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(v) Research problem:  Hypothesis, brief description, scientific, technological, 

socio-economic relevance and priority (limit to 1 page):  

Coccinellid beetles are the most important predators which are being used against many 

soft bodied pests due to their voracious feeding potential (FP) and rapid numerical response (NR) 

in many agricultural and horticultural ecosystems. Introduction and augmentative releases of these 

beetles were proved for their efficacy to suppress certain crop pests. These traditional biological 

control methods mostly depend on feeding potential of predator on its prey. Recent advances in 

biological control studies have brought certain tri-trophic interactions related aspects such as non-

consumptive effects of predator on its prey, indirect defense of plants through Herbivore Induced 

Plant Volatiles (HIPVs), induction of indirect defense through synthetic elicitors and development 

of genetically modified crops which change behavioral response of pest by release of olfactory 

cues (EBF-Wheat). 

In order to have a robust and sustainable bio-control strategy, we must strive to decipher 

predator-prey relationship at each level, so that, the effect of biological control could be enhanced 

to maximum fold. Despite of its scope in biological and bio-rational method of pest control, a 

comprehensive study on predator-prey relationship and chemical mediated tri-trophic interactions 

on a particular crop-pest-predator is lacking. 

Hence, the present investigations were conducted using a versatile native coccinellid 

species, Cheilomenes sexmaculata (Fab.) which is known to remains active throughout the year 

with a wide geographic distribution and vast host range in India. Cotton aphid, Aphis gossypii 

Glover has taken as prey being a key pest of many agri-horticultural crops with a wide host range 

of about 320 plant species covering 46 families. As it is known worldwide as a key pest of cotton, 

Gossypium hirsutum L., was taken as host plant. 

Biological suppression of pest is a complex phenomenon which greatly determined by the 

foraging behaviour of its predator. A simplified depiction of prey population dynamics under 

predation of each stage of predator can provide information on effective stages of predator and 

their efficiency. To realize the concept like non-consumptive effect of predator on prey, a deep 

understanding of oxidative stress levels and its biological effects on prey must be worked out to 

explore and develop new tools for the insect pest suppression. Assessment of risk effect through 

bio-chemical oxidative stress markers can reveal possible mechanisms involved in non-

consumptive effects.  

Predator-prey interactions are strongly influenced by herbivore induced plant volatiles 

(HIPVs) released from the host plant which plays a crucial role in attraction of predators towards 

the habitat and pest’s (prey) colonies. The chemicals involved in the tri-tropic interactions can alter 

the behavior, physiology and population buildup of prey and might be exploited to develop 

formulations to attract predatory beetles to a particular crop ecosystem for their further 

conservation. 

Keeping this in view and the availability of scanty information, the present studies were 

conducted with the following objectives. 

a) To study the predatory behaviour of C. sexmaculata against cotton aphid, A. gossypii. 

b) To assess the predation risk induced by C. sexmaculata on the cotton aphid, A. gossypii. 

c) To study the orientation response of C. sexmaculata towards the prey and host plant extracts. 
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(vi) What standard methods and modern procedures were used in the 

experimental work? (limit to one page):  

Biology of C. sexmaculata on A. gossypii was studied at controlled conditions of 25±1 °C, 

65±5% RH and 14 hr of photo period in environmental chambers (Oliveira et al., 2010). Cut leaf of 

cotton was used as substrate by keeping in a Petri plate. Aagarose based Hoagland’s media 

containing essential plant nutrients was used to keep the prolonged freshness of leaf (Nazarideljou 

et al. 2019). Biological and morphometrical observations were recorded on each stage of predator. 

Feeding potential and life table studies were conducted in the Biological Control 

Laboratory, Division of Entomology, ICAR-IARI, Pusa at controlled conditions similar as 

followed for biology. Number of preys consumed was worked out by deduction of remaining aphid 

count and control mortality from the total number of aphids (Fand et al. 2010a). Feeding potential 

throughout the life of predator was analysed through ‘CONSUME-MSChart’ (Chi 2012a) to 

display age-specific consumption (kx), age-stage-specific consumption (Cxj) and the net 

consumption rate (C0). Data on duration, mortality and number of eggs laid was subjected to the 

construction of age-stage and two-sex life tables using TWOSEXMS-Chart (Chi 2012b).  

A functional response study at various densities of aphid was conducted (Omkar, 2013). 

The polynomial logistic regression of the proportion of aphid killed in relation to the initial 

numbers was carried out for an insight about the type of functional response (Trexler and Travis, 

1993; Juliano, 2001). As the consumed prey was not replaced during the foraging period, Roger’s 

random attack equation (Rogers-II functional response equation) was used to fit the curve and 

estimate the functional response parameters (Royama, 1971; Rogers, 1972). Whereas, the 

numerical response determined by using a method given by Veeravel and Baskaran (1997).  

Finite rate of increase (λ) of aphid per day was calculated from the constructed fecundity-

life table (Fand et al. 2010b). The total response of predator was taken as a product of functional 

response and numerical response. All the parameters viz., finite rate of increase of prey (λ), 

functional response (FR), numerical response (NR) and total response (TR) of predator were 

assessed as a function of single factor i.e., initial prey density (N0) by keeping the duration i.e., 

total time (Tt) as one day. The change in aphid population was projected graphically by simulating 

the respective equations for the different instars of grub, male and female of C. sexmaculata.  

For non-consumptive effect studies, developed a simple method of aphid rearing on Mesta 

seedlings to get sufficient population, clear visibility for counting and to minimize the disturbance 

to the study organism (A. gossypii). A container was designed with a double cylinder system using 

Petri dishes and iron meshes for the treatment impose. Superoxide dismutase activity (SOD) was 

quantified following the method given by Lukasik et al. (2012). Catalase (CAT) activity (Aebi, 

1984) and Malondialdehyde (MDA) content (Halliwell & Gutteridge, 1990) was assessed based on 

protein content determined using Bradford (1976) method. 

Cotton leaves collected from different treatments were extracted for volatiles using two 

different solvents, n-Hexane and Dichloromethane (DCM). Extracts were analyzed by GC-MS for 

the identification of HIPVs (Magalhaes et al., 2018). Orientation response of C. sexmaculata to the 

HIPVs was studied using Y-tube olfactometer (Oliveira and Pareja, 2014).  

Data was analyzed through R software (R-Core Team 2020) using FRAIR package (Pritchard 

et al., 2017) for functional response. Feeding potential was analyzed through ‘CONSUME-MSChart’ 

(Chi, 2012a). Data on duration, mortality and number of eggs laid was subjected to the construction 

of age-stage and two-sex life tables using TWOSEX-MS Chart (Chi, 2012b). 
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(vii) Briefly describe the significant results obtained? (Not more than 3 pages): 

Host suitability and biology of C. sexmaculata: Cotton aphid A. gossypii was found to be the 

most suitable host for C. sexmaculata as evidenced by faster development (6.21±0.03 days) and 

more longevity of female (67±4.7 days) with high fecundity (756.5 eggs/ female). These positive 

biological attributes of C. sexmaculata on A. gossypii could contribute to its mass production for 

augmentative biological control. 

Foraging behaviour of C. sexmaculata: For the grub stage, highest feeding potential (101.43 ± 

3.04 aphids) was observed for the fourth instar which was higher than the gross feeding potential 

of all other instars. Among the adults, female recorded high feeding potential with a mean daily 

consumption of 43.13 ± 0.54 aphids. Life table studies showed intrinsic rate of increase (r) of 0.22 

with the mean generation time of 27.29 days. The foraging behaviour studies revealed that, all the 

grub stages and adults displayed a type-II functional response. The IV instar grub has shown the 

lowest handling time with highest maximum predation (96.1aphids/day), followed by female 

(94.6), male (82.6) and other stages. However, female depicted a rapid extinction of aphid by 

keeping it below 25, as against fourth instar grub and male which affected extinction by keeping it 

below 30. So, the releases of fourth instar grub and female of C. sexmaculata could be advocated 

for the augmentative biological control of A. gossypii. 

Oxidative stress in aphid under predation risk: We found that the oxidative stress is induced by 

olfactory cues, and even short duration exposure could raise antioxidant enzyme levels in the 

cotton aphid. Aphid’s antioxidant mechanism uses up regulation of superoxide dismutase (SOD) 

and catalase (CAT) but not sufficiently to offset the oxidative damage that led to increased 

Malondialdehyde (MDA) content. SOD activity was significantly higher for active predation (9.75 

± 0.60 units/mg protein) and risk of predation (9.30 ± 0.40 units/mg protein) over controls (5.39 ± 

0.13 units/mg protein). Catalase (CAT) showed highest activity in the aphids exposed to active 

predation (78.12 ± 5.26 H2O2 decomposed in µM/min./mg protein) followed by risk of predation 

(62.62 ± 5.22) and no-predation (26.48 ± 5.99) with significant differences between each other. A 

similar trend was also observed for Malondialdehyde (MDA) content as recorded 3.41 ± 0.30, 2.73 

± 0.39 and 1.40 ± 0.04 nM/mg protein in aphids exposed to active predation, risk of predation and 

no-predation, respectively. It is a clear indication of oxidative stress induction through the 

olfactory cues released by the predator as expressed stress enzyme levels with the same magnitude 

under active and risk of predation without significant differences between them. 

Non-consumptive effects (NCEs) of C. sexmaculata on A. gossypii: NCEs did not influence the 

longevity, mortality and developmental period of aphids as there is no significant difference 

between the treatments and control. NCEs did have significant effects on the reproduction of 

aphids with reduced reproductive period and reduction in the number of nymphs produced per 

female during the total life span. A significant decrease in reproduction was recorded in aphids 

under active predation (32.35 ± 4.65 nymphs/female) as well as risk of predation (30.00 ± 4.40 

nymphs/female) compared to the no-predation treatment (41.62 ± 5.60 nymphs/female). Both the 

active predation and risk of predation treatments resulted in a similar trend in lowering aphid 

reproduction, albeit with no significant difference between them. Despite the fact that there was no 

influence of NCEs on mortality and developmental period of nymphs produced by the 

parthenogenetic adults of A. gossypii which were exposed to predators, exposure clearly paved the 

way for the production of winged morphs. There was more than three-fold increase in the per cent 

of winged morphs produced by the aphids under predation-risk compared to the control. However, 
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there was no significant difference observed for winged morphs between the active-predation and 

risk-predation treatments (Fig. 1). 

 
Fig. 1: Biological parameters differentially expressed by cotton aphid, A. gossypii under predation-risk of C. 

sexmaculata 

 

A simple rearing technology of A. gossypii: Seeds of mesta, H. cannabinus grew well on 

absorbent cotton with germination per cent more than 90. In just three days after sowing, the 

seedlings with fully opened cotyledonary leaves were ready to host the aphids. Each Petri plate (10 

cm ϴ) could accommodate a stand of 25 seedlings. These seedlings supported the population 

buildup of A. gossypii up to 33 days after sowing. Nymphal population increased geometrically 

from first day to about 12 days after releasing, then increased exponentially up to 21-24 days and 

thereafter a faster decline was observed. The highest value of 568.9±24.8 nymphs per seedling was 

recorded at 24 0C and lowest at 27 0C (312±11/plant). Wingless adult population was obtained 

from sixth day after releasing at 24 and 27 0C whereas, it was observed from 12th day after 

releasing at 18 and 21 0C. The adult population was noticed highest at 24 0C (30±1.8) followed by 

21 (27.3±0.9), 27 (22.2±3.4) and 18 0C (19.2±3.0) at 21, 24, 15 and 24 days after release, 

respectively. The cumulative total for winged adults was higher at 27 0C, which significantly 

differed with all other temperatures. 

Orientation response of C. sexmaculata to the aphid induced HIPVs of cotton: Female and 

male beetles of C. sexmaculata have not shown any significant attraction to the un-infested leaf 

(UL) of neither DCM nor n-Hexane extractant at any of the tested concentration. Among the other 

extracts, infested leaf with aphid (WA) extracted with DCM as well as n-Hexane have shown 

significant attraction for both female and male beetles at all the concentrations. In the remaining 

extracts, aphid only (AO) and infested leaf without aphid (WOA) have shown significant attraction 

at one or other concentrations. Among all the extracts which have shown significant attraction over 

control, DCM-WA 5% was attracted the highest number of female beetles (83.8±3.24%) followed 

by Hexane-WA 5% (72.5±2.50%) and others. Similarly, male beetles were also mostly attracted to 

DCM-WA 5% (72.5±3.66%) and Hexane-WA 5% (70.0±4.23%). Male beetle has shown 

significant variation to the concentration gradient of WA by displaying 1, 5 and 10% on par with 

each other. Whereas, female has shown significant variation to the concentration gradient of both 

WA and aphid only (AO) extracts with higher number of groups with significant difference. 

Whereas, the extracts drawn from MeSA sprayed plants have not shown any significant attraction 

of beetles. 

GC-MS analysis of different extracts: Volatile profile of extracts extracted through DCM 

exhibited an increase in number as well as abundance of certain compounds on infestation of 

aphid. It displayed 27 compounds by un-infested leaf (UL), increased to 38 for infested leaf with 
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aphid (WA) and 34 for infested leaf without aphid (WOA). Whereas, aphid only (AO) extracts 

could record only 22 compounds. UL and WOA have shown similarity in compounds and their 

abundance. Whereas, aphid infested leaf (WA) depicted a different pattern with the highest 

quantity of 3-Carene (20.15±1.56%) followed by (E)-β-Caryophyllene (13.06±1.51%), 1,4,7-

Cycloundecatriene-1,5,9,9-tetramethyl-,Z,Z,Z- (8.98±0.38%), α-Bulnesene (4.89±0.96%) and 3-

Hexenal (4.88±0.54%).Similar trend of increase in number of compounds was also recorded from 

the extracts drawn through the other solvent n-Hexane. n-Hexane extracts of WA resulted 

additional compounds viz., Heptane (17.36±5.09%), Pentadecane (10.39±5.21%), 3-Hexenal 

(7.93±1.79%), 2-Hexenal (7.09±0.89%) and α-Linolenic acid (2.79±0.99). 

  Comparative analysis of extracts revealed certain compounds as aphid induced HIPVs 

as they found in the extract of infested leaf but not in un-infested one. The DCM extract showed 14 

additional compounds as HIPVs in which 3-Carene was found as predominant. Similarly, n-

Hexane extract displayed 11 additional compounds as HIPVs in which Pentadecane was the 

highest. With the obtained results and analysis of volatile profile of different extracts, some of the 

compounds were identified as major aphid induced HIPVs namely, 3-Carene, Heptane, 

Pentadecane, 3-Hexenal, α-Copaene and α-Linolenic acid (Fig. 2). A blend of aphid induced 

HIPVs consisting of six major and eleven minor compounds was assumed to be responsible for the 

higher attraction of ladybird beetle, C. sexmaculata (Fig.3). 

 

 
Fig. 2. Major aphid induced HIPVs identified through 

comparative analysis of different extracts for volatiles 

with their relative abundances [UL-Un infested leaf, 

WA-Infested leaf with aphid, WOA-Infested leaf 

without aphid] 

 

 
Fig. 3. Proposed blend of volatile compounds assumed to 

be responsible for higher attraction of C. 

sexmaculataadults 

         Volatile profile of the extracts collected from MeSA sprayed plants revealed that the 

emission profile at 2 and 4 h after spraying is very closure to that of un-infested plant as it has 

shown similarity in the number of compounds and their abundance. Whereas, the number of 

compounds increased from 20 to 29 at 10 h after spraying in which 13 compounds are additionally 

released after MeSA spraying. Among the additional compounds elicited by the MeSA, 3-Carene, 

Tetra decanoic acid, 3-Hexenal and Pentadecane were found common with that of aphid infested 

HIPVs. However, the MeSA elicited volatiles have not shown any significant attraction of C. 

sexmaculata beetles. 
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(viii) In what way these results have made an original contribution to science and 

have impact: 

 

These positive biological attributes of C. sexmaculata on A. gossypii could contribute to its 

mass production for augmentative biological control. 

Fourth instar grub, female and male of C. sexmaculata are found to be the effective stages 

against A. gossypii as it exhibited rapid reduction of prey with high attack rate and low handling 

time. Female beetles, in addition to their immediate functional response also contribute to the 

prolonged numerical response. So, the use of female and fourth instar grub could be advocated for 

the release towards the augmentative biological control of A. gossypii. 

In the present investigations, we found that the NCEs resulting from predation-risk by C. 

sexmaculata on cotton aphid, A. gossypii was likely transmitted through olfactory cues, and even 

short exposure could raise the antioxidant enzyme levels in the aphids. The adult aphids exhibited 

antioxidant mechanisms through the up regulation of SOD and CAT but not sufficient to avoid 

oxidative damage that led to increased MDA content. As a result, the cost of production of SOD 

and CAT might have been compensated for with reduced reproduction in cotton aphid by adopting 

a ‘sit and wait’ strategy, and also by triggering winged morphs production for resorting to a ‘fight 

or flight’ strategy. Synthetic olfactory cues which mimic predator presence may act as biorational 

insecticide by reducing aphid population similar to non-consumptive effect found in this study.   

We have developed a simple rearing technique of cotton aphid, A. gossypiiis on Mesta 

seedlings raised in a Petri plate. It is an easy and simple method as it does away with maintenance 

of host plants in pots. It is very effective as we can quickly produce nymphs, wingless and winged 

adults in a larger number in short time. With this technique, continuous rearing is possible so that, 

lab studies and mass production of predators and parasitoids can be carried out easily in laboratory. 

Based on the knowledge gained and comprehensive observations from the results obtained, 

we identified a possible blend of volatiles to be used as an effective attractant to enhance the 

foraging behavior of aphidophagous coccinellid beetles in the cotton crop. Proposed blend of 

volatile consists 17 compounds which include 3-carene (20.15%), Heptane (17.36%), Pentadecane 

(10.39%), 3-Hexenal (7.93%) and α-copaene (4.18%) as major compounds. It facilitates 

development of an attractant of coccinellid beetles using one or few of these identified compounds. 
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review) 
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