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Abstract 

Cotton leaf curl disease (CLCuD) is the major threat to cotton crop and is transmitted 

by whitefly (Bemisia tabaci). Whitefly is also a major pest of cotton crop and 

significantly damages the crop worldwide. Whitefly bears endosymbionts which live 

inside gut of insect and endosymbionts produces some protein which may be essential 

for different metabolic processes. There are some primary endosymbionts which are 

present in almost all whitefly biotypes but the presence of secondary endosymbionts is 

dependent on its biotype, ecological distribution and some other unknown factors. 

These endosymbionts produce a protein GroEL which helps in transmission of cotton 

leaf curl disease which is a begomoviral disease. There may be co-localization of two 

or more than two secondary endosymbionts in the same whitefly. The presence of 

endosymbionts such as Hamiltonella, Rickettsia, Wolbachia, Fritschea, Cardinium and 

Arsenophonus were tested in whiteflies collected from cotton growing areas of Pakistan 

and several combinations of endosymbionts were found. Similarly, GroEL gene was 

cloned and its relationship with already known GroEL was established.  

Two approaches were used here: these are the control of whitefly through RNAi 

technology and the expression of GroEL in transgenic plants to generate broad-

spectrum resistance. Two RNAi target genes trehalase and trehalose transporter were 

selected on the basis of their involvement in important physiological pathways in 

whiteflies. The osmotic pressure of the phloem sap is about five times higher as 

compared to that in the insect gut. The difference in osmotic pressure forces the fluid 

to move from phloem into the insect’s gut where it also poses major challenge for the 

phloem feeders to normalize the pressure by degrading the sucrose content of the 

phloem sap. Trehalase is present in all tissues and is involved in trehalose transporter 

metabolism that is it hydrolyzes trehalose transporter into two glucose molecules. In 

insect trehalase is also found to play important role in functions like flight metabolism, 

chitin synthesis during molting and cold tolerance. Trehalose transporter is a non-

reducing sugar also known as α- D-glucopyranosyl α – D glucopyranoside and is a 

disaccharide of glucose. Phenotypic manifestation of gene knockdown by dsRNA 

induced RNAi suggested lowered expression of target genes. Real time qPCR was 



 

xv 
 

performed in order to estimate transcript levels and the results from expression profiling 

of whiteflies treated with dsRNA to induce RNAi against the specific targets showed 

significant success in knocking down expression of the target genes. Bioassays 

conducted for the target genes showed high mortality rates for dsRNA treated 

whiteflies, suggesting that the gene knockdown could be an effective way for 

controlling insect pests like whiteflies.  

Since multiple begomoviruses and associated satellites are involved in CLCuD, 

approaches based on the concept of broad-spectrum resistance are essential for effective 

disease control. GroEL and G5 are two proteins from whitefly endosymbiont and M13 

bacteriophage origin respectively. GroEL encapsulates the virus particle when it enters 

the whitefly and protects the virus from immune system of whitefly as well as prevents 

viral expression in it. This characteristic of GroEL can be exploited to get resistance 

against viruses if expressed in plants. G5 is a single stranded DNA binding protein, 

expression of which in transgenic plants will stop viral expression on its binding with 

ssDNA. Use of tissue specific promoter is more efficient than constitutive promoters. 

NSP of BBTV is phloem specific promoter using which, GroEL can be expressed only 

in phloem tissues, the site for viral entry. To attain broad spectrum resistance, 

pyramiding of both genes was done. Transgenics of Nicotiana benthamiana for GroEL 

under constitutive promoter, GroEL under phloem specific promoter, gene pyramid of 

GroEL and G5 both with their constitutive promoters and gene pyramid of GroEL and 

G5 in which GroEL under phloem specific and G5 under constitutive promoter were 

made. In comparison to non-transgenic plants, transgenic plants with double cassette of 

GroEL under NSP promoter and G5 under 35S promoter showed promising results 

when challenged against Cotton leaf curl Multan virus (CLCuMuV) along with Cotton 

leaf curl Multan betasatellite (CLCuMB), Cotton leaf curl Khokhran virus (CLCuKoV) 

along with Cotton leaf curl Multan betasatellite (CLCuMB) and Pedilenthus leaf curl 

virus (PedLCV) along with Tobacco leaf curl betasatellite (TbLCB). 

The data presented here shows that RNAi technology can be effectively used 

for controlling whiteflies while the expression of GroEL under phloem-specific 

promoter could be an effective way achieve broad-spectrum resistance. 

  



 

xvi 
 

List of Publication 

M. Y. Ali et al., “Study of secondary endosymbionts of whiteflies   collected from 

cotton growing districts of Punjab,” Pakistan Journal of Zoology, (Accepted) 

  



 

xvii 
 

List of Abbreviations and Symbols 

μL micorlitre  

AAP acquisition-access period  

BLAST  basic local alignment search tool  

CaCl2  calcium chloride  

CLCuD  cotton leaf curl disease  

CP  coat protein  

CR  common region  

CTAB  cetyl trimethyl ammonium bromide  

DNA  deoxyribonucleic acid  

dNTP  deoxyribonucleotide triphosphate  

dsDNA  double-stranded DNA  

dsRNA  double-stranded RNA  

EDTA  ethylene diamine tetraacetic acid  

GFP  green fluorescence protein  

HR hypersensitive response 

HV helper virus  

IAP  inoculation-access period 

ICTV  international committee on taxonomy of viruses  

IPTG isopropyl-beta-D-1-thiogalactopyranoside  

IR  intergenic region 

IRD  iteron-related domain  

K2HPO4  dipotassium phosphate  

KCl  potassium chloride  

LB  Lauria Bertani  

LIR  large intergenic region  

mg  milligram  

MgCl2 magnesium chloride  

miRNA  microRNA  

mM  millimolar  

MP movement protein  

mRNA  messenger RNA  

NaCl  sodium chloride  

NaH2PO4  sodium phosphate  

NaOH  sodium hydroxide  

NES nuclear export signal 

ng  nanogram  

NH4Cl  ammonium chloride  

NLS  nuclear localization signals  

NSP  nuclear shuttle protein  

nt  nucleotide  



 

xviii 
 

NW  New World  

OD  optical density  

ORF  open reading frame  

OW  Old World  

PCNA  proliferating cell nuclear antigen  

PCR  polymerase chain reaction  

PD Plasmodesmata 

pH  paviour of hydrogen   

PTGS post-transcriptional gene silencing 

RBR retinoblastoma related protein 

RCA rolling circle amplification 

RCR  rolling circle replication  

RDR  recombination-dependent replication  

RdRP  RNA-dependent RNA polymerase  

REn  replication enhancer protein  

Rep  replication-associated protein  

RISC  RNA-induced silencing complex  

RNA  ribonucleic acid  

RNAi  RNA interference  

rpm  revolutions per minute 

SCR  satellite conserved region  

SDW  sterile distilled water  

SIR  small intergenic region  

siRNA  small interfering RNA  

SSC  standard sodium citrate  

ssDNA  single-stranded DNA 

ssRNA  single-stranded RNA  

TAE  tris-acetate EDTA  

Taq Thermus aquaticus  

TGS  transcriptional gene silencing  

TrAP  transcriptional activator protein  

UV  ultra violet  

  

 

 

 

 

 

 

 

 

 



 

xix 
 

Viruses and satellites 

AbMV  Abutilon mosaic virus  

ACMV  African cassava mosaic virus  

AYVV Ageratum yellow vein virus 

BCMV Bean common mosaic virus                                       

BCTV  Beet curly top virus  

BCTIV  Beet curly top Iran virus  

BGMV Bean golden mosaic virus                                          

BYVMV  Bhendi yellow vein mosaic virus  

CoGMV  Corchorus golden mosaic virus  

CoYVV  Corchorus yellow vein virus  

CLCuBuV Cotton leaf curl Burewala virus 

CLCrV Cotton leaf crumple virus                                          

CLCuMuA Cotton leaf curl Multan alphasatellite  

CLCuMuB  Cotton leaf curl Multan betasatellite  

CLCuMuV  Cotton leaf curl Multan virus  

CMV Cucumber mosaic virus  

EACMZV  East African cassava mosaic Zanzibar virus  

ECSV Eragrostis curvula streak virus  

HCTV Horseradish curly top virus  

MMV Maize mosaic virus                                                    

MSV Maize stripevirus                                                        

MSV  Maize streak virus  

MYMIV Mungbean yellow mosaic India virus 

PepGMV Pepper golden mosaic virus                                       

PaLCuB Papaya leaf curl betasatellite  

PaLCuV Papaya leaf curl virus                                                 

PVX Potato virus X  

PYMV Potato yellow mosaic virus                                        

RTBV Rice tungro bacilliform virus                                      

SCTAV Spinach curly top Arizona virus  

SSCTV Spinach severe curly top virus  

SLCMV  Sri Lankan cassava mosaic virus  

TbCSB  Tobacco curly shoot betasatellite  

TbCSV  Tobacco curly shoot virus 

TEV Tobacco etch virus 

TbLCB Tobacco leaf curl betasatellite  

TMV Tobacco mosaic virus  

TGMV Tomato golden mosaic virus  

ToMV Tomato mottle virus                                                    

TLCKV Tomato leaf curl Karnataka virus                              



 

xx 
 

ToLCuNDV  Tomato leaf curl New Delhi virus  

ToLCV Tomato leaf curl virus  

ToLCV-sat  Tomato leaf curl virus-satellite  

TSWV Tomato spotted wilt virus  

TPCTV  Tomato pseudo-curly top virus  

TYLCSV Tomato yellow leaf curl Sardinia virus  

TYLCV Tomato yellow leaf curl virus  

TCTV  Turnip curly top virus  

WDIV Wheat dwarf India virus  
  



 

1 
 

1. General Introduction 

1.1 Cotton and Cotton Leaf Curl Disease 

Cotton plant also named as white gold belongs to genus Gossypium and has fiber boll 

around the seed which is used in textile industry and the seed is used to extract oil from it. 

The cotton plant has different species which vary from small shrubs to trees, with different 

type of lint quality, annual or perennial and may have resistance or susceptibility for 

diseases or pathogens. Cotton plant is native to tropical and subtropical regions of the 

world. Cotton contributes about 2% in GDP of Pakistan and Worldwide Pakistan is the 

fourth largest cotton producing country which contributed about 8800 thousand bales in 

2010 which decreased to 7000 in 2015 as reported by United States Department of 

Agriculture (USDA). Textile export is 60 % of the total export from Pakistan and becomes 

backbone for the economy of Pakistan as major employment is directly or indirectly 

involved in cotton related business starting from cultivation of 2.96 million hectares of land 

to employment in 400 textile mills, 1000 ginneries and 300 oil expellers and lot more 

(Pakistan Central Cotton Committee). Annually on an average Punjab contributes about 

80-85 % whereas Sindh contributes about 15-20 % of the total cotton production of 

Pakistan. Major Cotton growing areas of Punjab are Rahim Yar Khan, Vehari, Burewala, 

Sadiqabad, Bahawalpur, Bahawalnagar, Multan, Lodhran, Dera Ghazi Khan and some 

districts of central Punjab, while Ghotki, Mirpurkhas, Sanghar, Matyari, Khairpur, Sukhar, 

Hyderabad, Tando Allah Yar, and NawabShah district are mostly top cotton growing areas 

of Sindh. 

Cotton production in Pakistan is affected every year by a number of factors. 

Sometime there are unwanted excess rains at any stage or high temperature at flowering 

stage of cotton crop. Sometimes poor seed quality, poor farming practices and/or late
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harvesting of wheat crop affects annual cotton production in Pakistan. The annual cotton 

production is also affected by pests attack like aphids, jassids, thrips, American bollworm, 

spotted bollworm and whitefly which decrease cotton production directly by sucking or 

chewing or indirectly by transmitting disease complexes. Last but not the least is cotton 

leaf curl disease (CLCuD) which is transmitted by whitefly decreases the production of 

cotton crop and affects GDP of Pakistan. These days CLCuD is becoming the most 

damaging factor in cotton production of Pakistan.  

 

Figure 1.1 Field of cotton showing healthy plants (on the left), underside of cotton 

leaf showing whitefly feeding (in the middle), and typical symptoms of CLCuD (on 

the right) 

In Pakistan CLCuD was first time observed in 1967 near Multan [1] and became 

epidemic in 1990s and infection was found lower in Sindh than Punjab [2]. Different 

strategies like resistant varieties through breeding, cultural practices and sowing time etc. 

was used to fight the disease. Introduction of resistant varieties by breeders kept the disease 

under control for some years [3, 4].  In 2001 a resistance breaking strain of CLCuD was 

found in Burewaala, district Vehari [5]. Along with stunted growth and poor yield of cotton 

fiber the typical symptoms for CLCuD are upward or downward leaf curling, thickening 

and darkening of leaf, appearance of cup shaped leaf enations on the back of leaf [6, 7]. 

CLCuD is disease of malvaceous as well as non malvaceous crops [8].  

1.2 Virus 

The first clue about the nature of viruses was given as genetic entities that lie somewhere 

in area between living and non-living states [9]. Outside the host viruses are functionally 

inactive and are smaller than any bacteria. Virus is an agent which causes infection in 

almost all organisms including animals, plants, bacteria and archaea [10]. Viruses exist in 
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cellular environment because they replicate inside the host cell. Viruses when outside any 

living cell they are always inert. The answer to question about origin of viruses is not sure 

because same virus may replicate in more than one host.  Scientist takes a long time to 

uncover the structure and function of a typical virus. In the history of viruses they were 

sometimes classified as non-living and sometimes living organisms. A virus particle is 

known as virion which is very small in size and composed of nucleic acid (single stranded 

RNA, double stranded RNA, single stranded DNA or double stranded DNA) enclosed in 

protein coat. Viruses are the most abundant entities found on every ecosystem of the earth 

[11, 12]. 

Viruses vary in size (12 nm to 2000 nm), shape (simple helical to complex structure), 

genome organization (monopartite, bipartite) and genome size (1.2 kb to 2.8 kb). Among 

all microorganisms viruses are most abundant found on earth sometime cause diseases on 

their host and sometime live silently without expression of any disease [13]. Viruses in 

animals spread through different ways like blood sucking insects, fecal route, oral route, 

sexual intercourse, sneezing and coughing etc. [14] but in plants they  need a helper mostly 

insects to transfer from one individual to other which is named as vector [15]. 

1.3 Virus Classification 

International committee on taxonomy of viruses (ICTV) developed a current system of 

classification of viruses according to which a general classification structure is that it 

belongs to order Virales, family Viridae, subfamily Virinae, genus Virus and species Virus. 

In 2011 ICTV classified virus in 6 orders, 87 families, 19 subfamilies, 349 genera about 

2284 species [16].  David Baltimore won Nobel Prize for classification of virus on the basis 

of mRNA production which is called as Baltimore classification. According to Baltimore 

classification system, the seven groups are dsDNA, ssDNA, dsRNA, (+) ssRNA, (-) 

ssRNA, ssRNA-RT viruses and dsDNA-RT viruses [17, 18]. 

The viruses are classified on the basis of symptoms, genome, biophysical and 

biochemical structural properties of their particles and host range. The first plant virus 

discovered was Tobacco mosaic virus which was isolated from Turkish tobacco plant 

infected with virus [19]. 
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1.3.1   Plant Viruses 

Virus can cause diseases on members of animal and plant kingdom. The viruses living on 

plants host are called plant viruses. They are intracellular parasites and use plant machinery 

for replication and translation. These viruses infect plants of all groups from monocot to 

dicot, annual to perennial plants and gymnosperm to angiosperms.  Almost all crop plants 

including fruits and vegetables are susceptible to these viruses except genetically modified 

varieties. First plant virus [20] from tobacco plants but they named these micro-organisms 

as contagium vivum fluidum. The transmission of these viruses is either through sap, 

insects [21], nematodes [22], plasmodiophorids [23] or it may be seed or pollen born [24].  

Only 10% of plant viruses have DNA genome, the rest 90% have RNA genome. Of 

this 10% DNA genome plant viruses some have double stranded DNA (dsDNA) and some 

have single stranded DNA (ssDNA) genome, the same double stranded and single stranded 

nature is true for RNA viruses [25].  

Geminiviridae 

Family Geminiviridae is named after its twinned particle morphology, Gemini is a Latin 

word which means twin. First time observed in 752 AD and mentioned in Japanese poetry 

as autumn appearance of Eupatorium plant in summer season [26] is actually caused by 

geminiviruses and satellites [27]. They have small, single stranded circular DNA which is 

encapsidated in twinned particle [28, 29]. Some geminiviruses are associated with circular 

ssDNA betasatellites and alphasatellites [30, 31]. The family was sub-divided into four 

genera (Begomovirus, Curtovirus, Mastrevirus and Topocuvirus) on the basis of insect 

vector, host range and genetic diversity. These genera are named after their host 

relationship like begomoviruses derived from Bean golden mosaic virus, Curtoviruses 

from Beet curly top virus, Mastreviruses from Maize streak virus, Topocuvirus from 

Tomato pseudo curly top virus [32]. With the development of microbiological techniques 

and low cost sequencing three more genera have been reported (Becurtovirus, Eragrovirus, 

turn-curto virus) [33]. 
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Curtovirus 

Curtovirus (type member Beet curly top virus [BCTV]) are monopartite and their vector is 

leafhopper [34]. They are found in both eastern and western hemisphere. They infect both 

vegetables and crops and they are prevalent in uncultivated, endemic dicot species [32]. As 

far as genome structure is concerned they are ssDNA, they have single and 2.9 to 3.0 kb 

circular DNA [35, 32, 34]. It has seven open reading frames, three on the virion strand and 

four on the complementary strand. Replication is initiated by Rep protein which is present 

in stem loop sequence [35] but recently it is discovered that they encode five to six ORFs. 

The genome of Curtoviruses is associated with defective interfering DNAs. These DI 

particles function to reduce symptom severity [32]. Mechanism of transmission for 

curtoviruses is persistent, circulative and non-propagative [34].  

Topocuvirus 

Topocuvirus (type species Tomato pseudo curly top virus [TPCTV]) was first time reported 

as treehopper-transmitted geminivirus with a recombinant origin [36]. The disease is 

common in crops belonging to family Solanaceae. This genus has only one member, 

‘TPCTV’ transmitted by treehopper, found only in southeastern United States and infects 

only dicotyledonous plants [32]. It has ssDNA of 2.86 kbs circular DNA molecule 

encapsidated in two incomplete icosahedra and encodes six proteins and has 41.6 % G+C 

content. Host range for topocuvirus is restricted to dicotyledonous plants which include 

crops (Tomato and beans), experimental plants (Nicotiana benthamiana) and weeds 

(common chickweed) [37]. It is a geminate structure with two incomplete icosahedra with 

diameter of 18 nm having 30 nm length. Topocuvirus transcribe and assemble in nucleus. 

Only a single protein ‘Rep’ is required for replication [37]. Looking in the history of 

topocuvirus, TPCTV (a disease of tomato) was first time described in 1950 [38], in 1958 

treehopper was identified as TPCTV vector [39], in 1990 TPCTV was suggested to be a 

member of Geminiviridae [40], complete sequence of TPCTV was published in 1996 [41] 

and in 1999 topocuvirus was established as a new genus [42].  

Mastreviruses 

Mastreviruses (type species Maize streak virus [MSV]) has ssDNA encapsidated in 

geminate particle and encodes just four proteins hence has a simpler genome than 



1. General Introduction 

   

6 
 

begomoviruses. The genome size is 2.6 to 2.8 kb [43]. They are leafhopper-transmitted 

geminiviruses and the transmission of virus is persistent, circulative and non-propagative 

[34]. These are monopartite viruses and are found in only eastern hemisphere [32] infecting 

cereals, chickpea and other pulses such as lentils [44, 45], wild grasses and vegetables, 

members of monocots and dicot as well [46]. Host range of mastreviruses is very narrow 

as with one or two exceptions they are only specific to family Poaceae (Gramineae) of 

plants [43]. The unique feature of this genus is that its members have two proteins for 

replication Rep and RepA [47].  

Begomoviruses 

Begomoviruses (type species Bean golden yellow mosaic virus [BGYMV]) constitute the 

largest genus of Geminiviridae and comprise of more than 200 species which infect 

monocotyledonous as well as dicotyledonous species of plants [48]. These have 

monopartite or bipartite genome associated with alpha- or betasatellites and found in both 

eastern and western hemisphere of the world [32, 49, 50]. 

 As far as history of begomoviruses is concerned, first identification of geminate 

particle for bean golden yellow mosaic particle was reported by Galvez GE and M Castano 

[51]. Single Stranded DNA genome for BGMV was discovered by Goodman [52]. 

Geminiviruses became a separate taxonomic group by ICTV [53]. Stanley published 

complete sequence of African cassava mosaic virus (ACMV) [54]. Virus was localized in 

its vector whitefly using immune indirect-florescent-microcopy [55]. After that association 

of satellite like molecules with begomoviruses was found which were named as 

alphasatellite [29] and betasatellites [56].  

They infect cash crops like cotton as well as weeds like Xanthium strumarium [57]. 

Host range of begomoviruses is very wide as they infect members of family Solanaceae, 

Cucurbitaceae, Euphorbiaceae, Acanthaceae, Leguminosae, Malvaceae, Brassicaceae 

and Compositae. These are found in both New World (NW) as well as Old World (OW) 

and are named as NW begomoviruses and OW begomoviruses. The genome of both types 

is different from each other in a way that NW begomoviruses are only bipartite in genome 

having both DNA A and DNA B components. Recently, satellites have also been found in 
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association with NW begomoviruses, but the reports are very few. The OW begomoviruses 

have either monopartite or bipartite genome along with associated satellite molecules [51].  

Bipartite Begomoviruses 

Mostly found in NW and a small number in OW having divided genomic components DNA 

A and DNA B are grouped together in bipartite begomoviruses. Majority of begomoviruses 

are bipartite like Tobacco leaf rugose virus (TbLRV), Tobacco yellow crinkle virus 

(TbYCV), Tomato leaf curl New Delhi virus (ToLCNDV), TGMV, ACMV etc. [58-61]. 

The genome of bipartite begomoviruses consists of two circular molecules, each with a 

size of 2.6 to 2.8 kb and named as DNA A and DNA B [62]. DNA A of bipartite 

begomoviruses has six open reading frames (ORFs) AC1 (encoding replication associated 

protein [Rep]), AC2 (encoding transcription activation protein [TrAP]), AC3 (encoding 

replication enhancer protein [REn]) and AC4 (encoding AC4 protein) on complementary-

strand, while AV1 (that encodes coat protein [CP]), AV2 (that encodes precoat protein) on 

virion strand [63, 64]. On the other hand DNA B has only two open reading frames BC1 

(encoding movement protein [MP]) and BV1 (encoding nuclear shuttle protein [NSP]) [63, 

65]. Comparing sequence of two components (DNA A & DNA B) reveals that there is no 

sequence homology between them except ~170 nucleotide sequence in intergenic region 

(IR) which is also called as common region (CR). It contains essential sequence motifs 

which are required for replication [66]. 

Monopartite Begomoviruses 

Monopartite begomoviruses have only a single circular molecule of about 2.8 kb that 

encodes six ORFs which are same as in DNA A of bipartite begomoviruses with slightly 

different functions [32, 66]. In most cases, monopartite begomoviruses are associated with 

satellite molecules (~1.4 kb) named as alphasatellite and betasatellite [67, 68]. 

Betasatellites play their role in pathogenicity determinance and movement of virus [69], 

while there is no clear role of alphasatellites known to date. However, alphasatellites have 

been shown to serve as suppressors of gene silencing in a study by Rehman et al., 2010 

[70].  Though monopartite begomovirus are native to NW, ToYLCV was reported in 

Florida State [71]. V2 gene of monopartite begomoviruses encodes pre coat protein while 
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V1 gene encodes coat protein. The genes on complementary strand are the same as in that 

of bipartite begomoviruses, with respect to position in genome, size and function [72].   

Satellites Associated with Monopartite Begomoviruses 

Satellites are nucleic acid molecules which act as subviral agents and depend on helper 

viruses for movement, replication and encapsidation but they are not necessary for viral 

propagation. The helper viral genome and satellite molecule sequence do not have 

extensive sequence identity [73]. The first satellite virus identified was in 1969 which was 

associated with Tobacco ringspot virus a nepovirus [74] and the first satellite associated 

with begomovirus was reported in 1997 when in Australia Tomato leaf curl virus (ToLCV) 

was found to be associated with circular ssDNA satellite molecule [75]. After that a large 

number of satellites associated with different plant viruses have been reported [76]. Most 

of the satellites are associated with RNA viruses. Some of the satellites interfere with helper 

viruses and reduce symptom strength by competing virus for cellular resources but encode 

nothing. But there are few satellites which increase infection severity and help produce 

some novel symptoms which virus alone cannot produce [77].  

In 1995 single genomic component of Ageratum yellow vein virus (AYVV) which 

is a monopartite begomovirus was isolated from infected Ageratum conyzoides plant [78]. 

If this genomic component of Ageratum yellow vein virus (AYVV) was cloned and 

inoculated in Nicotiana benthamiana, disease symptoms were not produced but there was 

asymptomatic infection [56, 67]. This suggests that there is another component which is 

responsible for pathogenicity in host. It was named as DNA-β which is now known as 

betasatellite [73]. Similarly cotton leaf curl disease which is a whitefly transmitted 

geminiviral disease [79] is associated with genomic component which is called betasatellite 

[80]. After this more than 260 full length betasatellite sequences have been submitted in 

Genbank [73] and it exceeded to 300 till now.  Betasatellites are circular molecules of 

ssDNA of ~1350 nt size which depend on helper virus for encapsidation and replication 

[73]. Sequence analysis of betasatellites shows no or very little homology with DNA A or 

DNA B of begomoviruses except nonanucleotide sequence (TAATATT↓AC) of hairpin 

structure [81]. Single ORF of complementary sense strand is βC1 which is highly 

conserved in amino acid sequences and its position in genome. βC1 is rich in adenine 
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nucleotide and is  pathogenicity determinant by overcoming the host defense and 

increasing virus accumulation. It is also shown that βC1 has its role in suppression of post 

transcriptional gene silencing [50, 82, 83]. 

Becurtovirus 

This genus of Geminiviridae has two species (Beet curly top Iran virus [BCTIV] and 

Spinach curly top Arizona virus [SCTAV]). Out of which BCTIV have four strains. The 

main feature which distinguish it from other Geminiviridae is that they have 

‘‘TAAGATTCC’’ nonanucleotide sequence instead of ‘‘TAATATTAC’’ nonanucleotide 

sequence [84]. There are 28 full length genome sequences available in GenBank for 

BCTIV and most of them were isolated from dicotyledonous plants species found in Iran 

[85].  The other species for Becurtovirus is SCTAV for which only single isolate has been 

found and sequenced from spinach plants in Arizona, USA [86, 33]. 

Eragrovirus 

The members of this genus infect monocotyledonous plants from weeping love grass 

species (Eragrostis curvula) found in South Africa [87]. The genus has only one species 

that is Eragrostis curvula streak virus. Like becurtovirus these also have difference in 

nonanucleotide sequence (TAAGATTCC). Till now six isolates have been identified for 

ECSV [87, 33].   

Turn-curto Virus 

Currently Turnip curly top virus is only member of this genus. Till now 20 isolates have 

been identified for this genus, which are found from Brassica rapa or Raphanus sativus 

[88, 89]. This virus is detected by PCR in Descurainia sophia, Anchusa sp., Solanum 

americanum and Hibiscus trionum [90]. The 20 isolates of TCTV are conserved with their 

nonanucleotide sequence (TAATATTAC). 
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1.4 Functions of Geminivirus Proteins 

1.4.1  Replication Associated Protein (Rep) 

Replication associated protein is a multifunctional protein is also named C1 and AC1. It is 

encoded by complementary sense strand and is required for replication of virus. Rep is also 

involved in initiation and termination of rolling circle replication (RCR) [91] and represses 

gene transcription [92]. There are four functional domains of begomovirual Rep 

performing specific functions [93]. Replication is initiated within a conserved nonamer 

sequence, (TAATATTAC) [94]. DNA helicase activity of Rep has also been reported 

which is dependent on oligomeric state [95]. It also has been found that Rep protein binds 

to iteron sequences in specific manner [96].  

1.4.2  Transcriptional Activator Protein (TrAP) 

Transcriptional activator protein which is necessary for transactivation of late genes is 

present only in begomoviruses, it is completely absent in Mastreviruses but in curtoviruses 

a related protein C2 protein is present which play somewhat different role. C1 protein of 

mastreviruses performs the function of TrAP [97-100]. TrAP localizes into the nucleus 

after interacting with itself and is transcribed efficiently [101]. The protein has three 

conserved domains. First one is basic domain whose N terminus has nuclear localization 

signal (NLS), second is called central DNA-binding domain having non-classical Zinc-

finger motif and third one is at C terminus called as acidic activator domain [102].  TrAP 

is also found as an efficient suppressor of gene silencing [103].  

1.4.3  Replication Enhancer Protein (REn) 

REn is about 16 kDa protein which is also called as C3 or L3 in curtoviruses whereas AC3 

or AL3 in begomoviruses but it does not have its duplicate in mastreviruses. In a transient 

replication assay it was found that REn mutations produced reduced levels of accumulation 

of viral DNA [104]. The REn protein of curtoviruses and begomoviruses interacts with 

Rep and greatly enhances accumulation of viral DNA [105-107]. REn assists Rep for 

efficient replication [108]. 
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1.4.4 AC4 Protein 

Among bipartite geminiviruses AC4 protein is highly variable. It has been found that if C4 

of BBTV is mutated symptom development is highly affected. If C4 is expressed in 

transgenics of N. benthamiana virus like symptoms are produced which confirmed its role 

in symptom development [109]. In bipartite geminiviruses like TGMV and ACMV AC4 

mutation did not affect symptoms appearance which proved that it do not play any role in 

symptom appearance [110, 111]. AC4 of ACMV is found to act as suppressor of gene 

silencing and enhance pathogenicity by accumulating viral DNA [112].  

1.4.5 Coat Protein (AV1) 

The capsids of geminiviruses are usually composed of single CP which is transcribed by 

V1, V2, or AV1which is also known as AR1 [113]. In monopartite geminiviruses CP is 

necessary in systemic spread of virus throughout the host [114, 115] but it is not as much 

involved in bipartite geminiviruses for systemic spread [116, 117]. CP binds in sequence-

independent manner to ssDNA as well as dsDNA [118]. Along with encapsidation function 

of CP in monopartite geminiviruses it also facilitates viral DNA transfer into the host cell 

nucleus and in systemic viral movement [119-121]. Contrary to monopartite 

begomoviruses, in bipartite begomoviruses coat protein is not required for systemic 

transmission [116, 122, 123].  The vector specificity for Geminiviridae is due to CP [124-

126]. Geminviral CP is also involved in exporting of viral DNA form nucleus to cytoplasm, 

nuclear export signals (NES) located on C-terminal of CP recognizes the host receptor as 

shown for TYLCV [127]. 

1.4.6 Precoat Protein (AV2/V2) 

Old World begomoviruses have AV2/V2 genes but it is lacked in New World 

begomoviruses. The protein is involved in the movement in monopartite viruses where as 

its function in bipartite begomoviruses is still not fully understood [128]. Mutation analysis 

of AV2 gene showed that it is involved in movement of bipartite begomoviruses [72]. It 

has been found that V2 of monopartite begomoviruses plays an important role in movement 

as well as in overcoming host defense [129]. Targeting AV2 is one of the pathogen derived 

resistance approach used to get resistance through RNAi as shown in ToLCNDV [130]. 
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1.4.7 Nuclear Shuttle Protein (NSP) and Movement Protein (MP) 

When virus enters a plant it encodes movement protein that helps viral genome to cross the 

cell wall barrier. Talking about bipartite begomoviruses this propagation requires two 

proteins encode by NSP and MP ORFs. These proteins help the viral genome to move from 

site of entrance and then in adjacent plant cells [131].  An acetyltransferase from 

Arabidopsis thaliana has been found which interacts with NSP of bipartite begomoviruses 

CaLCuV [132]. Expression of this protein in plants gives disease like symptoms thus 

proves to be symptom determinant [133, 134].  

1.5 Whitefly Assisted Begomovirus Transmission 

The begomoviruses are transmitted by whitefly, Bemisia tabaci the most destructive vector 

[135-137]. Whitefly can feed on 700 species and 86 families of plants, causing damage to 

a number of crops by inoculating viruses as well as by just feeding [138, 139]. Whitefly 

affects crops like cotton, tobacco, papaya, tomato, beans, pepper, squash, cassava and 

beets, and are found in tropical, subtropical and temperate regions of the world [140]. 

Bemisia tabaci is complex species that has about 24 biotypes in 12 groups [138, 139]. 

Some begomoviruses are transmitted by mechanical inoculation but many require 

whitefky for their transmission [32, 141-143] and transmission type is circulative and non-

propagative [144, 145]. Virus somehow shows symbiotic association with its vector using 

GroEL produced by an endosymbiont of whitefly and in return gives some benefits to its 

host. Recently it is found that betasatellite is necessary for whitefly population acceleration 

[136]. Different types of endosymbionts like Hamiltonella, Arsenophonus, Rickettsia, 

Fritschea, Cardinium and Wolbachia are discovered in Bemisia tabaci [146-149].  

Begomoviruses are not expressed in whiteflies and they are not passed to offsprings 

but are transmitted during sexual intercourse between male and female [150-153]. The 

begomovirus is not transferred horizontally between two whitefly species which do not 

mate as well as between two biotypes of the same species [152, 154]. The transmission of 

begomoviruses is circulative and non-propagative, whitefly ingurgitate virus particle using 

its stylet, the particle then moves into the esophagus and passing through filter chamber it 
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enters midgut. From midgut it enters into the haemolymph and then to salivary glands from 

where it is transmitted to plants during feeding [155-157, 152]. 

There are different biotypes of Bemisia tabaci on genetic basis and host range, 

insecticidal resistance and their ability to transfer plant viruses [158-161]. Among all 

biotypes B and Q biotype are dominant and most damaging ones. There is no gene flow 

between B and Q biotypes [152, 162].  

1.6 Endosymbionts of Whitefly 

Whiteflies have number of different endosymbionts. Their function in whitefly is not 

clearly known but there are some evidences showing their importance in whitefly and other 

arthropods. They are needed by the whitefly to complete their unbalanced [163], increase 

whitefly resistance to pesticides [164], helps to tolerate the temperatures [165], 

determination of sex in offsprings [166] control insect reproduction in many insect species 

and are involved in parasitoid resistance [167]. 

 Portiera aleyrodidarum, Hamiltonella, Arsenophonus, Cardinium, Wolbachia, 

Rickettsia and Fritschea are some important endosymbionts which may be present either 

alone or more than one in a whitefly species depending on its biotype and origin. The 

GroEL protein which is helper for virus transmission is also produced by these 

endosymbiont [168]. This protein is also different from each other in terms of its structure 

and functions depending on the endosymbiont producing it and is named after the name of 

endosymbiont which produces it. The efficiency of GroEL for virus transmission is 

different for different biotypes of whitefly depending upon the endosymbiont present 

[169].  

B. tabaci has endosymbionts belonging to two different group which are obligate primary 

endosymbiont and facultative secondary endosymbiont [170]. B. tabaci can have Portiera 

[171], Rickettsia [147], Wolbachia [172], Cardinium [173, 174], Arsenophonus [149], 

Hamiltonella [175] or Fritschea [176].  
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1.6.1 Rickettsia 

This endosymbionts is identified and localized in all organs and tissues of whitely in both 

B and Q biotypes rejecting the view of its localization in bacteriome [147]. Rickettsia is 

found to be associated with improved fitness of whitefly by increasing its fertility, speedy 

development, more survival into adults and in increasing the population of females [166]. 

Rickettsia is also reported to play role in heat tolerance in insects [177]. A part from 

beneficial aspects sometimes Rickettsia population increases the susceptibility to 

insecticides and becomes harmful for its host [164]. Moreover in some cases susceptibility 

was higher for acetamiprid, thiamethoxam, sporimesifen and pyripoxen if co-infected with 

Rickettsia -Arsenophonus or Rickettsia - Wolbachia [164,178] in both B and Q biotypes 

[179].  

1.6.2 Wolbachia 

Wolbachia genus belongs to class ɑ-Proteobacteria, phylum Proteobacteria infects many 

insects and nematodes. This endosymbiont is transmitted maternally through egg while 

present in cytoplasm of egg moreover this bacteria is transmitted between arthropods 

species horizontally. The bacteria is localized in insects reproductive organs and play role 

in cytoplasmic incompatibility [180, 181], Parthenogenesis induction [182], Male killing 

[182] and Feminization [183]. In a recent study it is found that Wolbachia play important 

in development of whitefly and increase its fitness, play role in duration of whitefly 

development, reproduction, defense against parasites possibly through some immune and 

nutritional benefits.  

1.6.3 Hamiltonella 

Hamiltonella is host-dependent metabolic symbiont which depends on its host to fulfill its 

nutritional requirements [184].  This endosymbiotic bacterium has found to play role 

transmission of plant virus, tomato yellow leaf curl virus (TYLCV) by producing GroEL 

protein [185]. Hamiltonella also provide protection against virulence, parasites, toxins and 

effector proteins [184]. From Israel it is found in only B biotype but not in Q biotype [179]. 
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1.6.4 Arsenophonus 

Arsenophonus belongs to γ- Proteobacteria of phylum Proteobacteria is reported in many 

arthropods including aphid, louse fly, psyllids and whiteflies [170] which in whitefly plays 

role in transmission of virus by producing GroEL which interacts with coat protein and 

facilitates transmission [148].  It is found in Q biotype but not in B biotype whitefly in 

Israel [179].  

1.6.5 Cardinium 

Like Wolbachia, Cardinium has been reported that it causes cytoplasmic incompatibilities 

[174].  In eukaryotes they produce some proteins which have potential to interfere cell 

cycle regulation this property makes it similar to Wolbachia [186].      

1.6.6 Fritschea 

Fritschea belongs to genus Candidatus, order Chlamydiales was for the first time reported 

in 2003 [187] and is different from other endosymbionts in a manner that it is only 

documented in gut of whitefly. But it is absent in B biotype, lot is still to discover about its 

phenotype [176]. 

1.7 Resistance Against Begomoviruses 

For the control of begomoviruses, different techniques are being used along with some 

cultural practices and cropping pattern adaptations. New varieties are being introduced 

with resistance capabilities through breeding as well as genetic engineering. Different 

resistant genes are introduced in genome of some important plants through genetic 

engineering. Resistance genes used for making resistant transgenic crops are of different 

origin i.e. the transgene may be from genome of pathogen against which we aim to achieve 

resistance (pathogen derived resistance) [188, 189] or the transgene may be from any other 

source (non-pathogen derived resistance) [190-192]. Some techniques used in pathogen 

derived resistance are; through expression of viral protein e.g. Rep protein expression or 

without protein expression e.g. gene silencing, micro RNA, RNAi etc. [193]. For non-

pathogen derived resistance, transgenic plants are prepared with expression of some 

proteins e.g. GroEL, Zinc Finger etc., or without protein expressions like virus induced cell 
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death, antisense RNA etc.  [194, 195, 191]. GroEL are proteins which are well 

characterized and belong to chaperonin family involved in many biological processes like 

protein post translational folding, subunit assembly and infection cycle of plant viruses 

[191, 196].  

When whitefly ingest begomovirus particle, it needs to be translocated from 

digestive tract to salivary glands from where they are ready to be transmitted to a new plant. 

GroEL produced by endosymbiotic bacteria of whitefly is needed by ingested virus particle 

to avoid destruction in the haemolymph of vector [191, 197]. This property of GroEL 

homologue to bind with DNA and make it trapped can be exploited to achieve resistance 

against the viruses. This way we can have a broad spectrum resistance against a group of 

viruses.  

1.7.1 Pathogen-Derived Resistance 

In pathogen-derived resistance (PDR) whole or some part of gene of pathogen origin is 

introduced in transgenic plants to get resistance. Different approaches are used in this 

context and are grouped into RNAi based resistance and protein based resistance. In RNAi 

based resistance a sequence similar to some specific part of pathogen is used which will 

knockdown the mRNA from the target gene and the transgenic plant will remain safe from 

pathogen infection. MicroRNA, post transcriptional gene silencing or transcriptional gene 

silencing are different types of RNAi based pathogen derived resistance approaches. Target 

specificity is limiting factor of pathogen derived resistance especially RNAi. Rapid 

mutation and genome diversity in viruses substitute RNAi with protein based resistance of 

pathogen origin. Rep-mediated resistance, CP-mediated resistance or MP-mediated 

resistance are few examples of protein based pathogen derived resistance. In transgenic 

Nicotiana benthamiana and Lycopersicum esculentum the truncated Rep was engineered 

to get resistance against TYLCSV [198, 199]. 

1.7.2 Non-Pathogen Derived Resistance 

If the resistance mechanism is used to achieve resistance against begomoviruses is by using 

genetic material unrelated to target pathogen, the resistance of this type is called non-
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pathogen derived resistance. In non-pathogen derived resistance we take foreign gene from 

a non-pathogen origin.  

There are some antiviral proteins like ribosome-inactivating proteins (RIPs) 

produced by different plants as plant defense mechanism which can be exploited to fight 

against the viruses [200, 201]. RIPs have two polypeptide chains; chain A which is catalytic 

domain and chain B which binds with galactose. But majority of RIPs have only one 

domain i.e. chain A or catalytic domain [202, 203]. This technique is useful against both 

RNA as well as DNA viruses [200]. 

Different plant proteinase inhibitors are also used to combat viral diseases. For 

example, potato type I and II proteinase inhibitors are expressed in cotton plants to control 

insects of cotton [204] which can be further used to control vectors for viruses. Similarly 

tobacco transgenes with expression of a cystatin gene from rice which is a cysteine 

proteinase inhibitor showed resistance to Tobacco etch virus (TEV) and PVY [205]. 

Expression of antiviral antibodies in plants (plantibodies) can be a source of 

resistance against viruses. Single chain variable fragment (scFv) specific to the CP of 

different viruses showed reduction in disease incidence and delay in symptom expression 

against target viruses [206]. Host genes which can be helpful for virus replication and 

infection in plants can be silenced by RNAi and the plant can be made resistant to virus. 

Several examples are recorded showing resistance by silencing host genes like targeting 

TOM1 and TOM3 genes of Arabidopsis thaliana, two stains of TMV were controlled [207]. 

Similar results were found when these genes were silenced in N. benthamiana to control 

multiplication of Tobamovirus [208]. 

Some other ways to get resistance using a non-viral source are use of binding 

proteins like zinc finger proteins [209] or using some nucleases with zinc fingers [194], G5 

ssDNA binding protein from M13 bacteriophage origin [210], use of GroEL protein taken 

from whitefly endosymbiont and expressed in plants to control virus [211], use of peptide 

aptamers that binds to virus essential protein like Rep and interfere virus cycle to confer 

resistance against the virus [190] and InPAct (in plant activation), a next generation 
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technology for fighting against viruses with a novel aspect of expression only at the time 

of virus exposure [189]. 

RNAi technology is a significant tool for controlling viruses but its efficiency is 

limited due to its target gene specificity. To overcome the problem, protein based resistance 

strategies have been designed against begomoviruses by expressing different proteins like 

GroEL [212], G5 [213], Zinc finger [192] and ribosome inactivating proteins (RIPs) [214] 

etc. Using protein based strategy; broad spectrum resistance can be achieved by 

overcoming virus phenomenon of mutation and non-target RNAi effects. 

1.7.3 GroEL 

A chaperonin protein which is found in most of bacteria [215], is a 63 kDa protein present 

in whitefly, produced by endosymbionts which helps transmission of begomoviruses [216, 

217]. When ingested by insect vector, virus needs to be translocated from digestive tract of 

insect to its salivary glands and then to the plant during phloem feeding [218]. Some plant 

viruses interact with GroEL to avoid their destruction in the haemolymph [191] first time 

demonstrated for aphid (Myzus persicae) transmitted PLRV in circulative manner [219]. 

This protein is produced by endosymbiont of whitefly has affinity for CP of viruses 

and interacts with those viruses having CP rich in Arginine residues and basic iso-electric 

point. Also GroEL traps those viruses which have persistent, circulative transmission but 

unable to trap stylet-borne non-persistent viruses [212]. Not only with DNA viruses, 

GroEL has the ability of binding with RNA viruses as well [191]. Whiteflies have different 

types of endosymbionts which assist them in different ways like they are known to produce 

some essential amino acids not present in the sap of a plant [220].  

The GroEL is named after the endosymbiont producing it. There is big list of 

endosymbionts including Portiera, Hamiltonella, Rickettsia, Cardinium, Wolbachia, 

Fritschea and Arsenophonus which are present in whitefly. These endosymbionts may be 

present individually or in combination of two or more. The GroEL if produced by Portiera 

will be named as Portiera GroEL, Hamiltonella endosymbiont produced GroEL is named 

Hamiltonella GroEL and same phenomenon for all other GroEL types. 
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1.7.4 Gene 5 (G 5) 

Gene 5 (G5) is a single stranded DNA binding protein with M13 bacteriophage origin. This 

protein if expressed in transgenic plants will bind to ssDNA viruses and will interfere their 

movement. As the begomovirus enters transgenic plants expressing G5 protein is trapped 

by G5 due to the binding nature of the protein. This can prevent the virus replication and 

hence infection, giving resistance [221].  ToLCV expressing G5 protein accumulates 

ssDNA to wild type which confirms its ssDNA binding quality. G5 protein has nonspecific 

ssDNA binding nature but nearest neighborhood ssDNA substrate composition confers its 

binding affinity [213]. 

1.8 Promoters Used in Transgenic Crops 

The expression level and gene efficiency of introduced gene is largely dependent on 

promoter that controls transgene expression. Promoter sequence determines pattern and 

level of transgene expression in plants. Tissue specific promoter and constitutive promoters 

are two categories of promoters which are normally used. Constitutive promoter expresses 

the transgene in all tissues of transgenic plants at all stages of plant development. Tissue-

specific promoters express the transgene in targeted or selected tissues only. Study of tissue 

specific promoters is so far done in many plants including rice and maize etc. [222]. 

Promoters may be root-specific, green tissue-specific, pollen-specific, pith-specific, 

endosperm-specific, stress-inducible or wound-inducible [223, 224]. The benefit of these 

promoters over constitutive promoters is that expression can be obtained only in required 

tissues and some promoters regulate transgene only at required time. 

1.8.1 Constitutive Promoters 

Constitutive promoter expresses transgene constantly throughout plant development and in 

all plant tissues irrespective of its need. Adh or Emu maize alcohol dehydrogenase, ActI 

from rice actinI, Ubi maize ubiquitin, 35S from CaMV are some commonly used 

constitutive promoters [223- 225]. Strong expression of CaMV 35S and ActI promoters is 

shown in transgenic rice [223, 227, 226]. The constitute expression of transgene sometimes 

becomes a limiting factor in plant growth or abnormal phenotypic expressions.  
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CaMV 35S Promoter 

CaMV 35S promoter is the most frequently used constitutive promoter for making 

transgenic plants. It is proven to give very strong expression of transgene in all tissues of 

transgenic plant. Constitutive and over expression of transgene may interfere with the 

development and normal growth of plant. It has been observed sometimes that transgenic 

plant with constitutive promoter has reduced size, shows symptoms similar to diseased one 

without pathogen infection and differences in morphology [228, 229]. To overcome this 

problem, there was a need to discover and use tissue specific promoters [230, 231]. 

1.8.2 Tissue-Specific Promoters 

Tissue specific promoters are meant to control gene expression in a tissue-dependent 

mechanism according to the developmental stage of the plant. The transgene having these 

type of promoters will only be expressed in tissues where the transgene product is desired, 

leaving rest of the tissues unmodified by transgene expression [232]. Scientists are using 

CaMV 35S promoter [233, 234], plant ubiquitin (Ubi) [235], maize alcohol dehydrogenase 

1 (Adh-1) [236], opine promoters [237] and rice actin 1 (Act-1) [238] as constitutive 

promoters for monocots or dicots. Examples of tissue specific promoters are root specific 

promoters (sad1) [239], flower specific promoters ‘chalcone synthase (chsA)’ [240], seed 

specific promoters (napin promoter) [241] and phloem specific promoters like RolC [242, 

243]. 

Nuclear Shuttle Protein (NSP) 

Nuclear shuttle protein (NSP) is involved in transfer of viral DNA from nucleus to 

cytoplasm which is encoded by NSP gene present on virion stand of DNA B of bipartite 

begomoviruses [244]. Till now two models have been proposed for movement of bipartite 

begomoviruses in plants. These models are, couple stacking model and relay race model. 

The former explains the intracellular movement of viral DNA by making NSP-DNA 

complex and then its transportation to cytoplasm from nucleus where it is attached to 

protoplasmic leaflets of plasma membrane by MP for cell to cell movement [244]. 

Whereas, according to relay race model NSP facilitates the movement of viral particle from 
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nucleus to cytoplasm, where MP transfers the viral DNA from cell to cell after binding 

with it [245]. NSP has affinity for both ssDNA and dsDNA [246]. 

1.9  Gene Pyramiding 

Using a single gene for resistance is a useful technique for getting resistance against 

pathogen but it is not much effective if the aim is to achieve broad spectrum resistance. 

Combined or synergistic effect of genes is ideal way to get broad spectrum resistance 

against pathogens [247]. That’s why the world is moving towards use of multiple genes for 

broad spectrum resistance. Gene pyramiding or gene stacking is used to confer resistance 

against different viruses or other targets. The benefit of using two or more genes in a single 

transgenic plant is that we can go for multiple targets. The target can be virus resistance, 

insect resistance, salinity or drought tolerance [247]. Riedel used gene pyramid of Ryd2 

and Ryd3 against Barley yellow dwarf virus [248]. Some of the genetically modified and 

globally approved crops with three or more than three genes stacked together are canola 

(bar, barstar, neo), squash (neo; CP-CMV; CPZYMV; CP-WMV2), cotton (bxn; cry1Ac; 

neo) and potato (cry3A; PLRVrep; neo or EPSPS) [247]. 

  The idea behind is that if some virus particles escape from one mode of resistance, 

there should be another trap for them ready to control the spread of virus. This way we can 

go for a broader resistance against viruses as well as other biotic stresses like salinity or 

drought.   

1.10 RNA Interference 

RNA interference (RNAi) is homology-dependent mechanism that is used to target a 

specific gene by expressing a double stranded RNA homologous to the target gene. It has 

been proven a powerful tool for gene silencing and decreasing the level of transcript and 

also a tool for reverse genetics. The mechanism is to introduce double stranded RNA 

homologous to target gene which will be recognized and degraded by special proteins in 

cell. The mechanism of RNAi is reported in almost all organisms [249]. Same mechanism 

of interference is named as RNAi in animals, quelling in fungi [250] and co-suppression 

or post-transcriptional gene silencing [251, 252] in plants. RNAi was invented long ago by 

Richard Jorgensen who was making transgenic plants of petunias with exogenous pigment 
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gene to increase pigmentation of flower but contrary to his expectation when he observed 

the transgene flowers, it was found that some of the flowers lost pigmentation. This 

revealed the idea that added sequence of dsRNA affected the expression of homologous 

gene sequences [253].  

RNAi is a tool to control pests of plants by expressing dsRNA against candidate 

gene of pests to control their population [254] but for this insect should be taking the 

dsRNA and digesting it in its midgut [255].  RNAi is already being used to control 

lepidopteron and coleopteran pests [256]. The use of RNAi for control of insects is also 

economically important to cut down the expense of pesticides for a specific crop due to 

transgene resistance to pest [254]. 

1.11 Insect Control Measures 

Insect pests are one of the major threats to crop production. Their mode of damaging the 

crop is dependent on their species and host plants. Some chew the plant parts are called 

chewing insects other may suck phloem sap are said sucking insects. Not only insects cause 

physical damage but may be vector for some disease pathogen like viruses always need a 

vector for their transmission. Cotton leaf curl disease is one of the major threats to cotton 

production having whitefly as insect vector. Different strategies against the virus are being 

used to overcome the disease but these days an effective way to control virus is to control 

its vector like control of dengue virus by control of its vector insect that is Aedes aegypti  

[257, 258] similar can be the case with control of cotton leaf curl disease by controlling 

whiteflies attack.  

Till now many strategies are being used for controlling of whitefly population in 

cotton field. One of the basic steps is to eradicate alternate hosts in out seasons other steps 

may include crop-free periods for the land, crop rotation practices, by altering sowing dates 

and by disposing weed and crop residue [259]. Other practices may include use of 

insecticides which is supposed to have harmful effects on our ecosystem, biodiversity [260] 

as well as human health [261]. To cover the whole crop with a sheet like cover agril 

polyester cover is another practice to protect the crop from insects which recorded 

maximum protection as compared to that with different insecticides [262]. 

http://europepmc.org/abstract/MED/10901634/?whatizit_url_Species=http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=7159&lvl=0
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Use of insecticide is largely reduced due to Bt (Bacillus thuringiensis) crops but 

this reduction is not up to the desired level due to its limitation to chewing insects. Use of 

RNAi technology against insects by targeting its candidate gene can be an effective way to 

control multiple insects and have broad spectrum insect resistance. Feeding of whitefly 

with artificial feed mixed with dsRNA is used to validate the results. The benefit of using 

RNAi based resistance for insect control is more efficient then using insecticide or other 

mechanical measures are due to the fact that they will be fatal for all of those insects which 

feed on expressed plant part like phloem sucking insects can be controlled by expression 

of dsRNA in phloem sap [263].  

1.12 Trehalose Transporter 

Trehalose is a non-reducing sugar [264, 265] also known as α-D-glucopyranosyl α – D 

glucopyranoside [266] and it is a di-saccharide of glucose. Trehalose is found in nearly 100 

different organisms including plants, algae, fungi, yeasts, bacteria, insects, and other 

invertebrates but it is absent in mammals [267-269]. There are different ways to transfer 

dsRNA into organisms which include microinjection, soaking, oral feeding and transgenic 

plant expression [256, 270-272]. Sometimes, transgenic plants are prepared preferentially 

for the better expression of dsRNA construct to achieve insect pest resistance. When 

Nilaparvata lugens were fed on 0.5 µg/μL dsRNA of trehalose, on seventh day enzyme 

activity was found 50 % reduced than with dsGFP control [273]. 

1.13 Trehalase 

Trehalase is an enzyme which is present in all tissues and is involved in trehalose 

metabolism by hydrolyzing one molecule of trehalose into two glucose molecules [274-

276]. In insect trehalase is found to play important role in some functions like metabolism 

during flight [277, 278], chitin synthesis during molting [279] and cold tolerance [280] and 

even insect and plant interaction [281]. Trehalase plays role by hydrolysis of trehalose 

[279, 282] but it has no role in hydrolysis of maltose, sucrose, melibiose, lactose, raffinose, 

and turanose [283]. Knockdown of trehalase gene using RNAi mechanism in insects by 

injection of dsRNA has been successfully done [276]. 
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1.14 Plant Transformation 

Plant transformation is an important molecular biology tool in genetically modified crop 

system to get improved crop plants with increased crop productivity, viral resistance, stress 

tolerance and other challenges which are hurdle to fulfill the needs of increasing population 

[284, 223].  There are a number of success stories for transgenic research in different plants 

like gus; phaseolin gene transferred successfully in foreign plant tissues [285], nptII gene 

in tobacco [286] and β-Carotene rich golden transgenic rice with Psy, lyc, crtI transgenes 

[287] using Agrobacterium mediated transformation system, Datura with microspore 

development gene using anther culture transformation system  [288], transgenic cotton 

with Bt, an insect resistant gene [289], barley transgenic with Bar and Gus transgenes using 

biolistic technology [290]. In these studies, Agrobacterium-mediated system has been used 

for making transgenic plants. 

A soil-borne bacterium, Agrobacterium tumefaciens is gram-negative in nature and 

causative agent of crown gall disease, which genetically colonizes in susceptible host plants 

and is capable of transferring DNA piece inserted in its T-DNA. The piece of DNA can be 

inserted between border sequences with the help of endonuclease (site-specific / strand-

specific). Stable transformation of plants using Agrobacterium tumefaciens is based on 

exploiting this feature of bacterium. The efficiency of this system depends on strains of 

Agrobacterium used and host plant e.g. monocotyledonous plants do not show good 

response to Agrobacterium infection. Expression of transgene is easy if integration of T-

DNA occurs in regions which are transcriptionally active. During infection Agrobacterium 

transfers piece of DNA into plant cell which is copy of transfer DNA (T-DNA) by the help 

of tumor inducing plasmid (Ti-plasmid). T-DNA has flanking region of 25 BP of direct 

repeats called border sequences, any DNA in between these sequences will be transferred 

to plant cells. In addition to Auxin and Cytokinin which are responsible for tumor 

formation, T-DNA also encodes enzymes which are involved in synthesis of opines [291, 

292]. 
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2. General Materials and Methods 

2.1 Sample Collection 

Whitefly samples were collected from cotton field early in the morning using whitefly 

sucking gun and stored in 75 % ethanol at -20oC.  

2.2 DNA Extraction 

2.2.1 Genomic DNA Extraction of Whitefly Using Extraction Buffer 

Single whitefly was placed in tube of 1.5 ml, crushed and homogenized in 80 μL of 

extraction buffer [100 µg/ml Proteinase K, 0.45 % Triton, 0.45 % Tween, 1 M Tris-HCl 

pH 8] using 1ml tips with openings particularly clogged for this purpose by heating them 

on burner flame. The homogenate was incubated at 55oC for 1 hour and then at 100oC for 

10 minutes. The mixture was left at room temperature for 5 minutes before centrifugation. 

After centrifugation at 13,000 rpm, the supernatant was discarded and the pellet was dried 

at 37ºC for 5 minutes. Finally, the pellet was dissolved in 30 μL of double distilled (dd) 

H2O and quantified.   

2.2.2 Genomic DNA Extraction of Whitefly Using CTAB Method 

Whiteflies were crushed by putting them in a tube with CTAB buffer (PVP 1%, NaCl 1.4M, 

EDTA 20mM, TrisCl 100mM with PH 8 and 2% β-Mercapto Ethanol added after 

autoclave) and vigorously beaten with ceramic beads for 2 minutes using bead beater. The 

homogenized mixture was then taken in a new tube and equal amount of 

chloroform:isoamyl-alcohol (24:1) was added. The supernatant was taken in a new tube 

after centrifuging for 15 minutes, 2.5 times of the volume of the supernatant of 99.9 % 

ethanol and 2 μL glycogen were added in the supernatant. Incubated at -20ºC for 30 

minutes and centrifuged for 15 minutes to get pellet 
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after discarding the supernatant. The pellet was washed with 70% ethanol and air dried. 

After drying, the pellet was dissolved in ddH2O and DNA was quantified. 

2.3 Quantification of Extracted DNA 

The extracted DNA was diluted 10 times and quantified on spectrophotometer (Smart Spec 

TM Plus, BioRad) at 260 nm. Spectrophotometer was blanked by sterile distilled water 

(SDW). The SDW water used for blanking was same in which dilution was made. 

Extracted DNA was run to quantify the concentration of extracted DNA using clean and 

clear cuvettes. Some of the samples were quantified using NanoDrop™ 2000 UV-Vis 

Spectrophotometers. After blanking the spectrophotometer, 2 μL of sample was loaded 

directly on lower measurement pedestal (end of one fiber optic cable) and sampling arm 

was closed so that the upper measurement pedestal came in contact with the lower one. 

The reading were taken using software given with the instrument. 

2.4 Primer Synthesis 

Taking a GroEL sequence accession number AF130421 [191] as reference,   forward and 

reverse primers were designed with additional flanking restriction sites (BamHI and 

EcoRI). Similarly, primers were designed to amplify the complete cassette of G5 along 

with its promoters and terminators. For this, forward primer starting from 35S promoter 

and reverse primer starting from terminator with added restriction sites EcoRV and PstI 

were designed. To replace 35S promoter with NSP promoter, gene specific primers of NSP 

promoter were designed using BBTV genome sequence as template and additional 

restriction sites KpnI and SalI were added for cloning.  

For the reverse genetics assay that was knock down candidate genes in whitefly  

two genes Trehalose transporter 1 and Trehalase were targeted. Taking Unitrans sequences 

from Dr. J. Brown database gene specific primers, dsRNA synthesis primers and qPCR 

primer were designed. 
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2.5 Oligonucleotides Used in Study 

Number of primers were used in different experiments depending on the basis of their need. 

Tables are given below with primer name and their sequences. 

 

Table 2.1 Primers used in amplification of GroEL gene, NSP promoter & expression 

cassette 

 

Primer Name Primer sequence 

(5ˈ-3ˈ) 

GroEl F GGATCCATGGCAGCTAAAGACTTAAAATTTGG 

GroEl R GAATTCTTACATCATACCATTCATTCCGCCCTTC 

NSP F GGTACCTAATCTCTGATTGGTTCAG 

NSP R GTCGACCATCGCTTCTGCTTTGC 

CST F GATATCGGTACCCCTACTCCA 

CST R CTGCAGGCATGCTCCGGTGTG 
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Table 2.2 Primers used in study to synthesis dsRNA and to amplify full length gene, 

primers for dsRNA synthesis have T7 promoter sequence which is underlined 

Primer  Sequence (5ˈ-3ˈ) 

Full Length  

Full length Trehalase (F) TGGTGAACAGTGTGGAAGACG 

Full length Trehalase (R) GTTAGTTTGGGAGGGGGTACTCC 

Full length Trehalose transporter (F) CGACGATGGAGGCGGAGG 

Full length Trehalose transporter (R) CTCACGCCGTAGATGAAGAAG 

dsRNA Synthesis  

dsRNA Trehalase (F) TAATACGACTCACTATAGGGAGACCACAAAT

CTCCCGGTTCTGGAGT 

dsRNA Trehalase (R) TAATACGACTCACTATAGGGAGACCACCAGG

GTGAAATCCTCCTTGA 

dsRNA Trehalose transporter (F) TAATACGACTCACTATAGGGAGACCACATTC

CACTCTTGGCCATCTG 

dsRNA Trehalose transporter (R) TAATACGACTCACTATAGGGAGACCACATCT

CCTCGTTGACCACCTG 

dsRNA GFP (F) TAATACGACTCACTATAGGGAGACCACTCAG

TGGAGAGGGTGAAGGT 

dsRNA GFP (R) TAATACGACTCACTATAGGGAGACCACGATC

CTGTTGACGAGGGTGT 
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Table 2.3 Primers and Probes used for qPCR in study of use of RNAi against 

whitefly 

Primer/ Probe Sequence (5ˈ-3ˈ) 

qPCR Trehalase (F) GACGGACAGAGCAGAGTAGAC 

qPCR Trehalase (R) TGCGGTGCTTTCCTGTAAC 

qPCR Trehalase Probe TCTACGCATCCAACTTGACTCCAC 

qPCR Trehalose transporter (F) GTGCCTCTTCTCTGGGCTTT 

qPCR Trehalose transporter (R) CACGTCGCAGTCCAGCTTC 

qPCR Trehalose transporter Probe TCGAACTCGTGGCTGCCTTCTA 

qPCR rsGFP (F) CGGCCACAAGTTGGAATACAAC 

qPCR rsGFP (R) TGAACGCTTCCATCTTCAATGTTG 

qPCR GFP Probe CAACTCCCACAACGTATACATCACGGC 

qPCR 18S rRNA (F) GACCGGAGCTTGCAATTGTTC 

qPCR 18S rRNA (R) ATCGCCGCGAGGTTATGAC 

qPCR 18S rRNA Probe CCGCGAACGAGGAATTCCCAGTA 
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Table 2.4 Primers used in the study of endosymbiont presence in whitefly collected 

from different regions of Punjab, Pakistan. It also include annealing temperature 

and amplified product size of these primers 

Primer Sequence 

(5ˈ-3ˈ) 

A
n
n
ea

li
n
g
 

(˚
C

) 

P
ro

d
u
ct

 

si
ze

 (
B

P
) 

Hamiltonella F: TGAGTAAAGTCTGGGAATCTGG 

R: AGTTCAAGACCGCAACCTC 

62 700 

Rickettsia F: GCTCAGAACGAACGCTATC 

R: GAAGGAAAGCATCTCTGC 

59 900 

Fritschea F: GATGCCTTGGCATTGATAGGCGATGAAGGA 

R: TGGCTCATCATGCAAAAGGCA 

55 600 

Cardinium F: GCGGTGTAAAATGAGCGTG 

R: ACCTMTTCTTAACTCAAGCCT 

59 500 

Arsenophonus F: GTTTGATGAATTCATAGTCAAA 

R:GGTCCTCCAGTTAGTGTTACCCAAC 

59 600 

Wolbachia F: CGG GGGAAAAATTTATTGCT 

R: AGCTGTAATACAGAAAGTAAA 

55 650 

16S F: AGAGTTTGATCCTGGTCAGAACGAACGCT 

R: TACGGCTACCTTGTTACGACTTCACCCC 

58 1508 

Na+ Channel F: CGGTGAACTGGGTATCTTGG 

R: GGGAAACGAGACTTGGAATG 

58 337 

 

2.6 Amplification of Desired Gene (PCR) 

PCR reaction of 50 μL was prepared in 0.25 μL tubes by adding 5 μL 10X Taq DNA 

polymerase buffer (Fermentas), 1.5 mM MgCl2, 5 μL 2 mM dNTPs mix (dATP, dTTP, 

dCTP and dGTP), forward and reverse primers 0.5 μM each, 1.25 units of Taq DNA 

Polymerase (Fermentas), 10 ng of template DNA and total reaction was made 50 μL by 

adding SDW. This reaction was run on thermal cycler (Eppendorf).  
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For amplification of GroEL gene from whitefly the PCR profile used was initial 

denaturation at 94oC for 5 minutes at first step. Second step comprised of denaturation at 

94oC for 1 min., annealing at 52oC for 1 min. and extension at 72oC for 1 min. After 

completing 35 cycles of second step, final extension of 72oC for 10 minutes was given. 

From this amplified product 5μL was run on 1 % agarose gel stained with ethidium 

bromide. 

For amplification of NSP promoter, profile used was initial denaturation at 94oC 

for 5 minutes, then 35 cycles of second step which consisted of denaturation at 94oC for 30 

seconds, annealing at 52oC for 30 seconds and extension at 72oC for 45 seconds. After 

completing 35 cycles, final extension of 72oC for 10 minutes was given. From this 

amplified product 5μL was run on 1 % agarose gel stained with ethidium bromide. 

For the amplification of expression cassette along with G5, PCR profile was 

changed i.e denaturation and annealing time was increased to 1.5 minutes, and extension 

time was 2 minutes. 

2.7 Gel Electrophoresis 

One % (w/v) agarose gel was prepared by adding 1.3 g of agarose in 130 ml of 0.5X TAE 

buffer and boiled for 3 minutes in microwave oven. The temperature was lowered down to 

about 65oC then 3 μL of ethidium bromide (lab stock) was added in it to make final 

concentration 0.5 μg/ml. This was poured in gel tray with side adopters fixed and combs 

in it ensuring no air bubble in it. After solidification, adopters were removed from its sides 

and put into a gel apparatus containing 0.5 % TAE buffer. After removing the combs DNA 

was loaded, mixed with 5X loading dye in each well and DNA ladder (Fermentas) was 

loaded in one of the well which works as marker to estimate size of DNA loaded in wells. 

This apparatus was run with 100 volts of electric current, DNA is negatively charged thus 

it moves towards positive terminal (anode) and is separated according to its size. The 

pattern with which the DNA separates was checked under ultraviolet trans-illuminator 

system and photographed using Stratagene Eagle Eye still video system. 
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2.8 DNA Elution from Gel 

The desired DNA fragment was sliced out of gel using a sharp blade. This excised portion 

was cleaned using Wizard SV Gel and PCR Clean-Up System (Promega). The gel slice 

was taken in microcentrifuge tube and weighed. An equal volume of Membrane Binding 

Solution (μL/mg of gel slice) provided with the kit was added in the tube having gel slice 

and put at 65oC until gel slice was completely dissolved. The dissolved gel mixture was 

now transferred into a kit provided Minicolumn assembly and was centrifuged at 14,000 

rpm for 1 minute after incubation at room temperature for 1 minute. After discarding flow 

through, minicolumn was again put into a collection tube and 700 μL of Membrane Wash 

Solution was added and centrifuged for 1 minute at 14,000 rpm and flow through was 

discarded. Then 500 μL of Membrane Wash Solution was again added to wash the column 

for 5 minutes to make the column completely emptied. The column was centrifuged for 1 

minute with open lid to evaporate ethanol completely. Column was transferred to a fresh 

tube and 50 μL SDW was added. After incubation at room temperature for 1 minute DNA 

was collected after centrifugation at 14,000 rpm for 1 minute. This purified and clean DNA 

was stored at -20oC. 

2.9 Precipitation of DNA using Phenol Chloroform 

 DNA volume was increased to 200 μL by adding SDW. Equal volume of 

phenol:chloroform (1:1) was added and mixed by inverting microtube. The tube was 

centrifuged at 14,000 rpm for 10 minutes and the upper aqueous phase was taken in a new 

tube without disturbing the other phase. Chilled absolute ethanol 500 μL was added and 

1/10th volume of 3M sodium acetate (pH 5.2) were added in the supernatant and kept at -

20oC for 30 minutes to precipitate DNA. The DNA was obtained by spinning at 14,000 

rpm for 10 minutes. The pelleted DNA was washed with 70 % ethanol (100 μL) and 

centrifuged for 2 minutes at 14,000 rpm, ethanol was pipetted out. The pellet was air dried 

and dissolved in SDW. 

2.10 Ligation 

The amplified or restricted product was ligated into vector by using T4 DNA ligase. The 

amplified PCR product was ligated into T/A cloning vector (pTZ57R/T) by using insTA 
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Clone PCR Cloning Kit (Fermentas).  The reaction of 20 μL was prepared on ice in a tube 

by adding 2 μL of 10X ligation buffer or 4 μL of 5X ligation buffer, 2 μL vector pTZ57R/T  

(75-150 ng), 0.2 μL - 0.4 μL (1-2 units)  T4 DNA ligase, 540 ng of PCR product and SDW 

to make the volume of reaction 20 μL. The reaction was placed at 16oC for overnight.  

2.11 Transfer into Escherichia coli 

Competent cells stored at -70 oC were taken out on ice. 5μL from ligation reaction and 0.5-

1 μL of plasmid/clones were transfered into competent cells of E. coli by heat shock method 

[293]. The transformation material was pipetted into vial of competent E. coli cells freshly 

taken out from -70oC placed on ice. Mixed gently and left on ice for about half an hour. 

Then heat shock was given by placing at 42oC for 2 minutes and again put it back on ice 

for 2 minutes. In it 1 ml of LB liquid media was added, mixed and incubated at 37oC for 1 

hour to get maximum growth of cells. The cells were pelleted by spinning at 13,200 rpm 

for 2 minutes and spread on LB solid plates with antibiotic selection. The plates were put 

at 37oC for 16 hours.  

2.12 Colony Growth in Culture Tubes 

After the incubation time of 16 hours, colonies growth was observed on the surface of 

plates. Colonies were marked and picked with sterilized tooth picks and put in autoclaved 

culture tubes containing 5 ml of LB liquid medium along with specific antibiotic selection. 

Incubated these tubes at 37oC in a shaker for 16 hours. 

2.13 Plasmid Isolation 

For isolation of plasmid from bacterial culture, alkaline lysis method was used (some 

modifications in protocol designed by Brinboim [294]). From overnight grown culture of 

E. coli at 37oC, 1 mL was taken into a microcentrifuge tube and centrifuged for 2 minutes 

at 14,000 rpm to get the pellet.  Supernatant was discarded and the pellet was resuspended 

into 100μL of resuspension solution [25 mM Tris-HCl [pH 8.0], 100 μg/ml RNase A and 

50 mM glucose] by vortexing. Then 150μL of lysis solution [1% [w/v] Sodium Dodecyle 

Sulphate [SDS], 0.2 N NaOH] was added into resuspended cells and mixed by inverting 

the tubes. The mixture of resuspended cell and lysis solution was kept for 5 minutes at 

room temperature to ensure cell wall lysis. Appearance of a thread like structure at the 
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opening of tube was the surety of proper lysis. Then 200 μL of neutralization solution [3.0 

M potassium acetate [pH 5.2] and 11.5% [v/v] glacial acetic acid] was added, mixed well 

and centrifuged for 15 minutes at 14,000 rpm. The supernatant was collected in a fresh tube 

and chilled absolute ethanol (2.5 times of the volume of supernatant) was added, mixed 

and placed at -20oC for 1 hour and was centrifuged at 14,000 rpm for 15 minutes to 

precipitate the DNA pellet. The pellet was washed with 70 % ethanol, air dried, dissolved 

in suitable amount of SDW and stored at -20oC.  

For plasmid DNA sequencing, GeneJET Plasmid Miniprep Kit (Fermentas) was 

used following the user manual. E. coli overnight cultures were put in 1.5 ml 

microcentrifuge tubes. Cells were pelletted by centrifugation for 2 minutes and the 

supernatant was discarded (repeated 2-3 times). Resuspension solution 250 μL was added 

to resuspend the cells. Then 250 μL lysis solution was added to lyse the cells. After mixing, 

350 μL neutralization solution was added and centrifuged at 14,000 rpm for 10 minutes. 

The supernatant after spinning was transferred into a mini-column (provided with the kit) 

which was put in a collection tube. This was centrifuged for 1 minute to allow binding of 

DNA with the matrix and flow-through was discarded. The column was washed twice with 

500 μL of wash solution.  Residual ethanol was removed by spinning the column for 1 

minute in a fresh dry tube.  DNA in the column was recovered by adding 50 μL SDW in 

the column and centrifuging it after putting in fresh collection tube. 

2.14 Restriction / Digestion with Enzymes 

Restriction is done for screening of clones using single enzyme or double enzymes (called 

double digestion). For a 20 μL reaction, 2 μL of 10X recommended buffer for restriction 

enzyme, 3-10 U (0.5-1 μL) of restriction enzyme (one or two), 2 μL of template (2 μg DNA 

if done for cloning but 500 ng DNA only for screening), RNase 0.5 μL were mixed in 

SDW. The reaction was made on ice and mostly placed at 37oC for 1-3 hour but sometime 

overnight digestion was needed for complete digestion. The digested product was 

confirmed by running it on 1 % agarose gel stained with ethidium bromide and compared 

to ladder to know the fragment size. 
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2.15 Glycerol Stock Preparation 

A. tumefaciens or E. coli cultures were preserved by making their stock with filter sterilized 

glycerol for which 7:3 ratio of culture and glycerol were added together in a 1.5 ml 

centrifuge tube. Glycerol stocks were prepared in 1.5 ml centrifuge tubes by adding 300 

μL glycerol and 700 μL of bacterial culture. It was mixed together and stored at freezer 

with temperature -80oC.  

2.16 Preparation of Competent Cells of E. coli 

Heat shock competent cells of E. coli were prepared following the protocol as described 

by Cohen [295]. Top-10 strain of E. coli was used for making competent cells. From plate 

having colonies of Top-10, a colony was picked with a sterile toothpick and dropped in 50 

ml of LB liquid media in a flask without any antibiotic selection. The cells were allowed 

to grow overnight at 37oC with vigorous shaking. The culture produced was called pre-

culture.  

Next day 2 ml of pre-culture was put in 1 liter flask having 250 mL liquid LB media 

in it. The flask was incubated at 37oC with vigorous shaking till OD of culture 0.5-1 was 

achieved. After obtaining the desired OD, the culture was put on ice for 30 minutes. Then 

culture was poured in 50 ml disposable falcon tubes in laminar air flow chamber in highly 

sterile conditions. The cells were centrifuged at 4,000 rpm at 4oC for 10 minutes.  

Supernatant was discarded and resuspended the pellet in 20 ml of MgCl2 (0.1 M) and 

centrifuged again at 4,000 for 10 minutes at 4oC. The supernatant was discarded and the 

cells were resuspended in 20 ml of 0.1M CaCl2. The resuspended cells were placed on ice 

for 30 minutes and centrifuged to get pellet. The pellet was mixed in 4 mL of CaCl2 (0.1M). 

Then glycerol (100%) was added at the rate of 200 μL per 1 ml of CaCl2. Aliquots of 100 

μL were made and stored at -70oC. All the steps are carried out in aseptic conditions and 

on ice. 

2.17 Electro-competent Cells of A. tumefaciens 

From a newly grown plate (rifampicin antibiotic selection) of A. tumefaciens (strain 

GV3101), single colony was picked by sterile wire loop and transfered into 50 mL LB 

medium in a 250 mL autoclaved flask, it was selected with antibiotic by adding 25 μg/ml 
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rifampicin. The culture was incubated at 28oC in a shaker for 48 hours. From grown culture 

5ml of the grown culture was added into a 1 liter glass flask containing 250 ml of antibiotic 

selected LB medium (25 μg/ml rifampicin) and again incubated at 28oC shaker till the 

OD600 of cells culture became 0.5-1.0 (1010 cells/ml). The culture was transferred to 50 

ml falcon tubes aseptically placed on ice for 30 minutes. The pellet of cells was obtained 

by centrifuging at 4,000 rpm (3250Xg) at 4oC for 10 minutes using benchtop refrigerated 

centrifuge (Eppendorf Centrifuge model 5810R). Supernatant was discarded and the pellet 

was resuspended in 50 ml of cold SDW. Centrifuged again for 10 minutes at 4,000 rpm 

(3250Xg) at 4oC. Pellet of cells was again suspended in 25 ml cold SDW. Washing with 

25 ml cold SDW was repeated. Then the pellet was resuspended in filter sterilized cold 10 

% (v/v) glycerol and centrifuged. This washing step was also repeated.  Finally, the cells 

were suspended in 3-4 mL filter sterilized cold 10 % (v/v) glycerol. Aliquots of 100 μL 

were made and stored at -70oC.  

2.18 Transfer of clones in A. tumefaciens 

A stored vial of A. tumefaciens was taken out from -70oC freezer and placed on ice for 5 

minutes to thaw. In the vial 2 μL of plasmid was added and mixed well with the cells. 

Plasmid mixed with cells was pipetted in the base of cuvette already sterilized with 100 % 

ethanol washing and drying in laminar air flow chamber and placed in ice to avoid cells 

from heat shock. The cuvette was put in cuvette chamber of electric shock electroporator 

(ECM 600, BTX Harvards, USA) to give an electric shock of 1440 V by setting and 

pressing the button. Immediately after the shock, 1 ml LB media was added and mixed. 

The cells were transferred to new centrifuge tube and incubated at 28oC for 3 hrs. The cells 

were pelleted, mixed in 100 μL media, spread on LB agar solid plate with specific antibiotic 

selection and incubated for 48 hours at 28oC. 

2.19 Plant Tissue Culture 

To transfer a gene of interest in model plants efficient way is to go through plant tissue 

culture. Following important steps were fallowed. 
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2.19.1  Materials and Facilities Required for Plant Tissue Culture 

List of materials and facilities required during plant tissue culture are given below; 

Seeds of N. benthamiana, sterilized and autoclaved water, Whatman no.1 filter papers (9 

cm), chemicals (salts, phytagel, hormones, vitamins etc.) of molecular biology grade, metal 

instruments like scalpel holder, forceps and spatula, glass ware (pyrex), petri dishes, 

aluminum foil, complete aseptic environment, media preparation and sterilization room, 

culture room or incubators for maintenance of tissue culture material under controlled 

conditions of light, temperature, humidity, washing and storage facilities.  

2.19.2 Production of Aseptically Grown N. benthamiana Plants 

First of all, seeds were sterilized by soaking in sterilization medium (5 % liquid bleach, 1 

% HgCl2 and 1 % SDS) for 15 minutes to remove surface contaminations of seeds. Seeds 

were then washed with distilled and autoclaved water to remove bleach. After this seeds 

were given a 70 % ethanol washing for 1 minute and seeds were washed thoroughly with 

double distilled autoclaved water. This step was repeated 3-4 times. The seeds were dried 

using filter paper and spread on MSO [3 % sucrose and 1 % agar (Sigma)] plates. Plantlets 

emerged after two weeks and were transferred to fresh MSO medium. Plants with fully 

expanded leaves were obtained after 3-4 weeks. The plants grown under these fully aseptic 

conditions were then used for cutting leaf discs. 

2.19.3 Transformation 

Transformed colony of A. tumefaciens was grown with expression cassette of gene in 50 

ml of LB liquid medium selected with 25 mg/ml rifampicin and 10 mg/ml kanamycin in 

flask in a shaker at speed of 150-250 rpm at 28oC for 48 hrs in dark. Top 2-3 leaves were 

cut under aseptic conditions and placed upside down on MSO medium (10-15 discs per 

plate) sealed with parafilm and incubated at 8 hours dark and 16 hours light cycles at 

25±1oC. Explants were put on plates to incubate for 24 hrs. Agrobacterium culture was 

spun at 4,000 rpm for 10 minutes and resuspended in MSO medium with 3 % sucrose to 

an OD of 0.4-0.5 at 590 nm. Leaf discs were treated with this bacterial suspension for 2-3 

minutes with constant shaking. The treated leaf discs were dried on sterile filter paper and 

incubated upside down on co-culture medium prepared by adding MS salts 4.4 g/l, sucrose 



2. General Materials and Methods 

   

39 
 

30 g/l, phytagel 5.6 g/l adjusted the pH to 5.8 with 0.1 N KOH, after autoclaving filter 

sterilized, B5 vitamin (100X) 10 ml/l, naphthylacetic acid (NAA) (1 mg/ml) 0.1 mg/l, 6-

benzylaminopurine (BAP) (1 mg/ml) 1 mg/l and 50 mg/ml kanamycin were added to the 

medium, plates were sealed with parafilm and kept at 25oC. After 48-72 hours (depending 

on the growth of bacteria) the leaf discs were shifted to selection medium plates. Initial 

selection medium was prepared by adding MS salts 4.4 g/l, sucrose 30 g/l, phytagel 5.6 g/l 

adjust pH to 5.8 with 0.1 N KOH. After autoclaving, filter sterilized B5 vitamin (100X) 10 

mL/l, Glufosinate Ammonium (10mg/ml) 10 mg/l, 6-benzylaminopurine (BAP) (1 mg/ml) 

1 mg/l, naphthylacetic acid (NAA) (1 mg/ml) 0.1 mg/l, 50 mg/ml kanamycin and 

cefotaxime (100 mg/ml) 250 mg/l were added to the media. 8-10 leaf discs per plates were 

placed upside with cut edge in contact with the agar nutrients and antibiotic. Plates were 

sealed with parafilm and incubated under 16 hours photoperiod at 25oC for two weeks. 

Usually regeneration starts after 15-20 days in tobacco. Regenerated leaf disc were shifted 

to fresh MS selection medium. At time when shoots became larger to put on plates, they 

were transferred to jars. When transformed shoots developed and grew to form at least one 

internode, they were shifted to rooting media. Rooting medium was prepared by adding 

MS salts 4.4 g/l, sucrose 20 g/l, phytagel 5.6 g/l adjust pH to 5.8 using 0.1 N KOH. 

Autoclaved and filter sterilized B5 vitamin (100X) 10 ml/l, naphthylacetic acid (NAA) 

(1mg/ml) 0.1 mg/l and cefotaxime (100 mg/ml) 250 mg/l were added. Rooting medium 

contained 5mg/ml of antibiotic. Jars were sealed and incubated at 25oC in continuous light. 

2.19.4   Transfer to Soil 

When root took shape of bunch of threads they were taken out of the jar carefully. Plant 

roots were treated with fungicide and washed with water then transferred to sterile soil in 

pots covered with polythene transparent bags to retain humidity and kept at 25±2oC under 

16 hours photoperiod for hardening. After 7-10 days edge of polythene bags were cut to 

reduce humidity gradually and plants were made acclimatized to temperature conditions 

and ambient humidity. 
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2.19.5   Confirmation of Transgenic Plants 

Transgenic plants were confirmed twice:  

1-  By growing on media containing MS salts 4.4 g/l, sucrose 30 g/l, phytagel 5.6 g/l adjust 

pH to 5.8 with 0.1 N KOH. After autoclaving filter sterilized 50 mg/ml Kanamycin and 

Cefotaxime (100 mg/ml) 250 mg/l were added to the media in jars. 

 2- Running PCR using specific primers designed for the transgene.  

2.20 Southern Hybridization 

DNA samples in equal quantity were loaded on an agarose gel (1% [w/v]), ran in 1X TAE 

buffer and stained with ethidium bromide for half an hour. Gel photograph was taken in a 

gel documentation unit, stained gel was treated with 250 ml depurination solution (0.15 N 

HCl) with continuous gentle shaking in a glass tray until DNA loading dye changed its 

colour to yellow (approx. 20 min). After washing with SDW the gel was treated with 250 

ml of denaturation solution (1 M NaCl and 0.5 M NaOH) with continuous gentle shaking 

in a glass tray for 30 min. Again after washing with SDW, the gel was treated with 250 ml 

of neutralization buffer (1.5 M NaCl and 0.5 M Tris [pH 7.0]) with continuous gentle 

shaking in a glass tray. 

Apparatus was set containing 200 ml of 20X SSC (3 M NaCl and 0.3 M sodium 

citrate). Whatman paper 3 mm was placed in such a way on a platform that its ends were 

dipped in 20X SSC. All air bubbles from wet paper were removed by using a pipette. The 

gel was placed in such a way that the well side of gel is facing up. By rolling a pipette all 

air bubbles are removed over the gel. Gel sized piece of Hybond-N nylon membrane 

(Amersham, UK) was laid on the gel wetted in 20X SSC, avoiding air bubbles. Whatman 

filter paper 3 MM of equal size to gel and a stack of tissue papers were placed carefully 

over the nylon membrane and left for 24 hours. Membrane was washed with SDW, air 

dried and fixed DNA with cross linked using UV light (Stratalinker, Stratagene). 

  The membrane now called as blot was placed inside hybridization bottle with the 

help of sterile forceps and gloves. Then pre-warmed (65o C) pre-hybridization solution (10 

ml 20X SSC, 5 mL 50X Denhardt [Ficoll 1 % (w/v), PVP 1 % (w/v), BSA 1 % (w/v)] 5 
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ml 10 % SDS, 10 μL salmon sperm DNA (5 ng) and 30 ml SDW to make final volume 50 

ml) was added to bottle placed in hybridizer at 45oC for 3 hours. The labeled probe was   

synthesized by using dig labeled dNTPs and denatured at 100o C in a boiling water bath 

for 10 min and rapidly cooled on ice for 5 min. After removing pre-hybridization solution, 

the denatured probe was added to the bottle and placed in hybridizer overnight at 45oC to 

50oC. 

After treatment with probe blot was rinsed thrice called stringency washing with 

pre-warmed (65o C) 2X SSC, 0.1% [w/v] SDS solution followed by 0.1 X SSC. After that 

the blot was treated with blocking solution (blocking reagent 10 % and 1 X maleic acid) at 

room temperature for 30 minutes. Blocking solution was removed and antibody solution 

(Anti-Digoxigenin, blocking solution [75 mU/ml] [1:10000]) was added to hybridization 

bottle treated blot for 30 minutes at room temperature. The bolt was washed twice with 

washing solution (50 ml of 1 X maleic acid, 150 μL Tween-20) for 15 minutes at room 

temperature and was treated for 3 minutes at room temperature with 15 ml detection buffer 

(0.1 M Tris HCl, 0.1 M NaCl, pH 9.5). The blot was treated with chemiluminescence 

substrate of alkaline phosphatase CDP star (Disodium 2-chloro -5-[4-methoxyspiro {1,2-

dioxyetane-3,2 (5-chloro)-tricyclo decan}-4-y1] phenyl phosphate) (comes with kit Roche, 

Germany) by placing blot on a cling film with DNA side facing up. The blot was exposed 

to X-ray film (Super RX:Fuji film) in dark room and X-ray film was developed by treating 

with developer and fixer to get the final result. 

2.21 Photography 

Pictures were taken with good resolution camera at different steps of stable transformation 

and resistance analysis experiment. 

 2.22 Sequence Analysis 

Selected genes were cloned in sequencing vector which had M13F [-20] and M13R [-20] 

primer sites. Plasmid clones were purified using a GeneJET Plasmid Miniprep Kit 

(Fermentas). For sequencing clones were sent to Macrogen (South Korea) with universal 

primers (M13F [-20] and M13R [-20]).  
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Sequencing data were assembled and analyzed using DNAStar Inc., Madison, WI, 

USA (Lasergene package of sequence analysis software). Similarities in sequences were 

checked using online database (Blast) to compare the sequences with already submitted 

sequences of genes in the database (http://www.ncbi.nlm.nih.gov/BLAST/). ORFs were 

located using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Multiple 

sequence alignments were made using Clustal X [296] and the MegAlign programs of 

Lasergene. Phylogenetic trees were constructed using the Neighbour Joining algorithm of 

Clustal X and displayed, manipulated and printed using Tree view [297].  
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3. Study of Secondary Endosymbionts of 

Whiteflies Collected from Cotton Growing 

Districts of Punjab, Pakistan 

3.1 Introduction 

Whitefly a sucking insect from order Homoptera belonging to family Aleyrodoidea 

scientifically named Bemisia tabaci Gennadius is geographically distributed all over the 

world [298]. Whitefly is of more economic importance being a vector of viral disease than 

being a direct pest [218]. Immature and adult both feed by piercing the stylet on the 

undersurface of leaves and suck the plant sap. The nymphs during feeding from the same 

point for about 2-4 weeks may forms yellow spots which can be seen from the upper surface 

of leaf and in older leaves there appears a brown center [299]. Sweet potato leaves show 

purple pigments and purple spots with brown center [300]. If adults are feeding there is no 

visible damage but in case if there is high population of whitefly there may be yellowing 

of infected leaves and stunted growth which is similar to symptoms of cotton leaf curl 

disease. Along with direct damage and virus transmission whitefly produce honeydew, a 

sugary secretion on the surface of leaves and make the leaf surface sticky which facilitate 

growth of sooty mold on leaf surface and reduce the efficiency of leaf to trap the light. 

Sometime it is so severe to the extent that it hinders the normal growth of plant [301-303].  

The female whitefly lay from 100 to 1200 eggs per square inch on the under surface 

of young leaf. Eggs are pear shaped having length of about 0.2 mm. They are white in color 

when laid but afterwards turns brown. Eggs normally take about seven days to hatch. There 

are six life stages of whitefly starting from eggs then four nymphal stages and last is adult 

stage.  The first stage after hatching is called nymph and crawler is the first nymphal stage. 

At this stage they move a very short distance and select a place to settle down and start 

feeding. The last instar is also called as pupa which is about 0.7 mm long. Adult is about 1 

mm long and its body of adult is pale yellow in color
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and wings are solid white. The snow white color of insect is due to secretion of wax on 

wings and body.   

Favorable temperature range for whitefly life cycle is 10- 32oC. At low temperature 

there is mortality of eggs.  Humidity also has negative effects on life cycle that’s why insect 

is more common in dry season. Host range for whitefly is very wide as they are found on 

citrus, cabbage, avocado, banana, cassava, coconut, capsicum, cotton, cauliflower, 

eggplant, guava, garlic, mango, legumes, mustard, peachy, onion, pepper, squash, radish, 

soybean, tobacco and tomato [218, 304-313]. 

Whiteflies, aphids or mealybugs (phloem sucking insects) have primary and 

facultative relationship with endosymbionts of bacterial origin [314] like Portiera which 

is a primary endosymbiont [315]. A part from primary endosymbionts whitefly along with 

other sucking insects harbors secondary endosymbionts namely Hamiltonella [172], 

rickettsia [147], Cardinium [173], Fritschea [176], Arsenophonus [149], Wolbachia [316, 

317]. Secondary endosymbionts are not localized to specific location rather they are found 

throughout the host insect [318]. Though these endosymbionts are not essential for survival 

rather they play important role in different metabolic processes of reproduction, 

development and viral transmission. Role of Wolbachia in reproductive manipulation is 

common in arthropods [319]. Cardinium also play its role in including cytoplasmic 

incompatibility, parthenogenesis and feminization along with reproductive manipulations 

in arthropods [173].  

In both B and Q biotypes of whitefly Rickettsia is identified and localized in all 

organs and tissues which reject the view of its localization in bacteriome [147]. Rickettsia 

is found to be associated with improved fitness of whitefly by increasing its fertility, speedy 

development, more survival into adults and in increasing the population of females [166]. 

Rickettsia is also reported to play role in heat tolerance in insects [177]. Apart from 

beneficial aspects sometimes Rickettsia population increases the susceptibility to 

insecticides and becomes harmful for its host [164]. Moreover, in some cases susceptibility 

was higher for acetamiprid, thiamethoxam, sporimesifen and pyripoxen if co-infected with 
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Rickettsia-Arsenophonus or Rickettsia-Wolbachia [164, 178] in both B and Q biotypes 

[179]. 

Wolbachia genus belongs to class ɑ-Proteobacteria, phylum Proteobacteria infects 

many insects and nematodes. This endosymbiont is transmitted maternally through egg 

while present in cytoplasm of egg. Moreover this bacterium is transmitted between 

arthropods species horizontally. The bacteria is localized in insects reproductive organs 

and play role in cytoplasmic incompatibility [180, 181], parthenogenesis induction [182], 

male killing [182] and feminization [183]. In a recent study it is found that Wolbachia play 

important role in development of whitefly and increase its fitness, duration of whitefly 

development, reproduction, defense against parasites possibly through some immune and 

nutritional benefits.  

Hamiltonella is host-dependent metabolic symbiont which depends on its host to 

fulfill its nutritional requirements [184].  This endosymbiotic bacterium has been found to 

play role in transmission of plant virus, tomato yellow leaf curl virus (TYLCV) by 

producing GroEL protein [185]. Hamiltonella also provide protection against virulence, 

parasites, toxins and effector proteins [184]. From Israel it is found in only B biotype but 

not in Q biotype [179]. 

Arsenophonus belongs to γ- Proteobacteria of phylum Proteobacteria is reported in 

many arthropods including aphid, louse-fly, psyllids and whiteflies [170] and in whitefly 

plays role in transmission of virus by producing GroEL which interacts with coat protein 

and facilitates transmission [148].  It is found in Q biotype but not in B biotype whitefly in 

Israel [179]. 

Like Wolbachia, Cardinium has been reported that it causes cytoplasmic 

incompatibilities [174].  In eukaryotes they produce some proteins which have potential to 

interfere cell cycle regulation, this property makes it similar to Wolbachia [186]. 

Fritschea belongs to genus Candidatus, order Chlamydiales was for the first time 

reported in 2003 [187] and is different from other endosymbionts in a manner that it is only 

documented in gut of whitefly. But it is absent in B biotype, lot is still to be discovered 

about its phenotype [176]. 
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3.2 Materials and Methods 

Whitefly samples were collected and stored in 10 ml 80 % ethanol from major cotton 

growing districts of Punjab, Pakistan. Whiteflies were placed in different tubes of 1.5ml, 

crushed (using 1ml pipette  tips with pointed ends clogged for crushing by heating tips on 

flame) and homogenized in 80 μL of extraction buffer [100 µg/ml Proteinase K, 0.45% 

Triton, 0.45% Tween, 1 M Tris-HCl pH 8] (Ghanim et al., 2007). This homogenate was 

then incubated for 1 hour at 55oC and then for 10 minutes at 100oC. This mixture was left 

for 5 minutes at room temperature before centrifugation. After centrifugation for 15 

minutes at 13,000 rpm, the pellet was dried at 37ºC for 5 minutes after discarding the 

supernatant. Finally 30 μL double distilled (dd) H2O was added to dried pellet to dissolve 

and the extracted genomic DNA was quantified on spectrophotometer (Smart Spec TM 

Plus, BioRad) at 260 nm absorbance.   

PCR reaction of 50 μL was prepared in 0.25 μL tubes by adding 5 μL 10X Taq 

DNA polymerase buffer (Fermentas), 1.5 mM MgCl2, 5μL 2 mM dNTPs mix (dATP, 

dTTP, dCTP and dGTP), forward and reverse primers 0.5μM each, 1.25 units of Taq DNA 

Polymerase (Fermentas), 10 ng of template DNA and total reaction was made 50 μL by 

adding SDW. This reaction was run on thermal cycler (Eppendorf).  

Agarose gel (1% w/v) with added ethidium bromide was made and put into gel 

apparatus tank containing 0.5 % TAE buffer. DNA mixed with 5X loading dye was loaded 

in each well and DNA ladder (Fermentas) as marker to estimate size of DNA was loaded 

in one of the well. DNA was separated according to its size by providing 100 volts electric 

current. The DNA was visualized under ultraviolet trans-illuminator system and picture 

was photographed using Stratagene Eagle Eye still video system. 

3.2.1 Primers Details 

Six sets of endosymbionts specific primers and two sets of experimental control were used. 

Controls included Na+ channel gene primer to check the quality of extracted whitefly DNA 

if it was amplifiable whereas 16S primers were used to confirm the presence of bacteria in 

whitefly. Samples positive for both controls were farther tested for endosymbiont using 
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specific primers which included Hamiltonella, Rickettsia, Fritschea, Cardinium, 

Arsenophonus, and Wolbachia. Detail of primers is given in Table 3.1. 

Table 3.1 Primers used in this study, annealing temperature and amplified product 

size of these primers 

Primer Sequence 

(5ˈ-3ˈ) 

Product size 

(BP) 

Hamiltonella F: TGAGTAAAGTCTGGGAATCTGG 

R: AGTTCAAGACCGCAACCTC 

700 

Rickettsia F: GCTCAGAACGAACGCTATC 

R: GAAGGAAAGCATCTCTGC 

900 

Fritschea F: GATGCCTTGGCATTGATAGGCGATGAAGGA 

R: TGGCTCATCATGCAAAAGGCA 

600 

Cardinium F: GCGGTGTAAAATGAGCGTG 

R: ACCTMTTCTTAACTCAAGCCT 

500 

Arsenophonus F: CGTTTGATGAATTCATAGTCAAA 

R: GGTCCTCCAGTTAGTGTTACCCAAC 

600 

Wolbachia F: CGG GGGAAAAATTTATTGCT 

R: AGCTGTAATACAGAAAGTAAA 

650 

16S RNA F: GAGTTTGATCCTGGTCAGAACGAACGCT 

R: TACGGCTACCTTGTTACGACTTCACCCC 

1508 

Na+ Channel F: CGGTGAACTGGGTATCTTGG 

R: GGGAAACGAGACTTGGAATG 

337 
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3.3. Results 

Whitefly DNA was tested with Na Channel primers to confirm the quality of extracted 

DNA if it was amplifiable. The positive samples were then used for PCR using 16S primers 

to confirm the presence of endosymbionts in extracted DNA. From each region four 

samples were used as template DNA and amplified using endosymbiont specific primers. 

The results are presented in Table 3.2 and fig 3.1: 

Table 3.2 Description of co-infection of different endosymbionts in different regions 

of Punjab 
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Sadiqabad √ 2/4 0/4 2/4 2/4 2/4 0/4 √ 

R Y Khan √ 1/4 0/4 1/4 2/4 4/4 0/4 √ 

Multan √ 3/4 1/4 3/4 0/4 0/4 1/4 √ 

Vehari √ 0/4 1/4 2/4 1/4 0/4 0/4 √ 

Khanewal √ 1/4 0/4 1/4 0/4 1/4 0/4 √ 

Bahawalpur √ 1/4 0/4 2/4 0/4 0/4 0/4 √ 
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Figure 3.1 Co-infection of different endosymbionts in each region 

The study showed co-infection of endosymbionts in whiteflies collected from some 

of the major cotton growing areas of Punjab, Pakistan. It was find that Fritschea was 

observed in all samples while Hamiltonella endosymbiont was present in Sadiqabad, 

Rahim Yar Khan, Bahawalpur, Multan and Khanewal samples, but it was not found in 

Vehari. Rickettsia was only found in district Multan and Vehari samples but it was not 

present in other regions, Cardinium was present in Sadiqabad, Rahim Yar Khan and 

Vehari, while Arsenophonus endosymbiont was amplified from Sadiqabad, Rahim Yar 

Khan and Khanewal, but Wolbachia was found only from Multan whiteflies samples.  

Co-infection of endosymbionts was in almost all samples. In Sadiqabad and  Rahim 

Yar Khan Hamiltonella, Arsenophonus, Fritschea, Cardinium were present, in Bahawalpur 

Hamiltonella and Fritschea were present, in Multan Arsenophonus and Cardinium were 

present, in Vehari Rickettsia, Fritschea, Cardinium were found but in Khanewal 

Hamiltonella, Arsenophonus and Fritschea were present. 
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Figure 3.2 Presence of endosymbionts in different regions 

3.4. Discussion 

In Pakistan there is different level of cotton leaf curl disease severity [320] the reason of 

which is well defined because different factors are involved in it. One possible reason is 

the presence of different biotypes of vector and the presence of different endosymbionts in 

whiteflies which ultimately produces different type of GroEL which have different levels 

of affinity with different coat proteins of viruses. In China during 2003 Bing XL and his 

coworkers tested five types of secondary endosymbionts and found diversity and variation 

in their presence in whiteflies collected from different regions [321]. Using endosymbiont 

specific primers different endosymbionts were localized in different regions of Brazil 

[322]. In this study we have observed out the presence of different endosymbionts together 

in different cotton growing areas of Punjab and co-infection of different secondary 

endosymbionts in different combinations. Wolbachia was only present in Multan samples 

while Rickettsia was present in Multan and its neighboring district Vehari but not present 

in other regions. Sadiqabad and Rahim Yar Khan with closely attached boundaries had 

same endosymbionts in whitefly. Bahawalpur which is a bridge between Multan and Rahim 

Yar Khan had two common endosymbionts namely Fritschea and Hamiltonella. Maximum 

of co-infection was seen for four endosymbionts in whiteflies from same region. Khanewal 

a neighboring district to Multan had two out of three endosymbionts common with Multan. 
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Whitefly endosymbionts and their co-infection in Pakistan is reported for the first time 

which is novelty of this work. In future we can correlate this occurrence with whitefly 

biotypes and disease severity in Punjab and for Pakistan. 
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4. Gene Knockdown in Whitefly using dsRNA 

Mixed with Artificial Diet 

4.1 Introduction 

The phenomenon in which expression of target gene was lost by interference in its mRNA 

is known as RNA interference (RNAi). Different terminologies like quelling, co-

suppression or post transcriptional gene silencing are used by different people for RNAi. 

A Noble prize in 2006 was given to Andrew Fire and Creig C Mello for their work of RNAi 

which was published in 1998 [323].  The technology is now a days extensively used for 

down regulation of target gene expression. RNAi has become a powerful tool of functional 

genomics as well as reverse genetics. Trans-acting Short RNA (tasiRNA) [324], small 

interfering RNA (siRNA) [325] and micro RNA (miRNA) [326] are three types of RNA 

interference occurring in plants, animals and insects. Technical applications of RNAi are 

gene knockdown [327] used in biotechnology [328], functional genomics [329, 330], 

genome scale RNAi screening [331, 332] and medicines [333, 334]. 

The precursor molecule for RNAi is the double stranded RNA (dsRNA) which was 

demonstrated for the first time in the nematode (Caenorhabditis elegans) [323]. The 

process of interference is started by an enzyme dicer which breaks long sized double 

stranded RNA (dsRNA) molecule into short fragments which are double stranded and 

about 20 nucleotides in length are called siRNA. These siRNA unwound and become single 

stranded RNAs and they are now called passenger strand and guide strand. The passenger 

strand is degraded but the guide strand is incorporated into RISC (RNA induced gene 

silencing complex). Guide strand pair with complementary messenger RNA and is cleaved 

by Argonaute protein of RISC complex and RNAi signal spreads systematically [335].  

Different mechanisms of dsRNA delivery and uptake have been extensively 

reviewed [255]. It has also been shown that dsRNA microinjected into hemolymph of an 
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insect can move to other tissues and effectively silence the mRNA of the target genes 

[336]. Some studies demonstrated that RNAi for a specific target gene can be achieved by 

soaking the sample into dsRNA solution for a specific time period [337]. Oral delivery of 

dsRNA using artificial feeding devices containing the dsRNA synthesized artificially along 

with T7 promoters on both sides [338, 339] mixed with artificial diet is also an effective 

method [340, 341] and can also be considered more convenient because of its non-

invasiveness. In addition the approach offers a convenient way to use standardized 

concentrations of dsRNA in a uniform delivery system so that within and between 

treatment results are comparable. Oral delivery is preferred over micro injection due to fact 

that it requires less intensity of labor and is easy to use for a larger number of animals and 

insects in less time as compared to microinjection [329]. Similarly more genes can be 

silenced by delivering dsRNA through oral feeding. Finally oral delivery through feeding 

is relatively less expensive then both soaking and microinjection. To achieve RNAi by 

feeding has a major drawback over other ways that it requires a series of molecular biology 

work for amplification, cloning, dsRNA synthesis etc. [329]. 

Mixing of dsRNA with artificial diet directed against vacuolar ATPase subunit A 

of Western corn rootworm (WCR) Diabrotica virgiferavirgifera besides making transgenic 

corn plants demonstrated the effectiveness of RNAi [256]. Expediency of genetically 

engineered plants was shown in a study [271] in which the larvae of cotton bollworm 

(Helicoverpa armigera) were first fed on plants expressing dsRNA against the P450 

monooxygenase gene and subsequently exposed to artificial diet containing gossypol. P450 

monooxygenase is considered to be involved in gossypol detoxification and its silencing 

made the insects vulnerable to this particular compound. The experiment demonstrated that 

P450 dsRNA fed insects were found susceptible compared to the control insects. The 

phenomenon of RNAi transmission to the next generation was shown in flour beetle 

(Tribolium castaneum) where the signal moved to the zygotic cells causing silencing of the 

target genes in the next generation (also known as parental RNAi) [342]. 

Many plant virus species which are economically important are transmitted by 

insect vectors [15] particularly sucking pests which exclusively feed on phloem sap and 

are involved in this major predicament. Whitefly belonging to the order Hemiptera and 
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family Aleyrodidae is one of the most important sucking pests of economically important 

cash crops like cotton and tobacco worldwide [343]. Whitefly occupies tropical and 

subtropical habitats and produces about 11 to 15 generations per year. The fecundity of the 

whiteflies can also be estimated from the fact that inspite of being so small in size, it 

produces around 300 eggs per female. It is a haplodiploid organism and its development is 

temperature dependent. Whitefly is the carrier of begomoviruses which causes cotton leaf 

curl disease, the major limiting factor of cotton production. Chemical methods to control 

whiteflies have been practiced for the last many years which resulted in the development 

of resistance against chemical pesticides. Genes related to insecticide resistance play very 

important role such as mutations in para sodium channel genes results in resistance against 

pyrethroids is a good example in this regard [344]. 

The candidate gene targets were selected from the laboratory transcriptome 

database, based on whether they might singly or collectively, be silenced when a 

corresponding dsRNA fragment was ingested. Ultimately, the goal is to abate whitefly 

feeding and/or reduce whitefly fitness in a transgenic plant platform. This is relevant to the 

increased interest in deploying transgenic, non-insecticidal strategies for whitefly 

management owing to the inability to survive without abiotic stress protection digest or 

metabolize phloem sap, and/or in the cases of two gene targets involved in insecticide 

resistance, slow or abate its development.  Two candidate genes were tested using adult 

whiteflies by delivering dsRNA in sucrose based feeding solution through an artificial 

membrane. Our results show that silencing of most of the candidate target genes resulted 

in significant mortality of whiteflies. The implications of these findings on engineering 

plants resistant to whitefly are discussed. 

A non-reducing sugar Trehalose transporter [359] is also known tremalose, 

asmycose [360, 361] or α- D-glucopyranosyl α – D glucopyranoside. It is a non-reducing    

disaccharide of glucose [362, 363]. Trehalose transporter was discovered for the first time 

in ergot of rye [266] but till now it has been discovered in near 100 species including plants 

[364], algae [365], fungi [366], yeasts [367], bacteria [368], insects [369], and other 

invertebrates but it is absent in mammals [267-269]. Trehalose transporter protects the 

organism from different stresses like dryness, freezing and osmopressure [363] as well as 
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energy metabolism [370]. This sugar plays a vital role as it is involved in the formation of 

gel phase during dehydration of cell and in this way internal organelles are protected by 

splitting them and this goes on till the cell is rehydrated and performs normal activity [371, 

372]. In insects during flight, feeding or parasite infection, there is increased production of 

trehalose transporter in haemolymph [265, 373]. When Nilaparvatalugens were fed on 0.5 

µg/μL dsRNA of Trehalose transporter, on seventh day enzyme activity was found 50% 

reduced than with dsGFP control [374]. 

 

 

Figure 4.1 Structure of Trehalose transporter a dimer of glucose taken from web 

http://en.wikipedia.org/wiki/File:Trehalose transporter.svg 

 

4.2 Objective of Study 

The objectives of this work was to find out best suited target gene of whitefly from data 

base and then silence these gut specific target genes of whitefly by feeding whiteflies on 

artificial diet mixed with dsRNA to explore best targets for insect control. 

4.3 Materials and Methods 

Experimental Bemisia tabaci of B biotype more specifically called Arizona B biotype were 

taken from culture maintained on cotton plants (Gossypium hirsutum cv Deltapine 5415) 

in BugDorm-2120. These whiteflies are maintained here in insect rearing tent 

(60”x60”x60”cm) for the last 20 years at temperature of about 26±1°C, relative humidity 

of 60-70% and 14:10 hour light and dark period, respectively.  
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Candidate genes were selected from Dr. Brown transcriptome library (still in 

preparation and being updated continuously). The presence of gene was confirmed by PCR, 

cloning the amplified product and then sequencing them. The primer sets used in this study 

were designed by using Primer3 online software version 0.4.0 (http://frodo.wi.mit.edu/).  

These primers were designed to amplify the target genes and to synthesize dsRNAs in vitro.  

T7 promoter sequence at 5’ end of both forward and reverse primers was added for in vitro 

transcription. Detail of primers is given in table 4.1. 

Following the SOP’s of Dr. Brown Lab the PCR reaction was performed by using 

JumpStart™ REDTaq® ReadyMix™ PCR Reaction Mix (SIGMA-ALDRICH, St. Louis, 

USA). The reaction mixture for 20 μL reaction contained: 10 μL RedTaq, 0.5 μL (10µM) 

of each forward and reverse primers, 2μL template and ddH2O 7μL. The cycling follows; 

1 cycle at 94°C for 5 min, 40 cycles at 94°C for 60 sec, 55°C for 60 sec and 72°C for 60 

sec with a last extension cycle of 15 min at 72°C and finally temperature was hold at 4°C. 

The amplified fragments were separated on 1% agarose gel in Tris-acetate-EDTA (TAE) 

buffer, pH 8.0 and stained using red dye staining. Bands were visualized under UV on 

spectroline® gel documentation system (Spectronics corporation, USA). The amplified 

fragments were cloned in pGEM-T® easy vector (Promega, USA) for DNA sequencing. 

Three amplified DNA clones were sequenced at the University of Arizona, Arizona, 

USA. The sequences were compared by using BLASTn (comparative sequence analysis). 

After quantification 30 µg/ml of dsRNA (each target gene and control) was mixed in 

artificial feeding diet (20% sucrose solution) and 110 adult whiteflies were fed in each 

feeding assembly.  

 

 

 

 

 

http://frodo.wi.mit.edu/
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Table 4.1 Primers used in study to synthesis dsRNA and to amplify full length gene, 

primers for dsRNA synthesis have T7 promoter sequence which is underlined 

Primer  Sequence (5ˈ-3ˈ) 

Full Length  

Full length Trehalase (F) TGGTGAACAGTGTGGAAGACG 

Full length Trehalase (R) GTTAGTTTGGGAGGGGGTACTCC 

Full length Trehalose transporter (F) CGACGATGGAGGCGGAGG 

Full length Trehalose transporter (R) CTCACGCCGTAGATGAAGAAG 

dsRNA Synthesis  

dsRNA Trehalase (F) TAATACGACTCACTATAGGGAGACCAC

AAATCTCCCGGTTCTGGAGT 

dsRNA Trehalase (R) TAATACGACTCACTATAGGGAGACCAC

CAGGGTGAAATCCTCCTTGA 

dsRNA Trehalose transporter (F) TAATACGACTCACTATAGGGAGACCAC

ATTCCACTCTTGGCCATCTG 

dsRNA Trehalose transporter (R) TAATACGACTCACTATAGGGAGACCAC

ATCTCCTCGTTGACCACCTG 

dsRNA GFP (F) TAATACGACTCACTATAGGGAGACCAC

TCAGTGGAGAGGGTGAAGGT 

dsRNA GFP (R) TAATACGACTCACTATAGGGAGACCAC

GATCCTGTTGACGAGGGTGT 

 

4.3.1 Synthesis of dsRNA 

Using MEGA script.® RNAi kit (Ambion, USA) and following manufacturer’s 

instructions about 0.5 µg of gel purified PCR product with opposing T7 promoters was 

used as template for synthesis of dsRNA in vitro. The quality of synthesized dsRNA was 

checked by running 5μL of 100 times diluted dsRNA on 1% agarose gel. After purification 

dsRNA was quantified using Nanodrop2000 spectrophotometer (Thermo Scientific Inc, 

USA) and stored before using in further experimentation at -20°C. 
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4.3.2 Feeding of Whitefly with Synthesized dsRNA 

The whiteflies put in glass vials which were closed by stretching RNase away treated 

(Ambion, USA) thin para film at the open end of each assembly. Thirty µg/ml of 

synthesized dsRNA was mixed with 1 ml of artificial feeding solution. The dsRNA 

containing feeding solution was sandwiched between bilayer of sterile parafilm. Two type 

of controls were used for the experiment, a negative control with only sterile sucrose 

solution and a non-homologous of whitefly transcript red-shifted green fluorescent protein 

(rsGFP) dsRNA was used. Sequence for rsGFP was taken from GeneBank, NCBI database 

(accession number, U70496.1). All Whiteflies were feed in these assemblies up to six days, 

while data was collected after 1, 4 and 6 days of feeding.   

4.3.3 Stability of Synthetic dsRNA in Feeding Solution 

An important check in this experiment was stability of dsRNA up to 6 days of feeding. To 

ensure this feeding solution from each assembly was checked for dsRNA stability by 

performing reverse transcription PCR using Superscript® III One-Step RT-PCR System 

with Platinum® Taq DNA Polymerase (Invitrogen, USA).  

The PCR reaction mixture contained 12.5 μL 2X reaction mix, 0.5 μL forward 

primer (10 µM), 0.5 μL reverse primer (10 µM), 1 μL SuperScript® III RT / Platinum® 

Taq Mix, 2 μL template and 8.5 μL ddH2O in a final volume of 25 μL. The PCR profile 

for the experiment was: 94°C for 2 min, 1 cycle at 55°C (cDNA synthesis step), 1 cycle 

94°C for 2 min, 40 cycles at 94°C for 15 sec, 58°C for 30 sec, 68°C for 1 min with a final 

extension step at 68°C for 5 min and then holding at 4°C. 

4.3.4 Quantitative PCR Analysis 

Whiteflies fed with dsRNA were stored at -80°C before RNA isolation. Fallowing 

manufacturer’s instruction total RNA from whiteflies was isolated using RNeasy® plant 

mini kit (Qiagen sciences, Maryland, USA) and quantified using Nanodrop2000 

spectrophotometer. After treating the extracted RNA with DNase1 using DNA-Free™ kit 

(Ambion, Austin, TX, USA) and fallowing the instructions. Out of this treated RNA 0.5µg 

was used for cDNA synthesis using High Capacity cDNA Reverse Transcription kit 

(Applied Biosystems, CA, USA) for real time quantitative PCR (qPCR). 



4. Gene Knockdown in Whitefly Using dsRNA  

  

 

59 
 

RNAi knockdown was confirmed by qPCR at transcriptome levels using TaqMan 

assay. The experiments was designed using online free software 

http://biosearchtech.com/realtimedesign-software-access.aspx. Primer and probe 

sequences are listed in Table 4.2. After 1, 4 and 6 days of feeding mortality data was taken 

and expression levels of target genes in comparison to control whiteflies was checked using 

real time PCR using parameters i.e. 50°C  for 2 min, 95°C for 10 min, 95°C for 15 sec and 

60°C for 1 min. The last two steps were repeated for 40 cycles. A quantitative ∆∆Ct 

program was performed on the Applied BiosystemsStepOne Plus system. Two controls 

were run along with the experiment 18s internal control and buffer control. 

Table 4.2 Primers and Probes used for qPCR in study for gene of interest and 

controls 

Primer/ Probe Sequence (5ˈ-3ˈ) 

qPCR Trehalase (F) GACGGACAGAGCAGAGTAGAC 

qPCR Trehalase (R) TGCGGTGCTTTCCTGTAAC 

qPCR Trehalase Probe TCTACGCATCCAACTTGACTCCAC 

qPCRTrehalose transporter (F) GTGCCTCTTCTCTGGGCTTT 

qPCRTrehalose transporter (R) CACGTCGCAGTCCAGCTTC 

qPCRTrehalose transporter Probe TCGAACTCGTGGCTGCCTTCTA 

qPCRrsGFP (F) CGGCCACAAGTTGGAATACAAC 

qPCRrsGFP (R) TGAACGCTTCCATCTTCAATGTTG 

qPCR GFP Probe CAACTCCCACAACGTATACATCACGGC 

18s rRNA (F) GACCGGAGCTTGCAATTGTTC 

18s rRNA (R) ATCGCCGCGAGGTTATGAC 

18s rRNA Probe CCGCGAACGAGGAATTCCCAGTA 

 

4.4 Results 

Whiteflies were treated with two target gene dsRNA and two controls. Whiteflies which 

were treated with 30 µg/ml of dsRNA targeting trehalose transporter gene showed efficient 

decrease in expression levels of gene as compared to control treated whiteflies. Looking at 

http://biosearchtech.com/realtimedesign-software-access.aspx
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the phenotypic results it was found that after 1 day of feeding 9.6% of whiteflies treated 

with dsRNA of both gene of interest (GOI) i.e. Trehalase and Trehalose transporter died in 

comparison to control treated whiteflies which were 4.2% for buffer and 3.3% rsGFP 

dsRNA died (shown in Table 4.3). After 4 days of feeding mortality was found to be 

52.15% for Trehalase and 55.13% for Trehalose transporter dsRNA feeding whiteflies in 

comparison to be 13.3% for buffer and 14.5% for rsGFP controls (shown in Table 4.3). 

When mortality was counted after 6 days of feeding it was found that 70.25% of Trehalase 

treated and 72.56% of Trehalose transporter treated whiteflies died in comparison to buffer 

which was 22.69% and rsGFP which was 27.28% only (shown in Table 4.3). The mortality 

was more than 3 times higher for GOI dsRNA treated whiteflies in comparison to control 

treated. Whiteflies with 6 days of treatment with dsRNA showed remarkable decrease in 

expression of both target genes. The qPCR showed about 30% lowered expression after 6 

days of feeding with dsRNA of target genes as compared to controls (shown in Figure 4-3 

and 4-4). The expression starts to decrease from the 1st day of feeding and keeps on 

decreasing up to 6 days where it reaches the minimum levels. This way the visual 

observation of mortality was supported by qPCR results showing decreased expression of 

target genes.  

Table 4.3 Mean Mortality data (%) of whiteflies after 1, 4 and 6 day feeding with 

dsRNA as compared to controls 

Treatment 

period 

(Days) 

Control 

Buffer 

Control 

rsGFP 

GOI 

Trehalase 

GOI 

Trehalose 

transporter1 

1 04.20 03.30 09.60 09.60 

4 13.30 14.51 52.15 55.13 

6 22.69 27.28 70.25 72.56 
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Figure 4.2 Mortality results were statistically analyzed using one-way analysis of 

variance (SPSS software).  

As demonstrated in the bar chart mortality was significantly high compared to the controls 

 

 

Figure 4.3 Trehalase qPCR results showing lower transcription level for GOI as 

compared to control after 4 and 6 days of feeding with dsRNA 
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Figure 4.4 Trehalose transporter qPCR results showing lower transcription level for 

GOI as compared to control after 1, 4 and 6 days of feeding with dsRNA 

 

4.5 Discussion 

This work gives a new path for controlling insect pests of economically important crops 

like cotton which is damaged by whiteflies in different ways. Introduction of bt crop has 

reduced the use of chemicals to some extent but bt transgene provides resistance only to 

chewing insects. Sucking insects like aphid, whiteflies thrips etc. are still threat to crops. 

To overcome this problem introduction of RNAi based resistance against insects provides 

broad spectrum resistance. RNAi is a mechanism in which mRNA of target gene is 

degraded and results in reduced gene expression [323, 375]. The results shown here in this 

experiment clearly justify our hypothesis of controlling whitefly using RNAi technology. 

RNAi based strategies can be used to confer resistance in plants against bacterial, 

nematode and virus-induced diseases [376-378].  RNAi based gene silencing pathways 

have been identified and studied in several insect systems [255] and thus it is now possible 

to design transgenic plants that have resistance to insect infestation [254, 379]. Use of 

specific double-stranded RNA to induce RNAi against target genes has been the norm in 

most insect related studies. Microinjection based knockdown studies have been done in 
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insects of agricultural importance including the whitefly B. tabaci [336], grasshopper 

(Schistocera americana) [380], pea aphid (Acyrthosiphon pisum) [381, 382], honey bee 

(Apis mellifera) [383], fruit fly (Drosophila melanogaster) [384, 385] and there are many 

other examples of such kind of assays. Since microinjection proved to be a good technique 

for laboratory scale studies but it does not fit in the field conditions for which some 

convenient method of dsRNA delivery to the insects should be exploited. There are a 

number of examples demonstrating the use of artificial diet based dsRNA feeding studies 

in Bemisia tabaci [386, 387], Helicoverpa armigera [388], flour beetle (Trobolium 

castaneum), fruit fly (Drosophila melanogaster), pea aphid (Acyrthosiphon pisum) and 

tobacco hornworm (Manduca sexta) [340], potato psyllid (Bactericera cockerelli) [389] 

etc. In order to make sure a continuous supply of short RNAs to the target organism it is 

most likely to express the dsRNA in a tissue specific fashion for example phloem vessel 

would be ideal for the phloem feeders. There are other examples demonstrating successful 

transgenic plant mediated RNA interference which includes Nilaparvatalugens [390], 

western corn rootworm (Diabroticavirgiferavirgifera) [256], cotton bollworm 

(Helicoverpaarmigera) [271] etc.     

Two transcripts were selected based on their involvement in different important 

physiological pathways using artificial feeding as delivery method for dsRNA induced 

knockdown. The osmotic pressure of the phloem sap is about five times higher compared 

to that in the insect gut [391]. This difference in osmotic pressure causes the fluid to move 

from phloem to the insect’s gut where it also poses major challenge for the phloem feeders 

to normalize the pressure by degrading the sucrose content of the phloem sap [392]. 

Trehalase is an enzyme, which is present in all tissues and is involved in trehalose 

transporter metabolism that is it hydrolyzes trehalose transporter into two glucose 

molecules [276]. These genes could potentially be used as targets for whitefly control. 

Phenotypic manifestation of gene knockdown by dsRNA induced RNAi suggested lowered 

expression of target genes. We performed Real time qPCR in order to confirm this and also 

got a quantitative estimate of the level to which the expression was lowered in each case. 

The results from expression profiling of whiteflies treated with dsRNA to induce RNAi 

against the specific targets show significant success in knocking down expression of the 

target genes. Bioassays conducted for the target genes showed high mortality rates for 
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dsRNA treated whiteflies, suggesting that down regulation of gene expression as the cause 

for mortality. It was found that in some cases the gene silencing efficiency was greater at 

day 4 as compared to that at day 6. This could be the result of dsRNA sequestration into 

fat bodies and thus the RNAi efficiency may go down with time. Mortality rate was quite 

high for each target as compared to that with the buffer control, suggesting that the gene 

knockdown could be an effective way for controlling insect pests like whiteflies. Efforts 

are already in progress to make this a reality. The data presented here also highlights the 

fact that in most cases the expression is not completely knocked down which is also 

possible that longer incubation periods may be needed to achieve a near complete 

knockdown of expression. Using feeding assays, down-regulation of the genes trehalose 

transporter and trehalase has been successfully shown. In future this technology can be 

used for making transgenic plants expressing dsRNA of target genes to control target 

insects like whiteflies. 
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5. Expression of GroEL under Phloem-Specific 

Promoter Protects Transgenic Plants against 

Diverse Begomovirus-Betasatellite Complex 

5.1 Introduction 

Cotton is an important cash crop of Pakistan and is grown in almost all four provinces. 

According to Food and Agriculture Organization (FAO) of the United Nations, Pakistan is 

the fourth largest producer of cotton that contributes approx. 55% in foreign exchange 

earnings. There are different biotic and abiotic factors affecting cotton production. Cotton 

leaf curl disease (CLCuD) is the most damaging factor among these [394]. The disease is 

caused by begomoviruses of family Geminiviridae. The family Geminiviridae is 

characterized as the family of plant viruses with circular, single stranded DNA genome 

[395]. Begomoviruses constitute the largest genus of family Geminiviridae. They may have 

either two genomic components, DNA A and DNA B and are termed as bipartite 

begomoviruses or only a single component equivalent to DNA A known as monopartite 

begomoviruses. Monopartite begomoviruses are often associated with satellite molecules 

known as alphasatellites and betasatellites. The role of alphasatellites is not clear however, 

betasatellites play vital role in establishing CLCuD being pathogenicity determinant and 

suppressor of gene silencing. Since the last decade of previous century, the begomovirus-

betasatellite complex emerged and spread across South East Asia causing heavy disease 

losses in food and fiber crops [320]. 

Whitefly is a sucking pest of cotton and many other fruits and vegetables [69, 396-

399]. It sucks sap by inserting its stylet into phloem of plant. During feeding on an infected 

it gets plant sap along with viral loads too [400]. The virus particle enters into the gut and 

crosses haemolymph without being degraded from immune response of whitefly. This 

phenomenon was first time reported in Potato leaf roll virus (PLRV) [197]. The safe 

passage of virus particle through whitefly gut is due to a protein ‘GroEL’ produced by an 
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endosymbiont of whitefly which is localized in salivary glands and midgut of whitefly 

[148]. This chaperonin protein encapsulates virus particle as it enters into the whitefly. 

After crossing haemolymph the virus particle is decapsulated and released into the salivary 

glands from where it is transferred while feeding onto a new plant [401]. This way whitefly 

helps transferring virus in circulative, persistent and non-propagative manner. This 

property of GroEL to bind with coat protein of virus by encapsulating it can be exploited 

and this protein if expressed in plants gives resistance against begomoviruses [401]. 

Lot of work has been done to get resistance against begomoviruses by using 

pathogen derived resistance approach. But to overcome the problem of gene specificity 

[402] and limited transgene pool for selection, there is successful approach of non-

pathogen derived resistance. Several reports are available describing the success stories of 

attaining resistance by use of artificial zinc finger protein [192], peptide aptamers [190], 

GroEL [212] and G5 [210]. 

G5 (Gene 5) a single stranded DNA binding protein has M13 bacteriophage origin. 

If this protein is expressed in transgenic plants it would bind to ssDNA viruses and will 

movement of virus will be hindered. Upon entry of begomovirus particle into transgenic 

plants expressing G5 protein virus is trapped by G5 due to the binding nature of the G5 

protein. This can prevent the virus replication and hence infection, giving resistance [221].  

ToLCV expressing G5 protein accumulates ssDNA to wild type which confirms its ssDNA 

binding quality. G5 protein has nonspecific ssDNA binding nature but nearest 

neighborhood ssDNA substrate composition confers its binding affinity [213]. 

Earlier transgenic plants to get resistance against viruses were made by using 

constitutive promoters e.g. 35S promoter from CaMV [403]. Constitutive promoter 

expresses the transgene equally in all tissues of plants irrespective of its function needed 

or not. Use of tissue specific promoter e.g. Rol C; a phloem specific promoter [404] for 

expression of transgene is more effective than constitutive promoter as the transgene will 

be expressed only in needful tissues and this way the growth and other functions of plants 

are not affected or least affected. NSP promoter isolated from BBTV is a strong phloem 

specific promoter and any gene expressed under this promoter will be expressed only in 

phloem tissues [405]. 
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Here we have used constitutive promoters (35S of CaMV) as well as phloem-specific 

promoter (NSP of BBTV) to express GroEL. We show here that the expression of GroEL 

provide protection against three begomovirus-betasatellite complexes. However, the 

expression of GroEL under phloem-specific promoter provided better protection against 

begomovirus-betasatellite complex which produces very severe phenotype.  

5.2 Materials and Methods 

5.2.1 Synthesis of Gene Constructs 

GroEL gene sequence was obtained from database (accession number AF130421). Taking 

this sequence as template, PCR primers were designed against GroEL gene (GroEL F/ 

GroEL R; Table 5.1). Using these primers, a product of 1.6 kb was amplified using whitefly 

genomic DNA as template and cloned under 35S promoter using pJIT163 vector. 

Expression cassette from pJIT163 was further cloned in pGreen0029 backbone at KpnI / 

EcoRV sites, this clone was named as USF-1. NSP F / NSP R primers were designed 

against the sequence obtained from database (accession number HE864320). Using a clone 

CP IM 14 of BBTV (accession number AM418568) as template and above primer set, NSP 

promoter (352 bp) was amplified and inserted the product at KpnI and SalI sites replacing 

35S promoters from USF-1 clone. The clone was named as USF-2. The amplified product 

of expression cassette of G5 using CST F / CST R was inserted into USF -1 clone at EcoRV 

/ PstI sites. This clone was named as USF-3. Similarly expression cassette of G5 was 

cloned into USF-2 at EcoRV / PstI. This clone was named as USF-4. 
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Table 5.1 Primers used in this studies for amplification of GroEL, NSP and 

Expression cassette along with their product sizes 

Primer Name Primer sequence (5ˈ-3ˈ) Product Size 

bp 

GroEL F GGATCCATGGCAGCTAAAGACTTAAAATTTGG 1668 

GroEL R GAATTCTTACATCATACCATTCATTCCGCCCTTC 

NSP F GGTACCTAATCTCTGATTGGTTCAG 352 

NSP R GTCGACCATCGCTTCTGCTTTGC 

CST F GATATCGGTACCCCTACTCCA 1809 

CST R CTGCAGGCATGCTCCGGTGTG 

 

 

Figure 5.1 Schematic diagrams of constructs USF-1, USF-2, USF-3 and USF-4.  

All the four constructs are cloned in expression vector pGreen0029 shown with green color. 

Different components of constructs are labeled in different colors. 
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5.2.2 Stable Transformation in Nicotiana benthamiana 

For stable transformation, first of all above mentioned clones were transformed in 

Agrobacterium tumefaciens strain GV3101 (pSoup vector added already). Young healthy 

leaf discs from N. benthamiana plants grown in glass jars in glass house to ensure 

contamination free explants were taken. Transformation was done using kanamycin 

selection on Murashige and Skoog (MS) medium. After successive steps of shifting plants 

from plates and jars (selection media) to pots, T0 generation was obtained. Whole tissue 

culture process was carried out on kanamycin selection to ensure integration of transgene. 

Transgenic seeds from T0, T1 and T2 generations were confirmed again by growing them 

on kanamycin selection. Afterwards these plants were confirmed through PCR for the 

presence of transgenes using gene specific and promoter specific primers for both the 

constructs before using in infectivity analysis. Only PCR positive plants were used for 

challenging against different viruses. 

5.2.3 Agrobacterium-mediated Virus Inoculation 

Infectious clones of different viruses were transformed in electro-competent cells of 

Agrobacterium tumefaciens strain GV3101 using electroporation method [406]. These 

cells were grown in LB media with multiple antibiotic selections i.e. Rifampicin (25 µg/ml) 

for Agrobacterium selection, Kanamycin (50 µg/ml) for transgene selection and 

tetracycline (10 µg/ml) for pSoup selection in a 50 ml centrifuge tube. After 48 hours the 

culture was pelleted.  These pellets were resuspended in 10 mM MgCl2 up to final OD600 

of inoculum 0.6-1. Acetosyringone (final concentration 100 µM) was added to activate 

Agrobacterium cells in the culture and placed at room temperature for 3-4 hours. In this 

experiment we use Cotton leaf curl Multan virus along with Cotton leaf curl Multan 

betasatellite, Cotton leaf curl Khokhran virus along with Cotton leaf curl Multan 

betasatellite and Pedilenthus leaf curl virus along with Tobacco leaf curl betasatellite for 

infectivity analysis. Inoculum was infiltrated from underside of the leaves of plants using 

5 ml injection syringe. N. benthamiana plants used for transient analysis were 5 to 6 weeks 

old. 

 



5. Engineering Resistance Against Begomoviruses  

  

70 
 

5.2.4 DNA Extraction  

Whitefly Genomic DNA Extraction  

Whitefly samples were crushed by placing them singly in different tubes of 1.5 ml and 

mixed in 80 uL of extraction buffer [100 µg/ml Proteinase K, 0.45 % Triton, 0.45 % 

Tween-20, 1 M Tris-HCl pH 8] [152] using 1 ml tips with blunt end especially designed 

for grinding by heating tip on burner flame. The homogenate of buffer and insect tissues 

was incubated at 55oC for 1 hr and then at 100oC for 10 minutes. The mixture was left at 

room temperature for 5 minutes and centrifuged at 13,000 rpm for 10 minutes. The 

supernatant was discarded and the pellet was dried at 37oC for 5 minutes. Finally, the pellet 

was dissolved in 50 ul of ddH2O and quantified. 

Plant Genomic DNA Extraction 

Top leaves of N. benthamiana were collected and total genomic DNA was extracted by 

CTAB method (Doyle and Doyle, 1990). The extracted DNA was resuspended in double 

distilled de-ionized water and its concentration was quantified by using spectrophotometer 

with absorbance at 260 nm (Smartspec Plus, BIORAD, U.S.A.). 

5.2.5 Southern Hybridization 

From each sample 10 µg genomic DNA was used for viral titer detection in inoculated 

plants either transgenic or non-transgenic. Following user manual instructions of DIG 

labeled Southern hybridization kit (Roche, Germany). After complete running of DNA into 

1 % agarose gel in electrophoresis unit and treating the gel with depurination solution, 

denaturation solution and neutralization solution, the DNA was transferred on a positively 

charged nylon membrane (Hybond, Amersham) and crosslinked in UV cross linker (CL-

1000 Ultraviolet Crosslinker-UVP) at 120 mJ/cm² energy. The blot was then hybridized 

with probe using virus-specific primers and DIG labeled dNTPs using Hybaid, Midi-dual 

14 hybridizer. The blot after treating with antibodies and detection reagents was exposed 

with X-Ray film and image was developed.  

 

 



5. Engineering Resistance Against Begomoviruses  

  

71 
 

5.3 Results 

Infectivity analysis was carried out by inoculating 11 plants from each construct with viral 

infectious clones transformed in Agrobacterium. Inoculum was injected into plants by 

infiltrating from underside of leaves. Non-transgenic plants as control and transgenic plants 

of all four constructs (35S GroEL, NSP GroEL, 35SGroEL+35SG5 & NSPGroEL+35SG5) 

after PCR confirmation of transgene were challenged with different begomoviruses. The 

whole infectivity analysis was carried out three times to ensure reproducible results. 

5.3.1 CLCuMuV along with CLCuMB 

When inoculated with CLCuMuV and CLCuMB,  symptoms started to appear on positive 

control plants (non-transgenic N. benthamiana) 14 days post-inoculation that got severe 

after 21 days (Figure 5-2, panel B). All transgenic plants with four constructs remain 

symptomless even after four weeks of inoculation. They were kept and watched up to eight 

weeks post-inoculation but symptoms didn’t appear at all and plants remain healthy like 

non-inoculated mock plants (Figure 5-2, panel C, D, E, F). The genomic DNA of plants 

was extracted four weeks post inoculation to do southern hybridization. The viral bands in 

non-transgenic lanes (Figure 5-3; well no. 2, 3, 4) in comparison to transgenic ones (Figure 

5-3; well no. 5 to 20) confirm resistance due to presence of transgene.  
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Figure 5.2 Photographs of transgenic N. benthamiana plants taken 28 dpi with 

CLCuMuV along with CLCuMB. 

A is non-inoculated N. benthamiana plant, B is non-transgenic N. benthamiana plant, C is 

transgenic of 35S GroEL, D is transgenic of NSP GroEL plant, E is 35SGroEL+35SG5 

plant and F is NSPGroEL+35SG5 plant. C, D, E & F are symptomless as compared to B 

while all are inoculated at the same time 

 

 

Figure 5.3 Southern hybridization image showing viral signals in Lanes 2, 3 & 4 

having non-transgenic inoculated DNA while rests are not showing viral signals. 

Lane 1 is non-inoculated healthy plant, Lanes 5, 6, 7 & 8 are 35S GroEL plants, Lanes 9, 

10, 11 & 12 are NSP GroEL plants, Lanes 13, 14, 15 & 16 are 35S GroEL+35SG5 plants 

and Lanes 17, 18, 19 and 20 are NSP GroEL+35SG5 plants 
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Figure 5.4 Infectivity table for transgenic plants and control plants when challenged 

with CLCuMuV along with CLCuMuB 

 

5.3.2 CLCuKoV Along with CLCuMB 

When challenged against CLCuKoV and CLCuMuB, non-transgenic control plants of N. 

benthamiana showed symptoms after 24 days of inoculation which got severe after 28 days 

of inoculation (Figure 5-5; panel B), and the same phenotypic observation was confirmed 

in southern hybridization assay (Figure 5-6 ; Lane 2, 3, 4). The transgenic plants of all four 

constructs did not show disease symptoms (Figure 5-5, panel C, D, E, F) and the phenotypic 

observation was confirmed in southern hybridization (Figure 5-6; Lanes 5 to 20). They 

were observed even up to 8 weeks of inoculation but there was no change in phenotypic 

response. On the other hand, non-transgenic positive control plants got very severe 

symptoms (Figure 5-6, panel B). 
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Figure 5.5 Photographs of transgenic N. benthamiana plants taken 28 dpi with 

CLCuKoV along with CLCuMB. 

A is non-inoculated N. benthamiana plant, B is non-transgenic N. benthamiana plant, C is 

transgenic of 35S GroEL, D is transgenic of NSP GroEL plant, E is transgenic plant of 

35SGroEL+35SG5 and F is NSP GroEL+35SG5 plant. C, D, E & F are symptomless as 

compared to B while all are inoculated at the same time 

 

 

Figure 5.6 Southern hybridization image showing viral signals in lane 2, 3 & 4 

which have non-transgenic inoculated plant DNA. 

 while lane 1 has DNA of healthy non-inoculated plant, lanes 5, 6, 7 & 8 have DNA of 35S 

GroEL plants, lanes 9, 10, 11 & 12 have DNA of NSP GroEL plants, lanes 13, 14, 15 & 

16 have DNA of 35S GroEL+35SG5 plants and lanes 17, 18, 19 & 20 have DNA of NSP 

GroEL+35SG5 plants inoculated with virus 
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Figure 5.7 Infectivity table for transgenic plants and control plants when challenged 

with CLCuKoV along with CLCuMuB 

5.3.3 PedLCV Along with TbLCB  

Non-transgenic plants inoculated with PedLCV along with TbLCB started to impart 

symptoms after 18 days and they got severe after 24 days (Figure 6; panel B). Transgenic 

plants of all four constructs showed different type of phenotypic behaviors. After 5 weeks 

only 27 % of plants with 35S GroEL gene showed symptoms (Figure 5-8, panel D) which 

did not turn severe even after 8 weeks post inoculation. 73% of the total plant population 

remained symptomless (Figure 5-8; panel C). Southern hybridization analysis showed 

weak viral bands in these wells confirming the low titer of virus (Figure 5-9; well 5-8). 

Similarly 18% of transgenics with double cassette of 35SGroEL+35SG5 showed very mild 

symptoms after 6 weeks post inoculation (Figure 5-8, panel G) which did not get severe 

even upto 8 weeks post inoculation, the southern analysis confirmed phenotypic 

observation (Figure 5-9, wells 13-16). There are viral bands but very weak which means 

that virus load was very low in these plants. While transgenic plants of NSP GroEL and 

NSPGroEL+35SG5 remained symptomless (Figure 5-9, panel E and H, respectively). All 

plants were observed upto 8 weeks post inoculation. 
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Figure 5.8 Photographs of transgenic N. benthamiana plants taken 28 dpi with 

PedLCV along with TbLCB. 

A is non-inoculated N. benthamiana plant, B is non-transgenic N. benthamiana plant, C 

and D are transgenics of 35S GroEL, E is transgenic of NSP GroEL, F and G are 

transgenics of35SGroEL+35SG5 and H is transgenic of NSP GroEL+35SG5 

 

 

Figure 5.9 Southern hybridization image showing the DNA of non-inoculated plant 

(lane 1).  

Lanes 2, 3 & 4 have non-transgenic positive control plants DNA showing viral signals; 

lanes 5-8 have DNA of 35S GroEL showing light bands compared to positive control 

plants; lanes 9-12 have DNA from NSP GroEL plants; lanes 13-16 have 35S 

GroEL+35SG5 with lane 15 having light viral signal; lanes 17-20 have DNA of NSP 

GroEL+35SG5 with no signals 
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Figure 5.10 Infectivity table for transgenic plants and control plants when 

challenged with PedLCV along with ToLCB 

 

5.4 Discussion 

Different techniques are being used to combat begomoviruses. Pathogen-derived resistance 

has some limitations in transgene selection and target gene specificity over non-pathogen 

derived resistance. In non-pathogen derived resistance we have unlimited gene pool which 

we can use to make resistant transgenic crops and the attained resistance would be broad 

spectrum as target gene specificity is not issue for protein based resistance. Scientists have 

used various proteins like zinc finger, G5, peptide aptamers and GroEL etc. as non-

pathogen derived resistance approach [189]. GroEL interacts not only with begomoviruses 

but also with Cucumovirus (Cucumber mosaic virus) [211], Luteovirus (Bean leafroll 

virus) [407], Polerovirus (Beet western yellows virus) [408], Tospovirus (Tomato spotted 

wilt virus), Llavirus (Prune dwarf virus) [212]. On the other hand Nepovirus (Tobacco 

ringspot virus), Potexvirus (Potato virus X), Potyvirus (Potato virus Y), Trichovirus 

(Grapevine virus A), Closterovirus (Grapevine leafroll virus), and Tobamovirus (Tobacco 
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mosaic virus) do not interact with GroEL [212]. GroEL was used against Tomato yellow 

leaf curl virus in 1999 [196] and against Potato leaf roll virus in 2000 [409].  

In this study, GroEL gene was used under constitutive promoter as well as under 

phloem specific promoter as well to compare extent of its resistance potential. Study of 

comparison between resistance potential of GroEL when expressed under constitutive and 

phloem specific promoter is the novelty of this work. It has been found that GroEL when 

expressed under phloem specific promoter gives better results against PedLCV along with 

TbLCB, CLCuKoV along with CLCuMB and CLCuMuV along with CLCuMB than when 

expressed under constitutive promoter.  

Now the world is moving towards use of multiple genes for broad spectrum 

resistance. Gene pyramiding or gene stacking is used to confer resistance against different 

viruses. The benefit of using two or more genes in a single transgenic plant is that we can 

go for multiple targets. The target can be a virus resistance, insect resistance, salinity or 

drought tolerance [247]. Riedel used gene pyramid of Ryd2 and Ryd3 against Barley 

yellow dwarf virus [248]. Some of the genetically modified and globally approved crops 

with three or more than three genes stacked together are canola (bar, barstar, neo), squash 

(neo; CP-CMV; CPZYMV; CP-WMV2), cotton (bxn; cry1Ac; neo) and potato (cry3A; 

PLRVrep; neo or EPSPS) [247]. We have used two proteins GroEL and G5 in a single 

cassette against begomoviruses for making transgenic plants of N. benthamiana. We used 

GroEL under constitutive promoter and phloem specific promoter for making gene 

pyramid with G5 under constitutive promoter. In this study, we concluded that transgenic 

plants with cassette of GroEL under phloem specific promoter (NSP) and G5 under 

constitutive promoter (35S Promoter) gives best results when challenged with PedLCV 

along with TbLCB, CLCuKoV along with CLCuMB and CLCuMuV along with 

CLCuMB.  
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6. General Discussion 

Cotton which is back bone of economy of Pakistan and many other countries is under 

severe threat from CLCuD these days. Along with many environmental calamities 

including abiotic factors begomoviruses are one of the most damaging biotic factors. 

Different chemical as well as biological ways are adopted to combat the disease. Earlier 

change in sowing time, application of fertilizers or cross breeding with resistance verities 

were used to fight the disease. Now a day there is trend of genetically modified crops 

through genetic engineering. Pathogen derived resistance has some limitations in transgene 

selection and target gene specificity over non-pathogen derived resistance. In non-pathogen 

derived resistance we have unlimited gene pool which we can use to make resistant 

transgenic crops and the attained resistance would be broad spectrum as target gene 

specificity is not issue for protein based resistance. Scientists have used various proteins 

like zinc finger, G5, peptide aptamers and GroEL etc. as non-pathogen derived resistance 

approach [189]. GroEL interacts not only with begomoviruses but also with Cucumovirus 

(Cucumber mosaic virus) [211], Luteovirus (Bean leafroll virus) [407], Polerovirus (Beet 

western yellows virus) [408], Tospovirus (Tomato spotted wilt virus), Llavirus (Prune 

dwarf virus) [212]. On the other hand Nepovirus (Tobacco ringspot virus), Potexvirus 

(Potato virus X), Potyvirus (Potato virus Y), Trichovirus (Grapevine virus A), 

Closterovirus (Grapevine leafroll virus), and Tobamovirus (Tobacco mosaic virus) do not 

interact with GroEL [212]. GroEL was used against Tomato yellow leaf curl virus in 1999 

[196] and against Potato leaf roll virus in 2000 [409].  

In this study, GroEL gene was used not only under constitutive promoter but under 

phloem specific promoter as well to compare extent of its resistance potential. Study of 

comparison between resistance potential of GroEL when expressed under constitutive and 

phloem specific promoter is the novelty of this work. It has been found that GroEL when 

expressed under phloem specific promoter gives better results against PedLCV along with
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 TbLCB, CLCuKoV along with CLCuMB and CLCuMuV along with CLCuMB than when 

expressed under constitutive promoter.  

As our crops are under multiple stresses so we have to modify the crops using 

different resistance genes. Thus gene pyramiding or gene stacking is used to confer 

resistance against different biotic and abiotic stresses. The benefit of using two or more 

genes in a single transgenic plant is that we can go for multiple targets. The target can be a 

virus resistance, insect resistance, salinity or drought tolerance [247]. Riedel used gene 

pyramid of Ryd2 and Ryd3 against Barley yellow dwarf virus [248]. Some of the 

genetically modified and globally approved crops with three or more than three genes 

stacked together are canola (bar, barstar, neo), squash (neo; CP-CMV; CPZYMV; CP-

WMV2), cotton (bxn; cry1Ac; neo) and potato (cry3A; PLRVrep; neo or EPSPS) [247]. In 

this study two proteins GroEL and G5 are stacked together in a single cassette to combat 

begomoviruses by making transgenic plants of N. benthamiana. We used GroEL under 

constitutive promoter and phloem specific promoter individually for making gene pyramid 

with G5 under constitutive promoter. In this study, we concluded that transgenic plants 

with combined cassette of GroEL and G5 gives better results as compared to alone GroEL 

and GroEL under phloem specific promoter (NSP) and G5 under constitutive promoter 

(35S Promoter) gives best results when challenged with PedLCV along with TbLCB, 

CLCuKoV along with CLCuMB, and CLCuMuV along with CLCuMB. Use of GroEL and 

G5 together especially GroEL under constitutive promoter and phloem specific promoter 

is novelty of this work. 

The data presented in this study clearly illustrate knock-down of whitefly genes 

using RNAi technique by feeding them with dsRNA significantly lower the expression of 

the target genes and ultimately cause death of treated insects as compared to that with 

control. The study showed that whitefly which is an important agricultural pest and a vector 

of several families of plant viruses including begomoviruses can effectively be controlled 

by RNAi.  

Worldwide use of biotechnological techniques for controlling insect pests is major 

interesting area. Control of lepidopteron insects by use of Bt is a milestone for 

biotechnologists in the field of insect control.   With the commercialization of Bt crops use 
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of insecticide has reduced to some extent but not upto the level of our expectation because 

it is effective only for chewing insects but not for sucking insects because Bt protein is not 

effective for sucking insects. To overcome this limitation alternative technologies like use 

of insecticidal proteins or silencing of insect genes are required to control this important 

group of insects. Mechanism of RNAi is related to degradation of mRNA of target genes 

which ultimately results in reduced or complete knock down of gene expression [323, 375]. 

Thus RNAi based techniques should be used to confer resistance in plants against several 

diseases like bacterial, nematode and virus-induced diseases [376-378]. Similarly this 

mechanism of RNAi based gene silencing has been identified and studied in several insect 

systems [255]. With the advances in field of tissue culture it is now possible to design 

transgenic plants that have resistance protein to insect infestation [379, 254]. Use of 

specific double-stranded RNA to induce RNAi against target genes has been the norm in 

most insect related studies. Insects of agricultural importance are controlled by 

microinjection based mechanism including B. tabaci (whitefly) [336], Schistocera 

americana (grasshopper) [380], Acyrthosiphon pisum (pea aphid) [381, 382], Apis 

mellifera (honey bee) [410], Drosophila melanogaster (fruit fly) [411, 412] and there are 

many other examples of such kind of assays. Microinjection technique proved to be good 

at laboratory scale studies but is not fit in field conditions. To overcome this some easy 

method of dsRNA delivery to the insects must be searched. Number of examples 

demonstrate the use of artificial diet based dsRNA feeding studies in Bemisia tabaci [386, 

387], Helicoverpa armigera [413],  Trobolium castaneum (flour beetle), Drosophila 

melanogaster (fruit fly), Acyrthosiphon pisum (pea aphid) and Manduca sexta  (tobacco 

hornworm) [340], Bactericera cockerelli (potato psyllid ) [389] etc. To have a continuous 

supply of short RNAs to the target the genes in organisms it is better to express the dsRNA 

in a tissue specific manner like expression in phloem would be ideal target site for phloem 

feeders. There are other examples demonstrating successful transgenic plant mediated 

RNA interference which includes Nilaparvata lugens [414], western corn rootworm 

(Diabrotica virgifera virgifera) [256], cotton bollworm (Helicoverpa armigera) [271] etc.     

Selection of target gene is very important in order to make the procedure effective. 

Two genes were selected on the base of their role in important physiological pathways. 

Artificial feeding diet mixed with dsRNA was used as our delivery method for RNAi 
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induced gene knockdown. In phloem sap the osmotic pressure is about five times higher as 

compared to that in the insect gut [391]. The difference in osmotic pressure causes the fluid 

to move from phloem to the insect’s gut where it also poses major challenge for the phloem 

feeders to normalize the pressure by degrading the sucrose content of the phloem sap [392]. 

Trehalase is an enzyme present in all tissues, it hydrolyzes trehalose transporter into two 

glucose molecules [393]. In insects trehalase is also found to play role in some other 

important functions including flight metabolism [278], chitin synthesis during molting 

[276] and cold tolerance [280]. Trehalase gene knockdown using RNAi mechanism in 

insects by injection of dsRNA [276] is also a success story. 

These genes could potentially be used as targets for whitefly control. Phenotypic 

manifestation of gene knockdown by dsRNA induced RNAi suggested lowered expression 

of target genes. Real time qPCR was performed in order to confirm expression levels of 

genes. With this we also observed quantitative estimate of the level to which the expression 

was lowered in experimental whiteflies. The results from expression profiling of whiteflies 

treated with dsRNA to induce RNAi against the specific targets showed significant success 

in knocking down expression of the target genes. Bioassays conducted for the target genes 

showed high mortality rates for dsRNA treated whiteflies, suggesting that down regulation 

of gene expression as the cause for mortality. We found that in some cases the gene 

silencing efficiency was greater at day 4 as compared to day 6. This could be the result of 

dsRNA sequestration into fat bodies and thus the RNAi efficiency may go down with time. 

Mortality rate was quite high in most cases in bioassays conducted for each target 

as compared to the buffer control, suggesting that the gene knockdown could be an 

effective way for controlling insect pests like whiteflies. Efforts are already in progress to 

make this a reality. Our data also highlights the fact that in most cases the expression is not 

completely knocked down which is also possible that longer incubation periods may be 

needed to achieve a near complete knockdown of expression. Using feeding assays, we 

have successfully shown down-regulation of the genes trehalose transporter and trehalase. 

We have thus demonstrated that dsRNA induced RNAi strategy can be used as a tool to 

analyze gene function and also be used to control whitefly population if specific targets are 
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chosen. The vast amount of data generated so far argues favorably that RNAi is a robust 

technology for silencing of insect genes. 

Future prospective: It would thus be suitable to develop a transient expression system to 

assess the effectiveness of the technology in planta. It should thus be feasible to express 

dsRNA homologous to one or more genes identified here in transgenic plants. Similar to 

artificial feeding of dsRNA performed here, whitefly feeding on those plants is expected 

to cause significant mortality. Similarly we can go for challenging more viruses with our 

transgenic plants and can find difference in expression using quantitative PCR. We can use 

both type of resistance together through which it will be effective on two steps firstly at 

vector level by combating whitefly through RNAi approach and then viruses in plants 

through expression of GroEL. Major issue in cotton is viruses we can use these techniques 

in making transgenics of cottons and check against different viruses even we check RNA 

viruses which are phloem limited.  
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