina 
usually some distinct trails on tree trunk or 
canopy but rarely on ground

++++ (Abundant) > 500–1000 Oecophylla sma-
ragdina; well-defined trails in canopy and 
occasionally on trunk and along ground

+++++ (Very abundant) > 1000 Oecophylla smarag-
dina or with strong trails; interconnecting or 
virtually all trees across their canopies and or 
along ground

The effectiveness of biopesticides and insec-
ticides against TMB infestation were tested at 
Zonal Agricultural Research Station, Brahma-
vara on cashew cultivar, V-4. Three sprays were 
given in sequence on new flush, panicle emer-
gence and nut and fruit developmental stages of 
the trees. Treatments were replicated thrice in a 
randomized block design.

Treatment ml/l or %
Pongamia oil–pongamia oil–pon-
gamia oil

2–2–2

PSKE–PSKE–PSKE 2–2–2
Neem oil–neem oil–neem oil 5–5–5
NSKE–NSKE–NSKE 2–2–2
Beauveria bassiana–Beauveria 
bassiana–Beauveria bassiana

2–2–2

Monocrotophos–λ-cyhalothrin–
carbaryl

0.05–0.005–0.10

PSKE–λ cyhalothrin–carbaryl 2–0.05–0.10
Beauveria 
bassiana–λ-cyhalothrin–carbaryl

2–0.005–0.10

NSKE–λ cyhalothrin–carbaryl 2–0.05–0.10
Monocrotophos–endosulfan–car-
baryl

0.05–0.05–0.10

Control 0.10
t-test was adopted for comparison of two treatment 
means
PSKE pongamia seed kernel extract, NSKE neem seed 
kernel extract

Results and Discussion

Field surveys revealed that of 1520 cashew trees 
across different habitats of Karnataka, preda-
tory green ants were detected in 40 % cashew 
trees. However, nesting colonies of the ant were 

found only on 18 % cashew trees. Ant fauna of 
cashew trees comprised six species, O. smarag-
dina being the dominant species. The number of 
flushing shoots damaged by H. antonii where 
ants were found was less (14.50 %) compared to 
trees where green ants were absent (37 %). Un-
disturbed patches with native vegetation where 
branches of the cashew trees were touching each 
other or other trees/bushes held the ant colonies 
of O. smaragdina.

Predatory Ants on TMB

The abundance of different ant species foraging 
on cashew trees was observed at 20 locations of 
coastal Karnataka and Chintamani (Table 1). In 
coastal Karnataka, the ground ant species Dia-
camma rogasum Loguill and Camponotus com-
presus Fabricius were observed to be less abun-
dant and nesting on the cashew tree was low to 
negligible. The arboreal species, O. smaragdina, 
was observed at all the locations surveyed.

In non-sprayed plantations, O. smaragdina 
population was abundant and occupied the en-
tire cashew tree canopy. The other species of 
ants were absent on the trees colonized with O. 
smaragdina. It has well-defined colonies that it 
defends aggressively against other ant species. 
The trees colonized by O. smaragdina were in-
terconnected with well-defined trails of worker 
ants invariably using aerial connections, where 
the canopies overlapped. Trails of O. smaragdina 
were observed on the ground where canopies 
were not overlapping. The incompatibility of O. 
smaragdina and the other ants was confirmed by 
spatial separation at the edges of their territory.

In the maidan tract of Karnataka, eight ant 
species foraging in cashew ecosystems were ob-
served. O. smaragdina was abundant and nesting 
on the cashew tree branches was recorded. The 
other species of ants were not competing with the 
predominant species, O. smaragdina. Other ant 
species were found foraging at the edges of the 
tree canopy. O. smaragdina makes nests by spin-
ning silk between leaves with moderately sized, 
densely spaced cashew leaves, around 5–6, medi-
um sized nests were recorded per tree. Each nest 
consisted of leaflets with the ventral side wound 
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up with silk or several overlapping leaflets spun 
together.

The other species of ants, D. rugosum and 
C. wroughtonii nests were recorded, whether 
arboreal or on the ground. Ground nests, which 
sometimes occurred abundantly in a thick layer 
of cashew leaves and close to the trunks of trees, 
were observed on borders of plantation near 
bunds and roads. The activity of ants on cashew 
trees sprayed with insecticides was low, and few 
or no ants were observed on such trees. It was 
abundant (++++) to very abundant (+++++) in 
non-sprayed plantations. Among the different ant 
species recorded in cashew plantations, O. sma-

ragdina appeared to be a predominant arboreal 
ant in cashew plantations at both the locations 
observed.

Predatory ant, O. smaragdina workers cap-
tured insect preys and carried them away to the 
nests by operating singly or in groups. In the 
study sites, the distribution of ant species indi-
cated that single species of O. smaragdina occu-
pied 80 % of the cashew plantation observed, and 
was found to be very abundant (+++++) (> 1000 
workers occupying a tree canopy of 15 m radius).

Cashew trees fully colonized by the predatory 
ant O. smaragdina exhibited the least percent-
age damage 11.40 + 1.87 and 8.71 + 1.23 during 

Table 1      Composition of ant species on cashew, Karnataka, South India 
Location Coastal/maidan part Sub family Arboreal/ground Abundance Sprayed/unsprayed
Mundur D. rugosum Ponerinae Ground + Sprayed
Ullal O. smarigdina Formicinae Arboreal + Sprayed
Konaje O. smarigdina Formicinae Arboreal +++ Non-sprayed
Brahmavar O. smarigdina Formicinae Arboreal + Sprayed
Pethri O. smarigdina Formicinae Arboreal + Sprayed
Korgi O. smarigdina Formicinae Arboreal + Sprayed
Gujjadi O. smarigdina Formicinae Arboreal + Sprayed
Hebri O. smarigdina Formicinae Arboreal + Sprayed

O. smarigdina Formicinae Arboreal +++++ Non-sprayed
D. rugosum Ponerinae Ground + Non-sprayed
C. compresus Formicinae Ground + Non-sprayed
Crematogaster 
wroughtonii (Forel)

Myrmicinae Arboreal + Non-sprayed

Belvai O. smarigdina Formicinae Arboreal +
Bantakal O. smarigdina Formicinae Arboreal +++++ Non-sprayed

O. smarigdina Formicinae Arboreal +++++ Non-sprayed
D. rugosum Ponerinae Ground + Non-sprayed
C. compresus Formicinae Ground + Non-sprayed
C. wroughtonii Myrmicinae Arboreal + Non-sprayed

Cherkadi O. smarigdina Formicinae Arboreal +
Kalanja C. compresus Formicinae Ground +
Guthiger O. smarigdina Formicinae Arboreal +
Savanur D. rugosum Ponirinae Ground +
Bellare O. smarigdina Formicinae Arboreal +
Kairapalli C. compresus Formicidae Ground +

O. smarigdina Formicinae Arboreal + Sprayed
Cherkadi O. smarigdina Formicinae Arboreal +

C. wroughtonii Myrmicinae Arboreal + Sprayed
ARS 
Chintamani

O. smarigdina Formicinae Arboreal ++++ Non-sprayed

C. wroughtonii Myrmicinae Arboreal + Non-sprayed
Crematogaster sp Myrmicinae Arboreal + Non-sprayed
C. rothnyi (Mayer) Myrmicinae + Non-sprayed

+ very scarce; ++ very scarce; +++ less abundant; ++++ abundant; +++++ very abundant

AQ1
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2006–2008 in coastal and maidan Karnataka, re-
spectively. Percentage damage on the trees partly 
colonized with O. smaragdina was 23.40 + 2.16 
in coastal and 20.12 + 2.05 in maidan tract. The 
unsprayed cashew trees with no ant recorded 
maximum percentage damage 47.42 + 3.71 and 
52.36 + 3.86 in Brahmavar and Chintamani, re-
spectively during the survey. Higher nut yield of 
3.70 and 2.43 kg/tree was recorded in the trees 
fully colonized with O. smaragdina in coastal 
and maidan Karnataka, respectively. Based on 
the results obtained, it was observed that O. sma-
ragdina appeared as a predominant predatory 
ant on H. antonii in cashew-growing regions of 
Karnataka. Its role as a key predator is of poten-
tial significance in keeping the TMB population 
under check leading to increased yield. Increas-
ing the activities of O. smaragdina could fur-
ther reduce the H. antonii population. Similar 
observations were made by Chong (1987) and 
Chin et al. (1988). O. smaragdina significantly 
reduced damage of H. antonii on cashew. This 
is in concurrence with the findings of Peng et al. 
(1995) and Wijetunga et al. (2003).

Observations for 4 years (2007–2010) on ca-
shew plantations at Puttur and Chintamani re-
vealed that colonies of O. smaragdina did not 
establish in the presence of the yellow crazy 
ants ( Anoplolepis gracilipes F. Smith). O. sma-
ragdina ants’ activity levels got gradually de-
creased and wiped out from the plantation within 
a year. Efforts to establish colonies of O. sma-
ragdina failed at Puttur and Chintamani mainly 

because of the occurrence of crazy ants. Baiting 
has proved the most effective method to manage 
crazy ants by the fish-based protein—Fipronil. 
It has been proved that concentrations below 
0.5 g/ha a. i. has no effect on reptiles, birds or 
mammals, and as Fipronil does not dissolve in 
water therefore does not adversely affect water 
supplies (Fishes 2007). Solutions to crazy ant 
problem can be found in prevention which will 
only be achieved through increased monitoring 
of ants and products into cashew plantations and 
by increasing public awareness.

Effect of Telonomus of TMB

The egg parasitoid Telenomus species was the 
predominant parasitoid on H. antonii. Maxi-
mum mean egg parasitisation of 16.80, 15.35 
and 12.70 % were recorded from host eggs col-
lected in Brahmavar, Pethri and Chintamani ca-
shew plantations, respectively, during December 
(Table 2) 2006–2008. Similar observations on 
the effectiveness of Telenomus species on TMB 
eggs were reported by Sundararaju (1993) and 
CIBC (1983). Cashew trees fully colonized by O. 
smaragdina recorded the least percentage dam-
age of 11.40 + 1.87 and 8.71 + 1.23 during 2006–
2008 in coastal and maidan tracts of Karnataka 
respectively (Table 3). TMB damage on trees 
partly colonized with O. smaragdina ants were 
23.40 + 2.16 in coastal and 20.12 + 2.05 in maidan 

Table 2  Egg parasitisation of tea mosquito bug by Telenomus sp. in field. (pooled data 2006–2008)
Location (percentage egg parasitisation by TMB) (%)
Month Brahmavar Pethri Chintamani
January 7.80 15.35 4.64
February 8.50 7.40 5.17
March 2.10 5.30 3.14
April 4.20 3.00 2.23
May 1.30 0.60 0.92
June 1.82 0.30 1.03
July 0.40 0.90 0.67
August 0.90 0.80 2.02
September 4.40 3.63 4.23
October 4.80 5.50 5.24
November 5.70 7.42 7.14
December 16.80 5.70 12.70
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tract. The unsprayed cashew trees without ants 
recorded maximum percentage TMB damage 
of 47.42 + 3.71 and 52.36 + 3.86 in coastal and 
maidan tracts, respectively. Higher nut yield of 
3.70 and 2.43 kg/tree was recorded on trees fully 
colonized with O. smaragdina.

Effect of Biopesticides and Insecticide 
on TMB

Data on effectiveness of treatments were record-
ed at 10, 20 and 30 days after treatment. Mono-
crotophos (0.05 %) treated trees at flushing regis-
tered significantly less TMB damage (14.82 %). 
Maximum flush damage of 26.73 % was recorded 
with microbial pesticide B. bassiana at 30 DAT. 
Among botanicals, Pongamia seed kernel ex-
tract (2 %) was significantly superior over neem 
products. These observations are in concurrence 
with the findings of Thirumalaraju et al. (1997; 
Table 3).

Endosulfan (0.05 %) recorded 16.72 % dam-
age on panicle at 30 DAT, and it was significantly 
superior over the botanicals and entomopathogen 
B. bassiana. The new molecule, λ-cyhalothrin 
(0.005 %), was at par with endosulfan (0.05 %). 
These two insecticidal treatments were signifi-
cantly superior over other treatments. The first 
spray of monocrotophos (0.05 %) on the new flush 
and λ-cyhalothrin (0.005 %) on the panicle were 
at par with the recommended sprays of monocro-
tophos and endosulfan at the respective stages of 

the crop. The botanicals and the microbial pesti-
cide alone were not effective against TMB.

During nut and fruit developmental stages, 
carbaryl (0.10 %) in the sequential spray sched-
ule of monocrotophos (0.05 %)—λ-cyhalothrin 
(0.005 %) recorded the least percentage TMB 
damage of 4.36 % at 30 DAT, and it was at par 
with the recommended spray schedule: monocro-
tophos (0.05 %)—endosulfan (0.05)—carbaryl 
(0.10 %). The undamaged nuts appeared spotless, 
healthy and larger at nut developmental stage, 30 
days after treatment. Botanicals, viz. pongamia 
oil, neem oil, NSKE and the microbial B. bassi-
ana, alone were not effective against TMB. How-
ever, PSKE (2 %) was found effective in combat-
ing the menace.

It is evident that the sequential sprays of mono-
crotophos (0.05 %)—λ-cyhalothrin (0.005 %)—
carbaryl (0.10 %) at flushing, panicle and nut 
and fruit developmental stages were effective 
in combating TMB. The effectiveness of mono-
crotophos (0.05 %)—λ-cyhalothrin (0.005 %)—
carbaryl (0.10 %) was in confirmation with 
the findings of Bhat and Raviprasad (2007). 
Highest mean nut yield of 1106.57 kg/ha was 
recorded in sequential spray schedules: mono-
crotophos (0.05 %)—λ-cyhalothrin (0.005 %)—
carbaryl (0.10 %), followed by monocroto-
phos (0.05 %)—endosulfan (0.05 %)—carbaryl 
(0.10 %; 879.91 kg/ha; Table 4). Lower nut yield 
in botanicals and B. bassiana treated trees may 
be due to high percentage damage by TMB on 
flushing, panicle and nut and fruit developmen-

Table 3  Effect of O. smaragdina colonization on infestation of H. antonii on cashew
Zone Sprayed/

non-sprayed 
plantation

Colonization 
of Oecophylla 
smaragdina

No. of Oecophylla 
smaragdina 
workers/tree

No. of trees 
observed

Percentage 
damage by 
TMB

Nut yield

Coastal 
Karnataka

Sprayed None (Few) < 20 52 12.30 + 2.31 4.30
Non-sprayed None (Moderate) < 20 32 47.42 + 3.71 1.76
Non-sprayed Part Moderate > 20–50 21 23.40 + 2.16 2.18
Non-sprayed Full Abundant > 500–1000 35 11.40 + 1.87 3.70

Maidan 
Karnataka

Sprayed None (Few) < 20 28 8.35 + 1.62 2.60
Non-sprayed None (Moderate) < 20 17 52.36 + 3.86 1.02
Non-sprayed Part Moderate > 20–50 18 20.12 + 2.05 1.52
Non-sprayed Full Abundant > 500–1000 16 8.71 + 1.23 2.43

None cashew trees with no ants, Part part of the cashew tree canopy colonized by ants, Full entire tree canopy colo-
nized by ants



395Sustainable Management of Tea Mosquito Bug Helopeltis antonii Signoret …

tal stages. These findings are in agreement with 
Sundararaju (2004).

The C to B ratio indicated that monocroto-
phos (0.05 %)—λ-cyhalothrin (0.005 %)—carba-
ryl (0.10 %) treated trees recorded higher net gain 
1:17.03 (Table 5). Among the botanicals PSKE 

(2 %) registered higher C to B ratio of 1:7.0. 
Lower C to B ratio in botanicals and entomo-
pathogen may be due to their low effectiveness 
in suppressing the pest leading to high percent-
age damage, as also reported by Thirumalaraju 
et al. (2002). AQ3

Table 4  Effect of botanicals and insecticides against tea mosquito bug in field (pooled)
Treatments TMB damage (%)

New flush Panicle Nut and fruits
30 DAT 30 DAT 30 DAT

Pongamia oil–pongamia oil–pongamia oil 9.64 (18.12) 15.13 (22.85) 2.56 (9.16)
PSKE–PSKE–PSKE 7.50 (15.82) 12.13 (20.35) 1.90 (7.98)
Neem oil–neem oil–neem oil 17.07 (24.34) 21.42 (27.54) 5.46 (13.50)
NSKE–NSKE–NSKE 15.40 (23.08) 19.20 (25.98) 3.50 (10.66)
Beauveria bassiana–Beauveria bassiana–Beauve-
ria bassiana

20.22 (26.73) 24.73 (29.82) 5.98 (13.75)

Monocrotophos–λ-cyhalothrin–carbaryl 5.00 (12.87) 7.0 (15.30) 0.60 (4.36)
PSKE–λ cyhalothrin–carbaryl 6.61(14.82) 8.30 (16.72) 0.98 (5.63)
Beauveria bassiana–λ-cyhalothrin–carbaryl 7.53 (15.92) 7.56 (15.95) 0.76 (5.01)
NSKE–λ cyhalothrin–carbaryl 19.10 (25.91) 12.40 (20.55) 1.75 (7.18)
Monocrotophos–endosulfan–carbaryl 6.12 (14.29) 17.92 (25.01) 1.06 (5.87)
Control 22.67 (28.43) 27.92 (31.88) 7.87 (16.28)
CV 4.77 4.71 13.56
CD (0.05) 1.63 1.84 2.09
Values given in the parentheses are Arc sine percentage
DAT days after treatment

Table 5  Nut yield and economics for the treatments evaluated against tea mosquito bug in field
Treatments Nut yield (kg/tree) 

treatments (`)
Cost of control 
(`/ha)

Net returns over Benefit over 
control (`)

C:B

Pongamia oil–pongamia 
oil–pongamia oil

398.72 1200 18,736 4486 01:03.7

PSKE–PSKE–PSKE 477.04 1200 22,652 8402 01:07.0
Neem oil–neem oil–
neem oil

393.97 1850 17,849 3599 01:01.9

NSKE–NSKE–NSKE 439.07 1570 20,384 6134 01:03.9
Beauveria bassiana–
Beauveria bassiana–
Beauveria bassiana

309.72 1500 13,986 − 264 01:00.0

Monocrotophos–λ-
cyhalothrin–carbaryl

1106.57 2278 53,048 38,798 01:17.0

PSKE–λ 
cyhalothrin–carbaryl

879.91 2278 41,718 27,468 01:12.1

Beauveria bassiana–λ-
cyhalothrin–carbaryl

684.71 1913 32,323 18073 01:09.4

NSKE–λ 
cyhalothrin–carbaryl

510.86 1913 23,630 9380 01:04.9

Monocrotophos–endosul-
fan–carbaryl

488.31 2013 22,403 8148 01:04.0

Control 285 – 14,250 – –
Cost of raw cashew nut at the rate of ` 50/kg, the cost of treatments include cost of insecticides and labour
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Sustainable practices comprising B. bassiana, 
O. smaragdina, Telenomus sp., pongamia seed 
kernel extract and λ-cyhalothrin for the H. anto-
nii management on cashew in coastal Karnataka, 
South India, inferred that the integration of all 
these possible pest management strategies, help 
in keeping this dollar-earning crop free from the 
deadly insect pest. With the presence of O. sma-
ragdina ant colonies, negligible or no application 
of insecticides, the population of other natural 
enemies, viz. coccinellids, chrysopids, entomo-
pathogens, mantids, spiders and others can also 
be sustained in the cashew ecosystem. This will 
help in realizing higher cashew nut yields and 
residue free kernels. Utilization of the preda-
tory ant O. smaragdina against TMB on cashew 
needs group participation.
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Abstract
Investigation on the pesticide residues during 2006–2009 in various crops 
and natural resources (soil and water) in the study village (Kothapally, 
Telangana State (TS))  indicated the presence of a wide range of insecticidal 
residues. Pooled data of the 80 food crop and cotton samples, two rice grain 
samples (3 %) showed beta endosulfan residues, and two (3 %) soil samples 
showed alpha and beta endosulfan residues. In vegetables of the 75 tomato 
samples, 26 (35 %) were found contaminated with residues of which 4 % 
had residues above MRLs. Among the 80 brinjal samples, 46 (56 %) had 
residues,  of these 4 % samples had residues above MRLs. Only 13 soil 
samples from vegetable fields were found contaminated. The frequency of 
contamination in brinjal fields was high and none of the pulses and cotton 
samples revealed any pesticide contamination. IPM fields showed substan-
tial reduction sprays which in-turn reflected in lower residues. Initial stud-
ies on water analysis indicated the presence of residues in all water sources 
with higher in bore wells compared to open wells, however, by 2009 the 
water bodies reflected no residues above the detectable level.

Introduction

Ever increasing demand for food, feed, and fiber, 
due to increased population, requires increased 

productivity on a sustained basis. With the advent 
and adoption of improved technologies such as 
high-yielding crop varieties and the use of fer-
tilizers and pesticides, considerable progress has 
been achieved in boosting agricultural produc-
tion (Foley 2011). However, during this process 
of enhancing productivity, the use of agrochemi-
cals became an integral part of the present day 
agriculture. Globally, approximately 2.5 million 
tons of pesticides are used annually in agricul-
ture. Latest information on pesticide use across 
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the world clearly indicated an increase from 
about US$7 billion  to US$12 billion  from 2000 
to 2012 with a similar trend across the globe 
(Plumer 2013).

Worldwide, approximately 9000 species of 
insects and mites, 50,000 species of plant patho-
gens, and 8000 species of weeds damage crops. 
Insect pests cause an estimated loss of 14 %, plant 
pathogens cause 13 % loss, and weeds cause 
another 13 % loss (Pimentel 2009). Pesticides 
use is indispensable in agricultural production. 
About one-third of the agricultural products are 
produced by using pesticides. Without pesticide 
application, the loss of fruits, vegetables, and ce-
reals from pest injury would reach 78, 54, and 
32 %, respectively 2008). In view of the world’s 
limited croplands and growing population; it is 
necessary to take all measures to increase crop 
production in order to ensure food safety (Zhang 
et al. 2011). On the other hand, Knutson and other 
researchers pointed out that if the consumption 
of pesticides is prohibited, the food production in 
the USA would drop sharply and the food prices 
would soar.

Drivers of food security and crop protection 
issues are discussed relative to food losses caused 
by pests. Insect pests globally consume food es-
timated to feed an additional one billion people. 
Key drivers include rapid human population in-
crease, climate variability, loss of beneficial on-
farm biodiversity, reduction in per capita cropped 
land, and water shortages. The use of integrated 
pest management (IPM) in agriculture is urgently 
needed, and is also being widely adopted glob-
ally. IPM offers a ‘toolbox’ of complementary 
crop- and region-specific crop protection solu-
tions to address these rising pressures. IPM aims 
for more sustainable solutions by using comple-
mentary technologies. The applied research chal-
lenge now is to reduce selection pressure on sin-
gle solution strategies, by creating additive/syn-
ergistic interactions between IPM components. 
IPM is compatible with organic, conventional, 
and genetically modified (GM) cropping systems 
and is flexible, allowing regional fine-tuning. It 
reduces the pest levels below economic thresh-
olds utilizing key ‘ecological services’, particu-
larly bio-control. Landscape scale ‘ecological 

engineering’, together with genetic improvement 
of new crop varieties, will enhance the durability 
of the pest-resistant cultivars (conventional and 
GM). The IPM will also promote compatibility 
with the use of semio-chemicals, bio-pesticides, 
precision pest monitoring tools, and rapid diag-
nostics. These combined strategies are urgently 
needed; and are best achieved via multi-disci-
plinary research, including complex spatio-tem-
poral modeling at the farm and landscape scales. 
Integrative and synergistic use of existing and 
new IPM technologies will help meet the future 
food needs more sustainably in the developed 
and developing countries. The aim of this chapter 
is to provide further evidence to show that IPM 
indeed can reduce pesticide use without sacrific-
ing the yields of the major crops studied.

Status on Pesticide Related Issues

There have been many studies on determining 
the ill effects of pesticide exposure (McCauley 
et al. 2006). The World Health Organization and 
the UN Environment Programme estimate that 
each year, 3 million farm workers in the develop-
ing world experience severe pesticide poisoning 
of whom about 18,000 were fatal (Miller 2004). 
A study with 23 school children who were shifted 
to organic food from normal diet, a dramatic re-
duction in the levels of organo-phosphorus pes-
ticides in their system was observed (Lu et al. 
2006).

Excessive and non-judicious use of insecti-
cides has led to the degradation of environmental 
quality, pest resistance, pest resurgence and the 
contamination of agricultural products and natu-
ral resources. Most of the studies on pesticides 
conducted in Asia reflect the presence of pesti-
cide residues in significant amounts in food and 
agricultural commodities, and pesticide pollution 
does exist in the country; and is a cause of con-
cern for public health (Kumari et al. 2002, 2003, 
2004, 2005, 2006). Pesticides applied to the soil 
or that eventually end in the soil in agricultur-
al areas can contribute to the contamination of 
surface and ground waters (Gilliom et al. 2006; 
McMahon et al. 2006).
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Information from India showed that about 
51 % of the food material is contaminated with 
residues in comparison to 21 % worldwide, of 
which 20 % were above MRL prescribed by FAO 
standards (Anon 1999). The contaminated food is 
generally not discarded in the developing coun-
tries, but enters the food chain out of ignorance, 
innocence and equally importantly out of lack of 
affordability by the consumers. Lack of aware-
ness of the consequence of pesticide- contaminat-
ed food could be one of the reasons for increased 
incidences of cancers in developing world. Be-
sides the damage to human health, an indiscrimi-
nate use of chemical pesticides adversely affects 
the natural bio-diversity that results in the reduc-
tion of natural enemies (Ranga Rao et al. 2005).

Exposure of humans to the hazardous chemi-
cals directly in the fields and indirectly through 
contaminated diet resulted in the occurrence of 
residues of organo-chlorines in human blood 
(3.3–6.3 mg per L) and milk (3.2–4.6 mg per L) 
samples from lactating women. High levels of 
pesticide residues (15–605 times) were observed 
in blood samples of cotton farmers from four vil-
lages in Punjab (Anon, 2005). In the past few 
decades with the benefits of synthetic pesticides 
being clearly recognized, the usage has steadily 
increased from 2.2 g ha−1 active ingredient (a.i.) 
in 1950 (David 1995) to 381 g ha−1 by 2007 i.e., 
about 270- fold increase (Anon 2009).

Various inappropriate practices in the use of 
pesticides cause possible poisoning symptoms 
generally among farmers who do not wear pro-
tective clothing (Ntow et al. 2006). Perceptions 
by farmers of pesticide efficacy were found to 
play a major role in farmers’ behavior towards 
the use of pesticides and the adoption of alterna-
tive methods of pest control such as IPM (Hash-
emi and Damalas 2010). For example, pesticide 
use on any crop depends on the farmer’s attitude 
whether to enhance the productivity to meet the 
market demands in search of enhanced income 
or subsistence farming for livelihood (Erbaugh 
et al. 2000).

For maintaining the quality of a commodity, 
it is essential to keep the produce free of pesti-
cide residues. A zero level residue in the finished 
product is not only desired but also needed for 

eco-preservation and human health as well. The 
necessity of pesticide residue analysis in vari-
ous agro-based commodities has become more 
relevant in the present context. Implementation 
of IPM strategies will help to reduce the depen-
dence on toxic pesticides associated with agricul-
ture to enhance productivity of healthy products 
and profitability.

The chemical residues from the soil find their 
way to the aquatic systems or get accumulated in 
the plant products (grain, root, stem etc.). Farmer 
field schools organized in India on cotton situa-
tion brought out the importance of IPM in reduc-
ing pesticide-induced risks at the farm level with-
out sacrificing the yields (Mancini 2006). The 
constraints in the adoption of protective clothing 
in tropics were discussed by Kishi (2005).

Integrated Pest Management (IPM)

Globally, there is an increasing pressure on the 
agriculture sector to produce more food to meet 
increased demand of the growing populations all 
around the world. This has increased the need 
for intensive plant protection with increased use 
of pesticides, leading to complex environmental 
implications. Several national and international 
agencies and nongovernmental organizations are 
presently engaged in supporting research and the 
use of eco-friendly approaches for crop protec-
tion practices for the sustainable environment.

The basic concept of IPM is the containment 
of pests below economically damaging levels, 
using a combination of control measures. Two 
fundamental principles are: (1) that as individual 
pest control methods are often not successful 
alone and (2) that pests only need to be managed 
when present at populations high enough to cause 
economic damage. The IPM relies on the integra-
tion of various plant protection options with a se-
lective use of insecticides in a regulated program. 
This refers to an active program of monitoring 
pest and natural enemy population levels. Four 
primary components of IPM include: host plant 
resistance, manipulation of the farming system, 
enhanced bio-control, and selective use of bio-
rational and/or synthetic pesticides.
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IPM is the most environment-friendly ap-
proach of crop-protection and prescribes the use 
of chemical pesticides as the last resort. Howev-
er, most of the farming communities in India are 
not much educated. Therefore, they are averse to 
adopt the program. Implementation of the IPM 
strategies reduces toxic pesticides in agriculture 
to enhance productivity of healthy products and 
profitability. The inclusion of eco-friendly IPM 
packages in the plant protection measures is the 
need of the hour to save the crop losses from the 
biotic stresses and to sustain and improve the 
agricultural production, soil health, and over-
all environmental quality. Insecticide residues 
in non-IPM vegetable fields were higher than 
those recorded for the IPM fields (Arora and 
Singh 2004; Sardana et al. 2005). The insecti-
cide residues in the IPM-managed vegetable (to-
mato and cucumber) fields ranged from 0.004 to 
0.027 mg kg−1, while the residues ranged from 
0.005 to 0.106 mg kg−1 in the non-IPM fields 
(Ranga Rao et al. 2009a).

On-Farm Experience

Under integrated watershed management pro-
gram and bio-intensive pest management 
(BIPM) technologies were initiated in farmer 
participatory approach during 2000 in Kothapal-
ly village of TS to alleviate the plant protection 
problems in crops like cotton, pigeonpea, and 
chickpea. During 2000–2001, pigeonpea BIPM 
farmers applied one spray each of neem fruit 
extract and HNPV, followed by manual shak-
ing (3–5 times) and did not apply any chemi-
cals. Non-IPM farmers sprayed 3–4 times with 
chemicals. During the 2001–2002 season, BIPM 
farmers used one spray each of neem and HNPV 
followed by manual shaking (2–4 times), while 
the non-IPM farmers used 2–3 rounds of chemi-
cal sprays. In chickpea, during the post rainy 
season 2000–2001, the BIPM plots received 1–3 
sprays of HNPV, while the non-IPM farmers did 
not take any plant protection measures for their 
crops. During 2001–2002, BIPM farmers applied 
one spray of neem fruit extract and two sprays of 

HNPV, while non-IPM farmers used two sprays 
of chemicals.

The larval population in BIPM pigeonpea 
plots was always found lower than those of non-
IPM plots, where farmers applied 3–4 sprays of 
chemicals. BIPM interventions resulted in the 
substantial decrease in borer damage to pods and 
seeds with 34 % and 21 % pod and seed damage 
compared to 61 and 39 % pod and seed damage 
in non-IPM plots. This lower pod borer damage 
in the BIPM plots also reflected in higher yield 
of 0.77 t ha−1 compared to 0.53 t ha−1 in farmer 
practice treatment. The observations on egg and 
larval population during 2001–2002 indicated 
similar trend as in the previous season. The BIPM 
interventions resulted in 33 and 55 % reduction 
in pod and seed damage, respectively. The BIPM 
plots yielded 0.55 t ha−1 compared to 0.23 t ha−1 
yield in non-IPM plots, even although the overall 
yield levels were low (Ranga Rao et al. 2007).

In chickpea, egg and larval population dur-
ing 2000–2001 indicated the onset of the pests 
during the first fortnight of November when the 
crop was around 30 d old (with one egg plant−1), 
and the number continued to increase until the 
first fortnight of December when the crop at-
tained podding stage and later declined by the 
end of January. The difference in plant protection 
practices between BIPM and non-IPM plots was 
clearly reflected in the lower larval population in 
BIPM fields throughout the vulnerable phase of 
the crop. The BIPM farmers also harvested three 
times higher yields of 0.78 t ha−1 compared to 
0.25 t ha−1 in non-IPM fields, which was primar-
ily due to an effective pest management and the 
adoption of improved variety (ICCV 37) devel-
oped at the International Crops Research Institute 
for the Semi-Arid-Tropics (ICRISAT).

Chemical Usages on Different Crops

Detailed crop surveys on the use of chemicals 
on different crops during 2005–2006 in India 
brought out the following proportion of pesti-
cide inputs in various crops: cotton: (51 %), rice 
(10 %), pigeonpea (6 %), maize (2 %), chickpea 
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(1 %), groundnut (2 %), and chilly (28 %) of the 
total pesticides usage in the selected project lo-
cations (World bank DM ICRISAT, final Report 
Anon 2007). In Asian agriculture, about 80 % 
of the plant protection chemicals utilized were 
in cotton and vegetables, although the area was 
only about 5 % of the total. Similar trend was 
also noticed in India with 75 % of the chemical 
use in these crops covering only 5 % of the cul-
tivated area (Vasantharaj David 1995). Of these, 
chilly was found to be highly intensive crop with 
15–20 sprays in a 6-month period, contributing 
to heavy residues on the products, hindering its 
export. Results from Table 1 clearly show the use 
of excess dosage of plant protection chemicals 
by farmers. This could be due to their ignorance, 
low confidence on the efficacy of chemicals, lack 
of effectiveness due to the occurrence of insecti-
cidal resistance in key species, and inappropriate 
application. Since intensive plant protection in a 
limited area was responsible for major residues 
and environmental issues those areas should be 
given the priority to reverse the ill effects caused 
by the use of chemicals.

The studies related to pesticide use the fol-
lowing implementation of IPM in 17 selected 
villages, indicated substantial reduction in pes-
ticide application from 11 sprays to 4 sprays in 
cotton, 2.1 to 1.6 in rice, 2.9 to 2.2 in pigeonpea, 
and 2.9 to 2.3 in chickpea during 2005 and 2007 
(Table 2). This impact was due primarily to the 
periodic farmer researcher interactions, train-
ing imparted to the farmers and their keenness 
on judicious use of chemical pesticides. Mancini 
(2006) also described similar results with about 
75 % reduction in pesticide use in contact villag-
es compared to 28 % in the noncontact villages 

without compromising crop yields through farm-
er field schools.

The crop samples analyzed for pesticide resi-
dues in 15 contact (41 samples) and 5 noncontact 
(15 samples) villages revealed presence of pesti-
cide residues in all samples of which 38 samples 
had residues below 0.001 ppm (Anon 2007). 
However, one sample each of Dolichos and to-
mato only had residues of monocrotophos and 
chlorpyriphos above the maximum residue lim-
its (MRLs) prescribed by the FAO. According to 
Peter Melchett (2008), the level of pesticide resi-
dues in juice drinks in the UK was on an average 
34 times more than those permitted in drinking 
water and sometimes up to 300 fold. Studies con-
ducted by Yaong Bai et al. (2006) in vegetables 
in the Shaanxi area of China revealed the occur-
rence of residues of five organophosphorus pes-
ticides ranging from 0.004 to 0.257 ppm; and in 
18 of 200 samples, the residue levels exceeded 
MRLs. The occurrence of pesticide residues in 
the in samples in the study clearly indicated the 
status of residues and the need for developing 
strategies for their management.

Bio-Rationals

The term covers a range of alternatives to syn-
thetic chemical pesticides of biological origin. 
Their main feature is specificity to avoid nontar-
get mortality and associated problems. The use of 
bio-pesticides is an important component of IPM 
strategy for all major crops. The best-known ex-
amples are the neem-based products, which have 
shown to be effective against a number of pests, 
NPV being used for the control of important 

Table 1  Quantity of common used pesticides, used by farming community and the recommended doses
Chemical (No. of farmers) Chemical group Quantity of chemical used (ml ha−1)

Mean Range Recommended
Endosulfan (185) Organochlorine 1580 375–5000 1000
Monocrotophos (251) Organophosphate 1590 250–3750 750
Indoxacarb (169) Chloro-nicotil 418 63–1250 250
Spinasod (133) Microbial 213 50–500 125
Cypermethrin (82) Pyrethroid 1753 250–2500 500
Imidacloprid (51) Neonicotinoid 305 63–750 125
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Table 2  Comparison of pesticide use on selected crops in villages before and after the implementation of IPM
Village
(No. of 
farmers)

No. of insecticidal sprays
Cotton Paddy Pigeonpea Chickpea

2005 2007 Reduc-
tion (%)

2005 2007 Reduc-
tion (%)

2005 2007 Reduc-
tion (%)

2005 2007 Reduc-
tion (%)

Daulatabad (11) – – – 2.0 1.7 15.0 3.3 3.3 0.0 – – –
Mudireddypalli 
(19)

– – – 2.3 2.1 8.7 3.1 3.3 – 6.5 – – –

Peddaravelli 
(11)

7.9 2.2 72.2 1.5 0.8 46.7 2.0 1.3 35.0 – – –

Pullagiri (14) 6.9 3.6 47.8 2.6 2.3 11.5 2.7 1.8 33.3 – – –
Indrakal (17) 7.5 4.1 45.3 2.3 2.1 8.7 2.7 2.0 25.9 – – –
Musapet (9) – – – 1.8 0.8 55.6 – – – – – –
Addakal (11) – – – 2.5 2.1 16.0 – – – – – –
Chandapur (16) 16.5 6.8 58.8 2.7 1.7 37.0 3.0 2.3 23.3 2.9 2.4 17.2
Kamalpally 
(15)

9.5 3.1 67.4 – – – 2.8 2.5 10.7 2.7 2.6 3.7

Gundlamachnur 
(17)

13.7 3.6 73.7 2.2 1.7 22.7 2.9 1.7 41.4 3.0 2.6 13.3

Lingapur (18) 10.3 4.0 61.2 2.1 1.6 23.8 2.5 1.6 36.0 2.7 1.8 33.3
Kyasaram (21) 14.7 4.2 71.4 2.4 2.1 12.5 3.1 2.3 25.8 2.7 2.4 11.1
Alirajpet (15) 10.9 3.3 69.7 2.1 1.7 19.0 3.0 2.4 20.0 2.9 2.2 24.1
Kukunurpally 
(16)

16.4 3.2 80.5 1.7 1.4 17.6 3.0 1.9 36.7 – – –

Vattimeena-
pally(16)

8.1 3.4 58.0 – – – 2.9 2.1 27.6 3.6 2.6 27.8

Medipallyka-
lam (20)

15.5 3.9 74.8 1.8 1.5 16.7 3.5 2.9 17.1 2.8 2.0 28.6

Kummera (15) 9.9 3.4 65.7 1.8 0.5 72.2 2.6 1.6 38.5 2.6 1.9 26.9
Mean 11.4 3.8 65.1 2.1 1.6 25.6 2.9 2.2 24.3 2.9 2.3 20.7
Absence of crop in the village; Obtained from Ranga Rao et al. 2009; Obtained from ICRISAT World Bank DM 
project final report 2007

pests like Helicoverpa armigera and Spodoptera 
spp. In addition, Bacillus thuringiensis (Bt) has 
gained importance in suppressing pest popula-
tions in crops like cotton and vegetables.

There are several bio-pesticides commercial-
ly available for use by farmers. There were ap-
proximately 175 registered bio-pesticide active 
ingredients in India and 700 products globally 
(Ranga Rao and Goplakrishnan 2009). Aware-
ness of the need for safer agents has grown with 
an increasing concern for the toxicity of synthet-
ic pesticides. Hence, biorational pesticides have 
immense potential. A number of neem-based 
formulations are being produced by small-scale 
formulators and marketed as insecticides. Most 
of them are made from neem oil and contain 
varying amounts of Azadirachtin. There have, 
however, been problems with the maintenance of 

consistent quality. To overcome this, farmers are 
encouraged to procure neem seeds and prepare 
their own spray containing 5 % neem-fruit-pow-
der extract using the prescribed procedure.

Hence, several integrated pest management 
(IPM) programs have adopted neem as one of 
the prime options for creating greater stabil-
ity and sustainability in crop production. In the 
present IPM module, the use of neem during the 
vegetative phase, followed by the application of 
Helicoverpa Nucleo Polyhedrosis virus (HNPV), 
a popular insect pathogen at flowering and need-
based application of chitin inhibitors (novaluron, 
flufenoxuron) instead of conventional insecticide 
(endosulfan) during pod formation phase in pest 
management would be of immense help in aug-
menting the natural enemies in the chickpea eco-
system (Ranga Rao et al. 2008).
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Effect of IPM Options on Soil Inhabiting 
Natural Enemies

Studies to assess the effects of select treat-
ments on soil inhabiting natural enemies dur-
ing 1998–2000 postrainy seasons revealed that 
their population started building up during the 
vegetative phase (302 trap−1) and attained the 
peak during the flowering phase (455 trap−1) and 
subsequently there was a gradual decline dur-
ing pod formation and preharvested phases of 
the crop. Observations on the effects of various 
treatments on soil inhabiting natural enemies at 
vegetative phase revealed that plots treated with 
endosulfan had significantly lower populations 
(107.7 trap−1) with 64 % reduction compared to 
the control (302.3 trap−1). The plots treated with 
HNPV showed minimum disturbance to natural 
enemies with a catch of 267.1 trap−1, on par with 
the control (Ranga Rao et al. 2008).

These studies clearly indicated the popula-
tion dynamics of soil inhabiting natural enemies 
and their potential in suppressing the pod borer. 
Considering the preference by insect pests and 
their associated natural enemies live and feed 
on chickpea than other legume crops (Ranga 
Rao and Shanower 1999), it is necessary to in-
tegrate safer and effective pest management 
options in the chickpea IPM programs in order 
to obtain maximum advantage from the natural 
enemies. Hence, one should be cautious in the 
selection and sequencing of control measures 
to maintain the ecological balance and healthy 
environment. The results from these investiga-
tions have provided further insight to the earlier 
studies on the effective use of IPM options in 
the management of key pests and their natural 
enemies with less deleterious effects on natural 
enemies.

Effect of IPM Options on Aerial Natural 
Enemies in the Chickpea Canopy

Using a De Vac® at 22, 54, 76, and 99 DAS dur-
ing the 1998–1999 season assessed the impact of 
various IPM options on aerial natural enemies. 
The results from these studies at 22 DAS re-

vealed lower number of natural enemies in plots 
treated with endosulfan (39.5) compared to plots 
treated with HNPV (69.7), IPM (51.0) and con-
trol (87.1). Observations at 54 DAS 2 days after 
the third spray suggested a similar trend with a 
significant reduction (58 %) in the number of 
natural enemies in the plots treated with endo-
sulfan. However, there was no significant re-
duction in the number of natural enemies in the 
plots treated with either neem (20.8) or HNPV 
(21.5) compared to the control (23.8). Perusal of 
the data at 76 DAS revealed that the plots treat-
ed with endosulfan recorded the less number of 
aerial natural enemies (18.0) while neem, HNPV, 
and IPM treatments had populations of 25.3, 
28.8, and 27.3, respectively, compared to control 
(32.2). At 99 DAS, the natural enemy popula-
tions in plots treated with endosulfan were found 
significantly low (9.5) and the other treatments 
were on par with each other. The overall effect of 
endosulfan, neem, and HNPV indicated 52, 29, 
and 14 % reduction in population of aerial natural 
enemies, respectively, over control. (Ranga Rao 
et al. 2008)

Effect of IPM options on larval parasitoids 
of H. armigera. During the study period, the lar-
val parasitization of H. armigera was mainly by 
Campoletis chlorideae. Apart from C. chloride-
ae, the other larval-pupal parasitoid, Carcelia il-
lota Curron, a tachinid was recorded only in con-
trol plots, however, its incidence was only 2 %. 
Two years study during 1998–2000 at ICRISAT 
fields, the overall effect of endosulfan, neem, 
HNPV, and IPM treatments indicated 35, 20, 16, 
and 21 % reduction, respectively.

In subsequent studies during 2003–2004, 
post-rainy season in chickpea revealed the over-
all effect in two samples of larval collections (at 
26 and 56 DAS) lower parasitization in plots 
treated with endosulfan (2.3 %) with 60 % reduc-
tion over control. The larval parasitization from 
plots treated with neem fruit extract (4.7 %) and 
neem oil (5.2 %) indicated 17 and 11 % reduc-
tion in population, respectively, over control. The 
bio-pesticide HNPV-treated plot recorded higher 
number of parasitized H. armigera larvae (5.7 %) 
with 2.8 % reduction in population, which was on 
par with control.
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Farmer Perception of Plant Protection

Participatory rural appraisal (PRA) was under-
taken in 70 villages in India and Nepal, cover-
ing 1185 farmers to generate baseline informa-
tion on the current plant protection practices. The 
study revealed that 93 % of the farmers in India 
and 90 % in Nepal had adopted chemical control 
for the management of various insect pests in 
different crops. However, less than 20 % of the 
farmers expressed confidence on the efficacy of 
the current plant protection measures. In India, 
52 % farmers get their plant protection advice 
from pesticide dealers. While in Nepal, majority 
of the farmers (69 %) make their plant protection 
decisions through agricultural officers (Fig. 1). A 
majority of the farmers (73 % in India and 86 % 
in Nepal) initiate the plant protection based on 
the first appearance of the pest, irrespective of 
their population, crop stage, and their damage 
relationships (Fig. 2). About 50 % of the farmers 
in India and 20 % in Nepal were not using any 
protective clothing while spraying. Health prob-
lems associated with the application of plant pro-
tection chemicals were reported by farmers. The 
cost of plant protection on various crops ranged 
from 7 to 40 % of the total crop production cost. 
Although IPM has been advocated for the past 
two decades, only 32 % in India and 20 % of 
farmers in Nepal were aware of the IPM prac-
tices. IPM implementation in selected villages 

brought 20–65 % reduction in pesticide use on 
different crops (Ranga Rao et al. 2009b).

Knowledge on Integrated Pest 
Management (IPM)

Though IPM has been advocated for over two 
decades, only 32 % farmers in India and 20 % in 
Nepal were aware of IPM practices. Among the 
various bio-pesticides, majority of the farmers 
(76 % in India and 93 % in Nepal) have adopted 
neem in their pest management programs. Though 
the farmers in India and Nepal were aware of bio-
pesticides and natural enemies, their integration 
into the IPM was only 32 % in India and 20 % 
in Nepal. This low adoption of IPM in various 
crops was primarily due to the non-availability 
of IPM inputs at the farm level, the complexity 
of the IPM modules for different crops, lack of 
information on the ill effects of toxic chemicals 
and the existing insufficient extension networks.

Insecticide Residue Monitoring: A 
Case Study

Pesticide residue monitoring was taken up at Ko-
thapally and Enkepally villages of Ranga Reddy 
district, TS in food crops (rice, maize, pigeon-

Fig. 2  Basis of pesticide application by farmers in India 
and Nepal. (Obtained from Ranga Rao et al. 2009b)

 

Fig. 1  Sources of advice to farmers in pest control in 
India and Nepal. (Obtained from Ranga Rao et al. 2009b)
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pea), vegetables (tomato and brinjal), and cotton 
besides soil and water during 2006 and 2009 sea-
sons. The pesticide residue analysis during 2006 
and 2007 revealed the presence of residues of 
chlorpyriphos and cypermethrin above MRL in 
10 % of the samples of brinjal and tomato. In fact, 
most of the water samples from bore as well as 
open wells showed considerable level of residues 
though they are below the MRLs (Table 3).

Pesticide Residues in Food Grains and 
Cotton

Analysis of food grains, cotton, and soil samples 
showed that out of all grain samples analyzed, 
one sample of rice grain was contaminated with 
beta endosulfan (0.5 µg g−1). Alpha (0.02 µg g−1) 
and beta endosulfan (0.02 µg g−1) residues were 
detected in one soil sample collected from maize 
field during 2008 season. Only two samples con-
tained beta endosulfan residue— one rice grain 
sample (0.008 µg g−1) and one soil sample col-

lected from rice field (0.03 µg g−1) during the 
2009 season. However, none of the pigeonpea 
grain and cotton lint samples were contaminated 
with insecticide residues. The presence of endo-
sulfan residues in rice grain and soil from rice 
field could be attributed to the fact that farmers 
used endosulfan for pest control in various fields 
(Fig. 3). Detection of endosulfan residues in 
maize cultivated fields and cobs was in conso-
nance with the study conducted by Singh et al. 
(1992). Senapati et al. (1992) reported the ab-
sence of residues in pigeonpea grain at harvest. 
Samant et al. (1997) and Nayak et al. (2004) also 
reported nondetectable levels of chlorpyriphos 
and endosulfan in the black gram and green gram 
seeds. The nondetection of residues in soils from 
pigeonpea fields are in agreement with the results 
of Tanwar and Handa (1998). A shift in cotton 
cultivation from traditional varieties to Bt variet-
ies, which requires less number of sprays accord-
ing to our survey, might be one of the reasons 
for nondetectable residues in cotton lint. Suganya 
Kanna et al. (2007) also did not observe any resi-

Table 3  Pesticide residues in vegetable samples collected from farmers’ fields, Kothapally village, Ranga Reddy dis-
trict during 2007
Crop (No. of samples) Range of pesticide residue level (mg kg−1)

Monocrotophos Chlorpyrifos Endosulfan Cypermethrin
Brinjal (10) 0.003 (< 0.001–0.007) 0.008 (< 0.001–0.040) 0.019 (< 0.001–0.089) 0.052 (< 0.001–0.283)
Cucumber (10) 0.004 (0.001–0.011) 0.066 (0.001–0.330) 0.019 (0.002–0.030) 0.010 (0.001–0.034)
Okra (10) 0.013 (< 0.001–0.044) 0.605 (0.001–5.154) 0.130 (0.001–0.784) 0.025 (< 0.001–0.112)
Ridgegourd (6) 0.015 (< 0.001–0.041) 0.050 (0.001–0.223) 0.021 (0.002–0.061) 0.086 (0.001–0.352)
Tomato (23) 0.005 (< 0.001–0.025) 0.035 (< 0.001–0.151) 0.032 (< 0.001–0.466) 0.024 (< 0.001–0.141)

Fig. 3  Frequency distribution of insecticide residues in vegetable crops and soil samples from their respective fields
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dues of imidacloprid and acetamiprid in cotton 
lint.

Insecticide Residues in Vegetables 
and Soil

Studies organized on the pesticide residues in veg-
etable (brinjal, cucumber, okra, ridge gourd, and 
tomato) and water samples collected from Kotha-
pally Adarsha watershed in Rangareddy district, 
TS, India during 2007 revealed the presence of 
monocrotophos (range 0.001–0.044 mg kg−1), 
chlorpyrifos (0.001–5.154 mg kg−1), cyperme-
thrin (0.001–0.352 mg kg−1) and endosulfan 
(0.001–0.784 mg kg−1). The residues of mono-
crotophos and endosulfan were below MRL in 
all the 59 vegetable samples, while the residues 
of chlorpyrifos were above MRL in four samples 
and cypermethrin in two samples.

The data on insecticide residues in tomato 
fruits and soil are presented in Table 4. Out of the 
15 tomato fruit samples analyzed during the 2008 

summer season from two villages, eight (53 %) 
samples were found to be contaminated with all 
the insecticide groups under study, except for 
chlropyriphos; and the residue concentration 
ranged from 0.01 to 0.3 µg g−1. However, one 
sample showed monocrotophos residue above 
the MRL. During the Kharif 2008 season, 40 % 
of the samples (6 out of 15) were contaminated 
(0.006 to 0.3 µg g−1). One (0.07 µg g−1) out of the 
15 samples contained insecticide residues during 
the Rabi 2008 season. During the 2009 summer 
season, low concentrations of residues in 7 out 
of 15 samples (47 %) were detected showing 
monocrotophos as the major insecticide. Four 
samples out of 15 contained residues during the 
2009 Kharif season, however they were below 
MRLs. (Table 4). Out of the 10 soil samples 3 
(33 %) contained cypermethrin residues (rang-
ing from0.1 to 0.3 µg g−1) in the 2008 summer 
season. Alpha and beta endosulfan residues (0.02 
to 0.07 µg g−1) in 5 out (55 %) of 10 samples 
were detected during 2008 Kharif season. Dur-
ing the 2008 Rabi, only 1 out of 10 soil samples 

Table 4  Insecticide residues in tomato and brinjal and in respective soil samples from the fields observed in Kothapally 
and Enkepally villages during 2008–2009 and 2009–2010 cropping seasons
No. of samples analyzed/
contaminated

Insecticides detected Frequencies Residue range (µg g−1) MRL (µg g−1)*

In Tomato
Fruit 75 (26) Monocrotophos 10 0.006–0.2 0.2

Alpha endosulfan 5 0.01–0.2 2.0
Beta endosulfan 8 0.008–0.07 2.0
Cypermethrin 11 0.06–0.5 0.5

Soil 40 (13) Monocrotophos – – –
Alpha endosulfan 4 0.05–0.8 –
Beta endosulfan 3 0.02–0.2 –
Cypermethrin 3 0.01–0.3 –

Brinjal
Fruit 80 (46) Monocrotophos 17 0.01–0.2 0.2

Chlorpyriphos 2 0.009–0.01 0.2
Alpha endosulfan 15 0.009–1.0 2.0
Beta endosulfan 10 0.006–3.0 2.0
Cypermethrin 21 0.01–0.2 0.2

Soil 40 (5) Monocrotophos 1 0.06 –
Chlorpyriphos 1 0.03 –
Alpha endosulfan 1 0.1 –
Beta endosulfan 1 0.01 –
Cypermethrin 1 0.02 –

*Maximum residue limit
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contained beta endosulfan residue (ranging from 
0.03−0.2 µg g−1). Three out of ten soil samples 
contained alpha endosulfan and cypermethrin 
residues (ranging from 0.04 to 0.8 µg g−1) during 
the 2009 Kharif season.

In brinjal during 2008 summer season, the 
frequency of contamination with cypermethrin 
(0.009 to 3.0 µg g−1) was higher, and it was in 9 
out of 16 brinjal fruit samples. Beta endosulfan 
was present in greater concentration (3.0 µg g−1) 
and was above the MRL (Table 6). A contamina-
tion level of 69 % (11 out of 16) with monocro-
tophos and cypermethrin as the main contami-
nants (residue concentration ranging from0.006 
to 0.2 µg g−1). In 7 out of 16 samples, residues of 
monocrotophos, alpha endosulfan and cyperme-
thrin (44 % contamination) were detected during 
2008 Rabi season, (0.009 to 0.1 µg g−1). Sixty 
nine per cent (11 out of 16) of the samples were 
found contaminated during 2009 summer sea-
son, and the residue concentration ranged from 
0.006 to 0.2 µg g−1. In 8 out of 16 samples (0.01–
2.0 µg g−1) insecticide residues were detected 
during the 2009 Kharif season. The results of soil 
analysis are shown in Table 3. Monocrotophos 
(0.06 µg g−1) and chlorpyriphos (0.03 µg g−1) 
residues were detected in the samples collected 
in 2008 summer season. During the 2008 Kharif 
season, insecticide residues were not detected in 
the samples. One out of the eight (13 %) samples 
collected contained the residues of different in-
secticides (ranging from 0.01 to 0.1 µg g−1) 

during the 2008 Rabi, 2009 summer, and 2009 
Kharif seasons. The presence of monocrotophos 
in selected vegetable samples in concentrations 
above the MRL probably was due to unauthor-
ized sale by pesticide dealers and their use by 
farmers, although this insecticide was banned for 
use on vegetables as per the Insecticide Act, 1968 
as on 28th December, 2006 (Sharma 2007). The 
contamination of soil samples with insecticide 
residues from the field planted with brinjal was 
lower as compared to the samples from the field 
planted with tomato. This could be attributed to 
greater canopy cover under brinjal and longer 
duration of the crop as suggested by Jayashree 
and Vasudevan (2007) in paddy canopy and the 
movement of residues to the soil and in the run-
off water.

Considering overall all samples, of the 80 
food crop and cotton samples, only two rice grain 
samples (3 %) showed beta endosulfan residues 
and two (3 %) out of 80 soil samples showed 
alpha and beta endosulfan residues. In vegeta-
bles, of the 75 tomato samples, 26 (35 %) were 
found contaminated with residues and 4 % had 
residues above MRLs. In soil samples (Fig. 5), 
13 samples (26 %) out of the 50 samples from to-
mato fields had residues. Among the 80 brinjal 
samples, 46 (56 %) had residues; and out of these 
4 % samples had residues above MRLs. Only 
13 % of the soil samples from brinjal fields were 
contaminated (Fig. 3 and 4).

Fig. 4  Impact of IPM in reducing insecticides residues in tomato and brinjal crops and soils
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Insecticide Residues in Water

The pesticide residue analysis during 2006 and 
2007 revealed the presence of residues of chlor-
pyriphos and cypermethrin in most of the water 
samples from bore as well as open wells showed 
considerable level of residues though they are 
below the MRLs. During 2006–2007, residues 
of all the four pesticides were found higher in 
bore well water compared to open well samples 
(Table 6). Residues of endosulfan were higher by 
300 %, cypermehrin by 89 %, monocrotophos by 
50 %, and chlorpyrifos by 9 % in bore wells com-
pared to samples collected from the open wells. 
The total residue concentrations of all the four 
pesticides were high in water samples from bore 
wells (0.036 mg kg−1) than water samples from 
the open wells (0.023 mg kg−1). Low levels of 
residues in open wells could be due to greater 
exposure to the environment thereby more scope 
for degradation. These studies brought about the 
status of selected conventional pesticides used 

for farming activities. Though the levels of toxic-
ity in several samples were below MRL’s consid-
ering their occurrence in all samples one should 
critically look into the eco system to make sure 
the crops and the agro ecosystem were free from 
the toxicants.

Water analysis during 2009 from food crop 
fields and vegetable fields did not reveal any in-
secticide residues. According to the WHO (2004), 
most of the organochlorine pesticides are practi-
cally insoluble in water. Our results are in agree-
ment with the findings of Jagdishwar Reddy et al. 
(1997) who reported no insecticide residues in 
river, tank and canal water. However, most of the 
documented review on pesticide residues in water 
in India indicated the presence of highly persis-
tent organochlorines like DDT, HCH, lindane, 
and heptachlor and endosulfan in different water 
sources. The suspended residues were probably 
quickly decomposed by sunlight through photo 
degradation reaction and hence pyrethroids did 
not persist longer on the surface or sub-surface 

Table 5  Pesticide residues in two vegetable samples collected from IPM and farmers practice plots, Kothapally village, 
Ranga reddy district, TS, 2007
Crop Treatment 

(No. of samples)
Residue levels (mg kg−1)

Monocrotophos Chlorpyrifos Endosulfan Cypermethrin
Tomato IPM (18) 0.005 0.034 0.012 0.023
Tomato Non-IPM (5) 0.005 0.041 0.101 0.028
Cucumber IPM (5) 0.004 0.027 0.011 0.009
Cucumber Non-IPM (5) 0.005 0.106 0.026 0.012

Fig. 5  Frequency distribution of insecticide residues in crops and soil samples taken from the IPM and Non-IPM fields 
planted with vegetables
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water samples (Awasthi 1997; Nwankwoala and 
Osibonjo 1992) studied the organochlorine pes-
ticide residues in surface waters in Ibadan (Ni-
geria). This may be due to the indiscriminate use 
of chemicals and perhaps could be contamination 
from local as well as upstream areas.

Impact of Integrated Pest Management 
in Minimizing Insecticide Residues

To understand the impact of IPM modules in 
the reduction of insecticide residues, samples 
of crop, soil, and water were monitored from 
selected IPM farmers and the results compared 
with the samples collected from the nonIPM 
farmers from two villages, viz., Kothapally and 
Enkepally of Ranga Reddy district, Andhra 
Pradesh. As vegetables are the major source of 
chemical use, tomato and brinjal were covered in 
this study. Five tomato and five brinjal farmers 
were selected from Kothapally village and IPM 
schedule was given to them. studies organized 
on the pesticide residues in vegetable (brinjal, 
cucumber, okra, ridgegourd, and tomato) and 
water samples collected from Kothapally Adar-
sha watershed in Rangareddy district, Andhra 
Pradesh, India during 2007 revealed the presence 
of monocrotophos (range 0.001–0.044 mg kg−1), 
chlorpyrifos (0.001 to 5.154 mg kg−1), cyperme-
thrin (0.001 to 0.352 mg kg−1) and endosulfan 
(0.001 to 0.784 mg kg−1). The residues of mono-
crotophos and endosulfan were below MRL in 
all the 59 vegetable samples while the residues 

of chlorpyrifos were above MRL in four samples 
and cypermethrin in two samples. The water 
samples also revealed the presence of pesticide 
residues but were below MRLs (Table 6). Among 
the food crops and cotton analyzed for the insec-
ticide residues (monocrotophos, chlorpyriphos, 
alpha endosulfan, beta endosulfan, and cyperme-
thrin), one rice grain sample (0.5 μg g−1) out of 
five samples collected from Kothapally was con-
taminated and among the soil samples, residues 
were detected in one soil sample (0.02 μg g−1) 
collected from maize field during 2008 in Enke-
pally. Only two samples were contaminated—
one rice grain sample (0.008 μg g−1) and one soil 
sample (0.03 μg g−1) collected from rice field 
during 2009 from Enkepally. Out of the total 45 
tomato fruit samples analyzed from Kothapally 
for insecticide residues over a period of five sea-
sons in 2008 and 2009, 11 samples (24 %) were 
found to contain residues. In Enkepally, the resi-
dues were observed in 50 % of samples (15 out of 
30 samples) during this period. However, none of 
the samples from Kothapally and 7 % of contami-
nated samples from Enkepally had residues above 
MRLs. Overall, out of the 30 soil samples collect-
ed from tomato fields during 2008 and 2009, only 
six samples (20 %) contained insecticide residues 
compared to 35 % in Enkepally. Among the 40 
brinjal samples analyzed during 2008 and 2009 
seasons, 17 (43 %) samples from Kothapally and 
29 (73 %) samples from the Enkepally contained 
insecticide residues. The overall residue levels in 
brinjal during the study period indicated 7 % of 
samples in Enkepally above MRLs.

Table 6  Pesticide residue levels in water samples collected from open and bore wells of Kothapally village, Ranga 
Reddy district during different phases of IPM (2006-09)
Source of water sample Residue levels (mg kg−1)a Total

Monocrotophos Chlorpyrifos Endosulfan Cypermethrin
Initial phase of IPM upto 2006
Bore well 0.003 

(< 0.001–0.004)
0.012 
(< 0.001–0.018)

0.004 
(< 0.001–0.005)

0.017 
(< 0.001–0.029)

0.036

Open well 0.002 
(< 0.001–0.002)

0.011 
(0.004–0.017)

< 0.001 (< 0.001) 0.009 
(< 0.001–0.009)

0.023

During 2009
Bore well ND ND ND ND ND
Open well ND ND ND ND ND

ND Not detected
a Mean of four open and two bore wells (Values in the parenthesis denote the range)
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Soil analysis in five various seasons showed 
that only 10 and 15 % of the samples collected 
from brinjal fields were contaminated in Ko-
thapally and Enkepally, respectively; and none 
of the water samples collected from food crops, 
cotton, and vegetable crops were contaminated 
(Fig. 6 and Table 4).

As a result of close interactions with research-
ers and farmers covering various activities on nat-
ural resources and crop improvement, the farmers 
are familiar and adopting the good agricultural 
practices. The awareness in farmers on various 
aspects, particularly efficient use of water, the 
importance of improved cultivars and plant pro-
tection practices has increased substantially and 
most of the senior farmers are presently at the 
forefront in spreading the technologies to others.

With the introduction of transgenic cotton in 
this village during 2005, the adoption presently is 
100 %, which has facilitated farmers in reducing 
the pesticide use; for example, from 20 (while 
using traditional varieties) to at present 3–4 
sprays. Though pesticides are still in use in this 
village (mostly on vegetables), the farmers are 
quite aware of the bio-pesticides such as neem, 
vermiwash, and HNPV; and they strictly follow 
the need-based application of plant protection op-
tions. The data obtained in 2008–2009 on pesti-
cide residues clearly indicated a down word trend 
in the occurrence of beta endosulfan, monocroto-
phos and cypermethrin in only 4 % of brinjal and 
tomato samples. After thorough implementation 

of IPM, the water samples from various fields in 
Kothapalli village were found free from residues. 
This clearly emphasizes the impact of intensive 
implementation of the IPM in this village dur-
ing the past one decade (Figs. 4 and 5). This is 
one example in which there is a remarkable turn-
around from a bad situation which was rectified, 
through a greater level of education followed by 
adoption of eco- friendly approaches.

Thus, by adopting the IPM strategies in their 
village (Kothapally), senior farmers including 
Mr Narayana Reddy, Mr Narsimha Reddy, and 
Ms Laxmi are very comfortable in sharing their 
knowledge in the use of BIPM approaches in ad-
dressing the environmental and health issues. In 
this process, now the whole farming community 
of the village adopted the protective clothing and 
took the oath that they see no one sprays any 
plant protection chemicals without a protective 
gear. At present, this village is a role model for 
sustainable improvement of natural resources 
with improved productivity and environment.

The world has long produced enough calo-
ries, around 2700 per day per human, more than 
enough to meet the United Nations projection of 
a population of nine billion by 2050, up from the 
current seven billion. There are hungry people 
not because food is lacking, but because not all 
of those calories go to feed humans (a third go to 
feed animals, nearly 5 % are used to produce bio-
fuels, and as much as a third is wasted, all along 
the food chain, Mark Bittman 2013).

Fig. 6  Percent contaminated samples of various food, fiber, and vegetable crops from Kothapally village during 
2008–2010
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The Way Forward

An adequate support for plant protection research 
is essential to meet the challenges of producing 
healthy food from the available land with mini-
mal adverse effect on the environment. Technolo-
gies such as developing resistant varieties, en-
hancing natural enemies, improving the cultural 
control, judicious use of chemical pesticides and 
IPM will have a significant role to play in the fu-
ture. Indeed most operational IPM systems have a 
relatively simple, yet effective beginning. In this 
way, even where resources may be quite limited, 
an effective IPM system can often be developed 
and adopted to suit the local situations. Biological 
control of pests through the use of natural enemies 
is an important component of the IPM strategy 
due to its environmental soundness and wide ac-
ceptability. Interest in biological control of pests 
in agricultural crops is increasing. Apart from the 
harm from the chemicals to human health and 
environment, pesticides can easily disrupt the 
natural control of pests and diseases by killing 
their natural enemies. Without these beneficial 
organisms, farmers become more dependent on 
the use of pesticides. Without the progress in the 
recent plant protection research, the hunger and 
poverty alleviation would have been worst but 
need to be taken further. This cannot be achieved 
through the individual research agenda of any 
one organization; and hence appropriate research 
partnerships including the international organiza-
tions, national institutes, non-governmental agen-
cies and farmers should work together to make 
the dream of safe food and safe environment true.
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Abstract
Global warming and climate change will trigger major changes in geo-
graphical distribution and population dynamics of insect pests, insect–
host-plant interactions, activity and abundance of natural enemies, and 
efficacy of crop protection technologies. Changes in geographical distri-
bution and incidence will affect both crop production and food security. 
Insect pests presently confined to tropical and subtropical regions will 
move to temperate regions along with a shift in the areas of production of 
their host plants, while distribution and relative abundance of some insect 
species vulnerable to high temperatures in the temperate regions may de-
crease as a result of global warming. The relative efficacy of pest control 
measures such as host-plant resistance, natural enemies, biopesticides, 
and synthetic chemicals is likely to change as a result of global warming 
and climate change. There is an urgent need to assess the efficacy of vari-
ous pest management technologies under diverse environmental condi-
tions and develop appropriate strategies for pest management to mitigate 
the adverse effects of climate change.

Introduction

Insect pests cause an estimated annual loss of 
13.6 % globally, and the extent of losses in India 
has been estimated to be 17.5 % (Dhaliwal et al. 

2010). The pest-associated losses are likely to 
increase as a result of changes in crop diversity 
and climate change. Climate change and its vari-
ability will have major effect on water availabil-
ity, forest cover, biodiversity, crop production, 
and food security (Fig. 1). Changes in rainfall 
pattern are of greater importance for agriculture 
than the annual changes in temperature, espe-
cially in regions where lack of rainfall may be a 
limiting factor for crop production. Geographical 
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distribution of tropical and subtropical insect 
pests will extend along with shifts in the areas 
of production of their host plants, while distribu-
tion and relative abundance of some insect spe-
cies vulnerable to high temperatures in the tem-
perate regions may decrease. High mobility and 
rapid population growth will increase the extent 
of losses due to insect pests. Current estimates of 
changes in climate indicate an increase in global 
mean annual temperatures of 1 °C by 2025 and 
3 °C by the end of the next century, and the date at 
which an equivalent doubling of CO2 will be at-
tained is estimated to be between 2025 and 2070, 
depending on the level of emission of greenhouse 
gasses (IPCC 1990; Crowley 2000; Fig. 2). Mean 
annual temperature changes between 3 and 6 oC 
are estimated to occur across Europe, with great-
est increases occurring at high latitudes.

Effect of Global Warming on 
Arthropod Diversity and Extinction of 
Species

Arthropods (insects, spiders, and mites) are the 
most diverse group of organisms, which can serve 
as useful indicators of the effect of global warm-
ing and climate change on different agro-ecosys-
tems (Table 1). Arthropods are the most diverse 
component of terrestrial ecosystems and occupy 
a wide variety of functional niches and micro-
habitats (Kremen et al. 1993). Responses of ar-
thropods to pollution depend on both temperature 
and precipitation in such a way that ecosystem-
wide adverse effects are likely to increase under 
predicted climate change (Zvereva and Kozlov 
2010). Consequences of temperature increases of 
1–2 °C will be comparable in magnitude to the 
currently seen climate change in the Antarctic 

Fig. 1  Climate change effects on water availability, forest cover, biodiversity, and food security
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(Bokhorst et al. 2008). Speciation takes between 
100 and 1,000,000 years, providing between 10 
and 10,000 new species per year, and 99.9 % of 
all species that ever lived have become extinct. 
We are now living through the sixth extinction 
spasm, which is largely driven by human activi-
ties. The current extinction rates are 100–1000 
times greater than what has happened earlier. 
Nearly 45 and 275 species are going extinct ev-
eryday as a result of human activities (Bokhorst 
et al. 2008).

Effect on Geographic Distribution and 
Population Dynamics of Insect Pests

Low temperatures are often more important than 
high temperatures in determining geographical 
distribution of insect pests. Increasing tempera-
tures may result in a greater ability to overwin-
ter in insect species limited by low temperatures 
at higher latitudes, extending their geographical 
range (EPA 1989; Hill and Dymock 1989). Spa-
tial shifts in distribution of crops under changing 
climatic conditions will also influence the distri-
bution of insect pests in a geographical region 
(Parry and Carter 1989). However, whether or 
not an insect pest would move with a crop into a 
new habitat will depend on other environmental 
conditions such as the presence of overwintering 
sites, soil type, and moisture, e.g., populations 
of the corn earworm ( Heliothis zea (Boddie)) in 
North America might move to higher latitudes/
altitudes, leading to greater damage in maize and 

other crops (EPA 1989). For all the insect species, 
higher temperatures, below the species’ upper 
threshold limit, will result in faster development, 
resulting in rapid increase of pest populations 
as the time to reproductive maturity is reduced. 
In addition to the direct effects of temperature 
changes on development rates, increases in food 
quality due to plant stress may result in dramatic 
increases in growth of insect pest populations, 
while the growth of certain insect pests may be 
adversely affected (Maffei et al. 2007). Pest out-
breaks are more likely to occur in stressed plants 
as a result of the weakening of the plants’ defen-
sive system, and thus, increasing the level of sus-
ceptibility to insect pests. Global warming will 
lead to earlier infestation by Helicoverpa armig-
era (Hub.) in North India (Sharma 2010), result-
ing in increased crop loss. An increase of 1 and 
2 °C in temperature will cause northward shifts 
in the potential distribution of the European corn 
borer, Ostrinia nubilalis (Hub.) of up to 1220 km, 
with an additional generation in nearly all regions 
where it is currently known to occur (Porter et al. 
1991). Overwintering of insect pests will in-
crease as a result of climate change, producing 
larger spring populations as a base for a buildup 
in their numbers in the following season. Many 
insects such as Helicoverpa spp. are migratory, 
and therefore, may be well adapted to exploit new 
opportunities by moving rapidly into new areas 
as a result of climate change (Sharma 2005).

Effects on Pollinators/Scavengers

• Altered profiles of pollinators/scavengers
• Extinction and/or emergence of new pollina-

tors/scavengers

Table 1  Species diversity among different groups of 
organisms
Organisms Number of species
Viruses, algae, protozoa, etc. 80,000
Bacteria 4000
Fungi 72,000
Plants 270,000
Animals: invertebrates (insects) 1,360,000
Animals: vertebrates 48,500
Total 1,834,500

Fig. 2  Likely increase in temperature over the next 100 
years (Crowley 2000)
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• Changes in composition of pollinators
• Asynchrony in pollinator activity and plant 

phenology
• Landscape changes due to change in pollina-

tors and scavengers

Effects of Climate Change on Pest 
Management

Effects on Expression of Resistance to 
Insect Pests

Host-plant resistance to insects is one of the 
most environmental friendly components of pest 
management. However, climate change may alter 
the interactions between insect pests and their 
host plants (Sharma et al. 2012b). Resistance 
to sorghum midge, observed in India, breaks 
down under high humidity and moderate tem-
peratures in Kenya (Sharma et al. 1999). There 
will be increased impact on insect pests which 
benefit from reduced host defenses as a result of 
the stress caused by the lack of adaptation to sub-
optimal climatic conditions. Problems with new 
insect pests will occur if climatic changes favor 
the introduction of non-resistant crops or culti-
vars. The introduction of new crops and cultivars 
to take advantage of the new environmental con-
ditions is one of the adaptive methods suggested 
as a possible response to climate change (Parry 
and Carter 1989).

Insect–host-plant interactions will change 
in response to the effects of CO2 on nutritional 
quality and secondary metabolites of the host 
plants. Increased levels of CO2 will enhance 
plant growth, but may also increase the damage 
caused by some phytophagous insects (Coviella 
and Trumble 1999). The effects of increased at-
mospheric CO2 on herbivory will not only be 
species-specific, but also specific to each insect–
plant system. Increased CO2 may also cause a 
slight decrease in nitrogen-based defenses (e.g., 
alkaloids) and a slight increase in carbon-based 
defenses (e.g., tannins). Lower foliar nitrogen 
due to CO2 causes an increase in food consump-
tion by herbivores up to 40 %, while unusually 
severe drought increases the damage by insect 

species such as spotted stem borer, Chilo partel-
lus (Swin.) in sorghum (Sharma et al. 2005).

Effect on Effectiveness of Transgenic 
Crops

Environmental factors such as soil moisture, soil 
fertility, and temperature have strong influence 
on the expression of Bt toxins in transgenic plants 
(Sachs et al. 1998). Cotton bollworm, Heliothis 
virescens (F.) destroyed Bt cottons due to high 
temperatures in Texas, USA (Kaiser 1996). Simi-
larly, H. armigera destroyed the cotton crop in 
the second half of the growing season in Australia 
because of reduced production of Bt toxins in the 
transgenic crops. Possible causes of the failure of 
insect control may be inadequate production of 
the toxin protein, effect of environment on trans-
gene expression, locally resistant insect popula-
tions, and development of resistance due to in-
adequate management (Sharma and Ortiz 2000). 
It is therefore important to understand the effects 
of climate change on the efficacy of transgenic 
plants for pest management.

Activity and Abundance of Natural 
Enemies

Relationships between insect pests and their 
natural enemies will change as a result of glob-
al warming, resulting in both increases and de-
creases in the status of individual pest species. 
Changes in temperature will also alter the timing 
of diurnal activity patterns of different groups of 
insects, and changes in interspecific interactions 
could also alter the effectiveness of natural en-
emies for pest management (Hill and Dymock 
1989). Quantifying the effect of climate change 
on the activity and effectiveness of natural en-
emies will be a major concern in future pest 
management programs. The majority of insects 
are benign to agro-ecosystems, and there is much 
evidence to suggest that this is due to population 
control through interspecific interactions among 
insect pests and their natural enemies (pathogens, 
parasites, and predators). Oriental armyworm, 
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Mythimna separata (Walk.) populations increase 
during extended periods of drought (which is det-
rimental to natural enemies), followed by heavy 
rainfall (Sharma et al. 2002). Aphid abundance 
increases with an increase in CO2 and tem-
perature; however, parasitism rates remain un-
changed in elevated CO2. Temperature not only 
affects the rate of insect development but also 
has a profound effect on fecundity and sex ratio 
of parasitoids (Dhillon and Sharma 2009). The 
interactions between insect pests and their natu-
ral enemies need to be studied carefully to devise 
appropriate methods for using natural enemies in 
pest management.

Biopesticides and Synthetic Insecticides

There will be an increased variability in insect 
damage as a result of climate change. Higher 
temperatures will make dry seasons drier, and 
conversely, may increase the amount and inten-
sity of rainfall, making wet seasons wetter than 
at present. Current sensitivities on environmen-
tal pollution, human health hazards, and pest re-
surgence are a consequence of improper use of 
synthetic insecticides (Sharma 2012a). Natural 
plant products, entomopathogenic viruses, fungi, 
bacteria, nematodes, and synthetic pesticides are 
highly sensitive to the environment. Increase in 
temperatures and UV radiation and a decrease in 
relative humidity may render many of these con-
trol tactics less effective, and such an effect will 
be more pronounced on natural plant products 
and biopesticides. Therefore, there is a need to 
develop appropriate strategies for pest manage-
ment that will be effective under situations of 
global warming in future. Farmers will need a set 
of pest control strategies that can produce sus-
tainable yields under climatic change.

The relationship between the inputs costs and 
the resulting benefits will change as a result of 
changes in insect–plant interactions. This will 
have major bearing on economic thresholds, as 
greater variability in climate will result in vari-
able impact of pest damage on crop production. 
Increased temperatures and UV radiation and 
low relative humidity may render many of these 

control tactics less effective, therefore, there is a 
need to address these issues on an urgent basis 
for sustainable crop production and food security.
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Abstract

Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae) is a highly 
invasive and a polyphagous pest of worldwide importance. Its recent out-
break and rapid spread in Indian cotton growing belt caused large scale 
devastation. A study was undertaken with a basic assumption that the fu-
ture distribution and abundance of P. solenopsis will be affected seriously 
by temperature alterations due to global climate change, which might 
further aggravate the yield losses. The population growth potential of P. 
solenopsis was estimated at six constant temperatures ranging from 15 to 
40 °C. The phenology models established using best fitting functions in a 
rate summation and cohort up-dating approach were employed in a geo-
graphic information system for mapping population growth potentials ac-
cording to real-time or interpolated temperature data, for both current and 
future climate to predict the impact of climate change. The risks for popu-
lation establishment and survival, average numbers of generations and po-
tential population increase/year were computed using interpolated daily 
minimum and maximum temperatures at a spatial resolution of 10 arc 
minutes obtained from worldclim database (www.worldclim.org). The re-
al-time weather station data from two selected locations across India were 
used to analyze within-year variation of pest population increase due to 
seasonal climate fluctuations. The model predicted favorable temperature 
range for P. solenopsis development, survival, and reproduction within a 
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Introduction

Agricultural productivity is substantially lim-
ited by the pest damage at various stages of crop 
growth; with worldwide average yield loss of 
18 % despite timely crop protection measures 
(Oerke et al. 1994, 2006). In India, pest dam-
age varies considerably in different agroclimatic 
regions across the country mainly due to differ-
ential impacts of several abiotic factors such as 
temperature, humidity, and rainfall (Reed and 
Pawar 1981), which indicates further intensifi-
cation of yield losses due to increased incidence 
of insect pests in future climate change scenario. 
The global climate change, a well-established 
fact and reality has been predicted to raise the 
mean surface temperature of earth by 1.5–5.8 °C 
by the end of this century (Govindasamy et al. 
2003; Hijmans et al. 2005; IPCC 2007). Insects 
being poikilotherms, abiotically stressful envi-
ronment in changing climate is expected to im-
pact negatively their diversity and abundance; 
and ultimately the extent of damage caused in ec-
onomically important agricultural crops (Porter 
et al. 1991; Sutherst 2000; Bale et al. 2002; Ward 
and Masters 2007). This may affect perilously 
the agricultural production and the livelihood 
of farmers especially in tropical and subtropi-
cal countries where larger proportion of work 
force is directly depending on climate sensitive 
sectors such as agriculture (IPCC 2007; Chahal 

et al. 2008). The sound forecasting tools based on 
detailed analysis of pest species’ life table under 
varied environmental conditions will be crucial 
in undertaking agroecoregion specific manage-
ment strategies against aggravating pest prob-
lems in the context of climate change.

The solenopsis mealybug, Phenacoccus so-
lenopsis Tinsley (Hemiptera: Pseudococcidae) 
is considered to be one of the most devastating 
pests of cotton in India, where crop losses range 
from 30 to 60 % (Dhawan et al. 2007; Jhala et al. 
2008; Nagrare et al. 2009). The mealybug spe-
cies native to North America has spread through-
out the country causing devastation (Nagrare 
et al. 2011; Vennila et al. 2010, 2011). Because 
of its invasiveness and rapid spread across India 
within a short period of time, P. solenopsis has 
been the major focus of researchers. This chap-
ter describes a temperature-dependent simulation 
model predicting population growth potential of 
P. solenopsis under varied environmental condi-
tions.

Material and Methods

Culture of P. solenopsis

Mealybugs collected from infested plants in the 
field were cultured in laboratory on sprouted po-
tato tubers at 27 ± 2 °C temperature and 65 ± 5 % 

range of 20–35 °C with maximum population growth potential and shorter 
generation length at 30 °C. The findings revealed significant changes in P. 
solenopsis activity under climate change scenario, including expansion of 
a geographical distribution range at higher latitudes and altitudes, marked 
increase in the number of generations/year and increased abundance and 
damage activity in present distribution range in India. The study generated 
knowledge on temperature-dependent population dynamics and growth 
potential of P. solenopsis crucial for undertaking agroecoregion specific 
management strategies.
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relative humidity (RH) (Gautam 2008). About 
2–3 gravid females of P. solenopsis were released 
on the sprouted potato tubers kept in plastic jars 
(10 cm diameter) with camel hair brush. The jars 
were covered with clean black muslin cloth tied 
with rubber band. The mealybug culture devel-
oped after 10–12 days was then used for subse-
quent studies.

Life Table Studies

The effects of temperature on development, sur-
vival, and reproduction of P. solenopsis were 
studied on cohorts of single life stages in con-
trolled incubation chambers at six constant tem-
peratures, i.e., 15, 20, 25, 30, 35, and 40 °C. A 
group of 25 newly emerged crawlers (0–24-h 
old) of P. solenopsis was transferred into a small 
plastic jar (10 × 7.5 cm) containing a medium 
sized sprouted potato tuber. The jar was covered 
with a muslin cloth tied with rubber band. The 
experimental setup was replicated six times with 
a total of 300 individuals tested at each temper-
ature. The development and survival of insects 
were recorded daily by observing them under 
stereomicroscope. The similar procedure was 
followed for second- and third-instar mealybugs. 
The development time and mortality of nymphs 
during each instar was recorded daily. In P. so-
lenopsis, the immature intended to develop as 
males construct a loosely woven silky filamen-
tous cocoon after second moult and undergoes 
two moults inside with a prepupal stage, before 
emerging as winged adults. Hence, 20 newly 
woven cocoons were separated and observed for 
emergence at each test temperature in ten repli-
cations. For recording fecundity and longevity, 
newly moulted six adult females (0–24-h old) 
from the colony of P. solenopsis were confined 
separately to a plastic jar (10 × 7.5 cm size) con-
taining a sprouted potato tuber covered with 
muslin cloth. The experiment was repeated five 
times. Similarly, freshly emerged winged adults 
from puparia were observed for their longevity 
at respective temperatures. The survival time was 
recorded separately for males and females.

Mode Fitting and Analysis

For simulating temperature-dependent life table 
parameters of P. solenopsis, we used Insect Life 
Cycle Modeling Software (Version 3.0), de-
veloped by International Potato Center, Lima, 
Peru (Sporleder et al. 2012). Overall phenology 
models were established using best fitting func-
tions in a rate summation and cohort up-dating 
approach. Cumulative frequency of development 
time of each life stage and temperature was plot-
ted against normalized development times, i.e., 
time/median development time by fitting a log-
normal distribution curve. Sharpe and DeMichele 
model (Sharpe and DeMichele 1977; Schoolfield 
et al. 1981) was used for describing temperature 
dependence of mean development rates of imma-
ture stages and adult senescence. The equation of 
model is:

where r ( T) is the development rate at tem-
perature T (°K), R is the universal gas constant 
(1.987 cal degree−1 mol−1), RHO25 is the devel-
opment rate at 25 °C temperature (298.16 °K), 
assuming no enzyme inactivation, ΔHa is the en-
thalpy of activation of reaction catalyzed by en-
zyme (cal mol−1), ΔHl is the change in enthalpy at 
low temperature (cal mol−1), ΔHh is the change in 
enthalpy at high temperature (cal mol−1), Tl is the 
low temperature at which enzyme is half active 
and Th is the high temperature at which enzyme 
is half active.

A second-order polynomial function [m 
(T) = aT2 + bT + c, where m (T) is the mortality 
or fecundity at temperature T (°C)], was fitted 
to describe temperature dependence of immature 
mortality and female fecundity. Age-related ovi-
position rate was described by exponential model 
[y = (1−exp (−(ax + bx2 + cx3))), where y is the cu-
mulative oviposition rate, and x is the normalized 
female age].

1 1
025 exp

298.16 298.16
( ) ,

1 1 1 1
1 exp exp

T Ha
RH

R T
r T

Hl Hh
R T l T R Th T

∆
× × −

=
∆ ∆

+ − + −
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Spatial Simulation and Risk Mapping in 
Geographic Information System (GIS)

Climate Data
Climate data required for spatial simulations at 
current climatic scenario were obtained from 
Worldclim database (http://www.worldclim.org/). 
The current data comprised interpolated monthly 
minimum and maximum temperatures obtained 
from long-term time series (1950–2000) from a 
global network (Hijmans et al. 2005). For simu-
lating P. solenopsis risk under climate change 
scenario, we used downscaled data (Ramirez 
and Jarvis 2010) (freely downloadable at http://
gisweb.ciat.cgiar.org/GCMPage) of the SRES-
A1B emission scenario for the year 2050 (IPCC 
2007). The climate data were used at a resolution 
of 10 arc minutes. For simulating within year 
variability of P. solenopsis population increase at 
different locations, i.e., point-by-point analyses, 
we used actual temperature data obtained from 
two weather stations in India, viz., Ludhiana 
(Punjab State) and Akola (Maharashtra State).

Temperature Simulations
Daily minimum and maximum temperature data 
are used by insect life cycle modeling (ILCYM) 
for simulating pest population growth potential 
for each 15 min time step using a cosine func-
tion for half-day temperature predictions. For the 
first half-day predictions, the following equation 
is used:

where Ti is the temperature (°C) of time step i 
( i = 1, 2, 3, … 48) and Min and Max are the daily 
minimum and maximum temperatures.

The same procedure was then repeated to es-
timate Ti for the second half day using minimum 
temperature of the next day in the equation. As 
worldclim database only include monthly aggre-
gates of temperature data, ILCYM replaces the 
daily minimum and maximum temperatures in 
above equation with monthly averages for half-
day temperature predictions in each 15 min time 
step. In this case, a value of Ti remains constant 

( ) ( 0.5) ( )  cos ,
2 48 2

Ti
Max Min i Min Maxπ
=

− × − + × +  

for all days of the month, except for the last day 
that employs minimum temperature of first day 
of next month to calculate Ti for second half day 
(for details see Sporleder et al. 2008; Kroschel 
et al. 2013).

Estimation of Life Table Parameters
Based on the simulated temperatures and model 
outputs, the life table parameters, viz., net re-
productive rate (R0), mean generation time (T), 
intrinsic rate of natural increase (rm), finite rate 
of increase (λ), and doubling time (Dt) were esti-
mated at range of constant temperatures using life 
table simulation function of ILCYM (Sporleder 
et al. 2008, Kroschel et al. 2013). The estimated 
life table parameters were plotted against Julian 
days to visualize variability in pest potentials due 
to seasonal climate variation.

Estimation of Pest Risk Indices
Based on the estimated life table parameters 
and simulated temperatures, following three 
indices for pest risk at each data point were cal-
culated.

a. Establishment risk index (ERI)or survival risk 
index

This index characterizes the geographical areas 
having risk of survival and establishment of the 
pest insect. The survival index is calculated by 
the following formula:

where

b. Generation index (GI)

This index represents the mean number of gener-
ations that a given pest can produce within a year. 
It is calculated by averaging the sum of estimated 

ERI
Nymph Nymph Nymph

=
− × − × −( ) ( ) ( ),1 1 1 2 1 3x x x

x =
∑Number of days, a specific immature

life stage does not survive
3655

.
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generation lengths for each Julian day as shown 
in the following formula:

where Tx is the predicted generation length in 
days at Julian day x ( x = 1,…, 365)

c. Activity index (AI)

This index represents the finite rate of increase 
and hence population growth potential of given 
pest species. It is calculated by taking a log of the 
products of the estimated finite rates of increase 
for each Julian day as shown in the following for-
mula:

where λx is the finite rate of increase at Julian day 
x ( x = 1,…, 365).

GIS Mapping of Risk Indices
The maps showing the pest risk potentials were 
visualized by employing the estimated risk indi-
ces in “potential population analysis and map-
ping” module of ILCYM software. The module 

GI = 
365/

365
= 1

365 Tx
x∑

,

365

10
1

AI log ,
x

xλ
=

= ∏

facilitates spatial simulations of pest populations 
through grid based within a defined area according 
to grid-specific monthly temperatures interpolated 
from available databases (worldclim in this case). 
The estimated indices were organized in matrices 
of 12 × 12 dimensions using longitude as columns 
and latitude as rows, representing 12 matrices 
each for ERI, GI, and AI. The generated ASCII 
files (.asc) were converted to grid format by im-
porting in DIVA-GIS, an open-source geographic 
information system (downloadable at http://www.
diva-gis.org) for visualizing the risk maps.

Results and Discussion

Effect of Temperature on P. Solenopsis

Development of all the immature life stages of 
P. solenopsis was significantly affected by the 
temperature. Development time decreased sig-
nificantly with increasing temperatures within 
the evaluated temperature range (Table 1). The 
development of immature stages at temperature 
extremes (15 and 40 °C) was best described by 
nonlinear model, Sharpe and DeMichele func-
tion (for all stages, df = 4, 13; P ≤ 0.001; Nymph 
1, F = 173.14; Nymph 2, F = 195.57; Nymph 3, 
F = 71.10; Male pupa, F = 182.77) (Figs. 1a, 1b, 

Table 1  Mean development time and survival of P. solenopsis life stages at constant temperatures (Replications: 
nymphs = 12; male pupae = 10; adults = 5; total sample size: nymphs = 300; male pupae = 100; adults = 30)
Tem-
pera-
ture 
(°C)

Nymph1 Nymph2 Nymph3 Male pupae Female Male
Mean 
develop-
ment time 
(days)

Survival 
(%)

Mean 
develop-
ment time 
(days)

Survival 
(%)

Mean 
develop-
ment time 
(days)

Survival 
(%)

Mean 
develop-
ment time 
(days)

Survival 
(%)

Survival 
time 
(days)

Survival 
time 
(days)

15 14.44
(0.11)

41.65
(1.82)

16.51
(0.12)

77.00
(1.67)

13.89
(0.12)

87.00
(1.13)

18.98
(0.10)

71.00
(2.07)

50.54
(0.59)

3.78
(0.06)

20 11.98
(0.10)

47.67
(1.95)

12.18
(0.10)

86.00
(1.21)

10.02
(0.10)

91.00
(0.83)

14.81
(0.08)

81.00
(1.91)

44.44
(0.51)

2.95
(0.05)

25 6.72
(0.06)

71.33
(2.40)

7.78
(0.06)

93.00
(0.87)

5.83
(0.06)

94.00
(0.85)

9.05
(0.06)

90.00
(0.91)

29.47
(0.40)

2.67
(0.05)

30 5.45
(0.05)

76.67
(1.60)

6.32
(0.05)

95.00
(0.86)

5.56
(0.06)

96.30
(0.91)

6.96
(0.05)

93.00
(0.81)

30.87
(0.35)

1.83
(0.04)

35 3.89
(0.05)

55.33
(1.46)

4.94
(0.05)

75.30
(1.51)

3.30
(0.04)

89.70
(1.01)

3.85
(0.04)

84.00
(1.05)

23.80
(0.19)

1.79
(0.04)

40 3.0
(0.04)

29.33
(1.50)

3.54
(0.04)

54.00
(1.28)

3.01
(0.05)

85.00 3.46
(0.00)

79.00 18.44
(0.11)

1.41
(0.01)

Numbers in parentheses are standard errors

http://www.diva-gis.org
http://www.diva-gis.org
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1c, and 1d). The first-instar nymphs were highly 
sensitive to the temperature extremes; however, 
later instars had a better survival at all the tem-
peratures within the evaluated range (Table 1). 
Longevity of adults (both male and female) de-
creased significantly with increasing tempera-
ture due to increased senescence rates (for both 
sexes, df = 3, 2; male: F = 17.47, P = 0.055; fe-
male: F = 12.75, P = 0.074) (Table 1; Figs. 2a and 
2b). The oviposition showed curvilinear response 
with maximum fecundity at 30 °C and dropping 
off at temperatures below and above it (second-
order polynomial function, F = 4.16; df = 2, 3; 
P = 0.136) (Fig. 3). The model predicted favorable 
temperature range for P. solenopsis development, 
survival, and reproduction between 20 and 35 °C 
with maximum population growth potential and 
shorter generation length at 30 °C (Fig. 4).

Risk Mapping of P. solenopsis

Establishment Risk
Figure 5a indicates regions in India where P. so-
lenopsis population theoretically could establish 
according to temperature conditions at current 
climate scenario (worldclim data 1950–2000). 
Regions with ERI 1 indicate that at least certain 
proportion of pest population is always expected 
to survive and complete life cycle throughout the 
year. The likelihood of permanent establishment 
of P. solenopsis is reduced considerably in areas 
on a map where ERI is less than one. More than 
80 % of area in India, barring extreme Northern 
Himalayas and North-Eastern high hills is pre-
dicted with high establishment risk. Besides its 
present distribution range, the pest is predicted 

Fig. 1  Temperature-dependent developmental rates (1/day) for immature stages of P. solenopsis: nymph 1 (a), nymph 2 
(b), nymph 3 (c), and male pupae (d) (Sharpe and DeMichele model). Bars represent standard deviation of the median
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to extend its geographic distribution and spread, 
especially at higher latitudes and altitudes due to 
future climate change (Fig. 5b).

Generation Index
Average numbers of generations that can theoreti-
cally be produced per year by P. solenopsis under 
current temperature conditions are visualized 
in Fig. 6a. According to the model predictions, 
under current climate conditions P. solenopsis 
can produce maximum of 10–11 generations per 
year. The regions included West- and South-east 
coasts of India. Under future climate scenario of 
the year 2050, a significant increase in the num-
ber of P. solenopsis generations with a maximum 
increase of 2–3 generations is predicted for India, 
particularly in the regions of Gangetic plains, 
Western Deserts, Deccan plateau, and Eastern 
Ghats where warmer conditions prevail (Fig. 6b).

Damage Potential
AI explains the temperature-dependent finite rate 
of population increase within a year. Every in-
crease of the index by a value of 1 indicates a ten-
fold increase of the pest population. Under pres-
ent climatic conditions, Westerns semiarid re-
gion, Deccan plateau and Eastern Ghats of India 

were predicted optimal for P. solenopsis activity 
(Fig. 7a). Similarly, under climate change sce-
nario drastic change in P. solenopsis population 
growth and abundance is predicted throughout 
the country, barring Northern and North-Eastern 
Himalayas where low temperatures limit the pest 
survival (Fig. 7b).

Fig. 3  Temperature-dependent oviposition curve (sec-
ond-order polynomial regression model)

 

Fig. 2  Temperature-dependent survival rates (1/day) for adults of P. solenopsis: female (a) and male (b). Fitted curves, 
Sharpe-DeMichele model. Bars represent standard deviation of the mean
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Within Year Variability of Pest 
Population

Daily weather station data from two locations 
across the cotton growing zones of India, viz., 
Ludhiana (Punjab) and Akola (Maharashtra) were 
used to predict seasonal variability in P. solenop-
sis population growth and abundance. In India, 
cotton is sown around May–June and harvested 
around October–December in different parts of 
the country; however, wide range of flora pres-
ent abundantly throughout the year supports the 
carryover and perpetual of P. solenopsis during 
off seasons (Vennila et al. 2010, 2011). Accord-
ing to the analysis, in both selected locations P. 
solenopsis populations potentially might increase 

with a maximum finite rate of about 1.16 during 
the total cropping season and reduced to 1.0 dur-
ing off season and cool winter months (Fig. 8a 
and 8b).

However, the population growth potential 
varied considerably among the seasons (crop-
ping and off seasons) and across the agroclimatic 
zones, which might be due to larger within year 
temperature fluctuations and also differences in 
sowing dates of the crop. According to the model 
predictions, at Ludhiana, P. solenopsis activity 
is considerably high throughout the entire crop 
season with peak infestation during June–August 
(Fig. 9a). Contrarily, the pest is predicted to have 
maximum finite rate of increase during of April–
May at Akola (Fig. 9b). The temperature increase 

Fig. 4  Life table parameters of P. solenopsis estimated through model prediction over a range of temperatures: a net 
reproduction rate ( R0), b mean generation time ( T), and c finite rate of increase (  λ/   ) 
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Fig. 6  Change in the generation index (GI) of P. solenopsis in India at current (1950–2000) (a) and future (SRES A1B 
scenario 2050) (b) climatic conditions simulated using interpolated minimum and maximum temperature data from 
worldclim database. The index represents mean number of generations; a P solenopsis population can produce within a 
year under current (a) and future (b) climatic conditions

 

Fig. 5  Establishment and distribution of P. solenopsis in India at current (1950–2000) (a) and future (SRES A1B 
scenario 2050) (b) climatic conditions simulated using interpolated minimum and maximum temperature data from 
worldclim database. P. solenopsis is rarely established in the geographical regions on a map where the index value is 
lower than 0.8
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due to climate change in these areas is predicted to 
increase the finite rate of increase of P. solenopsis 
throughout the year with maximum during the 
cotton cropping season (Fig. 10a and 10b).

The temperature influenced significantly the 
development, survival, and reproduction of P. 
solenopsis. The development times of the imma-
ture stages of P. solenopsis reported in this study 
are in conformity with earlier reports (Fand et al. 
2010; Nikam et al. 2010; Vennila et al. 2010; Ali 
et al. 2012; Asifa et al. 2012; Prasad et al. 2012). 
Relatively, lower mortality rates reported by 
Prasad et al. (2012) in first-instar nymphs of P. 
solenopsis are slightly deviating from this study, 

which largely may be because of differences in 
rearing procedures and food source/host plant 
used for rearing of test insect, that seriously af-
fect survival of test organisms. A curvilinear re-
sponse for fecundity with a maximum at 30 °C 
(286.43 eggs/female) and dropping off at tem-
peratures below and above this are in conformity 
with reports of Nagrare et al. (2009, 2011) and 
Prasad et al. (2012). The life table parameters es-
timated from the outputs of P. solenopsis simula-
tion model are in agreement with the previous re-
ports (Nagrare et al. 2009, 2011; Fand et al. 2010; 
Prasad et al. 2012).

Fig. 8  Simulated finite rate of increase of P. solenopsis throughout the year at present climatic conditions for Ludhiana 
(a) and Akola (b)

 

Fig. 7  Activity index (AI) for P. solenopsis in India at current (1950–2000) (a) and future (SRES A1B scenario 2050) 
(b) climatic conditions simulated using interpolated minimum and maximum temperature data from worldclim data-
base. An index value of 1 represents tenfold potential population increase within a year at present and future climatic 
conditions
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In India, P. solenopsis is reported from areas 
where the map shows an ERI of 0.8 and above, 
but this does not necessarily means that it is per-
manently established in those areas. This sug-
gests that almost 80 % of area in India except 
Northern Himalayas and North-Eastern high hills 
region are highly suitable habitats for P. solenop-
sis establishment and survival. Present findings 
regarding geographical habitat suitability for P. 
solenopsis establishment are in conformity with 
the predictions of MAXENT model (Fand 2012). 
The generation indices simulated for India in this 
study, gave reasonably good predictions when 
compared with the literature data. Tanwar et al. 
(2011) reported that a female of P. solenopsis 
can produce as many as 15 generations per year 
in field conditions. Based on the laboratory life 
table studies at 26 ± 1 °C, P. solenopsis is reported 
to complete ten overlapping generations in a year 

(Arif et al. 2012). A significant increase in the 
number of generations per year under future cli-
mate conditions has been predicted by this study. 
Ultimately, the potential for population abun-
dance and damage by the pest species will also 
increase. The increased abundance of P. solenop-
sis under future climatic conditions indicates that 
it may pose serious threat to agriculture in India. 
The impact of climate change, especially temper-
ature increase on the geographic distribution and 
spread of P. solenopsis in India has been reported 
(Fand 2012).

Analyses of the within-year variation in popu-
lation increase contribute to better understanding 
of temporal variation in P. solenopsis growth and 
development in response to changing temperature 
conditions. A peak activity of P. solenopsis dur-
ing the months of June–August predicted for the 
north zone of India (Ludhiana) is in conformity 

Fig. 10  Simulated finite rate of increase of P. solenopsis plotted using interpolated daily minimum and maximum 
temperatures at 10 arc minutes resolution (SRES A1B scenario for the year 2050) obtained from worldclim database for 
two locations of India: Ludhiana (a) and Akola (b)

 

Fig. 9  Simulated finite rate of increase of P. solenopsis plotted against daily minimum and maximum temperatures 
recorded at two weather stations across India: Ludhiana (a) and Akola (b)
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with earlier reports (Vennila et al. 2010, 2011; 
Nagrare et al. 2011). Dhawan et al. (2007) re-
corded highest field infestation in the months 
of July–August (30–34 standard meteorological 
weeks) in Bathinda, Muktsar, Ferozepur, and 
Faridkot districts of Punjab State. In Tamil Nadu, 
P. solenopsis population was maximum during 
June, decreased slowly during September and 
there was no incidence up to February (Suresh 
et al. 2010).

The model predicted favorable temperature 
range for P. solenopsis development, survival, 
and reproduction within a range of 20–35 °C with 
maximum population growth potential and short-
er generation length at 30 °C. The knowledge 
on temporal variation in P. solenopsis growth 
and development in response to changing tem-
perature conditions help in undertaking effective 
management strategies. The findings revealed 
significant changes in P. solenopsis activity 
under climate change scenario, which included 
expansion of a geographical distribution range at 
higher altitudes, marked increase in the number 
of generations per year and increased abundance 
and damage activity in present distribution range 
in India. The present predictions on the future 
distribution, survival, and abundance of P. sole-
nopsis clearly indicate that the invasiveness of 
this pest will be aggravated and intensified under 
projected climate changes.
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