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Abstract 

Cotton is the white gold of Pakistan and is considered to be the back bone of country’s 

economy as it contributes around 2% of GDP and more than 7% to the value addition 

to agricultural produce of the country. The cotton production has been significantly 

declined over the past couple of decades because of the cotton leaf curl disease 

(CLCuD). The causal agents of CLCuD, Begomoviruses are transmitted by whitefly 

(Bemisia tabaci) in a circulative and persistent manner. The B. tabaci is a very 

important insect pest of cotton, vegetables, horticultural and greenhouse plants 

throughout the world. The main strategies to control whitefly is the chemical pesticides, 

although the Bt based cotton varieties were adopted in 2002 in Pakistan but they were 

only successful to control American spotted and pink boll worms to certain extent but 

were unsuccessful against whitefly because of its piercing sucking mode of feeding and 

it also lack receptors for Cry1Ac.  

The RNA interference can be proven lethal to the notorious insect pests given 

the important gene/s are the target. In this study RNAi was induced against the genes 

which play extremely vital role in B. tabaci survival, using three different approaches 

i.e. artificial diet based provision of double stranded RNA (dsRNA), transient in planta 

expression and generation of stable transgenic plants expressing dsRNA. The genes 

chosen for the study includes; aquaporin, alpha glucosidase (EC 3.2.1.20), 

acetylcholine receptor subunit alpha and heat shock protein 70. The sucrose solution 

was used as medium for artificial diet based studies, whereas Potato virus X (PVX) 

vector system was used for transient expression in Nicotiana tabacum plants. After 

testing the target genes using both these systems, most efficacious targets were selected 

for producing stable transgenic N. tabacum plants. 

The study presented here demonstrated significant expression down regulation 

of target genes and substantially higher RNAi mediated resistance against B. tabaci. 

The results showed that aquaporin and alpha glucosidase are effective targets for the 

control of B. tabaci and requires genetic transformation of cotton for the evaluation of 

strategy to control whitefly under field conditions.  
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1. General Introduction 

1.1 Cotton and Cotton Leaf Curl Disease (CLCuD) 

Pakistan undoubtedly is one of the fortunate countries of the world having highly 

productive and fertile land. Pakistan has agriculture based economy with GDP greatly 

dependent on its agricultural produce. More than 70 % of Pakistani population is either 

directly or indirectly dependent on agriculture for its living. Among the exportable 

items, the most important product is cotton, as it is the backbone of country’s economy. 

Cotton contributes more than 60 % of the total foreign exchange earnings [1] as well as 

provides raw material for the local textile industry. According to the statistical survey 

of Pakistan (2010-2011) cotton accounts for 8.6 % in value addition to the agriculture 

and 1.8 % to the total GDP. Although according to Pakistan Bureau of Statistics (PBS), 

a record cotton production of 775 kilogram per hectare was obtained in 2014-2015 

season when the area under cultivation was 2.95 million hectares but the projected 

current year production is less compared to the previous year even though the area under 

cultivation would be 3.1 million hectares. The total projected cotton production for the 

season 2015-16 is 10 million 480 lb bales according to a report published by USDA 

Foreign Agricultural Service. The employment opportunities have also been created 

directly by growing cotton and also indirectly by supporting local industries including 

textile, fertilizer, pesticide etc. Production of cotton has currently been compromised 

by a number of factors including whitefly-transmitted begomoviruses associated with 

cotton leaf curl disease (CLCuD). The first incidence of CLCuD was observed near 

Multan in 1967 and until 1987 the disease reached the epidemic level. During 1991-92 

season cotton yield of Pakistan was 769 kg/ha which was markedly reduced to 543 

kg/ha during 1992-93 season and the area affected by CLCuD was more than 20,2000 

ha in 1993 [2]. In terms of cotton bale production it was the maximum cotton production 

ever recorded with a total bale count of 12.4 million which was reduced to only 7.9 

million bales in 1994 [3]. CLCuD was spread to the entire Sindh province in 1997 which 

was previously disease free [4]. Begomovirus is a genus of Geminiviridae family which 

contains single-stranded circular DNA genome and are may be monopartite or bipartite. 

Begomoviruses are transmitted by whitefly, B. tabaci. The B. tabaci is involved 
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in the transmission of hundreds of virus species out of which 90 % belongs to genus 

begomovirus [5] and at present there are no  genetically-modified resistant cotton 

varieties available.  

1.2 Whitefly (B. tabaci) 

The B. tabaci belonging to the order Hemiptera, sub-order Homoptera and family 

Aleyrodidae is an important insect pest of agricultural crops throughout the world which 

was previously considered to be the minor pest. The genetic divergence of B. tabaci has 

been under investigation for a long time until recently, and question posed was whether 

it is one single species complex having several biotypes or a complex of several species 

[6]. A 3.5 % difference boundary was set for Bemisia species demarcation [7] based on 

which many researchers reported new species including Asia III, Asia II 9, Asia II 10, 

China 3, Asia I-India and New World 2 [8, 9] raised the total number of species from 

28 to 34. Another study demonstrated that a genetic boundary of 4.0 % instead of 3.5 

% is more accurate for distinctive species demarcation in Bemisia complex [10]. The 

matter is still unresolved i.e. whether the Bemisia complex is monophyletic or 

polyphyletic because the amount of divergence observed in this case is 0 to 34 % which 

is much greater than the difference (0 to 11 %) observed in case of aphid, also belonging 

to the order Hemiptera [7, 10, 11]. Genetic distance based concept of species do not 

completely reflect the before and after mating isolation of a species [12]. Mitochondrial 

cytochrome C oxidase (COI) gene based mating studies for species demarcation 

boundaries showed that the copulation mostly occurs between related members and not 

among the different members of the complex. Even if the mating occurs between 

unrelated individuals, the fitness of subsequent progenies will be significantly poor as 

compared to the parents [13, 14]. The B. tabaci is a haplodiploid organism which 

produces more than 15 generations per year having a wide range of habitat adaptation 

and is spread throughout the world from temperate to tropical and sub-tropical regions. 

Despite of having such a small body size, it is highly fecund as one single female lays 

hundreds of eggs per square inch of the leaf surface. The metamorphosis is incomplete 

in whiteflies as it develops from egg to adult after passing through four instars. 

The whiteflies are usually found on abaxial leaf surfaces, sucking phloem sap 

and pouring large amounts of honey dew which promotes fungal growth. This type of 

feeding causes leaf drooping, stunted growth and lack of photosynthetic activity 
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because of sooty mold deposition on leaves. The whitefly also transmits the CLCuD 

causing begomoviruses and all these factors cumulatively causes severe yield losses to 

cotton crop which is the most preferred host of B. tabaci.  

1.2.1 Current Status of B. tabaci 

The insect with an undecided evolutionary fate (B. tabaci) has threatened the economies 

around the globe by destroying a wide range of economically important crops. 

Extensive investigations have been performed regarding B. tabaci taxonomy and its 

species status for at least past two decades because of its invasiveness in different 

regions of the world. With the increase in monoculture production of crops, vegetables 

and most recently with the increase in global trade of ornamental plants [15], whitefly 

has become one of the most important phloem feeding pests and virus vector, affecting 

economically important food, fiber, and nursery crops worldwide. The genetic variation 

in B. tabaci is thought to be extensive (based on the mitochondrial COI gene, RAPDs, 

microsatellite analysis) and has led to unprecedented outbreaks of rapidly co-evolving 

begomoviruses [16]. 

The status of B. tabaci became so much important worldwide in 1970s in Sudan 

and later on in 1980s in southwest of the United States of America making it the most 

damaging insect pest of green-house as well as open field crops globally [17]. Since 

late 1880s for 100 years until early 1980s, the outbreaks were periodic and 

comparatively diminutive, but the scenario totally changed in the mid-1980s when 

outbreaks occurred at a larger scale across the south western USA [18]. The first 

epidemics of cotton leaf curl disease (CLCuD) in the Multan region of Pakistan may 

also be another example of B. tabaci invasion. This was quite unusual because; B. 

tabaci was known as a minor pest and was of little importance and suddenly there was 

a shift of paradigm and it started destroying crops. The bizarre behavior of the pest drew 

the attention of researchers all over the world and several groups started recording 

observations which formed the basis of our current understanding of B. tabaci. The 

analysis based on mitochondrial cytochrome oxidase 1 gene (mtCO1) of B. tabaci [7] 

classifies it into different genetic groups known as biotypes. These genetic groups were 

referred to as biotypes until recently when because of the data pondered to the public 

database based on DNA bar coding technique as well as on different termini of the 

mtCO1 gene from different regions of the world started a new debate. According to this 



                                                                                                                              1. General Introduction 

4 
 

new description scientists started mentioning these genetic groups as species [17] rather 

than calling them different biotypes. Among these species Middle East Asia Minor I 

(MEAM 1), commonly known as B biotype is considered to be the most invasive, 

damaging and cosmopolitan in nature [19] compared to the other species of the complex 

which are locally distributed and have a narrow host range. The Mediterranean species 

also known as Q biotype is another emerging, the second most prevalent and invasive 

insect in many regions of the world [8, 20]. In many countries B biotype has been 

reported to be replaced by Q biotype which is also highly resistant to insecticides [21]. 

The Q biotype can be further divided into five subgroups based on mtDNA (COI) 

studies viz. Q1, Q2, Q3, ASL and Ms [22]. Another study carried out in Korea, where 

they collected 27 populations of whiteflies from 17 different areas of the country 

demonstrated that 26 out of 27 collected populations belong to Q biotype and only one 

belongs to B biotype [23]. Both B and Q biotypes are closely related as Asia Minor and 

Middle East are point of origin of B biotype whereas Q biotype was known to be 

originated from Mediterranean region [17]. 

These biotypes were first proposed based on the observations of more specific 

Jatropha and the polyphagous sida races from Puerto Rico [24]. The variability has also 

been linked to the competence of these biotypes to transmit begomoviruses [25], a 

critically important point to be considered precisely in this case. There are a number of 

other biological characters besides begomovirus transmission considered for the 

comparison of biotype status includes host range, induction of silver leafing in squash, 

and the ability to produce female offspring as a result of mating across different 

biotypes [26]. Still another set of observations used for the characterization of biotypes 

include the insecticide resistance and dispersal over a wider area globally [27]. 

Morphologically, B. tabaci is extremely invariable either at adult stage or at nymphal 

stages which makes all the efforts to classify this notorious insect fruitless [28, 29]. The 

reproductive incompatibility of different genetic groups also led to the assignment of 

biotype status, whereas a biotype is something which emerges from single species and 

should be differentiated on biological grounds [30]. It is still controversial to assign 

species status to B. tabaci on the basis of genetic data available based on mtCO1 gene. 
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1.2.2 The B. tabaci Species Complex in Pakistan 

The B. tabaci, since its emergence as a global pest of varying climates and easily 

adapting nature to nearly all the climates excluding Antarctica caused significant 

damages to more than 600 plant species [31]. The status and dynamics of B. tabaci in 

Pakistan as well as worldwide needs a deeper understanding of the complex in order to 

combat CLCuD. This is because of a number of uncertain hypothesis proposed 

regarding such a diverse insect species. Previous reports demonstrated the identification 

of only three biotypes from Pakistan including MEAM 1, Asia 1, and Asia II 1 where 

Asia 1 was found both in Punjab and Sindh provinces, Asia II 1 was present only in 

Punjab and MEAM 1 was present only in Sindh province [32, 33]. On the other hand, a 

recent report showed the presence of three additional genetic variants including Asia-

II-5, Asia-II-7 and Pakistan where they analyzed far greater number of samples (593 

samples) from 255 different locations of Pakistan [34]. The report also mentioned the 

recovery of Asia-II-5 from cotton while the other two (Asia-II-7 and Pakistan) were 

recovered from uncertain hosts. The study also contradicts with the pervious results and 

demonstrated that MEAM 1 was also present in Punjab besides Asia 1 which was 

confined to central and southern Sindh and was previously thought to be present in both 

the provinces.  

The MEAM 1 also known as B biotype was found to be invaded globally from 

its origin i.e. Middle East Asia Minor region which also includes Pakistan to at least 54 

different countries because of the trade of ornamentals and other plant material [31, 35]. 

Another recent study also reported the presence of the genetic variant (Asia-II-7) of B. 

tabaci complex from non-cotton growing Rawalpindi and Islamabad region of Pakistan 

[36]. Both B and Q biotypes are considered to be originated from Africa, but the 

phylogenetic analysis of the complex place them in MEAM 1 and Mediterranean 

(MED) groups [35] which is the probable indication of Bemisia invasion to both these 

regions. Genetic network analysis of the Bemisia complex in another report 

hypothesized the possibility of global invasion of both MEAM 1 and MED from Israel 

[37]. Comparatively higher incidence of CLCuD have also been linked to the specific 

biotype present in a particular region. Another study reported higher disease incidence 

in Punjab province of Pakistan where Asia II 1 biotype was present compared to the 

Sindh region where MEAM 1 was dominant biotype [32]. 
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The reports revealing possible important link between whitefly and virus 

necessitates the understanding of the prevalence of Bemisia in two main cotton growing 

areas of Pakistan (Punjab & Sindh). This is due to the fact that cotton growing region 

of central Punjab (Burewala) is also known as the birth place of whitefly transmitted 

resistance breaking strain of cotton leaf curl virus (CLCuKoV Burewala strain), which 

is a recombinant of Cotton leaf curl Multan virus (CLCuMuV) and Cotton leaf curl 

Kokhran virus (CLCuKoV) [38]. Another intriguing factor is that, deeper understanding 

of whitefly-begomovirus mutualism and interaction would allow us to have a better 

picture of whitefly plasticity and invasion patterns. 

1.2.3 Whitefly- Begomovirus Mutualism 

The whitefly exclusively transmits begomoviruses in a persistent and circulative 

manner during feeding [39], which leads to the development of complex interactions 

between these organisms. The acquisition and inoculation access periods for successful 

geminivirus transmission have also been determined for whiteflies [25, 40-42]. These 

interactions may affect the whitefly either way positively or negatively, such was the 

case of Tomato yellow leaf curl virus (TYLCV) acquisition, where the life expectancy 

of whitefly was reduced up to 23 % [43]. On the contrary, population of whitefly (B 

biotype) increased on Tomato yellow leaf curl China virus (TYLCCNV) infected 

tobacco plants [44] which was the result of indirect virus-vector mutualism (example 

of positive impact). Mechanisms underlying these exceedingly complex interactions 

are still poorly understood. In order to elucidate the direct and indirect effects of 

begomoviruses on whitefly, comparative studies must be undertaken [45]. The host 

plant-mediated interaction between vector (B. tabaci) and begomoviruses also plays an 

important role in determining the population dynamics of both whitefly and the virus 

[46]. Acquisition of virus by the whitefly may switch on or off several gene families as 

demonstrated in case of B. tabaci gene expression profiling after feeding on TYLCCNV 

infected tobacco plants [47]. The B. tabaci exclusively transmits more than 200 

begomovirus species [48] to a wide range of host plants. As a consequence of rapid 

spread of whitefly-transmitted begomoviruses cropping patterns in different areas could 

be drastically affected. Furthermore, in the tropical and subtropical regions globally, 

the genus Begomovirus (Geminiviridae) is the most prevalent, largest and economically 

important group of plant viruses [49]. Some of the begomoviruses contains bipartite 

genomes known as DNA-A and DNA-B, while most species have only a single circular 
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molecule which resembles DNA-A component of the viral genome. Some satellite 

molecules known as betasatellites are also found to be associated with DNA-A in 

monopartite begomoviruses which are necessary for symptom development in the host 

plant [49, 50]. 

The modern day sequencing technologies could be of great importance in 

resolving issues related to such complex tripartite interactions (virus-host-vector). 

Conclusions can easily be drawn by comparing the gene expression data obtained by 

sequencing of viruliferous and non-viruliferous whiteflies and the same is true for the 

host plant. Studies conducted by constructing subtractive cDNA libraries for whiteflies 

feeding on healthy and TYLCCNV infected tobacco plants uncovered a number of 

whitefly genes which were suppressed or over expressed upon TYLCCNV acquisition 

[47]. The studies carried out by Li et al [47] also demonstrated the up-regulation of two 

genes of a secondary endosymbiont (Rickettsia) in the whitefly feeding on tobacco 

plants infected with TYLCCNV. Another report showed that endosymbionts could be 

the possible reason towards resistance of whitefly against virus infection [51]. 

1.2.4 Endosymbionts of Whitefly 

The hemipteran insects largely depend on their bacterial endosymbionts in order to 

fulfill their dietary requirements [52, 53], this is because these insects exclusively feed 

on phloem sap which is deficient in amino acids but rich in carbohydrates [54]. The 

viral acquisition and its transport through whitefly gut are largely dependent on the 

proteins produced by the endosymbionts present in the midgut of the whitefly. The 

endosymbiotic bacteria produces a 63-kDa protein viz. GroEL which specifically binds 

to virus particles [55, 56] and helps them to cross the gut barrier while moving to the 

hemolymph. The endosymbionts have been divided into two general classes, primary 

or obligate (P-endosymbionts) and secondary or facultative (S-endosymbionts) [53]. 

Primary endosymbiont includes Portiera aleyrodidarum which is considered to be the 

obligatory while secondary endosymbionts includes Rickettsia, Hamiltonella, 

Wolbachia and Arsenophonus, Cardinium, Fritschea and are biotype specific [53, 57-

59]. Over the past several years with the growing knowledge of secondary 

endosymbiont diversity in different B. tabaci populations, efforts are underway to 

correlate and understand the role of these S-endosymbionts in the ecology of their insect 

hosts. Secondary endosymbionts unlike primary endosymbionts may be involved in 
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taking care of insect’s nutritional requirements (Rickettsia, Wolbachia, Hamiltonella) 

besides providing resistance against a variety of pathogens and helping in heat stress 

tolerance [60-65]. It may also affect the virus transmission efficiency of the insect [56]. 

The presence of particular S-endosymbiont such as Rickettsia as demonstrated in case 

of MEAM1 had some positive effect on B. tabaci as it plays a crucial role in the fitness 

maintenance and manipulation of reproductive behavior of the host by promoting 

female biased populations [66]. 

The phylogenetic studies of endosymbionts belonging to whiteflies using 16S 

rDNA indicated that the primary endosymbionts represent a different lineage from 

those of aphid, mealybug and psyllid, additionally some secondary endosymbionts 

belonging to Enterobacteriaceae are also present in whitefly [67-70]. In order to 

completely determine the role of these endosymbionts in relation to B. tabaci, more 

detailed investigations are needed to understand the differences between the diversity 

of endosymbionts and how do they affect the biology and ecology of the host in native 

and invasive populations, comparative studies should be carried out.  

1.3 Genetics, Genomics and Transcriptomics of Whitefly 

With the advent of modern sequencing technologies it is now possible to sequence 

whole genomes in shorter period of time as many genomes are being assembled de novo 

now-a-days. The methodologies developed involving genetic, genomic, proteomic and 

transcriptomic approaches using model arthropods expanded the research beyond the 

model insects to insects of agricultural importance. These advances allowed researchers 

to carry out functional genomics studies and design strategies for insect control. 

Because of the high propensity for outbreaks and having huge potential for 

density achievement, genomes of different biotypes of Bemisia should be sequenced 

and compared in order to have a look at the genetic conservation/variation among these 

biotypes. The morphological invariability among whiteflies also necessitates the 

genetic variation analysis. This will most certainly enhance our understanding of 

whitefly genomics and will be helpful in designing strategies for their potential control. 

This will also provide a profound information to understand that how one biotype 

invades and dominate different regions while another biotype/genetic variant belonging 

to the complex is already present there. Genomic research of B. tabaci and other insect 
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species has improved our understanding of various biological processes and pathways 

at molecular level [71]. 

Discrete genetic polymorphisms had been reported from whitefly biotypes 

besides differences in their fecundity, host range, bacterial endosymbiont composition 

and their ability to transmit viruses [27, 72, 73]. The B biotype, which is considered to 

be the highly fecund, colonizing more than 500 plant species and transmit viruses to a 

broad range of plants including ornamentals, crops and even some weeds [26, 27]. On 

the contrary, A biotype and Jatropha type have very low fecundity and produces around 

100 eggs and 30 to 50 eggs per female respectively compared to old world B biotype 

which produces around 300 eggs per female. The A biotype colonizes around 200 plant 

species while Jatropha type can only colonize very few plant species [27].  

A number of genetic markers have previously been used to analyze genetic 

diversity among B. tabaci complex including RFLP (Restriction Fragment Length 

Polymorphism), RAPD-PCR (Random Amplified Polymorphic DNA-PCR), AFLP-

PCR (Amplified Fragment Length Polymorphism-PCR), SSRs (Simple Sequence 

Repeats), mtCOI (mitochondrial Cytochrome Oxidase I) [74-78] etc. Among these 

genetic markers SSRs are about 1 to 6 bp long DNA repeat elements which could 

demonstrate greater polymorphism, even among the morphologically indistinguishable 

populations and can be used for linkage mapping and comparative genomic studies [79, 

80]. The previously reported SSRs or microsatellites were of genomic DNA origin, 

lacking the link between marker and the gene function but a more recent study carried 

out on N. lugens, another hemipteran insect showed that microsatellites can also be 

identified from ESTs and transcriptomic sequences [81, 82]. This approach will 

certainly improve our understanding by providing connection between genetic marker 

and gene function.   

Previously the genome size of the B. tabaci male was found to be 1.04 pg (1pg 

= 980 Mb) whereas the size of female genome was 2.06 pg using flow Cytometric 

method, which clearly indicates that the whitefly males have haploid while females 

have diploid genome [83]. Although the flow Cytometry has been the method of choice 

for the estimation of genomic size but with the advancement in next generation 

sequencing technologies, k-mer analysis using deep sequencing genomic data has 

emerged as reliable alternative tool for the estimation of genome size [84, 85]. The 
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study conducted for the estimation of whitefly genome size based on flow Cytometric 

as well as K-mer analysis showed that the haploid genome of B. tabaci (B biotype) is 

approximately 680 to 690 Mb whereas previously it was estimated to be 1020 Mb [71, 

83]. The genome size of the B. tabaci is relatively larger compared to the other fellows 

from order hemiptera i.e. Acyrthosiphon pisum where genome size 464 Mb was 

reported [52]. Other insect genomes and their sizes includes D. melanogaster (180 Mb), 

T. castaneum (160 Mb), B. mori (530 Mb), A. gambiae (278 Mb) [86-89] etc. Although 

the genome size varies among different insect species but there are some examples 

which demonstrates that the exonic regions within the genome are mostly conserved 

and seems reluctant to changes, compared to the intronic regions as well as repeat 

elements. Two striking examples includes Belgica antarctica (Antarctic midge) with a 

genome size of 99 Mb demonstrated reduction in genome size by attenuating its intronic 

regions and repeat elements without any alterations in protein coding genes in 

comparison to L. migratoria (migratory locust) with a genome size of 6500 Mb which 

demonstrated the expansion of the similar regions within the genome [90-92]. These 

observations suggests that although the Bemisia genome is larger compared to most of 

the other insect genomes, it can be predicted that the B. tabaci might also have 

undergone similar kind of expansions [83, 92]. 

Transcriptome of Bemisia needs to be analyzed at tissue and organ level besides 

whole body in order to understand dynamic nature of this important sucking pest. 

Transcriptomic data available for B. tabaci also provides important insights into a 

number of biological features related to sexual as well as behavioral aspects. 

Transcriptome analysis of a number of insect species including T. castaneum, 

Drosophila, A. gambiae etc. showed that the expression patterns are mostly female 

biased [93-95]. In B. tabaci these gender based differences could also be because of its 

haplodiploid nature, where haploid males develop from unfertilized eggs while females 

develops from fertilized eggs and are diploid [96]. A recent study reported at least 1351 

gender specific differentially expressing genes in B. tabaci, where 1070 genes were 

female biased and only 281 were male biased [97]. The study also reported the cloning 

of transformer2 (tra2) gene which have been previously reported from Drosophila and 

was found to be involved in promoting female specific sex differentiation [97, 98]. As 

female whiteflies are known to be involved in virus transmission instead of males, such 
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studies will be helpful in deeper understanding of genes not only responsible for the 

promotion of female biased population but also in virus transmission.  

Analysis of transcriptomic sequences obtained from salivary glands of B. tabaci 

using three different approaches showed that genes involved in transportation and 

metabolism besides secretory proteins were found to be highly expressing in primary 

salivary glands upon sequence comparison with whole transcriptome of Bemisia [99]. 

The gene expression patterns of polyphagous insects can also fluctuate depending upon 

the available host plants. This change in expression profile could either be temporary 

or long lasting as demonstrated by a recent study where researchers found that 418 

female specific transcripts and 303 male related transcripts were up-regulated when 

whiteflies cultured on cabbage were shifted to different other hosts including tomato, 

cotton and cucumber plants [100]. Xie et al [100] also reported that out of 17 

consistently up-regulated transcripts in both male and female whiteflies, up-regulation 

of two transcripts related to Cathepsin B gene, particularly demonstrated specific 

response towards dietary changes upon host-shifting. The midgut, being the main organ 

in relation to feeding and detoxification of harmful chemicals including pesticides and 

of plant origin, makes it worth exploring its transcriptomic patterns. This is also 

important because of the dynamic adaptive nature of whitefly. A recent study compared 

the gut transcriptome of two most invasive genetic groups of whitefly (MEAM 1 and 

MED), where they found that most of the genes were related to metabolism and 

insecticide resistance besides identifying 15 newly evolving genes related to the same 

category [101]. The information obtained through such studies is very much helpful in 

designing the control strategies alternative to current conventional control measures.   

1.4 Current Methods of Pest Control 

Conventional agriculture greatly depends on chemical pesticides and traditional 

management practices including weed management, biological control and other 

agronomic practices in order to ensure the constant food supply. Insecticides are still 

the weapon of choice against insect pests and despite of intensive efforts, insecticides 

available commercially were able to target only a limited number of insect proteins. It 

had been suggested that weeds play an important role in the continuous spread of the 

CLCuD by hosting the virus during off season and proper management practices can 

help in alleviating the problem [102, 103]. Chemical pesticides are being used 
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throughout the world for the control of pest and diseases of economically important 

crops. Use of insecticides for the control of insect pests is a major economic, 

environmental and health concern. Over the time insects also become resistant to these 

harsh chemicals, thereby worsening the problem. Resistance against many chemical 

pesticides have been documented since a long time especially in the case of B. tabaci 

which is resistant to many chemicals including pyriproxyfen and buprofezin [104, 105], 

imidacloprid [106] etc. There are a number of other insect species belonging to different 

insect orders showing resistance to chemical pesticides which includes Myzus persicae 

[107, 108], Helicoverpa armigera [109],  Aphis gossypii [110],  Plutella xylostella 

[111], Spodoptera litura [112] etc. The resistance information is transferrable between 

different insect species as demonstrated by molecular studies performed on how 

insecticides affect the target sites. On the other hand metabolic studies can reveal the 

fact that how insecticides gets degraded before reaching their destined targets within 

the insect body thereby highlighting the importance of understanding the molecular 

basis of resistance [113]. These kind of studies improved our understanding and open 

up new avenues to comprehend underlying complex biological mechanisms of 

insecticide resistance. One possible reason and a common observation regarding the 

development of resistance is the extensive use of these chemicals for a long period of 

time. Persistence of these chemicals in the food chain besides causing occupational 

hazards is another big issue which needs to be addressed on serious grounds. Risk 

assessment analysis carried out on wheat and rice samples demonstrated significantly 

higher concentration of residues in the food samples [114]. Remarkable increase in the 

use of pesticides has been observed in Pakistan over the past two decades. Therefore, 

technologies which limit insect population on crop plants are a major area of 

biotechnology and genetic engineering applications. 

1.5 Genetic Engineering for Insect Control 

Genetic engineering offers a more straightforward alternative to chemical pesticides for 

insect control in an environment friendly manner. The development of transgenic crop 

plants resistant to insect pests, pathogens and with improved weedicide tolerance is the 

prime objective of plant biotechnology. Significant attention has been drawn to biotech 

crops over the past few years because of the marked increase in the area under 

transgenic crops since 1996 (1.7 million Hectares) to 2014 (181.5 million hectares) has 

been recorded. United States of America is ranked 1st with 73.1 million hectares and 
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Pakistan maintained 8th position with 2.9 million hectares area under transgenic crops 

which was previously 9th in 2013 [115]. Because of the cultivation of biotech crops on 

global scale, particularly crops expressing Bt toxins, significant decrease in insecticide 

and herbicide usage has been recorded [116] but, the desired decline in pesticide usage 

have not been achieved yet. This is due to the fact that the pesticides are still in use 

mainly because of sucking pest problem. The crop improvement efforts either through 

genetic engineering or traditional breeding both alters the genetic makeup of the plant 

in terms of DNA but the change is specific and smaller in case of genetic engineering 

based approach. Random assortment of genes found in the progenies produced through 

classical breeding, where undesirable genes can be transferred to the organism besides 

desired traits and at the same time some important characters may be lost as well as 

breeder needs to perform intensive back-crossing with the desired parent for purity. The 

plant genetic engineering offers great alternative to conventional breeding thereby 

reducing the time required and is comparatively less labour intensive. 

The plant mediated resistance involving RNA interference (RNAi) technology 

have been proven a valuable tool for insect pest management over the years. Plant 

species can be genetically engineered to express long double stranded RNA (dsRNA) 

in order to produce short interfering RNAs (siRNAs) or microRNAs (miRNAs) 

targeting various insect genes. Although a number of techniques have been employed 

to deliver dsRNA for the expression knockdown in insects including micro-injection, 

dsRNA mixed with artificial diet as well as foliar application of dsRNA [117-120] but, 

for practical purposes and for field applications dsRNA must be expressed in plants to 

achieve maximum results. RNAi technology can be exploited for the potential control 

of multiple insect pests using one single approach as well as silencing of multiple genes 

through expression of multiple partial gene fragments under the control of one powerful 

universal or tissue specific promoter can also be achieved. 

There are a number of studies which demonstrated the potential of genetically 

engineered resistance against a number of pests of economic importance. The vacuolar 

ATPase A (EC 3.6.1.3) gene of Western Corn Rootworm (WCR) was silenced by 

expressing dsRNA in transgenic plants of corn while in another report the larvae of H. 

armigera were fed on plants expressing dsRNA corresponding to P450 monooxygenase 

(EC 1.14) gene demonstrated vulnerability towards gossypol which was later provided 

mixed with artificial diet [118, 121]. This is because P450 monooxygenase is 
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considered to have gossypol detoxification activity and the silencing of the gene made 

the H. armigera larvae vulnerable to gossypol damage. In another study, transgenic 

plants of rice were generated in order to exploit the potential of three genes viz. NlHT1 

(hexose transporter), Nlcar (carboxypeptidase) and Nltry (trypsin like serine protease) 

in brown planthopper (Nilaparvata lugens) where significantly higher expression 

knockdown and control were achieved [122]. These examples showed that interfering 

with critical genes can cause systemic problems in insects ultimately leading to 

mortality. Genetically engineered plant mediated resistance has been demonstrated 

particularly against Hemipteran insects [122-124] which demonstrates the potential of 

the technology for the control of sucking pests.  

Genetically-engineered plants have also shown promising protection against 

viruses where dsRNA targeting viral coat protein (CP) induced resistance against a 

number of viruses including Papaya ring spot virus type W (PRSV-W), Rice stripe virus 

(RSV), Potato Virus Y (PVY), Tobacco Streak Virus (TSV), Beet Necrotic Yellow Vein 

virus (BNYVV), Plum pox virus (PPV) [125-130] etc. Plants face both biotic and abiotic 

stresses in the field and initially the purpose of transgenic plants was to withstand insect 

and herbicide stresses [131].  

Host plant mediated resistance is a promising tool for the control of sucking pests 

in cultivated cropping systems. Due attention must be given to the emergence of 

resistance breaking insect biotypes/species by continuously isolating and exploiting the 

potential of new gene targets using available genomic and transcriptomic databases. 

1.6 Role of Bt Technology 

Emergence of insect resistant transgenic plants provided an alternate to the chemical 

control. Bacillus thuringiensis is a soil born gram positive bacterium which produces 

δ-endotoxin which has toxic properties and can be exploited for insect pest control. The 

exceptional success of insecticidal proteins based Bt technology for the control of 

dipteran and lepidopteran insects of cotton, maize and canola has significantly reduced 

the use of insecticides. Around 5 to 20 sprays per growing season are required 

conventionally for cotton which is substantially reduced because of the introduction of 

Bt varieties. Bt cotton in India was initially grown in 2002 over more than 50,000 

hectares by 54,000 farmers and the area under Bt cotton increased up to 8.4 million 

hectares by 2009 which accounts for 87 % of total area under cotton cultivation [132]. 
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In Pakistan Bt cotton was rapidly adopted by the farmers from the Sindh province since 

its informal introduction in 2002 and at present Bt cotton accounts for 95 % of the total 

area (USDA-FAS report). Cotton leaf curl virus continues to threaten the cotton 

production with other problems associated with insect invasions (whitefly, mealybug, 

aphids etc.). On the other hand according to latest USDA-FAS report, the Bt technology 

which was introduced primarily to cope with pink boll worm problem provides only 

limited resistance particularly during the rainy and wet season. The expression of Bt 

gene has also been remarkably reduced as a result of backcrosses made many times 

with the local cotton varieties in order to create a stable variety. More than 200 toxic Bt 

proteins have been identified and isolated from different strains of B. thuringiensis with 

a varying degree of toxicity [133]. Binary toxins such as Cry34/35 which require only 

two active components have been expressed in maize plants against Diabrotica 

virgifera virgifera [134] where no re-coding of the sequence was required to increase 

the toxicity of the protein compared to Cry3Bb1 [135]. Another example is single chain 

Vip3 protein carrying wider range of toxicity against lepidopteran larvae compared to 

Cry proteins and its toxicity can be further enhanced using protein engineering 

techniques [136]. Bt proteins because of their non-toxic nature towards vertebrates are 

in use for more than 45 years. Although it is an expensive form of biopesticide but given 

preference because of its target pest specificity. However, the Bt technology is not 

effective against sucking pests such as whitefly, aphid, jassid, mealybug etc. and 

insecticides for the control of sap suckers are still in use on a large scale. On the other 

hand Bt technology has already passed the expected time period usually predicted for 

resistance to neurotoxic pesticides and also because of its extensive adoption 

particularly in developing countries will increase the risk of resistance [137, 138]. 

Although this constraint can be overcome by expressing multiple Cry proteins as 

demonstrated in case of transgenic cotton expressing Cry1Ac and Cry2Ab which is 

resistant against H. zea, S. exigua and S. frugiperda where each gene targets different 

receptors and multiple mutations will be required for the development of resistance 

[139]. The Cry proteins forms crystals which gets proteolysed upon coming in contact 

with the insect gut and binds to the epithelial cell membranes, thereby dilating them to 

cause osmolysis ultimately leading to insect death [140].    

 On the contrary, in Pakistan the problem of sucking pests will still persist as 

substantial losses of cotton over the past many years have been documented due to these 
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phloem feeding insects. Bt proteins which can be effectively used for the control of 

sucking pests are not available. Another major challenge is the expression of 

insecticidal proteins in phloem-cells where sucking pests normally feed. The 35S 

promoter used for the expression of Bt proteins is known to express poorly in phloem 

cells. 

1.7 RNA Interference (RNAi) 

RNA interference (RNAi) is the process of introducing an exogenous double stranded 

RNA into the cell corresponding to endogenous messenger RNA in order to study the 

function of the gene or to suppress the expression of the particular target gene. An 

attempt was made to over express the chalcone synthase gene (CHS) in petunias in 

order to enhance anthocyanin biosynthesis but was unexpectedly got silenced and 

produced no colour at all or patches of pale colour on the pigmented background [141]. 

The researchers used the term co-suppression and hypothesized that the expression of 

endogenous CHS gene has been suppressed by the introduction of transgene. Similar 

phenomenon of gene silencing was also observed in animals later on. Research groups 

attempted to knockdown the partition-1 (Par-1) gene in Caenorhabditis elegans by 

expressing antisense RNA against Par-1 gene. The idea was to use antisense RNA, 

which will hybridize with the complementary endogenous mRNA of Par-1 causing 

translational repression and or can potentially be used for mRNA degradation of desired 

gene. Sense RNA was used as a control but surprisingly it also resulted in Par-1 mRNA 

degradation [142]. The phenomenon was explained later on by Fire et al [143] in 1998. 

The 2006 Nobel Prize in Physiology or Medicine was awarded for the discovery made 

in the year 1998 by Andrew Fire and Craig Mello demonstrating gene silencing 

phenomenon for the first time using exogenous double stranded RNA (dsRNA). It was 

demonstrated that dsRNA acts as more potent gene silencer compared to either sense 

or anti-sense strands shown in previous studies. Unc-22 gene which encodes for an 

abundant but non-essential myofilament protein of C. elegans was selected for the 

experiments. Deteriorated activity of this gene results in twitching phenotype. Silencing 

efficiency of highly purified sense as well as antisense single-stranded RNA molecules 

was compared with that of a mixture of both strands which was found to be double-

stranded structure as shown by gel electrophoresis analysis. Interference activity was 

found to be higher in case of dsRNA preparation as compared to the sense or antisense 
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RNA preparations, proving the effectiveness of dsRNA for expression knock down 

[143]. Since then this phenomenon is known as RNA interference or RNAi for short. 

1.7.1 Mechanism of RNAi 

RNAi is the gene silencing technology which makes use of double stranded RNA which 

is directed against mRNA of specific gene target/s or its promoter region [144]. The 

phenomenon is also known as post transcriptional gene silencing (PTGS). There are 

three basic steps of RNAi process [145] where in the first step long dsRNA molecule 

is cleaved into short RNA partial dimers by a ribonuclease III enzyme (EC 3.1) called 

dicer. Double stranded RNA (dsRNA) act as a trigger to the silencing machinery which 

is cleaved by enzyme dicer into short 21-25 nt long RNA molecules. There are different 

classes of dicer which vary with the type of organism and it also results in different 

types of short RNA molecules [146]. The functions of different types of dicers have 

been well studied in D. melanogaster, where dicer-1 is mainly involved in the 

processing of micro RNAs (miRNAs), while dicer-2 chops down long dsRNA into 

short interfering RNA (siRNA) molecules [147]. In the second step these short RNA 

duplexes are loaded into RNA induced silencing complex (RISC) which cleaves the 

duplex and it becomes single-stranded RNA (ssRNA) also known as the guide strand 

which guides the RISC complex towards the target mRNA, leading to the degradation 

of the target in the third place. This is the third and final step is homology dependent 

and either complete or in some cases partial complementarity serve the purpose and 

arogonaute protein is the key player in this step which chops down the target mRNA. 

For persistent RNAi effects amplification of small interfering RNAs is necessary which 

depends on RNA-dependent RNA polymerase (RdRP; EC 2.7.7.48), but unfortunately 

insects lack RdRP encoding genes [148]. For continuous supply of siRNAs, one of the 

suitable ways is to deliver dsRNA at the feeding site of the insect. Considerable level 

of resistance can also be achieved by expressing dsRNA within the plants against 

insects [149]. 
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Figure 1-1 Pathways involved in RNAi mechanism.  
MicroRNAs are first transcribed in the nucleus of the cell and is known as primary 

miRNA which is processed into pre-miRNA by Drosha and is ultimately exported to 

cytoplasm by Exportin-5 where it gets cleaved by Dicers to produce short RNAs of 21-

25 nucleotides. At this is the point both microRNAs and short interfering RNAs follow 

the same path where these short RNA molecules gets recruited by RNA induced 

silencing complex. The pre-cursor molecule for the production of siRNAs is long 

double stranded RNA either provided exogenously or it could be endogenous. After 

degradation of passenger strand the RISC complex being guided by guide RNA strand 

depending upon homology with the target messenger RNA gets attached to the target. 

Once again miRNA follows two different pathways i.e. either it causes translational 

repression or degrades the mRNA but siRNA always causes mRNA degradation. 
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1.7.2 Components of RNAi Machinery 

The core RNAi machinery includes Dicer (RNaseIII enzyme), Argonaute (Ago), RNA 

induced silencing complex (RISC), Loquacious and R2D2 where Dicer-2, Ago-2 and 

R2D2 participates in siRNA mediated gene silencing pathway [150] while RISC plays 

same role in both siRNA and miRNA pathways. The other versions including Dicer-1, 

Loquacious and Ago-1 are found to be involved in miRNA pathway as demonstrated in 

studies carried out on D. melanogaster [151-153]. The possible reason of variable 

RNAi responses across different insect species could be the presence or the absence of 

components of RNAi machinery and this difference can be clearly observed in two 

different insect orders where Coleopteran insects showed robust RNAi response while 

lepidopteran insects did not show any such response [154, 155]. 

For the successful RNAi response, systemic persistence of the signal is a pre-

requisite which can only be achieved by the presence of complete RNAi machinery and 

some additional genes necessary for the uptake and export of dsRNA. RNAi response 

is systemic in case of nematode C. elegans because of the presence of systemic RNAi 

deficient (SID) genes [156] while the response in Drosophila is not systemic because 

of the absence of SID gene orthologs [157]. Tribolium castaneum, a model insect on 

the other hand demonstrates systemic RNAi as three orthologs of SID-1 were found in 

Tribolium [158]. Search for SID homologs in different insect species is already in 

progress although only few reports confirmed the presence of SID homologs in some 

insects including Locust (L. migratoria), T. castaneum, Apis mellifera [159-161] etc. 

1.7.3 Cellular Uptake Mechanism of DsRNA 

The uptake of dsRNA by the cellular machinery has been considered the most 

prominent limiting factor regarding the success of RNAi especially when designing 

strategies for insect control. The efficiency of RNAi for insect control depends on 

uptake of dsRNA by insects through feeding being the most suitable and easy delivery 

method. Later this dsRNA must be taken up by the midgut cells and spread throughout 

the body of the insect via cell to cell movement. The spread of silencing signal will 

ensure the efficient knock down of the target gene. The mechanism of dsRNA uptake 

has been studied in a number of organisms including C. elegans [156], D. melanogaster 

[156, 162], T. castaneum, Nasonia vitripennis, Bombyx mori [158], A. gossypii [163], 

A. mellifera [160], Schistocerca americana [164] etc. Two important dsRNA uptake 
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and transport mechanisms have been attributed to invertebrates. In C. elegans systemic 

RNAi deficient (SID) proteins are found to be involved in systemic spread of RNAi 

signal. SID-1, a transmembrane protein passively transports the dsRNA into the cells 

but does not support the export of the signal, while the other protein SID-2 in involved 

in the systemic spread of the signal and is found in the intestinal tissue of C. elegans 

[156]. Three different mechanisms have been hypothesized regarding the roles of SID-

1 and SID-2, where in the first place SID-2 binds to dsRNA and transports it to the 

transmembrane protein SID-1, secondly SID-2 might be involved in the activation of 

endocytosis pathway and SID-1 transports the dsRNA to the cytoplasm or SID-1 protein 

gets modified by the SID-2 in order to activate the transport of dsRNA [165]. There are 

alternative pathways present in different eukaryotes which lacks sid mediated uptake 

of dsRNA for example endocytosis mediated uptake. D. melanogaster represents the 

best model system for endocytosis mediated uptake of dsRNA from the environment. 

Drosophila S2 cells were found to be involved in alternate pathway when soaked in 

medium containing dsRNA. The interaction of S2 cells with DNA, dsRNA and siRNA 

has also been evaluated and found that S2 cells interact more efficiently compared to 

either DNA or siRNAs [162]. The process of dsRNA uptake appears to be substantially 

complex because of the involvement of many other factors. Screening of more than 

7000 genes from D. melanogaster showed that around 23 genes bearing a variety of 

functions which includes protein transport, cytoskeletal organization, proteins for 

vesical mediated transport etc. are involved in this alternate pathway. Upon silencing 

of orthologs of these genes in C. elegans also lead to the RNAi pathway inactivation, 

proving the complexity of the phenomenon [162]. The uptake response of dsRNA has 

also been found to be linked with immune response because of the involvement of 

endocytotic/phagocytotic pathways. The well-established fact is that scavenger 

receptors play an important role in innate immune response against bacterial pathogens 

and are also proven to be involved in dsRNA uptake [162, 166]. Although there are a 

number of hypothesis regarding the transport of dsRNA into the cell but still it is unclear 

that, what makes a cell to differentiate between dsRNA and DNA or siRNAs as cell is 

taking up dsRNA selectively.  

1.7.4 Systemic Movement of RNAi Signal 

The success of RNAi lies in the systemic cell-to-cell spread of the signal which was 

previously studied in case of hormones and other macromolecules but not for RNA 
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because of the concept that it is prone to degradation by the nucleases present in the 

cell [167]. The mobility of RNA was realized only after the discovery of the gene 

silencing signal movement over a long distance triggered by transgenes in plants. 

Although the signal was not detected directly but because of the effect produced which 

appeared to be like RNA is involved [168, 169]. There are two types of signal 

movement in plants where in the first instance signal moves to the adjacent cells 

(symplastic movement) and then spreads to other cells throughout the organism 

(apoplastic movement) [167]. The systemic movement of RNAi signal is also found in 

insects and was first confirmed in nematode C. elegans in their experiments performed 

by Fire et al [143] using microinjection. The RNAi signal movement in nematode and 

Planaria [170] is somewhat different from that in insects or plants. In C. elegans and 

Planaria RNAi signal can be taken up from the environment and can easily move from 

cell to cell but the long distance movement in plants is different because it moves 

through shared cytoplasm [167]. RNAi signal movement involves membrane bound 

proteins for example SID-1, although plants lack homologs of SID-1 but it is present in 

other animals and has greater affinity for dsRNA [156, 171, 172]. The movement of 

RNAi silencing effect can also occur across organisms. In total coherence with this 

hypothesis, the expression of genes belonging to insect pests or other pathogens can be 

knocked down by expressing transgenes in plants from where the signal will move to 

these attacking organisms during feeding.  

The core RNAi machinery shares almost same features in plants and animals 

with the exception of RNA dependent RNA polymerase (RDRP) which is thought to 

be involved in the amplification of the siRNAs thereby generating more secondary short 

RNAs and helping in the amplification of RNAi signal. For this purpose we have to 

depend on plants, so that they can continuously amplify the signal and produce short 

RNAs using their own RDRP machinery in sufficient amounts. Production of secondary 

short RNAs in worm C. elegans can also occur because of the presence of RDRP [148]. 

Occurrence of gene silencing because of dsRNA ingestion in invertebrates 

demonstrates the spread of signal throughout the body as well as the successfulness of 

the process although the underlying mechanisms are only poorly understood [173]. 

Large scale genome wide screens through feeding RNAi approach enabled us to 

identify new genes involved in many biological processes related to the regulation of 

life span or even to RNAi itself [165]. It has been demonstrated in C. elegans that an 



                                                                                                                              1. General Introduction 

22 
 

AGO protein (NRDE-3) is responsible for the transportation of siRNAs to the nucleus 

and its silencing averts the silencing mechanism in nucleus [174]. Although AGO 

proteins have not been identified in plants but it is thought that some alternate 

mechanisms do exist such as one hypothesis is that plant endolysosomal machinery is 

supposed to be involved in the transportation of short RNAs [175]. This hypothesis is 

further supported by the receptor mediated endocytotic uptake and movement of 

dsRNA in D. melanogaster cells [162]. Another possibility is that the environmental 

RNAi functions likewise the immune defense works naturally but in D. melanogaster, 

for effective antiviral immunity the uptake of dsRNA is obligatory and is also true for 

many plant species [176, 177]. 

Systemic movement and spread of RNAi signal throughout the plant is 

inevitable in order to achieve desired result of insect proof plants. In depth investigation 

to identify proteins necessary for the local and systemic movement of the mobile signal 

is required. Although it is clear that siRNAs (21-24 nt) in artificial systems can behave 

as mobile elements in their duplex form but in order to completely understand the 

movement of short RNAs endogenously further data is required [167].   

1.7.5 Applications of RNAi 

In modern day molecular biology RNAi has proven to be an extremely useful tool for 

reverse genetics studies. Besides being used as a gene silencing tool for genome wide 

functional annotations, RNAi has also been used for reverse genetics studies of 

individual genes [178]. Because of the population explosion the problems of 

malnutrition and food security has arisen which increased the demand of plants [179]. 

The cereals are comparatively less prone to spoilage than fruits and vegetables which 

necessitates the use of technology in order to reduce the spoilage and enhance shelf life 

of these important horticultural crops [180]. The ethylene production is one of the 

causes of fruit and vegetable shelf life deterioration and its silencing can enhance the 

shelf life of the product. Introduction of dsRNA corresponding to ACC oxidase (EC 

1.14.17.4) gene in tomato silenced its expression which lead to the significant inhibition 

of ethylene production and increased shelf life of tomato [181]. In another study two 

genes α-mannosidase (EC 3.2.1.24) and β-d-N-acetylhexosaminidase (EC 3.2.1.52) 

which plays important role in fruit ripening by modifying N-glycan (ripening related 

glycoprotein) identified in tomato were silenced thereby significantly reducing the 
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softening of tomatoes [182]. Seedlessness has been linked to the increased shelf life as 

demonstrated in case of eggplant and watermelon where in watermelon seed setting is 

considered to be the beginning of fruit deterioration [180, 183]. Male sterility is another 

important factor which determines the purity of the hybrid crops also used for hybrid 

seed production for example male sterile tomato and tobacco has been produced using 

RNAi approach which can also be used vice versa to restore the fertility of the sterile 

plants [180, 184]. The glutenin protein present in wheat is found to be mainly 

responsible for dough properties. An increase in glutenin content without 

compromising the content of gliadins and compensating rest of the gluten proteins by 

silencing gamma-gliadins using RNAi has been demonstrated [185]. RNAi can also be 

used to improve the plant defense against biotic and abiotic stresses. In planta 

expression of dsRNA complementary to housekeeping or parasitism genes of root-knot 

nematode resulted in resistance against nematode [186]. A number studies carried out 

on nematodes demonstrates the success of RNAi technology to combat nematode 

problems [187-190]. Environmental RNAi approach helped us to develop biopesticides 

other than chemical pesticides by genetically engineering plants to express dsRNA 

lethal to important genes of insects or nematodes [165, 191]. Even, feeding of dsRNA 

corresponding to viral sequence to large populations of animals can provide protection 

against the disease [192-194]. Effectiveness of RNAi for insect pest management is the 

topic of discussion of the next section. 

1.8 RNAi in Arthropods 

With the advent of next generation sequencing technologies a large number of 

sequencing projects mostly aiming at insect genome sequencing pooled at lot of data in 

the public database. The problem of appropriate functional annotation of the genes on 

the other hand has also been increased with the availability of insect genomes. RNAi 

technology could be the possible way to solve this problem quickly besides it also offers 

a possible solution to insect pest problem. Another fact is that, the effect of RNAi varies 

from species to species and sometimes even within the same species of the insects. The 

reason could be the gene selected as target for RNAi and its tissue specific expression 

in the insect body which might not be easily accessible to dsRNA. To date RNAi for 

functional genomics have been successfully used fora number of insect orders including 

Hemiptera, Diptera, Lepidoptera, Coleoptera, Orthoptera, Neuroptera, Hymenoptera, 

Dictyoptera and Isoptera [195]. From the pest management standpoint, RNAi has also 
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been used to exploit the potential of the technology for the control of a variety of insect 

pests of serious concern. Over the past decade a number of studies demonstrated that 

significant insect mortality can be achieved by targeting important genes involved in 

reproduction, immunity, development etc. [195] using various RNAi strategies. Three 

major challenges demand serious attention while using RNAi as insect control strategy 

which are;  

 Effectiveness of the selected target gene 

 Efficient delivery of dsRNA 

 Susceptibility of insect species to RNAi 

1.9 Selection of Effective Targets 

The major challenge currently being faced by the scientific community while selecting 

target genes for RNAi studies is the unavailability of annotated genomic sequences. 

Although the next generation sequencing technologies revolutionized the field of 

genomics but still there is a great need for proper handling and annotation of the 

available data. Selection of appropriate gene targets for RNAi is of utmost importance 

before conducting any such experiments. This is due to the fact that same genes can 

behave differently in diverse insect species belonging to different orders, thereby 

affecting the outcome of the experiment. The degree of effectiveness of RNAi towards 

a particular gene ensures the practicality of the approach. Target tissue where gene is 

specifically expressing is also important particularly in case of oral delivery of dsRNA 

i.e. if the gene is gut specific it would be readily and quickly silenced compared to the 

other regions of insect body. A recent review highlighted the results from more than 

150 experiments published and/or unpublished data where they concluded that RNAi 

works successfully in family Saturniidae while the results are inconsistent in case of 

Lepidopteran insects. Genes related to immunity in insects belonging to the family 

Saturniidae were easy to silence and genes expressing in the epidermal tissue are most 

difficult to silence [196]. There are two ways of target gene selection which are 

normally opted i.e. targets already used in previous experiments for some other insect 

species or new targets can also be selected and screened for their potential as RNAi 

targets. For screening of the potential targets usually model organisms or any other 

organisms are used where well annotated genome sequence of the organism is already 

available .e.g. D. melanogaster or A. pisum etc. As agricultural pests are not model 
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organisms and also there is unavailability of genome sequence for most of them so, an 

alternate way is to look for homologs of the important target genes. In most of the 

previously reported studies involving agriculturally important insect pests, RNAi was 

aimed at midgut or salivary glands of the insects assuming that the maximum dsRNA 

uptake occurs in this part .e.g. cytochrome P450 gene in H. armigera [197], v-ATPase 

gene in Diabrotica virgifera virgifera [118], aquaporin and C002 genes in A. pisum 

[198, 199] etc. Other important gene targets involved in various physiological functions 

could be enzymes involved in metabolic and detoxification pathways, osmoregulators, 

genes involved in neurotransmission, cytoskeleton etc. 

1.10 Efficient Delivery of DsRNA 

There are a number of dsRNA delivery methods in use which includes micro-injection, 

oral feeding, soaking of insects or cell lines in medium containing dsRNA, spraying of 

dsRNA containing solution/bacterial culture. Micro-injection offers a highly efficient 

as well as target tissue specific delivery of dsRNA and has been used for model and 

non-model insects which includes S. litura [200, 201], Sodoptera exigua [202], Bemisia 

tabaci [117], Phyllotreta striolata [203], A. pisum [199], Lygus lineolaris [204, 205], 

N. lugens [206], Oncopeltus fasciatusn [207], Gryllus bimaculatus [208-211] etc. 

Although micro-injection is an efficient method of delivery but it has certain drawbacks 

such as, the procedure is laborious, not suitable for field applications and cannot be 

used for large scale screening of targets. Because of the limitations being faced in case 

of micro-injection, alternate means of dsRNA delivery are desirable which could be the 

oral feeding of dsRNA. Double stranded RNA can be fed to the insects using artificial 

diet based methods, by transiently expressing or through stable plant transformations. 

Oral feeding of dsRNA against trehalose phosphate synthase (EC 2.4.1.36) gene of N. 

lugens demonstrated decline in enzymatic activity thereby resulting in retarded 

development leading to mortality [212].  Effectiveness of artificial diet based oral 

delivery of dsRNA was demonstrated against an important sucking pest, B. tabaci 

where significant mortality was recorded [213]. One of the targets (v-ATPase A) tested 

in the before mentioned study was taken one step further by making transgenic tobacco 

plants expressing dsRNA against v-ATPase A also demonstrated significant mortality 

in planta [124]. The expression of two genes viz. Rack-1 and C002 expressing in the 

midgut of M. persicae was reduced up to 60 % by exposing M. persicae to transgenic 

tobacco plants expressing dsRNA against these targets [123]. There are a number of 
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studies demonstrating that feeding of dsRNA mixed with artificial diet and/or making 

transgenic plants can lead to significant insect lethality [118, 214, 215]. Together all 

these results prove the feasibility of in field RNAi mediated crop protection against 

sucking pests.  

Another more advanced nanoparticle mediated large scale delivery of dsRNA 

method has been recently demonstrated where dsRNA was captured through 

electrostatic forces on chitosan polymer to achieve the RNAi effect successfully [216]. 

The study demonstrated that the oral feeding of dsRNA coated nanoparticles to 

mosquito (Anopheles gambiae) larvae significantly repressed the expression of target 

genes and increased larval vulnerability to insecticides. The efficiency of RNAi was 

enhanced due to the novelty of the method where development of nanoparticles 

containing stabilized dsRNA molecules occurred and dsRNA were found stable 

throughout the delivery process. Soaking experiments were initially performed in C. 

elegans [217] and then later on used for silencing studies in insects. Soaking of honey 

bee (A. mellifera) in a medium containing dsRNA against Toll-receptor related gene 

18W resulted in abnormal phenotype and higher mortality as demonstrated by real time 

qPCR results where the expression of the target gene was reduced to 60-fold 30 hrs post 

soaking [160]. Significant results were obtained by spraying dsRNA at concentration 

of 50 nanogram per microliter against 10 different larval stage specific genes expressing 

in Asian corn borer (Ostrinia furnalalis). When the dsRNA was sprayed on larvae as 

well as on artificial diet, the mortality reached 73-100 % which was previously 40-50 

% when dsRNA was sprayed on larvae only [218]. Based on these findings, feeding 

and spraying could be the possible methods of choice for field scale control of insects 

and rapid screening of a large number of gene targets and the efficacy of the approach 

will greatly depend on the targets chosen. 

1.11 Susceptibility of Insect Species to RNAi 

RNAi has largely been used for studies in insects but different insect species show 

variable amount of susceptibility towards RNAi [195]. Sensitivity towards RNAi can 

considerably vary with insect species as well as the type and location of the target tissue 

or organ. In some insect species the RNAi response is so vigorous and systemic that it 

can even continue in the subsequent generations, an effect known as parental RNAi 

[154, 219, 220] while on the other hand some of the insect species seems to be 
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insensitive to RNAi and even RNAi response can be remarkably variable in the insects 

belonging to the same order as demonstrated in Lepidopteran insects [196]. In some 

cases such as in Antheraea pernyi [221], Hyalophora cecropia [222, 223] only small 

amounts of dsRNA even lesser than 10 nanogram per milligram were able to trigger 

systemic RNAi response. Less derived insect species are supposed to be more 

susceptible to systemic RNAi whereas on the other hand T. castaneum (Oilgoneoptera) 

being less derived insect species is very much sensitive to systemic RNAi compared to 

highly derived Lepidopteran or Dipteran insects species which makes it difficult to 

establish any particular trends regarding sensitivity of insects [195]. The best known 

example of Dipteran insects is D. melanogaster which has poor sensitivity towards 

systemic RNAi [161]. In B. mori and M. sexta (Lepidoptera) insect tissues seems not 

to respond to RNAi except hemocytes [224, 225]. Stability of exogenous dsRNA within 

the insect body for long enough time to trigger an RNAi response could be one of the 

limiting factors in insect species which are not responsive to RNAi. This has been well 

documented in case of a number of insect species belonging to the order Lepidoptera 

[226-228] where studies showed that dsRNA gets degraded quickly in Manduca sexta 

(Lepidoptera) while in Blattella germanica (Blattodea) dsRNA persisted for a longer 

period of time. Another study demonstrated that the expression of non-specific 

DNA/RNA nuclease (BmdsRNase) in B. mori is universal at larval stages except for 

hemocytes and gonads [227] which explains the mystery of hemocytes being relatively 

easier target for RNAi studies compared to other tissues. These non-specific nucleases 

can also be present in salivary tissues as demonstrated in case of a plant bug (L. 

lineolaris) where negative response towards oral feeding of dsRNA has been recorded 

[228]. 

1.12 Objectives of the Current Study 

The general objective of the study is to evaluate the potential of different gene targets 

selected from B. tabaci midgut transcriptomic data to generate in vivo resistance. The 

current study focuses on the RNA interference (RNAi) mediated disruption of function 

of genes involved in various life processes important for the survival of insect and 

especially the phloem feeders. These processes include osmoregulation, insecticide 

tolerance and neurotransmission, thermal and other stress tolerance pathways. The 

genes were evaluated for their potential to be the prospective RNAi targets for field 

crop transformations. Knock down studies of these genes will definitely provide 
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significant piece of information which will help in designing future strategies for the 

control of important insect pests of major crops. 

The main objectives of the study are; 

1- Identification of genes involved in osmoregulation, neurotransmission, 

insecticide resistance and thermal stress tolerance in B. tabaci. 

2- RNAi mediated functional analysis of the target genes using artificial diet based 

feeding and in planta approach. 

3- Evaluating the potential of these genes as RNAi targets and selection of best 

performing genes for plant transformations 

4- Evaluation of transgenic plants for potential control of B. tabaci. 
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2. General Materials and Methods 

All the chemicals and materials used in this study were of high quality which meets the 

international analytical standards. Sterilized distilled water was used to make 

solutions/formulations from the said chemicals and were autoclaved further wherever 

required. 

2.1 Whitefly Rearing 

The B. tabaci was reared on both cotton (Gossypium hirsutum) and tobacco (N. 

tabacum) plants under controlled conditions in glasshouse at 26±2ºC. The insects were 

kept in glass cages in order to avoid any mixing of the cultures and to ensure the purity. 

Adult whiteflies were used in bioassays for RNAi effect evaluation. 

2.2 DNA Isolation 

Total genomic DNA was isolated from plant leaf tissue samples using Cetyl 

trimethylammonium bromide (CTAB) method. A 150 mg leaf tissue was grounded 

using pre-autoclaved and cooled pestle and mortars in the presence of liquid nitrogen 

in order to convert the tissue into fine powder which was later transferred to the 

nuclease free microcentrifuge tubes. About 700 µL pre-warmed CTAB [NaCl (1.4 M), 

EDTA (20 mM with a pH of 8.0), Tris-HCl (100 mM), Cetyl trimethylammonium 

bromide [2 % (w/v) CTAB], and polyvinylpyrrolidone [1 % (w/v) PVP] buffer 

containing 0.2 % (v/v) β-mercaptoethanol (added at the time of use) was added to the 

ground leaf tissue and incubated at 65ºC for at least 30 minutes with gentle mixing at 

intervals by inverting the tubes. The tubes were cooled subsequently by placing them 

at room temperature and an equal volume of chloroform isoamyl- alcohol (24:1) was 

added, gently mixed and centrifuged at 16000xg at 25 ºC for 10 minutes. The tissue 

debris was separated and the supernatant containing DNA was transferred to a separate 

nuclease free microcentrifuge tube. Two volume chilled 100 % ethanol was added to 

the supernatant for the precipitation of DNA. For better precipitation the mixture was 

further incubated at -20ºC for at least 2 hours and then centrifuged at 16000xg for 15 

minutes. 
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The pellet of DNA was recovered by discarding the supernatant, washed with 70 % 

ethanol and air dried. The DNA pellet was dissolved in 100 µL of sterile distilled water 

(SDW) and was stored at -20ºC. 

2.2.1 Phenol-Chloroform Purification of DNA 

Phenol-chloroform (1:1) purification of DNA was performed in order to remove any 

protein contamination. Volume of the DNA sample was made up to 200 µL by adding 

SDW and an equal volume of phenol-chloroform (1:1) was added and mixed by gently 

inverting the tubes. The mixture was centrifuged at 16000xg for 5 minutes for phase 

separation. The upper aqueous phase containing pure DNA was carefully removed and 

transferred to a new microcentrifuge tube. Sodium acetate (3 M and pH 5.2) was added 

about 1/10 of the total volume of supernatant and two volume 100 % ethanol was also 

added. The ingredients gently mixed and incubated at -20ºC for at least 1 hour were 

then centrifuged at 16000xg for 15 minutes. The DNA pellet was washed with 70 % 

ethanol after discarding the supernatant, air dried and dissolved in SDW.  

2.3 Preparation of Escherichia coli Competent Cells 

The E. coli strain Top10 was cultured in 50 mL of LB medium by picking a single 

colony from freshly streaked plate using sterilized wire loop. The E. coli culture was 

incubated overnight at 37ºC with continuous shaking at 150 rpm. After 16 hours of 

incubation, 3 mL of the culture were added to 300 mL of fresh autoclaved LB medium 

in one liter Pyrex flask and incubated at 37ºC until the OD600 of about 0.5 to 0.7 was 

obtained. The growth was put on a halt by placing the culture on ice for at least 30 min 

and was later transferred to 50 mL propylene tubes under aseptic conditions for 

centrifugation. The propylene tubes containing bacterial culture were centrifuged at 

3220xg for 5 min at a preset temperature of 4ºC. Pellet obtained by discarding the 

supernatant was then resuspended by gently tapping and frequently placing on ice (in 

order to avoid any chances of heat shock) in 0.1 M MgCl2. The tubes containing 

resuspended cells were kept on ice for at least 30 min and were then centrifuged once 

again. The pellet was then resuspended in 0.1 M CaCl2, kept on ice for 30 min and then 

centrifuged. Finally the pellet was resuspended in 3 mL of 0.1 M CaCl2 and 1 mL of 

filter sterilized pre-cooled 100 % glycerol. Aliquots of 100 µL were prepared and flash 

frozen by placing the tubes in liquid nitrogen and were later stored at -70ºC for future 

use. 
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2.4 Preparation of Agrobacterium tumefaciens Competent 

Cells 

The A. tumefaciens strain GV3101 was cultured from freshly grown plate. Culture was 

set up in 250 mL flask with rifampicin (25 µg/mL) containing 50 mL LB medium and 

a single colony using sterile wire loop under aseptic conditions was picked for this 

purpose. The flask was incubated at 28ºC with continuous shaking at 150 rpm for 48 

hours. Later 5 mL of the culture was added to 300 mL of fresh autoclaved LB medium 

containing 25 µg/mL rifampicin for sub-culturing at 28ºC until the OD600 of 0.6 was 

achieved. After attaining the desired OD600 culture was transferred to 50 mL propylene 

tubes aseptically for centrifugation. Tubes containing culture were centrifuged at 

3220xg for 10 minutes at 4ºC. The pellets were recovered by discarding the supernatant 

and were resuspended in pre-cooled SDW. The suspension was again centrifuged at 

3220xg for 10 minutes at 4ºC and the pellets were resuspended in 25 mL SDW for 

second washing. After washing, the pellets were resuspended in 10 mL SDW and 10 % 

(v/v) pre-chilled glycerol and centrifuged. The step was repeated twice and finally the 

cells were resuspended in 10 % (v/v) filter sterilized glycerol and 100 µL aliquots were 

flash frozen in liquid nitrogen and stored at -70ºC.    

2.5 Selection of the Target Genes 

Based on their importance in vital life processes four candidate genes were selected viz. 

aquaporin, alpha glucosidase, acetylcholine receptor subunit alpha and heat shock 

protein 70 (Hsp70) for the studies. The sequences for the selected candidates were 

retrieved from the available EST database. The database was developed by Dr. Judith 

K. Browns’ laboratory (School of Plant Sciences, University of Arizona, USA). An 

unrelated gene, red-shift GFP (green fluorescent protein) was used as discrete control 

besides buffer control. The sequence for rsGFP accession number (U70496.1) was 

retrieved from National Center for Biotechnology Information (NCBI) genomic 

database.   
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2.6 Amplification and Cloning of the Target Genes 

2.6.1 RNA Isolation 

Insect samples were handled very carefully, surface sterilized and processed for RNA 

isolation. Total RNA was isolated from the whole insects using RNeasy® RNA isolation 

kit (Qiagen sciences, Cat. No. 74104, CA, USA) following the manufacturers’ 

guidelines. The RNA pellet was washed with 75 % ethanol, dried and re-suspended in 

nuclease free water and stored at -80°C.  

2.6.2 DNA/RNA Quantification 

Isolated DNA/RNA was visualized on 1 % (w/v) agarose gel using ethidium bromide 

staining in order to check the DNA/RNA quality and integrity. The Nanodrop2000 

spectrophotometer was used for the re-quantification of isolated DNA/RNA before 

proceeding for DNaseI (EC 3.1) treatment in case of RNA and any further processing.  

2.6.3 DNase Treatment and cDNA Synthesis 

A total of 3 µg RNA was DNaseI treated using DNA-Free™ kit (Ambion, Cat. No. 

AM1906 Austin, TX, USA) as per manufacturer’s recommended protocol. Removal of 

any DNA contamination was confirmed by setting up a conventional PCR reaction 

using purified RNA as template. About 0.5 µg highly purified total RNA was used for 

first strand cDNA synthesis and for subsequent real time qPCR studies. High Capacity 

cDNA synthesis kit (Applied Biosystems, Cat. No. 4368814 CA, USA)was used to 

synthesize cDNA from highly purified and re-quantified RNA.A standard master mix 

containing 2 µL 10x reaction buffer, 0.8 µL of 25x dNTP mix (100 mM), 2 µL 10x 

random primers, 1 µL reverse transcriptase (EC 2.7.7.49), 1 µL RNase inhibitor and 

3.2 µL nuclease free water was prepared separately. Template RNA was added to a 10 

µL master mix and final volume for a 20 µL reaction was adjusted using nuclease free 

water. The tubes containing reaction mix were incubated at 25ºC for 10 min, 37ºC for 

120 min, 85ºC for 5 min and finally holding at 4ºC.  

2.6.4 DNA Amplification using Polymerase Chain Reaction (PCR) 

A standard PCR reaction was set up for amplification of desired fragments from DNA 

samples. The reagents were thawed by placing them on ice and 0.2 mL PCR tubes were 

used to set up the reaction. A 50 µL PCR reaction mixture was prepared containing 25 

µL of DreamTaq Green PCR Master Mix (2X) (Thermo Fischer Scientific, MA, USA), 



                                                                                                                2. General Materials and Methods 

33 
 

0.5 µL of each of forward and reverse primers (10 µM), 10 ng of DNA as template and 

final volume was made up to 50 µL by adding SDW. PCR tubes containing reaction 

mixture were placed in thermal cycler (Mastercycler®, eppendorf, USA) and the 

thermal profile was as follows; 94ºC for 5 minutes as initial denaturation step and then 

35 cycles at 94ºC for 30 seconds, 50ºC for 30 seconds, 72ºC for 45 seconds and a final 

extension cycle at 72ºC for 15 minutes. PCR products were analyzed by running on 1 

% (w/v) agarose gel. 

2.6.5 Gel Electrophoresis 

DNA products were resolved using gel electrophoresis apparatus by making 1 % (w/v) 

agarose gels placed in 0.5x Tris-Acetate-EDTA (TAE) buffer [Tris-Acetate (20 mM) 

and EDTA (0.5 mM with a pH 8.0)]. Gels were prepared using agarose and TAE buffer 

in Wide Mini Ready Sub-Cell GT apparatus (12 x 9 cm) (BIORAD, CA, USA). The 

gel electrophoresis was performed at a voltage of 100 volts and the loaded DNA 

samples were pre-mixed with 5x loading dye. The gel was stained with ethidium 

bromide for desired DNA fragment visualization and photograph under UV trans-

illuminator using Stratagene Eagle Eye II imaging system (Stratagene, CA, USA). The 

required fragment size was estimated by running DNA marker of appropriate size 

(depending upon the size of the desired fragment) besides DNA samples. 

2.6.6 Gel Elution and Purification of PCR Amplicon 

Resolved DNA fragment following the gel electrophoresis [1 % (w/v) agarose gel] was 

placed on UV trans-illuminator and the DNA fragment of required size was excised and 

transferred to a pre-weighed nuclease free microcentrifuge tube. The tube was weighed 

once again in order to record the weight of the excised gel fragment. DNA isolation 

was performed using Wizard SV and PCR Clean-Up system (Promega, WI, USA) as 

per manufacturer’s instructions. After weighing 10 µL per mg of the gel slice was added 

and vortexed before incubation at a temperature of about 65ºC in order to completely 

dissolve the gel slice. An equal volume of binding solution was added to the PCR 

products and mixed. Dissolved mixture was loaded in the minicolumns provided with 

the kit and centrifuged for 1 minute at 16000xg. The minicolumns were re-inserted in 

the minicolumn after discarding the flow through and adding 700 µL of membrane 

washing solution. The tubes were again centrifuged at 16000xg for 1 minute and the 

flow through was discarded. A second washing by adding 500 µL of washing solution 
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was executed for 5 minutes at 16000xg following a 1 minute centrifugation to the 

minicolumn without adding anything with its lid open in order to allow evaporation of 

any ethanol remaining. The minicolumn was then transferred to a new nuclease free 

microcentrifuge tube, 50 µL SDW was added as eluent and placed to room temperature 

for 1 minute. The DNA was recovered by finally spinning the tube at 16000xg for 1 

minute and stored at -20ºC.  

2.6.7 Ligation in TA Cloning Vector 

The amplified products were ligated in pGEM®-T Easy Vector system (Promega, WI, 

USA) as per manufacturer’s instructions. A standard 20 µL reaction was prepared 

containing 2 µL 10x reaction buffer, 5 µL PCR product, 1 µL vector for TA cloning, 

0.5 µL DNA ligase (EC 6) and nuclease free water added for volume make up. The 

ligation reaction was incubated overnight at 16ºC for better ligation results. 

2.6.8 Transformation of E. coli Competent Cells 

E. coli competent cells were placed on ice for thawing in order to make them ready for 

transformation. About 5 µL of the ligation mix was added to 100 µL of competent cells 

and kept on ice for at least 30 minutes. Heat shock at 42ºC was given for 2 minutes and 

the tubes were immediately placed back on ice for 2 minutes. Later, 1 mL of liquid LB 

medium was added aseptically, mixed gently and tubes were incubated at 37ºC with 

moderate shaking for 1 hour. The tubes were centrifuged for 2 minutes at 16000xg in 

order to pellet out the cells. The pellet was resuspended in 150 µL of the liquid LB 

medium and was spread on LB agar plates containing appropriate antibiotic using 

sterilized glass spreader. For blue/white screening using Isopropyl β-D-1-

thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indolyl- β-D-galactopyranoside 

(X-gal) were added and the plates were incubated at 37ºC for at least 16 hours. Putative 

transformants were identified as white colonies and were picked aseptically for 

culturing in 5 mL of liquid LB medium containing suitable antibiotic. The cultures were 

set up in glass test tubes and were incubated at 37ºC overnight with continuous shaking. 

2.6.9 Transformation of A. tumefaciens Competent Cells 

The A. tumefaciens competent cells (GV3101) were transformed by electroporation 

method using Electro Cell Manipulator 600. Microcentrifuge tubes containing 50 µL 

of A. tumefaciens competent cells were placed on ice and recombinant plasmid (1 µg) 
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was added to the tubes aseptically. The cells were then transferred to electroporation 

cuvettes with 1mm gap and were placed on ice. An electric shock of 1.44 kV was given 

by placing the cuvettes in the shock chamber of the electroporator. The cells were 

transferred to the microcentrifuge tubes after adding 1 mL of liquid LB medium and 

gentle mixing. The cells were incubated at 28ºC for 2 hours with continuous shaking 

and later spread on plates containing LB agar medium with suitable antibiotics. The 

plates were placed at 28ºC for 36 to 48 hours for the growth of colonies of 

transformants.  

2.7 Plasmid Isolation 

A single bacterial colony was picked up aseptically and cultured in 5 mL liquid LB 

medium containing appropriate antibiotic. The culture was allowed to grow for at least 

16 hours, in order to harvest good amount of bacteria for plasmid isolation. After 16 

hours of continuous growth, 1 mL culture was taken in 1.5 mL microcentrifuge tubes 

and centrifuged at 16000xg for 3 minutes to pellet out the bacterial cells. The 

supernatant was discarded and the cells were resuspended by vortexing in 100 µL of 

resuspension solution [EDTA (10 mM with pH 8.0), Tris-HCl (25 mM and pH 8.0), 

glucose (50 mM) and RNase A (100 µg/mL)]. After complete suspension of the pellet, 

150 µL of lysis solution [1% SDS (w/v), NaOH (0.2N)] was added, mixed well and the 

mixture was incubated at room temperature for at least 5 minutes for complete 

disruption of the bacterial cells. The reaction was neutralized by adding 200 µL of 

neutralization solution [glacial acetic acid 11.5 % (v/v)], potassium acetate (3 M and 

pH of 5.2). The contents were mixed well and centrifuged at 16000xg for 15 minutes 

to settle the residues and then the supernatant was transferred to the new nuclease free 

microcentrifuge tube. Two volume of 100 % ethanol was added, mixed and incubated 

at -20ºC for 1 hour and then centrifuged at 16000xg for 15 minutes to precipitate out 

the DNA present in the tube. The supernatant was discarded and pellet was saved which 

was later washed with 70 % ethanol. The pellet was recovered and air dried after 

pipetting out the ethanol. The pellet was finally dissolved in 100 µL of SDW.   

The plasmid isolation for general laboratory procedures was performed using 

above mentioned protocol but for the purpose of sequencing plasmid DNA was isolated 

using commercially available kit (Fermentas, MA, USA) as per manufacturer’s 

instructions. 
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2.8 Agro-Infiltration for Transient Bioassay 

Nicotiana tabacum plants were grown at 25ºC under controlled conditions with a 16:8 

hours light and dark period respectively. The cultures of the A. tumefaciens containing 

genes of interest cloned in potato virus X (PVX) vector pGR107 and PVX vector alone 

were prepared from the single colony taken from streaked plates containing appropriate 

antibiotic/s using glycerol stocks of the confirmed clones. The cultures were incubated 

at 28ºC with continuous shaking at 150 rpm till the OD600 of cultures was 1 (usually 

36 to 48 hours incubation is required). The bacterial cultures were centrifuged at 

3220xg to pellet out the cells and were resuspended 10 mM MgCl2. The OD600 of the 

suspension was set at 0.7 and 150 µg/mL of acetosyringone with a final concentration 

of 100 µM was added. The bacterial culture suspension was then incubated at room 

temperature for 4 to 6 hours before infiltration. Watering to the plants at 4 to 5 true leaf 

stage, grown for agro-infiltration was stopped 24 hours before infiltration. The plants 

were infiltrated using 5 mL needleless sterile syringe on the underside of the fully 

expanded leaves. The infiltrated plants were kept at 26±2ºC for subsequent bioassays. 

2.9 Plant Tissue Culture [Agrobacterium Mediated Stable 

Plant (N. tabacum) Transformation of RNAi based 

Constructs] 

2.9.1 Materials Required 

Seeds of N. tabacum, double distilled and autoclaved water, molecular biology grade 

chemicals (vitamins, hormones, phytagel, salts), filter paper [Whatman no. 1 (9 cm)], 

aluminum foil, metallic or surgical instruments including forceps, spatula, scalpel 

holder etc., petri plates, quality pyrex glass ware, sterilized tissue culture medium, room 

containing automatic temperature, humidity and lighting system and controlled aseptic 

conditions, incubators etc.   

2.9.2 Plants Grown under Aseptic Conditions for Explant Tissue 

In order to remove any surface contaminants, seeds were treated with sterilization 

medium [1 % SDS (w/v), 1 % HgCl2 (w/v), 5 % liquid bleach] for at least 15 minutes. 

Another washing with 70 % ethanol was given and ethanol was removed followed by 

washing with double distilled autoclaved water [step was repeated thrice] and seeds 

were dried using filter paper. Seeds were planted in plates containing MS0 medium [1 

% agar (w/v) and 3 % sucrose (w/v)]. Plantlets emerged after 3 weeks of seed plantation 
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and were transferred to glass jars containing fresh MS0 medium. After 3 to 4 weeks, 

explants were taken aseptically from these plants with fully expanded leaves. 

2.9.3 Plant Transformations 

Culture of the A. tumefaciens containing binary vector with RNAi cassette was set up 

by picking a single colony aseptically using sterilized wire loop and inoculated to the 

LB liquid medium in 50 mL flask containing Rifampicin (25 mg/mL) and kanamycin 

(10 mg/mL) and was incubated at 28ºC with continuous shaking (150 rpm) for 48 hours. 

Leaf discs were incised from aseptically grown tobacco plants (top 2-3 leaves were 

used) and were placed upside down on MS0 medium (10-15 leaf discs per plate). Plates 

containing leaf discs were incubated at 25±2ºC with a 16/8 hours light and dark period 

respectively, for 24 hours. Agrobacterium cells were pelleted out by centrifugation at 

3220xg and resuspended in MS0 medium. The optical density of the Agrobacterium 

suspension was 0.4-0.5 at 590 nm. Leaf discs were incubated with bacterial suspension 

for 2 to 3 minutes with continuous gentle shaking. The leaf discs later dried on sterile 

filter paper were shifted to co-culturing medium [sucrose (30 g/L), phytagel (5.6 g/L) 

and MS salts (4.4 g/L)] with a pH of 5.8 (adjusted using 0.1 N KOH). Following 

contents were added to the medium after autoclaving and filter sterilization [Vitamin 

B5 100x (10 mL/L), 6-benzylaminopurine (BAP) (1 mg/mL) 1 mg/L, naphthylacetic 

acid (NAA) (1 mg/mL) 0.1 mg/L]. Under light conditions and at 25ºC co-culturing was 

completed for 48 to 72 hours. After this leaf discs were shifted to initial selection 

medium containing [sucrose (30 g/L), phytagel (5.6 g/L) and MS salts (4.4 g/L)] with 

pH adjusted to 5.8 using 0.1 N KOH. After autoclave and filter sterilization following 

contents were added to the medium [Vitamin B5 100X (10 mL/L), 6-

benzylaminopurine (BAP) (1 mg/mL) 1 mg/L, naphthylacetic acid (NAA) (1mg/mL) 

0.1 mg/L, Glufosinate Ammonium (10 mg/mL) 10 mg/L and Cefotaxime (100 mg/mL) 

250 mg/L]. Leaf discs were placed on the before mentioned medium in upward position 

but the edges were touching the agar base. The petri plates were incubated at 25ºC for 

two weeks with a photoperiod of 16 hours. Tissue regeneration started after two weeks 

period and a regeneration efficiency of around 75 % was observed and the regenerated 

discs were shifted to fresh selection medium. The evolving shoots were then transferred 

to the jars because of the space issues for the growing shoots. Shoots were later 

transferred to rooting medium [sucrose (20 g/L), MS Salts (4.4 g/L), Phytagel (5.6 g/L) 

with pH adjusted to 5.8 using 0.1 N KOH] after the emergence of at least one internode. 
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Following contents were added to the rooting medium after autoclaving and 

sterilization [vitamin B5 (100x) (10 mL/L), naphthylacetic acid (NAA) (1 mg/mL) 0.1 

mg/L and Cefotaxime (100 mg/mL) 250 mg/L. Jars were placed at 25ºC under 

continuous light conditions. 

2.9.4 Shifting of Transgenic Plants to the Soil 

The medium was removed from the developed roots by washing under tap water and 

fungicide treatment was given subsequently. The transgenic plants were transferred to 

pots containing sterile soil and were kept at 25ºC with 16/8 hours light and dark period 

for hardening. The pots containing transgenic plants were covered with plastic bags 

(polyethylene bags) for humidity retention. Slight cuts were made to the plastic bags 

after 8 to 10 days of shifting in order to reduce the humidity and let the plants to slowly 

acclimatize with glass house conditions.  

2.9.5 Confirmation of Transgenic Plants 

Transgenic plants were confirmed by conventional PCR using transgene specific, 

promoter specific and nptII gene specific primers. 
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3. Knockdown of B. tabaci Gene Expression 

using in vitro Transcribed Double Stranded 

RNA (dsRNA) 

3.1 Introduction 

Although B. tabaci is very important from economic point of view, but the 

genomic/transcriptomic information available for Bemisia is limited. Accomplishment 

of microinjection of long dsRNA into the thoracic region of whitefly confirmed the 

presence of RNAi mechanism in whiteflies [117]. Oral delivery of dsRNA needs 

extensive investigation although some reports demonstrated successful use of RNAi via 

oral feeding in whiteflies. The current experimentation explores the efficacy of RNAi 

for silencing some of the important genes expressing in whiteflies through the oral 

delivery of dsRNA for their potential control. Despite of the genetic variability, it is 

expected that genes involved in essential physiological and biochemical processes will 

be highly conserved across the whitefly variants.    

Inadequate resources for more informed control measures had led to the use of 

harsh chemical methods to keep the whitefly population under check, which also 

resulted in whitefly resistance against these chemicals. This has had a severe impact on 

the environment and on other animals and humans. Therefore, non-traditional methods 

like RNA interference (RNAi) would be an excellent approach for functional 

characterization and expression down regulation of genes to completely understand the 

whitefly biology and its control.  

RNA interference (RNAi) is a powerful tool being used in applied research for 

target gene knockdown for the control of insect pests and vectors of plant and animal 

diseases. Different mechanisms of dsRNA delivery, uptake and their competence to 

induce RNAi effects have already been extensively reviewed [146, 191].  

Microinjection based knockdown studies have been done in insects of agricultural 

importance including B. tabaci [117], Planococcus citri [229], B. germanica [230, 231],
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Schistocera americana [164], Gryllus bimaculatus [211], A. pisum [199, 232], D. 

melanogaster [233, 234], A. Mellifera [235] and many others. For laboratory 

experiments microinjection could be the method of choice but it is not appropriate for 

the field applications which requires a more expedient method of dsRNA delivery. 

Artificial diet based delivery of dsRNA have been successfully achieved in B. tabaci 

[119, 236], A. pisum, T. castaneum, M. sexta, D. melanogaster [237], H. armigera [238] 

as well as in Bactericera cockerelli [239] etc. While addressing the problem of sucking 

pests RNAi proved to be highly target specific and a powerful tool. RNAi has already 

been proved effective against lepidopteran and coleopteran insects, where silencing of 

CYP6AE14 was achieved using transgenic plant mediated approach while vacuolar 

ATPase subunit A was silenced using artificial diet based approach [118, 121]. 

A phenomenon known as parental RNAi has also been demonstrated in red flour 

beetle (T. castaneum) which proved the germline transmission of RNAi signal to the 

next generation via zygotic cells [154]. The ability to deliver compounds to adult 

whiteflies in an artificial feeding chamber, usually containing a 20 % sucrose solution 

[240] specifically permits testing of materials that are delivered directly to the whitefly 

gut. Report revealing the presence of RNAi machinery in whitefly [241] further 

supports the fact that RNAi signal can also move from gut to other body tissues. 

Selection of gene targets that are essential for universal functions could have broad 

potential to reduce whitefly population on host plants and thereby, the frequency of 

virus transmission. Based on the feeding habitat of whitefly, some interesting categories 

that could be significant in choosing targets are osmoregulation, sugar metabolism and 

insecticide resistance.  

Whiteflies feed on the phloem sap which primarily contains water and sucrose 

as the major carbohydrate source. The osmotic pressure of the phloem sap is about five 

times higher compared to the insect gut [242] which triggers the movement of the fluid 

from phloem to the insect gut. The imbalance of osmotic pressure caused due to the 

movement of sugary food into the midgut is challenging and must be normalized by the 

degradation of sucrose content which is crucial for the survival of the insect [198]. 

Genes like aquaporin and alpha glucosidase are involved in water transport and 

breakdown of sucrose molecules into its components [243-245] respectively are known 

to have an osmoregulatory effect [242, 246]. Sodium channel protein and acetylcholine 

receptor subunit α, are examples of candidates likely to be responsible for proper nerve 
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impulse function, insecticide resistance and could serve as potential targets for control 

measures. Sodium channels have been reported to be significant for resistance against 

pyrethroides, DDT [247] etc. while acetylcholine receptors are involved in neural 

transmission mechanism, making it a very effective target for some other insecticides 

(organophosphates) [248]. Genes involved in stress tolerance such as heat shock 

proteins (HSPs) help organisms to survive under hostile conditions such as temperature 

fluctuations [249]. Thermo-tolerance could vary based on sex as females are known to 

be more thermo tolerant compared to males as in case of whiteflies and has been 

attributed to variation in the expression of heat shock proteins [250].  

Here, five candidate genes that are highly expressed in insect midgut in adult 

whiteflies were tested initially by delivering dsRNA in sucrose based feeding solution 

through an artificial membrane. Silencing of the candidate genes resulted in significant 

mortality of whiteflies and made them more susceptible to heat stress and/or very low 

concentrations of insecticide.  
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3.2 Materials and Methods 

3.2.1 Whitefly Rearing 

The B. tabaci B biotype was maintained on cotton plants (Gossypium hirsutum cv 

Deltapine5415) at 26±1°C with a relative humidity of 60-70 % and 14:10 h light and 

dark period, respectively. The colony was maintained in BugDorm-2120 insect rearing 

tent (60”x60”x60”cm) in a separate room specified for insect rearing.  

3.2.2 Target Gene Selection and Validation 

Five candidate genes were selected initially from B. tabaci B biotype transcriptomic 

database (data for sodium channel protein not shown). The Primer 3 online software 

(http://frodo.wi.mit.edu/) version 0.4.0 was used for primer designing (Table 3.1) and 

the candidate target genes were amplified by PCR or RT-PCR, cloned and sequenced.  

The PCR reaction was set up using REDTaq® Ready Mix™ (Sigma-Aldrich St. Louis, 

USA) PCR reaction mix and the cycling conditions were; 94°C for 5 min (1 cycle), 

94°C for 30 sec, 55°C for 30 sec and 72°C for 45 sec (35 cycles) with a final extension 

step at 72°C for 15 min and holding at 4°C. The contents of the 25 µL reaction were 

12.5 µL RedTaq, forward and reverse primers 0.25 µL each (10 µM), template 3 µL 

and ddH2O 9 µL. The amplicon were separated on 1 % (w/v) agarose gel in TAE buffer 

(Tris-Acetate-EDTA with pH 8.0) and stained using ethidium bromide. 

The required fragment size was confirmed under UV on Spectroline® gel 

imaging system (Spectronics Co., USA). The PCR products were cloned in pGEM®-T 

easy vector (Promega, WI, USA) for confirmation by DNA sequencing. The primers 

for each target were designed based on unique sequence regions to optimize silencing 

and avoid any biosafety issues. The T7 promoter sequence was added [117] to the 5’ 

end of the forward and reverse primers to facilitate in vitro transcription. 

 

 

 

 

 

 

 

http://frodo.wi.mit.edu/
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Table 3-1 Primer sequences for the PCR amplification of the selected gene fragments and in vitro transcription. 

Underlined is the T7 promoter sequence added at the 5’end of each primer pair. 

 

 

  

Gene Name Forward Primer Reverse Primer 

Aquaporin 

5’-TAATACGACTCACTATAGGGAGACCAC 

GAGCCATCTGTGGAGCAATC-3’ 

5’-TAATACGACTCACTATAGGGAGACCAC 

AGCAATTGCGAATCCTATCG-3’ 

Alpha 

glucosidase 

5’-TAATACGACTCACTATAGGGAGACCAC 

CCTGGATTGCCTTTTGGTAA-3’ 

5’-TAATACGACTCACTATAGGGAGACCAC 

AATGGCGAGACCAAGAATTG-3’ 

Acetylcholine 

receptor 

subunit  α 

5’-TAATACGACTCACTATAGGGAGACCAC 

TCTCATGTTGCGGGATGTTA-3’ 

5’-TAATACGACTCACTATAGGGAGACCAC 

CCTGAAATGCTCGTCCTCTC-3’ 

Heat shock 

protein 70 

5’-TAATACGACTCACTATAGGGAGACCAC 

GCTCACCAAGCAAATGATTCT-3’ 

5’-TAATACGACTCACTATAGGGAGACCAC 

GCTGCATCACTGAGTGGAAA-3’ 

rsGFP 

5’-TAATACGACTCACTATAGGGAGACCAC 

TCAGTGGAGAGGGTGAAGGT-3’ 

5’-TAATACGACTCACTATAGGGAGACCAC 

GATCCTGTTGACGAGGGTGT-3’ 
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Table 3-2 Primer pairs and probe sequences used for real time quantitative PCR analysis of expression down-

regulation of target transcripts. 

Gene Name Forward Primer Reverse Primer Probe 

Aquaporin CCTGCATTCGTCAGTGGA

ATTTG 

GCAGTGACTCCACCGAGTAT

T 

AAACATTGGGTGTACTGGGCCGGT

CC 

Alpha 

glucosidase 

CACCGCGTCGAACCTCAT

G 

GCGAAGAGTTGGTTCAAGAG

ATG 

CACTCCGCGCTCCAACCAGAAC 

Acetylcholin

e receptor 

subunit α 

TCGTACGGCCAGTAAGTG

A 

CGACGGGTCCGTGTTGTG TCCAGGGTGCAGAACACGGT 

Heat shock 

protein 70 

GGGGGCTTTTTGGATACC

TTCTA 

CCACAGAAGACAACCAGGAT

GG 

AGGCTACTGCACGCTCACCTTCA 

18S rRNA GACCGGAGCTTGCAATTG

TTC 

ATCGCCGCGAGGTTATGAC CCGCGAACGAGGAATTCCCAGT

A 

Red-shifted 

GFP 

CGGCCACAAGTTGGAATA

CAAC 

TGAACGCTTCCATCTTCAATG

TTG 

CAACTCCCACAACGTATACATCAC

GGC 
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3.3 Double Stranded RNA (dsRNA) Feeding Bioassays 

3.3.1 In vitro Transcription of DsRNA 

The dsRNA was synthesized using MEGAscript® RNAi kit, AmbionTM, 

(ThermoFischer Scientific, MA, USA) as per manufacturers’ instructions. The 

opposing T7 promoter containing gel purified PCR product was used as template for in 

vitro transcription of dsRNA. Purified dsRNA was subsequently quantified using 

NanoDrop2000 UV-Vis spectrophotometer (Thermo Scientific Inc., MA, USA) and 

stored for a short time at -20°C before being used for further experimentation. 

3.3.2 Ingestion of DsRNA 

The quantified dsRNA was fed to adult whiteflies placed in glass assembly by mixing 

in artificial feeding solution containing 20 % filter sterilized sucrose. The ingestion of 

dsRNA will ultimately lead to the knocked down expression of the corresponding gene. 

Whiteflies were collected in glass vials and thin sterilized parafilm was stretched at the 

open end of each vial. The concentration of dsRNA was 30 µg/mL of the solution and 

was sandwiched between two sterile thin parafilm layers. For six consecutive days 

whiteflies were allowed to feed on the solution containing dsRNA. Sterile sucrose 

solutions with dsRNA re-suspension buffer and dsRNA homologous to red-shift green 

fluorescent protein (rsGFP) were used as negative and unrelated controls respectively. 

The rsGFP sequence was retrieved from NCBI GenBank (accession # U70496.1).   

Samples were aliquoted after every 24 hours from the feeding solutions while the 

whiteflies were ingesting dsRNA in order to determine the stability of dsRNA under 

actual feeding conditions by RT-PCR using SuperScript® III One-Step RT-PCR System 

(Invitrogen, ThermoFischer Scientific, MA, USA). The reaction was set up using 2 µL 

of feeding solution as template with parameters set at, 94ºC for 3 min (1 cycle), 55°C 

for 30 min (1 cycle), 94°C for 3 min (1 cycle), 94°C for 15 sec, 58°C for 30 sec and 

68°C for 1 min (35 cycles) and finally holding at 4°C.   

3.4 Gene Specific Bioassays 

3.4.1 Osmolarity Bioassay 

Solutions with different osmolarities for whitefly survival were tested initially because 

the two target genes, aquaporin and alpha glucosidase are considered to be associated 

with the osmoregulation. The solutions were filter sterilized using 0.22 µm filter and 
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were prepared under aseptic conditions. Osmotic pressure in the phloem sap varies from 

0.15 to 0.73 M [245]. Osmolarity of the feeding solution was determined based on the 

molar concentration of sucrose in comparison to the pressure in the phloem. Different 

osmolarities of sucrose solution including 0.58 osm/L (20 % w/v), 1.17osm/L (40 % 

w/v) and 1.75 osm/L (60 % w/v) were tested for the osmotic pressure tolerance of 

whiteflies. An osmotic pressure of 0.58 osm/L very much comparable to the plant 

phloem tubes was found to be most suitable for the survival of the insects for at least 

10 days. 

3.4.2 Temperature Tolerance Bioassay 

Heat shock proteins (HSPs) contribute to the thermal stress tolerance in whiteflies [236] 

in addition to their involvement in other stress associated pathways. Preliminary 

experiments to test the thermo-tolerance of the whiteflies were carried out to establish 

a range of temperatures for carrying out knockdown assays. Adult whiteflies were 

found to survive at 37°C for at least 24 hours. Whiteflies were allowed to ingest dsRNA 

homologous to Hsp70 and were subsequently exposed to a temperature of 37°C for 24 

hrs after feeding dsRNA at 1, 4 and 6 day intervals and mortality was recorded.  

3.4.3 Insecticide Bioassay 

In order to determine LC50 for the laboratory strain of whitefly (B. tabaci), leaf disc 

bioassays were carried out [251]. Incised leaf discs from 15 to 20 days old cotton plants 

were treated with the specific insecticide (I MaxxPro®, Univar®, Austin TX, USA) for 

12 seconds and allowed to dry. The discs were placed upside down over the agar base 

(13 g/L) poured in small petri plates. Around 200 adult whiteflies were allowed to feed 

on the leaf discs and LC50 was calculated for each insecticide at 10 µg, 1 µg and 0.1 µg 

per milliliter insecticide concentration. The concentration at 10 µg/mL was found to be 

optimum for further experimentation. For RNAi experiments, adult whiteflies were 

allowed to ingest 30 µg/mL of in vitro synthesized dsRNA mixed in the artificial diet 

for the respective genes before being exposed to the particular insecticide.  

  Experimental positive control containing untreated whiteflies exposed to the 

same concentration of the insecticide used for treated (dsRNA fed) insects was carried 

out in parallel to compare the rate of mortality in treated versus untreated controls. 

Untreated whiteflies fed on leaf discs without any insecticide treatment served as 

negative control. 
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3.4.4 Real Time Quantitative PCR Analysis 

The dsRNA-fed whiteflies were stored at -80°C for at least 12 minutes to numb 

the insects and transferred to nuclease free 1.5 mL eppendorf tubes and stored again at 

-80°C before RNA isolation. Total RNA was isolated using RNeasy® plant mini kit 

(Qiagen Sciences, MD, USA) according to manufacturer’s instructions. The RNA was 

quantified using Nanodrop2000 spectrophotometer and stored at -80°C until further 

processing. About 0.5 µg DNaseI [DNA-Free™ kit (Ambion, Austin, TX, USA)] treated 

total RNA was used for cDNA synthesis using High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems, CA, USA) for real time  quantitative PCR 

(qPCR). 

TaqMan assays were designed (Table 3.2) for the candidate genes for RNAi 

knockdown experiments using the freely available software with biosearch 

technologies (http://biosearchtech.com/realtimedesign-software-access.aspx). 

Expression profiling was carried out for dsRNA treated and buffer treated B. tabaci B-

biotype whiteflies collected at intervals of one, four and six days of treatment. 30µg/mL 

of dsRNA was used for treatments in feeding assays in order to make sure that 

whiteflies are taking up enough amount of dsRNA. The real time qPCR was performed 

using the following default parameters; 50°C for 2 min (1 cycle), 95°C for 10 min (1 

cycle) and 95°C for 15 sec and 60°C for 1 min (40 cycles). A quantitative ∆∆Ct program 

was performed on the Applied Biosystems StepOne Plus system. Two biological 

replicates were performed for every gene and the RT-qPCR was done in technical 

replicates. Quantitative analysis was performed using the ∆∆Ct method for analysis 

[252] (Applied Biosystems, PN 4303859) and 18S ribosomal RNA gene was used as 

the internal control.  Expression data were plotted as histograms representing 

comparative fold change of the gene expression between dsRNA treated and untreated 

whitefly data sets for each gene with one of the buffer treated control sample as the 

reference gene. The statistical p-values were calculated for the data using t-test. 

 

 

 

 

http://biosearchtech.com/realtimedesign-software-access.aspx
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3.5 Results 

3.5.1 Amplification of Gene Targets 

The fragments of aquaporin (282 bp), acetylcholine receptor subunit α (404 bp), alpha 

glucosidase (366 bp) and heat shock protein 70 (301 bp) were amplified using PCR 

(Figure 3.1) from the cDNA (used as template) prepared from RNA extracted from 

whiteflies. 

 

Figure 3-1 Ethidium bromide stained agarose gel demonstrating PCR 

amplification of target genes.  
M (Marker), AQP (Aquaporin), SC (Sodium channel protein), AChRα (Acetylcholine 

receptor subunit α), AGLU (Alpha glucosidase), HSP70 (Heat shock protein 70), -Ve 

(Negative control). 

3.5.2 In vitro Transcription of DsRNA 

PCR amplified target genes were cloned in TA cloning vector and sequenced. 

Confirmed clones through sequencing (restricted and gel purified) were used as 

template for in vitro transcription of double stranded RNA (dsRNA) and integrity was 

checked on 1 % (w/v) agarose gel (Figure 3.2). 

 

Figure 3-2 In vitro synthesized double stranded RNA (dsRNA) for the respective 

gene targets was loaded on agarose gel for integrity assessment.  
Aquaporin (1-2), Alpha glucosidase (3-4), acetylcholine receptor subunit α (5-8), 

sodium channel protein (9-12), heat shock protein 70 (13-16), red shift GFP (17-18). 
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3.5.3 Osmoregulation and Heat Stress Tolerance Transcripts 

Whiteflies are well known for their ability to adapt unfavorable environments and 

keeping this in mind the knockdown experiments targeting genes required for 

osmoregulation and heat stress tolerance were performed. The real time qPCR 

expression profiling was done for alpha glucosidase, aquaporin, and Hsp70 (involved 

in osmoregulation and heat stress tolerance respectively) after treating whiteflies with 

30 µg/mL of dsRNA corresponding to the respective gene. The data showed that 

expression was significantly reduced compared to the buffer controls for all three target 

genes at days 4 and 6.  For alpha glucosidase (Figure 3.3a) expression level in the 

treated sample was approximately 50 % of the buffer control at day 4 and declined 

further to ~ 20 % of buffer control at day 6 respectively. A similar trend was observed 

for RNAi knockdown of aquaporin where expression of the gene was down-regulated 

compared to the buffer control on day 4 and day6 when treated with 30 µg/mL of 

aquaporin dsRNA (Figure 3.3b). The down regulation of both aquaporin and alpha 

glucosidase caused significant mortality and the mean percent mortality over a period 

of six days was 73.25 and 81.75 respectively (Figure 3.4). Only 28.05 and 28.83 mean 

percent mortality was demonstrated by buffer as well as rsGFP controls of the 

experimental replicates respectively (Figure 3.4). The Hsp70 of B. tabaci, a gene 

involved in heat stress tolerance was also targeted for knockdown using the artificial 

feeding assay. The real time qPCR data showed that at day 4 and day 6 there was a 30-

40 % reduction in expression of the gene (Figure 3.3c) compared to the buffer control. 

Mortality for Hsp70 dsRNA treated whiteflies was a little higher 35 % compared to the 

controls (Figure 3.4), but post dsRNA treatment bioassays showed that the Hsp70-

dsRNA fed insects were very much vulnerable to high temperature stress and 

demonstrated significantly higher mortality compared to the control (Figure 3.8). 
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(c) 

Figure 3-3 Expression profiling using real time qPCR of genes expressed in 

midgut of whitefly (knockdown observed post-RNAi).  

(a) Demonstrates fold-change in the expression of (AGLU) for whiteflies fed on 30 

µg/mL of AGLU-dsRNA (brick red bars) in comparison to buffer control (blue bars) 

after1, 4, and 6 days post-feeding. (b) Shows the difference of fold-change in the 

expression of (AQP) in whiteflies fed on 30 µg/mL of AQP-dsRNA (green bars) 

compared with the buffer treated control (blue bars) after 1, 4, and 6 days post-

treatment. (c) Hsp70 expression profiling for whiteflies treated with 30 µg/mL of 

Hsp70-dsRNA (yellow bars) and buffer control (blue bars) after day 1, 4, and 6.  The 

most significant decline in gene expression was demonstrated by AGLU followed by 

AQP on day 6. 
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Figure 3-4 Representation of the mean percent mortality of different target 

genes.  

Aquaporin, alpha glucosidase and heat shock protein 70 compared to the controls 

(rsGFP and buffer) upon dsRNA feeding. 
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3.5.4 Transcripts Involved in Neurotransmission 

In order to determine causality of the phenotypes shown in insecticide bioassays to 

evaluate the success of RNAi knockdown assays, real time qPCR was performed for 

the acetylcholine receptor subunit α, involved in neural transmission and is target of 

various insecticides. Expression profiling of whiteflies fed on dsRNA (30 µg/mL) for 

acetylcholine receptor subunit α gene demonstrated significant down regulation at day 

4 and day 6 compared to buffer treated control insects (Figure 3.5). Whiteflies with 

knocked down expression for acetylcholine receptor subunit α demonstrated increased 

mortality of about 40-45 % compared to the buffer and rsGFP controls where only 28 

% mortality was recorded (Figure 3.6). The increased mortality could thus be attributed 

to lowered expression of acetylcholine receptor subunit α. Another target gene viz. 

sodium channel protein was also tested in the experiment but was excluded later on 

because of the inconsistent results observed during gene expression profiling using RT-

qPCR approach. In this particular case of whiteflies treated with 30 µg/mL of dsRNA 

for sodium channel protein, there was lack of consistency in the expression of the gene 

among different samples and hence the comparison at expression level could not be 

done. This could be because of the following reasons; low expression of the gene of 

interest, collected whiteflies were not handled properly (either during RNA extraction 

or during collection), cDNA reaction may be biased or this could be because of masking 

effect of the pseudogenes homologous to sodium channel protein or the gene might be 

tissue specific. 
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Figure 3-5 Expression profiling based on qRT-PCR of the target whitefly gene 

related to neurotransmission post RNAi bioassay.  

The bar chart represents comparison in fold changes in the expression of (AChRα) upon 

feeding with 30 µg/mL of AChRα-dsRNA (gray bars) and the buffer treated control 

insects (blue bars) after Day1, 4 and 6, respectively. 
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Figure 3-6 Representation of the mortality of whiteflies upon dsRNA treatment. 

The gene acetylcholine receptor subunit α was compared to the controls. 
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3.5.5 Post DsRNA Treatment Bioassays 

The whiteflies treated with dsRNA directed against the acetylcholine receptor subunit 

α, sodium channel protein and Hsp70 genes were subjected to insecticide and thermal 

stress bioassays after day one, four and six respectively (data not shown for sodium 

channel protein because of the inconsistent real time qPCR results, which we regarded 

as unreliable data and was discarded). The insecticide and thermal tolerance bioassays 

were performed to assess the effect of gene knockdown on the vulnerability of insects 

to specific insecticides and/or heat stress.  The insects were shifted to leaf discs treated 

with predetermined 10 µg/mL concentration of insecticides (TalstarOne®, FMC 

Corporation, PA, USA for sodium channel protein and MasterLine I MaxxPro, Univar, 

USA for acetylcholine receptor subunit α) in both the cases. Silencing of acetylcholine 

receptor subunit α, Sodium channel protein (data not shown) and Hsp70 showed a three 

to four fold increase in mortality among the whiteflies challenged with relevant 

insecticide (Figure 3.7) and/or high temperature (Figure 3.8) when pretreated with the 

dsRNA for the corresponding gene as compared to whiteflies that were not exposed to 

dsRNA treatment. Mortality rate was highest for the six days RNAi treated whiteflies 

as compared to day 4 and day 1. All insects were dead within 8 to 10 hours of their 

exposure to insecticide and/or high temperature treatment at sixth day, whereas the day 

4 and day 1 treated insects survived for three to six days, respectively. 
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Figure 3-7 Bar chart demonstrating mortality post dsRNA treatment 

(corresponding to acetylcholine receptor subunit α) upon exposure to low 

concentration (10µg/mL) of insecticide (imidacloprid).  

The p-value < 0.01 shows the mortality is significantly higher compared to the controls. 

RI pertains to RNAi treated insects exposed to insecticide treatment post dsRNA 

feeding, BI indicates insects fed on artificial diet containing dsRNA suspension buffer 

as control exposed to insecticide treatment and UB refers to untreated insects exposed 

to insecticide treatment. 
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Figure 3-8 Bar charts showing insect mortality post dsRNA treatment with 

dsRNA corresponding to heat shock protein 70 (Hsp70).  

The p-value < 0.01 signifies the vulnerability of the whiteflies towards high temperature 

stress compared to the control. RT stands for RNAi treated insects while BT stands for 

the buffer treated insects i.e. the insects fed on artificial diet containing dsRNA 

suspension buffer as control. 

 

 

 

 

 



                                                                                               3. Knockdown of B. tabaci Gene Expression 

59 
 

3.6 Discussion 

A lot of effort and capital has been annually invested for many years to overcome the 

insect pest problems worldwide. Biotechnology has emerged as an excellent tool for 

the control of insect pests. Most significantly, the control of Lepidopteran insects by 

the introduction of Bt crops across the world with significant decrease in the use of 

pesticides has revolutionized the field of biotechnology. The situation is not ideal 

regarding the decline in pesticide usage, which is mainly because of the sucking pest 

problem as there are no Bt proteins available in the market for their control. Thus 

alternative technologies based on insecticidal proteins or silencing of insect genes are 

required to control this important group of insects. 

In different fields of insect biology RNAi has been used successfully for reverse 

genetics studies, although, the susceptibility of various insect species towards RNAi 

varies greatly [195, 196], which ultimately confines our options for functional genomics 

in non-susceptible insects. Observed inefficiency or variable efficiency during RNAi 

experiments while dealing with some insect species could be because of the deficiency 

or inappropriate processing of dsRNA at intracellular level [196]. Besides considering 

the intracellular dsRNA processing it is also worth emphasizing to focus on the stability 

of dsRNA in the feeding solution as well as in the hemolymph of the insect [226] in 

case dsRNA passes the gut barrier for systemic spread of the RNAi signal. Quick and 

time saving methods are required for the evaluation of different strategies for insect 

pest control. One such strategy could be RNA interference and there are a number of 

platforms including microinjection, artificial diet based delivery systems, in planta 

transient expression systems etc. which are available to rapidly test the efficiency of the 

targets selected for this purpose. 

Artificial diet based feeding experiment was carried out with the aim of 

silencing whitefly genes involved in vital biological functions. In the RNAi experiment, 

dsRNA corresponding to the selected gene targets was fed to adult whiteflies using 

artificial diet as medium of delivery. Six days post dsRNA feeding mRNA amount of 

the genes were found to be reduced significantly which also led to higher mortality in 

comparison to controls. Gene knockdown particularly in the case of alpha glucosidase 

and aquaporin where the expression of the genes was around 20 % compared to the 

expression in control insects representing rather impressive knockdown. In case of 



                                                                                               3. Knockdown of B. tabaci Gene Expression 

60 
 

Hsp70 and acetylcholine receptor subunit α, the expression knockdown was almost half 

way compared to the controls although significant mortality was recorded in post 

dsRNA treatment bioassays using relatively low amount of insecticide and high 

temperature treatment compared to the controls. Plant mediated resistance using RNAi-

based approaches can also be achieved against nematodes, bacterial as well as viral 

diseases [187, 253, 254], however, selection of the target gene is of utmost importance 

for the effectiveness of RNAi.  

In this study four different genes of whitefly were targeted for silencing. Since 

the gene targets chosen for knockdown were gut-abundant proteins and the data 

highlights the fact that in case of Hsp70 and acetylcholine receptor subunit α, the 

expression is not completely or nearly completely knocked down. This might require 

even longer exposure to dsRNA or a low level of expression of these genes might be 

responsible for such an outcome [143]. Using artificial feeding assays, down-regulation 

of acetylcholine receptor subunit α, alpha glucosidase, aquaporin and Hsp70 has been 

demonstrated. The results indicate that, in particular, silencing of aquaporin and alpha 

glucosidase resulted in nearly twice the mortality of whitefly as compared to the other 

two target genes. One possible explanation is that dsRNA was delivered through 

feeding and these genes are highly expressed and are therefore suitable targets for 

RNAi-mediated intervention at least for the in vitro tests carried out here. The 

insecticide resistance genes might not play an essential role in the routine physiology 

of the insects and hence would not lead to extreme phenotypes in comparison to others 

that might have a more direct effect. These results demonstrate that gut-directed RNAi 

(dsRNA) induced post-transcriptional silencing (PTGS) can be used as a tool for both 

gene function analysis and to test the efficacy of small interfering RNAs (siRNAs) for 

abatement of whitefly outbreaks, depending on the specific targets.  

Recent reports on the involvement of Hsp70 in begomovirus-whitefly 

interaction [255] lays emphasis on the fact that many such genes could also be identified 

using RNAi as a method for functional characterization. Whether in planta expression 

of siRNAs can successfully deliver sufficient quantities to the companion cells where 

whiteflies feed remains to be determined. The extensive amount of data produced so 

far among a variety of experimental insect systems argues favorably that RNAi is a 

robust technology for silencing of insect genes [122, 256, 257].  
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This potential could be extended to economically important phloem limited pests 

where Bt technology is not effective. It would thus be suitable to develop a transient 

expression system to assess the effectiveness of the technology in planta which will 

make it feasible to express dsRNA homologous to one or more genes identified here in 

transgenic plants later on. As observed in artificial diet based feeding of dsRNA in this 

experiment, whitefly feeding on those plants is expected to cause significant mortality.  
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4. Virus Induced Gene Silencing (VIGS): For 

Quick in planta Evaluation of Target Gene 

Efficacy 

4.1 Introduction 

RNA interference is a kind of built-in anti-virus defense system in eukaryotic cells. The 

precursor molecule for RNAi, the dsRNA can be produced within the cell cytoplasm 

from exogenous sources such as plant infecting RNA viruses. The mechanism of RNAi 

can also be exploited for the suppression of even endogenous genes and is powerful 

tool for reverse genetics studies. This also demonstrates the fact that RNAi effect can 

also cause trans-kingdom gene silencing which can be exploited for various beneficial 

purposes such as fighting plant diseases being spread by insect vectors. 

Different approaches including microinjection, artificial diet based oral 

delivery, bacteria expressing dsRNA mixed with artificial diet and even transgenic 

plants expressing dsRNA [118, 229, 239, 258] have been applied to silence gene 

function. Although the stable transgenic plants expressing dsRNA are eventually 

desired from practical stand point of RNAi based insect control which is a labour 

intensive and relatively time consuming process, but it also incites the desire for an 

amenable transient system for rapid screening of RNAi inducers to avoid wastage of 

time and resources.  

There are a number of recombinant virus vectors (based on RNA viruses 

especially designed for RNAi studies) are available to serve the purpose. The vectors 

generated based on these RNA viruses such as Potato virus X (PVX), Tobacco rattle 

virus (TRV), Cotton leaf crumple virus (CLCrV) and Tobacco mosaic virus (TMV) etc. 

proved to be extremely useful for transient expression studies [229, 259-262]. Plant 

RNA viruses usually complete their life cycle via replication involving dsRNA 

intermediates which are then recognized by the plant dicers and chopped down to short 

RNAs. The mechanism generates large amounts of siRNAs thereby making it possible 
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that any gene inserted from other source to these RNA based vectors will also be 

cleaved and specific siRNAs will be produced.    

There are a number of functional genomics studies performed to explore the 

gene functions in various plant systems [263-266]. We are also in need to determine 

the in planta efficacy of our selected target genes from our previous experiments 

(chapter 3) before making transgenic plants of N. tabacum. For this purpose a quick, 

economical, easily available and consistent method is required which could help to 

screen the gene targets.  

Virus-induced gene silencing (VIGS) can serve as a very good transient system 

before stable plant transformations as a reverse genetics tool for functional genomics 

studies thereby helping to establish a higher confidence level. Use of transient 

expression systems as an alternative to transgenic approach is preferable because of its 

less labor intensiveness and producing comparable results to the stably expressing 

genes in plants. We used PVX vector system for this purpose and Potato virus X (PVX) 

is a positive sense single stranded RNA (ssRNA) virus which belongs to the family 

alphafelxiviridae and genus potexvirus. This is the method in which by inserting partial 

fragments of important genes in PVX based vector pgR107, significant expression 

down-regulation can be achieved. Silencing of cross kingdom genes using this 

technology would be of great importance for developing insect control strategies in 

shorter period of time. It will also save a lot of time previously being invested in the 

development of transgenic plants without any prior proof of the gene function. 
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4.2 Materials and Methods 

4.2.1 VIGS Plasmid Construction and Transformation 

The target gene fragments were amplified by PCR from the cDNA prepared from RNA 

isolated from whitefly. The primer pair sequences used for the amplification of target 

genes are given in table 4.1. The PCR products were sequenced and confirmed before 

inserting into the PVX vector (pgR107) in order to generate derivatives of PVX vector. 

Inserts were cloned using partial sequences corresponding to a 244 bp fragment for 

aquaporin gene (aq-PVX) and a 328 bp fragment for alpha glucosidase gene (ag-PVX). 

The cloning sites ClaI and SalI were used for the purpose of cloning in pgR107 vector 

in order to generate PVX-VIGS constructs. The vectors containing partial gene 

fragments of whitefly genes were then transformed into Agrobacterium tumefaciens 

strains GV3101 by electroporation (method described in detail in chapter 2) for plant 

infiltrations and bioassays. 

Table 4-1 Primer pairs used for amplification and cloning of genes in VIGS 

vector. 

Gene Forward primer Reverse primer 

 

AQP 

pvAQPF5’-

ATATCGATGAGCCATCTGTGGAGC

AATC-3’ 

pvAQPR5’-

TGGTCGACAGCAATTGCGAATCCTA

TCG-3’ 

 

AGLU 

pvAGLUF5’-

CCAATCGATCCTGGATTGCCTTTT

GGTAA-3’ 

pvAGLUR5’-

AAGGTCGACAATGGCGAGACCAAG

AATTG-3’ 

 

4.2.2 Germination and Growth Conditions of Plants for Bioassays 

The N. tabacum plants were grown from seeds in glasshouse under controlled 

conditions. Upon seed germination the seedlings were transplanted into 5”x 5” pots 

containing Sphagnum (peat moss) and were grown in a greenhouse till two true leaf 

stage. Plants with fully expanded at least four true leaves were infiltrated and were 

subsequently used for the bioassays. Infiltrated plants were placed in glass cages (with 

proper ventilation provided) in the glasshouse under controlled temperature conditions 
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i.e. 25±2°C with a 16:8 hours light and dark photoperiod and 60-70 % relative humidity 

respectively. 

4.2.3 Agro-Infiltration of N. tabacum Plants for Transient Bioassays 

The cultures of the A. tumefaciens containing genes of interest cloned in PVX vector 

(pGR107) and PVX vector alone were prepared from the single colony taken from 

streaked plates containing appropriate antibiotics (50 µg/mL kanamycin and 25 µg/mL 

rifampicin) using glycerol stocks of the confirmed clones. The cultures were incubated 

at 28ºC with continuous shaking at 150 rpm till the OD600 of cultures was 1 (usually 

36 to 48 hours incubation is required). The bacterial cultures were centrifuged at 4000 

rpm to pellet out the cells and were resuspended in 10 mM MgCl2. The OD600 of the 

suspension was set at 0.7 and 150 µg/mL of acetosyringone with a final concentration 

of 100 µM was added. The bacterial culture suspension was later incubated at room 

temperature for 4 to 6 hours before infiltration. The plants were infiltrated using 5 mL 

needleless sterile syringe on the underside of the fully expanded leaves. The infiltrated 

plants were kept at 25±2 ºC for subsequent bioassays. Plants infiltrated with 

Agrobacterium cells transformed with pgR107 as well as un-infiltrated plants were used 

as controls. 

4.2.4 Insects for Bioassays 

Insects for the bioassays were taken from the reared B. tabaci colony (mentioned in 

chapter 2) for experimental purposes.   

4.2.5 Statistical Analysis 

The mortality data were recorded and analyzed using Graph Pad Prism 5 software and 

one way analysis of variance (One-way ANOVA) and Tukey’s multiple comparison 

test of significance were applied. 
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4.3 Results 

4.3.1 RNA Isolation for the Detection of mRNA of Target Gene 

Expression in Infiltrated Plants 

Total RNA from tobacco leaf tissue was isolated using TRIzol® Reagent 

(ThermoFischer Scientific, USA) and was processed for first strand cDNA synthesis. 

First strand cDNA was synthesized using random hexamer primer according to 

manufacturer’s instructions. RT-PCR was carried out for the detection of mRNA 

expression of the target genes (Figure 4.1). 

 

Figure 4-1 Ethidium bromide stained agarose gel demonstrating PCR 

amplification of AQP & AGLU from infiltrated plants.  
+ve = Positive control, -ve = Negative control, Lane 1 – 5 = AQP (244 bp), M = Marker, 

Lane 6 – 10 = AGLU (328 bp). 

 

4.3.2 Insect Bioassays 

The insect bioassays were performed by exposing around 50 insects (B. tabaci) to the 

plants infiltrated with A. tumefaciens containing modified PVX vector. The plants were 

grouped (5 plants per group) separately which were infiltrated with aq-PVX and ag-

PVX as well as PVX vector only and un-infiltrated plants. Both PVX vector only and 

un-infiltrated plants served as negative and positive controls for the experiments, 

respectively. Agrobacterium based infiltration of the VIGS vectors containing target 

genes demonstrated significantly higher mortality of the target insects compared to the 

insects feeding on healthy or mock infiltrated plants. The experiments were repeated 

twice in order to compare the results and avoid any biasness whereas the mortality was 

main parameter selected for the experiments. Mortality was recorded on daily basis for 

six consecutive days, a parameter followed in artificial diet based studies in order to 

compare the results with the mortality data obtained previously (chapter 3).  
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4.3.3 Mortality Data Analysis 

Virus induced gene silencing mediated osmoregulation disturbance caused significantly 

higher mortality compared to the controls. The mean percent mortality was significantly 

higher in aq-PVX as well as ag-PVX infiltrated plants which was 83.5 % and 84 %, 

respectively, after six days of feeding (Figure 4.2). The mortality recorded in case of 

PVX vector only infiltrated and un-infiltrated plants was 30.5 % and 27 % respectively, 

after six days of feeding (Figure 4.2). The data were recorded and analyzed statistically 

using one way ANOVA (Graph Pad Prism 5 software) at a significance level of p<0.05. 

The bar charts represent the comparison of mortality results obtained from the plants 

expressing gene of interest containing modified PVX with the mortality data obtained 

from PVX vector only infiltrated and un-infiltrated groups of plants. 

 

Figure 4-2 Bar graph represents the data analysis results from VIGS bioassays. 
The mortality is significantly higher for genes being tested for RNAi studies in 

comparison to controls (p<0.05). 
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4.4 Discussion 

The study presented here demonstrated that A. tumefaciens mediated virus induced gene 

silencing is an excellent tool for gene knock-down studies. The comparison was 

generated based on significant differences in mortality among insects feeding on plants 

expressing siRNA effector molecules for the genes corresponding to the aquaporin and 

alpha glucosidase of whitefly versus those feeding on mock infiltrated and/or un-

infiltrated plants.  

Recombinant modified plant viruses have already been exploited to trigger 

RNAi in plants as well as to achieve trans-specific RNAi effects during the plant-

biotrophic pathogen interactions [262, 267]. Recombinant plant viruses have been in 

use mostly for plant functional genomics but some recent reports including the use of 

Barley stripe mosaic virus (BSMV) based system to express sequences of Puccinia 

striiformis in wheat for down regulation of corresponding mRNA of P. striiformis as 

well as expression of sequences from midgut genes (MsCYPs) of M. sexta in N. 

attenuate and silencing of Planococcus citri genes and Bactericera cockerelli genes 

demonstrated their potential for trans-specific RNAi [229, 262, 268, 269]. Previous 

efforts demonstrated the induction of RNAi effects against hemipteran insects such as 

Planococcus citri and Bactericera cockerelli using VIGS but here we used VIGS for 

the first time against another phloem feeding hemipteran, B. tabaci. Based on the 

hypothesis that plant RNA viruses are a useful tool for the delivery of dsRNA in planta, 

PVX vector system was used in the study for the induction of RNAi effect against the 

two osmoregulatory genes of B. tabaci.  

The data presented here comply with the previous reports as mRNA for both the 

genes was expressing in infiltrated plants and mortality was significantly higher 

compared to the controls. The unique feature of the technology is that these viruses are 

present in the phloem of the plant and use it for long distance movement. Another 

interesting fact is that the phloem sieves are the feeding site of the sap sucking insects 

where the short RNAs will be ultimately produced from long dsRNA phase of the virus 

[270, 271] and are readily available to be taken up by the insects during feeding. The 

beauty of the RNAi technology is that we can trigger the mechanism by choosing gene 

targets involved in a variety of mechanisms. We can also trigger RNAi against multiple 

gene targets simultaneously thereby creating a concoction of siRNAs capable of 
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interfering with multiple pathways at the same time, thus complementing each other’s 

response. RNAi technology is ultimately meant for almost zero spray of harsh 

chemicals and also unlike Bt technology there is no need to produce any toxic protein.  
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5.  Stable Transformation of Model Plant 

System (N. tabacum): an RNAi based Fused 

Gene Approach to Explore the Potential of 

Technology for the Control of B. tabaci 

5.1 Introduction 

Extensive losses to agricultural produce worldwide are because of a number of biotic 

and abiotic stresses and there is an increased demand for transgenic crops with ability 

to withstand these stresses. Although RNAi was discovered as a gene silencing 

mechanism but discovery of its role as a regulatory mechanism in eukaryotes opened 

up new avenues for crop improvement so that traits with improved qualities can be 

easily incorporated into the crop plants thereby ensuring the provision of better quality 

food. Problems of malnutrition and food security are arising with the rapidly increasing 

population of the planet and to deal with these problems, collaborative efforts from 

different fields including genomics, proteomics and plant genetic engineering are 

required [179, 272]. Since the incorporation of desired quality traits in crop plants 

through conventional breeding methods is extremely labour intensive and time 

consuming, RNAi made it relatively easy and quick. We can easily identify the genes 

of interest and perform transient functional genomics studies (particularly for 

insect/pest and disease resistance) before making transgenic plants. Besides this, 

efficiency of RNAi can be improved by using specific promoters which will help in 

expressing desired gene in tissue specific fashion. Most of the world’s population is 

consuming substandard food lacking essential micronutrients and nutritional value of 

the plants can be enhanced a phenomenon known as biofortification. A number of 

studies demonstrated successful use of RNAi technology for biofortification of crops 

such as by improving vitamin C, lycopene, carotenoids and flavonoids as well as 

antioxidant concentration in tomato [273-276], lysine content in maize [277], amylose 

content in wheat and barley [278, 279] and fatty acids in cotton [280] etc. On the other 

hand production of undesired contents or plant traits can also be eliminated by 

suppressing their expression for example a research group produced decaffeinated 
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coffee plants [281]. In another study codeinone reductase (COR; EC 1.1.1.247) gene 

was silenced in Papaver somniferum plants where the production of morphine was 

replaced with a non-narcotic chemical compound reticuline belonging to the alkaloids 

class [282]. 

Besides all these advantages, RNAi can be used for the augmentation of plant 

defense by providing resistance against parasitic weeds, nematodes, viruses and most 

importantly insects. Insects are the kind of problem which is damaging in a number of 

different ways i.e. causing direct damage to the plants thereby resulting in poor quality 

and reduced production, vectoring plant pathogens and also financial losses because of 

insecticides and yet there is a constant threat of insects becoming resistant to these 

chemical pesticides [256]. Over the past decade RNAi technology proved a successful 

tool for controlling the insect pests of serious concern. Expression of short interfering 

RNAs (siRNAs) at the feeding site of the insects especially in the case of phloem 

feeders, offers great potential for pest management. The process of RNA interference 

is not in fact new as far as plants are concerned. This process is there, regulating plant 

growth and providing protection from invading pathogens even before humans learnt 

to grow plants for their own benefit. Plant mediated genetically engineered resistance 

using a wide range of plant species including Oryza sativa, Arabidopsis thaliana, 

Gossypium hirsutum, N. tabacum etc. have been demonstrated against herbivores 

belonging to different insect orders including Coleoptera, Lepidoptera and Hemiptera 

[118, 121-123, 283]. The diet of the insects feeding exclusively on phloem sieves 

primarily contains water and sugar as main component. This uptake of the liquid food 

critically depends on the differences in osmotic pressure inside the insect body and the 

phloem cells.  

Keeping in view the importance of this disparagingly important mechanism, 

dsRNA was expressed against aquaporin (AQP) and a sucrase gene viz. alpha 

glucosidase (AGLU) aiming at the disruption of osmoregulation. The B. tabaci not only 

damages the plant by sucking vital sap from the phloem tissue but also transmits several 

plant virus species. Expression down-regulation of particular genes using RNA 

interference technology has been the method of choice over the past few years for insect 

control and functional genomics research. Initially the technology relies on the use of 

microinjection and other artificial diet based feeding methods which is inapplicable for 

practical purposes and needs further exploration of the idea.     
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Genetic engineering based host plant mediated insect resistance has evolved as 

a major contributor in this regard [284]. Double stranded RNA (dsRNA) being 

expressed against specific gene targets either transiently or stably in model plant system 

as well as in crop plants can induce suppression of target genes. This study was designed 

to evaluate that if dsRNA is expressed simultaneously against two important whitefly 

genes can produce siRNA in sufficient amount to cause mortality of this sucking pest. 
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5.2 Materials and Methods 

5.2.1 Insect Rearing 

The B. tabaci B biotype was maintained on cotton plants (Gossypium hirsutum) under 

the controlled conditions at 26 ±2°C and relative humidity of 60-70 % with 16:8 h 

light and dark period respectively. The B. tabaci colony was maintained in a separate 

room specified for insect rearing.  

5.2.2 Construction of DsRNA Expression Cassette 

Sequences of two target genes (aquaporin and alpha glucosidase) expressed in the 

whitefly midgut and involved in osmoregulation were selected (Brown lab database 

UA, USA). Partial fragments from both the genes (200bp each) were joined in sense 

and antisense orientation separated by an intron and synthesized commercially (Life 

technologies, ThermoFisher Scientific, USA). The desired restriction sites were also 

introduced into the construct for initial as well as final cloning in desired vector system. 

The synthesized fragment (931bp) was initially cloned into a pJIT163 vector in order 

to express mRNA as a hairpin structure for dsRNA generation under the control of the 

Figwort mosaic virus (FMV) promoter and CaMV35S terminator. The 2xCaMV35S 

promoter already present in the pJIT163 vector was replaced by FMV promoter using 

SacI and HindIII restriction sites. The complete cassette including the FMV promoter, 

synthesized construct and CaMV35S terminator was restricted from pJIT163 using SacI 

and EcoRV restriction sites and cloned into the binary vector pCambia2300 which was 

subsequently used for plant transformation (Figure 5.1). The EcoRV restriction site 

produced a blunt end cut and was used because of the limited number of options 

available for further cloning. The pCambia2300 vector was restricted using SacI and 

SmaI sites as SmaI also produced a blunt end and the cassette was ligated. 
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Figure 5-1 The schematic representation of complete plant transformation 

cassette.  

The cassette contains fused gene fragments of aquaporin (AQP) and alpha glucosidase 

(AGLU) in sense and anti-sense orientation with an intron in between to facilitate 

hairpin structure formation was cloned in pCambia2300 binary vector between SacI 

and EcoRV restriction sites. 

 

 

 

  

 

 



                                                                                                                 5. Stable Plant Transformations 

75 
 

5.2.3 Development of Transgenic Plants 

Transgenic plants for double gene construct were developed by Agrobacterium 

mediated tissue culture technique (Figure5.2). The A. tumefaciens strain LBA4404 was 

transformed with the expression cassette cloned in pCambia2300 plant transformation 

vector by electroporation method. The transgenics were selected on kanamycin 

antibiotic (500 mg/L). Upon complete shoot and root formation plants were transferred 

to plastic pots and were shifted to glasshouse for seed setting and bioassays. The 

conditions in the glasshouse were maintained at 26±2 ̊C and a relative humidity of 60-

70 %. For the selection of true transformants T1 seeds were collected and grown on 

kanamycin selection (500 mg/L) for segregation analysis.  

 

 

Figure 5-2 An overview of typical plant tissue culture steps.  
Non transformants are dead on callus induction medium (A), Inoculated leaf cuttings 

were cultured on callus induction medium and were surviving smaller shoots emerged 

(B& C), Shoots on shooting medium (D), placed in jars for rooting (E), Mature plants 

transferred to pots (F), Non-transgenic seeds (G), Transgenic seeds obtained for T1 

generation (H). 
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5.2.4 Insect Bioassays 

A total of five transgenic lines were generated initially and after confirmation through 

PCR, two transgenic lines G1.2 and G1.3 were selected for insect bioassays. For each 

transgenic line, twenty plants were generated and insect mortality was evaluated by 

comparing transgenic lines with mock (positive control) and non-transgenic (negative 

control) plants. Transgenic as well as control plants were grouped in separate cages 

(five plants per group). For each replicate around 250 newly hatched whiteflies were 

transferred to each group of plants by gently tapping the plants containing whiteflies in 

order to avoid any mechanical damage to the insects, which could give erroneous 

mortality data. Initial count of the insects was recorded once they were settled on the 

walls of the glass cages (any additional insects were removed using aspirator) and plants 

were then placed in the cages for bioassays. The experiment was repeated twice and 

mortality was recorded on daily basis for six consecutive days. The means for percent 

mortality were calculated and data were analyzed statistically for each set of plants.     

5.2.5 Statistical Analysis 

The data were statistically analyzed using one way analysis of variance (One-way 

ANOVA) followed by Tukey’s multiple comparison test of significance using Graph 

Pad Prism 5 software. 

5.2.6 Real Time qPCR Analysis 

Transgenic lines as well as control tabacum plants were exposed to adult whiteflies and 

were collected (25 whiteflies from each group at each time point) from each line after 

1, 3 and 6 days. Total RNA from whiteflies collected on each time point from transgenic 

and control plants was isolated by TRIzol reagent (ThermoFischer Scientific, USA). 

First strand cDNA was synthesized using cDNA synthesis kit (ThermoFischer 

scientific, USA). The real time qPCR was performed in order to measure relative 

expression of the genes AQP and AGLU in B. tabaci. Primer pairs used for RT-qPCR 

are given in table 5.1. A total volume of 25 µL reaction mixture contained 12.5 µL 

SYBR Green, 0.25 µL of each of the forward and reverse primers (0.1 pmole), 2.5 µL 

cDNA (~25 ng) and 9.5 µL water. After optimization, the thermocycling conditions 

were 94°C for 10 min (DNA polymerase activation) followed by 40 cycles, at 94 °C 

(for 30 sec.), 57°C (for 30 sec.) and 72°C (for 30 sec.). The real time PCR was 

performed in 96 well microtiter plate using Bio-Rad iQ5 thermal cycler (Bio-Rad, 
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USA) and full length experiments with all the necessary controls were triplicated. 

Finally, at the end of every run, in order to assess the specificity of the amplification 

product, a melt curve analysis was performed from 60 to 95°C, with an increment of 

0.5°C every 10 sec. Quantification results were analyzed by ΔΔCt method. The 18S 

rRNA gene was used to normalize the corresponding Ct values. The transcript levels 

were compared and folds change in the expression level of AQP and AGLU in whiteflies 

fed on transgenic plants to that on the control plants. 

Table 5-1 Primer pairs used for assessment of expression down regulation of 

target genes of B. tabaci using real time qPCR. 

 

Gene 

 

Forward primer 

 

Reverse primer 

 

 

Aquaporin 

 

qAQPF5’-

CCTGCATTCGTCAGTGGAA

TTTG-3’ 

 

qAQPR5’- 

GCAGTGACTCCACCGAGTAT

T-3’ 

 

Alpha 

glucosidase 

 

qAGLUF5’-

CACCGCGTCGAACCTCATG

-3’ 

 

qAGLUR5’- 

GCGAAGAGTTGGTTCAAGA

GATG-3’ 

 

18S 

q18SF5’-

GACCGGAGCTTGCAATTGT

TC-3’ 

q18SR5’- 

ATCGCCGCGAGGTTATGAC-

3’ 
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5.3 Results 

5.3.1 Construction of Vector and Stable Plant Transformations 

Two target genes aquaporin and a sucrase gene, alpha glucosidase (Brown Lab 

database, UA, USA) were selected. The plant transformation vector was generated 

based on pCambia2300 vector system. Both the genes were fused (200bp each) and 

initially cloned in pJIT163 vector in sense and antisense orientation separated by an 

intron under the control of FMV promoter and CaMV35S terminator. The complete 

cassette was then cloned in plant transformation vector pCambia2300 and were 

transformed to A. tumefaciens LBA4404 strain using electroporation method. 

Transgenic plants were developed by direct organogenesis using leaves as explants 

according to the standard protocol. Kanamycin selection was used in order to identify 

the transformants using 500 mg/L concentration. Transgenic plants were carefully 

grown in tissue culture growth rooms maintained at a constant temperature of 25±2ºC 

and were later transferred to plastic pots and shifted to the glasshouse for seed setting 

and bioassays also maintained at the same temperature conditions. Seeds were collected 

for T1 generation and were grown on kanamycin (500 mg/L) containing medium for the 

selection of true transformants and avoiding any segregation events.   Total DNA was 

isolated from transgenic plants and insertion of T-DNA was confirmed (Figure 5.3) by 

PCR using gene specific as well as promoter and nptII gene specific primers (Table 

5.2).  
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Figure 5-3 Ethidium bromide stained agarose gel demonstrating PCR 

confirmation of transgenic plants.  

FMV promoter (a), gene of interest (b) and nptII gene (c), +ve = Positive control, -ve = 

Negative control, Lane 1 – 5 = G 1.2, M = Marker, Lane 6 – 10 = G 1.3. 

 

Table 5-2 Primer pairs used for the confirmation of transgenic plants through 

PCR. 

Gene Forward primer Reverse primer 

 

FMV 

promoter 

FMVF5’-

GAGCTCCAAGTGTACAA

AAAAGATTACCA-3’ 

  

FMVR5’-

AAGCTTGCACGCCGTGGAAA

CAGAAGACA-3’ 

 

Gene of 

interest 

G1F5’-

GAGCCATCTGTGGAGCA

ATCATT-3’ 

G1R5’-

CAGGGAGGTCTTCGATTTCTA

CA-3’ 

 

nptII gene 

npt5-‘ 

CTCACCTTGCTCCTGCCG

AGA-3’ 

npt5’- 

CGCCTTGAGCCTGGCGAACA

G-3’ 
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5.3.2 Expression down Regulation Analysis of B. tabaci  

Insect feeding on plants expressing dsRNA can reduce the expression of the target 

mRNA and cause physiological alterations leading to osmoregulatory disturbance in 

the insect gut and early mortality. In this study, two genes were selected and fused for 

the development of an RNAi construct which was then transferred into the tobacco 

plants in order to produce long dsRNA in transgenic plants that will ultimately be 

processed into siRNAs. The dsRNA in transgenic tobacco plants was expressed under 

the control of a strong constitutive FMV (figwort mosaic virus) promoter which will 

also results in higher expression in companion cells. The real time qRT-PCR was 

performed to assess the suppression of gene expression in B. tabaci. The ingestion of 

sap from transgenic tobacco plants producing dsRNA corresponding to AQP and AGLU 

was shown to decrease the expression of both genes in B. tabaci. Gene expression 

profiling using real time qPCR was performed for both the genes after exposing 

whiteflies to transgenic plants. 

The data obtained from the real time qPCR demonstrated significant reduction 

in the expression of both the genes compared to the whiteflies fed on control plants for 

six days (Figure 5.4).  The whiteflies were collected from transgenic as well as control 

plants at three different time points for expression down regulation assessment. In case 

of AQP around 90 % reduction in mRNA expression was recorded after 24 hours of 

feeding especially in case of whiteflies feeding on transgenic line G1.2 whereas the 

reduction in expression was around 75 % in whiteflies feeding on transgenic line G1.3. 

The gene expression seems to be remained at ̴ 80 % suppression level in whiteflies 

collected after three days of feeding from both the transgenic lines compared to the 

control. The expression of AQP was almost undetectable after six days of feeding on 

G1.2 compared to G1.3 where the extent of suppression around 80 % compared to the 

controls was observed (Figure 5.4a). The alpha glucosidase mRNA seems to be less 

responsive to the RNAi treatment compared to the aquaporin initially and both the 

transgenic lines behaved in a similar fashion against AGLU. The expression of AGLU 

in whiteflies fed on both transgenic lines was suppressed by 60 % compared to the 

controls after 24 hours of feeding and remained so, even after three days of feeding.  

The whiteflies collected after six days of feeding demonstrated that the expression was 

further repressed to more than 90 % in comparison to the controls (Figure 5.4b). 
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(a) 

 

 

(b) 

Figure 5-4 Real time qPCR results for aquaporin (a) alpha glucosidase (b).  

Real time qPCR results demonstrates significant level of gene expression knock down 

after six consecutive days of feeding whiteflies on transgenic plants compared to the 

control plants. 
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5.3.3 Disruption of Osmoregulation Caused Early Mortality 

It is of utmost importance for B. tabaci to maintain osmotic pressure inside the body 

which is of critical importance for the survival of the insect. Expression down 

regulation of both, aquaporin and alpha glucosidase caused significant mean percent 

mortality over a period of six days which was 78 % and 65 % on transgenic lines G1.2 

and G1.3 respectively. RNA interference mediated disruption of function of these genes 

significantly affected the survival rate of the insects. Mean percent mortality in the 

whiteflies feeding on transgenic plants compared to control was recorded and the results 

were analyzed statistically (Figure 5.5). 

 

 

Figure 5-5 Mortality results of insect bioassays using transgenic plants.  

Mortality results were statistically analyzed and the bar chart shows comparison of 

mortality between transgenic lines being compared to the mock and control plants (G1.2 

& G1.3 represents two different transgenic lines). *p<0.05, **p<0.01. 
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5.4 Discussion 

Whitefly management is extremely difficult because of its short life cycle and higher 

reproductive rate. Feeding of insects on plants expressing dsRNA reduces the 

expression of the target genes to a great extent thereby causing severe osmoregulatory 

problems in the insect gut leading to early mortality. The real time qPCR was performed 

to assess the suppression of gene expression in B. tabaci and mortality was recorded. 

The down regulation of genes expressing exclusively in midgut of insects using plant 

mediated RNAi approach suggests that enough short RNAs can be produced in planta 

which can cause silencing of the genes ultimately leading to mortality. Delivery of 

dsRNA to the insect’s midgut using transgenic plant mediated RNAi approach can 

cause severe physiological problems including defective molting and osmoregulatory 

problems [118, 122]. 

In this study, two genes were selected and fused for the development of RNAi 

constructs which were then transferred into the tobacco plants in order to produce long 

dsRNA in transgenic plants which will ultimately be processed into short interfering 

RNAs (siRNA). Ingestion of sap from transgenic tobacco plants producing dsRNA 

corresponding to aquaporin and alpha glucosidase was shown to knockdown the 

expression of the two genes in B. tabaci. Reduction of mRNA expression by 60 % to 

90 % was observed (Figure 5.4) with almost complete suppression at day 6 in case of 

transgenic line G1.2 (Figure 5.4a), proving the usefulness of delivering dsRNA through 

feeding on transgenic tobacco plants against B. tabaci. 

The studies carried out on B. tabaci demonstrated considerable variation in 

susceptibility of various genes towards dsRNA mediated suppression (chapter 3) which 

needs further investigation. Although the possible gene knockdown and dsRNA uptake 

machinery is present in B. tabaci [241] but may be some other factors also needs to be 

optimized for developing an RNAi based approach in order to counter the insect pests 

such as B. tabaci. 

The dsRNA in transgenic tobacco plants was expressed under the control of a 

strong constitutively expressing (Figwort mosaic virus) FMV promoter which also 

gives strong expression in the companion cells. This strategy will ensure the continuous 

production and availability of dsRNA in the sieve elements from where it can move to 

distant plant parts through phloem [285]. Variation in dsRNA expression can occur 
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depending upon the site of integration in plant genome. It is also worth mentioning that 

the integration of any foreign gene must not disturb the morphology or physiology of 

the plant as in this study we did not find any such variations in tobacco plants 

phenotypically. It would also be logical and effective that the dsRNA should also be 

expressed in tissue specific manner using tissue specific or insect bite specific inducible 

promoters [286]. Another study recently demonstrated that the expression of long 

dsRNA in plastids (chloroplast) can result in complete plant protection [287] which was 

not achieved previously. Although the RNAi knockdown experiments carried out on C. 

elegans demonstrated lethal phenotypes but still there is no universal set of target genes 

available for broad spectrum protection against nematodes which proves that the effect 

is highly species specific [257]. This is also true for various insect species of 

agricultural importance. It is therefore of utmost importance to carefully select the 

target genes for particular insect species for practical purposes and to minimize the 

effects on beneficial or non-target insects which will form the basis of successful 

transgenic plant mediated resistance. 
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6. General Discussion 

The aim of the thesis was to investigate the possible use of RNAi technology for the 

control of B. tabaci. The whitefly, B. tabaci is an important sucking pest of 

economically important agricultural crops, feeding exclusively on phloem vessels of 

plants. The insect, not only cause the plant drooping because of vital sap losses but, 

also causes damage by secreting honey dew and transmitting plant pathogenic viruses. 

Different types of plant pathogenic fungi grow on honey dew thereby, causing 

photosynthetic losses besides depriving the plant as well as farmer from quality 

produce.  

Insects are at the top of the list among the most significant biotic factors 

affecting crops and human life, across the globe. The insects of polyphagous nature 

such as whitefly, are more problematic compared to other insect pests. This is due to 

the fact that they can switch to different host plants during off-season of the main crop 

and then re-emerge, when the cropping season arrives. Over the years, chemical 

pesticides have been sprayed on crops for the control of these insect pests, but each 

time after a couple of cropping seasons insects became resistant to these harsh 

chemicals. Another approach which demonstrated a great potential for insect control 

and also reduced the use of chemical pesticides is Bt technology, which is found to be 

successful against chewing insects [140, 288] but not against sucking pests. Bt 

technology based transgenic crops are being cultivated worldwide even though the use 

of transgenic crops has been under severe criticism, but still GM crops expressing Bt 

toxin can be considered as first of its kind and major breakthrough towards the genetic 

engineering of plants [289]. Another fact is that, the Bt technology was developed 

aiming at the control of coleopteran and lepidopteran insects in the first place and other 

sucking insects belonging to order hemiptera were not the main target.  

Over the years RNAi has emerged as a successful technology for the control of 

insects belonging to both chewing and sucking type of insect classes [118, 121, 122, 

124, 238]. RNAi has been the method of choice for reverse genetics studies being 

carried out on different insect species resulting in better understanding of insect biology 
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[195]. There are certain limitations while dealing with insects belonging to different 

insect orders as the extent of vulnerability of different insect species towards RNAi 

varies greatly [196]. The susceptibility variation among different insect species poses 

great difficulty to perform functional genomics studies on less susceptible species.  

Although the selection of the target gene for RNAi studies is of prime 

importance but, presence or absence of RNAi machinery also plays a central role in the 

spread of RNAi signal throughout the insect body, thus determining the success of 

RNAi. Several RNAi studies performed to down regulate whitefly genes [117, 119, 

124] demonstrated the potential for whitefly control using this technology which is 

further supported by another report confirming the presence of RNAi machinery in 

whitefly [241]. There are other concerns related to the stability of dsRNA, as we 

performed artificial diet based bioassays involving in vitro transcribed dsRNA mixed 

with artificial diet. There are a number of artificial diet based studies performed on 

different insect species, demonstrating the potential of technology for insect control. 

Some of the most promising examples include silencing of a pheromone binding protein 

EposPBP1 and chitin synthase gene A (SeCHSA) in two Lepidopteran insects, Epiphyas 

postvittana and Sodoptera exigua respectively where dsRNA was expressed in bacteria 

which were then mixed with artificial diet in later case [290, 291].  In order to avoid 

insufficient RNAi response because of low dsRNA uptake, it needs to be tested whether 

or not dsRNA is stable throughout the study period. Samples from the feeding chambers 

were aliquoted and tested every 24 hours and found to be stable and not degraded. A 

well-known fact is that insects vary in their sensitivity towards RNAi which can be 

standardized using varying concentrations of dsRNA. Another possibility is that a 

number of different genes can be targeted depending upon their expression patterns .e.g. 

genes expressing in the midgut are comparatively easy to target than genes expressing 

in other body parts of the insects. The region of the gene being targeted also needs to 

be addressed very carefully depending upon the folding patterns of mRNA for which 

initial in silico studies before performing RNAi experiments would benefit a lot. 

The genes used in this study belongs to different important physiological 

pathways, vital for insect survival. These pathways include neurotransmission, thermal 

stress tolerance and most importantly the osmoregulation related genes. Initially the 

artificial diet based bioassays were performed with two different efficacies of dsRNA 

and 30 µg/mL concentration was selected for the experimentation. Although it is 
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relatively difficult to obtain such high concentration of dsRNA in vivo but we used 30 

µg/mL in order to make sure the uptake of sufficient amount of the molecule to cause 

silencing/down-regulation. During artificial diet based bioassays a number of other 

parameters were also optimized which includes osmolarity of the feeding solution, 

determination of temperature ranges as well as LC50 for insecticide concentration to be 

used in bioassays performed post dsRNA treatment of whiteflies (chapter 3). Mortality 

was the main parameter selected in order to determine the success of the experiments; 

because it was an easy parameter to follow. The ultimate objective was to achieve the 

insect mortality by expressing dsRNA homologous to most promising targets in plants.  

The unique and interesting feature of this study is that all the candidate gene 

targets were selected from the midgut specific transcriptomic database (Brown lab, UA, 

USA). This is due to the fact that midgut cells are the first ones to be exposed to the 

food intake, thereby making sure the maximum up-take of dsRNA by the midgut cells. 

Another intriguing fact is that all the target genes selected are vital for the insect 

survival and must be expressing at all the life stages during insect development. This 

will allow the researchers to trigger RNAi pathway against these genes at any life stage 

of whitefly. Although the RNAi machinery is present in whitefly [241] which will 

further ensure the spread of RNAi signal to other tissues but up-take of dsRNA is vital 

in the first place. Five genes viz. aquaporin (AQP), alpha glucosidase (AGLU), 

acetylcholine receptor subunit alpha (AChRα), heat shock protein 70 (Hsp70) and 

sodium channel protein (SCP) were selected initially for the study. Aquaporin is 

responsible for water transport while alpha glucosidase is involved in taking care of 

sugary materials and we named both these genes as ‘osmoregulators’. Since whitefly is 

a polyphagous insect feeding utterly on phloem sap of the plant, containing sugars and 

water as main components which poses serious osmotic pressure on the midgut of the 

insect and needs to be dealt with sophistication. The real time qPCR based results 

observed during artificial based bioassays showed that the expression down regulation 

of these genes related to osmoregulation caused severe osmoregulatory problems 

resulted in significantly higher mortality compared to the control insects. The 

expression of both these genes was remarkably reduced in comparison to the control 

insects. Although the expression of both AGLU and AQP appeared to be suppressed 

after 24 hours of feeding on dsRNA mixed diet which continued till day six where only 

around 20 to 30 % expression was recorded compared to the controls.  
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Other group of genes involved AChRα and SCP which are hypothesized to be 

involved in neurotransmission and are also supposed to be good targets of insecticides 

belonging to nicotinoids and pyrethroides respectively. In insects such as N. lugens 

AChRα has been demonstrated to be involved in imidacloprid (neonicotinoid 

insecticide) resistance, which is ascribed to the mutation in acetylcholine receptor 

[292]. It has also been shown in case of N. lugens that the reduced mRNA abundance 

of the nicotinic acetylcholine receptor resulted in increased sensitivity to the insecticide 

[293]. Our results also comply with the studies carried out on N. lugens and demonstrate 

that the whiteflies fed with dsRNA corresponding to AChRα showed increased 

sensitivity to very low concentration of the insecticide. This suggests that the RNAi 

approach can be coupled with the chemical control for effective whitefly control. This 

will not only reduce the amount of pesticide used in the field but will also impart healthy 

effects on environment as well as on farmer’s financial situation. Belonging to this 

group SCP resulted in some bizarre observations during real time qPCR analysis, where 

expression of the target gene appeared to be shooting compared to the control insects. 

There could be a number of reasons for this behavior of the gene including; collected 

whiteflies were not properly handled during RNA extraction and DNaseI treatment of 

the samples or the cDNA synthesis reaction was biased. Another possible explanation 

could be the presence of pseudogenes very much homologous to the gene of our interest 

casts masking effect etc. We considered it as bad or unresolved data and was discarded. 

Our data also demonstrated that the expression down regulation of Hsp70 also resulted 

in increased sensitivity to the thermal stress provided in the post dsRNA treatment 

bioassays which resulted in increased mortality compared to the control insects (chapter 

3). Complete genome sequence of whitefly will help to resolve this issue by 

determination of copy number as well as the presence of pseudogenes if any. It would 

now be comparatively easier to analyze whitefly genome as a number of insect genomes 

including D. melanogaster, T. castaneum, B. mori, A. gambiae have been successfully 

completed besides A. pisum genome. A. pisum also belongs to the order Hemiptera, 

with which a broad comparison can be generated while any of the before mentioned 

genomes can serve as out group to the analysis. Many important conclusions drawn 

from the sequencing of complete aphid genome showed that more than 2000 gene 

families have undergone duplication besides other events including expansion of gene 

families related to sugar transport and miRNA synthesis as well as loss of genes related 

to immune pathway and urea cycle etc. Another fact is that many pseudogenes have 
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also been reported from aphid genome for example genes related to odorant receptors 

which were annotated based on their homology to orthologs from Drosophila, although 

no homologs were found for many of the pseudogenes from other insects and were 

considered as aphid specific expansions. A subset of pseudogenes was categorized as 

pseudogenes because of the nonsense or frameshift mutations or were attributed to the 

assembly error which needed reclassification after assembly improvements [52]. All 

this available information can be utilized to resolve the issues related to pseudogenes 

as well as compensatory pathways if there are any, as observed in case of Hsp70 and 

most importantly in case of sodium channel protein (chapter 3). 

RNA interference mediated gene silencing using microinjection, artificial diet 

based provision of double stranded RNA (dsRNA) as well as transgenic plant mediated 

expression down regulation and mortality has already been demonstrated for whiteflies 

[117, 119, 124]. The potential of genes targeted in this study have not been explored 

yet. Transient in planta expression studies before deciding the effective gene targets for 

stable plant transformations is a necessary step and it was unavoidable to determine that 

whether or not these genes perform in plant system. The best way to answer this 

question was to transiently express the genes using virus vector system. A number of 

virus vector systems are available which are successfully used by different research 

groups for such studies including PVX, TMV, TRV vectors [229, 262, 294, 295] etc. 

This approach will ensure the continuous replication of virus, thereby providing 

continuous supply of dsRNA resulting in elevated and systemic expression of the RNAi 

effector molecules. We also used potato virus X (PVX) based vector system for transient 

in planta expression of dsRNA of our genes of interest and bioassays were performed 

(chapter 4). Based on our observations and results obtained during both artificial diet 

and transient in planta expression based studies AQP and AGLU were selected for 

stable plant transformations. Since both the genes performed very well during pervious 

experiments and real time qPCR results (chapter 3) for both genes demonstrated 

remarkable down-regulation/vulnerability towards RNAi. It was decided to combine 

the genes under the control of the same promoter. This decision was made due to a 

number of reasons including; 1) it would not be possible to produce such higher 

amounts (30 µg/mL used for artificial diet studies chapter 3) of short RNAs in planta 

so why not combine them to enhance the effect and 2) both the genes are involved in 

osmoregulation management, so silencing both the targets simultaneously will create 
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greater problems for the insect. The construct was developed by joining the sense and 

anti-sense sequences of both the genes separated by an intron to produce hairpin 

structure under the control of FMV promoter and N. tabacum plants were developed 

(chapter 5) using Agrobacterium-mediated transformations method. Not only the plants 

demonstrated higher mortality rate compared to the controls but also significant 

expression down-regulation was achieved as showed during real time qPCR assays. 

The results were in total agreement with previous results and similar knock-down effect 

was observed for both the genes. Another important observation was that the transgenic 

plants were asymptomatic for virus symptoms compared to the control plants which 

were showing virus symptoms. It has been previously reported that N-linked 

oligosaccharides play important role in folding of glycoproteins which are important 

for viral packaging and inhibitor of alpha glucosidases act as anti-viral agents thereby 

causing misfolding of glycoproteins as demonstrated in case of HIV and hepatitis B 

viruses [296]. Another study demonstrated that the silencing of either of alpha 

glucosidases I or II or both in Huh7.5 cells inhibited the production of hepatitis C virus 

[297] which is in total agreement with the previous reports. In our case where we also 

silenced alpha glucosidase using RNAi approach we anticipate that our before 

mentioned observation could be the result of similar phenomenon which needs further 

investigation. 

In order to develop an effective strategy to be adopted as insect control program 

against any particular insect species, it is of utmost importance to find out gene targets 

which really imparts great impact on the survival of the insect. The same is true for 

developing a broad-spectrum strategy against a variety of insects belonging to different 

insect orders. With the lightning fast speed of sequencing technologies it would be 

possible in very near future to have at least genome sequence information of most of 

the insect species if not all. This huge amount of knowledge will contribute a lot towards 

developing insect control strategies by comparing the sequences available from these 

organisms and finding out conserved and effective gene targets to be incorporated into 

the insect control programs. Although this will pose a great challenge to the scientific 

community to functionally annotate the data, but it can also be dealt with by 

complementing the sequencing data with the available genomics technologies including 

RNAi, CRISPR-Cas9, microarray and many others. This is what was followed in this 

thesis as we did not go for direct plant transformations but we went for the artificial diet 
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based as well as transient expression based studies first in order to find out that whether 

or not the in silico annotations of the genes comply with actual role of these genes in 

life processes. 

All the four genes investigated here in this study demonstrated potential to a 

great extent for RNAi control of whitefly, but the potential shown by aquaporin and 

alpha glucosidase genes is noteworthy. Another intriguing feature is that the part of 

genes investigated does not match any of the organisms especially to humans, thus 

making them reliable targets to be used as pesticides for the control of whitefly. The 

vector systems used (PVX and pCambia2300) for the production of RNAi inducers 

proven to be efficient means in order to trigger RNAi in planta. Another milestone 

which needs to be achieved is to find out the conservation of these gene targets as well 

as some other new targets among Bemisia complex. 

Initially the classification of whitefly was dependent on the morphology of the 

fourth instar but the fourth instar demonstrated extreme plasticity and response was 

amenable according to the host plant [298, 299]. Because of this taxonomic problem 

which although resulted in redescriptions of Bemisia complex, but around 19 species 

were synonymized with B. tabaci during 78 years span (1900-1978) [299-303]. 

However, over the past two decades there has been appropriate amount of data available 

based on mtCOI DNA which considerably favours the species argument [7]. The idea 

of assigning species status further supported by another study where delimitation 

metrics were even wider and around 28 different species status were assigned with 3.5 

% divergence [35, 304]. Based on these metric at least 34 species have been demarcated 

to date [8, 35, 305] which were previously mentioned as 33 biotypes comprising of 

discrete populations of B. tabaci [302]. 

The debate of assigning species/biotype status to whitefly might remain 

inconclusive for yet another decade but we must also concentrate on nuclear DNA 

besides mitochondrial DNA as all the efforts were focused to find out conservation or 

divergence in mitochondrial DNA to date. Taking advantage of next generation 

sequencing technologies we should also keep transcriptomics of Bemisia in focus which 

will not only provide us information regarding conservation/divergence of protein 

coding genes within the Bemisia complex but also new genetic markers linked to the 
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functionally annotated genes will rise to the scenario. This will most certainly open up 

new avenues and will facilitate us to think out of the box. 

A number of lessons can be learned from aphid genomics, where a large number 

of genes related to different pathways were found to be conserved. At least, 10 

orthologs were found to be conserved among nine aphid species which were related to 

odorant binding proteins (OBPs). Similarly, six members related to subfamily of sugar 

receptors and 52 microRNAs were well conserved besides majority of other genes 

involved in embryogenesis (segmentation, axis formation, germline specific, eye 

development), which were also found to be conserved [52]. The genes involved in 

Drosophila embryogenesis have not been found outside the order Diptera [52], which 

suggests that the genes which are critical for development are highly conserved at least 

within the order. Since aphids also belongs to order Hemiptera, which makes their 

genome a perfect choice for whitefly genome comparison in the light of previous 

argument. 

Another intriguing factor is that, both aphid and whiteflies are responsive 

towards biotype adaptation behavior, compared to other insect species and one of the 

most important aspect in this regard could be their interaction with their endosymbiotic 

bacteria, which are present in biotype specific manner in these insects. These 

endosymbionts are also responsible for providing nutritional support to these sucking 

pest thereby attenuating the expression patterns of different genes by turning them on 

or off. This phenomenon also helps these insects to easily adapt to a wide variety of 

environmental conditions. 

Although the target genes were selected specifically for the whitefly, but it is 

highly recommended that, their potential should be explored at least against the 

problematic insects belonging to the same order such as aphids. Furthermore, the off-

target effects of the genes also need to be evaluated, although we concentrated on highly 

specific regions of the genes to be targeted. Since, transgenic model plant system 

demonstrated protection against whitefly to a great extent, so it is also highly desirable 

and recommended to develop transgenic plants of cotton using the construct developed 

in this study. 
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