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Dr. Krishna Mohan Singh
(1938-1996)
There had been very few entomologists who took the difficult job of organised publication outputs in the
name of associations and societies, at the same time relentlessly pursued the cause of science of entomology
in a silent manner. There had been very few who had undertaken the duty of motivating others towards
the discipline of entomology by their leadership qualities, by way of encouraging the active workers
irrespective of their level of expertise and excellence, solely with the objective of promoting entomology.
There had been very few, for whom the entomology was closest to their heart, so there was extreme level
of perseverance and endurance. There had been very few who nurtured entomology through their innate
qualities of organising abilities on a common basis, with the exclusive idea of promoting entomology
and spreading the message far and wide. Dr. Krishna Mohan Singh is one such entomologist whose
contribution will remain for ever, and lessons drawn for the promotion of entomology.
Dr. Krishna Mohan Singh was born on 1st July, 1938 to late Shri S.N. Singh and late Smt. Champa Devi at
Semarah Hardo in Padrauna District (formerly Deoria), Utter Pradesh in a freedom fighter’s family. After
his early education, near his village he joined Government Agricultural College, Kanpur, from where
he earned his B.Sc. (Ag.) and M.Sc. (Ag.). He had been a brilliant student throughout his educational
career. He stood first in order of merit during his M.Sc. (Ag.), not only in his college but in the entire
Agra University in 1959. After a brief period of teaching at his Alma Mater he came to the Division of
Entomology, Indian Agricultural Research Institute, for his Doctoral degree. He worked under the able
guidance of Dr. S. Pradhan and was awarded the Ph.D. in 1968. Dr. Singh joined the Indian Agricultural
Research Institute in November 1968 as Assistant Professor in the Division on Entomology, served as
Ecologist, in charge of Entomology unit in the Water Technology Centre, and became Head, Division of
Entomology in April 1995 and continued till he breathed his last.
Dr. Singh made many contributions to the science of entomology and published around 150 scientific
articles, and one can gauge the variety and depth of his interest in entomology from these publications.
Some of his significant contributions are:
•		Development of electrophysiology as a tool in entomological research, with innovative techniques
for neurophysiological and neurotoxicological investigations. He demonstrated that aldrin, dieldrin,
carbaryl and lindane did not affect the sensory component of the crural nerve, whereas, pyrethrum
caused striking changes.
•		The persistence, decay and distribution of P32 in the desert locust was studied by him using radio
tracer techniques.
•		His work on cell physiology led to the finding that epithelial lining of the midgut is highly sensitive
to gamma radiation in Oriental fruit fly.
•		He developed an artificial medium for the rearing of Cadra cautella.
•		As early as seventies, Dr. Singh recognized the importance of Cropping Systems, and was pioneer
in establishing the Cropping Systems Entomology.
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•

Dr. Singh, along with his research scholars ascertained the succession and population buildup of
insect pests of red gram, green gram, black gram, pea, bengal gram, cowpea, rice bean, faba bean,
sorghum, pearl millet, and groundnut under the representative agroclimatic conditions.

•

Demonstrated the impact of intercropping, irrigation and other agrotechniques on the population
buildup of crop pests as influenced by the change in crop canopy and resultant change in the
microclimate. Such ecological interventions have considerably delayed the appearances and lowered
the pest incidence of the crop.

Dr. Singh compiled a "Bibliography on the Natural Enemies of Locusts and other Acridids", which was
circulated during the International Study Conference on the Current and Future Problems of Acridology
in 1970.
Besides his contribution to basic and applied entomology, Dr. K.M. Singh enjoyed every higher adoration
and respect for the teaching capabilities. He was the first to initiate a course on Insect Pest Management,
which he continued to teach till 1996. Hes guided research on diverse aspects of Entomology to a large
number of Post-Graduate students and acted as Research Guide for 17 Ph.D. and 30 M.Sc. students.
Dr. Singh's service to scientific documentation is immense as his name remained inseparably with
Entomological Society of India, during which he was the Joint Secretary (1971-1972) and, the General
Secretary (1973-1996). He was also the Chief Editor for two decades. Dr. Singh was founder member of
the Indian Society of Agricultural Science and Managing Editor of the Annals of Agricultural Research
from 1980 to 1988.
He acted as a Technical Expert on Board of Studies/ Research Degree Committees of several Universities
e.g., Banaras Hindu University, Varanasi; C.S. Azad University of Agriculture and Technology, Kanpur;
Agra University, Agra; Meerut University, Meerut; Udaipur University, Udaipur and IARI, New Delhi.
He was also a Member of the Board of Management of the Indian Grassland and Fodder Research
Institute, Jhansi.
Dr. Singh inherited a pious and gentle nature from his mother and was drawn to the ideas of Swamy
Vivekananda. He was open to noble ideas coming from any quarter and was always sympathetic to others,
which made him a perfect team leader. His personal qualities of kind heartedness and affection will be
remembered forever by all entomologists. All who have come across Dr. Singh during his long years at
I.A.R.I., quote him as "Friend, Guide and Philosopher" with adoration.
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r. P. D. Kamala Jayanthi, FRES, FNAAS, is currently ICAR National Fellow & Principal Scientist
in Division of Entomology & Nematology, ICAR-Indian Institute of Horticultural Research,
Hessaraghatta Lake - PO, Bangalore - 560 089. India (e-mail: jaiinsect@gmail.com; Mobile: 9972366714)
MSc (Ag) in Agricultural Entomology and PhD in Agricultural Entomology(ANGRU), joined the
Indian Institute of Horticultural Research, Bangalore as Scientist. Visited Kansas State University,
USA as BOYSCAST Fellow (2004-05); Rothamsted International Fellow at Rothamsted Research, UK
(2011) and Fulbright-Nehru Professional and Academic Excellence Fellow at the Pennsylvania State
University,USA (2017).
Academic and Research Achievements
Dr Kamala Jayanthi research focuses on phyto-semiochemicals involved in insect-plant and insect-insect
interactions to decipher potent cues to strengthen current Integrated Pest Management programs. Isolated
and identified potent chemical cues that are attractive to gravid female mango fruit fly, Bactrocera
dorsalis and melon fly, B. cucurbitae. Proposed computational chemical ecology approach, as a rapid
method to identify kairomones instead of using lengthy, conventional procedures. She further proved
that oviposition site selection in B. dorsalis is mediated through an innate recognition template tuned
to g-octalactone and developed novel kairomonal blend to attract gravid female tephritid fruit flies,
B. dorsalis. Her studies have shown that centuries of domestication has not impaired oviposition
site-selection function in the silk moth, Bombyx mori and formulated a blend to enhance fertile egg
laying in this economically important insect. She also investigated and identified ROS generation as
first line defense in Sechium edule against melon fly infestation. Her studies led to the development of
bait fruit technology to manage hard to control fruit sucking moth, Othreis sp. in several commercial
fruit crops. Her field ecological studies established the unique social facilitation behavior in mango
webber Orthaga exvinacea, which serves as a weak link to manage this pest effectively. Developed
forewarning models as decision making tools to predict pest incidence for spray interventions and
also complete packages of eco-friendly IPM relevant to growers and exporter needs for major pests
of tropical fruit crops.
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Awards and Honours
Recipient of ISCA “Young Scientist Award” (2000). Recipient of ICAR “Lal Bahadur Shastri Young
Scientist Award” (2005). Awarded “Biotech Product & Process Development and Commercialization
(2014) as member for fruit fly Bactrocera dorsalis trap development and commercialization. Received
“Rothamsted International Postdoctoral Fellowship”. Recognized as “Fellow of National Academy
of Agricultural Sciences”, “Fellow of Royal Entomological Society, London”, “Fellow of Andhra
Pradesh Akademi of Sciences”, “Fellow of Telangana Academy of Sciences”, “Fellow of Association
for Advancement of Pest Management in Horticultural Ecosystems”, and as “Fellow of Society for
Biocontrol Advancement”. Selected as “ICAR National Fellow” consecutively for two terms (20112016; 2016-2021) to work exclusively on phyto-semiochemicals involved in the insect-plant interactions
of major horticulture pests. Recipient of “Panjabrao Deshmukh Outstanding Woman Scientist Award”
(2013).
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“Certainly insects cannot think, but they can react”-Chemical cues (= semiochemicals/infochemicals)
are used by insects to interact with their environment for survival and reproduction. This reliance of
insects on chemical cues offers a number of opportunities for their control (Kamala Jayanthi et al., 2015a;
Bruce, 2010).
At this juncture, when we are celebrating ~60 years of ‘Pheromone research’ (way back in 1959, when
bombycol, the first pheromone from silkworm was identified, thanks to Butenandt; and simultaneously
when two scientists, Peter Karlson and Martin Lüscher coined the word "pheromone" to describe the
chemicals used for communication between members of the same species), the exploitation of these
powerful infochemicals used by insects in horticulture pest management programs is still in its infancy.
In recent past, push-pull strategies or Stimulo-Deterrent Diversionary Strategies (SDDS) are behavioral
manipulation methods that use repellent/deterrent (push) and attractive/stimulant (pull) stimuli to direct the
movement of pest or beneficial insects for pest management. However, their potential is under exploited
particularly in horticultural crop pests. This may be mainly because of lack of thorough understanding
of chemical mediated processes to manipulate trophic interactions to manage pests. Thus, development
of reliable, robust and sustainable push-pull strategies requires a clear scientific understanding of the
behavioral/chemical ecology of the interactions with its hosts, conspecifics and natural enemies at different
trophic levels to underpin key processes that can be exploited as weak links (Kamala Jayanthi et al.,
2015a). Further, in order to understand/manipulate the various phyto/semio-chemicals (pheromones,
allelochemicals, kairomones, allomones, synomones) and to maximize their usefulness in integrated pest
management, collaborations between biology, chemical ecology, physiology, analytical chemistry and
molecular biology are paramount for India (Kamala Jayanthi et al., 2015a).
Conventional Way of Doing Chemical Ecology-A Time Honoured Practice
Insects have mastered the art of using semiochemicals as communication signals and rely on them to find
mates, host or habitat. However, discovering semiochemicals is a laborious process that involves a plethora
of behavioural and analytical techniques, making it expansively time consuming (Verghese et al., 2013;
Kamala Jayanthi et al., 2014a). Chemical ecology in nutshell elucidates the chemical signals involved in
trophic interactions through series of bioassay guided approaches that are not only labour intensive but
also time consuming. For the isolation and identification of active fractions, the researchers usually start
their investigation with preliminary bioassays augmented with electrophysiological approaches, such
as gas chromatography-electroantennographic detection (GC-EAD). Although GC-EAD may provide a
“shortcut” to identify the active fractions, a solid and consistent bioassay is still needed to avoid falsepositives (a compound may generate an electrical signal and be behaviorally inactive) (Young-Moo Choo
et al., 2018; Leal, 2017).
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Computational Reverse Chemical Ecology (CRCE)
Recent research upsurge has uncovered the role of distinct proteins involved in insect olfaction enhancing
our understanding of molecular basis of odour perception in insects and in the last two decades this
approach has opened the door for reverse chemical ecology, a term coined for the using olfactory proteins
as another “bioassay tools” to screen active semiochemicals (Young-Moo Choo et al., 2018; Leal,
2017). Therefore, reverse chemical ecology approach using odorant binding proteins (OBPs) as target
for elucidating behaviourally active compounds is gaining eminence. This methodology often described
as “Computational Reverse Chemical Ecology” approach (CRCE) helps in rapid screening of potential
semiochemicals (Leal, 2005; Leal et al., 2008; Kamala Jayanthi et al., 2014a). Though different schools
of thought exists regarding the exact mechanism of olfaction that is being taken place in insects, the most
widely accepted one is achieved through two low-molecular weight (10-20 kDa) proteins viz., odorant
binding proteins (OBPs), odorant receptors (ORs) (Sun et al., 2012; Pophof, 2002). OBPs are the first
proteins to recognize and bind to odor molecules in the long cascade of olfactory signal transduction
(Yin et al., 2012; Leite et al., 2009; Jiang et al., 2009). OBPs interact with odors that enter through tiny
pores present on the insect’s antenna forming an OBP-Odor complex. The complex transports odor
molecules to ORs thereby starting the signal transduction cascade leading to behavioural outputs. This
methodology was tried as pilot study in Oriental fruit fly, Bactrocera dorsalis (Hendel), a frugivorus
tephritid that causes huge losses in several cultivated fruits and vegetables. We generated in-silico data
for estimating kairomone efficiency of possible insect attractants that were previously identified (Kamala
Jayanthi et al., 2012). A total of twenty four host cues were selected randomly representing a varying
range of high, medium and low attraction categories.
A major, female-enriched odorant binding protein (OBP) ~14 kDa from B. dorsalis was isolated from
the antenna of females and sequenced through MALDI-TOF (Kamala Jayanthi et al., 2014a). The partial
sequence was blasted with submitted OBPs of B. dorsalis that showed 100% sequence match with a
previously isolated and characterized OBP of B. dorsalis (GenBank ID: ACB56577.1) and the later
was used for 3D model prediction. The profile 3D score of the selected model was 48.34 and exceeded
the minimum requirement value of 26.85. The predicted model consists of 6 α-helices that are located
between 47-65 (α1), 72-85 (α2), 96-102 (α3), 105-118 (α4), 126-140 (α5) and 142-146 (α6). There also
existed three pairs of disulphide bridges that may play a role in stabilizing the structure.
Molecular docking, prediction and bioassay of behaviorally active compounds
A 3D structure of the isolated OBP with the highest score was selected and used in docking studies.
We used an online molecular docking tool “Docking Server”. The 3D structures of protein and selected
semiochemicals were loaded to the server. The results were processed and arranged for prediction.
Thermodynamically, a ligand binds tightly to the active site of the protein when the free binding energy
is low. Therefore, compounds with lower free binding energy were predicted to be behaviourally active.
To aid in our prediction process compounds showing free binding energy less than -4.00 were considered
behaviourally active and compounds with free binding energy more than -4.00 were used for comparison.
First, we conducted a tryptophan quenching assay to find the binding potential of the selected compounds.
Second, we conducted a behavioural assay to validate if the predicted compounds were behaviourally
active or not. Tryptophan quenching was carried out with the isolated OBP and predicted compounds at
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concentrations ranging from 0 – 5000 nM. Kd value was estimated by fitting the fluorescence quenching
data to an equation describing a single binding site present as a default in Prism Graph Pad version
5.01 for OS X. Percent quenching was determined. The predicted compounds showed high quenching
as evident by the Kd values. Kd values ranged from 600 – 6000 nM. The results regarding the Trp
fluorescence quenching spectrums of OBP with test compounds are interesting because the compounds
we predicted behaviourally active had tighter binding as evident by quenching and lower Kd values.
Computer simulations or in-vitro binding assay of OBPs may not be an exact measure of the behavioural
activity of an insect; however it may be relevant to the functional characterization of an OBP. Therefore,
behavioural assays are needed to ascertain the nature (attractant or repellent) of the predicted compounds.
Accordingly behavioural assays were conducted to find the activity of predicted compounds. Using
the behavioural assay data, a unified estimator, attraction Index (AI) was calculated. From the data we
found that methyl eugenol that was predicted as highly behaviourally active by its free binding energy
showed the highest attraction 74.4% (Free binding energy = -5.63; AI = 0.50) and the lowest attraction was
exhibited by ethanol with 6.67% (Free binding energy = -2.43; AI = -0.84) of flies attracted towards them.
Statistical validation of computational and behavioural assays is crucial in these types of studies. Further,
as Kd and free binding energy are dependent, considering both for validation of the method is not sensible.
Thus, analysis carried out to standardize the dependable scoring functions [free binding energy (ΔGbind),
vdW + Hbond + desolv energy, electrostatic energy, total intermolecular energy, interaction surface are
considered along with Kd] for estimating the semiochemical efficiency showed significant correlation for
both in silico Kd (Pearson r = -0.7974; P < 0.0001) and free binding energy (Pearson r = -0.9728; P < 0.0001)
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to AI. Regression analysis showed that the scoring function ‘free binding energy’ (F = 90.41; P < 0.001;
r2 = 0.9464) to be the best variable to predict behaviourally active compounds. Therefore, free binding
energy was used as a dependable and robust scoring function. Then, correlation between in silicoKd and
Experimental Kd was significantly positive with r2 = 0.9408 (P < 0.0001) and demonstrated that in silico
data could be used for predicting behaviourally active compounds.
In this study we described and validated a simple and efficient in silico method for estimating the kairomone
efficiency of host cues for chemical ecology studies. Instead of using lengthy and costly procedures for
identification of kairomones, our method comes in handy to cut short time and cost.

Schematic representation of the molecular mechanism of olfaction inside a moth's
antenna. a) Image of P. xylostella antena . b) Schematic diagram represents a sensillum
present in moths. c) The odor molecules (green molecules) from external environment
enter the sensillum through pores on the cuticle. The OBPs (yellow proteins) present
in the sensillum lymph capture the odor molecules and form an OBP-odor complex.
The complex then moves towards the OR (red protein) and starts signal transduction
leading to behavioral outputs

Later we revised the above CRCE approach by simulating the interactions of OBP-odour complex with
ORs to mimic the working environment of olfactory proteins (OBPs and ORs) in live insect antenna using
volatile cues from cabbage and diamondback moth, Plutella xylostella as test insect (Kamala Jayanthi et
al., 2016a). We screened 17 volatile compounds from cabbage, Brassica oleracea, in order to discover
attractants for the P. xylostella. Three-dimensional structure of OBP1 and Odorant receptors OR2 from
P. xylostella were modelled and used as molecular targets. The interaction of OBP-odorant complex with
OR was used in identifying behaviourally active compounds. From the docking studies, four compounds
from the headspace volatiles of cabbage namely allylisothiocyanate, E-2-hexen-1-ol and Z-3-hexen-1-ol
were predicted as behaviourally active. Semiochemicals ascertained active were further subjected to
interaction studies in the laboratory and in field studies. It was observed that the predicted compounds
were attractive to P. xylostella adults both in bioassays and in the field.
Of several insect pests that ravage fruits and vegetables in general, fruit flies belonging to Genus Bactrocera
are particularly important in horticulture not only because of their polyphagy but the quarantine restrictions
they carry across the globe adds to the management complexity. The current IPM program for fruit
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Attraction of P. xylostella tonatural blend of predicted compounds.
Sticky traps containing natural blend of predicted compounds were
erected in cabbage fields. The treatment traps (natural blend of predicted
compounds) attracted significantly P<0.005) more moths than control 1
traps (empty traps) and control 2 traps (pheromone traps) for a period
of 8 weeks. Each point represented one-week of trap catch. Data was
subjected to one-way ANOVA followed by Turkey's multiple comparison
test. Error bars represent SE (Standard error)

flies mainly revolves around MAT (Male Annihilation Technique). The Male Annihilation Technique
involves lure and kill of males using bait stations that consist of attractants such as methyl eugenol lures
combined with an approved insecticide as a killing agent. It is recommended for area wide management
of fruit flies (Mumford, 2006). However, the existing methyl eugenol baited traps are effective only in
intercepting male B. dorsalis, and because Oriental fruit flies are highly polygamous a few surviving males
can fertilize a substantial number of females (Cunningham, 1989). Therefore, more successful control
of Oriental fruit fly would be achieved by targeting female B. dorsalis because they are responsible for
oviposition and subsequent damage to fruits. Crude attractants based on fermenting sugars, hydrolysed
protein, and yeast are available but are limited by lack of potency, short shelf life, and lack of specificity
(Siderhurst and Jang, 2006). Identification of kairomones would facilitate the development of lures based
on synthetic female attractant.
As a first step in this direction, we attempted isolation and identification of host cues to attract gravid
female fruit fly, B.dorsalis (Kamala Jayanthi et al., 2012). We identified new attractants for B. dorsalis
from overripe mango fruits. Headspace samples of volatiles were collected from two cultivars of mango,
'Alphonso' and 'Chausa', and a strong positive behavioral response was observed when female B. dorsalis
were exposed to these volatiles in olfactometer bioassays. Coupled GC-EAG with female B. dorsalis
revealed 7 compounds from 'Alphonso' headspace and 15 compounds from 'Chausa' headspace that
elicited an EAG response. The EAG-active compounds, from 'Alphonso', were identified, using GC-MS,
as heptane, myrcene, (Z)-ocimene, (E)-ocimene, allo-ocimene, (Z)-myroxide, and γ-octalactone, with
the two ocimene isomers being the dominant compounds. The EAG-active compounds from 'Chausa'
were 3-hydroxy-2-butanone, 3-methyl-1-butanol, ethyl butanoate, ethyl methacrylate, ethyl crotonate,
ethyl tiglate, 1-octen-3-ol, ethyl hexanoate, 3-carene, p-cymene, ethyl sorbate, α-terpinolene, phenyl
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ethyl alcohol, ethyl octanoate, and benzothiazole. Individual compounds were significantly attractive
when a standard dose (1 μg on filter paper) was tested in the olfactometer. Furthermore, synthetic blends
with the same concentration and ratio of compounds as in the natural headspace samples were highly
attractive (P< 0.001), and in a choice test, fruit flies did not show any preference for the natural samples
over the synthetic blends.
Further studies were carried out to identify specific cues that can instigate oviposition behaviour in
gravid female B. dorsalis (Kamala Jayanthi et al., 2014b). We screened all the 21 EAD-active volatiles
identified from mango in the previous study for their oviposition stimulant activity. 1-octen-3-ol, ethyl
tiglate, γ-octalactone and benzothiazole instigated oviposition in gravid B. dorsalis females. Flies deposited
most of their eggs into pulp discs with oviposition-stimulants, and only a small fraction of eggs were
laid into control discs. In a binary choice oviposition assay, 95.1, 93.7, and 65.6 % of eggs were laid in
discs treated with 1-octen-3-ol, ethyl tiglate, and benzothiazole, respectively. Single plate two-choice
assays proved that oviposition-stimulants were crucial in oviposition site selection by gravid female B.
dorsalis. In simulated semi-natural assays, gravid B. dorsalis females accurately differentiated between
fruits with and without 1-octen-3-ol, ethyl tiglate, and γ-octalactone by laying more eggs on the treated
fruit. However, benzothiazole did not elicit an increase in oviposition when presented in this context. Our
results suggest that the identified oviposition-stimulants are ‘key’ compounds, which the flies associate
with suitable oviposition sites. Elucidation of these kairomones will improve our perception of the
chemical basis of oviposition behavior in B. dorsalis, and the identified cues will likely enhance control
operations against this highly polyphagous, invasive quarantine pest of invincible economic importance.
These studies helped us further in developing a lure for female B. dorsalis to bait traps with. A female
attractant lure Arka Dorsolure F was standardized and patented for commercialization.
Further, these studies also helped us in enhancing the existing mass rearing protocols for B. dorsalis
particularly for sterile insect technique programs (Kamala Jayanthi et al., 2017). The sterile insect
technique (SIT) can be an effective, target-specific and economically feasible control method for fruit fly
management elsewhere. However, implementation of SIT depends on mass production of high-quality
insects. Production of superior quality eggs is of foremost importance in insect mass production. The
present protocols make use of fruit juices or fruit domes that attract saprophytic insects or microorganisms,
reducing the quality of eggs. Furthermore, fermentation of juices is known to decrease oviposition
efficiency, and daily sanitation of oviposition devices is required. We evaluated the effectiveness
of four synthetic oviposition stimulants (OS) of B. dorsalis for egg production in dual choice tests,
using oviposition devices similar to those used in mass rearing. Results indicated that γ-octalactone,
benzothiazole, and octen-3-ol and ethyl tiglate significantly increased egg laying compared to controls
(water). Of these, γ-octalactone was particularly effective and elicited a 263-fold increase in oviposition
on treated oviposition devices compared to control. Our findings demonstrate the potential of using Oss
to improve the efficiency and cost effectiveness of mass production of B. dorsalis.
Exploring the scope of chemical elicitors as IPM components
Studies have demonstrated that insects use precise ratios of volatiles for host location (Bruce et al.,
2005; Kamala Jayanthi et al., 2012). Even subtle changes in volatile ratios of host plants confuse insects
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and alter their perception and orientation (Beck et al., 2012). However, plants have evolved with their
insect pests and have developed an array of strategies for defense. One such strategy is the utilization of
elicitors in priming and/or increasing or decreasing the production of certain volatile compounds upon
insect attack (Schmelz et al., 2006). Thus, exogenous applications of elicitors may impact insect-plant
interaction through modified host plant volatile emissions.
Chemical elicitors viz., salicylic acid (SA), jasmonic acid (JA), ethylene, abscisic acid (ABA), gibberellic
acid (GA3) are well studied and known to induce both direct and indirect defenses against insect pests
(Erb et al., 2009). Such induced responses in plants are important components of pest management and
can be triggered by external application of elicitors (Zhao et al., 2009). Among the elicitors listed above,
SA is well studied in non-woody plants for its role in regulating plant defense and in triggering ‘systemic
acquired resistance’ (SAR) (Bruinsma et al., 2007).
In our constant endeavor to identify synergistic components for the integrated management of fruit flies
in mango, we explored a strategy that has received negligible attention is the induction of ‘natural plant
defenses’ by phytohormones (Kamala Jayanthi et al., 2015b). In this study, we investigated the effect
of salicylic acid (SA) treatment of mango fruit (cv. Totapuri) on oviposition and larval development
of B. dorsalis. In oviposition choice assays, gravid females laid significantly less eggs in SA treated
compared to untreated fruit. Our olfactometer results showed that headspace volatiles collected from
untreated fruit attracted B. dorsalis whereas volatiles from SA treated fruit did not attract the flies. This
result indicated that the SA treated fruit volatiles were less attractive to gravid flies. GC-MS analysis of
the headspace volatiles from SA treated and untreated fruit showed noticeable changes in their chemical
compositions. As we know volatile chemical cues from the host plant play a major role in the orientation
of gravid females to their hosts from a distance. Thus perception of right mix of these volatile blends
plays a pivotal role in host recognition and determines the probability of phytophagous insect alighting
on a given host (Bruce and Pickett, 2011). GC/MS analysis confirmed the complete absence of volatiles
viz., cis-ocimene and 3-carene in SA treated fruit. These volatiles are reported to elicit significant EAG
response as well as positive behavioural responses in gravid female B. dorsalis (Kamala Jayanthi et al.,
2012). Therefore, these two chemical cues, cis-ocimene and 3-carene are important attractants and involved
in host location of B. dorsalis (Kamala Jayanthi et al., 2012). The subsequent inhibition of cis-ocimene,
3-carene after the exogenous application of SA would have led to the observed altered behavior of B.
dorsalis as herbivorus insects are known to use plant volatiles as key for host location and as indication
of suitable oviposition site (Bruce et al., 2005; Kamala Jayanthi et al., 2014b).
Further, reduced pupae formation and adult emergence was observed in treated fruit compared to control.
Increased phenol and flavonoid content was recorded in treated fruit. We also observed differential
expression of anti-oxidative enzymes namely catalase (CAT), polyphenoloxidase (PPO) and peroxidase
(POD). These results indicate that SA treatment reduced oviposition, larval development and adult
emergence of B. dorsalis and suggest a role of SA in enhancing mango tolerance to B. dorsalis. As fruit
flies infest mango fruits usually at the fag end of the harvest, application of SA as pre-harvest spray to
curb fruit fly infestation would fit well in to the sustainable eco-friendly management module (Kamala
Jayanthi et al., 2015b).
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Commensal bacteria aid mate-selection in the fruit fly, Bactrocera dorsalis
Commensal bacteria influence many aspects of an organism's behaviour. However, studies on the
influence of commensal bacteria in insect mate-selection are scarce. We generated empirical evidence that
commensal bacteria mediate mate-selection in the Oriental fruit fly, B. dorsalis. Male flies were attracted
to female flies, but this attraction was abolished when female flies were fed with antibiotics, suggesting

Schematic representation of the olfactometer experiment setup and graphical representation where
males were significantly more attracted to the olfactometer arm containing virgin female (Treatment)
than control. b. Antibiotic treatment abolishes male attraction to female. Virgin female flies fed on
BD medium containing antibiotics (treatment) and female flies fed on BD medium without antibiotics
(control) are transferred into the two arms of the olfactometer. A virgin male in the center is allowed
to make a choice between treatment and control females. Time spent by the male in each arm is
recorded for a period of 15 min. Male fruit flies spent significantly more time in the control then the
treatment arm, confirming the involvement of commensal bacteria in attraction of male to female flies.
c. Schematic and graphical representation of re-infection experiments. Antibiotic-treated virgin females
are introduced into vials containing sterile BD medium inoculated with the female flies’ microbiota
for reinfection. Re-infected female flies served as treatment and antibiotic treated female flies serves
as control (Kamala Jayanthi et al., 2016b).

the role of the fly's microbiota in mediating mate-selection. In this study, the removal or reinfection of
commensal bacteria, in female flies clearly affected mate selection behaviour in B. dorsalis males.
We showed that male flies were attracted to and ejaculated more sperm into females harbouring the
microbiota. Using culturing and 16S rDNA sequencing, we isolated and identified different commensal
bacteria, with Klebsiella oxytoca being the most abundant bacterial species. This study will enhance our
understanding of the influence of commensal bacteria on mate-selection behaviour of B. dorsalis and
may find use in devising control operations against this devastating pest (Kamala Jayanthi et al., 2016b).
Oviposition-site selection in insects is mediated through Innate Recognition Tunes (IRTs) tuned to
specific volatile cues
Insects make vital decisions about selection of food, mates or oviposition sites through pre-constructed
recognition templates (Del Campo et al., 2001; Sherman et al., 1997). These templates can be innate or
acquired through learning and experience. Innate recognition templates (IRTs) are embedded into the
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genome of insects and are transferred genetically to offspring so that when they are exposed to a fixed
cue, or a fixed set of cues, a particular behavior is elicited without having to be learnt. Such recognition
templates in insects are thought to be numerous; however, there is a paucity of information about the cues
that trigger them. IRTs are triggered by external stimuli that occur within the context of the insect's ecology.
An example of a behavior that may be directed through an IRT is oviposition site-selection by insects
(Schwartz et al., 2012). A predilection for favorable oviposition sites by adult insects is essential for
successful development and fitness of their progeny (Ryan et al., 2009). Owing to strong competition
for oviposition sites and processing time constraints, a female insect has to rapidly evaluate and direct
her eggs into suitable oviposition sites. This process of evaluation and egg-laying is instigated only while
the insect is gravid. Oviposition site-selection in insects is assisted by a plethora of site-specific cues,
but insects have to choose the most reliable and specific cues to override noise and channel appropriate
sensory information efficiently during this crucial process. In insects, learning of certain crucial behaviors
is impossible due to their short life span and cost incurred during learning. Therefore, crucial behaviors
become innate, are embedded into the genome, and passed on by the parents to offspring as IRTs. Through
co-evolution with their hosts, insects construct recognition templates to crucial cues that aid in faster
processing of information in their brain. However, the oviposition-stimulants to which insects have
developed IRTs remain elusive (Kamala Jayanthi et al., 2014c).
Insect olfactory driven behaviors can have an “innate bias” towards certain stimuli or be learned
by association. When innate bias occurs, the insects respond to the critical stimulus, rather than the
other environmental stimuli; it is possible that the insect can be tricked by these cues even if they are
outside their usual context. We studied the oviposition behavior of the Oriental fruit fly, B. dorsalis, in
relation to exposure to volatile semiochemicals from ripe mango (cv. Alphonso) that are known to be
electrophysiologically active for this insect (Kamala Jayanthi et al., 2012). We found that oviposition
site-selection depends almost entirely on one of these volatile compounds, γ-octalactone. Upon careful
experimentation, involving insects with different rearing histories, it was observed that oviposition
behavior in B. dorsalis is mediated through an IRT tuned to γ-octalactone (Kamala Jayanthi et al., 2014c).
During experimentation γ-octalactone, triggered oviposition behavior where the flies extended their
ovipositors and probed the filter paper. Although filter papers are not appropriate oviposition sites, the
females showed probing action, which is commonly observed only during egg laying. This observation
indicated the involvement of a cue that activated IRT specific for oviposition and suggested that this
particular CRT is conserved in the mango fruit flies and passed on through succeeding generations even
after being reared on non-specific fruits like banana and guava that are devoid of the cue. Thus, proving
γ-octalactone activates a dedicated IRT for oviposition that overrides other exploratory behaviors in B.
dorsalis. Discovering oviposition-stimulants triggering an IRT will help us ‘trick’ gravid B. dorsalis
females, a devastating invasive pest of horticultural importance, into traps (Kamala Jayanthi et al., 2014c).
Another interesting insect-plant interaction, we chanced upon is about the fidelity of gravid female
Bombyx mori oviposition site choice after ~5000 years of domestication by humans (Kamala Jayanthi et
al., 2015c). In insects, selecting an appropriate oviposition site is a complex process that involves multiple
modalities and is crucial to the fitness of their offspring (Ponnusamy et al., 2008). As insect eggs are
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easy targets for predators and egg parasitoids, gravid females must make decisions on the suitability of
an oviposition site in order to keep their offspring safe (Dweck et al, 2013). During egg-laying, insects
assess a plethora of factors such as color, nutrition, temperature and microbial composition (Ponnusamy
et al., 2008). Furthermore, recent studies have shown that insects tend to select oviposition sites that
are repulsive to parasitoids and other threats that may harm eggs or neonate larvae (Dweck et al., 2013).
However, it was unclear whether such oviposition site-selection function is still preserved in the highly
domesticated insect, B. mori and the current study was designed to test if it was maintained after a long
history of domestication. We hypothesised that certain innate behaviors allowing location of suitable
oviposition sites may be preserved. A recent study has shown that domestication has impaired the olfactory
system of B. mori so that it is less sensitive to environmental cues (Bisch-Knaden et al., 2014). However,
oviposition site selection is an ‘innate behavior’ and usually passed on to offspring from parents over
generations (Kamala Jayanthi et al., 2014c).
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We demonstrated that centuries of domestication of silk moth have not impaired its oviposition siteselection function. We first assessed the egg-laying preference of B. mori towards mulberry leaves or its
traditional oviposition site, paper, using a binary choice assay. The moths had no restrictions and were
allowed to move around freely in the choice arena. In this assay, moths consistently preferred and laid
most of the eggs on mulberry leaves. Moths (n = 1 per trial, 10 trials, each lasting 24 h) deposited 93.97
± 3.7% (mean ± s.e.m) of eggs on mulberry leaves, compared to 6.03 ± 0.14% on filter paper. Silk moths
clearly showed preference for mulberry leaves as oviposition sites (Paired t-test; t = 11.82; df = 9; P<
0.0001; n = 10). Presumably, moths may have used volatile cues to navigate towards and oviposit on
mulberry leaves. Therefore, we concluded that silk moth, although domesticated for centuries without
access to mulberry plants as oviposition sites; still retain their oviposition site preference. Since the tested
moths had no prior experience with leaves, except in their larval stages, we further concluded that the
preference for mulberry leaves is innate. Further oviposition assays with filter paper, filter paper treated
with leaf volatiles and leaf alone proved that surface texture was not a significant criterion for oviposition
site-selection, but volatile cues were.
The moths laid a similar number of eggs on filter paper treated with leaf volatiles (662.4 ± 46.96 eggs;
mean ± s.e.m) and mulberry leaf (721.7 ± 49.99 eggs) compared to filter paper alone (226.3 ± 33.64
eggs). One-way ANOVA followed by Tukey's multiple comparison test between the number of eggs in
different treatments showed that eggs laid on filter paper treated with leaf volatiles and mulberry leaf were
significantly not different (n = 10; q = 1.345; P = 0.38). This demonstrates that volatiles from mulberry
leaves were sufficient for the oviposition site selection process. We presumed that due to many decades
of domestication where gravid moths are given only paper as an oviposition substrate, the silkmoth may
have lost the ability of detecting physical cues of mulberry leaves. This also proves that insects retain IRTs
(Innate Recognition Templates) of olfactory cues (host volatiles) that remain unaltered for generations.
Electrophysiology studies revealed that the silk moth's antenna responded to specific volatile compounds
of mulberry leaves. Therefore, we asked which volatile compounds from mulberry might be mediating the
oviposition preference in the silk moth, B. mori. Although intact leaves are virtually odorless to humans,
they release volatile plumes that can be detected by insects. GC-EAD results revealed that silk moths
can detect 7 volatile compounds from mulberry leaves. Individual electrophysiologically active volatiles
were further subjected to oviposition assays. Interestingly, the moths showed oviposition preference for
certain EAD-active volatiles by laying most of the eggs onto filter papers treated with valencene (OI =
0.57 ± 0.06; mean ± s.e.m) and α-humulene (OI = 0.62 ± 0.01) compared to other cues. ANOVA followed
by Tukey's multiple comparison test showed that there was no significant difference between eggs laid
on valencene and α-humulene treated filter papers (n = 10; q = 0.8649; P = 0.45). We inferred that the
presence of valencene and α-humulene is necessary for the increased rate of oviposition as seen on mulberry
leaves.Oviposition assays with electrophysiologically active compounds from mulberry revealed that
two of the volatiles, valencene and α-humulene, aided moths in choosing suitable oviposition sites and
enhanced egg-laying significantly. Moreover, we show that generalist egg-parasitoids like Trichogramma
chilonisare strongly repelled by valencene and α-humulene. Our results demonstrate that IRTs tuned to
cues that aid crucial functions like oviposition site-selection are less likely to be impaired even after
centuries of domestication (Kamala Jayanthi et al., 2015c).
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Herbivore-Induced Plant Volatiles as aggregation cues for sap feeders
Herbivore-induced plant volatiles (HIPVs) have been opined as ‘indirect or direct defenses’ of plants,
are extensively studied. In contrast, HIPVs may also indicate that plant defenses have been overcome by
herbivores infesting the plant; however, studies on this aspect have so far received little attention. Using the
interaction of Capsicum annum (Bell pepper) with its pest Scirtothrips dorsalis (Chilli thrips) as a model
system, we studied the role of HIPVs in this selected insect-plant interaction. Multiple-choice olfactometer
assays with headspace volatiles collected from different growth stages of un-infested C. annum plants
represented by pre-flowering (PF), flowering (FL) and fruiting stages (FR) proved FR volatiles to be
highly attractive to S. dorsalis. Further, FR plants were infested with S. dorsalis adults and HIPVs released
by infested plants were collected and subjected to multiple-choice olfactometer bioassays. Thrips were
significantly attracted to HIPVs than to headspace volatiles of un-infested FR plants or thrips body odour.
Coupled GC-EAG with S. dorsalis and HIPVs or FR plant volatile revealed specific compounds viz.,
n-dodecane, n-docosane, o-cymene, β-elemene, n-dodecyl iodide (in FR volatiles); octadecane, n-docosane,
tricosane, δ-3-carene, dodecyl iodide (in HIPVs) that elicited an EAG response. Individual EAG-active
compounds were less attractive to thrips, however, synthetic blends of EAG-active compounds at the ratio
similar to headspace samples were found to be highly attractive. However, when given a choice between
synthetic blends of HIPVs and FR, thrips were significantly attracted to synthetic blend of HIPVs. Our
study provides empirical data on signals HIPVs may provide to conspecific herbivores and suggests that
the role of HIPVs, mostly generalized as defense, may vary based on the interaction and must be studied
closely to understand their ecological functions (Subhash et al., 2017).
Similarly in case of onion also, an attempt was made to study behaviour of onion thrips Thripstabaci towards
HIPVs and healthy plant volatiles. Olfactometer bioassays revealed that T. tabaci significantly preferred
HIPVs from conspecific infested onion to volatiles from healthy onion plants. Gas chromatography-Mass
spectrometry (GC-MS) analysis of HIPVs and volatiles from healthy onion plants revealed substantial
changes in their volatile profiles. This study provides empirical data on signals HIPVs may provide
herbivores and suggests that the role of HIPVs, mostly generalized as defense, may vary based on the
interaction and must be studied closely to understand their ecological roles. It also provides basis for the
development of kairomone based management strategies against this devastating pest (Prasanna Kumar
et al., 2017).
Volatile chemical signals underlying the host plant preferences of oligophagous herbivore, Tuta
absoluta
South American tomato leafminer, Tuta absoluta (Meyrick) is a destructive pest of tomato. We attempted
to understand the volatile chemical signals underlying the host plant preferences of this oligophagous
pest with the selected solanaceous host plants viz., tomato, potato, brinjal, ashwagandha, nightshade,
wild tomato, tobacco, datura (Vanitha, 2017; Vanitha et al.,2018). In no-choice assays, T. absoluta gravid
females preferred tomato (66.53±3.30 eggs per plant) for oviposition, the least number of eggs were laid
on ashwagandha (0.81±0.38) and tobacco (4.31±0.73) and datura was not a preferred host for oviposition.
A similar trend was also observed in subsequent larval survival. When given a choice, females preferred
to lay eggs on tomato (276±22.56). While very few eggs were laid on ashwagandha (0.25±0.25) and
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tobacco (0.50±0.50). Datura was not preferred at all for laying eggs. Further, larval survival was also
more in tomato. A positive behavioral response was observed when gravid females of T. absoluta were
exposed to tomato plant headspace volatiles in olfactometer assays. Tomato plant volatiles were found
to be more attractive to the leaf miner compared to other host plant volatiles in dual choice assays. The
mean depolarization was significant for tomato, potato, ashwagandha and brinjal compared to empty air
and honey in electroantennographic bioassays (Vanitha, 2017; Vanitha et al., 2018).
A total of seventy six volatile compounds could be identified in the GC-MS analysis across the selected
eight host plants headspace samples and terpenoids were found to be abundant. Of all solanaceous host
plants, gravid female T. absoluta preferred to oviposit on tomato followed by potato and it showed the
least preference for host plants viz., ashwagandha, tobacco. Interestingly, datura was totally avoided for
egg laying. The series of choice, no-choice, behavioral and electrophysiological bioassays conclusively
established the host preference trend in South American leafminer. The PCA scatter plot using the
abundances of volatiles revealed the presence of dodecane 1-fluoro in datura (3.169 mg/ml) and its
complete absence in tomato indicating its possible role in deterring gravid female moths from egg
laying. The other solanaceous host plants viz., brinjal, ashwagandha, nightshade that exhibited higher
amounts of dodecane 1-fluoro (311.08, 83.97, 273.49mg/ml respectively) were less preferred while laying
eggs by gravid female T. absoluta. Similarly, presence of benzoic acid,4-ethyl,4-cyanophenyl ester in
ashwagandha would have been responsible for lower ovipositional preference as well as lower larval
survival. In tomato, presence of p-quinone in addition to other volatiles viz., 2-carene, δ-curcumene
and 1,2 diethyl benzene would have served as oviposition stimulants to T. absoluta. Nevertheless, the
presence of p-quinone in other less preferred hosts (datura, ashwagandha and tobacco) clearly indicates
a dose-dependent response of T.absoluta to this volatile cue and/or emphasizes the importance of blend
emissions. Earlier studies also revealed that specialized herbivores attraction to host odour may be
mediated by common volatiles across the host species or by specific compounds or their combinations
(Gunda Thoming and Hans Ragnar Norli, 2015). Further, presence of 1,2, diethylbenzene only in potato
and tomato and its absence in other host plants suggests its possible role in oviposition decision making
by T. absoluta. Similarly, presence of high amounts of 1-tert-butyl-3-ethyl-methylbenzene in potato
and its complete absence in tomato indicates the possible role of this volatile cue making the former
less appealing over later during oviposition decision making by gravid female moths of T. absoluta. The
oviposition decision in oligophagous insects like T. absoluta may be mainly driven by general odour
components that are common to all host plants or specific signature odour cues or a combination of both.
Therefore, in the absence of tomato, other cultivated and non-cultivated solanaceous plants can serve as
potential alternate hosts, thereby providing ample scope for moths' survival throughout the year making
pest management decisions quite challenging (Vanitha et al., 2018, In Press).
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. Detailed studies (crop wise
and pest wise) would throw light on the ecological chemistry involved in insect-insect and insect-plant
interactions that will help us to understand the trophic interactions in toto. Such studies will aid to pinpoint the weak links that can be exploited for IPM. Further, it is now within our reach to facilitate the
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Detailed studies (crop wise and pest wise) would throw light on the ecological chemistry
involved in insect-insect and insect-plant interactions that will help us to understand the
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and exhibit biological activity on many different species and that one compound can have different
functions in different species. Therefore, systematic, goal oriented multidisciplinary research work in the
proposed area of ecological chemistry will definitely yield powerful cues for integrated pest management
of targeted horticultural crop pests enabling better appreciation of the frontier technologies and sensitive
analytical instruments, we have today.
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