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ABSTRACT 

Mealybugs (Hemiptera: Pseudococcidae) are soft bodied, sexually dimorphic, 

hemimetabolous insects with sucking mouthparts. There are a number of pest mealybug 

species in Pakistan, but citrus mealybug, Planococcus citri and cotton mealybug, 

Phenacoccus solenopsis are relatively more important as they cause significant damage 

to fruit gardens and crop plants, respectively. P. citri is a phloem feeder and has a very 

broad plant host range. Loss of plant vigor and stunting are characteristic symptoms, but 

P. citri also reduces fruit quality and causes fruit drop leading to significant yield 

reductions. P. citri secretes honey dew and wax onto plant surfaces allowing for sooty 

mold development, and infestations can result in rejecting plants shipped for trade. 

Similarly, P. solenopsis is considered a highly invasive pest of agricultural and 

horticultural crops feeding on a wide variety of plants from an estimated 246 plant 

families. Cotton mealybug emerged as a serious pest in Pakistan during 2005-2006 when 

it caused significant losses to cotton crop. P. solenopsis feeds on all parts of plants 

especially on tender shoots, leaves joining the stem or along the leaf veins. Its massive 

reproduction on plants causes distortion, weakening, defoliation, die back and even death 

of susceptible plants. P. solenopsis also secretes honeydew that causes growth of sooty 

molds.  

  Although genetically modified (GM) crops have proved successful in controlling 

chewing insects, they have generally failed to control sucking insects. One reason of this 

failure is considered the mode of feeding of sap sucking insects. Success of GM crops 

against chewing insects has highlighted the importance of biotechnology options to 

control sucking insects. RNA interference (RNAi) is an emerging tool for functional 

genomics studies and is being investigated as a practical tool for highly targeted insect 

control. RNAi acts at mRNA level thus impeding translation to proteins, and if vital 

genes are targeted, insect development can be hampered and mortality can be achieved.  

Here I investigated whether RNAi effects can be induced in P. citri and P. solenopsis and 

whether candidate genes could be identified as possible targets for RNAi-based mealybug 

control. RNAi effects were induced in P. citri, as demonstrated by specific target 
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reductions of P. citri β-actin, chitin synthase 1 and V-ATPase mRNAs after injection of 

the corresponding specific double-stranded RNA inducers. Tobacco mosaic virus (TMV) 

was used as a vector to express these RNAi effectors in N. benthamiana plants. It was 

found that P. citri exposed to recombinant TMV-infected plants showed lower fecundity 

and pronounced nymphal mortality. Further, these phenotypic results were confirmed by 

target mRNA reduction through qRT-PCR.   

Similarly, Potato virus X (PVX) was used as a vector to express RNAi effectors 

in Nicotiana tabacum against P. solenopsis chitin synthase 1 (PsCHS1), V-ATPase (PsV-

ATPase) and bursicon (PsBur) as target genes. It was found that RNAi effects can be 

induced in P. solenopsis through feeding on N. tabacum inoculated with recombinant 

PVX vector with all three genes (PsCHS1, PsBur and PsV-ATPase) as was revealed by 

reduction in mRNA levels and phenotypic effects like physical deformities, mortality and 

reduced fecundity.  

Taken together, the data suggests that β-actin, chitin synthase 1, V-ATPase and 

bursicon are potential targets for RNAi against P. citri and P. solenopsis, and that 

recombinant TMV and PVX are effective tools for evaluating candidate RNAi effectors 

in plants against phloem feeders. 
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Chapter 1 

INTRODUCTION AND REVIEW OF LITERATURE 

1.1 Agriculture 

Agriculture evolved with the civilization of human being initially to guarantee the 

food supply and then as a major source of income for a major part of population 

throughout the world. World’s population is increasing at a high rate, and it is expected 

that at this rate the population will exceed 10 billion by 2050. This alarming increase in 

population has warned the world to produce double the amount of food keeping the same 

amount of arable land and to reduce the production losses (Tilman et al., 2002). 

Agricultural community is facing many challenges to overcome the food shortage as it is 

the most serious problem in the world. In the existing state of food shortage and an 

increase in the population, it has become a challenge for the scientific community to 

devise new strategies to increase food production such as by improving resistance against 

biotic and abiotic stresses in crop plants and gardens. Main reasons of low yield of 

agricultural crops and gardens throughout the world are insects, diseases, mites, 

nematodes, rodents, weeds, water shortage, shortage of inputs (seed and fertilizer) and 

improper crop management. Insect pests pose the major threat to agricultural crops and 

gardens either by feeding directly or by vectoring various diseases. Huge crop losses are 

the result of ineffective control strategies, poor management and planning. A number of 

insect pets are known that attack crop plants and gardens causing massive losses and 

finally threatening global food security as well as economic losses. 

Agriculture is considered as the backbone of Pakistan’s economy. About 70% of 

its population is dependent directly or indirectly on agriculture. Agriculture has a prime 

role in ensuring food security, reducing poverty, transforming agriculture to 

industrialization and generating overall economic growth. Climatic and ecological 

conditions in Pakistan are very diverse. Major crops mainly wheat, cotton, sugarcane, 

rice, oilseed, and fruits like citrus, guava, grapes, apple, banana, almond, peach, plum 
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apricot etc. and many vegetables are grown in different areas of the country. Pakistan has 

a good water canal system. Pakistan has 79.6 million hectares area. Around 27% of the 

total area is currently being used for cultivation and only 80% of this cultivated area is 

irrigated. Agriculture accounts for 21% of gross domestic product (GDP) in Pakistan’s 

economy. Agricultural statistics showed that growth in the sector during 2011-12 has 

been 3.1% (Pakistan, 2012). Nearly 70% of Pakistan's foreign exchange remunerations 

come from the sale of agricultural products (Liaquat, 2004). 

1.1.1 Cotton 

Cotton is the major cash crop in Pakistan and is grown by 1.3 million farmers on 

over 3 million hectares which is 15% of the cultivable area of Pakistan (Pakistan, 2012). 

During 2011-12 the crop was grown on 2,835 thousands hectares with the production of 

13.6 million bales. Cotton plays a vital role in country's economy by providing raw 

material to ginneries, textile industry and oil production units, and cotton lint and textile 

products for export. Cotton is also a big source of employment directly in the cultivation 

and its allied businesses like pesticides, fertilizers, and in the ginning and textile 

production, marketing and export. It accounts for 1.5% of GDP, and about 7.0% of value 

added in agriculture (Anonymous, 2013). Pakistan ranks fourth in cotton production, after 

China, India and USA, with a total production of 2.35 million tons with an average yield 

of 815 kg/hectare. Pakistan is the third largest consumer and the second largest exporter 

of cotton yarn in the world. Cotton and textile products share 56% in the overall exports 

of the country.  

1.1.2 Citrus 

Citrus and mango rank at the top for their contribution in the country's economy 

meeting the food requirements. During 2011-12, fruit production in Pakistan was 5,256 

thousand tons and roughly 493 thousand tons of fruit worth Rs.24,520/- million was 

exported. Citrus production was 671.1 thousand tones in 1975, which has increased to 

1,832 thousand tons in 2011-12 (Pakistan, 2012). Pakistan today stands among the top ten 

citrus producing countries in the world. Kinnows are primarily grown in the plains of 
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Punjab province of Pakistan, and have a good demand abroad, as foreign fruit vendors 

generally demand Kinnows from Pakistan.  

1.1.3 Insect pest problem in agricultural crops and fruit gardens 

Agricultural crops and fruit trees are always under threat of various biotic and 

abiotic stresses. Biotic stresses are incurred by living organisms, like insect pests and 

diseases, while abiotic stresses are caused by natural environmental factors, such as 

temperature and rainfall etc. Insect pests are a major cause of low yield of agricultural 

crops and fruit gardens. Crop plants and fruit trees are damaged by phytophagous insects 

directly through feeding/ sap-sucking or indirectly through transmission of plant diseases.  

Based on their mode of feeding, insects are classified into two groups, i.e; sucking 

insects and chewing insects. Sucking insects suck the cell sap from plants, which consists 

primarily of water, sugars, hormones, and minerals. Some sap sucking insects are also a 

major source of transmission of viral, fungal, and bacterial diseases among plants. 

Chewing insect pests mostly damage foliage of the crops; squares, flowers and bolls.  

1.2 Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae) 

Among sucking insects, mealybug species, Phenacoccus solenopsis Tinsley 

(Hemiptera: Pseudococcidae) is known to cause heavy losses to cotton crop. The species 

is native to the United States of America (USA) and was first collected in 1897 in New 

Mexico (Tinsley, 1898) from the roots of weed in a case of the ant, Solenopsis geminata. 

Now solenopsis mealybug is found in more than 14 states of USA. It is also reported in 

many other countries like Hawaii (Kumashiro et al., 2001), Chile (Larrain, 2002), Brazil 

(Culik and Gullan, 2005), Nigeria (Akintola and Ande, 2008), Pakistan (Zaka et al., 

2006), India (Bambawale, 2008), Thailand and Taiwan (Hodgson et al., 2008), Australia, 

Cambodia and Indonesia (Charleston and Murray, 2010; Muniappan et al., 2009). 

P. Solenopsis is highly polyphagous and has been recorded from abundant types 

of crops, weeds, vegetables, medicinal and ornamentals plants belonging to over 50 
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families including Cucurbitaceae, Fabaceae, Malvaceae and Solanaceae. (Abbas et al., 

2010; Hodgson et al., 2008). Cotton (Gossypium hirsutum L.) is among the most 

preferred hosts for solenopsis mealybug. P. solenopsis has the ability to attack both Bt 

and non-Bt cultivars of cotton (Dutt, 2007b). Adult and nymphal stages of the insect 

infest leaves, roots, main stems, fruits, branches and trunks feeding on phloem sap and 

egesting plentiful sugary honeydew thus causing the stunted growth, flower and boll 

losses that ultimately reduces the product yield. In infected plants bolls are fewer in 

number and smaller in size. By the secretion of honeydews it causes the growth of black 

sooty mold which reduces the photosynthetic activity of the infested plant. 

During 2005 to 2009, heavy infestations of P. solenopsis destroyed cotton crop in 

Pakistan and neighboring India. The year 2007 was the worst when mealybug attacked a 

vast area under cotton cultivation in Pakistan which resulted in massive yield losses 

(Hodgson et al., 2008). According to estimates up to 40% cotton crop was severely 

damaged by P. solenopsis alone (Arif et al., 2012). This outburst occurred on both Bt 

cotton and non-Bt cotton, and the growers responded by using large amounts of 

pesticides (Dutt, 2007a).  

1.3 Planococcus citri Risso (Hemiptera: Pseudococcidae) 

The citrus mealybug, Planococcus citri (Hemiptera: Pseudococcidae), is a serious 

pest of citrus, nursery plants, grapes and is occasionally considered a serious pest of 

greenhouse crops (Johansen and Carrington, 2001). On citrus, P. citri damages plants by 

feeding on roots, bark, foliage and fruits (Mlotshwa et al., 2002). During feeding P. citri 

injects toxic saliva and extracts phloem sap, and induces symptoms including defoliation, 

fruit discoloration and fruit drop (Mlotshwa et al., 2002).  In addition, P. citri secretes 

copious amounts of honey dew leading to the development of sooty mold which also 

leads to reduced fruit quality and lowered plant vigor through the loss of photosynthetic 

capacity. In Pakistan, P. citri causes extensive damage to citrus by sucking out sap and 

excreting honeydew causing distorted growth, premature leaf drop and disfigure plants by 

secreting cottony wax. 
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1.4 Conventional methods of insect pest control 

Since long agrochemicals are being used for the control of insect pests and 

diseases throughout the world, but there are many side effects of chemical control. The 

foremost side effect is the development of insecticide resistance in insects when exposed 

too frequently to the chemicals. Other techniques which can reduce a pest population are 

host plant resistance, various cultural practices, introduction of predators/ parasites and 

the use of sex pheromones (Abrol and Shankar, 2012).  

In Pakistan use of pesticides was introduced in 1952, with the aerial spraying 

program on the key crops such as rice, sugarcane and cotton. Broader applications of 

pesticides were also made for the desert locust control under a program organized by the 

FAO. Now pesticides are the favorite pest control option in Pakistan. High yielding crop 

varieties are cultivated widely in the country, which are generally not tolerant to various 

insect pests. The high-yielding varieties are more responsive to lack of proper crop 

rotation and applied nitrogen and other cultural practices, has also caused in the 

enhancement of pest problems. Increase in pesticide use is evident from the demand of 

pesticides in the country as pesticide production has grown in 1981 from about 915 tons 

to 129,000 tons in 2004. Cotton crop covers the highest amount of pesticide used 

followed by paddy, sugarcane, fruits and vegetables. During the last two decades 

pesticide use has increased ~70 folds of which 80% was used only in cotton crop but the 

cotton yield increased only two folds (Khooharo et al., 2008).  

1.5 Adverse effects of agrochemicals 

An effective pest control strategy is an important component of any integrated 

effort to increase crop yield. Various pest control methods adopted to-date are biological 

control, chemical control, mechanical control and development of pest resistant plants. 

One of the most popular pest control method is the chemical control, which is still the 

most common method in many countries due to its efficient and quick response in pest 

control. Despite the fact that chemical control is useful, its negative impacts have also 

been recorded by farmers. Heavy use of pesticides not only resulted in insect resistance 
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against pesticides but also resulted in adverse effects on human health and other 

organisms, such as beneficial insects. Food analysis results showed significant level of all 

pesticide residues in wheat and rice samples of conventional farms taken from market for 

the assessment of risk analysis in pesticide residue contamination (Rekha et al., 2006). 

According to the United Nations Organization’s estimate about 2 million poisonings and 

10,000 deaths across the world occur each year from pesticides, with about three-fourths 

of these incidents in the developing countries (Quijano et al., 1993; Wilson and Tisdell, 

2001).  

Pesticide use is also creating long term problems for the growers as they kill 

beneficial insects like predators and pollinators. Excessive use of pesticides is also a 

cause of secondary pest outbreaks. Numerous pesticide resistant insects have been 

recorded in different crops like cotton, vegetables and tobacco (Zettler and Cuperusi, 

1990). Heliocoverpa armigera, a serious pest of vegetables, cotton, cereals, and legumes 

has been found resistant to many groups of important insecticides. This has resulted due 

to the widespread use of insecticides for insect control. Resistance has been observed in 

whitefly (Bemisia tabaci) against insecticides used in cotton, okra and brinjal. Similarly, 

tobacco caterpillar (Spodoptera litura) has shown resistance against common insecticides 

being used on cotton, ground nut, cauliflower, and tobacco. Furthermore, cotton aphid 

(Aphis gossypii), potato aphid (Myzus persicae), diamond back moth (Plutella xylostella) 

and mustard aphid (Lipaphis erysimi) have also been found to be resistant against 

insecticides being used in many crops of economic importance. It has been observed that 

initiation of resistance against insecticides is due to frequent use of same insecticides, 

high doses of insecticides and more number of sprays. Keeping in view the current 

scenario and the agriculture system in Pakistan it can be expected that the use of 

insecticides for pest control will continue at least for the foreseeable future. We need to 

find other efficient ways to solve these issues. In the 21st century, it is need of the day for 

the safe and sustainable agriculture. Use of biotechnological techniques to control pest 

damage, may provide an alternative to the pesticides (Sharma et al., 2001).   
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1.6 Biotechnology crops for insect pest control                    

Biotechnological control methods have emerged as an alternative to the chemical 

control and have shown promising results for the control of multiple insect species. The 

major strategy of biotechnological control has been through introduction of genes 

showing insecticidal activity and conferring insect resistance in crops. Plant 

biotechnology has achieved significant attention during past few decades. Numerous 

transgenic crops of utmost importance are now being cultivated commercially. Sufficient 

increase has been recorded in the area covered by important genetically modified (GM) 

transgenic crops (1.7 million hectares to 90 million hectares) from 1996 to 2005. This is 

significantly important that this increase in the cultivation of transgenic crops has mainly 

been found in developing countries. Recently, insect pest resistant genetically modified 

(GM) crops, bio-pesticides, plant growth regulating substances, use of plant growth 

promoting Rhizobacteria along with their metabolites as bio-fertilizers have received 

much attention. Major GM crops are corn, soybean, canola and cotton. Besides this, 

genetically engineered traits, such as insect resistance and herbicide tolerance have 

resulted in significant reduction of herbicide and insecticide usage (Bhalla, 2006). 

Discovery of Bacillus thuringiensis (Bt) as a bioinsecticide, which codes for insecticidal 

Cry proteins (Bates et al., 2005) has revolutionized the crop protection strategies. The 

Cry δ-endotoxins form crystals, which are proteolytically processed and dissolved in 

insect intestine. Later these crystals bind to cellular membranes of epithelium which 

ultimately form ion channels that induce osmotic lysis of cells and cause insect death 

(Bravo et al., 2007).  

Introduction of Bt has decreased the use of pesticides especially in cotton crop 

against bollworm, Helicoverpa armigera. Bt works in gut at specific pH level and thus it 

is effective against specific groups of chewing insects but not against sucking insects. 

Cultivation of Bt cotton has decreased the use of pesticides due to which some secondary 

sucking insects like mealybug have emerged as major pests of cotton crop. Insect-

resistant transgenic plants expressing Bt genes have been commercialized, but a number 

of genes obtained from higher plants have also been transferred to different crops, 
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specifically genes involved in coding for inhibitors of lectins and digestive enzymes. Use 

of resistant genes from other microorganisms and animals has so far been limited 

(Schuler et al., 1998).  

Expression of serine protease inhibitors in plants is another approach to develop 

insect resistance in crop plants. The transgenic tobacco plants with high level of 

expression of this protein conferred insect resistance in many insects belonging to order 

Lepidoptera and Coleoptera (Dunaevsky et al., 2005). Biotechnology plays an important 

role by contributing to self-sufficiency/security, food and more affordable food through 

increasing supply of inputs with low cost production. Genetically modified (GM) crops 

were first planted in USA in 1996 on an area of 1.7 million hectare. Currently GM crops 

are cultivated in 29 countries on a total area of 160 million hectares and the GM crop 

technology has emerged as the fastest adapted technology in agriculture (Khush, 2012).  

The cultivation area of transgenic crops is increasing day by day at double-digit 

rates. Studies have shown that by the commercial release of first-generation of maize and 

cotton expressing Bt toxin about one decade later the Bt crops are successfully grown in 

agriculture and pesticide usage has been decreased significantly (Christou et al., 2006). 

Establishment of insect-resistant crops is one of the major achievements of plant genetic 

engineering technology for agriculture. It has been well established that cotton resistant 

to Lepidopteran larvae (caterpillars) and maize (Zea mays) resistant to Lepidopteran and 

Coleopteran larvae (rootworms) are being extensively used in global agriculture. It also 

has led to the reduction in pesticide usage and lowered the production costs (Brookes and 

Barfoot, 2005; Toenniessen et al., 2003). In 2003, six GM crops (canola, corn, cotton, 

papaya, squash and soybean) were planted in USA and produced an additional 2.4 

million tons of food and fiber, resulting the net increase in farm income by US$1.9 

billion. These transgenic crops have also reduced the use of pesticides by 21,000 tones 

(Sankula et al., 2005). 

The cultivation of GM crops was increased to 125 million hectares around the 

globe in about 25 countries during 2008. More than 70% of total soybean production 
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came from GM crops and the share of GM cotton was 47% of total cotton production. 

Countries growing maximum acreage of GM crops are: USA (62.5 m ha), Argentina 

(21.0 m ha), Brazil (15.8 m ha), India, and Canada (7.6 m ha). South Africa, China and 

Paraguay also cultivated GM crops on huge area of about one million hectares. 

According to the International Service for the Acquisition of Agri-Biotech Applications 

(ISAAA), about 13.3 million farmers throughout the world cultivated GM crops in 2008 

(GMO-Compass, 2009). The applications of new biotechnology techniques are found 

best for the development of environment friendly pest management solutions. Novel 

insecticidal genes and their regulatory sequences can be genetically engineered to obtain 

targeted aims and maintain an efficient insect control strategy (Wozniak, 2007). Bt crops 

have been planted commercially for more than 12 years now. Further naturally occurring 

insecticidal compounds are now easily available as alternative to Bt. Among these are 

alpha-amylase inhibitors, chitinases, proteinase inhibitors, lectins, and cystatin. 

1.7 Bacillus thuringiensis 

B. thuringiensis is a gram-positive bacteria which exhibits toxic effects against 

certain groups of insects. The insecticidal activity and spectrum are determined by the 

proteins produced in large amounts during sporulation, which aggregate to form para-

sporal crystals. Most of the B. thuringiensis isolates are found toxic to Lepidopteran 

larvae (MacIntosh et al., 1990). A few bacterial strains are also reported to be toxic to 

Dipteran larvae such as mosquito and black fly (Padua et al., 1984). More recently, B. 

thuringiensis strains which are highly active against Coleopteran larvae such as Colorado 

potato beetle have also been isolated (Lambert et al., 1992a). Expression of Bt toxins in 

transgenic plants needs to be at an adequate level specially at the point of feeding of 

target insect to confer adequate protection against target pests. About 100 varieties of Bt 

toxins have been identified in various strains of B. thuringiensis. The different variations 

have different target insect specificity. For example, the Bt toxins classified under Cry1A 

group target Lepidopterans (moths and butterflies), while toxins in the Cry3 group are 

effective against Coleopterans (Naimov et al., 2003). In a study on beetles, (Lambert et 
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al., 1992b) a novel B. thuringiensis crystal protein was found against the Colorado potato 

beetle.  

Expression of B. thuringiensis insecticidal crystal protein has been developed 

since last two decades in genetically engineered cotton. It proved to be effective against 

many commercially important insect pests of the order Lepidoptera. Therefore, it has not 

only improved the productivity but also the quality of cotton and reduced the cost of 

production (Sun et al., 2002). In most of the Asian countries, it has been found that 

growth of Bt cotton is increasing commercially with the time. Bollgard
®
 insect-protected 

cotton was commercialized first time in 1996 in the USA that provides in planta 

protection against tobacco bud worm, H. armigera and pink bollworm, Pectinophora 

gossypiella throughout the season. Bt technology has a dual effect, on one side it 

increases the yield and on the other it reduces the production cost by minimizing the use 

of pesticides. So farmers get financial as well as social benefits by saving the money and 

environment (Frisvold et al., 2006). 

The primary concern with the use of crops expressing B. thuringiensis (Bt) 

proteins such as Cry1Ac in Bt cotton (Bollgard
®
) is the development of resistance in 

target insect population.  Helicoverpa zea is significantly more resistant to Cry1Ac 

present in Bollgard
®

 than other target pests (Ali et al., 2006; Sivasupramaniam et al., 

2008). B. thuringiensis is not yet reported to control the sucking insect pest complex. 

Cultivation of Bt cotton on a large scale has reduced the number of sprays but it is also 

causing the outbreaks of secondary pests like mealybugs and other sucking pests. Such 

issues have warranted the search for alternative biotechnological strategies for pest 

control.  

1.8 RNA interference (RNAi) 

Rapid developments in gene-sequencing technology have made it possible to 

sequence numerous genes in a short span of time but the sequence data is not being 

translated as quickly to the gene-function information. Discovery of a gene-suppression 

mechanism through RNA in plants in the early 1990s provided a new direction for 
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research on functional genomics (Van et al., 1990). Phenomenon of gene suppression as a 

result of an interaction of homologous strand of RNA or double stranded RNA (dsRNA) 

with the transcripts of the specific genes was called RNA interference (RNAi) 

(Jorgensen, 1990). In living organisms, gene expression and protein synthesis is regulated 

and maintained by various means. Post transcriptional gene silencing through degradation 

of messenger RNA by dsRNA is one of the mechanisms for gene regulation. This 

mechanism is highly conserved among higher eukaryotes (Berezikov, 2011). RNA 

silencing was first discovered in plants when the expression of both an introduced 

transgene and the homologous endogenous chalcone synthase gene were co-suppressed 

in petunia (Napoli et al., 1990). RNA silencing could be transcriptional gene silencing 

(TGS) when it reduces RNA level by inhibition of transcription, post transcriptional gene 

silencing (PTGS) when causing activation of sequence-specific RNA degradation. RNA 

level is also decreased by DNA degradation (Sidahmed and Wilkie, 2010). Sequence-

specific RNA degradation is referred to as RNA interference (RNAi) in animals, PTGS in 

plants and quelling in fungi (Agrawal et al., 2003; Baulcombe, 2002, 2004; Baulcombe, 

2006; Dykxhoorn et al., 2003). A major break-through in understanding the mechanism 

of RNA silencing was made when experimentally introduced double-stranded RNA 

(dsRNA) was found to be associated in the down regulation of expression of the 

corresponding cellular gene by sequence-specific RNA degradation (Fire et al., 1998).  

It has been established that dsRNA is trigger for all RNA silencing processes 

found in diverse organisms such as protozoans, metazoans, mammals, fungi and plants 

with the surprising exception of Saccharomyces cerevisiae (Vaucheret, 2006). Target 

gene transcription level can specifically be lowered by injection of dsRNA into the cells. 

In animals, this method was initially reported in Caenorhabditis elegans (Fire et al., 

1998). Now RNAi has become a very powerful tool with wide range of applications in 

functional genomics and genetic engineering (Baulcombe, 2004; Vaucheret, 2006; 

Voinnet, 2008).  
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1.8.1 Prevailing RNAi model 

According to the widely used model of RNAi, a ribonuclease III-like enzyme, 

Dicer cleaves long dsRNAs into 21-26 nucleotide (nt) siRNAs (Bernstein et al., 2001). 

These small RNAs are then incorporated into a multi-protein complex, the RNA-induced 

silencing complex (RISC) which utilizes the siRNAs as guides for identification and 

cleavage of homologous mRNAs (Carthew, 2001; Rohr et al., 2004). Comparatively long 

dsRNA often serve as an interfering RNA. Small interfering RNAs of 21 base pair (bp) 

have been proved to be highly effective to trigger RNAi as well (Elbashir et al., 2001) 

and can be created in vitro using the enzyme, Dicer (Bernstein et al., 2001). Common 

approaches for RNAi are based on in vitro production of dsRNA. RNAi can be initiated 

by introducing dsRNA either endogenously or exogenously and dsRNA can enter into the 

cell via siRNA pathway (Röther and Meister, 2011). Short hairpin RNAs produced by the 

genome, expressed transgenes, and transposons are the endogenous sources whereas 

naturally occurring and artificially produced dsRNA are the exogenous sources (Hannon, 

2002; Zambon et al., 2006). The Dicer1 or Dicer2 is involved in processing the dsRNA. 

It depends on the nature of dsRNA whether its origin is endogenous and also has role in 

gene regulation or it is only non-self dsRNA (Blaszczyk et al., 2001; Lee et al., 2004). 
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Figure 1.1: Schematic model of RNAi mechanism in insects 

Interfering RNAs (dsRNA, siRNA or shRNA) are supplied to the insect body through 

feeding, microinjection or soaking the cell line. These interfering RNAs are cleaved into 

siRNA by Dicers. siRNA then unwind and can bind to RISC complex. This siRNA strand 

act as guide strand and causes the cleavage of target mRNA. 
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RNAi response can be divided into cell autonomous types and non-cell 

autonomous type. Non cell autonomous RNAi is further subdivided into environmental 

and systemic RNAi (Whangbo and Hunter, 2008). In cell autonomous RNAi the silencing 

effects are found only in the cells in which dsRNAs are exogenously introduced or 

expressed. In environmental RNAi the silencing signals are picked up by cells from 

instant environment and if the signals are not bound to the cells where expressed rather 

signals can move to the surrounding cells it is called systemic RNAi. Moreover, silencing 

signals can be taken up and also passed on even among cells where target mRNA is not 

expressed (Winston et al., 2007). Non cell autonomous RNAi is important especially for 

the efforts regarding use of RNAi for pest control. 

Up till now two types of mechanisms are known for the uptake of dsRNA. Two 

trans-membrane proteins in non-cell autonomous RNAi are involved in the uptake of 

dsRNA in RNAi model organism C. elegans. Systemic RNAi Defective (SID), SID-1 is 

essential for systemic spread of RNAi signals and SID-2 facilitates environmental RNAi 

in collaboration with SID-1 (Feinberg and Hunter, 2003; McEwan et al., 2012). In C. 

elegans the RNAi effect is amplified by internal RNA dependent RNA polymerase 

(RdRp) activity but due to lack of RdRp in insects the situation is quite different. When 

RdRp is absent, dsRNA in insects are seen not to amplify thus requiring the continuous 

supply of interfering RNA to the site of gene expression which is to be silenced. Ortholog 

of SID have been identified from many insect species (Huvenne and Smagghe, 2010) but 

their involvement in uptake of dsRNA is uncertain. In honeybee SID like protein was 

identified and it was also related to uptake of dsRNA but Tribolium also has three SID 

like orthologs that are not yet proven although systemic RNAi is well known in it. 

Similarly administration of systemic RNAi response in mosquito was proven even when 

SID proteins are absent (Boisson et al., 2006; Volz et al., 2006; Zhu et al., 2003). 

The second dsRNA uptake mechanism was first identified in S2 cell line of 

Drosophila (Saleh et al., 2006; Ulvila et al., 2006). It involves for environmental RNAi 

and other receptor mediated endocytosis pathways. This mechanism is evolutionary 

conserved and also found to play a part in C. elegans (Jose and Hunter, 2007). 
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 1.8.2 RNAi in insects 

Success of RNAi among different insect species is very diverse. It varies from 

species to species and even within the same species it varies in different gene targets and 

tissues where the target gene is being expressed. RNAi have been used successfully to 

study gene function in >45 species belonging to different insect orders mainly 

Lepidoptera, Hemiptera, Diptera, Coleoptera, Orthoptera, Hymenoptera and Isoptera 

(Table 1.1). Different genes involved in development, reproduction, behavior and 

immunity were successfully down regulated in insects (Bellés, 2010). 

Table. 1.1 Overview of RNAi studies in different insect species 

Insect Order Species Studied Genes/Functions 

Orthoptera Locusta migratoria Embryonic development (segmentation) 

Orthoptera Gryllus bimaculatus Embryonic development (segmentation, 

formation of the digestive tube), postembryonic 

development (leg regeneration), allatostatins and 

juvenile hormone, behavior (locomotor rhythms) 

Dictyoptera Blattella germanica Embryonic development (segmentation), 

postembryonic development (molt), reproduction 

(vitellogenin, vitellogenin receptor, oogenesis, 

allatostatins, and juvenile hormone), transduction 

of nutritional signals (TOR and juvenile 

hormone), behavior (locomotor rhythms) 

Dictyoptera Periplaneta 

Americana 

Embryonic development (segmentation), 

synaptic specificity 

Dictyoptera Diploptera punctate Allatostatin receptor 

Isoptera Reticulitermes 

flavipes 

Social behavior (hexamerins and polyphenism) 

Hemiptera Oncopeltus fasciatus Embryonic development (pattern formation, 

segmentation, appendages) 



Chapter 1                                                                  Introduction and Review of Literature 

16 

 

Hemiptera Rhodnius prolixus Salivary glands (anticoagulant agents, sucking 

behavior) 

Hemiptera Bactericera 

cockerelli 

Actin, V-ATPase 

Hemiptera  Homalodisaca 

vitripennis 

Actin 

Hemiptera Bemisia tabaci Actin-based dynamics in oocytes (chickadee 

gene) 

Coleoptera Tribolium castaneum Embryonic development (pattern formation, 

appendages, segmentation), postembryonic 

development (microsculpture and specialized 

pubescence, elytra formation, molecular action 

of juvenile hormone), chitin synthesis, odor 

perception 

Coleoptera Apriona germari Resistance to physical agents (protection against 

heat stress) 

Coleoptera Harmonia axyridis Methodology 

Coleoptera Gastrophysa 

atrocyanea 

Diapause 

Coleoptera Diabrotica virgifera 

virgifera 

V-ATPase 

Neuroptera Chrysopa perla Postembryonic development (nuclear receptors 

and metamorphosis) 

Hymenoptera Nasonia vitripennis Embryonic development (pattern formation, 

segmentation) 

Hymenoptera Apis mellifera Embryonic development (Hox genes, 

integument), postembryonic development 

(nuclear receptors), vitellogenesis (vitellogenin), 

social behavior (vitellogenin, regulation of 

juvenile hormone), biogenic amine receptors 
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Lepidoptera Hyalophora cecropia Immune system (antimicrobial peptides, 

melanization) 

Lepidoptera Bombyx mori Embryonic development (pair-rule genes), 

postembryonic development (wing unfolding, 

metamorphosis), pheromone synthesis, 

coloration 

Lepidoptera Manduca sexta Immune system (protection against 

Photorhabdus infections), resistance to physical 

agents (encapsulation) 

Lepidoptera Helicoverpa 

armigera 

Resistance to chemical agents (receptor of Bt 

toxin), acetylcholinesterase 

Lepidoptera Spodoptera litura Resistance to chemical agents (receptor of Bt 

toxin) 

Lepidoptera Spodoptera littoralis Sperm release 

Lepidoptera Spodoptera exigua Chitin synthesis 

Lepidoptera Spodoptera 

frugiperda 

Allatostatins, juvenile hormone 

Lepidoptera Epiphyas postvittana Gut carboxylesterase, pheromone binding, 

carboxylesterase gene (EposCXE1), pheromone 

binding protein (EposPBP1) gene, Larval gut 

carboxylesterase gene (EposCXE1), Pheromone 

binding protein gene (EposPBP1) 

Lepidoptera Plodia interpunctella Eye coloration in embryo 

Lepidoptera Plutella xylostella P450 (CYP6BG1) 

Lepidoptera Ostrinia furnalalis Larval stage specific genes 

Lepidoptera Diatraea saccharalis Bt toxin receptor (aminopeptidase-N) 

Lepidoptera Ostrinia nubilalis Role of chitinase genes in regulating chitin 

content of midgut peritrophic matrix 

Lepidoptera Mamestra brassicae Embryonic development (formation of bilateral 

procephalic lobes) 
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Lepidoptera Antheraea assama Sex determination 

Lepidoptera A. mylitta Immune system (nodule formation), sex 

determination 

Lepidoptera A. pernyi Immune system 

Diptera Aedes aegypti Vitellogenesis (transduction of nutritional 

signals), immune system (Toll pathway) 

Diptera Anopheles gambiae Salivary glands (probing and sucking behavior), 

immune system (susceptibility to Plasmodium 

infection), resistance to chemical agents 

(pyrethroid insecticides) 

Diptera Drosophila 

melanogaster 

Embryonic development (e.g., pattern formation, 

segmentation, muscle formation, synaptic 

stabilization, Notch pathway), oogenesis and 

chorion formation, immune system (Toll 

pathway), resistance to chemical agents (effects 

of ethanol), behavior 

Diptera Lucilia sericata Embryonic development (segmentation) 

Diptera Sarcophaga 

peregrine 

Receptor of low-density lipoproteins, hemocyte 

proteins 

Diptera Episyrphus balteatus Embryonic development (pattern formation) 

Isopetera Reticulitermes 

flavipes 

Endogenous digestive cellulase enzyme, caste-

regulatory hexamerin storage protein, 

Hexamerin, ectopic juvenile hormone  

Hemolin gene function was studied in Hyalophora cecropia by injecting dsRNA 

into pupae and lethal effects were found in the next generation embryos showing that this 

gene is crucial for insect development. Further, loss of hemolin gene product was also 

confirmed by Western blot analysis to confirm that these phenotypic effects were due to 

RNAi (Bettencourt et al., 2002). In S. litura, the midgut aminopeptidase N was silenced 

through RNAi to elucidate its role as toxin receptor of B. thuringiensis. As a result of 
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reduced expression of aminopeptidase N gene the larvae showed less sensitivity to Cry 

toxin showing its role as receptor of Bt toxin (Rajagopal et al., 2002). The transcription 

factor Broad complex function in Bombyx mori was studied through RNAi using Sindbis 

virus as tool for delivery of siRNA. Loss of function phenotypes were observed showing 

the presence of RNAi mechanism in B. mori and Sindbis virus as efficient vehicle for 

delivery of interfering RNAs (Uhlirova et al., 2003). Autogenous mosquitoes can lay egg 

even without taking blood meal while anautogenous mosquitoes can lay egg only after 

taking blood meal. This behavior increases the disease transmission efficiency of vector 

mosquitoes. In a study (Attardo et al., 2003) expression of GATA factor was repressed 

through RNAi to see its role in anautogeny in the Aedes aegypti. In Drosophila 

melanogester the expression of Toll path way genes was successfully down regulated 

even by direct injection into the body of adult flies showing that injection of dsRNA 

could be the effective tool for gene function studies (Goto et al., 2003). Injection of 

dsRNA at adult stage in Apis mellifera is even more effective than injection at egg stage 

(Amdam et al., 2003). Effects of mosquito, Anopheles gambiae genes on Plasmodium 

development were also studied using RNAi (Osta et al., 2004). In grasshopper, 

Schistocerca americana RNAi experiments were carried out to document systemic effect 

of RNAi in this species. For that purpose dsRNA corresponding to eye color responsible 

gene was injected at first instar stage which successfully down regulated the expression 

of target gene. The effect was even observed in the next developmental stages (Dong and 

Friedrich, 2005). In Tribolium castaneum gene function studies for two chitin synthase 

genes (CHS1 & CHS2) was conducted using RNAi as a tool (Arakane et al., 2005b). This 

study revealed that by suppressing CHS1 gene, molting was arrested and chitin contents 

in the whole body were decreased. While by suppressing CHS2, insect feeding was 

interrupted and chitin contents were decreased only in the gut. These results show the 

role of CHS1 in molting and CHS2 in development of gut lining. In another study 

(Arakane et al., 2005a) researchers determined that Laccase 2, a phenoloxidase gene was 

required for cuticle tanning in the beetle. In termites, Reticulitermes flavipes cast 

differentiation was studied using RNAi as a tool. In this study siRNA corresponding to 

hexamerin was used as trigger and to see the role of this gene cast determination. They 
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found by down regulation of hexamerin gene, worker differentiation was also effected. 

Further, down regulation of target genes and no impact on non-target genes confirmed 

that this phenomenon was due to RNAi (Zhou et al., 2006). In honeybee, Apis mellifera 

the expression of Relish gene was successfully reduced by RNAi and also the transcript 

level of two other genes (abaecin & hymenoptaecin) which are controlled by Relish were 

also decreased (Schlüns, 2007). In an interesting study, (Adelman et al., 2008) it was 

found that RNAi based silencing of marker genes was possible by an inverted repeat 

transgene expressing homologous dsRNA in yellow fever mosquito, A. aegypti. Four 

different species belonging to orders Diptera, Coleoptera, Hemiptera and Lepidoptera 

were specifically killed by feeding dsRNA corresponding to V-ATPase gene. Further it 

was observed that even closely related species were killed specifically by targeting 

divergent region of genes (Whyard et al., 2009). In two different species Gryllus 

bimaculatus and Thermobia domestica RNAi experiments were conducted to see the 

effect of dose and time for systemic RNAi outcome. They found high dose was equally 

effective in both species and Gryllus showed more quick response as compared to 

Thermobia (Uryu et al. 2013). Thus RNAi studies are coming to a point to provide the 

solution of insect pest problem.   

1.8.2.1 Delivery methods 

Different approaches have been taken so far to trigger RNAi in insects. 

Administration of dsRNA (specific to the target gene) to the test animals by various 

means has successfully been used by researchers to achieve RNAi (Bettencourt et al., 

2002; Dzitoyeva et al., 2001; Quan, 2002; Sant’Anna et al., 2008; Yu et al., 2013). These 

means include injecting dsRNA into the body (Bettencourt et al., 2002; Broehan et al., 

2010; Huang and Lee, 2011; Quan, 2002; Tan and Palli, 2008) feeding animals on 

dsRNA treated source (Soares, 2005; Surakasi et al., 2011; Tian et al., 2009; Timmons et 

al., 2001; Zhang et al., 2010) or soaking the test animals into dsRNA solutions (Eaton et 

al., 2002; Johnson et al., 2010; Sivakumar et al., 2007; Tabara et al., 1998; Wang et al., 

2011).  
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1.8.2.1.1 Microinjection of dsRNA 

Microinjection was already being used in RNAi experiments in Nematodes (Fire 

et al., 1998) and is equally efficient in arthropods as well. After the introduction of some 

easy ways of dsRNA delivery methods like soaking and ingestion but still microinjection 

is the widely used and efficient tool of dsRNA delivery in Nematodes as well as in 

insects. Soon after the discovery of RNAi effects in C. elegans, frizzeled and frizzeled 2 

genes were successfully down regulated in Drosophila embryos through microinjection 

of dsRNA (Kennerdell and Carthew, 1998). Drosophila was widely used in RNAi studies 

after the availability of whole genome sequence of this Dipteran model insect in 2000. 

The main drawback in the RNAi studies in Drosophila is the un-ability of cells in most of 

the larval tissues to uptake dsRNA from surrounding cells (Miller et al., 2008), although 

some tissues in adults can take dsRNA from surrounding cells (Tomoyasu et al., 2008). 

After the availability of genome sequence of T. castaneum  this insect became widely 

used in RNAi experiments in insects due to the fact that this insect has robust RNAi 

response as compared to Drosophila (Richards et al., 2008). This organism was used to 

investigate the gene function through RNAi by many researchers (Arakane et al., 2005b; 

Broehan et al., 2010; Bucher et al., 2002; Parthasarathy et al., 2008; Tan and Palli, 2008). 

Many protocols for microinjection in Tribolium have been devised and injection is 

commonly carried out dorsally between the segments in larvae and underneath the wings 

tissues in adults. Injection was also used to deliver dsRNA to trigger RNAi in 

Lepidopterans with different success rates in different species. Most successful results 

were obtained in B. mori and M. sexta (Yu et al., 2013). Many factors play a role in the 

success of RNAi like concentration and volume of dsRNA injected, life stage of insect, 

site of injection, tissues in which gene is expressed, gene itself and the response of the 

species to RNAi. A. mellifera has also been used successfully in microinjection studies to 

trigger RNAi (Aronstein and Saldivar, 2005; Gatehouse et al., 2004). Some other species 

were also successfully used in microinjection experiments by various researchers in wide 

range of insect species like Oncopeltus faciatus, Gryllus bimaculatus, Chistocerca 

americana  and B. germanica (Martín et al., 2006). In whitefly B. tabacci the expression 

of midgut and salivary glands genes were specifically decreased in target tissues by 
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injection of dsRNA molecules into whitefly nymphs (Ghanim et al., 2007). In most of the 

insect species microinjection is the method of choice to deliver dsRNA to trigger RNAi 

response. However like other tools microinjection has some advantages as well as some 

disadvantages. Advantages of this tool are that we know the exact amount of dsRNA 

applied to trigger RNAi which is almost not known in other methods of application like 

soaking and feeding. Secondly the dsRNA can be applied directly to the required tissues 

or heamoceal thus by avoiding barriers like cuticle or gut epithelium which could be a 

problem in application through feeding or soaking. Moreover, microinjection needs very 

small amount of dsRNA to trigger RNAi as compared to other methods of applications.  

1.8.2.1.2 Soaking and topical application of dsRNA to trigger RNAi 

Soaking in dsRNA solutions initiated RNAi (Tabara et al., 1998) in C. elegans 

worms or in Drosophila embryos (Eaton et al., 2002). In insects most of the soaking 

experiments were done by soaking insect cell line in dsRNA solution. The first and 

common cell line Schneider 2 (S2) was derived from embryo of D. melanogaster. This 

cell line was used successfully in RNAi studies by soaking the cell line in dsRNA 

solution (Clemens et al., 2000; March and Bentley, 2007). Another insect cell (Sf2 l) line 

was derived from Spodoptera frugiperda (Valdes et al., 2003) and was used in further 

RNAi studies (Agrawal et al., 2004; Sivakumar et al., 2007) by soaking application. 

Recently, a cell line (CiE1) derived from Chrysodeixis includens was reported to 

successfully down-regulate the expression of the target genes (Johnson et al., 2010). First 

study that demonstrated successful topical involvement of dsRNA to trigger RNAi in 

insects was conducted on Ades aegypti (Pridgeon et al., 2008). In the presented study 

diluted dsRNA corresponding to apoptosis protein 1 gene inhibitor was applied at the 

dorsal side of the thorax of adult females. Resultantly, significant mortality was observed 

in treated A. aegypti samples. This study paved the way for topical application of dsRNA 

to trigger RNAi. Before this it was thought that feeding is the only way after 

microinjection to trigger RNAi as the insect cuticle is covered with chitin which does not 

allow the penetration of dsRNA to insect body if applied superficially. Explanation of 

successful topical application of dsRNA may be the penetration of dsRNA through 
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tracheal system. In another study RNAi was also induced by spraying the dsRNA 

solution onto the Ostrinia furnacalis body at larval stage and arrested the larval growth 

and ultimately death of the individuals (Wang et al., 2011). Penetration of dsRNA 

through cuticle and its movement in body cavity was also confirmed by applying 

fluorescent labeled dsRNA topically in the same study by Wang and colleagues.  

1.8.2.1.3 Ingestion of dsRNA/siRNA 

Soon after the discovery of RNAi through microinjection in C. elegans, feeding of 

E. coli expressing dsRNA was also found effective to trigger RNAi (Timmons et al., 

2001; Timmons and Fire, 1998). Later on feeding of dsRNA to trigger RNAi in insects 

was also documented by researchers (Baum et al., 2007; Bautista et al., 2009; Surakasi et 

al., 2011; Tian et al., 2009; Turner et al., 2006; Yang et al., 2010). Many unsuccessful 

efforts were also reported on H. armigera and S. frugiperda through feeding dsRNA 

(Terenius et al., 2011). But after the unsuccessful report, in two other separate studies 

(Griebler et al., 2008; Ali et al., 2006; Rodríguez-Cabrera et al., 2010) S. frugiperda also 

proved efficient target of RNAi. The reason of the success may be due to their protocol of 

feeding as they used newly molted larvae and also starved them for twenty four hours 

before feeding dsRNA containing diet. This may decrease the possibility of dsRNA 

degradation soon after feeding. Feeding long dsRNA to H. armigera was not successful 

but custom designed siRNA proved efficient inducer of RNAi in the same species 

(Kumar et al., 2009). For feeding assays dsRNA can be synthesized either by expressing 

through bacteria or by in vitro transcription using commercial kits. dsRNA is then mixed 

in the diet solutions or pellets and exposed to insects for feeding. RNAse deficient E. coli 

strain HT115 is commonly used to express dsRNA in feeding experiments in C. elegans 

as well as in insects. The ingestion of bacterially expressed dsRNA showed successful 

down regulation of target mRNA levels as well as phenotypic effects in independent 

studies in various insect species like, S. frugiperda, Bactrocera dorsalis, and 

Leptinotarsa decemlineata (Zhu et al., 2011). In an experiment on S. exigua same strain 

was used to express chitin synthase A (CHSA) gene and were fed with diet to introduce 

dsRNA to insect gut (Tian et al., 2009). Fed larvae showed abnormal development as 
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well as reduced mRNA level of target gene. Success of RNAi through feeding bacteria 

showed systemic spread of RNAi effect as the SeCHSA is predominantly expressed in the 

cuticle not in the midgut. Further it was shown that high doses of dsRNA produce more 

pronounced results after seven or more days showing that high concentration and 

accumulation of dsRNA is required to produce RNAi effects (Tian et al., 2009). dsRNA 

can also be synthesized by in vitro transcription. Species specific dsRNA of M. sexta, A. 

pisum and T. castaneum corresponding to V-ATPase E subunit were produced through in-

vitro transcription and fed to insects by mixing in their liquid artificial diet or laid on the 

solid diet as the case may be. Feeding of dsRNA act as tailor made pesticide in all three 

tested species (Whyard et al., 2009). In another experiment no silencing effect was 

observed on four Drosophila species by feeding dsRNA mixed in the diet or overlaid on 

the diet. In contrast high mortality was observed in Drosophila larvae by droplet feeding 

of dsRNA (Whyard et al., 2009). Droplet feeding was also successful in silencing 

Plutella xylostella P450 (Bautista et al., 2009). Specific dsRNA orally delivered to 

nymphs could stimulate silencing of isac gene in ticks. This gene was involved in 

enhancing the efficacy of blood-feeding in ticks (Soares, 2005). Another novel way of 

delivering dsRNA is through nanoparticles. dsRNA was entrapped in chitosan 

nanoparticles to decrease the chances of degradation of dsRNA in the diet or during 

feeding process thus increasing the silencing efficiency of dsRNA through feeding 

(Zhang et al., 2010).   

1.8.2.2 Use of RNAi in field application for insect control 

Microinjection, soaking and ingestion of in vitro transcribed dsRNA are the good 

methods for gene function studies however these are not suitable for field applications. 

Alternatively, dsRNA can be expressed in vivo systems like bacteria or some vectors that 

can express dsRNA via stable transformation or some host plant viral vectors that can 

carry and express insect gene segments in plants transiently. Previous studies proved that 

RNAi has the potential to be used as tailored pesticide (Whyard et al., 2009). But in 

insects to have successful RNAi effects it is required to have continuous supply of small 

interfering RNA (siRNA) and/or dsRNA in the diet because most of the insect’s orders 
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don’t have RdRp (RNA dependent RNA Polymerase) system (Jose and Hunter, 2007; 

Price and Gatehouse, 2008; Richards et al., 2008; Tomoyasu et al., 2008) to amplify the 

RNAi effects by continuous transcription of RNA molecules (Sijen et al., 2001). To 

overcome this, we can generate transgenic plant lines that express the desired dsRNA to 

ensure continuous exposure of feeding insects to the si/dsRNA. Development of hpRNA 

expressing gateway vectors facilitated the efforts to develop transgenic lines expressing 

hpRNA against insect pests (Helliwell and Waterhouse, 2005; Wielopolska et al., 2005). 

Recent work revealed that the development of pRNAi-GG consents the development of 

hpRNA construct from single PCR product and through single transformation event (Yan 

et al., 2012). This technology revolutionized the RNAi technology for field application. 

There are instances of successful expression and effectiveness of insect RNA in 

plants. Recently transformation of transgene constructs expressing gene-specific dsRNA 

has been performed and stable expression of RNAi-initiating constructs been achieved in 

different experiments (Kennerdell and Carthew, 2000; Tavernarakis et al., 2000). In 

planta expressed hpRNA are moderately processed into siRNA by plant Dicers and 

siRNA has also been detected by scientists in phloem sap of different transgenic plants 

along with long hpRNAs (Pitino et al., 2011; Zha et al., 2011). Interestingly, long 

hpRNAs concentration was increased by knocking out the host plant Dicers and resulted 

more silencing effects in target insects as compared to wild type transgenic plants 

indicating that longer hpRNAs are more effective RNAi inducers in insects (Kumar et al., 

2012; Mao et al., 2007). The constructs which were in the form of a hair-pin loop 

produced dsRNA and degraded the target gene transcripts both in animal and plant 

systems (Konet et al., 2007).  

In another system host plants can also be transformed with stable transformation 

vectors that carrying inverted repeats of target insect gene sequence to express hairpin 

RNAs to trigger RNAi. This technique has been shown to trigger RNAi effectively in 

different insect species such as Diabrotica virgifera (Baum et al., 2007), Helicoverpa 

armigera (Mao et al., 2007), M. sexta (Kumar et al., 2012) and even in phloem feeders, 

Nilaparvata lugens (Zha et al., 2011) and Myzus persicae (Pitino et al., 2011). More 
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recently (Pitino et al., 2011) plant-mediated RNAi technology was developed against 

aphids and successfully down regulated the rak1 gene which is predominantly expressed 

in the gut and C002 gene which is expressed in salivary glands. Thus RNAi studies are 

approaching a suitable level to solve the real problem of insect control in field conditions. 

1.8.2.3 Transient mRNA expression for high throughput in planta gene function 

studies 

The development of RNAi transgenic plants that are pest resistant seems quite 

hopeful for the assembly of stable transgenic lines. Although it is a time-consuming and 

laborious process, but is progressive. In plants, virus induced gene silencing (VIGS) is 

proved to be an efficient and simple substitute to reduce the endogenous gene expression. 

It is well known that genetically engineered virus is the best source and is used as the 

silencing vector in VIGS. This virus targets the host plant gene by triggering the antiviral 

RNA-silencing pathway. This also induces viral disease symptoms in the host plant. Once 

the infection is developed, recombinant viruses continuously produce effecter RNAs in 

planta. RNA plant viruses replicate in plant cell cytoplasm via viral dsRNA intermediates 

and plant respond to these dsRNAs by RNAi thus generating viral siRNAs. Hence plant 

viruses produce both dsRNA as well as siRNA (Wuriyanghan and Falk, 2013). 

Recombinant plant virus if contain insect gene sequence then insect relevant 

dsRNA/siRNA will also be produced along with plant virus dsRNA/siRNA. With the 

exception of few plant viruses, all have already been used to obtain the VIGS vectors 

(Bachan and Dinesh-Kumar, 2012). Recombinant plant viruses have also proved their 

importance to combat plant parasitic nematodes (Valentine et al., 2007) as well as other 

plant pathogens (Yin et al., 2011). Recently, VIGS vectors have been effectively used to 

silence genes in a herbivore of host plants (Kumar et al., 2012). In this study, Nicotiana 

attenuata was inoculated with recombinant tobacco rattle virus which served as silencing 

vector for three midgut cytochrome P450 (CYP) genes as target in M. sexta. They also 

performed plant mediated RNAi and showed that VIGS vectors show better silencing 

effect in terms of robustness and specificity. Moreover, it is more quick process than 

producing RNAi transgenic plants and its silencing effect is transient so that genetic 
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material is not integrated into plant genome. Hence, VIGS not only gives high throughput 

screening of potential targets in insect pests but also allow the investigation of multitude 

of ecological questions at molecular level (Bachan and Dinesh-Kumar, 2012). Most 

recently, TMV based viral vector system was developed which successfully infested 

number of plant species like tomatillo, tomato and tobacco and produced Bactericera 

cockerelli specific interfering RNAs in inoculated plants. Moreover feeding the B. 

cockerelli on these infected plants also induced RNAi effects in the feeding insects by 

reducing the mRNA level of target genes (β-actin and V-ATPase) and caused decrease in 

the progeny number of B. cockerelli (Wuriyanghan and Falk, 2013). All these studies 

showed that recombinant plant viruses are the easiest and efficient tools to screen the 

RNAi targets in planta both in phytofagous insects as well as in phloem feeders.   

1.8.2.4 Variability of systemic RNAi in different insect species 

RNAi response varies in different species. In several less derived insect species 

like grasshoppers, milkweed bug and crickets, systemic RNAi responses are relatively 

strong and even inherited to next generations (Bucher et al., 2002; Lynch and Desplan, 

2006; Ronco et al., 2008). In contrast in some more derivative insect species like 

mosquitoes, flies, moths and butterflies systemic RNAi response is not much successful. 

RNAi responses in Lepidoptera through microinjection were not consistent (Terenius et 

al., 2011). In some Lepidopteran species like H. cecropia, Antheraea pernyi and M. sexta 

high level of silencing effects were found even with the low dose of dsRNA (Terenius et 

al., 2011). In H. cecropia the silencing effects were even inherited to next generation 

(Bettencourt et al., 2002). In contrast, in the M. sexta when genes related to immune 

response were targeted the results varied greatly. But this variation could not be inferred 

as the species response because no systematic studies were conducted to rule out the 

species response to RNAi by keeping all other factors same (Terenius et al., 2011). As in 

most experiment the dose response is not checked and a same range of dsRNA is 

administered without keeping in view the size of insect. Hence the same amount of 

dsRNA may be considered high dose in small insects while it would be considered lower 

dose in large insects. For instance, high level of RNAi was achieved in Antheraea mylitta 
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when 100 mg dsRNA was administered which is very high dose for most of the 

Lepidopterans but for A. mylitta it is a low dose because of the weight of the insect 

(Gandhe et al., 2007). Hence it is very important to check the dose response to determine 

the minimum dose of dsRNA required to trigger RNAi to minimize the risk of off target 

effects. In some studies the direct correlation between the dose of dsRNA and the 

silencing effect is shown (Arakane et al., 2005b; Boisson et al., 2006; Whyard et al., 

2009). There are some species like Spodoptera littoralis, Bicyclus anynana and 

Chrysodeixis includens that did not show any silencing effects even at a high dose of 

dsRNA. In S. littoralis studies the target tissues were endocrine glands, for B. anynana 

larval and pupal wings and for C. includes the target tissues were hemocytes, fat bodies 

and gut suggesting that the negative results were due to target species and not for target 

tissues. Studies on B. mori showed variable results in different studies. In the epidermis, 

target genes did not produce any silencing effects, but when genes related to immune 

response, silk glands, pheromone glands and nervous system were used they produced 

high silencing response in the same species (Terenius et al., 2011). Stability of dsRNA in 

insect body is critical for triggering RNAi. Apart from Dicers non-specific RNAse 

activity has been reported in Lepidopterans (Allen and Walker, 2012; Liu et al., 2012). 

These are extracellular enzymes, and are secreted in various tissues and degrade dsRNA. 

This also shows the variability of RNAi response is also different in different tissues in 

the same species as hemocytes are more vulnerable to RNAi response as compared to 

other tissues in Lepidoptera and also in Drosophila. In M. sexta exogenous dsRNA were 

quickly degraded in heamolymph compared to that of Blattella germanica where dsRNA 

persisted for longer time (Garbutt et al., 2012). RdRP which amplifies the RNAi impact 

in C. elegans is never identified in insects even in those species which shows robust 

RNAi response however for systemic RNAi response, siRNA amplification is not 

necessary (Tomoyasu et al., 2008). However RdRP like activity have been reported in 

Drosophila cells due to the presence of some alternative enzymes (Lipardi et al., 2005). 

D-elp1 gene has RdRP activity in Drosophila cells and is conserved among animals 

(Lipardi and Paterson, 2009, 2010).  SID-1 also plays an important role in the uptake of 

dsRNA in C. elegans. The presence of SID-1 like SIL in insects is not conserved among 
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all the insect orders and also the presence of systemic RNAi response is not associated 

with the presence of SIL as in B. mori which has three SID-1 orthologs but is not 

sensitive to systemic RNAi response (Kobayashi et al., 2012). Further in some species 

which shows systemic RNAi effects and they also contain SILs, but the role of SILs is 

not proved in systemic RNAi (Luo et al., 2012). Moreover, sequence similarity of 

insect’s SILs is more close to tag-130 sequence of C. elegans gene and tag-130 is 

however not involved in RNAi in C. elegans (Tomoyasu et al., 2008). Moreover, closely 

related homolog of C. elegans SID-2 have not yet been recognized from any insect 

species. In contrast to above differences core RNAi machinery is conserved among C. 

elegans and in insects (Tomoyasu et al., 2008).    

1.8.2.5 Variation in RNAi efficiency in insects due to delivery methods 

RNAi effects are different in different insects and it is generally considered that 

once the dsRNA is entered into the cells, the efficiency of RNAi outcome is dependent 

only on the uptake mechanism. To evaluate the efficiency of dsRNA we should also take 

into account the method of its delivery to the target individual. Microinjection of dsRNA 

into B. mori embryos (Pan et al., 2009; Tomita and Kikuchi, 2009) as well as the 

transgenic B. mori expressing hairpin dsRNA (Dai et al., 2008; Kanginakudru et al., 

2007) produced high level of silencing effects. Delivery of dsRNA by injection produced 

mixed results in other Lepidoptera, as it triggered RNAi in Mamestra brassicae and 

Plodia interpunctella, but failed in S. exigua (Terenius et al., 2011).  

1.8.2.6 Variability of RNAi effects due to target genes and potential target genes for 

RNAi 

The dsRNAs complementary to the target gene sequences perturb the gene 

expression of these genes on the transcriptional level and thus leads to an arrest of protein 

synthesis. As a result insects either die or develop irreversible deformities making them 

dysfunctional. The variability of dsRNA to trigger RNAi is not only due to the response 

of target species but also depends on the sensitivity of target genes as well as tissues 

where the target gene is expressed. In various RNAi experiments on Lepidoptera, around 
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130 genes were used out of which only 38% produced high silencing effects while 14% 

showed low and 48% did not produced any effects (Terenius et al., 2011). In another 

study on western corn rootworm (Baum et al., 2007) 290 genes were evaluated for the 

silencing efficiency and the dose response. They reported that 125 genes showed 

significant silencing effects and 67 of these responded even at a lower dose. The possible 

reason for variation in RNAi effects may be due to the efficient feedback mechanism of 

some genes which don’t produce mRNA depletion by increasing the transcription. 

Generally, the genes related to immune response are susceptible while genes related to 

protein binding are refractory to RNAi (Terenius et al., 2011).    

To use RNAi as a means of insect control it is very important to identify target 

genes which are vital for insect life and which could be successfully suppressed through 

RNAi. RNAi technology has been used successfully to produce transgenic corn plants 

against Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae) (Baum et al., 2007). 

A reduction in D. virgifera virgifera damage to the transgenic plants suggests that in 

planta expression of dsRNA is a workable way for RNAi. Earlier studies have shown a 

successful down regulation of CYP6AE14 transcript in the D. virgifera virgifera midgut 

and a severe larval growth retardation as a result of larval exposure to the plants 

expressing CYP6AE14 specific dsRNA (Mao et al., 2007). Previous experiments have led 

to the advancement of RNAi technology and today there are several examples of its 

successful use. As for instance, species-specific dsRNA targeting V-ATPase successfully 

suppressed the target gene in flour beetles (T. castaneum), tobacco hornworms (M. sexta), 

pea aphids (Acyrthosiphon pisum) and fruit flies (D. melanogaster) and killed the insects 

(Whyard et al., 2009). Recently, RNASeq illumina’s second generation sequencing 

technology is being used in combination with 3 digital gene expression tag made it 

possible to describe the function of thousands of unique tagged sequences at all four 

stages of insect development O. furnacalis (Wang et al., 2011). This approach is not 

biased to known function genes and around 1000 developmental stage specific tagged 

sequences were identified corresponding to expressed genes. Out of which ten highly 

expressed sequences were tested for their sensitivity to RNAi and nine proved efficient 
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targets of RNAi. These were larval stage specific. This study paved the way for digging 

efficient targets for RNAi.  

Cuticle is the most important and multifunctional part of the insect body which 

not only provides the structural support and gives shape to different organs, it is vital for 

all means of locomotion, provides water-proofing, and gives protection against parasitism 

and diseases. Cuticle derives its structure and strength from a fibrous material, chitin 

(Vincent and Wegst, 2004). Cuticle does not accommodate development of insects and is 

periodically replaced during growth stage of insects. The processes of molting and 

ecdysis are crucial steps in insect development and life cycle. It has long been known that 

molting is controlled by several hormones including chitin synthase which plays a key 

role in the process of cuticle synthesis. Glycosyltransferase or chitin synthase (CHS) is 

involved in the production of chitin which is an important polysaccharide and constitute 

the structural part of gut lining and exoskeleton (Merzendorfer, 2006; Merzendorfer and 

Zimoch, 2003). Chitin is the target of choice as it is present in insects while absent in 

plants and other animals. In recently, two chitin synthase genes (CHS1 and CHS2) have 

been isolated from numerous insects, including D. melanogaster (Gagou et al., 2002), T. 

castaneum (Arakane et al., 2005b), A. aegypti (Ibrahim et al., 2000; Kato et al., 2006), M. 

sexta (Hogenkamp et al., 2005; Zhu et al., 2002; Zimoch et al., 2005; Zimoch and 

Merzendorfer, 2002),  Plutella xylostella (Ashfaq et al., 2007), and Spodoptera exigua 

(Chen et al., 2007). It has been found that these two chitin synthases show different 

functions when present in different tissues. For example, synthesis of cuticular and 

tracheal chitin is carried out by CHS1 while CHS2 is involved in production of chitin 

related to peritrophic membrane (Arakane et al., 2005b; Gagou et al., 2002; Zimoch et al., 

2005). Various RNAi techniques have been used to analyze different functions of chitin 

synthases. In Coleoptera T. castaneum, the CHS1 gene is the sole contributor to cuticular 

chitin synthesis, and the CHS2 is the major contributor to peritrophic matrix chitin 

synthesis (Arakane et al., 2005b). In Diptera A. aegypti, the formation of the midgut 

peritrophic matrix was almost completely absent when CHS2 transcript was knocked 

down using RNAi techniques (Kato et al., 2006). Expression of CHS1 at different 

developmental stages of insects has been studied, but the results had some dissimilarities 
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in the initiation and the level of gene expression (Arakane et al., 2005b; Gagou et al., 

2002; Ibrahim et al., 2000; Zimoch et al., 2005).  

After synthesis of new cuticle insects pass through hardening of soft cuticle that is 

necessary for their survival (An et al., 2012). A hormone, bursicon plays important role 

in sclerotization process for cuticle hardening (Luo et al., 2005). Function of bursicon 

was identified through point mutations in bursicon which produced defects in 

sclerotization and wing expansion suggesting its key role (Dewey et al., 2004). In another 

study down-regulation of bursicon in Drosophila produced lethal phenotypes (Loveall 

and Deitcher, 2010).  

V-ATPase is present in a wide range of insects and plays a vital role in the 

intracellular membrane trafficking, receptor-mediated endocytosis, protein degradation, 

pro-hormone processing, and other normal body functions (Toei et al., 2010). V-ATPases 

reside on the plasma membrane of the specialized cells of insect and vertebrate. These V-

ATPases provide exclusive biochemical and electrophysiological properties in cellular 

acid excretion in vertebrates, and in the functioning and energy of the plasma membrane 

in insects (Gluck, 1992).  Diverse insect orders, including Dipterans (D. melanogaster), 

Coleopterans (T. castaneum), Hemipterans (A. pisum), and Lepidopterans (M. sexta) were 

killed selectively, when fed species-specific dsRNA targeting V-ATPase transcripts 

(Whyard et al., 2009). Similarly, V-ATPase proved an efficient target for insect control 

through dsRNA feeding in Bemisia tabaci (Li et al., 2011; Upadhyay et al., 2011) and in 

N. lugens (Li et al., 2011). All these studies showed that blockage of production of any of 

the proteins or hormones required for chitin/ cuticle synthesis or cuticle hardening can be 

fatal for insects or will result in deformed phenotypes (Moussian et al., 2005).  

1.8.2.7 Parallel experiments with diverse outcomes 

There are a number of instances where similar experiments produced different 

outcomes. For example, in two separate studies on H. armigera with the same strategy, 

one group targeted aminopeptidase-N gene and got high silencing efficiency (Terenius et 

al., 2011). While in another study, cadherin gene was targeted and no silencing was found 
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(Terenius et al., 2011). Similarly, aminopeptidase-N did not prove as an efficient RNAi 

target in other experiments (Terenius et al., 2011). The difference in efficiency was also 

reported in different life stages but in all those cases same gene was not targeted to rule 

out whether this difference was due to target gene or due to life stage of the target insect. 

For example, in S. littoralis one group targeted efficiently the period gene at adult stage 

while other group was failed to get any silencing effects when they targeted halloween 

gene (Terenius et al., 2011). Similarly, in S. frugiperda allotropin and allostatin genes 

were successfully down regulated in adult stage while RNAi of five different genes at 

larval stage was not successful. As the more number of genes were tried it seems that the 

difference in outcome was due to insect life stage (Terenius et al., 2011).  

1.9 Current studies 

Study of vital insect genes with respect to their role in insect development can 

provide much needed information to control these insects through gene suppression and 

interference. Present studies focus on identification, expression, and functional analysis 

of the genes involved in development of cotton and citrus mealybugs. Disruption of 

several vital genes in mealybugs using RNAi and evaluation of various methods of 

introduction of dsRNA for RNAi initiation were evaluated. This whole information opens 

the door to understand the potential target genes. These genes could be incorporated and 

used in future insect control strategies including insect control through transgenic plants 

or through RNA interference. 

1.9.1 Objectives 

1. Identification and functional analysis of the genes involved in cuticle/chitin 

synthesis and development of cotton mealybug/citrus mealybug using RNAi. 

2. Disruption of cuticle developmental genes in cotton mealybug/citrus mealybug 

using RNAi. 

3. Evaluation of application methods of dsRNA for RNAi initiation. 
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Chapter 2 

MATERIALS AND METHODS 

2.1 Reagents and solutions 

All the reagents used were of analytical and molecular biology grade. Solutions 

were prepared in sterile distilled water (SDW). 

2.2 Mealybug rearing 

P. citri was acquired from Vitis vinifera from the local greenhouse at the 

University of California Davis, USA and were reared on Nicotiana tabacum and Solanum 

lycopersicum plants under greenhouse conditions at 24-28°C. Phenacoccus solenopsis 

was collected from cotton cultivated at the National Institute for Biotechnology and 

Genetic Engineering (NIBGE), Faisalabad and reared in greenhouse on cotton or tobacco 

plants maintained at 25-35°C. Second instar nymphs of both the insects were used in 

bioassay studies to evaluate the RNAi effects. 

2.3 Gene isolation and cloning 

2.3.1 RNA extractions 

All the equipment and glassware were cleaned following standard laboratory 

protocols. Additionally, glassware used in RNA work was washed/cleaned with 

diethylpyrocarbonate (DEPC) treated water (0.1% [v/v] DEPC). RNA was extracted from 

whole insects and/ or insect body parts as required using TRIzol
®
 reagent (Ambion, Cat. 

No. 15596-018) following the manufacturer’s protocol. RNA was precipitated by double 

volume of 95% ethanol and 1/10 volume of 3M sodium acetate. RNA pellet was washed 

with 75% ethanol and was re-suspended in DEPC-treated SDW. Finally, RNA was stored 

at −80°C.  
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2.3.2 RNA/DNA quantification 

Initially, RNA/DNA was quantified by staining with ethidium bromide 1% (w/v) 

agarose gel. RNA/DNA was re-quantified by using a NanoDrop
®

 Spectrophotometer 

ND-1000 (NanoDrop, USA). 

2.3.3 cDNA synthesis and PCR amplification  

First strand cDNA was synthesized using superscript cDNA synthesis kit with an 

oligo (dT)-primer using 500 ng RNA following manufacturer’s instructions (Invitrogen, 

Cat. No.11904-018). Briefly, RNA and oligo (dT) primer were incubated together at 65ºC 

for 5 min. 10 µL reaction mixture (0.1M DTT 2 µL, 25mM MgCl2 4 µL, 10X RT buffer 

2 µL, RNase out (40U/µL) 1 µL and SuperScript II 1 µL) was added into it. The samples 

were incubated at 42ºC for 50 min. Finally, incubation at 70ºC was given for 10 min. 

2.3.4 Designing the PCR primers 

 Published CHS1 sequences of Aedes aegypti (XM_001662150.1), Anopheles 

gambiae (XM_321951.2), Ostrinia furnacalis (EU258740.1), Culex quinquefasciatus 

(XM_001864559.1), Plutella xylostella (AB271784.1), Nasonia vitripennis 

(XM_001602131.2) and Tribolium castaneum (NM_001039403.1) were aligned using 

ClastalW. Degenerate forward and reverse primers (Table 2.1) were designed from 

conserved regions to amplify 507bp fragment of CHS1. PCR primers for V-ATPase gene 

fragment (1120bp) were designed in the same fashion from the conserved region of the 

gene by aligning published V-ATPase sequences of B. mori (NM_001098359.1), M. sexta 

(X64233.1), Apis mellifera (XM_623492.3), T. castaneum (XM_971095.2), A. aegypti 

(AF008922.1), Aedes albopictus (AY864912.1) and N. vitripennis (XM_003426538.1). 

Beta-actin (β-actin) gene sequence was isolated using primers designed from P. 

solenopsis β-actin gene sequence (KF384511) (Table 2.1). Similarly, degenerate primers 

for bursicon gene fragment (273bp) were designed in the same way as described for 

CHS1 primers by aligning published sequences of bursicon from A. gambiae 

(AY735443.1), Drosophila melanogaster (NM_142726.1), Acyrthosiphon pisum 

http://www.ncbi.nlm.nih.gov/nucleotide/51574177?report=genbank&log$=nucltop&blast_rank=2&RID=2XJW30NS014
http://www.ncbi.nlm.nih.gov/nucleotide/24648795?report=genbank&log$=nucltop&blast_rank=1&RID=2XK66XW701R
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(XM_001946306.2), T. castaneum (NM_001114307.1) and Manduca sexta 

(DQ094149.1). 

2.3.5 Gene isolation  

Synthesized cDNA (200 ng/reaction) served as template to amplify gene through 

polymerase chain reaction (PCR) using GoTaq Flexi DNA polymerase (Promega Corp., 

Madison, WI, USA, Cat. No. M8291) and degenerate primers at PCR conditions as 

mentioned in Table 2.1.  

PCR products were analyzed by gel electrophoresis (1% agarose), cleaned using 

ZymoClean PCR cleaning kit (Zymo Corp., Irvine, CA, USA, Cat. No. D4006) and 

cloned into pGEM
®
-T Easy (Promega Corp., Madison, WI, USA, Cat. No. A1360). DNA 

sequencing was performed either commercially (Macrogen Inc. Korea) or at the 

sequencing facility of the University of California Davis USA, using both M13 forward 

and reverse primers simultaneously. The resulting sequences were confirmed by protein 

translations and BLAST searches (http://www.ncbi.nlm.nih.gov). Based on the results, 

gene-specific primers were designed. A second round of PCRs was performed to amplify 

the cDNAs to be used to generate dsRNAs (Table 2.6, 2.7). The PCR products were 

sequenced and the sequences were submitted to GenBank (NCBI) (Table 2.3). In the 

current study partial fragments of P. citri 18S rRNA, β-actin (Pcβ-actin), chitin synthase 

1 (PcCHS1) and V-ATPase (PcV-ATPase) genes were isolated.  

Similarly, partial fragments of chitin synthase 1, bursicon, β-actin, V-ATPase 

genes were isolated from P. solenopsis cDNA using degenerate primers (Table 2.1). Gel 

purification of amplified PCR products was carried out using Spin Prep Gel DNA kit 

(Novagen, Cat. No. 70852-3) and according to the manufacturer’s protocol (Appendix 5). 

It was further ligated into pTZ57R/T TA cloning vector as described previously. The 

ligation was transferred into E. coli using heat shock/chemical competent cells (Appendix 

18). Transformed cells were spread on LB media containing ampicillin (Appendix 15). 

Next day, white colonies were picked and cultured in 3 ml liquid LB media with the same 

antibiotic and incubated at 37°C overnight with vigorous shaking. Plasmid DNA was 

http://www.ncbi.nlm.nih.gov/nucleotide/328702965?report=genbank&log$=nucltop&blast_rank=1&RID=2XKG192701R
http://www.ncbi.nlm.nih.gov/nucleotide/166851829?report=genbank&log$=nucltop&blast_rank=1&RID=2XKZEMDJ01R
http://www.ncbi.nlm.nih.gov/nucleotide/69957176?report=genbank&log$=nucltop&blast_rank=1&RID=2XM79H1G01R
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obtained from these cultures and clones were confirmed by digestion using Pst1 and 

EcoR1 except for V-ATPase gene. In case of V-ATPase gene EcoR1 was replaced with 

Kpn1 as the gene region has internal EcoR1 restriction site. The confirmed clones were 

sequenced commercially (Macrogen Inc. South Korea). After confirmation of sequences, 

gene specific primers were designed (Table 2.2, 2.4) to re-amplify the gene fragments. 

After reconfirmation, new gene specific primers were designed (Table 2.6, 2.7) using 

Snapdragon dsRNA design website (http://www.flyrnai.org/cgi-

bin/RNAi_find_primers.pl) to amplify the gene fragments divergent among insect species 

to reduce off-target effects of RNAi. Partial fragments of β-actin (Psβ-actin), chitin 

synthase 1 (PsCHS1), V-ATPase (PsV-ATPase) and bursicon (PsBur) from P. solenopsis 

were isolated. These gene fragments were used for further studies and were deposited to 

NCBI gene data bank (Table 2.3). Mega 5.1 software was used to construct phylogenetic 

tree to observe the homology of each gene fragment. 

Specific cDNA/gene sequences were amplified using short oligonucleotides as 

primers and Taq DNA polymerase in PCR reaction. For a reaction of 50 µL, 50-100 ng of 

template cDNA was added, 0.2 mM dNTPs (dCTP, dTTP, dGTP and dATP), 1X PCR 

buffer (200 mM (NH4)2SO4, 750 mM Tris-HCl [pH 8.8], 0.1% (v/v) Tween20), 1.5-2 

mM MgCl2, both primers (Forward and Reverse) 5pM each and 2.5 U of Taq DNA 

Polymerase (5 U/µL) and then made up to a volume of 50 µL with SDW.  

 

 

 

 

 

 



Chapter 2                                                                                          Materials and Methods 

38 

 

PCR profile: 

     Temperature  Time 

Denaturation temperature  94°C    5 min 

Denaturation temperature  94°C   30 Sec  

Annealing temperature  48-55°C  45 Sec           35 Cycles      

Extension temperature  72°C   1 min 

Final extension temperature  72°C   10 min        

Hold     10°C   ∞ 

PCR products (5 µL/ reaction) were analyzed by 1% agarose gel electrophoresis and 

staining with ethidium bromide. 
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Table 2.1: Degenerate primers used for gene isolation. 

Sequence

Name 

Primer Name Primer Sequence 5′ to 3′ Size 

(bp) 

RT-PCR Conditions 

Chitin 

synthase 

CSF 

CSR 

GGCTCTGGTCCTATGGTGTGGTATCA 

1
GCCACRAAAGCACCCACCAACATAAGGAA 

507 

94°C for 3min, 35cycles of 94°C 

for 30Sec, 48°C for 45sec, 72°C 

for 1min and finally 72°C for 10 

min 

V-ATPase 

VATPase F1 

VATPase R1 

1
GGCYACYATHCAGGTATA 

1
TCVARMCCCCAGAACAC 

1122 

94°C for 3min, 35cycles of 94°C 

for 30Sec, 50°C for 45sec, 72°C 

for 1min and finally 72°C for 10 

min 

β-actin 

MbActinSalF 

MbActinSmaR 

2
GTCGACTCCGGTGATGGTGTATCTCA 

3
CCCGGGATCACGGACGATTTCTCGTT 

171 

94°C for 3min, 35cycles of 94°C 

for 30Sec, 50°C for 45sec, 72°C 

for 1min and finally 72°C for 10 

min 

Bursicon BurF1  

BurR1    

 

1
GYCARGTVACNCCBGTNATHCA 

1
CANGGNCGRCACATRCAYTC  

268 94°C for 3min, 35cycles of 94°C 

for 30Sec, 48-55°C for 45sec, 

72°C for 1min and finally 72°C 

for 10 min 

1 
The following degeneracy codes are used in the primer sequences: 
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R=G/A, Y=C/T, H=A/C/T, V=A/C/G, M=A/C  
2
 Underlined nucleotide sequence is the Sal 1 restriction enzyme recognition sequence, added to facilitate cloning. 

3
 Underlined sequence is the Sma 1 enzyme recognition sequence, added to facilitate cloning. 

Table 2.2: Primers used for RT-PCR of RNAi targets in P. citri. 

Sequence 

Name 

Primer Name Primer Sequence 5′ to 3′ Size 

(bp) 

RT-PCR Conditions 

Chitin 

synthase 

PcCHSSalF 

PcCHSSmaR 

1
CGTCGAC CGTTGGCTGTGCACATTACT 

2
CCCGGG AAGCACCCCACCAACATAAG 

290 

94°C for 3min, 35cycles of 94°C for 

30Sec, 55°C for 45sec, 72°C for 

1min and finally 72°C for 10 min 

V-ATPase 

PCVATPSalF 

PCVATPSmaR 

1
CGTCGACAAGGTTGGCAGCCACATAAC 

2
CCCGGGCGAAAGCTCCTGGTATAGCG 

332 

94°C for 3min, 35cycles of 94°C for  

30Sec, 57°C for 45sec, 72°C for 

1min and finally 72°C for 10 min 

β-actin 

PCActinSalF 

PCActinSmaR 

1
CGTCGACTCCGGTGATGGTGTATCTCA 

2
CCCGGGATTTCTCGTTCGGCAGTTGT  

168 

94°C for 3min, 35cycles of 94°C 

30Sec, 55°C for 45sec, 72°C for 

1min and finally 72°C for 10 min 

PJL36 

PJL36 left 

PJL36 Right 

AGATCTTACAGTATCACTACTCC 

GTACGCACCACGTGTGATTACGG 

100 

94°C for 3min, 35cycles of 94°C for 

30Sec, 55°C for 45sec, 72°C for 

1min and finally 72°C for 10 min 

1 
Underlined nucleotide sequence is the Sal 1 restriction enzyme recognition sequence, added to facilitate cloning. 

2 
Underlined sequence is the Sma 1 restriction enzyme recognition sequence, added to facilitate cloning. 
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Table 2.3: Gene fragments sequenced and submitted to GenBank. 

Gene  GenBank Accession Nos. 

P. solenopsis P. citri 

Chitin synthase 1 KF384512 JX443530 

V-ATPase KF384509 JX443529 

Bursicon KF384510 ---- 

β-actin KF384511 HF952554 (EMBL) 
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Table 2.4: Gene specific primers used for gene isolation from P. solenopsis. 

Sequence 

Name 

Primer 

Name 

Primer Sequence 5′ - 3′ Size 

(bp) 

PCR Conditions 

Chitin 

Synthase 

CSbugF2 

CSbugR2 

GCTGCAAAAAGCTACCGAAC 

TACCAGGACCGAGGATCGTA 

419 94°C for 3min, 35cycles of 94°C for 30Sec, 55°C 

for 45sec, 72°C for 1min and finally 72°C 10 min 

V-ATPase VATPF 

VATPR 

AACAGAAAAGCTACCCGCAA 

ATACCGCGCCAACAATACTC 

1121 94°C for 3min, 35cycles of 94°C for  30Sec, 

55°C for 45sec, 72°C for 1min and finally 72°C 

for 10 min 

Bursicon BurF2   

BurR2 

TACAATATCCAGGCTGTG 

CTAGAGGTGCCTTTGTAGTA 

268 94°C for 3min, 35cycles of 94°C for 30Sec, 48-

55°C for 45sec, 72°C for 1min and finally 72°C 

for 10 min 

β-actin MbActinF

MbActinR 

TCCGGTGATGGTGTATCTCA  

ATCACGGACGATTTCTCGTT 

168 94°C for 3min, 35cycles of 94°C for 30Sec, 55°C 

for 45sec, 72°C for 1min and finally 72°C for 10 

min 

1
Following degeneracy codes are used in the primer sequence: 

R=G/A, Y=C/T, H=A/C/T, V=A/C/G, M=A/C  
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2.3.6 Gel electrophoresis 

The PCR products were analyzed on 1% agarose gel in 0.5X TAE buffer (0.5 mM 

EDTA and 20 mM Tris [pH 8.0] 10 mM Acetic acid). As appropriate, minigel (12x 9 cm) 

or midigel apparatus (18 x 15 cm) was used to perform the electrophoresis. Fermentas 6X 

DNA loading dye was used for DNA loading and ethidium bromide (0.5 µg/ml) was used 

as staining agent. Fragment size was determined against 1kb DNA ladder (Fermentas 

USA). The gel was illuminated under ultraviolet (UV) light and photographed using 

Eagle Eye still video system (Stratagene, La Jolla, CA, USA). 

2.3.7 Phenol-chloroform purification of DNA 

Hundred microliters of DNA was prepared by adding sterile distilled water into it. 

100 µL of phenol and chloroform were added in 1:1 and mixed by tube inversions and 

then centrifuged in mini-centrifuge (Eppendorf AG model 5415 D) for 5 min at @13,000 

rpm. Aqueous phase was removed and transferred to the fresh tubes. About 1/10th 

volume of 3M sodium acetate (pH 5.2) and 2.5 volume of absolute ethanol (300 µL) were 

added and incubated at −20°C for 30 min. Again centrifugation was done @ 13,000 rpm 

for 10 min to precipitate nucleic acid. Washing of DNA pellet was done by adding 100 

µL of 70% ethanol. Again centrifugation was done at 13,000 rpm for 2 min and ethanol 

was removed carefully. The pellet was air dried and dissolved in 20-50 µL SDW 

(Sambrook and Russell, 2006). 

2.3.8 PCR purification/ Gel extraction   

Amplified PCR products were either recovered from the gel using “Qiaquick gel 

extraction kit” (Qiagen, Cat. No. 28706), or directly purified by Zymoclean PCR cleaning 

system (DNA clean and Concentrator
TM

-25, Cat. No. D4006), following the 

manufacturer’s protocol (Appendix 3, 4).  
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2.3.9 DNA fragment ligation in pGEM
®
-T Easy /pTZ57R/T 

PCR amplicons were ligated into T/A cloning vector (pGEM
®
-T Easy in case of 

P. citri while pTZ57R/T in P. solenopsis experiment) using T4 DNA Ligase kit 

(Fermentas). For different ligation reactions, reagents were used as suggested by the 

supplier. Each 20 µL reaction comprised of 1 µL of TA cloning vector (pTZ57R/T or 

pGEM
®
-Teasy), 10 µL PCR product, 2 µL of 10X ligation buffer for T4 DNA Ligase, 

0.5 µL of T4 DNA ligase and nuclease-free water. Ligation was performed at 16°C 

overnight. 

2.3.10 Restriction endonuclease digestion 

Purified DNA and plasmid vector DNA were digested with specific restriction 

endonucleases. The reagents used for restriction digests were supplied by New England Biolabs 

(NEB). For each 20 µL reaction, ~1 µg/2 µL of substrate DNA, 2 µL of 10X 

recommended buffer for restriction enzyme, 5-10 U (0.5-1 µL) of restriction enzyme and 

15 µL of SDW were used. Reaction mixtures were incubated at an optimum temperature 

for 3-4 h.  

2.3.11 Ligation of DNA fragments in Tobacco mosaic virus TMV 

Tobacco mosaic virus (TMV) based vector pJL 36 (Lindbo, 2007) was used for 

transient assays in P. citri experiment. This vector (Appendix 10) has Not1 enzyme 

recognition site to facilitate cloning and expression of cloned fragment is controlled by 

CaMV 35S promoter. Required gene fragment was first cloned into pGEM
®
-T Easy 

vector and then excised from there using Not1 restriction enzyme. TMV vector was also 

digested with Not1 restriction enzyme to linearize the vector. After restriction, TMV 

vector was treated with CIP (Calf Intestinal Phosphatase) to remove 5′ phosphate to 

increase the ligation efficiency of Not1 digested vector. Gene fragment was ligated into 

the TMV vector using T4 DNA Ligase (Invitrogen, Cat. No. 15224-041). For different 

ligation reactions, reagents were used as recommended by the supplier. For each reaction, 

5-10 µL of linear vector DNA (100-400 ng), 5 µL of gene fragment DNA, 2 µL of 50% 
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[w/v] PEG 4000 solution (for blunt-end ligation only), 2 µL of 10X ligation buffer for T4 

DNA Ligase, 0.2-0.4 µL of T4 DNA ligase (1-2 U) for sticky ends and 1 µL (5 U) for 

blunt ends were added to  nuclease-free water to make a total volume up to 20 µL. The 

ligation mixture was prepared in a microfuge tubes and incubated overnight at 16°C to 

complete the ligation. 

2.3.12 Ligation of cDNA fragments in Potato Virus X (PVX) 

In P. solenopsis experiments Potato Virus X (PVX) based vector PGR 107 

(Chapman et al., 1992) was used as viral vector instead of TMV. PGR 107 vector 

(Appendix 9) is already used in many studies to trigger VIGS against plant endogenous 

genes (Faivre-Rampant et al., 2004; Lacomme and Chapman, 2008). Required gene 

fragment is expressed very efficiently under the control of duplicated coat protein (CP) 

promoter (Rogero et al., 2001). Target gene fragments were amplified using gene specific 

primers with Sal1 restriction site on 5′ end of forward primer and Sma1 restriction site on 

5′ end of reverse primers (Table 2.5). Amplified gene products were cloned into 

pTZ57R/T using standard cloning techniques as described in previous section. Gene 

fragments were excised from PTZ clones in which Sal1 and Sma1 restriction enzyme 

recognition sites were already inserted so the same enzymes were used to release the 

insert. PGR107 vector was also linearized using Sal1 and Sma1 restriction enzymes. 

InsTAclone™ PCR Cloning Kit (Fermentas, Cat. No. K1214) was used for ligation 

reactions. For different ligation reactions, reagents were used as suggested by the 

supplier. For each ligation reaction, 5- 10 µL of linear vector DNA (100-400 ng), insert 

DNA also digested with same enzymes as above, 2 µL of 10X ligation buffer for T4 

DNA Ligase, 0.2-0.4 µL of T4 DNA ligase 1 µL (5 U) and nuclease-free water to make a 

20 µL total volume of the reaction were used. The ligation mixture was made in a 

microfuge tube and incubated at 16°C overnight. 
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Table 2.5: Primers used for gene isolation from P. solenopsis for cloning in PVX vector. 

Sequence 

Name 

Primer Name Primer Sequence 5′ - 3′ Size 

(bp) 

PCR Conditions 

CHS1 CSbug_Sal1 F2 

CSbug_Sma1 R2 

1
CGTCGAC GCTGCAAAAAGCTACCGAAC 

2
CCCGGG TACCAGGACCGAGGATCGTA 

432 94°C for 3min, 35cycles of 94°C 

for 30Sec, 57°C for 45sec, 72°C for 

1min and finally 72°C for 10 min 

V-ATPase VATPSalF5 

VATPSmaR5  

1
GTCGACAACAGAAAAGCTACCCGCAA 

2
CCCGGGATACCGCGCCAACAATACT   

592 94°C  for 3min, 35cycles of 94°C 

for 30Sec 55°C for 45sec, 72°C for 

1min and finally 72°C for 10 min 

Bursicon BurMB_Sal1 F4 

BurMB_Sma1R4 

1
CGTCGACTGACCCCGGTAATACACGTT

 

2
CCCGGGCGAAGCTTCTCGTTCTCCAC 

 

170 94°C for 3min, 35cycles of 94°C 

for 30Sec, 55°C for 45sec, 72°C for 

1min and finally 72°C for 10 min 

 PVXF 
3
AAGCCACTCTCCGTTGAACG               

1
Underline nucleotide sequence is Sal1 enzyme recognition sequence, added for further cloning procedure 

2
Underline sequence is Sma1 enzyme recognition sequence, added for further cloning procedure 

3
This primer was used for sequencing from PVX clones 
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2.3.13 Ligation of DNA fragments in L4440 

L4440 vector (Timmons et al. 2001) was used to express dsRNA through 

bacterial system. The vector was restricted with Pst1, Kpn1 enzymes. Insert was excised 

from PTZ clones using same restriction enzymes. Novagen
R
 T4 DNA Ligase (Novagen, 

Cat. No. 69839-3) was used for ligation reactions. For different ligation reactions, 

reagents were used as recommended by the supplier. For each reaction, 5-10 µL of linear 

vector DNA (100-400 ng), insert DNA, 2 µL of 10X ligation buffer for T4 DNA Ligase, 

1 µL (5 U) and nuclease-free water to make a 20 µL total volume of the reaction were 

used. The ligation mixture was prepared in a microfuge tube and incubated at 16°C for 

overnight. 

2.3.14 Transformation into Escherchia coli (E. coli) 

Approximately 5 μL of plasmid or ligation mixture was taken and added into 200 

μL of competent cells and kept on ice for 30 min. Transformation was performed at 42°C 

in a dry bath for 2 min and the reaction was chilled on ice for 2 min. One ml of LB was 

added to the reaction, mixed well and incubated at 37°C for 1 h. The cells were pelleted 

by centrifugation at 3,000 rpm for 2 min and supernatant was removed. Pellet was re-

suspended in 100 μL of fresh LB medium. Finally, LB agar plates supplemented with 

appropriate antibiotic were inoculated by evenly spreading ~50 µL liquid culture in the 

presence of IPTG/X-gal using a sterile glass rod. The plates were incubated overnight at 

37°C. 

Transformation was confirmed based on blue/white colonies in the TA cloning. 

White colonies were carefully picked from the plates. Each colony was cultured 

individually in 3 ml of LB liquid containing ampicillin (100 µg/ml) with vigorous 

shaking at 37°C. Plasmid DNA from bacterial culture was extracted using GeneJET
Tm

 

Plasmid Miniprep Kit, (Fermentas Cat. No. K0503) and following the protocol 

(Appendix 23).  
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2.3.15 Screening/confirmation of cloning through restriction/digestion    

Positive clones in pTZ57R/T were confirmed through restriction digestion using 

EcoR1 and Pst1 restriction enzymes. Similarly, cloning in pGEM
®

-T Easy was 

confirmed using Not1 restriction enzyme (Appendix 24). Cloning in other vectors like 

L4440, PVX and TMV was confirmed using appropriate enzymes as used in cloning in 

the same vectors. Restriction reaction was incubated for 4 h at appropriate temperature. 

After confirmation through restriction analysis, mini-prep of selected clones from 

bacterial culture was conducted by using Gene Jet
TM

 plasmid mini-prep kit (Fermentas, 

Cat. No. K0503) as per recommendations of the manufacturer. This clone was further 

confirmed by restriction/ digestion using the appropriate restriction enzymes. 

2.3.16 Glycerol stocks of the confirmed clones 

The cultures of confirmed clones were preserved in the form of glycerol stocks. 

Glycerol stocks were prepared by adding 300 µL of glycerol into 700 µL fresh overnight 

cultures of confirmed clones. Cultures were stored at −80°C. 

2.3.17 cDNA sequencing 

Confirmed clones were sequenced using dideoxynucleotide chain termination 

sequencing method (Sanger et al., 1977). PCR-based BIG DYE kit (Perkin-Elmer, 

Massachusetts, USA) was used with M 13 forward or reverse primers or gene specific 

primers for sequencing reactions. Sequencing products were finally resolved 

commercially (Macrogen, Seoul, Korea and from DNA core facility University of 

California, Davis). 

2.3.18 Sequence analysis 

Sequences were edited by removing the vector sequences from both ends. 

Cleaned sequences were confirmed using NCBI BLAST search to check the identity of 

isolated sequences with those already reported from other insects in the GenBank. 
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Homologous sequences from closely related insects were obtained from GenBank and 

arranged in FASTA format. Sequences were aligned by BioEdit (Hall, 2007). Neighbor-

Joining cluster analysis was performed by MEGA 5.1 (Tamura et al., 2011). Trees were 

drawn according to scale, having branch lengths of same units as the evolutionary 

distances is used to deduce the phylogenetic tree. Maximum Composite Likelihood 

method was used to calculate the evolutionary distances (Tamura et al., 2004) having the 

units of the number of base-substitutions per site. 

2.4 dsRNA synthesis and microinjection 

The RNAi target gene regions were selected using the SnapDragon dsRNA design 

software (http://www.flyrnai.org/cgi-bin/RNAi_find_primers.pl). Regions with sufficient 

nucleotide divergence from those of other insect species were selected to avoid potential 

off-target effects.  

2.4.1 Synthesis of dsRNA using in vitro transcription kits 

For dsRNA synthesis, T7 promoter sequence was added to 5′ end of both the 

forward and reverse primers (Table 2.6). Target regions were amplified from cDNA and 

the obtained PCR products were purified using the ZymoClean PCR cleaning kit (Zymo 

Corp., Irvine, CA, USA Cat. No. D4006). Purified PCR products were used as templates 

to synthesize dsRNA using T7 RNA polymerase and the MEGAscript RNAi Kit as per 

manufacturer’s instructions (Ambion, Austin, TX, USA Cat. No. AM1626). The dsRNAs 

were treated with DNase and RNase for 30 min at 37°C following the manufacturer’s 

protocol, and electrophoresed on an agarose gel to assess the dsRNA quality. 

For dsRNA synthesis for P. solenopsis experiment target region for further RNAi 

studies were selected using the Snapdragon dsRNA design software as described above. 

Exclusive gene region (not homologous to other insects) were selected to minimize the 

risk of off-target effects. T7 promoter sequence was added to 5′ end of both the forward 

and reverse primers (Table 2.7). Target gene region was amplified from cDNA of P. 

solenopsis and the amplicon was cleaned using GeneJET
TM

 PCR Purification kit 
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(Fermentas, Cat. No. K0701). Purified PCR products were used as a template to 

synthesize the dsRNA using T7 RiboMAX™ Express RNAi System (Promega, Cat. No. 

P1700) and following manufacturer’s protocol (Appendix 29). Synthesized dsRNA was 

treated with DNase and RNase at 37°C for 30 min following the manufacturer’s protocol 

and then electrophoresed on the gel for quality check (Wuriyanghan et al., 2011). 

To assess the induction of RNAi effects in P. citri, individual mealybug third 

instar nymphs were injected with 200 nl of dsRNA by using a micromanipulator and 

microinjector (http://www.tritechresearch.com/MINJ-PD.html). For microinjection, 

insects were immobilized on a 2% agarose gel, and 200 nl (500 ng/µL) of dsRNA were 

injected using fine glass needles and micromanipulator/ microinjector. Injected insects 

were moved back to fresh tobacco leaves at 24-26
o
C for post-injection observations and 

procedures. RNA was extracted from injected P. citri at an interval of 48 h, 72 h, 96 h 

and 150 h post-injection and qRT-PCR was performed to assess target mRNA amounts. 

Different options were tried to optimize injection of dsRNA into P. solenopsis but 

the procedure could not be standardized due to several reasons and was not made a part 

of this study. 
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Table 2.6: Primers used for dsRNA synthesis for P. citri experiment. 

Sequence 

Name 

Primer 

Name 

Primer Sequence 5′ - 3′ Size 

(bp) 

PCR Conditions 

Chitin 

Synthase 

PCCHST7F 

    

PCCHST7R 

1
GGATCCTAATACGACTCACTATAGGG 

CGTTGGCTGTGCACATTACT 

1
GGATCCTAATACGACTCACTATAGGG 

AAGCACCCCACCAACATAAG 

342 94°C for 3min, 35cycles of 94°C for 

30Sec, 55°C for 45sec, 72°C for 1min 

and finally 72°C for 10 min 

V-ATPase PCVATPT7 

 

PCVATPT7R 

1
GGATCCTAATACGACTCACTATAGGG 

AAGGTTGGCAGCCACATAAC 

1
GGATCCTAATACGACTCACTATAGGG 

CGAAAGCTCCTGGTATAGCG 

384 94°C for 3min, 35cycles of 94°C for 

30Sec, 57°C for 45sec, 72°C for 1min 

and finally 72°C for 10 min 

β-actin PCActinT7F 

   

PCActinT7R 

1
GGATCCTAATACGACTCACTATAGGG 

TCCGGTGATGGTGTATCTCA 

1
GGATCCTAATACGACTCACTATAGGG 

ATTTCTCGTTCGGCAGTTGT 

220 94°C for 3min, 35cycles of 94°C for 

30Sec, 55°C for 45sec, 72°C for 1min 

and finally 72°C for 10 min 

1
Underline nucleotide sequence is of T7 RNA polymerase promoter sequence 

Primers that were used for the synthesis of double stranded RNA (dsRNA) to carry out insect microinjection experiments. 
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Table 2.7: Primers used for dsRNA synthesis for P. solenopsis experiment. 

Sequence 

Name 

Primer 

Name 

1
Primer Sequence 5′ - 3′   Size (bp) PCR Conditions 

Chitin 

Synthase 

CSbugT7F2 

 

CSbugT7R2 

1
GGATCCTAATACGACTCACTATAGGG 

GCTGCAAAAAGCTACCGAAC 

1
GGATCCTAATACGACTCACTATAGGG 

TACCAGGACCGAGGATCGTA 

342 94°C for 3min, 35cycles of 94°C 

for 30Sec, 55°C for 45sec, 72°C 

for 1min and finally 72°C for 10 

min 

V-ATPase VATPT7F 

 

VATPT7R 

1
GGATCCTAATACGACTCACTATAGGG 

AACAGAAAAGCTACCCGCAA 

1
GGATCCTAATACGACTCACTATAGGG 

ATACCGCGCCAACAATACTC 

384 94°C for 3min, 35cycles of 94°C 

for 30Sec, 55°C for 45sec, 72°C 

for 1min and finally 72°C for 10 

min 

Primers that were used for the synthesis of double stranded RNA (dsRNA), that were used to carry out insect microinjection 

experiments. 
1
Under line is T7 promoter sequence used for in vitro transcription. 
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2.4.2 Bacterial transformation and expression of dsRNA  

dsRNA was also produced by a bacterial system using L4440 vector containing 

T7 promoter on both ends flanking the gene of interest. L4440 has a T7 promoter at each 

end of the insert sequence, thus generates complementary strands of RNA when 

transcribed by T7 polymerase. RNase III deficient E. coli strain HT115 with IPTG-

inducible T7 polymerase activity is used in this system. dsRNA was produced following 

the protocol (Appendix 28). Total RNA was extracted from bacterial culture using Trizol 

method and treated with RNase supplied with T7 Ribomax RNAi system and the 

concentration as mentioned in the manufacturer’s protocol was used to digest single 

stranded RNA (Timmons et al., 2001). 

2.4.3 Transient expression of siRNA/dsRNA in plants for feeding assays 

Selected fragments of gene of interest were cloned in TMV in case of P. citri and 

in PVX in P. solenopsis experiment for transient expression of effector RNAs in plants 

for feeding assays. 

2.4.3.1 Transformation of Agrobacterium tumefaciens by electroporation 

Electroporation was performed using BioRad Gene Pulser Serial number 652076. 

Prior to the procedure, electroporation cuvettes (size: 1mm gap) were chilled on ice. To 

thaw the frozen electro-competent Agrobacterium, the cells were placed on an ice bucket. 

50 µL of electro-competent cells were mixed with recombinant plasmid DNA (0.5 µg) 

and transferred to the electroporation cuvettes. Electroporation was performed under the 

conditions suggested by the manufacturer (voltage 2.5V, resistance 400Ω), and 200 µL 

LB medium was added immediately after electric shock, contents were mixed gently and 

transferred to a 1.5 ml eppendorf tube. Transformed cells were incubated at 28°C for 2 h 

with vigorous shaking before the culture was poured onto petri plates with solid LB 

medium supplemented with appropriate antibiotics. Finally, the plates were sealed with 

parafilm and kept at 28°C for 2-3 days. 
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2.4.3.2 Agro-infiltration of plants 

Recombinant plasmid carrying single colony of Agrobacterium was inoculated 

into 3 mL LB culture containing the suitable antibiotic. The culture was grown at 28°C 

for 48 h in a shaker with vigorous shaking. After 48 h, 600 µL of the culture was 

inoculated into a 30 mL of LB media containing 30 µL each of kanamycin, rifampicin 

and gentamycin (Appendix 15), 6 µL of acetosyringone and 300 µL of 1M MES and 

allowed to grow till the OD600 of 1.0. Centrifugation was carried out at 4,000 rpm for 10 

min and pellet was re-suspended in solution containing 10 mM MES, 10 mM MgCl2, and 

100 μM acetosyringone to an OD600 of 1.0. The culture was placed in dark at room 

temperature for 2-3 h (or overnight) before infiltration. Agrobacterium suspension was 

infiltrated using a needleless disposable syringe on the lower side of a leaf and two to 

three healthy leaves per plant were infiltrated (Wuriyanghan et al., 2011). 

2.4.3.3 Photography of plants 

The N. benthamiana plants inoculated with pJL24 were photographed under 

ultraviolet lights (The Blak-Ray
®

, B-100AP) using digital camera (Canon, 12 

megapixels) with UV filters (Hoya Filter 0.75).   

2.5 Detection of interfering RNAs in plants 

2.5.1 Detection of mealybug mRNA in inoculated plants through RT-PCR  

 After viral specific symptom development in inoculated plants the presence of 

mealybug mRNA in plants was confirmed through RT-PCR using plant RNA as template 

and mealybug gene specific primers (Table 2.2, 2.5). RNA was extracted from plants 

from symptomatic systemic leaves using TRIzol
®

 reagent (Ambion, Cat. No. 15596-018). 

One step RT-PCR was performed using SuperScript
®
 One-Step RT-PCR system 

(Invitrogen, Cat. No. 10928-042) following manufacturer’s instruction. After assembling 

reaction, the reaction tubes were incubated at 42°C for 30 min in thermal cycler 
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(Eppendorf Mastercycler, Germany). Rest of the PCR conditions are given in primer 

tables. 

2.5.2 siRNA detection   

2.5.2.1 RNA isolation from plant tissue 

Plant tissue (100 mg) was ground to fine powder in liquid nitrogen and RNA 

extraction was performed in 1 ml of TRIzol
®
 reagent (Ambion, Cat. No. 15596-018). The 

mixture was homogenized by gently inverting the tube 4-5 times and was incubated at 

room temperature for 5 min. After adding 200 µL of chloroform and gentle mixing the 

mixture was incubated again for 5 min at room temperature and then centrifuged at 8,000 

rpm (6500Xg) for 15 min. The aqueous phase was transferred into new tubes. An equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the aqueous phase, 

mixed well and then centrifuged at 8,000 rpm for 10 min. The aqueous phase was 

pipetted into new tubes, 0.6 volume isopropanol was added and then centrifuged at 8,000 

rpm for 15 min. The supernatant was decanted and the pellet was washed with 70% 

ethanol. The RNA pellet was air dried and re-suspended in 50 µL DEPC treated SDW. 

2.5.2.2 siRNA extraction  

Seven days post inoculation, total RNA was extracted from plant leaves (~500mg) 

using TRIzol
®
 reagent by skipping the washing step (70% ethanol will also wash out 

small RNA). Pellet was dissolved in 120 µL of DEPC treated SDW. Small RNA was 

isolated from total RNA using 50% PEG 8000 (Wuriyanghan et al., 2011). Briefly, added 

40 µL 50% PEG 8000 and 40 µL 5M NaCl to 120 µL RNA. Mixed well and put on ice 

for 30 min. After 30 min incubation on ice tubes were centrifuged at 13,000 rpm for 10 

min. Supernatant was taken in a new sterile eppendorf as it contains small RNA and 

pellet was washed with 75% ethanol and dissolved in 150 µL SDW. It is long RNA. 

Added 3 volume of 100% ethanol into supernatant and put at -20°C overnight. Next day 

samples were centrifuged at 13,000 rpm at 4°C for 30 min and the supernatant was 

discarded carefully by retaining the pellet. Small RNA pellet was dissolved in 30 µL of 
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DEPC treated SDW. Concentration of samples was around 700 ng to 1µg per µL. Small 

RNA were separated by polyacrylamide gel electrophoresis.  

2.5.2.3 Polyacrylamide gel electrophoresis (PAGE) 

PAGE was made as described in Appendix 34. Gel was pre-run for 30 min at 

constant voltage and 20 mA current. Wells were washed by pipetting up and down 

several times. 2 µg small RNA was boiled in boiling water bath for five min and chilled 

on ice. An equal volume of RNA loading buffer II (Ambion) was added in the small 

RNA samples. 10 µL of microRNA marker (New England BioLabs, Cat. No. N2102S) 

was also boiled for 5 min with the samples. These samples were loaded onto the gel and 

ran at a constant voltage and 20mA until the tracking dye had reached the bottom of gel. 

RNA was stained with ethidium bromide to check the marker and integrity of small RNA 

(Wuriyanghan et al., 2011).  

2.5.2.4 Transferring small RNA to nylon membrane 

Samples were transferred to positively charged nylon membrane in semi dry 

blotter as described (Kim et al., 2010). Briefly added a small volume of 0.25% TBE on 

the surface of semidry blotter and putting three pieces of Whatman paper equal in size of 

the gel. A piece of positively charged nylon membrane was adjusted on the Whatman 

paper avoiding the bubble formation. The gel was placed on the membrane and avoiding 

the bubble formation three additional pieces of Whatman paper were placed on the gel. 

Closed the lid and turned on the blotter @25 voltage for 30 min. Again checked the gel 

under UV light to confirm the complete transfer of small RNA. Dried the membrane and 

fixed the RNA to the membrane by UV auto cross-linking (Wuriyanghan et al., 2011). 

2.5.2.5 Synthesis of radioactive probe  

Radioactive probe was prepared by in vitro transcription using Maxiscript T7 kit 

(Ambion, Cat. No. AM1312) and labeled with 
32

P dUTP. 1µg of linearized and purified 

pGEM
®
-T Easy clones containing gene fragment of the gene of interest were used as 
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templates. For sense probe clone was digested with Pst1 and the probe was synthesized 

using T7 enzyme. For antisense probe same clone was digested with Nco1 but SP6 

enzyme was used. The synthesized probes were further subjected to fragmentation by 

adding 300 µL of carbonation buffer (20mM Na2CO3 and 80mM NaHCO3) to 

appropriate volume of the probe. Probe was incubated at 60°C for 30 min and 20 µL of 

NaAc pH 5.5 was added (Wuriyanghan et al., 2011).  

2.5.2.6 Hybridization of small RNA 

Pre-hybridization was done for 3h at 65°C in Ultrahyb-oligo hybridization buffer 

(Ambion, Cat. No. AM8669) by adding 5X Denhardt’s solution, 7% SDS and 100 µg/ml 

sheared Salmon sperm DNA. After 3 h carbonated radioactive probe was added at a 

concentration of 2X 10
6
 counts per minute per ml of hybridization buffer and incubated 

in the rotating oven overnight at 42°C. Following hybridization, blot was washed two 

times in Northern Max Low Stringency Wash Solution (Ambion, Cat. No. AM8673) for 

15 min. Blot was drained and then exposed to X-Ray film at −80°C for 72 hrs 

(Wuriyanghan et al., 2011). 

2.5.3 Northern blotting for long RNA detection 

Plant RNA was extracted from plant leaf samples using RNA extraction buffer 

and following the protocol outlined in Appendix 26. RNA concentration was measured 

by spectrophotometer and 5 µg of total RNA was used in the northern blot analysis. The 

procedure was followed as described earlier (Wuriyanghan et al., 2011).   

2.5.3.1 Denaturation 

RNA was denatured using denaturing solution (Appendix 35). Fifteen µL of 

denaturing solution was added to 5 µL RNA (3:1) and  incubated at 55°C for 20-30 min. 

RNA marker was also denatured like the RNA samples. Agarose gel (1%) was prepared 

in HEPES EDTA pH 7 (Appendix 36) for electrophoresis. Denatured RNA samples and 

RNA marker were loaded onto the gel using RNA loading dye and electrophoresed for 1-
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1.5 h at 100 V. Circulation pump was used to recirculate the running buffer during 

electrophoresis to avoid re-naturation of RNA.  

2.5.3.2 Membrane transfer  

Two hundred milliliters of 10X SSC (Appendix 38) was prepared in DEPC 

treated SDW. Appropriate volume of SSC buffer was added in a container. Spare tray 

was placed on the container and a wick of 4 mm Whatman paper was made so that both 

ends of paper are touching the bottom of the container. Two layers of gel-size Whatman 

paper were placed onto the wick. Whatman papers were soaked into hybridization 

solution before use and air bubbles were removed with the help of pipette. Gel was 

placed on the Whatman paper in an inverted position. Precut nylon membrane (Hybond-

NX, Amersham) was placed on the gel by avoiding sliding of membrane on the gel. 

Sample loading position was marked by cutting a corner of the membrane. Air bubbles 

between all the layers were removed by careful rolling of a pipette. Two pieces of 4 mm 

Whatman paper were placed on top of the membrane and a stack of paper towels more 

than 4 cm was placed on the top. Pressure was applied evenly on the top using a glass 

plate and lead weight. This transfer assembly was placed overnight to let the RNA to 

transfer to the membrane. Next day stack of paper towel and Whatman paper were 

removed. Position of the wells was marked on the membrane. Membrane was removed 

and placed on a clean filter paper and was UV cross-linked to fix the RNA to the 

membrane. 

2.5.3.3 Radio labeled RNA probe synthesis  

MAXIscript T7/T3 Ambion Kit Cat. No. AM-1326 was used for transcription 

reaction for RNA probe synthesis. Plasmid containing target sequence was linearized 

using Pst1 restriction enzyme keeping in view the orientation of target sequence in 

pGEM
®
-Teasy vector and was purified using Zymoclean kit Cat. No. 4006. 

Concentration of linearized plasmid after purification was measured and transcription 

reaction was made as follows: 
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Linearized plasmid 1 µg 

10X buffer  2 µL 

dATP   1 µL 

dCTP   1 µL 

dGTP   1 µL 

Radio labeled dUTP (Added in Radioactive room) 20µCi 

T7 enzyme  2 µL  

Nuclease free water to 20 µL  

Transcription reaction was incubated at 37ºC for 15 min and then 1 µL of DNase enzyme 

was added and again incubated at 37°C for more 15 min to degrade DNA. After 15 min 1 

µL of 0.5 M EDTA was added to stop the reaction. 

2.5.3.4 Probe purification 

Probe purification was done using NucAway spin Columns (Ambion, Cat. No. 

AM10070) following the manufacturer’s protocol.  Briefly, tapped the column to settle 

down the dry gel in the bottom of spin column. Column was hydrated with 650 µL RNase 

free water. After adding RNase free water column was vortexed, tapped to remove air 

bubbles and incubated at room temperature for 5-15 min. NucAway spin Column was 

placed in 2 ml collection tube and centrifuged at 750Xg for 2 min to remove excess fluid 

and also keeping track of orientation of the column in the rooter. Probe was immediately 

applied to the center of gel without disturbing the surface of gel. Column was placed in 

new 1.5 ml elution tube and placed in the rotor in the same orientation as previous. 

Column was centrifuged at 750Xg for 2 min to collect clean probe in the elution tube. 
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2.5.3.5 Probe count 

Probe was diluted 20 times by adding 1 µL of probe to 20 µL of SDW. One µL of 

probe dilution was added in 3 ml of buffer. The probe dilution was placed in the 

scintillation counter (Beckman LS6000SC) and readings were taken. Probe was used in 

the concentration of 2x10
6
 CPM per ml of hybridization buffer as recommended by 

Amersham for hybond-NX membrane. 

2.5.3.6 Pre-hybridization 

Membrane with RNA was placed into hybridization tube with the face of the 

membrane facing the inside of tube. Ten ml of pre-hybridization buffer (Ambion, Cat. 

No. AM8677) was added in the hybridization tube and incubated in an oven at 62°C for 

1-2 h with continuous rotation. 

2.5.3.7 Hybridization 

After 1-2 h of incubation of blot in pre-hybridization buffer probe was added into 

hybridization tubes and incubated in the oven at 57.5°C overnight while rotating.    

2.5.3.8 Post hybridization washes  

After overnight hybridization, blot was passed through a series of post 

hybridization washes. Blot was placed in the container and first washing was done with 5 

ml of 2XSSC/0.1%SDS at room temperature for 15 min with vigorous shaking. Second 

washing was done with 5 ml of 0.5XSSC/0.1%SDS at the same condition as in the first 

washing. Third washing was done with pre hot 5 ml of 0.1XSSC/0.1%SDS at 65ºC for 15 

min with vigorous shaking. After series of washing the membrane was dried for 5 min on 

filter paper and exposed to X-ray film in dark room. X-ray film cassette with blot was 

incubated at −70°C for 72 h.  
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2.5.3.9 X-Ray film developing 

Opened the cassette containing the probed blot and X-ray film in dark room. The 

X-ray film was removed from the cassette by holding in one corner and placed into 

automatic X- ray film developer Konica Medical film processor SRX-101A. 

2.6 Insect bioassays and quantitative real-time PCR (qRT-PCR) analyses 

After confirming the presence of effector RNAs in plants (7 days post-

inoculation), ten 2
nd

 instar mealybugs were placed on selected plants on inoculated leaves 

as well as on systemic leaves. Data were recorded on mortality, insect growth, ovisac 

production, crawler emergence and survival.  

RNA was extracted from individual mealybugs that had fed on the respective 

TMV-inoculated plants for 12 days, and those that were injected with the dsRNAs 

described above. cDNA was synthesized using the same concentration of RNA and 

oligo(dT) primer. Quantitative real time polymerase chain reaction (qRT-PCR) was 

performed using gene specific primers with 18S rRNA as the internal control (Table 2.8) 

for insects that were fed on recombinant TMV-infected plants, as well as insects that 

were subjected to microinjection with the dsRNAs described above. To eliminate RT-

PCR artifacts resulting from input dsRNAs primers were designed from target gene 

sequences that lay outside the input dsRNA. The qRT-PCR was performed using Fast 

SYBR Green Master Mix (Applied Biosystem, Cat. No. 4385610) and comparative 

mRNA amounts were analyzed by 2
-∆∆CT

 method (Wuriyanghan et al., 2011) using ABI 

7500 system software v2.0.1. The reaction mixture comprised of 8.5 µL SYBR Green 

Master Mix, 0.5µ L 10 µM forward primer, 0.5 µL 10 µM reverse primer and 1 µL 

cDNA template in a final reaction volume of 20 µL. Forty cycles of PCR were performed 

for 3 sec at 95°C and 30 sec at 60°C.
 
The ∆Ct value for individual samples were obtained 

by subtracting average Ct (cycle threshold) value for 18S rRNA from average Ct value 

for the target transcript. One of the samples in control groups, elution buffer (EB) 

injected in dsRNA microinjection experiment and GFP dsRNA or siRNA-fed mealybug 

in feeding experiment were selected as a reference sample. The ∆∆Ct value for individual 
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samples was obtained by subtracting ∆Ct value for the reference sample from the ∆Ct 

value of the test sample. The relative expression of target transcript in comparison to 18S 

level in each sample is represented by the 2
-∆∆Ct

 value. The mean 2
-∆∆Ct

 value of all 

samples was divided with the mean 2
-∆∆Ct

 value of control sample to make easy 

comparison between the groups. The average value and standard deviation value (SD 

value) of the 2
-∆∆Ct

 value in treatment and control groups were calculated separately, and 

the student’s t-test were performed between treated and control groups to see the 

difference between the groups. 

Table 2.8: Primers used for qRT-PCR of P. citri. 

Sequence Name Primer Name Primer Sequence 5′ - 3′ 

Chitin synthase PCCHSRTF 

PCCHSRTR 

CACAAAATCTCAAGAAGCTCGTCAT  

AGTAATGTGCACAGCCAACGAT 

V-ATPase PCATPRTF  

PCATPRTF 

CCGTCGGTGATCCTGTTTTG 

ACCGGGACCCAATTCGA 

18S PC18SRTF 

PC18SRTR 

TCGGAAGGAACGCTTTTATTAGA 

ACGCCCGAAAGCGAAAC 

Primers that were used for quantification of specific gene expressions in insects following 

microinjection and feeding bioassays. 18S primers that amplify ribosomal RNA were 

used as an endogenous control to normalize data obtained in the qRT-PCR. 

In P. solenopsis experiment RT-PCR and multiplex RT-PCR was done instead of 

qRT-PCR to check the silencing effect on mRNA of target genes. RNA was extracted 

from individual mealybugs that had fed on the respective PVX-inoculated plants for 12 

days as described above. cDNA was synthesized using the same concentration of RNA 

and oligo(dT) primer. Same concentration of cDNA was used as template in each 

reaction and primer used are given in Table 2.9. β-actin gene was used as internal control 

for normalization in both RT-PCR and multiplex PCR.   
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Table 2.9: Primers used for RT-PCR studies of P. solenopsis. 

Sequence Name Primer Name Primer Sequence 5′ - 3′ 

Chitin synthase CSRTF 

CSRTR 

CTGGTCCTATGGTGTGGTATCAAG 

AACGAAAAGCATCCGGGACTA 

Bursicon BurRTF 

BurRTR 

TGTCAAGAAAGTGGAGAACGAGAA 

GCATTCTAGAGGTGCCTTTGTAGTAAC 

V-ATPase MBATPRTF 

MBATPRTR 

CAAGTATGGCCCGTCAGACA 

CGGATAATTTGCGGGTAGCTT 

β-actin (internal 

control) 

MbActinF 

MbActinR 

TCCGGTGATGGTGTATCTCA  

ATCACGGACGATTTCTCGTT  

2.7 Statistical analysis 

Experimental data were analyzed to test the difference among treatments at a 

significance level of 0.05 and 0.01. Analysis of variance (ANOVA) was performed using 

Statistix 8.1 following randomized complete block design. The homogenous groups are 

shown with similar letters based on least significant difference (LSD) values. ANOVA 

tables are shown in appendices (Appendix 43- 56). Mortality was corrected using 

Abbot’s formula (1925). 
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Chapter 3 

RESULTS 

3.1 Planococcus citri 

3.1.1 Sequence analysis 

PcCHS1 507bp, PcV-ATPase 1120bp, and Pcβ-actin (ACTB) 164bp sequences 

were successfully amplified from P. citri. To determine the similarities of three gene 

sequences from P. citri with those from other insect species, a BLAST search analysis 

was performed. The PcCHS1 sequence showed a maximum (87%) nucleotide identity 

with that of P. solenopsis and a minimum (74%) with that of T. castaneum (Coleoptera) 

(Table 3.1). PcV-ATPase sequence showed a maximum (83%) identity with that of P. 

solenopsis and a minimum (76%) with that of A. albopictus (Diptera) (Table 3.2). 

BLAST search results of Pcβ-actin showed a maximum identity of (88%) with that of P. 

solenopsis and a minimum (76%) with that of Liposcelis entomophila (Psocoptera) 

(Table 3.3). The BLAST search results indicated that these genes have not been 

previously sequenced from P. citri. The results also validated the fidelity of the 

sequences amplified in the current study. 
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Table 3.1: Comparison of nucleotide sequence of the Planococcus citri CHS1 gene 

with those of the CHS1 gene sequences from other insects as determined by NCBI 

BLAST search. 

Species (Order)            Nucleotide Identity (%)     Accession Number  

Phenacoccus solenopsis (Hemiptera)      87    KF384512 

Lucilia cuprina (Diptera)       80    AF221067.1  

Aphis glycines (Hemiptera)       79    JQ246352.1 

Lucilia sericata (Diptera)       79    EF056212.1 

Anasa tristis (Hemiptera)       79    JQ398680.1 

Locusta migratoria (Orthoptera)      79    GU067730.1 

Manduca sexta (Lepidoptera)       77    AY062175.2 

Choristoneura fumiferana (Lepidoptera)     77    EU561238.1 

Nilaparvata lugens (Hemiptera)      76    JQ040014.1 

Tribolium castaneum (Coleoptera)      74                               NM_001039402.1  
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Table 3.2: Comparison of nucleotide sequence of the Planococcus citri V-ATPase 

gene with those of the V-ATPase gene sequences from other insects as determined by 

NCBI BLAST search. 

Species (Order)          Nucleotide Identity (%)    Accession Number  

Phenacoccus solenopsis (Hemiptera)     83                 KF384509 

Bombus impatiens (Hymenoptera)     78               XM_003492267.1 

Bombus terrestris (Hymenoptera)     77               XM_003397802.1 

Drosophila willistoni (Diptera)      77                      XM_002065133.1 

Aedes aegypti (Diptera)      76               AF008922.1 

Aedes albopictus (Diptera)       76               AY864912.1 
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Table 3.3: Comparison of nucleotide sequence of the Planococcus citri β-actin gene 

with those of the β-actin gene sequence from other insects as determined by NCBI 

BLAST search. 

Species (Order)            Nucleotide Identity (%) Accession Number  

Phenacoccus solenopsis (Hemiptera)        88        KF384511 

Planococcus citri (Hemiptera)        87        JX068849.1 

Bombus impatiens (Diptera)         85        XM_003486524.1 

Apis cerana (Hymenoptera)         84        JX899419.1 

Megachile rotundata (Hymenoptera)        83        AY550118.1 

Liposcelis entomophila (Psocoptera)        76                    FJ041117.1 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/199582624?report=genbank&log$=nucltop&blast_rank=35&RID=SM1EU0XS015
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3.1.1.1 Cluster analysis of gene sequences from mealybug and other closely related 

insect homologs   

For CHS1 gene cluster the sum of branch length of 1.43325215 within the optimal 

tree is shown (Fig. 3.1). The percentage of replicate trees are shown next to the branches 

(Felsenstein, 1985) where the associated taxa are clustered together (500 replicates) in 

bootstrap test. Ten nucleotide-sequences were used in the analysis. 1
st
 + 2

nd
 + 3rd + 

Noncoding codon positions were included and the positions having gaps and missing data 

were excluded. A total of 505 positions were included in the final dataset. Mealybugs, P. 

solenopsis and P. citri are closer to each other in the NJ tree than other insect species. 

For V-ATPase gene cluster the sum of branch length of 1.20087915 within the 

optimal tree is shown (Fig. 3.2). Eleven nucleotide-sequences were used in the analysis. 

A total of 574 positions were included in the final dataset. Similarly, for β-actin gene 

cluster the sum of branch length of 0.74066392 within the optimal tree is shown (Fig. 

3.3). Ten nucleotide-sequences were used in analysis. A total of 123 positions were 

included in the final dataset. For bursicon gene cluster the sum of branch length of 

1.79324781 within the optimal tree is shown (Fig. 3.4). Eleven nucleotide-sequences 

were used in analysis. A total of 263 positions were included in the final dataset. 
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Figure 3.1: Phylogenetic tree of CHS1 gene sequence.  

CHS1 from O. furnacalis (DQ294306.1), P. xylostella (AB271784.1), T.  castaneum 

( NM_001039402.1), Anopheles gambiae (AY056833.1), Culex quinquefasciatus 

(XM_001864559.1), A. aegypti (XM_001662150.1), Lucilia cuprina (AF221067.1), 

Planococcus citri (JX443530), Phenacoccus solanopsis (KF384512), Nasonia vitripennis 

(XM_001602131.2) were obtained from NCBI gene data bank and trimmed for the same 

region. Phylogenetic tree was constructed using MEGA5 following default setting in 

Neighbor-Joining method. 
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Figure 3.2: Phylogenetic tree of V-ATPase gene sequence.  

V-ATPase nucleotide sequence from species as follows: B. mori (NM_001098359.1), M. 

sexta (X64233.1), A. aegypti (AF008922.1), Aedes albopictus (AY864912.1), Nasonia 

vitripennis (XM_003426538.1), T. castaneum (XM_971095.2), P. citri (JX443529), P. 

solanopsis (KF384509), Bombus impatiens (XM_003492267.1), A. mellifera 

(XM_623492.3), Pichia pastoris (XM_002489922.1) were obtained from GenBank and 

was trimmed according to P.citri sequence fragment. Phylogenetic tree was constructed 

using MEGA5 software following Neighbor-Joining method and default setting. 
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Figure 3.3: Phylogenetic tree of β-actin gene sequence.   

β-actin sequences of Helicoverpa armigera (JF417981.1), S. littoralis (Z46873.1), 

Planococcus citri (JX068849.1), Maconellicoccus hirsutus (EF092073.1), Toxoptera 

citricida (AY737550.1), A. pisum (NM_001142636.1), B. dorsalis (L12254.1), 

Mantichorula semenowi (EU825991.1), Culex pipiens pipiens (DQ023309.1) were 

obtained from GenBank and aligned with that of P. solenopsis in a clustalW alignment. 

Phylogenetic tree was constructed by Neighbor-Joining method using MEGA5 and 

following the default settings. 
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Figure 3.4: Phylogenetic analysis of PsBur gene sequence. 

Bursicon sequences from B. mori (NM_001098375.1), A. pisum (XM_001946306.2), 

Nasonia vitripennis (NP_001155852.1), T. castaneum (DQ156996.1), Balanus 

Amphitrite (JQ864194.1), Daphnia arenata (EU139431.1), Anopheles gambiae 

(AY735442.1), Culex quinquefasciatus (XM_001851995.1), D. melanogaster 

(NM_142726.1), M. sexta (DQ094149.1) were obtained from GenBank and aligned with 

that of P. solenopsis (PsBur) sequence in a clustalW alignment. Phylogenetic tree was 

constructed by Neighbor-Joining method using MEGA5 and following the default 

settings. 
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3.1.2 RNAi induction by microinjection  

A significant (>40%) reduction of the target mRNAs in P. citri injected with 

effector dsRNAs was noticed as compared to insects injected with elution buffer (EB) or 

the control GFP dsRNA (Fig. 3.5A, B). Statistical analysis showed a significant 

difference between samples injected with EB (control) and PcV-ATPase dsRNA, or those 

injected with GFP dsRNA and PcV-ATPase dsRNA showing an LSD value of 0.08 

(P<0.01). Similarly there were significant differences between samples injected with EB 

and PcCHS1 dsRNA, or GFP dsRNA and PcCHS1 dsRNA showing an LSD value of 

0.10 (P<0.01). There was no significant difference between samples injected with EB or 

GFP dsRNA. 
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A) 
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B) 

Figure 3.5: Relative mRNA levels of PcCHS1 (A) and PcV-ATPase (B) following 

microinjection of specific dsRNAs into third instar P. citri.    

qRT-PCR results of PcCHS1 (A) and PcV-ATPase (B) mRNAs from P. citri following 

microinjection of elution buffer (EB), green fluorescent protein (GFP), PcCHS1 or PcV-

ATPase dsRNAs. Total RNA was extracted 4 days post injection and used for cDNA 

synthesis. qRT-PCR was performed using primers described in Table 2.8. The P. citri 

18S ribosomal RNA was used as an endogenous control in all experiments. Difference in 

mRNA levels between control and treated groups was calculated by the comparative CT 

or 2
ΔΔCt

 method and analyzed by ANOVA using statistix 8.1 software. Numbers followed 

by the same letter are not different at P<0.01 (LSD 0.08).  
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3.1.3 Recombinant TMV inoculated plants contain P. citri RNAs 

In order to elucidate whether P. citri effector RNAs were produced in plants after 

inoculation using the recombinant TMVs, first the presence of the β-actin, CHS1 and V-

ATPase RNAs was confirmed by RT-PCR. These plants tested positive by RT-PCR (Fig. 

3.6B shows results for PcCHS1 and PcV-ATPase), by symptom development and by GFP 

fluorescence under UV light (for JL24-infected plants Fig. 3A). These analyses identified 

recombinant TMVs containing Pcβ-actin RNA in the sense orientation (TMV-Actin), 

PcCHS1 RNA in sense (TMV-CHS1-S) and antisense (TMV-CHS1-AS) forms, and PcV-

ATPase RNA in sense (TMV-V-ATPase-S) and antisense (TMV-V-ATPase-AS) forms. 

siRNAs specific to the PcCHS1 RNA sequences was further tested by performing small 

RNA blot hybridization. RNAs from plants that were positive by RT-PCR also showed 

accumulation of the specific siRNAs (Fig. 3.6C). 
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Figure 3.6: Expression of P. citri mRNA/ siRNA in recombinant TMV inoculated N. 

benthamiana plants. 

(A) N. banthamia plant showing the expression of GFP transiently with TMV as shown 

by glowing signals under long wave length UV light. (B) Presence of PcCHS1 and PcV-

ATPase mRNA in N. benthamiana plants inoculated with recombinant TMVs, where L 

shows kb plus ladder, lane 1 RNA from TMV+PcCHS1 inoculated plants and PcCHS1 

primers, lane 2 RNA from TMV+PcV-ATPase inoculated plants and PcCHS1 primers 

shows no amplification, lane 3 RNA from TMV+PcV-ATPase inoculated plants and 

PcV-ATPase primers, lane 4 RNA from TMV+PcCHS1 inoculated plants and PcV-

ATPase primers shows no amplification (C) detection of siRNA from N. benthamiana 

plant inoculated with TMV containing P. citri CHS1 and probed with PcCHS1 siRNA 

probe, where lane 1 is siRNA from antisense PcCHS1, lane 2 PcCHS1 sense and lane 3 

GFP expressing plant.  
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3.1.4 Feeding on plants infected with recombinant TMVs induces RNAi in P. citri 

After 12 days of continuous feeding on plants infected with the recombinant 

TMVs, P. citri were collected for RNA extraction and qRT-PCR analyses. These 

analyses showed that there was ~10% reduction of the PcCHS1 mRNA (Fig. 3.7A) for P. 

citri fed on plants infected with the TMV-CHS1-S and a 50% reduction for P. citri fed on 

plants infected with TMV-CHS1-AS. There was a significant difference between P. citri 

fed on control plants infected with TMV-GFP, and those infected with TMV-CHS1-AS 

with an LSD value of 0.04 (P<0.01). Similarly ~30-40% reduction was seen for the PcV-

ATPase mRNA (Fig. 3.7B) for P. citri fed on plants infected with both TMV-V-ATPase-

S and TMV-V-ATPase-AS vs. those fed on plants infected with TMV-GFP, LSD= 0.21 

(P<0.01). 
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B) 

Figure 3.7: Relative levels of PcCHS1 (A) and PcV-ATPase (B) mRNAs in P. citri 

after feeding on N. benthamiana plants inoculated with recombinant TMV 

expressing P. citri PcCHS1 and PcV-ATPase genes. 

qRT-PCR results of PcCHS1 (A) and PcV-ATPase (B) mRNA levels from P. citri after 

feeding on N. benthamiana plants infected with recombinant TMVs. TMV-GFP (pJL24) 

was used as a control and sense and antisense inserts of P. citri PcCHS1/PcV-ATPase 

sequences were compared. Numbers with the same letter indicate homogenous groups at 

P<0.01 (LSD 0.04 and 0.21) for PcCHS1 and PcV-ATPase respectively.  
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3.1.5 Reduction in Pcβ-actin mRNA correlates with reduced fecundity on 

recombinant TMV-Actin infected N. benthamiana plants 

In the present study it was observed that after continuous feeding on plants 

infected with recombinant TMV-Actin, there was no significant difference (P< 0.05, LSD 

=1.29) in survival of adult P. citri on all three control treatments: healthy plants, plants 

inoculated with TMV-GFP and plants inoculated with TMV only, showing mean survival 

of 17.78±0.19, 16.56±0.19 and 17.44±0.51, respectively. However, there was a 

significant difference between control groups and P. citri fed on TMV-Actin infected 

plants showing mean survival of 13.44±0.84 (Fig. 3.9). Similarly, there was a significant 

difference (P<0.05, LSD: 1.40) in the number of adults producing ovisacs for P. citri fed 

on healthy plants, plants inoculated with TMV-GFP, or on TMV-inoculated plants as 

compared to plants infected with TMV-Actin showing the mean number of adults 

producing ovisacs as 17.78±0.19, 16.56±0.19, 17.44±0.51 and 7.22±0.84, respectively 

(Fig. 3.8 & 3.9). Furthermore, crawlers emerging from ovisacs on TMV-Actin infected 

plants were greatly reduced (P<0.05, LSD = 25.69), with the mean number of emerging 

crawlers 34.44±8.39 (Fig. 3.8 & 3.10) as compared to the number of crawlers emerging 

from ovisacs on healthy control plants (183.33±24.04), on plants infected with TMV-

GFP (168.89±7.70) and on plants that were infected with TMV only (186.67±6.67). 

There was no significant difference among all three control groups with respect to the 

adult mortality, ovisac production, or crawler emergence and mortality in crawlers. 

Mortality in P. citri crawlers that emerged and fed on healthy plants, TMV-GFP and 

empty TMV inoculated plants was 4.48% 0.82% and 0.00 respectively that was 

significantly lower than the mortality observed in crawlers that emerged and fed on 

TMV-Actin (29.41%) Fig. 3.12) 
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Figure 3.8: P. citri feeding on N. benthamiana plants inoculated with TMV-Actin. 

Mealybug crawlers feeding on: A) N. benthamiana plants inoculated with TMV only 

(pJL36) showing healthy crawlers emerging while B, C and D show N. benthamiana 

plants inoculated with recombinant TMV (TMV-Actin) and show a very high mortality in 

crawlers and adults. Arrows in A points to healthy crawlers; in B & C arrows points to 

dead crawlers and in D the arrows points to dead adults. 
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Figure 3.9: Ovisac production and survival of adult P. citri fed on plants inoculated 

with different recombinant TMV constructs. 

Number of surviving adult P. citri and ovisac production following 12 days feeding on 

plants inoculated with different recombinant TMV constructs. HC = healthy control N. 

benthamiana plants; TMV-GFP = TMV carrying GFP (pJL24); TMV = TMV with no 

insert (pJL36); TMV-Actin = part of the Pcβ-actin RNA inserted into TMV; TMV-

CHS1-S and TMV-CHS1-AS = the chitin synthase 1 (PcCHS1) RNA fragment inserted 

into TMV in sense and antisense orientations, respectively; TMV-V-ATPase-S and 

TMV-V-ATPase-AS = the PcV-ATPase RNA fragment inserted into TMV in sense and 

antisense orientations, respectively. Numbers indicated with the same letter are 

homogenous groups at P<0.05. 
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Figure 3.10: Emergence of P. citri crawlers and their survival on plants inoculated 

with different recombinant TMV constructs. 

Comparison of alive and total crawlers that emerged 18 days after the release of adult P. 

citri onto plants inoculated with the following viral constructs: HC = healthy control N. 

benthamiana plants; TMV-GFP = TMV carrying GFP (pJL24); TMV = TMV with no 

insert (pJL36); TMV-Actin = part of the Pcβ-actin RNA inserted into TMV; TMV-

CHS1-S and TMV-CHS1-AS = the chitin synthase 1 (PcCHS1) RNA fragment inserted 

into TMV in sense and antisense orientations, respectively; TMV-V-ATPase-S and 

TMV-V-ATPase-AS = the PcV-ATPase RNA fragment inserted into TMV in sense and 

antisense orientations, respectively. Numbers indicated with the same letter are 

homogenous groups at P<0.05. 
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3.1.6 Decrease in mRNA level of PcCHS1 and PcV-ATPase correlates with decrease 

in fecundity and increased mortality of P. citri crawlers 

P. citri fed on plants infected with recombinant TMVs expressing the PcCHS1 

and PcV-ATPase RNAs developed to adult stage. The number of P. citri crawlers 

emerging from ovisacs and their survival when adults and emerging crawlers fed on 

plants infected with these recombinant TMVs were greatly reduced and significantly 

different from those observed in controls (Fig. 3.10 & 3.11). It was also found that the 

mortality among P. citri placed on plants at the beginning of the bioassays was 

significantly lower than the mortality in the crawlers which emerged from the ovisacs of 

these parents (Fig. 3.12). Significant differences (P< 0.05, LSD = 1.29) were also 

observed in survival of adult P. citri fed on plants infected with TMV-Actin, TMV-

CHS1-S, TMV-CHS1-AS, TMV-V-ATPase-S, and TMV-V-ATPase-AS compared to the 

control groups. For P. citri fed on plants infected with TMV expressing PcCHS1 and 

PcV-ATPase RNA fragments there was a significant difference (P<0.05, LSD = 1.40) 

between the control and treated groups for ovisac production (TMV-CHS1-S 8.78±0.84, 

TMV-CHS1-AS 11.56±1.07, TMV-V-ATPase-S 9.33±0.88 and TMV-V-ATPase-AS 

9.67±0.88). There was no significant difference between all three control groups, and 

similarly no significant difference between plants infected with TMV expressing sense 

vs. antisense PcV-ATPase sequences. However, ovisac production was significantly 

lower in adults fed on plants infected with TMV-CHS1-S as compared to plants infected 

with TMV-CHS1-AS. A significant difference (P<0.05, LSD = 5.75) was observed 

between control groups (healthy plants 4.48±1.63, plants inoculated with TMV-GFP 

0.82±2.94 and plants inoculated with TMV was 0-00) and plants infected with the 

recombinant TMVs containing PcCHS1 and PcV-ATPase RNA sequences for crawler 

mortality which showed a mean corrected mortality of 58.41±2.39 and 63.66±6.63 for 

TMV-CHS1-S and TMV-CHS1-AS, respectively, and 71.22±4.22 and 57.67±2.07 for 

TMV-V-ATPase-S and TMV-V-ATPase-AS, respectively (Fig. 3.11 & 3.12). 
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Figure 3.11: P. citri feeding on N. benthamiana plants inoculated with TMV-CHS1 

and TMV-V-ATPase. 

Mealybug crawlers feeding on: A) N. benthamiana plants infected with TMV (pJL36) 

show healthy crawlers emerging while B and C show N. benthamiana plants infected 

with TMV-CHS1-S where B shows abnormal ovisac formation and C shows a high 

mortality of crawlers. D shows an N. benthamiana plant infected with TMV-V-ATPase-S 

showing a high mortality in crawlers. Arrows in A points to healthy crawlers, in B points 

to abnormal ovisac and in C & D points to dead crawlers. 
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Figure 3.12: Mortality in P. citri adults and crawlers on plants inoculated with 

different recombinant TMV constructs. 

Comparison of corrected mortality in adult P. citri and crawlers following 18 days after 

release of insects onto plants inoculated with the following viral constructs: HC: healthy 

control N. benthamiana plant; TMV-GFP = TMV carrying GFP (pJL24); TMV = TMV 

with no insert (pJL36); TMV-Actin = part of the Pcβ-actin RNA inserted into TMV; 

TMV-CHS1-S and TMV-CHS1-AS = the chitin synthase 1 (PcCHS1) RNA fragment 

inserted into TMV in sense and antisense orientations, respectively; TMV-V-ATPase-S 

and TMV-V-ATPase-AS = the PcV-ATPase RNA fragment inserted into TMV in sense 

and antisense orientations, respectively. Numbers indicated with the same letter are 

homogenous groups at P<0.05. 
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3.2 Phenacoccus solenopsis 

3.2.1 Sequence analysis 

PsCHS1 (419 bp), PsV-ATPase (580 bp), P. solenopsis-bursicon (PsBur) (264 bp) 

and Psβ-actin (290 bp) sequences were successfully amplified from P. solenopsis. To 

determine the sequence similarities of the four genes from P. solenopsis with those from 

other insect species, BLAST search analysis (http://www.ncbi.nlm.nih.gov) was 

performed. The PsCHS1 sequence showed a maximum (87%) nucleotide identity with 

that of P. citri and a minimum (70%) with that of T. castaneum (Table 3.4). PsV-ATPase 

sequence showed a maximum (83%) identity with that of P. citri and a minimum (76%) 

with that of Culex quinquefasciatus (Table 3.5). PsBur sequence showed a maximum 

(81%) identity with that of Acyrthosiphon pisum and a minimum (67%) with that of 

Drosophila melanogaster (Table 3.6). BLAST search results of Psβ-actin showed a 

maximum identity of 92% with that of P. citri and a minimum (85%) with that of 

Helicoverpa armigera  (Table 3.7). The BLAST search results showed that these 

sequences were not already published and also validated the fidelity of the sequences 

amplified in the current study. 
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Table 3.4: Comparison of nucleotide sequence of the PsCHS1 gene with those of the 

CHS1 gene sequences from other insects as determined by NCBI BLAST search. 

Species (Order)            Nucleotide Identity (%)     Accession Number 

Planococcus citri (Hemiptera)         87    JX443530 

Aphis glycines (Hemiptera)          80    JQ246352.1 

Lucilia cuprina (Diptera)          79    AF221067.1 

Locusta migratoria manilensis (Orthoptera)        79    GU067730.1 

Lucilia sericata (Diptera)          79    EF056212.1 

Choristoneura fumiferana (Lepidoptera)        78    EU561238.1 

Aedes aegypti (Diptera)          78           XM_001662150.1 

Laodelphax striatellus (Hemiptera)         77    JQ040012.1 

Nilaparvata lugens (Hemiptera)         75    JQ040014.1 

Tribolium castaneum (Coleoptera)         70    AY362543.1 
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Table 3.5: Comparison of nucleotide sequence of the PsBur  gene with those of the 

Bursicon gene sequences from other insects as determined by NCBI BLAST search. 

Species (Order)         Nucleotide Identity (%) Accession Number 

Acyrthosiphon pisum (Hemiptera)  81   XM_001946306.2 

Nasonia vitripennis (Hymenoptera)  79   NM_001162380.1 

Apis mellifera (Hymenoptera)  77   NM_001098234.1 

Tribolium castaneum (Coleoptera)  75   DQ156996.1 

Musca domestica (Diptera)   73   EF424614.1 

Manduca sexta (Lepidoptera)   70   DQ094149.1 

Bombyx mori (Lepidoptera)   70   NM_001098375.1 

Drosophila melanogaster (Diptera)  67   AY672905.1 
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Table 3.6: Comparison of nucleotide sequence of the PsV-ATPase gene with those of 

the V-ATPase gene sequences from other insects as determined by NCBI BLAST 

search. 

Species (Order)         Nucleotide Identity (%) Accession Number 

Apis florea (Hymenoptera)     81         XM_003690164.1 

Acyrthosiphon pisum (Hemiptera)    81         XM_001950855.2 

Apis mellifera (Hymenoptera)    80         XM_623492.3 

Aedes aegypti (Diptera)     79         XM_001659470.1 

Nasonia vitripennis (Hymenoptera)    78         XM_001604635.2 

Bombus impatiens (Hymenoptera)    78         XM_003492267.1 

Riptortus pedestris (Hemiptera)    78         AK417332.1 

Aedes albopictus (Diptera)     77         AY864912.1 

Menduca sexta (Lepidoptera)     77         X64233.1 

Ostrinia furnacalis (Lepidoptera)    76         FR727328.1 

Culex quinquefasciatus (Diptera)    76         XM_001849223.1 
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Table 3.7: Comparison of nucleotide sequence of the Psβ-actin gene with those of the 

β-actin gene sequences from other insects as determined by NCBI BLAST search. 

Species (Order)                     Nucleotide Identity (%)     Accession Number 

Planococcus citri (Hemiptera)      92    JX068849.1 

Maconellicoccus hirsutus (Hemiptera)     92    EF092073.1 

Toxoptera citricida (Hemiptera)      89    AY737550.1 

Bemisia tabaci (Diptera)       88    KC161211.1 

Merizodus soledadinus (Coleoptera)      88    JN811147.1 

Acyrthosiphon pisum (Hemiptera)      88              NM_001142636.1 

Bactrocera dorsalis (Diptera)       86    L12254.1 

Blaptica dubia  (Blattodea)       86    FM872405.1 

Nilaparvata lugens (Hemiptera)      86    EU179847.1 

Spodoptera frugiperda (Lepidoptera)      85    HQ008727.1 

Helicoverpa armigera  (Lepidoptera)      85    HM629441.1 

 

 

 

 

 

http://en.wikipedia.org/wiki/Blattodea
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3.2.2 PVX inoculated plants express mRNA of insect genes 

The recombinant PVX virus vector was infectious and caused typical PVX 

symptoms of vein clearing and chlorotic mosaic on leaves of inoculated N. tabacum 

plants 18-21 days after inoculation. RNA was extracted from systemic leaves and 

processed for RT-PCR with insect gene specific primers to verify the presence of insect 

mRNA in plant leaves. Results show that recombinant PVX for insect gene has the 

tendency to express insect mRNA in inoculated tobacco leaves as well as systemic leaves 

(Fig. 3.13).  
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Figure 3.13: Detection of PsBur, PsCHS1 and PsV-ATPase mRNA from N. tabacum 

RNA. 

Lane L is DNA ladder, 1 is RNA of PVX-PsBur (PVX containing PsBur) inoculated 

plant with PsBur specific primers, 2 is RNA of PVX (empty PVX vector without insert) 

inoculated plant and PsBur relevant primers, 3 is RNA of PVX-PsCHS1 (PVX 

containing fragment of PsCHS1) inoculated plant and PsCHS1 relevant primers, 4 is 

RNA of PVX inoculated plant and PsCHS1 relevant primers, 5 is RNA of PVX-PsV-

ATPase (PVX containing fragment of PsV-ATPase) inoculated plant and PsV-ATPase 

relevant primers, 6 is RNA of PVX inoculated plant and PsV-ATPase relevant primers.   
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3.2.3 Feeding on plants expressing insect’s sense/antisense mRNA induces RNAi in 

mealybug 

Recombinant PVX vector was constructed to express the partial sequence of 

PsCHS1 to see whether or not the ingestion of antisense RNA of PsCHS1 gene expressed 

through PVX can also reduce target mRNA level. After confirmation of the presence of 

insect’s gene mRNA in tobacco leaves, 2
nd

 instar mealybug was fed on symptomatic 

tobacco leaves. RNA was extracted from individual mealybug and RT-PCR was 

performed to detect the transcript of PsCHS1. The results of RT-PCR and multiplex PCR 

showed that PsCHS1 mRNA was decreased on day 7 in the nymphs feeding on treated 

plants, compared to the negative controls feeding on healthy plants or empty PVX vector 

inoculated plants (Fig. 3.14A,B). Variation in PsCHS1 mRNA levels was not detected 

before seven days of continuous feeding on plants expressing PsCHS1 interfering RNAs. 

These results suggested that the RNAi response induced by ingestion of interfering RNAs 

requires an accumulation of siRNA in the insect body. Similarly there were no 

phenotypic effects detected before seven days of continuous feeding.  
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Figure 3.14: RT-PCR (A) and multiplex PCR (B) analysis of PsCHS1 after feeding 

P. solenopsis on PVX-PsCHS1 inoculated plants. 

A. Two step RT-PCR with Psβ-actin as internal control. Lane 1-4 shows PsCHS1 mRNA 

level while 5-8 shows Psβ-actin as internal control. RNA was extracted from individual 

P. solenopsis feeding on N. tabacum transiently expressing interfering RNAs relevant to 

PsCHS1 (lanes 1 & 2), Empty PVX vector inoculated plant (lane 3) and on healthy N. 

tabacum (lane 4).  

B. Multiplex RT-PCR using RNA from P. solenopsis fed on N. tabacum transiently 

expressing PsCHS1 interfering RNAs (lane 1-4) and empty PVX vector inoculated plants 

(lanes 5-8). 
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3.2.4 Growth retardation in parent mealybug due to RNAi 

After 18 days of P. solenopsis continuously feeding on N. tabacum plants 

expressing various genes of mealybug it was observed that 3
rd

 instar nymphs were 

present on PsCHS1 and PsBur expressing plants  while there were no 3
rd

 instar nymphs 

on healthy plants, plants expressing empty PVX and plants expressing PsV-ATPase (Fig. 

3.15A). This showed a delay in development in mealybug feeding on PVX-PsCHS1 and 

PVX-PsBur inoculated plants. Whereas on all other treated plants the surviving 

individuals developed to adults. Percentage of surviving adults was 75.8% and 74.2% on 

healthy control and wild type PVX expressing plants, respectively. That is significantly 

higher than 46.7%, 45.0% and 51.7% on PsCHS1, PsBur and PsV-ATPase mRNA 

expressing plants, respectively (Fig. 3.15C). It was also observed that deformed 

individuals were present only on PsCHS1 (Fig. 3.16) and PsBur (Fig. 3.17) expressing 

plants (Fig 3.15B). The deformed individuals were physically abnormal, their body was 

squeezed, cuticle was not properly synthesized and body fluid was visible within the 

insect body during movement. These symptomatic samples could not survive more than 

two days after appearance of the symptoms. This RNAi-mediated malformed phenotype 

correlates with the decreased mRNA levels of PsCHS1 and PsBur in the nimphs feeding 

on plants inoculated with recombinant PVX containing PsCHS1 and PsBur, respectively. 

No mealybug deformation was observed in individuals fed on PsV-ATPase expressing or 

on control plants. Moreover total number of P. solenopsis individuals (3
rd

 instar + adult) 

on healthy control (74.2%) and empty PVX (74.2%) expressing plants was also 

significantly higher than PsCHS1 (60.0%), PsBur (54.2%) and PsV-ATPase (51.7%) 

mRNA expressing plants. 
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C) 

Figure 3.15: Comparison of 3
rd

 instar population (A), deformed individuals (B) and 

total alive individuals (C) of P. solenopsis fed on recombinant-PVX-inoculated N. 

tabacum plants. 

P. solenopsis bioassay results after 18 days of continuous feeding on N. tabacum plants 

transiently expressing mRNA of PsCHS1, PsBur and PsV-ATPase through PVX as 

compared to those feeding on plants inoculated with empty PVX vector and healthy 

control plants. (A) shows population of 3
rd

 instar mealybug on day 18
th

 (B) shows 

deformed individuals and (C) shows total alive individuals. 
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Figure 3.16: Phenotypic effect in mealybug feeding on PVX-PsCHS1 inoculated N. 

tabacum. 

Phenotypic effect in mealybug feeding on un-inoculated N. tabacum (A) and on N. 

tabacum inoculated with PVX-PsCHS1 (B, C).  

 

Figure 3.17: Phenotypic effect in mealybug feeding on PVX-PsBur inoculated N. 

tabacum. 

Phenotypic effect in mealybug feeding on un-inoculated N. tabacum (A) and N. tabacum 

inoculated with PVX-PsBur (B, C). 
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3.2.5 Down regulation of PsCHS1, PsBur and PsV-ATPase can control insect 

population 

After confirmation of down regulation of mRNA transcript, bioassay was 

conducted to observe mealybug for the mortality or deformation. In case of PsBur and 

PsCHS1 down regulation few samples were found with deformities. In case of PsCHS1 

down regulation the cuticle was very transparent and delicate. In symptomatic individuals 

cuticle was so transparent that the haemolymph movements were visible inside the insect 

body. In case of PsBur, symptomatic individuals were more pronounced showing the 

squeezed shape. In case of PsV-ATPase gene down regulation no deformities were visible 

but there was a high mortality in parent mealybug and significant low progeny/crawlers 

as compared to mealybug feeding on control plants (Fig. 3.18)  
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Figure 3.18: P. solenopsis feeding on N. tabacum plants inoculated with recombinant 

PVX.  

Mealybug adults/crawlers feeding on: Un-inoculated N. tabacum (A); N. tabacum 

transiently expressing PVX (B); shows healthy crawlers emerging while C and D) N. 

tabacum transiently expressing PVX-PsCHS1 where C) shows mortality in adults while 

D) shows high mortality of crawlers and E) N. tabacum expressing PVX-PsBur and F) 

PVX-PsV-ATPase shows high mortality in crawlers.  
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It was found that 51.7% and 54.2% individuals feeding on healthy (un-inoculated) 

control plants and on plants inoculated with wild type PVX, respectively were able to 

produce ovisac as compared to 17.5%, 19.2% and 20.8% individuals feeding on plants 

expressing PsCHS1, PsBur and PsV-ATPase, respectively (Fig. 3.19A). These values are 

significantly higher for P. solenopsis feeding on control group plants as compared to 

those feeding on treated group of plants. Similarly, crawler emergence was also 

significantly higher in control groups (un-inoculated and those inoculated with empty 

PVX) as compared to PsCHS1, PsBur and PsVATPase mRNA expressing plants (Fig. 

3.19B). 
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(B) 

Figure 3.19: Comparison of alive and ovisac producing adults (A) and total number 

of emerging crawlers (B) of P. solenopsis on N. tabacum plants inoculated with 

recombinant PVX. 

  P. solenopsis bioassay results after 18 days of continuous feeding on N. tabacum plants 

transiently expressing mRNA of PsCHS1, PsBur and PsV-ATPase through PVX as 

compared to those feeding on plants inoculated with empty PVX vector and healthy 

control plants. (A) shows number of adults alive on day 18
th

 and number of adults 

producing ovisac and (B) shows number of emerging crawlers. 

 

 

 

0.00

50.00

100.00

150.00

200.00

250.00

300.00

To
ta

l c
ra

w
le

rs
 p

ro
d

u
ce

d
 

Treatments 

a 
a 

b b 
 

b 



Chapter 3                                                                                                                    Results 

106 

 

3.2.6 Mortality in adults and crawlers 

After 18 days of feeding on treated and non-treated N. tabacum plants mortality of 

parent mealybug was determined and it was found that on PsCHS1, PsBur and PsV-

ATPase expressing plants 20.88%, 28.57% and 31.87% individuals, respectively were 

found dead. This was significantly higher than the mortality observed in mealybug 

feeding on un-inoculated plants and empty PVX inoculated plants that was 0 and 2.20% 

respectively. 

Similarly, mortality in crawlers emerged and fed on plants inoculated with PVX-

PsCHS1, PVX-PsBur and PVX-PsV-ATPase was 29.22%, 37.16% and 28.47% 

respectively which is significantly higher than the mortality in crawlers emerged and fed 

on healthy plant (0.00) and empty PVX inoculated plants (0.78%) (Fig. 3.20). 
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 Figure 3.20: Comparison of corrected mortality of adult P. solenopsis and crawlers 

after feeding on N. tabacum inoculated with recombinant PVX. 

P. solenopsis bioassay results after 18 days of continuous feeding on N. tabacum plants 

transiently expressing mRNA of PsCHS1, PsBur and PsV-ATPase via recombinant PVX 

as compared to those feeding on empty PVX vector inoculated and control (uninoculated) 

plants. Figure shows mortality (%) in parent/adult P. solenopsis on day 18
th

 and mortality 

(%) in progeny/crawlers of P. solenopsis. 
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Chapter 4 

DISCUSSION 

P. citri and P. solenopsis are important pests of agricultural and horticultural 

crops. Both are phloem feeders and represent sucking hemi-metabolic insects. Although 

biotechnological control by insecticidal proteins of B. thuringiensis has been very 

successful for controlling several species of chewing insects (Adamczyk Jr et al., 2009; 

Bravo et al., 2011; Kranthi et al., 2005), the same has failed in controlling sucking insects 

(Borgio, 2010; Gatehouse and Price, 2011; Hui-Lin et al., 2011). RNAi has emerged as a 

new tool for insect control although its success varies in different insect groups (Terenius 

et al., 2011; Uryu et al., 2013). In some insect groups, the tool has proved successful even 

when RNAi effectors were delivered through in planta expression against chewing 

insects (Kumar et al., 2012; Mao et al., 2007). More recently RNAi has shown promise to 

control phloem feeders as well (Wuriyanghan and Falk, 2013). For pest control, RNAi 

relies on suppression of vital genes to achieve mortality or a significant deformity in 

target pests. Due to the systemic nature of RNAi, its silencing effects by dsRNA could be 

seen not only in the treated body parts but also in other tissues of the treated animal (Li et 

al., 2011). As for example, expression of pheromone binding protein gene in E. 

postvittana antennae was successfully silenced by in vitro feeding of dsRNA in artificial 

diet (Turner et al., 2006). Similarly, in S. exigua non-midgut genes were successfully 

silenced by ingestion of dsRNA (Tian et al., 2009) showing that silencing effects through 

feeding are not limited to mid-gut genes. RNAi can act as a tool for developing species 

specific pesticides (Whyard et al., 2009; Yu et al., 2013). Insects have a very strong 

phenomenon of developing resistance against pesticides and they are likely to develop 

resistance against biotechnology-based pesticides. If it happens and resistance appears 

against one dsRNA sequence it is easy to target other portion of the same gene or even 

target the new gene. With the availability of many genome sequences it is now relatively 

easy to find new targets for RNAi based insect control program. In principle, it will 

almost be impossible to develop resistance against RNAi based pesticides through 

mutation in RNAi machinery as the proteins involved in the RNAi mechanism in insects 
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are essential in the normal body functioning. Endogenous dsRNAs and miRNAs are 

essential for gene regulation and insect development (Carthew and Sontheimer, 2009; 

Erson and Petty, 2008; Wienholds and Plasterk, 2005). 

It is important to find effective targets in particular insect species to develop their 

RNAi based control program. During this study, RNAi effects were first demonstrated in 

P. citri after injecting the gene-specific dsRNAs and confirming that RNAi machinery is 

active in P. citri and P. solenopsis. This approach has been utilized (Jaubert-Possamai et 

al., 2007; Yu et al., 2013) on insects for screening candidate genes as RNAi targets. 

However, there is often a high variability in results due to various dsRNA application 

procedures, target genes and target insects. Further, evaluating RNAi effects for potential 

practical application often does not reflect a true picture as injection is an artificial 

delivery system and itself is a cause of undesired mortality in test animals. For phloem-

feeding hemipterans, such as P. citri and P. solenopsis, practical delivery is likely to be 

via the plants upon which the target insects feed.  

In order to accomplish in planta evaluations of potential RNAi effectors, 

recombinant virus-based vectors; TMV for P. citri and PVX for P. solenopsis were used. 

It was hypothesized that plant viruses can be effective tools for delivering dsRNA and 

targeting plant-feeding hemipterans by RNAi approach as viruses are both targets and 

powerful inducers of RNAi activity in plants (Carrington et al., 2001). Recently, Tobacco 

rattle virus (TRV) expression of antisense fragments from a chewing insect, M. sexta, in 

Nicotiana attenuata plants specifically silenced three midgut-expressed MsCYP genes in 

larvae fed on these plants (Kumar et al., 2012). In another study, recombinant TMV was 

used to induce RNAi effects in B. cockerelli on tomatillo plants (Wuriyanghan and Falk, 

2013). The data presented here and those of Wuriyanghan and Falk (2013) suggest that 

RNAi effectors can be present in the phloem in sufficient amounts to induce RNAi 

activity in phloem feeders. Other analyses have shown that siRNAs can be recovered 

from phloem sap (Pitino et al., 2011) hence VIGS serves as high throughput approach for 

studying gene functions for RNAi based insect control.  
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Recombinant virus constructs with insect targets were designed and these 

recombinant viruses were used to inoculate the N. benthamiana for P. citri and N. 

tabacum for P. solenopsis. Retention of insect target mRNAs by recombinant TMV/PVX 

in infected plants was first confirmed by RT-PCR and then small RNA hybridization was 

performed to demonstrate the presence of specific P. citri siRNAs in the plants. When P. 

citri were fed on N. benthamiana plants infected with recombinant TMV, specific RNAi 

effects were detected including target mRNA reductions, P. citri mortality and reduced 

fecundity and hampered growth. Interestingly, the RNAi effects were much more 

prominent in the emerging nymphs (crawlers) than in the adults which were initially 

exposed to the TMV-inoculated plants. Wuriyanghan and Falk (2013) also noted 

phenotypic effects on nymphs of the phloem-feeding B. cockerelli. The combined data 

suggests that the enhanced effects on younger insects may be due to the fact that nymphs 

feed more voraciously than the older adults, taking-up greater amounts of RNAi inducers 

as compared to adults.  

 Similar results were obtained in P. solenopsis when fed on N. tabacum inoculated 

with recombinant PVX containing PsCHS1, PsV-ATPase and or PsBur genes. Here also 

the presence of P. solenopsis target mRNA in the inoculated N. tabacum was confirmed 

by RT-PCR before exposing the plants to P. solenopsis for feeding assays. After 

confirmation of infection by symptom development and RT-PCR, these plants were used 

for feeding assays. Highly significant reduction in the fecundity and mortality in P. 

solenopsis crawlers was also observed similar to the finding in P. citri experiment. In P. 

solenopsis some physical deformities were also observed for PsCHS1 and PsBur 

transgenes but not for PsV-ATPase. That indicated abnormalities in chitin synthesis 

during molting and in tanning process after the synthesis of new cuticle. Similar results 

have been reported for T. castaneum (Arakane et al., 2005; Arakane et al., 2008; Zhang et 

al., 2010) where silencing of chitin synthases showed that chitin synthase is essential for 

survival, development, fecundity and egg hatching. In this study we observed a stunted 

insect growth and a fragile cuticle in the affected insects. The affected insects did not 

survive to ovisac producing adults. Similar results were reported by silencing chitin 

synthase in oriental migratory locust (Zhang et al., 2010) where the injected samples 
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produced soft and delicate cuticle and were unable to go through normal molting and 

detach the old cuticle. With a twisted body and abnormal body parts adults were unable 

to move.  

Where the RNAi had caused a down regulation of bursicon in P. solenopsis, the 

affected insects were visibly squeezed due to their inability to go through the cuticle 

hardening.  These results are similar to Loveall and Deitcher (2010) who reported 100% 

mortality in bursicon-silenced Drosophila. Reduction in mRNA level of bursicon have 

also been reported to cause abnormalities in wing expansion in silkworm moth (Huang et 

al., 2007). Dewey et al., (2004) found that bursicon mutant Drosophila were unable to 

expand their wings normally and showed abnormal phenotypes (Dewey et al., 2004). In 

current study when PsCHS1, PsV-ATPase and PsBur were suppressed, a significant 

mortality was noticed in both the parent mealybug and crawlers. Mortality was higher in 

crawlers as compared to the parent mealybug individuals which were initially released on 

the inoculated plants. These results are similar to the observations on P. citri and those of 

the findings of Wuriyanghan and Bryce (2013) in their RNAi experiments on B. 

cockerelli. Further, the number of adult females successfully producing ovisacs and the 

number of crawlers emerging from these ovisacs were lower in the individuals feeding on 

treated plants as compared to the controls. This indicates that these genes play a 

significant role in fecundity and reproduction. That corroborates with other reports on 

RNAi effects on insects (Arakane et al., 2008; Senthil Kumar et al., 2008; Tian et al., 

2009; Wuriyanghan and Falk, 2013; Zhang et al., 2010). A down-regulation of PsCHS1 

and PsBur genes in P. solenopsis caused physical deformities but such effects were not 

observed in mealybug feeding on PsV-ATPase inoculated plants. Previously, Zhang et al. 

(2010a) observed that suppression of CHS in Locusta migratoria manilensis produced 

malformed progeny. Such results may suggest the suitability of both the CHS1 and 

bursicon as candidate genes for mealybug control through RNAi. The idea of suitability 

of these genes is further strengthened by the fact that both the genes are not part of plant 

genome and thus negative effects on plants are out of question. 
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Whether or not the adverse phenotypic effects observed in RNAi-affected P. citri 

and P. solenopsis correlate with reduction in mRNA levels of the target genes was 

verified by qRT-PCR and RT-PCR. The qRT-PCR data showed significant reductions in 

mRNA levels of the target genes in insects treated both by dsRNA injections and by 

feeding on recombinant TMV-infected plants. By contrast, when P. citri was injected 

with GFP dsRNA or fed on TMV-GFP-infected plants, target mRNAs (PcCHS1 & PcV-

ATPase) were not affected. The same trend of mRNA reduction was observed in target 

genes in P. solenopsis in treated vs. control group. We cannot be sure if any other genes 

were affected (off-target effects), but since we did not observe any negative effects on 

target genes by feeding GFP effecter RNAs, we may suggest that the mRNA reduction of 

target genes was the result of RNAi. For qRT-PCR studies on P. citri, only those 

individuals were selected which were visibly unhealthy, while the healthy appearing 

individuals were let to develop and reproduce on the test plants. A higher mortality of 

adult mealybugs was observed on TMV-Actin infected plants and the mortality was 

significantly higher (P<0.05) on plants infected with TMV-CHS1 and TMV-V-ATPase. 

Interestingly the mortality was also significantly higher (71.22±4.22) in the emerging P. 

citri crawlers on TMV-V-ATPase infected plants than those on control plants. This points 

towards a higher vulnerability of younger insect stages to RNAi effects which may be 

related to their active feeding and acquisition of comparatively higher quantities of 

effector RNAs. Studies have reported a relationship between the RNAi effects and the 

dsRNA dose in several organisms (Cheng et al., 2005; Miller et al., 2012). As for 

example, Cheng et al., (2005) found that the inhibition of SjGCP expression by siRNA in 

Schistosoma japonicum was dose-dependent. Miller et al., (2012) determined that the 

concentration and length of dsRNA had profound effects on the efficiency of the RNAi 

response in T. castaneum. Similarly, in a study on locust, dose dependent RNAi effects 

were observed in microinjection application method (Luo et al., 2013). This behavior was 

observed only in low dose applications (Terenius et al., 2011). Baum et al., (2007) fed 

Western corn root worm with different concentrations of dsRNA belonging to 259 

different target genes and found 14 potential target genes which showed down regulation 

effect at dose ≤ 5.2 ng/cm
2
. In a soaking experiment on D. melanogester effect of dose on 
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RNAi outcome was very visible and a lower dose (0.05 mg/ml) did not produce any 

silencing effects. Dose level between 0.1-0.5 mg/ml showed increasing effects and 

beyond 0.5 mg/ml there was no change in RNAi outcome (Whyard et al., 2009). Similar 

trend was also observed by Wuriyanghan et al., (2011) in an experiment on B. cockerelli 

where RNAi effects were seen only by feeding high dose (500-100 ng/µL) of dsRNA. 

For P. citri fed on plants infected with TMV-CHS1, significant differences for plants 

infected with recombinant TMV having CHS1 inserts in the sense vs. antisense 

orientations was observed with respect to crawler’s emergence and mortality of crawlers. 

Similar trends were also observed in qRT-PCR analysis where there was a significant 

difference in sense and antisense only for CHS1 constructs but no difference was 

observed in case of V-ATPase sense vs. antisense constructs. In previous studies it was 

shown that infection of RNA viruses in plants produced different forms of viral RNAs 

including dsRNA (Palukaitis et al., 1983). These dsRNAs activate the plant defense and 

cause the production of siRNAs (Voinnet, 2001). Both, dsRNA and siRNA can induce 

RNAi in insects (Huvenne and Smagghe, 2010; Wuriyanghan et al., 2011). At least 

siRNAs are reported to move through phloem (Yoo et al., 2004) and can be ingested by 

phloem feeders leading to trigger RNAi in phloem feeders (Wuriyanghan and Falk, 

2013).   

An up-regulation of target mRNA was observed as a result of exposure to PVX-

inoculated plants in some P. solenopsis individuals. This may be a result of a lower dose 

of effector RNAs ingested or may be due to the stress response triggered by RNAi. Up 

regulation of target mRNA has also been reported previously.  Over expression of target 

gene due to RNAi response was first observed in B. dorsalis (Li et al., 2011). It may be 

due to a stress response or may be due to resistance against RNAi in insects. Some 

studies indicate that siRNA and shRNA against some particular targets may induce some 

off target effects by activating ISGs involved in the stress response pathway (Scacheri et 

al., 2004; Sledz et al., 2003). The level of activation depends on dose of RNAi effectors. 

These studies show the role of stress response on over-expression of target genes by 

RNAi. On the other hand some studies show that some plants, insects and even some 

mammalian viruses respond to RNAi to invade their host (Zheng et al., 2005). This 
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mechanism involves target region mutation, viral proteins as suppressor of RNAi or 

resistance Dicer activity (Bucher et al., 2004; Chang et al., 2003; Li et al., 2004). 

Mechanism of over expression is not yet clear that offers the prospective of a further 

study on mechanism of overexpression of target genes that happened in RNAi. 

Previous studies have shown successful RNAi effects in insects through artificial 

feeding of siRNAs/dsRNAs, and through transient or stable transformation of plants 

expressing interfering RNAs (Araujo et al., 2006; Bucher et al., 2002; Jaubert-Possamai 

et al., 2007; Mao et al., 2007; Mao et al., 2011; Mutti et al., 2006; Pitino et al., 2011; Zha 

et al., 2011). Current studies provide another direction for rapid, yet functional in planta 

RNAi evaluation. Both TMV and PVX are easily manipulated, have a wide plant host 

range and give fairly quick effects in plants. This approach provides a robust method to 

study the RNAi effects on plant feeders including sucking insects. The efficacy of vector-

based in planta evaluation of RNAi provides a tool for screening the RNAi candidate 

genes for herbivore control.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4                                                                                                              Discussion 

115 

 

RECOMMENDATIONS/ FUTURE WORK 

Chitin synthase 1, V-ATPase and β-actin in P. citri and chitin synthase 1, V-ATPase and 

bursicon mRNA in P. solenopsis were evaluated as RNAi targets using TMV/PVX 

viruses as recombinant vectors. Although all of the four genes can be potential RNAi 

targets for mealybug control, the study shows that CHS1 and bursicon are promising 

targets as their homologues are not present in plants. TMV/PVX viruses proved as 

efficient means of delivery of effector RNAs in-planta against phloem feeders. Based on 

the conclusions TMV/PVX based viral vectors are recommended for high throughput 

screening of other genes to select the best suitable target. Although in this study RNAi 

constructs were designed as species-specific but they should be further evaluated on non-

target insects. Moreover, off-target effects on non-target mRNAs in the same species also 

need to be evaluated. Transgenic model plants may also be developed to test the practical 

aspects of RNAi constructs for biotechnological insect control. 

 

 

 

 

 

 

 

 

 

 



Chapter 6                                                                                                              References 

116 

 

Chapter 5 

REFERENCES 

Abbas, G., Arif, M.J., Ashfaq, M., Aslam, M., Saeed, S., 2010. Host plants, distribution 

and overwintering of cotton mealybug (Phenacoccus solenopsis; Hemiptera: 

Pseudococcidae). Int. J. Agric. Biol. 12, 421-425. 

Abbot WS, 1925. A method of computing the effectiveness of an insecticide. J. Econ. 

Entomol. 18, 265-267. 

Abrol, D.P., Shankar, U., 2012. Integrated pest management: Principles and practice. 

Cabi, doi.org/10.1079/9781845938086.0450 . 

Adamczyk Jr, J.J., Perera, O., Meredith, W.R., 2009. Production of mRNA from the 

cry1Ac transgene differs among Bollgard® lines which correlates to the level of 

subsequent protein. Transgenic Res. 18, 143-149. 

Adelman, Z.N., Anderson, M.A., Morazzani, E.M., Myles, K.M., 2008. A transgenic 

sensor strain for monitoring the RNAi pathway in the yellow fever mosquito, 

Aedes aegypti. Insect Biochem. Mol. Biol. 38, 705-713. 

Agrawal, N., Dasaradhi, P., Mohmmed, A., Malhotra, P., Bhatnagar, R.K., Mukherjee, 

S.K., 2003. RNA interference: biology, mechanism, and applications. Microbiol. 

Mol. Biol. Rev. 67, 657-685. 

Agrawal, N., Malhotra, P., Bhatnagar, R.K., 2004. siRNA-directed silencing of transgene 

expressed in cultured insect cells. Biochem. Biophys. Res. Commun. 320, 428-

434. 

Akintola, A., Ande, A., 2008. First record of Phenacoccus solenopsis Tinsley 

(Hemiptera: Pseudococcidae) on Hibiscus rosa-sinensis in Nigeria. Agri. J. 3, 1-

3. 



Chapter 6                                                                                                              References 

117 

 

Ali, M.I., Luttrell, R.G., Young, S.Y., 2006. Susceptibilities of Helicoverpa zea and 

Heliothis virescens (Lepidoptera: Noctuidae) populations to Cry1Ac insecticidal 

protein. J. Econ. Entomol. 99, 164-175. 

Allen, M.L., Walker, I.W.B., 2012. Saliva of Lygus lineolaris digests double stranded 

ribonucleic acids. J. Insect Physiol. 58, 391-396. 

Amdam, G.V., Simões, Z.L., Guidugli, K.R., Norberg, K., Omholt, S.W., 2003. 

Disruption of vitellogenin gene function in adult honeybees by intra-abdominal 

injection of double-stranded RNA. BMC Biotechnol. 3, 1. 

An, S., Dong, S., Wang, Q., Li, S., Gilbert, L.I., Stanley, D., Song, Q., 2012. Insect 

neuropeptide bursicon homodimers induce innate immune and stress genes 

during molting by activating the NF-κB transcription factor Relish. PLoS ONE 7, 

e34510. 

Anonymous, 2013. Pakistan Economic Survey, pp. 17-33. 

Arakane, Y., Muthukrishnan, S., Beeman, R.W., Kanost, M.R., Kramer, K.J., 2005a. 

Laccase 2 is the phenoloxidase gene required for beetle cuticle tanning. Proc. 

Natl. Acad. Sci. U.S.A. 102, 11337-11342. 

Arakane, Y., Muthukrishnan, S., Kramer, K.J., Specht, C.A., Tomoyasu, Y., Lorenzen, 

M.D., Kanost, M., Beeman, R.W., 2005b. The Tribolium chitin synthase genes 

TcCHS1 and TcCHS2 are specialized for synthesis of epidermal cuticle and 

midgut peritrophic matrix. Insect Mol. Biol. 14, 453-463. 

Arakane, Y., Specht, C.A., Kramer, K.J., Muthukrishnan, S., Beeman, R.W., 2008. Chitin 

synthases are required for survival, fecundity and egg hatch in the red flour 

beetle, Tribolium castaneum. Insect Biochem. Mol. Biol. 38, 959-962. 

Araujo, R.N., Santos, A., Pinto, F.S., Gontijo, N.F., Lehane, M.J., Pereira, M.H., 2006. 

RNA interference of the salivary gland Nitrophorin 2 in the Triatomine bug 



Chapter 6                                                                                                              References 

118 

 

Rhodnius prolixus (Hemiptera: Reduviidae) by dsRNA ingestion or injection. 

Insect Biochem. Mol. Biol. 36, 683-693. 

Arif, M.J., Gogi, M.D., Arshad, M., Ashraf, A., Suhail, A., Zain-ul-Abdin, Wakil, W., 

Nawaz, A., 2012. Host-plants mediated population dynamics of cotton mealybug, 

Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae) and its parasitoid, 

Aenasius bambawalei Hayat (Hymenoptera: Encyrtidae). Pak. Entomologist 34, 

179-184. 

Aronstein, K., Saldivar, E., 2005. Characterization of a honey bee Toll related receptor 

gene Am18w and its potential involvement in antimicrobial immune defense. 

Apidologie 36, 3-14. 

Ashfaq, M., Sonoda, S., Tsumuki, H., 2007. Developmental and tissue-specific 

expression of CHS1 from Plutella xylostella and its response to chlorfluazuron. 

Pestic. Biochem. Physiol. 89, 20-30. 

Attardo, G.M., Higgs, S., Klingler, K.A., Vanlandingham, D.L., Raikhel, A.S., 2003. 

RNA interference-mediated knockdown of a GATA factor reveals a link to 

anautogeny in the mosquito Aedes aegypti. Proc. Natl. Acad. Sci. U.S.A. 100, 

13374-13379. 

Bachan, S., Dinesh-Kumar, S.P., 2012. Tobacco Rattle Virus (TRV)-based virus-induced 

gene silencing, Antiviral Resistance in Plants : Methods and Protocols. Springer, 

pp. 83-92. 

Bambawale, O., 2008. Phenacoccus solenopsis, the main mealybug species on cotton in 

India does not appear to be “invasive”, N.C.I.P.M. (Ed.). www.ncipm.org.in, 

New Delhi, p. 1, 19/5/2008. 

Bates, S.L., Zhao, J.-Z., Roush, R.T., Shelton, A.M., 2005. Insect resistance management 

in GM crops: past, present and future. Nat. Biotechnol. 23, 57-62. 



Chapter 6                                                                                                              References 

119 

 

Baulcombe, D., 2002. RNA silencing. Curr. Biol. 12, R82-R84. 

Baulcombe, D., 2004. RNA silencing in plants. Nature 431, 356-363. 

Baulcombe, D., 2006. Short silencing RNA: the dark matter of genetics?, Cold Spring 

Harb. Symp. Quant. Biol., 71, 13-20. 

Baum, J.A., Bogaert, T., Clinton, W., Heck, G.R., Feldmann, P., Ilagan, O., Johnson, S., 

Plaetinck, G., Munyikwa, T., Pleau, M., Vaughn, T., Roberts, J., 2007. Control of 

coleopteran insect pests through RNA interference. Nat. Biotechnol. 25, 1322-

1326. 

Bautista, M.A.M., Miyata, T., Miura, K., Tanaka, T., 2009. RNA interference-mediated 

knockdown of a cytochrome P450, CYP6BG1, from the diamondback moth, 

Plutella xylostella, reduces larval resistance to permethrin. Insect Biochem. Mol. 

Biol. 39, 38-46. 

Bellés, X., 2010. Beyond Drosophila: RNAi in vivo and functional genomics in insects. 

Annu. Rev. Entomol. 55, 111-128. 

Berezikov, E., 2011. Evolution of microRNA diversity and regulation in animals. Nat. 

Rev. Genet. 12, 846-860. 

Bernstein, E., Caudy, A.A., Hammond, S.M., Hannon, G.J., 2001. Role for a bidentate 

ribonuclease in the initiation step of RNA interference. Nature 409, 363-366. 

Bettencourt, R., Terenius, O., Faye, I., 2002. Hemolin gene silencing by dsRNA injected 

into Cecropia pupae is lethal to next generation embryos. Insect Mol. Biol. 11, 

267-271. 

Bhalla, P.L., 2006. Genetic engineering of wheat-current challenges and opportunities. 

Trends Biotechnol. 24, 305-311. 



Chapter 6                                                                                                              References 

120 

 

Blaszczyk, J., Tropea, J.E., Bubunenko, M., Routzahn, K.M., Waugh, D.S., Court, D.L., 

Ji, X., 2001. Crystallographic and modeling studies of RNase III suggest a 

mechanism for double-stranded RNA cleavage. Structure 9, 1225-1236. 

Boisson, B., Jacques, J.C., Choumet, V., Martin, E., Xu, J., Vernick, K., Bourgouin, C., 

2006. Gene silencing in mosquito salivary glands by RNAi. FEBS Lett. 580, 

1988-1992. 

Borgio, J.F., 2010. RNAi mediated gene knockdown in sucking and chewing insect pests. 

J Biopesticides 3, 386-393. 

Bravo, A., Gill, S.S., Soberón, M., 2007. Mode of action of Bacillus thuringiensis Cry 

and Cyt toxins and their potential for insect control. Toxicon 49, 423-435. 

Bravo, A., Likitvivatanavong, S., Gill, S.S., Soberón, M., 2011. Bacillus thuringiensis: A 

story of a successful bioinsecticide. Insect Biochem. Mol. Biol. 41, 423-431. 

Broehan, G., Arakane, Y., Beeman, R.W., Kramer, K.J., Muthukrishnan, S., 

Merzendorfer, H., 2010. Chymotrypsin-like peptidases from Tribolium 

castaneum: a role in molting revealed by RNA interference. Insect Biochem. 

Mol. Biol. 40, 274-283. 

Brookes, G., Barfoot, P., 2005. GM crops: the global economic and environmental 

impact-the first nine years 1996-2004. AgBioForum 8, 187-196. 

Bucher, E., Hemmes, H., de Haan, P., Goldbach, R., Prins, M., 2004. The influenza A 

virus NS1 protein binds small interfering RNAs and suppresses RNA silencing in 

plants. J. Gen. Virol. 85, 983-991. 

Bucher, G., Scholten, J., Klingler, M., 2002. Parental RNAi in Tribolium (Coleoptera). 

Curr. Biol. 12, R85-R86. 



Chapter 6                                                                                                              References 

121 

 

Carrington, J.C., Kasschau, K.D., Johansen, L.K., 2001. Activation and suppression of 

RNA silencing by plant viruses. Virology 281, 1-5. 

Carthew, R.W., 2001. Gene silencing by double-stranded RNA. Curr. Opin. Cell Biol. 13, 

244-248. 

Carthew, R.W., Sontheimer, E.J., 2009. Origins and mechanisms of miRNAs and 

siRNAs. Cell 136, 642-655. 

Chang, J., Provost, P., Taylor, J.M., 2003. Resistance of human hepatitis delta virus 

RNAs to dicer activity. J. Virol. 77, 11910-11917. 

Chapman, S., Kavanagh, T., Baulcombe, D., 1992. Potato virus X as a vector for gene 

expression in plants. Plant J. 2, 549-557. 

Charleston, K., Murray, D., 2010. Exotic mealybug species–a major new pest in cotton, 

Queensland Government The Beat sheet Accessed online, 12/02/2010. 

Chen, X., Yang, X., Senthil Kumar, N., Tang, B., Sun, X., Qiu, X., Hu, J., Zhang, W., 

2007. The class A chitin synthase gene of Spodoptera exigua: Molecular cloning 

and expression patterns. Insect Biochem. Mol. Biol. 37, 409-417. 

Cheng, G.-F., Lin, J.-J., Shi, Y., Jin, Y.-X., Fu, Z.-Q., Jin, Y.-M., Zhou, Y.-C., Cai, Y.-

M., 2005. Dose-dependent inhibition of gynecophoral canal protein gene 

expression in vitro in the schistosome (Schistosoma japonicum) by RNA 

interference. Acta Biochim. Biophys. Sin. 37, 386-390. 

Christou, P., Capell, T., Kohli, A., Gatehouse, J.A., Gatehouse, A.M., 2006. Recent 

developments and future prospects in insect pest control in transgenic crops. 

Trends Plant Sci. 11, 302-308. 

Clemens, J.C., Worby, C.A., Simonson-Leff, N., Muda, M., Maehama, T., Hemmings, 

B.A., Dixon, J.E., 2000. Use of double-stranded RNA interference in Drosophila 



Chapter 6                                                                                                              References 

122 

 

cell lines to dissect signal transduction pathways. Proc. Natl. Acad. Sci. U.S.A. 

97, 6499-6503. 

Culik, M.P., Gullan, P.J., 2005. A new pest of tomato and other records of mealybugs 

(Hemiptera: Pseudococcidae) from Espírito Santo, Brazil. Zootaxa 964, 1-8. 

Dai, H., Ma, L., Wang, J., Jiang, R., Wang, Z., Fei, J., 2008. Knockdown of ecdysis-

triggering hormone gene with a binary UAS/GAL4 RNA interference system 

leads to lethal ecdysis deficiency in silkworm. Acta Biochim. Biophys. Sin. 40, 

790-795. 

Dewey, E.M., McNabb, S.L., Ewer, J., Kuo, G.R., Takanishi, C.L., Truman, J.W., 

Honegger, H.-W., 2004. Identification of the gene encoding bursicon, an insect 

neuropeptide responsible for cuticle sclerotization and wing spreading. Curr. 

Biol. 14, 1208-1213. 

Dong, Y., Friedrich, M., 2005. Nymphal RNAi: systemic RNAi mediated gene 

knockdown in juvenile grasshopper. BMC Biotechnol. 5, 25. 

Dunaevsky, Y.E., Elpidina, E.N., Vinokurov, K.S., Belozersky, M.A., 2005. Protease 

inhibitors in improvement of plant resistance to pathogens and insects. Mol. Biol. 

39, 608-613. 

Dutt, U., 2007a. Insights: Mealy Bug takes away glory of Bt cotton. Accessed online 

19/08/2013 at, www.ens-newswire.com/ens/aug2007/2007-08-24-insdutt.asp. 

Dutt, U., 2007b. Mealybug infestation in Punjab: Bt cotton fails flat. Accessed online 

26/09/2010 at http://www.countercurrents.org/dutt210807.htm. 

Dykxhoorn, D.M., Novina, C.D., Sharp, P.A., 2003. Killing the messenger: short RNAs 

that silence gene expression. Nat. Rev. Mol. Cell Biol. 4, 457-467. 



Chapter 6                                                                                                              References 

123 

 

Dzitoyeva, S., Dimitrijevic, N., Manev, H., 2001. Intra-abdominal injection of double-

stranded RNA into anesthetized adult Drosophila triggers RNA interference in 

the central nervous system. Mol. Psychiatry 6, 665-670. 

Eaton, B.A., Fetter, R.D., Davis, G.W., 2002. Dynactin is necessary for synapse 

stabilization. Neuron 34, 729-741. 

Elbashir, S.M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., Tuschl, T., 2001. 

Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured 

mammalian cells. Nature 411, 494-498. 

Erson, A., Petty, E., 2008. MicroRNAs in development and disease. Clin. Genetics 74, 

296-306. 

Faivre-Rampant, O., Gilroy, E.M., Hrubikova, K., Hein, I., Millam, S., Loake, G.J., 

Birch, P., Taylor, M., Lacomme, C., 2004. Potato virus X-induced gene silencing 

in leaves and tubers of potato. Plant Physiol. 134, 1308-1316. 

Feinberg, E., Hunter, C., 2003. Transport of dsRNA into cells by the transmembrane 

protein SID-1. Science 301, 1545-1547. 

Felsenstein, J., 1985. Confidence limits on phylogenies: An approach using the bootstrap. 

Evolution 39, 783-791. 

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., Mello, C.C., 1998. Potent 

and specific genetic interference by double-stranded RNA in Caenorhabditis 

elegans. Nature 391, 806-811. 

Frisvold, G.B., Reeves, J.M., Tronstad, R., 2006. Bt cotton adoption in the United States 

and China: International trade and welfare effects. J. Agrobiotechnol. Manag. 

Econom. 9, 69-78. 



Chapter 6                                                                                                              References 

124 

 

Gagou, M.E., Kapsetaki, M., Turberg, A., Kafetzopoulos, D., 2002. Stage-specific 

expression of the chitin synthase DmeChSA and DmeChSB genes during the 

onset of Drosophila metamorphosis. Insect Biochem. Mol. Biol. 32, 141-146. 

Gandhe, A.S., John, S.H., Nagaraju, J., 2007. Noduler, a novel immune up-regulated 

protein mediates nodulation response in insects. J. Immunology 179, 6943-6951. 

Garbutt, J.S., Bellés, X., Richards, E.H., Reynolds, S.E., 2012. Persistence of double-

stranded RNA in insect hemolymph as a potential determiner of RNA 

interference success: evidence from Manduca sexta and Blattella germanica. J. 

Insect Physiol. 59, 171-178. 

Gatehouse, H., Gatehouse, L., Malone, L., Hodges, S., Tregidga, E., Todd, J., 2004. 

Amylase activity in honey bee hypopharyngeal glands reduced by RNA 

interference. J. Apic. Res. 43, 9-13. 

Gatehouse, J.A., Price, D.R., 2011. Protection of crops against insect pests using RNA 

interference, Insect Biotechnol. Springer, pp. 145-168. 

Ghanim, M., Kontsedalov, S., Czosnek, H., 2007. Tissue-specific gene silencing by RNA 

interference in the whitefly Bemisia tabaci (Gennadius). Insect Biochem. Mol. 

Biol. 37, 732-738. 

Gluck, S., 1992. V-ATPases of the plasma membrane. J. Exp. Biol. 172, 29-37. 

GMO-Compass, 2009. Rising trend: Genetically modified crops worldwide on 125 

million hectares, pp. 1-2. 

Goto, A., Blandin, S., Royet, J., Reichhart, J.-M., Levashina, E.A., 2003. Silencing of toll 

pathway components by direct injection of double-stranded RNA into 

Drosophila adult flies. Nucleic Acids Res. 31, 6619-6623. 



Chapter 6                                                                                                              References 

125 

 

Hall, T., 2007. BioEdit v7. http://www.mbio.ncsu.edu/BioEdit/BioEdit.html accessed 

online 22/02/2012. 

Hannon, G.J., 2002. RNA interference. Nature 418, 244-251. 

Helliwell, C.A., Waterhouse, P.M., 2005. Constructs and methods for hairpin RNA-

mediated gene silencing in plants. Methods Enzymol. 392, 24-35. 

Hodgson, C., Abbas, G., Arif, M.J., Saeed, S., Karar, H., 2008. Phenacoccus solenopsis 

Tinsley (Sternorrhyncha: Coccoidea: Pseudococcidae), an invasive mealybug 

damaging cotton in Pakistan and India, with a discussion on seasonal 

morphological variation. Zootaxa 1913, 1-35. 

Hogenkamp, D.G., Arakane, Y., Zimoch, L., Merzendorfer, H., Kramer, K.J., Beeman, 

R.W., Kanost, M.R., Specht, C.A., Muthukrishnan, S., 2005. Chitin synthase 

genes in Manduca sexta: characterization of a gut-specific transcript and 

differential tissue expression of alternately spliced mRNAs during development. 

Insect Biochem. Mol. Biol. 35, 529-540. 

Huang, J.-H., Lee, H.-J., 2011. RNA interference unveils functions of the 

hypertrehalosemic hormone on cyclic fluctuation of hemolymph trehalose and 

oviposition in the virgin female Blattella germanica. J. Insect Physiol. 57, 858-

864. 

Huang, J., Zhang, Y., Li, M., Wang, S., Liu, W., Couble, P., Zhao, G., Huang, Y., 2007. 

RNA interference-mediated silencing of the bursicon gene induces defects in 

wing expansion of silkworm. FEBS Lett. 581, 697-701. 

Hui-Lin, Y., Yun-He, L., Kong-Ming, W., 2011. Risk assessment and ecological effects 

of eransgenic Bacillus thuringiensis crops on non-target organisms. J. Integr. 

Plant Biol. 53(7), 520-538. 



Chapter 6                                                                                                              References 

126 

 

Huvenne, H., Smagghe, G., 2010. Mechanisms of dsRNA uptake in insects and potential 

of RNAi for pest control: A review. J. Insect Physiol. 56, 227-235. 

Ibrahim, G.H., Smartt, C.T., Kiley, L.M., Christensen, B.M., 2000. Cloning and 

characterization of a chitin synthase cDNA from the mosquito Aedes aegypti. 

Insect Biochem. Mol. Biol. 30, 1213-1222. 

Jaubert-Possamai, S., Le Trionnaire, G., Bonhomme, J., Christophides, G.K., Rispe, C., 

Tagu, D., 2007. Gene knockdown by RNAi in the pea aphid Acyrthosiphon 

pisum. BMC Biotechnol. 7, 63. 

Johansen, L.K., Carrington, J.C., 2001. Silencing on the spot. Induction and suppression 

of RNA silencing in the Agrobacterium-mediated transient expression system. 

Plant Physiol. 126, 930-938. 

Johnson, J.A., Bitra, K., Zhang, S., Wang, L., Lynn, D.E., Strand, M.R., 2010. The UGA-

CiE1 cell line from Chrysodeixis includens exhibits characteristics of 

granulocytes and is permissive to infection by two viruses. Insect Biochem. Mol. 

Biol. 40, 394-404. 

Jorgensen, R., 1990. Altered gene expression in plants due to trans interactions between 

homologous genes. Trends Biotechnol. 8, 340-344. 

Jose, A.M., Hunter, C.P., 2007. Transport of sequence-specific RNA interference 

information between cells. Annu. Rev. Genet. 41, 305-330. 

Kanginakudru, S., Royer, C., Edupalli, S., Jalabert, A., Mauchamp, B., Prasad, S., 

Chavancy, G., Couble, P., Nagaraju, J., 2007. Targeting ie-1 gene by RNAi 

induces baculoviral resistance in Lepidopteran cell lines and in transgenic 

silkworms. Insect Mol. Biol. 16, 635-644. 

Kato, N., Mueller, C.R., Fuchs, J.F., Wessely, V., Lan, Q., Christensen, B.M., 2006. 

Regulatory mechanisms of chitin biosynthesis and roles of chitin in peritrophic 



Chapter 6                                                                                                              References 

127 

 

matrix formation in the midgut of adult Aedes aegypti. Insect Biochem. Mol. 

Biol. 36, 1-9. 

Kennerdell, J.R., Carthew, R.W., 1998. Use of dsRNA-mediated genetic interference to 

demonstrate that frizzled and frizzled 2 act in the wingless pathway. Cell 95, 

1017. 

Kennerdell, J.R., Carthew, R.W., 2000. Heritable gene silencing in Drosophila using 

double-stranded RNA. Nat. Biotechnol. 18, 896-898. 

Khooharo, A.A., Memon, R.A., Mallah, M.U., 2008. An empirical analysis of pesticide 

marketing in Pakistan. Pak. Econ. Soc. Rev. 46, 57-74. 

Khush, G.S., 2012. Genetically modified crops: the fastest adopted crop technology in the 

history of modern agriculture. Agric. Food Sec. 1, 14. 

Kim, S.W., Li Z., Moore, P.S., Monaghan, A.P., Chang, Y., Nichols, M., John B., 2010. 

A sensitive non-radioactive northern blot method to detect small RNAs. Nucleic 

Acids Res. 38, e98. 

Kobayashi, I., Tsukioka, H., Kômoto, N., Uchino, K., Sezutsu, H., Tamura, T., Kusakabe, 

T., Tomita, S., 2012. SID-1 protein of Caenorhabditis elegans mediates uptake 

of dsRNA into Bombyx cells. Insect Biochem. Mol. Biol. 42, 148-154. 

Konet, D.S., Anderson, J., Piper, J., Akkina, R., Suchman, E., Carlson, J., 2007. Short-

hairpin RNA expressed from polymerase III promoters mediates RNA 

interference in mosquito cells. Insect Mol. Biol. 16, 199-206. 

Kranthi, K.R., Naidu, S., Dhawad, C., Tatwawadi, A., Mate, K., Patil, E., Bharose, A., 

Behere, G., Wadaskar, R., Kranthi, S., 2005. Temporal and intra-plant variability 

of Cry1Ac expression in Bt-cotton and its influence on the survival of the cotton 

bollworm, Helicoverpa armigera (Hubner)(Noctuidae: Lepidoptera). Curr. Sci. 

89, 291. 



Chapter 6                                                                                                              References 

128 

 

Kumar, M., Gupta, G.P., Rajam, M.V., 2009. Silencing of acetylcholinesterase gene of 

Helicoverpa armigera by siRNA affects larval growth and its life cycle. J. Insect 

Physiol. 55, 273-278. 

Kumar, P., Pandit, S.S., Baldwin, I.T., 2012. Tobacco Rattle Virus Vector: A Rapid and 

transient means of silencing Manduca sexta genes by plant mediated RNA 

interference. PLoS ONE 7, e31347. 

Kumashiro, B.R., Heu, R.A., Nishida, G.M., Beardsley, J.W., 2001. New state records of 

immigrant insects in the Hawaiian Islands for the year 1999. Proc. Hawaii. 

Entomol. Soc. 35, 170-184. 

Lacomme, C., Chapman, S., 2008. Use of Potato virus X (PVX) -based vector for gene 

expression and virus-induced gene silencing (VIGS). Curr. Protoc. Microbiol. 8, 

161.1.1-161.1.13. 

Lambert, B., Höfte, H., Annys, K., Jansens, S., Soetaert, P., Peferoen, M., 1992a. Novel 

Bacillus thuringiensis insecticidal crystal protein with a silent activity against 

coleopteran larvae. Appl. Environ. Microbiol. 58, 2536-2542. 

Lambert, B., Theunis, W., Aguda, R., Van Audenhove, K., Decock, C., Jansens, S., 

Seurinck, J., Peferoen, M., 1992b. Nucleotide sequence of gene cryIIID encoding 

a novel coleopteran-active crystal protein from strain BTI109P of Bacillus 

thuringiensis subsp. kurstaki. Gene 110, 131-132. 

Larrain, S., 2002. Insect and mite pest incidence on sweet pepinos (Solanum muricatum 

Ait) cultivated in the fourth region, Chile. Agricultura Técnica 62, 15-26. 

Lee, Y.S., Nakahara, K., Pham, J.W., Kim, K., He, Z., Sontheimer, E.J., Carthew, R.W., 

2004. Distinct roles for Drosophila dicer-1 and dicer-2 in the siRNA/miRNA 

silencing pathways. Cell 117, 69-81. 



Chapter 6                                                                                                              References 

129 

 

Li, J., Chen, Q., Lin, Y., Jiang, T., Wu, G., Hua, H., 2011a. RNA interference in 

Nilaparvata lugens (Homoptera: Delphacidae) based on dsRNA ingestion. Pest 

Manag. Sci. 67, 852-859. 

Li, W.-X., Li, H., Lu, R., Li, F., Dus, M., Atkinson, P., Brydon, E.W., Johnson, K.L., 

García-Sastre, A., Ball, L.A., 2004. Interferon antagonist proteins of influenza 

and vaccinia viruses are suppressors of RNA silencing. Proc. Natl. Acad. Sci. 

U.S.A. 101, 1350-1355. 

Li, X., Zhang, M., Zhang, H., 2011b. RNA interference of four genes in adult Bactrocera 

dorsalis by feeding their dsRNAs. PLoS ONE 6, e17788. 

Liaquat, A.R., 2004. Cover story, Agriculture in Pakistan, DAWN, Internet ed, Lahore. 

Lindbo J., 2007. High-efficiency protein expression in plants from agroinfection 

compatible Tobacco mosaic virus expression vectors. BMC Biotech. 7: 52. 

Lipardi, C., Baek, H.J., Wei, Q., Paterson, B.M., 2005. Analysis of short interfering RNA 

function in RNA interference by using Drosophila embryo extracts and schneider 

cells. Methods Enzymol. 392, 351. 

Lipardi, C., Paterson, B.M., 2009. Identification of an RNA-dependent RNA polymerase 

in Drosophila involved in RNAi and transposon suppression. Proc. Natl. Acad. 

Sci. U.S.A. 106, 15645-15650. 

Lipardi, C., Paterson, B.M., 2010. Identification of an RNA-dependent RNA polymerase 

in Drosophila establishes a common theme in RNA silencing. Fly 4, 30-35. 

Liu, J., Swevers, L., Iatrou, K., Huvenne, H., Smagghe, G., 2012. Bombyx mori 

DNA/RNA non-specific nuclease: Expression of isoforms in insect culture cells, 

subcellular localization and functional assays. J. Insect Physiol. 58, 1166-1176. 



Chapter 6                                                                                                              References 

130 

 

Loveall, B.J., Deitcher, D.L., 2010. The essential role of bursicon during Drosophila 

development. BMC Dev. Biol. 10, 92. 

Luo, C.-W., Dewey, E.M., Sudo, S., Ewer, J., Hsu, S.Y., Honegger, H.-W., Hsueh, 

A.J.W., 2005. Bursicon, the insect cuticle-hardening hormone, is a heterodimeric 

cystine knot protein that activates G protein-coupled receptor LGR2. Proc. Natl. 

Acad. Sci. U.S.A. 102, 2820-2825. 

Luo, Y., Wang, X., Yu, D., Chen, B., Kang, L., 2013. Differential responses of migratory 

locusts to systemic RNA interference via double‐stranded RNA injection and 

feeding. Insect Mol. Biol. 5, 574-583. 

Luo, Y., Wang, X., Yu, D., Kang, L., 2012. The SID-1 double-stranded RNA transporter 

is not required for systemic RNAi in the migratory locust. RNA Biol. 9, 663-671. 

Lynch, J.A., Desplan, C., 2006. A method for parental RNA interference in the wasp 

Nasonia vitripennis. Nat. Protoc. 1, 486-494. 

MacIntosh, S.C., Stone, T.B., Sims, S.R., Hunst, P.L., Greenplate, J.T., Marrone, P.G., 

Perlak, F.J., Fischhoff, D.A., Fuchs, R.L., 1990. Specificity and efficacy of 

purified Bacillus thuringiensis proteins against agronomically important insects. 

J. Invertebr. Pathol. 56, 258-266. 

Mao, Y.B., Cai, W.J., Wang, J.W., Hong, G.J., Tao, X.Y., Wang, L.J., Huang, Y.P., 

Chen, X.Y., 2007. Silencing a cotton bollworm P450 monooxygenase gene by 

plant-mediated RNAi impairs larval tolerance of gossypol. Nat. Biotechnol. 25, 

1307-1313. 

Mao, Y.B., Tao, X.Y., Xue, X.Y., Wang, L.J., Chen, X.Y., 2011. Cotton plants 

expressing CYP6AE14 double-stranded RNA show enhanced resistance to 

bollworms. Transgenic Res. 20, 665-673. 



Chapter 6                                                                                                              References 

131 

 

March, J.C., Bentley, W.E., 2007. RNAi-based tuning of cell cycling in Drosophila S2 

cells effects on recombinant protein yield. Appl. Microbiol. Biotechnol. 73, 

1128-1135. 

Martín, D., Maestro, O., Cruz, J., Mané-Padrós, D., Bellés, X., 2006. RNAi studies reveal 

a conserved role for RXR in molting in the cockroach Blattella germanica. J. 

Insect Physiol. 52, 410-416. 

McEwan, D.L., Weisman, A.S., Hunter, C.P., 2012. Uptake of extracellular double-

stranded RNA by SID-2. Mol. Cell 47, 746-754. 

Merzendorfer, H., 2006. Insect chitin synthases: a review. J. Comp. Physiol. B. 176, 1-15. 

Merzendorfer, H., Zimoch, L., 2003. Chitin metabolism in insects: structure, function and 

regulation of chitin synthases and chitinases. J. Exp. Biol. 206, 4393-4412. 

Miller, S.C., Brown, S.J., Tomoyasu, Y., 2008. Larval RNAi in Drosophila? Dev. Genes 

Evol. 218, 505-510. 

Miller, S.C., Miyata, K., Brown, S.J., Tomoyasu, Y., 2012. Dissecting systemic RNA 

interference in the red flour beetle Tribolium castaneum: parameters affecting the 

efficiency of RNAi. PLoS ONE 7, e47431. 

Mlotshwa, S., Voinnet, O., Mette, M.F., Matzke, M., Vaucheret, H., Ding, S.W., Pruss, 

G., Vance, V.B., 2002. RNA silencing and the mobile silencing signal. Plant Cell 

14, S289-S301. 

Moussian, B., Schwarz, H., &, S.B., Nüsslein-Volhard, C., 2005. Involvement of chitin in 

exoskeleton morphogenesis in Drosophila melanogaster. J. Morphology 264, 

117-130. 

Muniappan, R., Shepard, B., Watson, G., Carner, G., Rauf, A., Sartiami, D., Hidayat, P., 

Afun, J., Goergen, G., Rahman, A.Z., 2009. New records of invasive insects 



Chapter 6                                                                                                              References 

132 

 

(Hemiptera: Sternorrhyncha) in southeast Asia and West Africa. J. Agric. Urban 

Entomol. 26, 167-174. 

Mutti, N., S., Park, Y., Reese, J., C., Reeck, G., R., 2006. RNAi knockdown of a salivary 

transcript leading to lethality in the pea aphid, Acyrthosiphon pisum. J. Insect Sci. 

6(38), 7pp. 

Naimov, S., Dukiandjiev, S., De Maagd, R.A., 2003. A hybrid Bacillus thuringiensis 

delta‐endotoxin gives resistance against a coleopteran and a Lepidopteran pest in 

transgenic potato. Plant Biotechnol. J. 1, 51-57. 

Napoli, C., Lemieux, C., Jorgensen, R., 1990. Introduction of a chimeric chalcone 

synthase gene into petunia results in reversible co-suppression of homologous 

genes in trans. Plant Cell 2, 279-289. 

Osta, M.A., Christophides, G.K., Kafatos, F.C., 2004. Effects of mosquito genes on 

Plasmodium development. Science 303, 2030-2032. 

Padua, L.E., Ohba, M., Aizawa, K., 1984. Isolation of a Bacillus thuringiensis strain 

(serotype 8a:8b) highly and selectively toxic against mosquito larvae. J. 

Invertebr. Pathol. 44, 12-17. 

Palukaitis, P., García-Arenal, F., Sulzinski, M.A., Zaitlin, M., 1983. Replication of 

Tobacco mosaic virus VII. Further characterization of single-and double-stranded 

virus-related RNAs from TMV-infected plants. Virology 131, 533-545. 

Pan, M.H., Wang, X.Y., Chai, C.L., Zhang, C.D., Lu, C., Xiang, Z.H., 2009. 

Identification and function of Abdominal-A in the silkworm, Bombyx mori. Insect 

Mol. Biol. 18, 155-160. 

Parthasarathy, R., Tan, A., Bai, H., Palli, S.R., 2008. Transcription factor broad 

suppresses precocious development of adult structures during larval-pupal 



Chapter 6                                                                                                              References 

133 

 

metamorphosis in the red flour beetle, Tribolium castaneum. Mech. Dev. 125, 

299-313. 

Pitino, M., Coleman, A.D., Maffei, M.E., Ridout, C.J., Hogenhout, S.A., 2011. Silencing 

of aphid genes by dsRNA feeding from plants. PLoS ONE 6, e25709. 

Price, D.R.G., Gatehouse, J.A., 2008. RNAi-mediated crop protection against insects. 

Trends Biotechnol. 26, 393-400. 

Pridgeon, J.W., Zhao, L., Becnel, J.J., Strickman, D.A., Clark, G.G., Linthicum, K.J., 

2008. Topically applied AaeIAP1 double-stranded RNA kills female adults of 

Aedes aegypti. J. Med. Entomol. 45, 414-420. 

Quan, G.X., Kanda, T. & Tamura, T. ,, 2002. Induction of the white egg 3 mutant 

phenotype by injection of the double-stranded RNA of the silkworm white gene. 

Insect Mol. Biol. 11, 217-222. 

Quijano, R., Panganiban, L., Cortes-Maramba, N., 1993. Time to blow the whistle; 

dangers of toxic chemicals. World Health 46, 26-27. 

Rajagopal, R., Sivakumar, S., Agrawal, N., Malhotra, P., Bhatnagar, R.K., 2002. 

Silencing of midgut aminopeptidase N of Spodoptera litura by double-stranded 

RNA establishes its role as Bacillus thuringiensis toxin receptor. J. Biol. Chem. 

277, 46849-46851. 

Rekha, Naik, S.N., Prasad, R., 2006. Pesticide residue in organic and conventional food-

risk analysis. J. Chem. Health Saf. 13, 12-19. 

Richards, S., Gibbs, R.A., Weinstock, G.M., Brown, S.J., Dennel, R., Beeman, R.W., et 

al.,, 2008. The genome of the model beetle and pest Tribolium castaneum. Nature 

452, 949-955. 



Chapter 6                                                                                                              References 

134 

 

Rodríguez-Cabrera, L., Trujillo-Bacallao, D., Borrás-Hidalgo, O., Wright, D.J., Ayra-

Pardo, C., 2010. RNAi-mediated knockdown of a Spodoptera frugiperda trypsin-

like serine-protease gene reduces susceptibility to a Bacillus thuringiensis 

Cry1Ca1 protoxin. Environ. Microbiol. 12, 2894-2903. 

Roggero, P., Ciuffo, M., Benvenuto, E., Franconi, R., 2001. The expression of a single-

chain Fv antibody fragment in different plant hosts and tissues by using Potato 

virus X as a vector. Protein Expr. Puri. 22, 70-74. 

Rohr, J., Sarkar, N., Balenger, S., Jeong, B.R., Cerutti, H., 2004. Tandem inverted repeat 

system for selection of effective transgenic RNAi strains in Chlamydomonas. 

Plant J. 40, 611-621. 

Ronco, M., Uda, T., Mito, T., Minelli, A., Noji, S., Klingler, M., 2008. Antenna and all 

gnathal appendages are similarly transformed by homothorax knock-down in the 

cricket Gryllus bimaculatus. Dev. Biol. 313, 80-92. 

Röther, S., Meister, G., 2011. Small RNAs derived from longer non-coding RNAs. 

Biochimie 93, 1905-1915. 

Saleh, M.-C., van Rij, R.P., Hekele, A., Gillis, A., Foley, E., O'Farrell, P.H., Andino, R., 

2006. The endocytic pathway mediates cell entry of dsRNA to induce RNAi 

silencing. Nat. Cell Biol. 8, 793-802. 

Sambrook, J., Russell, D.W., 2006. Purification of nucleic acids by extraction with 

phenol: chloroform. Cold Spring Harbor Protocols 2006, pdb. prot4455. 

Sankula, S., Marmon, G., Blumenthal, E., 2005. Biotechnology-derived crops planted in 

2004: impacts on US agriculture. National Center for Food and Agricultural 

Policy Washington DC, pp. 1-101. 



Chapter 6                                                                                                              References 

135 

 

Sant’Anna, M.R.V., Alexander, B., Bates, P.A., Dillon, R.J., 2008. Gene silencing in 

phlebotomine sand flies: Xanthine dehydrogenase knock down by dsRNA 

microinjections. Insect Biochem. Mol. Biol. 38, 652-660. 

Scacheri, P.C., Rozenblatt-Rosen, O., Caplen, N.J., Wolfsberg, T.G., Umayam, L., Lee, 

J.C., Hughes, C.M., Shanmugam, K.S., Bhattacharjee, A., Meyerson, M., 2004. 

Short interfering RNAs can induce unexpected and divergent changes in the 

levels of untargeted proteins in mammalian cells. Proc. Natl. Acad. Sci. U.S.A. 

101, 1892-1897. 

Schlüns, H., Crozier, R. H. ,, 2007. Relish regulates expression of antimicrobial peptide 

genes in the honeybee, Apis mellifera, shown by RNA interference. Insect Mol. 

Biol. 16, 753-759. 

Schuler, T.H., Poppy, G.M., Kerry, B.R., Denholm, I., 1998. Insect-resistant transgenic 

plants. Trends Biotechnol. 16, 168-175. 

Senthil Kumar, N., Tang, B., Chen, X., Tian, H., Zhang, W., 2008. Molecular cloning, 

expression pattern and comparative analysis of chitin synthase gene B in 

Spodoptera exigua. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 149, 447-

453. 

Sharma, H., Sharma, K., Seetharama, N., Ortiz, R., 2001. Genetic transformation of crop 

plants: Risks and opportunities for the rural poor. Curr. Sci. 80, 1495-1508. 

Sidahmed, A.M., Wilkie, B., 2010. Endogenous antiviral mechanisms of RNA 

interference: a comparative biology perspective. Methods Mol. Biol. 623, 3-19. 

Sijen, T., Fleenor, J., Simmer, F., Thijssen, K.L., Parrish, S., Timmons, L., Plasterk, 

R.H.A., Fire, A., 2001. On the role of RNA amplification in dsRNA-triggered 

gene silencing. Cell 107, 465-476. 



Chapter 6                                                                                                              References 

136 

 

Sivakumar, S., Rajagopal, R., Venkatesh, G.R., Srivastava, A., Bhatnagar, R.K., 2007. 

Knockdown of aminopeptidase-N from Helicoverpa armigera larvae and in 

transfected Sf21 cells by RNA interference reveals its functional interaction with 

Bacillus thuringiensis insecticidal protein Cry1Ac. J. Biol. Chem. 282, 7312-

7319. 

Sivasupramaniam, S., Moar, W., Ruschke, L., Osborn, J., Jiang, C., Sebaugh, J., Brown, 

G., Shappley, Z., Oppenhuizen, M., Mullins, J., 2008. Toxicity and 

characterization of cotton expressing Bacillus thuringiensis Cry1Ac and 

Cry2Ab2 proteins for control of Lepidopteran pests. J. Econ. Entomol. 101, 546-

554. 

Sledz, C.A., Holko, M., de Veer, M.J., Silverman, R.H., Williams, B.R., 2003. Activation 

of the interferon system by short-interfering RNAs. Nat. Cell Biol. 5, 834-839. 

Soares, C.A.G., Lima, C.M.R., Dolan, M.C., Piesman, J., Beard, C.B. & Zeidner, N.S., 

2005. Capillary feeding of specific dsRNA induces silencing of the isac gene in 

nymphal Ixodes scapularis ticks. Insect Mol. Biol. 14, 443-452. 

Sun, J., Tang, C., Zhu, X., Guo, W., Zhang, T., Zhou, W., Meng, F., Sheng, J., 2002. 

Characterization of resistance to Helicoverpa armigera in three lines of 

transgenic Bt upland cotton. Euphytica 123, 343-351. 

Surakasi, V.P., Mohamed, A.A., Kim, Y., 2011. RNA interference of β1 integrin subunit 

impairs development and immune responses of the beet armyworm, Spodoptera 

exigua. J. Insect Physiol. 57, 1537-1544. 

Tabara, H., Grishok, A., Mello, C.C., 1998. RNAi in C. elegans: soaking in the genome 

sequence. Science 282, 430-431. 



Chapter 6                                                                                                              References 

137 

 

Tamura, K., Nei M., Kumar S., 2004. Prospects for inferring very large phylogenies by 

using the neighbor-joining method. Proc. Natl. Acad. Sci. U.S.A. 101, 11030-

11035. 

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5: 

molecular evolutionary genetics analysis using maximum likelihood, 

evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 

2731-2739. 

Tan, A., Palli, S.R., 2008. Identification and characterization of nuclear receptors from 

the red flour beetle, Tribolium castaneum. Insect Biochem. Mol. Biol. 38, 430-

439. 

Tavernarakis, N., Wang, S.L., Dorovkov, M., Ryazanov, A., Driscoll, M., 2000. Heritable 

and inducible genetic interference by double-stranded RNA encoded by 

transgenes. Nat. Genet. 24, 180-183. 

Terenius, O., Papanicolaou, A., Garbutt, J.S., Eleftherianos, I., Huvenne, H., 

Kanginakudru, S., Albrechtsen, M., An, C., Aymeric, J.-L., Barthel, A., Bebas, 

P., Bitra, K., Bravo, A., Chevalier, F., Collinge, D.P., Crava, C.M., de Maagd, 

R.A., Duvic, B., Erlandson, M., Faye, I., Felföldi, G., Fujiwara, H., Futahashi, R., 

Gandhe, A.S., Gatehouse, H.S., Gatehouse, L.N., Giebultowicz, J.M., Gómez, I., 

Grimmelikhuijzen, C.J.P., Groot, A.T., Hauser, F., Heckel, D.G., Hegedus, D.D., 

Hrycaj, S., Huang, L., Hull, J.J., Iatrou, K., Iga, M., Kanost, M.R., Kotwica, J., 

Li, C., Li, J., Liu, J., Lundmark, M., Matsumoto, S., Meyering-Vos, M., 

Millichap, P.J., Monteiro, A., Mrinal, N., Niimi, T., Nowara, D., Ohnishi, A., 

Oostra, V., Ozaki, K., Papakonstantinou, M., Popadic, A., Rajam, M.V., Saenko, 

S., Simpson, R.M., Soberón, M., Strand, M.R., Tomita, S., Toprak, U., Wang, P., 

Wee, C.W., Whyard, S., Zhang, W., Nagaraju, J., ffrench-Constant, R.H., 

Herrero, S., Gordon, K., Swevers, L., Smagghe, G., 2011. RNA interference in 

Lepidoptera: An overview of successful and unsuccessful studies and 

implications for experimental design. J. Insect Physiol. 57, 231-245. 



Chapter 6                                                                                                              References 

138 

 

Tian, H., Peng, H., Yao, Q., Chen, H., Xie, Q., Tang, B., Zhang, W., 2009. 

Developmental control of a Lepidopteran pest Spodoptera exigua by ingestion of 

bacteria expressing dsRNA of a non-midgut gene. PLoS ONE 4, e6225. 

Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R., Polasky, S., 2002. Agricultural 

sustainability and intensive production practices. Nature 418, 671-677. 

Timmons, L., Court, D.L., Fire, A., 2001. Ingestion of bacterially expressed dsRNAs can 

produce specific and potent genetic interference in Caenorhabditis elegans. Gene 

263, 103-112. 

Timmons, L., Fire, A., 1998. Specific interference by ingested dsRNA. Nature 395, 854-

854. 

Tinsley, J., 1898. An ants'-nest coccid from New Mexico. Can. Entomol. 30, 47-48. 

Toei, M., Saum, R., Forgac, M., 2010. Regulation and isoform function of the V-

ATPases. Biochemistry 49, 4715-4723. 

Toenniessen, G.H., O’Toole, J.C., DeVries, J., 2003. Advances in plant biotechnology 

and its adoption in developing countries. Curr. Opin. Plant Biol. 6, 191-198. 

Tomita, S., Kikuchi, A., 2009. Abd-B suppresses Lepidopteran proleg development in 

posterior abdomen. Dev. Biol. 328, 403-409. 

Tomoyasu, Y., Miller, C.S., Tomita, S., Schoppmeier, M., Grossmann, D., Bucher, G., 

2008. Exploring systemic RNA interference in insects: a genome-wide survey for 

RNAi genes in Tribolium. Genome  Biol. 9, R10. 

Turner, C.T., Davy, M.W., MacDiarmid, R.M., Plummer, K.M., Birch, N.P., Newcomb, 

R.D., 2006. RNA interference in the light brown apple moth, Epiphyas 

postvittana (Walker) induced by double-stranded RNA feeding. Insect Mol. Biol. 

15, 383-391. 



Chapter 6                                                                                                              References 

139 

 

Uhlirova, M., Foy, B.D., Beaty, B.J., Olson, K.E., Riddiford, L.M., Jindra, M., 2003. Use 

of Sindbis virus-mediated RNA interference to demonstrate a conserved role of 

broad-complex in insect metamorphosis. Proc. Natl. Acad. Sci. U.S.A. 100, 

15607-15612. 

Ulvila, J., Parikka, M., Kleino, A., Sormunen, R., Ezekowitz, R.A., Kocks, C., Rämet, 

M., 2006. Double-stranded RNA is internalized by scavenger receptor-mediated 

endocytosis in Drosophila S2 cells. J. Biol. Chem. 281, 14370-14375. 

Upadhyay, S., Chandrashekar, K., Thakur, N., Verma, P., Borgio, J., Singh, P., Tuli, R., 

2011. RNA interference for the control of whiteflies (Bemisia tabaci) by oral 

route. J. Biosci. 36, 153-161. 

Uryu, O., Kamae, Y., Tomioka, K., Yoshii, T., 2013. Long-term effect of systemic RNA 

interference on circadian clock genes in hemimetabolous insects. J. Insect 

Physiol. 59(4), 494-499. 

Valdes, V.J., Sampieri, A., Sepulveda, J., Vaca, L., 2003. Using double-stranded RNA to 

prevent in vitro and in vivo viral infections by recombinant baculovirus. J. Biol. 

Chem. 278, 19317-19324. 

Valentine, T.A., Randall, E., Wypijewski, K., Chapman, S., Jones, J., Oparka, K.J., 2007. 

Delivery of macromolecules to plant parasitic nematodes using a Tobacco rattle 

virus vector. Plant Biotechnol. J. 5, 827-834. 

Van, d.K., A. R., Mur, L.A., Beld, M., Mol, J.N., Stuitje, A.R., 1990. Flavonoid genes in 

petunia: addition of a limited number of gene copies may lead to a suppression of 

gene expression. Plant Cell 2, 291-299. 

Vaucheret, H., 2006. Post-transcriptional small RNA pathways in plants: mechanisms 

and regulations. Genes Dev. 20, 759-771. 



Chapter 6                                                                                                              References 

140 

 

Vincent, J.F.V., Wegst, U.G.K., 2004. Design and mechanical properties of insect cuticle. 

Arthropod Struct. Dev. 33, 187-199. 

Voinnet, O., 2001. RNA silencing as a plant immune system against viruses. Trends 

genet. 17, 449-459. 

Voinnet, O., 2008. Post-transcriptional RNA silencing in plant-microbe interactions: a 

touch of robustness and versatility. Curr. Opin. Plant Biol. 11, 464-470. 

Volz, J., Müller, H.M., Zdanowicz, A., Kafatos, F.C., Osta, M.A., 2006. A genetic 

module regulates the melanization response of Anopheles to Plasmodium. Cell. 

Microbiol. 8, 1392-1405. 

Wang, Y., Zhang, H., Li, H., Miao, X., 2011. Second-generation sequencing supply an 

effective way to screen RNAi targets in large scale for potential application in 

pest insect control. PLoS ONE 6, e18644. 

Whangbo, J.S., Hunter, C.P., 2008. Environmental RNA interference. Trends Genet. 24, 

297-305. 

Whyard, S., Singh, A.D., Wong, S., 2009. Ingested double-stranded RNAs can act as 

species-specific insecticides. Insect Biochem. Mol. Biol. 39, 824-832. 

Wielopolska, A., Townley, H., Moore, I., Waterhouse, P., Helliwell, C., 2005. A high‐

throughput inducible RNAi vector for plants. Plant Biotechnol. J. 3, 583-590. 

Wienholds, E., Plasterk, R.H., 2005. MicroRNA function in animal development. FEBS 

Lett. 579, 5911-5922. 

Wilson, C., Tisdell, C., 2001. Why farmers continue to use pesticides despite 

environmental, health and sustainability costs. Ecolog. Eco. 39, 449-462. 



Chapter 6                                                                                                              References 

141 

 

Winston, W.M., Sutherlin, M., Wright, A.J., Feinberg, E.H., Hunter, C.P., 2007. 

Caenorhabditis elegans SID-2 is required for environmental RNA interference. 

Proc. Natl Acad. Sci. U.S.A. 104, 10565-10570. 

Wozniak, C.A., 2007. Regulatory impact on insect biotechnology and pest management. 

Entomol. Res. 37, 221-230. 

Wuriyanghan, H., Falk, B.W., 2013. RNA interference towards the potato psyllid, 

Bactericera cockerelli, is induced in plants infected with recombinant Tobacco 

mosaic virus (TMV). PLoS ONE 8(6), e66050. 

Wuriyanghan, H., Rosa, C., Falk, B.W., 2011. Oral delivery of double-stranded RNAs 

and siRNAs induces RNAi effects in the potato/tomato psyllid, Bactericerca 

cockerelli. PLoS ONE 6, e27736. 

Yan, P., Shen, W., Gao, X., Li, X., Zhou, P., Duan, J., 2012. High-throughput 

construction of intron-containing hairpin RNA vectors for RNAi in plants. PLoS 

ONE 7, e38186. 

Yang, Y., Zhu, Y.C., Ottea, J., Husseneder, C., Rogers Leonard, B., Abel, C., Huang, F., 

2010. Molecular characterization and RNA interference of three midgut 

aminopeptidase N isozymes from Bacillus thuringiensis-susceptible and-resistant 

strains of sugarcane borer, Diatraea saccharalis. Insect Biochem. Mol. Biol. 40, 

592-603. 

Yin, C., Jurgenson, J.E., Hulbert, S.H., 2011. Development of a host-induced RNAi 

system in the wheat stripe rust fungus Puccinia striiformis f. sp. tritici. Mol. 

Plant Microbe Interact. 24, 554-561. 

Yoo, B.-C., Kragler, F., Varkonyi-Gasic, E., Haywood, V., Archer-Evans, S., Lee, Y.M., 

Lough, T.J., Lucas, W.J., 2004. A systemic small RNA signaling system in 

plants. Plant Cell 16, 1979-2000. 



Chapter 6                                                                                                              References 

142 

 

Yu, N., Christiaens, O., Liu, J., Niu, J., Cappelle, K., Caccia, S., Huvenne, H., Smagghe, 

G., 2013. Delivery of dsRNA for RNAi in insects: an overview and future 

directions. Insect Sci. 20, 4-14. 

Zaka, S., Saeed, S., Bukhari, S., Baksh, E., 2006. Mealybug, Phenacoccus solenopsis 

(Homoptera: Pseudococcidae): a novel pest of cotton in Pakistan. Proc. 34th Pak. 

SAARC Count. Sci. Conf., 32. 

Zambon, R.A., Vakharia, V.N., Wu, L.P., 2006. RNAi is an antiviral immune response 

against a dsRNA virus in Drosophila melanogaster. Cell. Microbiol. 8, 880-889. 

Zettler, L.J., Cuperusi, G.W., 1990. Pesticide resistance in Tribolium castaneum 

(Coleoptera: Tenebrionidae) and Rhyzopertha dominica (Coleoptera: 

Bostrichidae) in wheat. J. Eco. Entomol. 83, 1677-1681. 

Zha, W., Peng, X., Chen, R., Du, B., Zhu, L., He, G., 2011. Knockdown of midgut genes 

by dsRNA-transgenic plant-mediated RNA interference in the Hemipteran insect 

Nilaparvata lugens. PLoS ONE 6, e20504. 

Zhang, J., Liu, X., Zhang, J., Li, D., Sun, Y., Guo, Y., Ma, E., Zhu, K.Y., 2010a. 

Silencing of two alternative splicing-derived mRNA variants of chitin synthase 1 

gene by RNAi is lethal to the oriental migratory locust, Locusta migratoria 

manilensis (Meyen). Insect Biochem. Mol. Biol. 40, 824-833. 

Zhang, X., Zhang, J., Zhu, K., 2010b. Chitosan/double-stranded RNA nanoparticle-

mediated RNA interference to silence chitin synthase genes through larval 

feeding in the African malaria mosquito (Anopheles gambiae). Insect Mol. Biol. 

19, 683-693. 

Zheng, Z.M., Tang, S., Tao, M., 2005. Development of resistance to RNAi in mammalian 

cells. Ann. N. Y. Acad. Sci. 1058, 105-118. 



Chapter 6                                                                                                              References 

143 

 

Zhou, X., Oi, F.M., Scharf, M.E., 2006. Social exploitation of hexamerin: RNAi reveals a 

major caste-regulatory factor in termites. Proc. Natl. Acad. Sci. U.S.A. 103, 

4499-4504. 

Zhu, F., Xu, J., Palli, R., Ferguson, J., Palli, S.R., 2011. Ingested RNA interference for 

managing the populations of the Colorado potato beetle, Leptinotarsa 

decemlineata. Pest Manag. Sci. 67, 175-182. 

Zhu, J., Chen, L., Raikhel, A., 2003. Post transcriptional control of the competence factor 

beta FTZ-F1 by juvenile hormone in the mosquito Aedes aegypti. Proc. Natl. 

Acad. Sci. U.S.A. 100, 13338-13343. 

Zhu, Y.-C., Specht, C.A., Dittmer, N.T., Muthukrishnan, S., Kanost, M.R., Kramer, K.J., 

2002. Sequence of a cDNA and expression of the gene encoding a putative 

epidermal chitin synthase of Manduca sexta. Insect Biochem. Mol. Biol. 32, 

1497-1506. 

Zimoch, L., Hogenkamp, D., Kramer, K., Muthukrishnan, S., Merzendorfer, H., 2005. 

Regulation of chitin synthesis in the larval midgut of Manduca sexta. Insect 

Biochem. Mol. Biol. 35, 515-527. 

Zimoch, L., Merzendorfer, H., 2002. Immunolocalization of chitin synthase in the 

tobacco hornworm. Cell Tissue Res. 308, 287-297. 



                                                                                                                             Appendices 

144 

 

APPENDICES 

Appendix 1 

Fermentas, 1 kb DNA ladder  

 

Appendix 2 

Agarose gel electrophoresis 

DNA samples were loaded on the gel by mixing in 6X DNA loading dye 

(Fermentas) or 6x loading buffer prepared in the lab. DNA fragments were separated by 

electrophoresis on 1-2 % (w/v) agarose gel in 0.5X TAE buffer. Ethidium bromides (0.5 

μg/ml) was added to stain the DNA. Fragment sizes were compared with 1 kb DNA 

ladder. 

50X Tris-acetate EDTA buffer (TAE) 

For 1 liter 50X TAE add: 

 Tris base   242.0 g 
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0.5 M EDTA (pH 8.0)  100.0 ml  

Glacial acetic acid    57.1 ml 

Make up the final volume with distilled water to 1000 ml. 

6X Gel loading buffer 

Bromophenol blue   0.25% (w/v) 

Xylene cyanol FF.   0.25% (w/v) 

Glycerol    30.0% (v/v) 

Dissolve in distilled water. 

Appendix 3 

QIAquick gel extraction protocol  

Perform all centrifugation at room temperature at 10000xg. Before beginning pre-

heat an aliquot of EB to 65°C to 70°C. Preset a water bath or heat block to 50°C. Verify 

that ethanol has been added to wash Buffer (PE). 

Cut the area of gel containing the DNA fragment using a clean, sharp scalpel. 

Trim the piece of gel precisely to reduce the extra weight of gel. Weigh the empty tube 

and then again weigh it with gel slice. Calculate the weight of gel slice. 

Add 3 volume of buffer QG to 1 volume of gel and incubate at 50°C for 10 min to 

dissolve the gel properly. See the color of mixture should be yellow as it was before 

dissolving gel. If the color is changed add 3M sodium acetate pH 5 to maintain the pH of 

mixture. Add 1 gel volume of isopropanol to the sample and mix properly.  
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Apply the whole sample to QIAquick column placed in 2 ml collection tube. 

Centrifuge it for 1 min. Discard the flow-through and add 0.5 ml of buffer QG in the 

column and centrifuge for 1 min. Wash the column with 0.75 ml of buffer PE. 

Elute the DNA with 30-50 µL of buffer EB (10 mM Tris. Cl,pH 5.8). Purified 

DNA is ready for analysis. 

Appendix 4 

PCR purification using Zymoclean DNA clean and Concentrator-25 cat no. D4033 

1. In a 1.5 ml microcentrifuge tube, add 5 volumes of DNA Binding Buffer to each 

volume of DNA sample. Mix briefly by vortexing. 

2. Transfer mixture to a provided Zymo-Spin™ Column in a Collection Tube. 

3. Centrifuge at 12000 X g for 30 seconds. Discard the flow-through. 

4. Add 200 µL DNA Wash Buffer to the column. Centrifuge at 12000 X g for 30 

seconds. Repeat the wash step. 

5. Add ≥ 25 µL DNA Elution Buffer or water directly to the column matrix and incubate 

at room temperature for 1 min. Transfer the column to a 1.5 ml microcentrifuge tube and 

centrifuge at 12000 X g for 30 seconds to elute the DNA. 

Ultra-pure DNA is now ready for use. 

Appendix 5 

DNA extraction from gel using SpinPrepTM Gel DNA Kit cat no 70852-3 

Prewarm appropriate volume (50 µL per prep) of SpinPrep Elute Buffer (C) at 

50°C. Pre-weigh an appropriate number 1.5 ml tubes to be used for melting gel slices, 

and note their weight. Each 1.5 ml tube can hold a gel slice of up to approximately 250 
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mg. Using a clean scalpel excise the desired DNA band from the gel by viewing under 

long-wavelength UV light. Place the gel slice in the pre-weighed 1.5 ml tube and record 

the weight of the gel slice. Add 300 µL of SpinPrep GelMelt Solution (A) per 100 mg of 

gel slice. Incubate at 50°C for 10 min to completely dissolve the gel slice. Place a 

SpinPrep Filter into a 2 ml receiver tube and transfer a maximum of 700 µL of the 

dissolved gel solution to the SpinPrep Filter. Centrifuge at top speed in a microcentrifuge 

for 30 sec. Multiple loads of the melted gel slice should be used if the total volume 

exceeds 700 µL. Discard the flow-through in the receiver tube. Return the SpinPrep Filter 

to the Receiver tube and add 400 µL of fresh SpinPrep GelMelt Solution (A). Centrifuge 

for 30 sec and discard the flow-through. Add 650 µL of SpinPrep Wash Buffer (B, with 

ethanol) and centrifuge for 30 sec. Discard the flow-through and centrifuge for an 

additional 2 min to remove residual SpinPrep Wash Buffer (B). Transfer the SpinPrep 

Filter to the provided 1.5 ml Eluate Receiver Tube. Pipette 50 µL of prewarmed (50°C) 

SpinPrep Elute Buffer (C) onto the SpinPrep Filter membrane and incubate for 3 min at 

50°C. Immediately centrifuge for 1 min to collect the eluted DNA 

Appendix 6 

PCR Purification using GeneJET
TM

 PCR purification kit Fermentas cat no. K0701 

Add equal volume of Binding Buffer to completed PCR mixture and mix 

thoroughly. Transfer the above solution to the GeneJET™ purification column. 

Centrifuge for 30-60 s. Discard the flow-through. Add 700 µL of Wash Buffer to the 

GeneJET™ purification column. Centrifuge for 30-60 s. Discard the flow-through and 

place the purification column back into the collection tube. Centrifuge the empty 

GeneJET™ purification column for an additional 1 min to completely remove any 

residual wash buffer. Transfer the GeneJET™ purification column to a clean 1.5 ml 

microcentrifuge tube. Add 50 µL of Elution Buffer to the center of the GeneJET™ 

purification column membrane and centrifuge for 1 min. Discard the GeneJET™ 

purification column and store the purified DNA at -20°C. 
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Appendix 7 

pTZ57R/T map 

 

Appendix 8 

pGEM
®
-T Easy vector map 

  



                                                                                                                             Appendices 

149 

 

Appendix 9 

PGR 107 vector map 

 

 

 

 

 

 

 

PGR 107

10436 bp

BamHI (1546)

ClaI (6672)

SmaI (6680)

XmaI (6678)

SalI (6683)

ApaLI (7128)

ApaLI (8867)

NcoI (1711)

NcoI (4213)

EcoRI (1736)

EcoRI (4352)

EcoRI (7918)

HindIII (3250)

HindIII (4455)

HindIII (6696)

AvaI (503)

AvaI (2531)

AvaI (6678)

AvaI (7421)

PstI (581)

PstI (2569)

PstI (2599)PstI (6834)

GOI 



                                                                                                                             Appendices 

150 

 

Appendix 10 

pJL 36 restriction map 
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Appendix 12 

L4440 vector restriction map 

 

Appendix 13 

LB (Luria-Bertini) liquid 

Tryptone    1.0 % 

Yeast extract    0.5 % 

NaCl     0.5 % 

Dissolve in dH2O. Adjust pH to 7.5 and autoclave.  
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Appendix 14 

LB (Luria-Bertini) agar medium 

Tryptone    1.0 % 

Yeast extract    0.5 % 

NaCl     0.5 % 

Adjust pH 7.5 then add  

Bacto agar    1.5 % 

Dissolve in dH2O and autoclave, then cool down to 40-45°C and add appropriate 

antibiotic in desired concentration.  Mix well and pour into the plates.  

Appendix 15 

Antibiotics 

Antibiotics Stock Conc. Working Conc. Solvent 

Ampicillin 100 mg/ml 100 µg/ml  Water 

Kanamycine 50 mg/ml 50 µg/ml  Water 

Rifampicine 50 mg/ml 50 µg/ml  Methanol 

Tetracycline 10 mg/ml 10 µg/ml  90% Ethanol 

Gentamycine 25 mg/ml 25 µg/ml  Water 
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Appendix 16 

X-Gal 

Dissolve 200 mg X-Gal (5-bromo-4-chloro-3-3indolyl-B-D-galactopyranoside) in 

10 ml N, N-dimethylformamide (DMF). Store at -20°C and protect from light. Use 20 µL 

per plate. 

Appendix 17 

IPTG 

Dissolve 1.2 g IPTG (isopropyl- B-D- thiogalactopyranoside) in 50 ml of 

deionized water. Filter-sterilize, aliquot and store at -20°C. Use 20 µL per plate. 

Appendix 18  

Preparation of heat shock competent cells of E. coli strain Top 10 

50 ml LB media was inoculated with a single fresh grown colony of E. coli top 10 

strain in 250 ml flask and incubated with vigorous shaking overnight at 37°C. Next day 

200 ml fresh LB media was inoculated with 2 ml of previous culture in 1 liter flask and 

incubate at 37°C with vigorous shaking until OD of culture reaches to 1. Normally it 

takes 3-4 h. Cool down the cells by putting on ice for 30 min. Transfer the culture to 

sterile 50 ml falcon tubes and centrifuge for 10 min at 4000 rpm and 4°C. Discard 

supernatant and dissolve the pellet in 15 ml of 0.1M CaCl2. Cells were incubated on ice 

for 30 min and then centrifuged again as previously for 8 min. Again pellet was re-

suspended in 5 ml of 0.1M CaCl2. 100% glycerol was added dissolved properly and make 

aliquots to save on -70°C. 
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Appendix 19 

Chemical transformation (chemically competent cell made with CaCl2) 

1. Mix 1-5 µL of the ligation mixture with E.coli 

2. Sit on the ice for 5-10 min at least. 

3. 42°C 90 seconds 

4. Put on the ice immediately and then cool down for 10 mins 

5. SOC or LB media 300 µL 

6. Shaking for 1 hr -1 1/2 hrs at 37°C shaking incubator 

7. Spread the 50 µL of culture on the plate containing Amp100 µg/ml, 20 mg/ml X-

gal 40 µL, 100 mM IPTG 40 µL LB plate. 

8. Incubate for overnight at 37°C incubator. 

9. Next day, check the white colonies 

10. Take out the plates from 37°C incubator and move to the 4°C refrigerator for 1-2 

hrs until blue color will be fully developed. Then pick the white colonies. 

11. Pick the white colony candidates to 3 ml of LB/Amp broth. 

Appendix 20  

Preparation of electro-competent Agrobacterium tumefaciens cells 

50 ml LB medium in a 250 ml autoclaved flask was inoculated by a single colony 

from a fresh grown GV3101 plate using a sterile wire loop and incubated at 28°C for 48 h 

with vigorous shaking. 5 ml of this culture was used to inoculate a 1 liter flask containing 
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250 ml of LB medium and incubated at 28°C until the OD600 of cells was 0.5-1.0 (1010 

cells/ml). The culture was transferred aseptically to ice cold sterile 50 ml falcon tubes and 

kept on ice for 30 min. The cells were then centrifuged at 4,000 rpm (3250Xg) for 10 min 

at 4°C in a bench top refrigerated centrifuge (Eppendorf Centrifuge model 5810R). The 

supernatant was decanted and the pellet was re-suspended in 50 ml of cold SDW. The 

cells were again centrifuged at 4,000 rpm (3250Xg) at 4°C for 10 min. The supernatant 

was decanted and the pelleted cells were then re-suspended in 25 ml of cold SDW. After 

another wash, cells were re-suspended in 10 ml of cold SDW containing filter sterilized 

cold 10% (v/v) glycerol. This wash was repeated. Finally the cells were re-suspended in 

1-1.5 ml filter sterilized cold 10% (v/v) glycerol, aliquoted in 50 µL and stored at -80°C 

until used. 

Appendix 21 

Electrotransformation (Electrocompetent cell) 

1. Mix the ligation mixture with E.coli 

2. Sit on the ice for 5-10 min at least 

3. Move the mixture to the 2 mm cuvett (BIO-RAD). 

4. Electric shock on 200 Ω, 2.4 V 

5. Add the SOC media 300 µL as soon as possible. 

6. Same as step 6 -11 of chemical transformation method but temperature in case of 

Agro cells would be 28°C instead of 37°C as in E. coli. 
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Appendix 22 

Plasmid isolation from E. coli by alkaline lysis method  

Miniprep Solutions 

Solution A (Suspension solution)  

Tris (pH 7.4-7.6)         50 mM 

EDTA               1 mM 

RNase              100 μg/ml 

Store at 4°C 

Solution B (Lysis solution) 

NaOH           0.2 N 

SDS           1 % 

Keep it in sterile plastic bottle. In glass bottle it precipitates. 

Solution C (Neutralization solution) 

Potassium acetate       3 M 

Glacial acetic acid      11.5 ml/100 ml 

(pH 4.8-5.0)  

 A single transformed E. coli colony was grown overnight at 37°C in 3 ml liquid LB 

medium containing required antibiotic. 

 The above culture was centrifuged in 1.5 ml eppendorf tube for 1 min. 



                                                                                                                             Appendices 

157 

 

 The supernatant was decanted. 

 Pellet was re-suspended in 150 μL of re-suspension solution. 

 250 μL of lysis solution was added to eppendorf tube and mixed well by inverting 

gently for 5-6 times. 

 250 μL of neutralization solution was added to eppendorf tube mixed well and then 

centrifuged for 5 min. 

 Take supernatant and add equal volume of phenol:chloroform:isoamylalcohl 

(24:24:1) 

 Mix and centrifuge for 5 min 

 Take top layer carefully and add 2.5 volume of chilled 95% ethanol  

 Centrifuge for 10 min discard supernatant carefully leaving behind pellate 

 Wash pellate with 75% ethanol and air dry pellete   

 Dissolve the plasmid DNA pellete in appropriate volume of sterile d3H2O 

Appendix 23 

Miniprep protocol (Plasmid isolation) 

GeneJET
Tm

 Plasmid Miniprep Kit, Fermentas cat no. K0503 was used for plasmid 

isolation following the manufacturer’s protocol as under. All centrifugations were carried 

out at > 12000Xg at room temperature. 

 A single transformed E. coli colony was grown overnight at 37°C in 3 ml liquid LB 

medium containing required antibiotic. 

 The above culture was centrifuged in 1.5 ml eppendorf tube for 1 min. 

 The supernatant was decanted. 

 Pellet was re-suspended in 250 μL of re-suspension solution. 

 250 μL of lysis solution was added to eppendorf tube and mixed well by inverting 

gently for 5-6 times. 

 350 μL of neutralization solution was added to eppendorf tube mixed well and then 

centrifuged for 5 min. 
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 The supernatant was loaded onto the column and centrifuged for 1 min. 

 Flow through was discarded and 500 μL wash solution was added to the column 

and centrifuge for 1 min. This step was repeated two times.  

 Empty column was centrifuged for 1 min to dry the column. 

 Elute the DNA by adding 50 μL of elution buffer to the column and spin the 

column for 2 min and store the DNA at-20°C. 

Appendix 24 

DNA restriction/digestion reaction for confirmation 

1Rxn    10Rxn µL  

DNA     3.0 µL   ---- 

Enzyme 1    1.0 µL    10.0 µL  

Enzyme 2               1.0 µL    10.0 µL 

Buffer                 4.0 µL    10.0 µL  

d3H2O                                    11.0 µL                        110.0 µL      

Total volume   20.0 µL 

This digestion was placed at 37°C incubator for 2-4 h. 

Appendix 25 

Total RNA isolation from insects  

Autoclave all the hardware and keep at 65°C oven overnight. Wash the working 

area with DEPC treated water or RNAse away properly before starting experiment. 
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 Appropriate no of insects were ground in 1 ml of TRIzol
® 

reagent (Initially add 0.5 

ml TRIzol
®
 reagent and after grinding the sample add more 0.5 ml). 

 Sample was incubated at room temperature for 5 min. 

 Added to it 100 µL bromochloropropane (BCP) and incubated for 5 min on ice. 

 Centrifuge the sample at 12000Xg for 15 min at 4°C. 

 Aqueous phase was taken into new tube and added to it 500 µL Isopropanol mixed 

properly and incubated at -20°C for 30 min. 

 Centrifuged at 12000g for 10 min at 4°C 

 Discard supernatant carefully and wash the pellet with 75% ethanol (specially made 

in DEPC treated water) and centrifuge for 5 min at 8000Xg  

 Supernatant was discarded carefully and pellet was air dried (avoid over drying the 

pellet). Dissolve the pellet in DEPC treated dH2O. 

 Check the integrity of RNA on 1 % agarose gel made in TAE buffer containing 

DEPC treated water and concentration was checked on nanodrop. 

Appendix 26 

RNA isolation from plant leaf 

 Plant leaf less than 0.5 gm was ground to fine powder  in liquid N2 and added to it 

750 µL RNA extraction buffer and 750 μL phenol:water (3.75:1) and mixed by 

vortexing 

 Centrifuge for 5 min at RT at 13000 rpm 

 Aqueous phase was collected into new eppendorf tube 

 Added to it 1/10 NaAc 3M+2 Volumes of 100% ethanol 

 Incubate O/N or 2 h at -20°C 

 Centrifuge 30 min at 4°C 

 Wash the pellet with 70% ethanol 

 Aspirate liquid carefully 

 Air dry 10 min 
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 Suspend in 50 µL DEPC treated SDW 

 Put on 37°C for 2-3 min to completely dissolve the pellet 

 Vortex briefly 

 Spin @12000rpm for 2min 

 Take supernatant (RNA) leaving behind debris if any. 

RNA extraction buffer for plant RNA extraction  

 200mM Tris HCl pH 8 

 100mM LiCl 

 5mM EDTA pH8 

 1% SDS 

 2.5 mg/ml bentonite 

Appendix 27 

cDNA synthesis 

 RNA template                                                   5 μL (1-1.5 μg) 

 Oligodt primer (or Gene specific reverse primer)  1 μL 

 DEPC treated SDW                                              6 μL 

Mix by pipetting up and down and spin down for 3-5 sec. 

Incubate at 70°C for 5 min 

Chill on ice  
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         1X  10X 

 Add 5X reaction buffer                                         4 μL  40 μL 

 Add Ribonuclease inhibitor                                  1 μL  10 μL 

 dNTP                                                                    2 μL  20 μL 

 Mix, spin and incubate at 37°C for 5 min  

 Add Revert Aid reverse transcriptase enzyme                  1 μL  10 μL 

 Incubate at 42°C for 60 min 

 Finally incubate at 70°C for 10 min 

 Chill on ice briefly. 

Now this cDNA can be used as template for amplification of desired gene by PCR. 

Appendix 28  

dsRNA production through bacterial system 

1. Start overnight cultures of the needed L4440:HT115 construct with gene of interest in 

5 ml LB broth amended with 100 µg/ml ampicillin and 12.5 µg/ml tetracycline in a 15 ml 

culture tube. Incubate at 37°C on a shaker plate. 

2. Dilute the starter culture 100x in 50 ml LB broth amended with 100 µg/ml ampicillin 

and 12.5 µg/ml tetracycline. e.g. 99 ml LB media and 1 ml starter culture in a 250 ml 

culture flask.  

3. Incubate at 37°C on a shaker plate for 3-4 h 

4. Add IPTG to a final concentration of 0.4mM to the culture flask; incubate at 37°C for 

3-4 h on shaker 

5. Harvest cells by centrifugation at 6000xg for 5 min at 4°C. Use sterile GSA tubes in 

the large refrigerated centrifuge.  
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6. Extract total RNA using TRIzol
®
 reagent. It will also contain dsRNA. 

Appendix 29 

dsRNA synthesis 

PCR template was produced using cDNA of P. solenopsis as a template and pair of 

primers containing T7 promoter sequence on 5′ end. PCR product was analyzed through 

gel electrophoresis and cleaned using GeneJET
TM

 PCR Purification Kit Fermentas  cat 

no. K0701 (Appendix 6). Then dsRNA synthesis reaction was set up at room temperature 

as follows 

Add the components in the order shown. 

T7 Reaction Components 

RiboMAX™ Express T7 2X Buffer   10.0 μL 

Linear DNA template (~1 μg total)    1–8 μL 

Nuclease-Free Water       0–7 μL 

Enzyme Mix, T7 Express          2.0 μL 

Final Volume      20.0 μL 

Mix gently and incubate at 37°C for 2 h. 

After 2 h I incubated the above reaction at 70°C for 10 min and then slowly cooled down 

to room temperature. Then dilute the supplied RNase Solution 1:200 by adding 1 μL 

RNase Solution to 199 μL Nuclease-Free Water. Add 1 μL freshly diluted RNase 

Solution and 1 μL RQ1 RNase-Free DNase per 20 μL reaction volume, and incubate for 

30 min at 37°C. This will remove any remaining single-stranded RNA and the template 

DNA, leaving double-stranded RNA. 
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Appendix 30 

CTAB buffer   

Tris-HCl (pH 8.0) 100 mM 

EDTA   20 mM 

NaCl   1.4 M 

CTAB   2 % (w/v) 

β-mercaptethanol 0.2 % (v/v) 

Appendix 34  

Polyacrylamide gel electrophoresis (PAGE) 

15% Polyacrylamide Denaturing Gel 

(mirVana PARIS Instruction Manual,  Ambion) 

Urea     7.2 g   

10x TBE    1.5 ml   

40% acrylamide   5.6 ml   

(acrylamide:bis acrylamide+ 19:1) 

nuclease-free water           To 15 ml  

Stir to mix, than add:  (may need to be placed in warm water) 

Let it cool to room temperature and then add 
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10% ammonium persulfate 75 µL 

TEMED    15 µL   

Cast the gel quickly in preset PAGE set up. Avoid air bubbles. 

Allow gel to polymerize for 1 hour 

Prerun for 30 -60 min @ constant voltage and 20 mA in 1X TBE buffer. 

Appendix 35 

Denaturing solution 

DMSO      35 µL 

40% glyoxal solution    10 µL 

10X HEPES-EDTA buffer     7 µL 

Total      52 µL 

Appendix 36 

10X HEPES EDTA 

Add 

Hepes  47.66g 

EDTA  3.722g 

NaOH  1g 

dH2O  800 ml 
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adjust pH to 7 with 5 or 10 N NaOH 

Bring volume to 1000 ml using DEPC treated dH2O and autoclave. 

Appendix 37 

0.5 M EDTA 

Add 186.1g of disodium ethylene diamine tetracetate to 800 ml of H2O. Stirr 

vigorously on a magnetic stirrer. Adjust pH to 8 by adding NaOH (~ 20 g NaOH pellets). 

Salt will not go into solution until the pH is adjusted. Bring volume to 1000 ml by DEPC 

treated dH2O. Autoclave and use. 

Appendix 38 

20X SSC 

Add NaCl   175.3g  

Sodium citrate    88.2 g 

dH2O     800 ml 

adjust pH 7 with few drops of 10N HCl 

Bring volume to 1000 ml by DEPC treated dH2O, autocalve and use. 

Appendix 39 

10% SDS 

SDS 10 g 

DEPC treated H2O 90 ml. Heat at 68°C to assist dissolution. Adjust pH 7.2 by adding 

HCl. 
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Bring volume to 1000 ml by DEPC treated dH2O. No need to sterilization. 

Appendix 43 

Analysis of variance for adult P. citri alive   

SOV     DF               SS    MS         F          P 

 

Repeats     2   3.3938 1.6969       

Treatments     7            59.7149 8.5307    15.81          0   

Error    14  7.5545  0.5396       

Total    23           70.6631     

Appendix 44 

Analysis of variance for ovisac producing P. citri   

SOV     DF               SS    MS         F          P 

 

Repeats     2  8.33E-06 0.004167      

Treatments      7  387.278 55.3255** 87.01        0   

Error     14  8.90233 0.63588      

Total     23  396.181        
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Appendix 45 

Analysis of variance for alive P. citri crawlers 

SOV     DF             SS  MS         F          P 

 

Repeats     2  100   50       

Treatments     7         89163.8        12737.7    178.99        0   

Error    14  996.3   71.2       

Total    23         90260.1  

Appendix 46 

Analysis of variance for dead P. citri crawlers  

SOV     DF             SS  MS         F          P 

 

Repeats      2  52.8  26.4       

Treatments      7       14191.7        2027.38        30.2         0   

Error     14            939.7  67.12       

Total      23         15184.2  
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Appendix 47 

Analysis of variance for total P. citri crawlers that emerged   

SOV     DF             SS  MS         F          P 

 

Repeats      2  195.3  97.7       

Treatments      7         73814.6       10544.9         49.01                    0   

Error     14           3012                215.1       

Total      23         77022         

Appendix 48 

Analysis of variance for 3
rd

 instar P. solenopsis alive 

SOV     DF         SS           MS    F          P 

 

Replication         3      0.13334             0.04445 

Treatment           4         5.86267  1.46567 12.41     0.0003 

Error        12        1.41781  0.11815 

Total        19         7.41382 
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Appendix 49 

Analysis of variance for adult P. solenopsis alive 

SOV     DF         SS     MS         F          P 

 

Replication        3      0.2218     0.07393 

Treatment         4    38.7992    9.69981    19.60     0.0000 

Error      12      5.9400    0.49500 

Total      19    44.9610     

Appendix 50 

Analysis of variance for ovisac producing P. solenopsis 

SOV                      DF                 SS                  MS                         F          P

 

Repeats                 3                 1.9263               0.6421 

Treatments           4              55.0515              13.7629                 65.51          0.0000 

Error                    12                2.5211              0.2101 

Total                    19               59.4988 
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Appendix 51 

Analysis of variance for total P. solenopsis alive 

SOV                      DF                      SS         MS           F         P 

 

Repeats                3         0.3306          0.11019 

Treatments          4       18.5511       4.63779        11.27    0.0005 

Error                  12         4.9379        0.41149 

Total                   19       23.8196 

Appendix 52 

Analysis of variance for corrected mortality in adult P. solenopsis 

SOV                 DF                   SS                     MS                    F                      P

 

Repeats            3                       33.84                11.279 

Treatments       4                   3510.86               877.715                   11.47                0.0005 

Error                   12               917.97               76.498 

Total                   19              4462.67 
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Appendix 53 

Analysis of variance for deformed P. solenopsis  

SOV                    DF                  SS                    MS                     F                       P

 

Repeats                3                 0.24490           0.08163 

Treatments          4                 6.12467           1.53117             34.41            0.0000 

Error                  12                0.53405           0.04450 

Total                  19                 6.90362 

Appendix 54 

Analysis of variance for alive P. solenopsis crawlers 

SOV                     DF                 SS                  MS                 F                    P 

 

Repeats                  3                3218.0            1072.7 

Treatments            4              74298.9          18574.7          22.43             0.0000 

Error                    12                9937.2              828.1 

Total                     19              87454.1 
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Appendix 55 

Analysis of variance for corrected mortality in P. solenopsis crawlers 

SOV                     DF                  SS                    MS                     F                     P

 

Repeats                3                    86.30                   28.77 

Treatments          4                4865.90              1216.47            11.93             0.0004 

Error                  12                1223.73               101.98 

Total                   19                6175.93 

Appendix 56 

Analysis of variance for total P. solenopsis crawlers that emerged 

SOV     DF       SS          MS             F               P 

 

Repeats               3     3931.6             1310.5 

Treatments          4  58339.7          14584.9          16.55        0.0001 

Error         12  10574.0                   881.2 

Total         19     72845.3 

  

 


