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ABSTRACT 

The whitefly Bemisia tabaci (Gennadius) (Hemiptera) complex is the sole 

arthropod vector of the genus, Begomovirus (family, Geminiviridae), which causes 

debilitating diseases of plants, worldwide. Virus-vector specificity is conferred through 

co-evolved, whitefly vector-viral capsid protein-protein interactions. Membrane-bound 

receptors are thought to facilitate virion passage across the gut-hemolymph and 

hemolymph-salivary gland interfaces, and virion circulation is expected to elicit innate 

defense and stress-related proteins.  Our goal was to select and validate genes involved in 

whitefly-mediated transmission. Whitefly expressed sequence tags (ESTs) from a 

previous study were re-annotated, taking advantage of newly available insect EST, 

UniGene, and Protein sequences. Six whitefly genes and transcripts, actin, cyclophilin, 

GBLP, GAPDH 3, knottin, and whitefly endosymbiont HSP60, representing three gene 

ontology (GO) categories, were analyzed using PCR or RT- PCR, respectively, followed 

by cloning and DNA sequencing.  Analysis confirmed the presence of all six whitefly 

genes and five transcripts, with the knottin transcript being undetectable. 
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A. Natural history and biology of the whitefly Bemisia tabaci.  

The whitefly Bemisia tabaci (Gennadius) is a member of the order Hemiptera 

(suborder Homoptera) and family Aleyrodidae (Gill 1990; Martin, 1987). Whitefly 

reproduction is haplodiploid in that unfertilized eggs produce males and fertilized eggs 

produce females (technically referred to as arrhenotoky).  The closest relatives of 

whiteflies are aphids which have similar mouthparts (stylets) specialized for feeding in 

the vascular system of higher plants.  

Whiteflies have six life stages (egg, 4 instars and adult). Adult whiteflies (Fig 1) 

are tiny insects, with a yellowish abdomen and white waxy wings that are held vertical. 

Eggs are deposited on the underside of the leaves, and are ovoid and have a pedicel 

(Poinor, 1965). First-instar larvae have legs and are the only mobile instar. In the second, 

third and fourth instars the legs are reduced or absent. The fourth instar is also known as 

the “puparium” or “pupal case” (Gill, 1990). The adult whiteflies develop in the 

puparium and emerge later. The puparium has unique features that include the vasiform 

orifice, lingula and operculum. The morphological characters of the fourth instar of B. 

tabaci complex, erroneously referred to as the 'pupal case', is used for species 

identification, often exhibit no morphological difference that is congruent with genetic 

divergence. This is made particularly difficult owing to the plasticity of the pupal case 

structure, which responds to the surface features by producing or losing setae and waxy 

appendages, depending on the leaf surface topology.  
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(i) Biotypes and haplotypes of B. tabaci.   

B. tabaci was first described in Greece in 1889 (Gennadius, 1889) as a pest on 

tobacco. The species was initially thought to have originated (diversified) from northwest 

Pakistan or India based on the evidence that greatest parasitoids for whitefly are located 

in that region (Brown, et al.,1995) but extensive analysis of several genetic markers, 

including the mitochondria cytochrome oxidase I gene, has revealed that it probably 

initially diversified and then radiated from Africa into Asia, and worldwide in extant 

tropical latitudes (Berry et al., 2004; Brown, 2001; 2008; Qui et al., 2007; Sseruwagi et 

al., 2006; Viscarett et al., 2003), possibly as agriculture spread (J.K. Brown, personal 

communication). B. tabaci occurs throughout the tropics and subtropics, but also persists 

in mild climate zones such as the U.S. Sunbelt States and the Mediterranean coast, and in 

greenhouses in temperate areas. 

(ii) The Bemisia tabaci complex.  

The B. tabaci constitutes a complex of biologically and genetically diverse 

variants, or a sibling species complex (Brown et al., 1995; Russell, 1957; Rosell et al., 

1997).  This species also carries the hallmark of other cryptic species in that genetically- 

and behaviorally-distinct variants lack correspondingly informative morphological 

polymorphisms, and thus variants cannot be differentiated based on definitive 

morphological characters (Brown, 2008; Gill, 1992; Martin, 1987; Rosell et al.,1997).  

The mitochondrial (mt) genome in most organisms is maternally inherited and is 

known to exhibit higher rates of mutation compared to coding regions of the nuclear 
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genome.  The mtCOI sequence for B. tabaci has been highly informative for predicting 

the phylogenetic relationships for the B. tabaci complex at the subspecies and population 

levels (Berry et al., 2004; Brown, 2000; Qui et al., 2007; Sseruwagi et al., 2006; 

Viscarett et al., 2003), and is useful for grouping haplotypes into lineages with a basis in 

extant geographical origin (Brown, 2000).  

Phylogenetic analysis of the B. tabaci mtCOI sequence groups the haplotypes into 

one of five major phylogeographic lineages, represented as those from the Americas-

Caribbean region (n=41), Mediterranean-N African-Middle Eastern region (n=47), the 

Southeast Asian-Australian region (2 groups; n=52), and Sub-Saharan African region 

(n=29). The mean genetic variation and percentage nt identities indicated that whitefly 

populations from the Southeast Asian/Australian region were the most genetically 

divergent (1% per lineage/106 years), whereas Western Hemisphere (Americas-Caribbean 

region) populations diverged the least (Berry et al., 2004; Brown, 2001; Brown and Idris, 

2005; Brown et al., 2004; Qui et al., 2007; Sseruwagi et al., 2006; Viscarett et al., 2003).   

Analysis of the base substitution rate and synonymous and non-synonymous 

changes for the B. tabaci mtCOI suggest that this coding region has evolved under 

positive selection. The genetic differentiation coefficient (GST) for the B. tabaci complex 

was 59.9%, suggesting significant genetic differentiation has occurred for the four major 

extant phylogeographic lineages. This observation is in line with biotic and genetic 

evidence that supports the recognition of B. tabaci as a complex of sibling species, which 
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has and continues to experience restricted gene flow as a result of geographical, 

behavioral, and perhaps host specialization (Brown, 2008; Brown et al., 2005). 

Certain haplotypes are known to become more ‘upsurgent’ than others, and those 

causing major agricultural infestations often exhibit the hallmarks of invasive species 

including extreme fecundity, insecticide resistance, and displacement of less competitive 

types. These features have lead to the proposal that B. tabaci is a complex of biotypes 

that exhibit phenotypic variation (Brown et al., 1995). The B. tabaci complex varies with 

respect to host specialization, e.g. from broad to narrow, and at times is species specific 

(Bird, 1957; Brown 2007a, b; Brown et al., 1995; Gill 1990; Mound and Halsey 1978). 

This leads to best describe it as a species complex (Brown, 2008; Brown et al., 1995). It 

has been hypothesized that phenotypic plasticity is regulated (at least in part) at the level 

of gene expression making this complex an ideal for functional genomics and proteome 

studies. 

(iii) B. tabaci as a virus vector. 

Whiteflies (three species) are the vector of more than 300 plant viruses (Brown, 

2008; Hogenhaut et al., 2008).  B. tabaci alone causes economic losses in vegetable, 

fiber, and ornamental crops owing both to feeding damage and its ability to transmit plant 

viruses. B. tabaci is the only vector of begomoviruses (Bird and Maramorosch, 1978; 

Muniyappa, 1980; Bedford et al., 1994), the largest genus of plant viruses that are 

transmitted by B. tabaci and whiteflies in general. 
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B. The family, Geminiviridae. 

(i) Geminivirus genome organization. 

Geminiviruses are single-stranded circular DNA plant viruses with twinned (Fig 

2) quasi-isometric (geminate; Harrison et al., 1977) particle morphology of 

approximately 20 x 32 nm. They belong to family Geminiviridae (Fig 3) which is divided 

into four genera, Mastrevirus, Begomovirus, Curtovirus and Topocuvirus based on 

genome structure, insect vector and host range (Fauquet & Stanley, 2003; Rybicki et al., 

2000; Stanley et al., 2005). These four genera cause substantial crop losses and infect a 

broad range of plants worldwide (Mansoor et al., 2003; Morales & Anderson, 2001). 

They have overlapping genes in different frames to efficiently code the proteins needed 

for replication, gene expression, encapsidation and movement. 

 Recombination is fundamental to geminivirus diversity and may have facilitated 

the recombination dependent replication strategy (Preiss and Jeske, 2003) by frequent 

natural mixed infections (Harrison et al., 1997; Pita et al., 2001; Ribeiro et al., 2003; 

Sanz et al., 2000; Torres-Pacheco et al., 1996) and by the unusual feature that two 

different begomoviruses can infect the same cell nucleus (Morilla et al., 2004). This 

mechanism might have contributed to the high number of virus species in the family 

Geminiviridae.  

Geminiviruses are thought to have evolved as episomal DNA replicons of 

prokaryotic organisms that later adapted to primitive eukaryotic progenitors of modern 

plants (Rojas et al., 2005). Evidences such as conserved features of the replication 



 17

initiator proteins of contemporary eukaryotic and prokaryotic DNA replicons (Campos-

Olivas et al., 2002; Ilyina & Koonin, 1992), polycistronic mRNAs and ability of diverse 

geminivirus types to replicate in Agrobacterium tumefaciens (Frischmuth et al., 1990; 

Selth et al., 2002) support this hypothesis. During co-evolution with their hosts, these 

DNA replicons acquired new properties by recombination with host genome or other 

replicons (Rojas et al., 2005). 

Mastreviruses have a monopartite genome and are transmitted by leafhoppers in a 

persistent circulative manner, i.e. once the insect feeds on an infected plant and acquires 

the virus, transmission can occur within hours and continue for the entire life of the insect 

(Harrison, 1985). They mainly infect monocotyledonous plants, and have a few 

dicotyledonous hosts. The Curtoviruses also have a monopartite genome, and are 

transmitted in a persistent circulative manner by leafhoppers to dicotyledonous hosts.  

The genus Topocuvirus has only one species, Tomato pseudo-curly top virus, with 

a monopartite genome and infects dicotyledonous plants transmitted by a treehopper. The 

genus Begomovirus constitutes the largest and economically most important viruses out 

of all four. Begomoviruses are transmitted by the whitefly Bemisia tabaci (Gennadius) in 

a persistent, circulative manner. They infect dicotyledonous plants and cause several of 

the most devastating and important plant diseases including cassava mosaic, cotton and 

tomato leaf curl and bean golden mosaic with losses estimated up to several billions of 

dollars (Harrison & Robinson, 2002; Varma & Malathi, 2003). 
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(ii) Begomoviruses. 

Begomoviruses can either have a monopartite genome encoding six proteins (2.8 

kb) or a bipartite genome (5.2 kb), with the DNA-A component encoding five or six 

proteins and the DNA-B component encoding two proteins with each component being 

~2.6 kb in size. Begomovirus DNA-A encodes proteins responsible for particle 

encapsidation of progeny virions, vector transmission, virion structure, and host 

specificity (AV1/CP), viral replication (AC1/Rep and AC3/REn) and regulation of gene 

expression. In some begomoviruses AC2 (TrAP) acts as a suppressor of gene silencing 

(Vanitharani et al., 2004). Movement and symptom development was attributed to the 

protein encoded by C4 gene of monopartite begomoviruses while in bipartite 

begomoviruses the genes BV1 (MP- movement protein) and BC1 (NSP- nuclear shuttle 

protein) located in DNA-B are involved in intracellular and intercellular virus movement 

(Lazarowitz, 1992). The gene AC4 of some bipartite begomoviruses acts as a suppressor 

of gene silencing (Vanitharani et al., 2004).  

The DNA-A component is capable of replication and can produce virus particles. 

But it requires DNA-B for efficient systemic infection. The two components of a 

begomovirus have little sequence homology, except for an intergenic region (IR), which 

begins with the start codon of the Rep and ends with the start codon of the CP. In 

bipartite begomoviruses, the IR also contains an identical sequence of ~200 nt in the A 

and the B components called the common region (CR) (Lazarowitz, 1992). The CR 

contains a hairpin structure with the characteristic geminiviral nonanucleotide sequence 
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Fig 1: Whitefly Bemisia tabaci 

Courtesy, USDA ARS Public  

TAATATT↓AC in the loop at the expected origin of virion strand DNA replication 

(Hanley-Bowdoin et al.,1999), the binding sequences recognized by the AC1 (Rep) 

protein (Arguello-Astorga et al.,1994) and regulatory regions for bidirectional 

transcription (Hanley-Bowdoin et al.,1999). The nanomeric sequence contains the 

initiation site (↓) of rolling circle DNA replication (Gutierrez, 2000; Laufs et al., 1995), 

the TATA box, and tandem and/or inverted repeats. The CR sequence is different among 

different begomoviruses and is used to identify the A and B components of the same 

virus.  

 

 

                                                   

                                          

 

 

Some monopartite begomoviruses are associated with a satellite DNA molecule of 

~1.4 kb referred to as DNA-ß which encodes a single protein (ßC1) (Briddon et al., 2003; 

Briddon et al., 2001; Saunders et al., 2000), involved in host range determination and is 

essential for the induction of typical disease symptoms (Briddon et al., 2003; Briddon & 

Stanley, 2006). This association may possibly have opened new possibilities to adapt and 

Fig 2. Characteristic geminivirus 
particles (~20 x 30 nanometers in 
size) (www.ncbi.nlm.nih.gov/ICTV 
db/Ictv/fs.gemin.htm). 
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colonize new hosts (Briddon et al., 2003; Rojas et al., 2005).This satellite is completely 

dependent on the helper virus for replication, movement and dissemination. DNA-ß has a 

nuclear localization and functions as a suppressor of RNA silencing (Briddon et al., 

2003; Cui et al.,2005; Mansoor et al., 2003; Stanley, 2004). Other subviral ssDNA 

components associated with some begomoviruses are the nanovirus-like Rep-encoding 

DNA1 and the Tomato leaf curl virus-satellite non coding molecule (Dry et al., 1997; 

Mansoor et al., 1999; Saunders & Stanley, 1999). Nearly all begomovirus-DNA-ß 

complexes are also associated with a DNA-1 subviral component (Briddon et al., 2004; 

Briddon & Stanley, 2006). 

The coat protein (CP), the only geminivirus structural protein encoded by the 

AV1 gene, is a multifunctional protein (Harrison et al., 2002). It forms multimeres 

(Hallan & Gafni, 2001) and encapsidates the viral ssDNA into the characteristic geminate 

particles (Unseld et al., 2004; Zhang et al., 2001). The coat protein is responsible for 

vector specificity (Briddon et al., 1990) and although it is not necessary for bipartite 

begomovius movement, it is absolutely required for systemic movement of monopartite 

begomoviruses (Noris et al., 1998; Wartig et al., 1997), for efficient accumulation of 

viral ssDNA (Harrison et al., 2002; Qin et al.,1998) and for viral spread (Gafni and Epel, 

2002). The CP interacts with importin α and might use this pathway to dock virus 

particles/nucleoproteins to the nucleus in initially infected cells (Gafni & Epel, 2002; 

Guerra-Peraza et al., 2005). It was also reported to interact and down regulate AC1, 

thereby suggesting a role in geminiviral DNA replication (Malik et al., 2005). 
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Figure 3. Genome organization of 
the genera belonging to the 
Geminiviridae. Arrows represent 
open reading frames.  

CP: coat protein, Rep: replication 
initiator protein, TrAP: 
transcriptional activator protein, 
REn: replication enhancer protein, 
MP: movement protein, NSP: 
nuclear shuttle protein, IR: 

C. Modes of plant virus 

transmission.   There are 

different modes of transmission 

by which viruses are spread 

between plants: (1) Mechanical or 

by contact- when an infected 

virus plant touches a virus-free 

plant then it can spread. In this 

mode, viruses can be spread by the agricultural tools and also by human contact; (2) seed 

& pollen; and (3) arthropod vector.  All types of transmission require that a wound be 

created prior to entry of virus particles.  In the case of whiteflies the stylets penetrate the 

epidermis and make their way to the phloem where they penetrate and deliver virus 

particles into the plant cell.   

The acquisition access period (AAP) is the time for which a virus-free vector is 

allowed access to a virus source and could, if desired, feed on the source (Gibbs and 
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Harrison, 1976). The inoculation access period (IAP) is the time for which a virus-

carrying vector is allowed access to a virus-free plant, and could feed (Gibbs and 

Harrison, 1976).  The latent period (LP) is the time from the start of the acquisition 

access period until the vector can inoculate healthy plants with the virus during an 

inoculation access feeding period (Gibbs and Harrison, 1976). 

Depending on the retention time, sites of retention, and internalization of virions 

by vectors, viruses are classified into non-persistent stylet-borne, semi-persistent foregut-

borne, persistent circulative and persistent-propagative (Hogenhout et al., 2008).  Non-

persistent stylet-borne viruses- the insects inoculate a healthy plant with virus after 

acquisition and reside only in the stylets of the vector. Examples include the viruses 

transmitted by aphids (161), very few by whiteflies (5), other hemipterans (2) and thrips 

(2) (Hogenhout et al., 2008). In contrast, semi-persistent foregut-borne viruses- the 

insects take minutes to hours to inoculate a healthy plant with virus after acquisition and 

reside in the foregut of the vector with the exception of Cauliflower mosaic virus 

(CaMV) where it resides in the stylet. Examples include the viruses transmitted by aphids 

(19), whiteflies (9), plant hoppers (4) and other hemipterans (9) (Hogenhout et al., 2008).  

And for persistent, circulative viruses, particles are ingested and internalized in the 

vector. The viruses move through the insect vector alimentary canal or gut, then from the 

gut epithelial interface into the hemolymph and finally into the salivary glands 

(PSG/ASG) from which the virus can be inoculated onto a new plant during insect 

feeding. Examples of the persistent, circulative types include the viruses transmitted by 

whiteflies (115), leafhoppers (13), aphids (12) and other hemipterans (1) (Hogenhout  
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et al., 2008).  For persistent, propagative viruses, the virus replicates and circulates in the 

vector body. Examples include certain viruses transmitted by aphids (5), leafhoppers 

(10), plant hoppers (18) and thrips (14) (Hogenhout et al., 2008). 

(i) Begomovirus transmission pathway. 

Begomoviruses are transmitted in a persistent manner, and they are non-

replicative and non-transovarial in the whitefly vector with exception of Tomato yellow 

leaf curl virus (TYLCV) (Brown and Czosnek, 2002).   

For begomoviruses the coat protein (CP) (Briddon et al., 1989) is the only viral 

protein needed for whitefly-mediated transmission. Modification of one or a few CP 

amino acid residues has been shown to abolish and/or reduce virus acquisition and 

consequently virus transmissibility owing to reduced vector competency.  Hofer et al., 

(1997) reported that Sida golden mosaic virus (SiGMV-Co) was acquired and transmitted 

by B-biotype of B. tabaci to different plant species where, an isolate of Abutilon mosaic 

virus (AbMV) , which had been maintained in its’ host by continuous vegetative 

propagation, was not transmissible. The viral DNA of AbMV was amplified using PCR 

and was not detected in the insects by Southern blot indicating that the virus is ingested 

but not internalized or acquired. The chimeric AbMV (coat protein of AbMV replaced 

with that of SiGMV-Co) was acquired and transmitted to different plant species by B. 

tabaci. This indicated that the coat protein plays an important role in the transmission 

pathway (Fig 4) of begomoviruses by B. tabaci. 
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Vector competency further varies for different virus-vector combinations, with the 

most transmission-competent virus-vector combinations sharing a common extant 

geographical origin (Brown and Czosnek, 2002). These observations suggest a tight co-

adaptation between capsid surface epitopes and whitefly receptor(s) that facilitate virion 

transit across the membrane barriers of both the gut and the salivary systems (Cicero et 

al., 1995; Ghanim et al., 2001; Hunter et al., 1998; Rosell et al., 1999).  Highly specific 

interactions that involve binding of viral nucleocapsids to whitefly-encoded proteins to 

mediate transmission indicate that begomoviruses and the whitefly vector have had a 

long-standing association (Briddon et al., 1999; Harrison and Murant, 1984).     

(ii) Begomovirus-B. tabaci transmission pathway.  

The begomovirus transmission pathway is thought to use receptor-mediated endo-

exocytosis similar to that described for aphid-luteovirus interactions (Gildow, 1993; Gray 

and Gildow, 2003). The model dictates that the virus when acquired and ingested it must 

first translocate from gut epithelial interface into the hemolymph and finally enter the 

salivary glands.  

Our working hypothesis is that the high degree of virus-vector specificity 

observed for begomovirus-vector complexes (one vector species group: one viral genus, 

Begomovirus) suggests that they are co-adapted (co-evolved) and that B. tabaci-

begomovirus specificity resides at the level of protein-protein interactions (Brown and 

Czosnek, 2002; Brown and Idris, 2005) (Fig 5).  However, it is possible that other 

mechanisms are employed instead to facilitate passage of virions across the midgut and 
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ultimately the salivary gland membrane barrier. During and/or following the ingestion-

acquisition phases the whitefly innate immune system may be stimulated in response to 

virion circulation, producing ‘stress’ and other ‘defense’ proteins. Jarjour et al., (1990) 

reported that E. coli hsp58 interacts with the T-cell gamma/delta receptors when 

expressed constitutively using rabbit antibodies. Evidence suggested that the hsp58 is 

77kDa and similar to the hsp70 stress protein family. Lehane et al., (1997) reported that 

the insect Stomoxys calcitrans, produces two defensins, Smd1 and Smd2 in midgut from 

hemocytes. Northern analysis showed that these two defensins are up-regulated in 

response to a liposaccharide as well as a sterile blood meal. However, gram staining of 

midgut showed that the production of these two defensins is much higher in the 

liposaccharide containing blood meal.  Cowles et al., (1995) reported that the binding 

proteins or receptors for Bacillus thurngiensis are located in the brush border cells of 

midgut. 

 

 

 

  

 

 

Fig 4. Working model for the begomovirus 
transmission pathway (red arrows) in the whitefly 
vector Bemisia tabaci. (Courtesy, J. Cicero and J. K. 
Brown, Dept. of Plant Sciences, The University of 
Arizona, Tucson). 
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Poliovirus uses CD155, expressed by mammalian intestinal epithelia and 

associated lymphoid tissues (Iwasaki et al., 2002), lymphotropic strains of HIV-1 utilize 

CXCR4 to cross Peyer’s patch M cells (Fotopoulos et al., 2002), Norwalk virus binds a 

105 kDa protein on colonic epithelium (Tamura et al., 2000), and rotaviruses bind to 

several receptors, including α2β1-integrin, to penetrate cells (Arias et al., 2000). Girardin 

et al., (2002) in their review talk about how insects recognize ‘non-self molecular 

patterns’ by expressing a set of germ-line encoded receptors using their primitive innate 

immune system. Such pattern-recognition receptors (PRRs) recognize epitopes which are 

conserved in most if not all eukaryotes, and pathogen-associated molecular pattern 

Fig 5. Evidence for phylogeographic 
concordant trees (A) for select 
whiteßy mtCOI gene 
sequences/haplotypes (=711 bases) 
and (B) representative begomovirus 
coat protein sequences (=756 bases) 
reconstructed using parsimony 
(PAUP) (Courtesy, Brown and Idris, 
2005). 

.
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(PAMP) orthologs have been identified in insects, plants, and animals. The classic 

example is the well studied Toll receptor of Drosophila, a molecule involved in signaling 

and recognition of many PAMPs. Toll like receptors (TLRs) recognize bacterial 

lipopolysaccharide, viruses and can induce signaling pathways as a part of immune 

response. TLRs make interesting candidates even though the mechanism by which 

viruses are recognized by them is still unknown. TLR3 is a receptor for dsRNA found in 

many viruses, and it has also been suggested that TLR9, the receptor for CpG-DNA, can 

recognize viruses via the CpG motif, which is a common motif in viral genes (Barton and 

Medzhitov, 2003). Miettinen et al., 2001 reported that macrophages infected with Sendai 

and Influenza A viruses have increased expression of mRNA for the TLR1, 2, 3, and 7 

receptors. Therefore, a number of proteins encoded by the whitefly vector are expected to 

be involved in the transmission pathway.  

In summary, in addition to gut and blood proteins that facilitate transmission, 

salivary gland proteins are hypothesized to confer vector specificity and are the final 

point in the pathway where virions accumulate prior to their reintroduction into the plant 

phloem cells in vector saliva during feeding. 

At present, only a few studies have focused on identifying the organs and proteins 

involved in the specificity underlying the begomovirus transmission pathway. 

Preliminary results by Cicero and Brown (2006) showed that Squash leaf curl virus 

(SLCV) localizes in the primary salivary glands (PSG) and brush border cells of midgut-

filter chamber interface by DIG labeling of viral DNA in viruliferous whiteflies. On the 



 28

contrary, in the aphid transmitted luteoviruses the final point are the accessory salivary 

glands (ASG) before being salivated into a new host. Also anticipated in response to 

virion circulation in the vector is activation of defense and/or stress response pathways. 

Characterizing the whitefly proteins to this effect using genomic and proteomic 

approaches would help in better understanding the pathway. 

Rosell et al., (1995) reported the ultra fine structure of whitefly mouthparts 

similar to that of aphids and other homopterans, which consist of stylets, the labium, the 

labrum and are piercing and sucking type.  Hunter et al., (1996), described the gustatory 

sensilla in the anterior alimentary canal of B. tabaci in which they found that the sensilla 

are in direct contact with neurons which in turn are in contact with the fluids when 

whiteflies are feeding on a host. Other studies have implicated organs including the 

salivary glands, digestive tract, and filter chamber (Cicero et al., 1995; Ghanim et al., 

2001; Harris et al., 1995 and 1996).  Hunter et al., (1998), used indirect 

immunofluorescent labeling to localize the begomoviruses, ToMoV and CabLCV, in the 

filter chamber and the anterior midgut, and suggested that these latter regions may be the 

sites at which begomoviruses enter the hemolymph from the gut-epithelial interface.  

Rosell et al., (1999), performed experiments on different whitefly fractions that 

include the hemolymph, saliva, honey dew and the whole adults to trace the geminivirus 

transmission pathway and in particular the begomovirus Squash leaf curl virus (SLCV) in 

the vector B.tabaci and a non-vector T. vaporariorum. PCR and Southern blot results 

indicated that both the vector and non-vector ingested SLCV. However, SLCV in the 
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whitefly vector was able to cross the gut barrier into the hemolymph, whereas, in the non-

vector it was not. This suggested that specific receptors are present in the vector gut (as 

well as the salivary glands) that was absent in the gut of the non-vector whitefly species.   

Ghanim et al., (2001), reported that TYLCV translocates in the whitefly vector by 

way of the stylet-head-midgut-to hemolymph route and finally enters the salivary glands, 

based on polymerase chain reaction (PCR) over different acquisition access periods 

(AAPs). 

Czosnek et al., (2002) reported the immuno-localization of TYLCV in the stylet 

food canal and proximal part of descending midgut. They also studied the begomovirus 

translocation in the vector B. tabaci and non-vector T.vaporariorum and found that the 

virus is ingested in both and persists for weeks in the vector B.tabaci and not detected in 

the non-vector after a few hours.  

Morin et al., (1999), implicated a 63kDa GroEL homologue of B. tabaci 

endosymbiont in the transmission of Tomato yellow leaf curl virus (TYLCV) from virus 

overlay assays. They also reported that the 63kDa homologue is similar to the Buchnera 

(endosymbiont of aphids) and E.coli GroEL by atleast 80%. Morin et al., (2000) further 

used Abutilon mosaic virus-Is (AbMV-Is) and Tomato yellow leaf curl virus-Is (TYLCV-

Is) in yeast two-hybrid system to study the binding of their coat proteins to the B. tabaci 

endosymbiont GroEL. Results indicated that both the coat proteins bind to GroEL 

homologue. AbMV-Is is not detected in the hemolymph or did not cross the gut epithelial 
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barrier. In case of TYLCV-Is the virus particles crossed into the hemolymph and were 

detected by immunolabeling. 

(iii) The luteovirus model used to explain the proposed mechanisms involved 

in begomovirus transmission.  

Gildow (1982) visualized Beet western yellows virus (BWYV) and Potato leaf 

roll virus (PLRV) by EM in basal lamina and plasmalemma invaginations of accessory 

salivary glands. Virions labeled with ferritin-conjugated antibody were observed in 

tubular and coated vesicles in cytoplasm near salivary canals, and in coated pits 

connected to the canal membrane and suggested a “coated-vesicle transport” of virions 

into the accessory salivary glands.  Gildow (1993) further studied the ability of cereal 

grain aphids to acquire different isolates of barley yellow dwarf luteovirus and found that 

two aphid spp. R. padi as well as M. dirhodum differed in their ability to acquire the RPV 

strain. By electron microscopy, RPV was adsorbed to the hindgut plasmalemma and to 

endocytotic vesicles internally only in R. padi, providing evidence for receptor mediated 

endocytosis as a primary mechanism involved in aphid transmission of luteoviruses. 

Gildow and Gray (1993) reported that the basal lamina of the accessory salivary 

glands acts as a barrier when they examined the transmission of two strains of Barley 

yellow dwarf luteovirus- BYDV-MAV and BYDV-RPV. Filichkin et al., (1997) reported 

that the aphid vector Rhopalosiphum padi endosymbiont encoded SymL (symbionin 

gene) binds to Barley yellow dwarf virus (BYDV) and its recombinant readthrough 

polypeptide. They also found that the homologous GroEL chaperonin from E. coli (80% 
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homology) does not bind to BYDV or its read-through polypeptide. These studies 

demonstrate that a chaperone belonging to cpn60 family is involved in the luteovirus 

(BYDV)-aphid transmission pathway. 

Hogenhout et al., (2000) reported that Potato leaf roll virus (PLRV) binds to the 

amino acids present in the equatorial domain of the GroEL produced from the primary 

endosymbiont of Myzus persicae (MpB GroEL) implicating GroEL in PLRV 

transmission.  

Seddas et al., (2004) studied the aphid components that might be involved in 

transmission of Beet western yellows virus (BWYV) by Myzus persicae. In this study 

they purified the aphid proteins bound to the virus particles and identified them as Rack1, 

Actin and GAPDH3 which were implicated in the transcytosis mechanism. 

Goncalves et al., (2005) demonstrated that the endosymbiont GroEL produced by 

Buchnera sp. is involved in transmission of Potato leaf roll virus (PLRV) containing the 

read-through domain (RTD). They also showed that the mutant lacking RTD was not 

transmissible and less persistent in hemolymph of the aphid vector when compared to 

PLRV containing RTD.  

Yang et al., (2008) implicated four proteins S4, S8, S29 and S405 in the 

transmission of Cereal yellow dwarf virus (CYDV-RPV) isolate by Schizaphis graminum 

using genetic-proteomic studies. Homology matches to the publicly available protein 

databases identified them as luciferase (S4) and cyclophilin (S29) with two proteins 

having no matches. 
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All the above studies point to the fact that there reside some proteins in the gut 

epithelial cells which are very important in transmission of begomoviruses into the 

hemolymph-salivary glands and to a new host and places an imperative on scientists and 

funding agencies to undertake the complete genome sequencing of the whitefly B. tabaci, 

a key resource for enabling the elucidation the begomovirus transmission pathway toward 

minimizing crop losses and improving food security for future generations.  

D. Insect Genomics. 

Insects comprise the single largest group accounting to 75% species in the Animal 

Kingdom. They are very important in our daily lives accomplishing numerous tasks 

beneficial for the mankind. On the contrary, many of them are harmful to humans, as well 

as agriculturally important food crops. In humans they are responsible for many 

debilitating diseases like Yellow Fever (A. aegypti- mosquito), Elephantiasis (C. pipiens- 

mosquito), Malaria (A. gambiae), Chagas disease (R. prolixus- blood-sucking bug), and 

Typhus (P. humanus- louse). 

  In agriculturally important food crops insects are beneficial by producing silk 

(Bombyx mori- silkworm), as pollinators and producers of honey (Apis mellifera- Honey 

bee), by scavenging dead animals, and by serving as predators of other insect pests 

(Hymenoptera). In contrast, some are harmful e.g. as vectors of many plant viruses that 

cause diseases on food crops. The majority of plant viruses have aphid or whitefly 

vectors (both hemipterans). Insects also cause damage as pests that damage food grains 

(Tribolium castaneum, flour beetle).    
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Insect genome studies are particularly important in solving problems in 

agriculture, biotechnology and medicine. They provide insights on a wide array of 

aspects like how to develop new chemical compounds for control of pests/vectors in 

agriculturally important crops, how to develop target molecules to control human disease 

carrying insects (vectors) and how to mass produce the drugs identified for their control. 

Currently, there are 40 insect genome sequencing projects underway. Drosophila 

melanogaster is complete, and 20 other insect species draft assemblies are reported, while 

19 are in progress. (http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html). This is 

compared to only 27 underway in 2007, demonstrating rapid progress on this front.  

These and other factors have contributed to our laboratory and others interest in initiating 

the construction and sequencing of expressed sequence tag (EST) libraries for B. tabaci, 

our model organism and the first tropical hemipteran associated with plants to be studied 

in this way (Leshkowitz et al.,2006).   

The objectives of the research reported are: (1) amplification (detection), cloning 

of amplicons, and DNA sequencing to validate candidate genes and their transcripts 

(mRNA) in the whitefly Bemisia tabaci B-biotype hypothesized to have roles in 

begomovirus transmission pathway; (2) the re-annotation of ~20,000 whitefly EST non-

normalized library against genomic and protein data for available hemipteran insect 

species given the rapid increase in the breadth and depth of the public databases; and (3) 

gene expression studies in viruliferous  (SLCV) and non-viruliferous B. tabaci adults 

using semi-quantitative, real time PCR (qPCR) (to be presented in a future publication).  
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 Chapter 2 (Present Study) of this Master’s Thesis describes the results and 

discussion surrounding objectives 1 and 2 and completes the requirements set forth by the 

Thesis Committee in the Department of Plant Sciences at The University of Arizona.  
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A. Introduction 

The whitefly Bemisia tabaci (Gennadius) complex (Brown et al.,1995) colonizes 

several hundred species of plants and has demonstrated its adaptability to diverse 

environments worldwide, including natural and those modified by agriculture (Brown, 

2007). It is the most important whitefly vector of plant viruses (Brown, 2001; 2007a, b; 

Brown and Czosnek, 2002).  The largest and most damaging group of plant viruses 

transmitted by B. tabaci is the emergent genus Begomovirus, family: Geminiviridae. Crop 

varieties with resistance to begomovirus infection are generally unavailable and so 

insecticides are used as the primary means to control virus spread and damage due to 

whitefly feeding (Brown, 2008).   

Begomoviruses are unique among plant viruses in that they have a paired, or 

'geminate' (Harrison et al., 1977) particle morphology and one of only several types of 

plant viruses with a circular, single-stranded DNA (ssDNA) genome. Begomoviral 

ssDNA genomes are either monopartite (2.8 kb) or bipartite (5.2 kb). Both types occur in 

the Eastern Hemisphere tropics, while only the bipartite arrangement is found in the Neo-

tropics.  

Begomoviruses are transmitted in a circulative, persistent manner by a single 

species of whitefly whose members comprise the phenotypically diverse B. tabaci 

complex (Brown et al., 1995). However, begomoviruses do not replicate in, nor are they 

transovarially transmitted, by the whitefly vector (Brown and Czosnek, 2002). This 

feature makes them an ideal model for studying the basis of virus-insect vector specificity 
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because the confounding host machinery mobilized during virus replication is not 

activated in whitefly-virus ingestion, circulation, or acquisition ‘cascades’, permitting 

gene expression and other relevant studies specific to these processes to be carried out. 

Transmission specificity is expected to have resulted from a tight co-evolution (or 

adaptation) between the begomovirus capsid, the only viral gene required for vector 

transmission (Briddon et al., 1989), and whitefly proteins, some of which reside in the 

gut and salivary glands where virions have been found to accumulate (Ghanim et al., 

2001; Hunter et al., 1998). Numerous other whitefly proteins are expected to be involved 

in the transmission pathway, including blood proteins. However, evidence suggests that 

vector specificity resides in the salivary glands, the final point in the circulative pathway 

where virions are ‘acquired’ prior to their reintroduction to plant phloem in whitefly 

salivary contents. In response to virion circulation in whitefly blood defense and/or stress 

response pathways of the innate immune system are also likely to be activated. Because 

the B. tabaci genome sequence is presently undetermined, many fundamental biological 

questions that require genomic and proteomic tools remain largely unexplored.  

Virions may interact with whitefly proteins directly as they circulate into the gut 

and hemolymph (blood) and finally into the primary salivary glands (Czosnek et al., 

2002; Ghanim et al., 2001). We hypothesize that a large suite of whitefly-encoded 

proteins also are involved indirectly, namely those regulated through whitefly innate 

defense pathways, owing to their supposed recognition of virus particles as 'foreign' or 

'non-self'. Another prominent player in this conserved association is the primary 
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endosymbiont (Clark et al., 1992; Costa et al., 1995; Thao and Baumann, 2004; Zchori-

Fein and Brown, 2002). Portiera aleyrodidarum (Thao and Baumann, 2004) is thought to 

have infected ancient B. tabaci in a single species-wide event, establishing the extant 

symbiotic relationship. This development was likely coincident with the co-evolution of 

extant complex plant vascular systems (Chase et al., 2000) and insects that use stylets to 

feed in vascular bundles (Pollard, 1955; Rosell et al., 1995).  The primary endosymbiont 

of aphids and whiteflies encodes a heat shock protein (Hsp60 kDa) that interacts with the 

capsid protein of virions (luteoviruses and begomoviruses, respectively) (van den Heuvel 

et al., 1999; Morin et al., 2000) once virus particles enter the hemolymph (blood) from 

the gut.  This interaction is thought to stabilize and/or mask virions from the innate 

defense system prior to the acquisition phase (Brown and Czosnek, 2002), when virions 

enter the salivary glands and become viable for transmission (Ghanim et al., 2001; 

Hunter et al., 1998). The objectives of this study were two-fold and are based in gene 

mining and re-annotation of whitefly proteins that interact directly or indirectly with 

begomovirus particles in the transmission pathway.  

First, a suite of semi-quantitative or 'real-time' polymerase chain reaction (qPCR) 

primers were designed and optimized to facilitate the amplification and quantification of 

six genes and their respective transcripts (mRNA) among a suite of whitefly genes of 

interest.  The candidate genes were selected to represent the major Gene Ontology (GO) 

functional categories, ‘molecular function’, ‘cellular component’, and ‘biological 

processes’, (Ashburner et al., 2000), and functional validation experiments focused on B. 
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tabaci genes with predicted involvement in biological stress and defense responses, 

and/or endocytosis pathways. 

The second objective was to re-annotate and interrogate EST consensi from a 

suite of libraries whose analysis has been previously reported (Leshkowitz et al., 2006). 

This aim was undertaken in response to the recent, rapid increase in available insect 

genomics data since the initial annotation was carried in 2005. This re-annotation 

employed a customized set of insect sequences available in the NCBI and other publicly 

available databases (previously and up to October 2008). The customized insect 

databases were mined using the BLASTN and BLASTX programs (Altschul et al., 1997) 

available at the NCBI website to search against all available nucleotides (NCBI nr/nt), 

proteins, unigenes, and ESTs across 12 well-studied insect genera or species, and gene 

ontology functions were assigned using GO software available at 

http://www.geneontology.org. 

B. Materials and Methods  

(i) Whitefly gene validation  

Candidate genes based on the BLAST results and functional homology were 

selected for validation. Genes were amplified by PCR from individual adult whiteflies. 

The genes, PCR primers, and cycling parameters are shown in Table 1. Primers were 

designed using Primer3 software program (Rozen and Skaletsky, 2000). 
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(ii) Whitefly lysis for PCR amplification 

Whitefly lysis and polymerase chain reaction (PCR) amplification was carried 

according to Frohlich et al. (1999). Briefly, total nucleic acids were extracted by grinding 

whole whiteflies in 40µL of lysis buffer (5 mM Tris-HCl pH 8.0, 0.5 mM EDTA pH 8.0, 

0.5 % Nonidet NP-40, 1 mg/ml Proteinase K (Sigma)). Total extracts were briefly 

centrifuged, then incubated at 65ºC for 15 min, 95ºC for 10 min then kept on ice for 

immediate use or stored at -20C for future reactions. 

(iii) RNA isolation 

RNA was isolated from approximately 300 whiteflies using Tri-Reagent 

(Molecular Research Center, Inc., Cincinnati, OH) according to the manufacturer’s 

protocol.   

(iv) Gene amplification 

PCR reactions were performed in a total volume of 25µl containing  9µM dNTPs, 

25 mM MgCl2, 0.6µM each primer, 5µl of DNA template, and  0.75U of EconoTaq® 

DNA polymerase (Lucigen, Middletown, WI). PCR conditions employed a 'hot start' of 4 

minutes at 94˚C, followed by denaturation for 1 minute at 94-95˚C, annealing for 1 min 

at 56 - 64˚C, extension for 1 min at 72˚C for 30 cycles, and a final extension of 20 min at 

72˚C.  
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(v) Transcript amplification 

Reverse transcriptase PCR (RT-PCR) amplification was done using the Access-

Quick™ RT-PCR Systems (Promega, Madison, WI) according to manufacturer’s 

instructions. Cycling parameters were 45 min at 45˚C, 2 min at 94˚C, Followed by 35 

cycles of 30 sec at 94-95˚C, 30 sec at 56 - 64˚C, 40 sec at 72˚C, and a final extension of 5 

min at 72˚C. Control reactions without reverse transcriptase were performed.   

(vi) Gel electrophoresis, cloning, DNA sequencing, and sequence analysis 

PCR and RT-PCR products were fractionated on 1% agarose gels in 1X TAE 

buffer. DNA bands were visualized under ultraviolet light following staining with 

ethidium bromide. Amplified products were ligated into pGEM-T Easy (Promega 

Corporation, Madison, WI) according to the manufacturer’s instructions, and transformed 

into E. coli DH5α.  This vector/ E. coli combination supports blue/white screening. White 

colonies (n=3 to 8) were sequenced bidirectionally at Genomic Analysis & Technology 

Core facility (GATC) at The University of Arizona, Tucson. Raw sequences were 

processed using the FAKtory software (Miller and Myers, 1999), analyzed for homology 

matches using the BLAST algorithm against non-redundant nucleotide database (nr/nt) 

available at the NCBI GenBank website.     

(vii) Construction, Assembly and Re-annotation of whitefly ESTs 

(a) Library construction 

Detailed library constructions have been reported previously by Leshkowitz et al. 

(2006).  Five expressed sequence tag (EST) libraries were constructed from mRNA 
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isolated from B. tabaci 'B' biotype whiteflies. The libraries were not normalized or 

amplified. Table 2 shows the virus, abbreviations, and starting material for each of the 

libraries. 

(b) Generation of consensi 

Raw EST sequences were analyzed and assembled using stackPACK™ v2.2 

(http://www.sanbi.ac.za/, The South African National Bioinformatics Institute). 

StackPACK™ (Miller et al., 1999; Christoffels et al., 2001) includes a suite of different 

algorithms, which mask, cluster, assemble and align sequences (Figure 1). The command 

line interface was used to build final consensi for each whitefly library separately. 

StackMask employs Phred, Crossmatch and RepeatMasker (Ewing et al., 1998a; Ewing 

and Green 1998b), stackCluster (d2_cluster, Burke et al., 1998 and 1999; Hide et al., 

1994), stackAssemble (PHRAP), stackAnalysis (CRAW) and stackLink (cloneID). Phred 

was used to assign quality scores for the sequences and Crossmatch and RepeatMasker 

were employed in the pipeline to remove plasmid, mitochondrial, ribosomal, and other 

irrelevant (rodent, viral, and vector) contamination.  

Clustering was accomplished using the d2_cluster algorithm, “which is word-

based and uses ‘loose’ clustering methodology to increase cluster membership and 

chances to pick up variation. The d2_cluster algorithm accurately partitions and clusters 

all the similar EST’s according to “transitive closure” and ignores sequences with less 

than 50 valid base pairs grouped as singletons. The valid bases are A, T, G and C. 

PHRAP creates a first pass consensus during assembly. PHRAP is more stringent than 
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d2, and may split the cluster into multiple consensi and improves alignment quality by 

removing distinct sequences as singletons and maintains cluster membership. CRAW 

partitions sub-assemblies, maximizes consensus length, creates a final consensus 

sequence for each sub-alignment and to facilitate discrimination between gene isoforms.  

(c) Annotation of EST sequences 

Assembled consensi were subjected to BLASTN (nucleotide query to nucleotide 

database) and BLASTX (translated nucleotide query to protein database) (Altschul et 

al.,1997) searches against the NCBI nr/nt database and selected insect species, namely: 

Acyrthosiphon pisum (Harris), Aedes aegyptii (Linnaeus), Anopheles gambiae (Giles), 

Apis mellifera (Linnaeus), Bombyx mori (Linnaeus), Culex pipiens (Linnaeus), Culex 

quinquefasciatus (Say), Drosophila melanogaster and its related species (Meigen), 

Nasonia vitripennis (Walker), Myzus persicae (Sulzer), Toxoptera citricida (Kirkaldy) 

and Tribolium castaneum (Herbst). Databases for the homology searches were 

downloaded locally to the supercomputer at The University of Arizona.  

The resultant BLASTN and BLASTX hits for the consensi were uploaded to a 

MySQL relational database with a web interface called Sequence Comparison Output 

Organizing Tool and Repository (SCOOT) developed by ARL Biotechnology Computing 

facility  at The University of Arizona. The database contains consensi, BLAST e-values, 

match length, and percent ID. The data can be downloaded as tab-delimited format for 

input into other programs. 
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(d) Gene ontology functions 

To obtain the gene ontology (GO function) (Ashburner et al., 2000) the unique 

identifier or GI number of the top BLASTX hit for each whitefly consensus was fed into 

the Batch retrieval (PIR) at the UniProt Website http://www.pir.uniprot.org (Wu et al., 

2006). The results were output using the default mode to produce a tabular format with 

the header that included the Protein ID/accession, protein name, length, organism, 

taxon/group, UniRef90/50, matched fields, COG ID, Pfam name, gene name, KEGG 

pathway ID, EC number, GO ID, GO term, e-value and GO slim categories. The tab 

'DISPLAY OPTIONS' was used to assign the above components to each hit (or gene) and 

create a custom table.  

C. Results and Discussion 

(i) Gene validation and cloning 

Of particular interest were the cellular and molecular mechanisms that involve 

protein-protein interactions, which are differentially regulated during virion ingestion, 

circulation, and acquisition by the whitefly vector. Our long term goal is to clone, 

express, and further characterize the genes and/or proteins implicated in viral 

transmission, including those that participate in stress or defense responses, based on 

what has been found for other hemipteran and other non-hemipteran insects, regardless of 

whether they feed on plant tissues. As this first effort involves the validation of selected, 

annotated whitefly ESTs, this study addressed a small but informative suite of whitefly 

genes that include Actin, Cyclophilin, GAPDH, GBLP (homolog of receptor for activated 
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kinase1, RACK 1), Knottin, and the endosymbiont (prokaryotic) 60 kDa GrOEL like 

chaperonin.  The gene sequences have been deposited in the NCBI Genbank website as 

the bankit accession numbers 1163880-116384 and 1163886.  The transcript sequences 

will be deposited in Embank prior to the submission of this chapter as a manuscript for 

peer review.  

Actin, a predominant protein in muscle tissue, is shown to be involved in Beet 

Western yellow virus transmission (Seddas et al., 2004). In addition, the Nef protein of 

HIV is known to associate with actin (Fackler et al., 1997). Cyclophilin, an ER protein, is 

implicated in the transmission of Cereal yellow dwarf virus-RPV (Yang et al., 2008); 

furthermore, in the parasitic protozoan Toxoplasma gondii, cyclophilin competitively 

binds to receptor molecules and prevents HIV-1 binding (Golding et al., 2003). The 

GroEL homolog (chaperonin 60), a heat shock protein involved in stress, defense, and 

protein folding, interacts with the TYLCV coat protein in vitro (Morin et al., 1999 and 

2000) and is shown to be involved in Potato leaf roll virus transmission by aphids 

(Goncalves et al., 2005). Furthermore, Hsp60 interacts with the Human Hepatitis B virus 

polymerase (Park and Jung, 2001). Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) is shown to be involved in Beet Western yellows virus transmission in aphids 

(Seddas et al., 2004), is also involved in signal transduction during stress-induced 

apoptosis (Morigasaki et al., 2008, Chen et al., 1999), and expression of GADPH 

increases during Vaccinia viral infections (Nahlik et al., 2003). Guanine nucleotide like 

binding protein (GBLP), a RACK1 homolog and a G-protein is involved in signaling and 

the regulation of cell receptors (McCahill et al., 2002). It is shown to be involved in the 
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aphid-mediated transmission of Beet Western yellow virus (Seddas et al., 2004) and 

interacts with mumps virus V-protein (Kubota et al., 2002). Finally knottin, an 

antimicrobial peptide may be differentially expressed in whitefly fed on non-viruliferous 

and ToMoV/TyLCV-infected tomato (Shatters et al., 2006).  

Each candidate gene was validated for its presence in the whitefly genome and for 

expression by analyzing the transcriptome using PCR and RT-PCR respectively, 

followed by DNA sequencing of cloned PCR and RT-PCR products (Figure 2). For all 

genes targeted with the exception of knottin, the gene and the transcript were shown to be 

present in whitefly DNA and RNA extracts, respectively. Despite repeated attempts, the 

knottin gene but not the transcript was detectable in the non-viruliferous B biotype 

whitefly.   

The PCR-amplified genes and RT-PCR amplified transcripts were cloned and the 

DNA sequence was determined for three cloned amplicons for each candidate gene. 

Sequence comparisons between each respective gene and transcript indicated that in all 

cases the sequences were identical (data not shown). These results provide a required 

baseline of knowledge, which can be extended in the future.  

(ii) Library assembly and annotation 

(a) Library assembly 

We applied a different assembly pipeline than that used by Leshkowitz and her 

co-workers (2006) with an assumption of obtaining better annotation due to deposition of 
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huge volumes of insect ESTs during the past two years (2006-2008) in the databases. Out 

of the 18,976 EST raw reads, our sequence trimming and assembly process yielded 

10,651 (56%) high quality ESTs in 659 clusters (multi-clone sequence assemblies) with 

3,869 singletons. The high quality ESTs resulted in 2,858 consensi. We removed 4,429 

sequences, the majority of which were mitochondrial in origin. The Leshkowitz assembly 

contained only 9,100 (48%) high quality EST sequences, with 3,843 singletons and 1,017 

multi-clone sequence assemblies. Though the number of singletons obtained in both the 

pipelines were nearly equal (3,869 vs 3,843), our pipeline obtained more number of high 

quality ESTs (58% vs. 48%) during assembly construction. The difference observed in 

high quality ESTs can be attributed to the sequence length required for passing Phred, 

cross_match and RepeatMasker algorithms (50 valid bp used in our study vs. 75 valid bp 

used by Leshkowitz et al., (2006).) Table 3 shows EST assembly details by library.  

(b) Library re-annotation 

To annotate the consensi, we performed nucleotide (BLASTN) and translated 

nucleotide (BLASTX) homology searches against eleven insect species (“selected-insect 

species,”) A. pisum, A. aegypti, A. gambiae, A. mellifera, B. mori, C. pipiens, C. 

quinquefasciatus, N. vitripennis, M. persicae, T. citricida, T. castaneum) and six 

Drosophila groups.  

Leshkowitz et al., (2006) performed BLASTN and BLASTX searches against 

NCBI non-redundant protein sequence database, Drosophila proteins (dmeltranslation), 
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Swiss-Prot and est_others released during March- May 2005. The study involved 

Anopheles, Apis, Bemisia, Drosophila and mouse. 

(c) Re-annotation using selected-insect species 

Taxonomically whiteflies and aphids are sister group (Sabater-Munoz et al., 

2006). Thus, we expected that aphid orthologous hits would be the top hit for our 

whitefly EST consensi; that is, the BLAST “hit” with the lowest e- value would be from 

an aphid. This observation holds true in our analysis. Figure 2 shows the different insect 

species which provided the top BLAST hit with the lowest e-value using selected-insect 

ESTs as the database source. Aphids (A. pisum, M. persicae and T. citricida) collectively 

had the most hits (35%) followed by C. quinquefasciatus (22%) and T. castaneum (17%). 

Other insect species used in the custom search had less representation for top BLAST hit.  

The BLASTN results obtained in this study were contrary to those observed by 

Leshkowitz and her co-workers (2006), who reported that 15% of the EST hits were from 

Anopheles and Apis, whereas, we observed only 1% hits against these species. The 

difference in percent hits can be attributed to increased depositions of ESTs in the 

database over the last three years (2006-2008) and we used more insect species in our 

study as compared to the first annotation carried by Leshkowitz and co-workers. 

A Unigene is a collection of transcripts from an organism, presumably from the 

same gene. In essence, it combines separate ESTs into one transcription unit and is more 

processed, and presumably of higher quality. Unigenes thus, reflect an organism’s 

transcriptome (Pontius et al., 2003). The contribution of different insect species to the top 
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BLAST hit against the unigene database is shown in Figure 3. A. pisum, had largest 

percentage of top hits (39%) followed by B. mori (23%) and T. castaneum (18%). Thus, 

the UniGene search also validates the phylogenetic position of whitefly Bemisia tabaci. 

The only other insect species with predominant hits is A. aegypti (12%). Notably, C. 

quinquefasciatus, M. persicae, N. vitripennis and T. citricida had only one hit (Table 4, 

Figure 2). 

We also conducted BLASTX (translated nucleotide against protein database) 

searches on the whitefly EST data. Contrary to the BLASTN results, the insect species 

which had the largest number of top BLAST hits was T. castaneum (25%) followed by A. 

pisum and B. mori  with 17% each (Figure 4). This particular data does not support the 

phylogenetic position of the whitefly with aphids which can be attributed to small sample 

size ( ~10000 high quality ESTs) and the number of protein annotations in Sternorhynca 

(Homoptera) were less as compared to Tribolium and other insect species at the time of 

analysis (October 2008). Therefore more ESTs are needed to understand the genes or 

proteins being expressed in the whitefly.  

One of the goals of the EST sequencing project was to identify genes which are 

differentially expressed between the libraries. These genes may play a key role in the 

vector response to virions. Genes expressed in all libraries would likely be housekeeping 

genes. Similarly, genes expressed in viruliferous but not in non-viruliferous whitefly 

might be due to a defense/stress response (due to infection) or might be a change required 

for general viral transmission. To identify the genes present in all the libraries versus 
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genes differentially expressed in the libraries, we identified the common and unique top 

blast hits between instar, adult non-viruliferous and adult viruliferous (TYLCV- and 

TOMOV- acquired adult) libraries. Most of the commonly expressed proteins 

corresponded to the house-keeping genes such as myosin, cytochrome C oxidase, 

elongation factor and ribosomal proteins (Supplementary tables 1 and 2). Interestingly, 

protein kinase C is involved in signal transduction and protein targeting (Nishizuka, 

1986); actin, plays a key role in signal transduction and also proposed to potentially 

regulate the entire transcriptional of the cell due to external signals (Hall, 2005, 

Percipalle and Visa, 2006); heat shock proteins, which are generally expressed during 

stress (Feder and Hofmann, 1999) were mainly expressed in viruliferous adults indicting 

their possible role in virus transmission (Supplementary tables 3 and 4). cyclophilin 

which has isomerase activity (Motohashi et al., 2003), was found in non-viruliferous 

adults. However, owing to our small sample size (2,858 usable consensi) we were able to 

annotate only 580 of them with the above methods. Hence the current analysis is unable 

to provide a comprehensive list of genes which are implicated in viral transmission.  

It is expected that as more sequence data are produced from whitefly EST 

libraries the annotation capacity will improve and that the number of genes that are found 

in more than one library will increase. Furthermore, in the annotation method used here 

only 20% of the whitefly EST consensi were identified as tangible genes based on data 

base hits. Thus 80% of the whitefly sequences are perhaps novel genes. Among the 

protein hits (BLASTX) obtained from each EST library, 50% of the hits were from non-

viruliferous adults while instar had the lowest number of hits (7%) and ToMoV acquired 
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adults had nearly twice as many protein hits when compared to TYLCV acquired adults 

(29% vs. 14%) (Table 5). This difference in number of protein hits can be attributed to 

the variations in library construction and consensi generation. Whitefly genomic 

sequencing, if initiated on a pilot scale, can provide a better understanding on the 

genomic content of these economically important pests and vectors on the crop plants.  

(d) Re-annotation using Drosophila groups 

Drosophila spp. is the best-studied and most highly annotated among insect 

genomes. To take advantage of this depth, we also annotated our EST libraries against 

EST depositions from Drosophila groups.  When whitefly EST libraries were compared 

(BLASTN) with all the six Drosophila groups, maximum number of hits were obtained 

in the Melanogaster group (26%) followed by Willistoni (20%), Obscura and Repleta 

groups (19%); however, none of the whitefly ESTs had any hits in the Hawaiian group 

(Figure 5). Since D. melanogaster (member of the Melanogaster group) is one of the 

most highly annotated species compared to all other Drosophila species (Misra et al., 

2002; Kaminker et al., 2002), the results observed in our study are not surprising. 

Currently, the only Drosophila group with constructed UniGenes is the Melanogaster 

group, so the only BLASTN hits against unigenes possible are in with the Melanogaster 

group. With respect to the Drosophila protein hits (BLASTX), no statistical difference 

was observed between the groups and ranged between 547 (Virilis group) to 527 

(Obscura group) top hits (Table 4, Figure 6). 
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(e) Assigning Gene Ontology (GO) terms 

The pipeline developed and used in this study employed a web interface approach 

available at Uniprot (http://www.pir.uniprot.org) for determining the gene ontology of the 

top BLASTX hits with lowest e-value. The GI number of the top hit was used to map the 

annotated gene to each whitefly EST consensus. Annotation with selected insect species 

yielded slightly different patterns of GO categories (biological process, molecular 

function and cellular component) than annotation via the Drosophila groups (summarized 

in Figures 7 and 8 and discussed below).   

(f) GO assignments against selected insect species 

The majority of the GI numbers to derive GO annotation represented unknown 

GO category (369 hits). The most abundant biological process was observed to be 

transport followed by translation. Only one hit were obtained for carbohydrate metabolic 

process, response to stress and signal transduction (Figure 7a). The most common 

molecular function identified in our study corresponded to oxidoreductase activity 

followed by ion binding, whereas helicase activity (ATP dependent RNA helicase), 

receptor activity (protein kinase C) and structural molecule activity (tubulin) had only 

one hit (Figure 7b). The most abundant cellular component was mitochondria (98 hits) 

followed by ribosome (62 hits) and with nucleus having only one hit (Figure 7c). The GO 

annotation frequencies observed were in accordance with the gene hits such as ribosomal 

proteins, myosin, elongation factors and cytochrome C oxidase present in all the libraries 

used in this study. Leshkowitz et al., (2006) in their study used a broad terminology for 
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GO categorization and found that nearly 50% of the proteins were involved in catalytic 

activity and binding. In this study we used an elaborative GO classification as that 

followed by Clark et al., (2007), Drosophila 12 Genomes Consortium. However, our 

results, if viewed broadly corroborate and extend the findings of Leshkowitz et al. 

(2006). 

(g) GO assignments against Drosophila groups 

The Drosophila genome is more highly annotated than the eleven insect species 

used for assigning gene ontology discussed above. Thus, 656 hits of GI’s which mapped 

to whitefly had GO terms assigned. Though “translation” and “transport” dominated the 

biological process, categories such as “immune response”, “oogenesis“, “alcohol 

metabolism“ and “vesicle mediated transport (synapse protein)“ were only observed by 

BLASTX homology searched against Drosophila groups (Figure 8a). With the exception 

of “signal transduction,” all of the eleven categories found in the annotation using 

selected insect species were also found in the Drosophila group annotation for biological 

process. The Drosophila group annotations had an additional eleven categories under 

biological process.  

Molecular function was dominated by ion binding (224 hits), and oxidoreductase 

activity (126 hits). There was more overlap between the assigned categories between 

selected-insect species and the Drosophila groups for molecular functions. Eighteen of 

the gene ontology categories were found in both the selected-insect and Drosophila group 

annotations. Only “chaperone”, “lipid binding” and “protein binding” (found in 
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Drosophila groups) and “helicase” (found in selected insect species) did not overlap 

(figures 8b and 7b).  

Gene ontology assignments to cellular component were mostly similar between 

the selected-insect species and Drosophila groups (figures 7c and 8c). However, the 

largest number of hits is assigned to “ribosome” followed by “mitochondrion” in 

Drosophila. This order is reversed in the annotation with selected-insect species. The 

order of “Cytoplasm” and “Intracellular” components is also reversed between the two 

analyses. This is likely due to our small sample size. A notable single hit to plasma 

membrane (synapse protein) was observed only in GO annotations against Drosophila 

groups. In general, the low number of hits to promising GO categories such as response 

to external stimuli or stress, vesicle mediated transport and receptor activity could be due 

to (a) low quality of EST data resulting in poor hits, (b) lack of sequence data in the 

NCBI databases, (c) novel genes unique to whitefly.  

D. Conclusions 

In summary, this study provides a comprehensive analysis of a suite of non-

normalized whitefly EST libraries using a different and more stringent approach, when 

compared to that of Leshkowitz et al. (2006). Apart from combined analysis of the EST 

libraries, we also compared the individual EST libraries against each other to identify 

differentially expressed genes in each library. Based on these analyses, we selected six 

genes that feasibly might be implicated in the begomovirus transmission pathway and 

validated their presence and expression at both the DNA and mRNA (cDNA) levels. 
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Interestingly, the whitefly vitillogenin gene, annotated and reported by Leshkowitz et al. 

(2006) could not be detected in this bioinformatics analysis. This might have been due to 

the use of a more stringent e-value (1e-30) and/or to the better annotation of the EST 

libraries, and genome and protein sequences now available in the NCBI databases. 

Interestingly, Cyclophilin, an ER protein that has been implicated in Cereal yellow dwarf 

virus-RPV (Yang et al., 2008) transmission was detected in this EST analysis, and was 

positive in that it was detected in assays that validated its presence both as a gene and a 

transcript in non-viruliferous B. tabaci, indicating its expression, at least at baseline 

levels sufficient to warrant its amplification.  
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Table 1: PCR primer sequences, annealing temperature and amplicon size for 
selected candidate genes. 

 
 
Gene name Direction Primers (5’-3’)  Annealing          Size   
         temp. (oC)          (bp) 
 
  
Actin      F GCTGCCTCCACCTCATTAGA 56-58  138 
    R CTCGTGGATACCGCAAGATT 
 
Cyclophilin  F GGCACTGGTGGCAAATCTAT 58-60  149 
  R AGGAGGTTTTCACGGTTGTG 
 
GrOEL (60KDa)   F AGATCAATAGCTCAAGTAGG 56-58  176 
    R AATATAMCCTCTATCAAATTGCA 
 
Guanine  F ACCAAGGCTGAACCTCCAC 58-60  105  
binding  R AACAACTTGCCAAACCCTAA  
nucleotide  
protein 
  
Glyceraldehyde F  GGAAAATTATGGCGTGATGG 60-64  129 
3-phosphate  R AACACGGAAAGCCATACCAG   
dehydrogenase 
 
Knottin  F CTTCGTCTTCGCCTTAGTGG 56-58  123 
    R TGTAAGCAGAACCCAGAGCA 
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Table 2: Whitefly non-normalized (B.tabaci B-biotype) libraries and source of 
construction 
 

Library 
Abbreviation 

Starting Material Virus 

EGG mRNA isolated from 
the eggs of non-
viruliferous 
whiteflies  
 

none 

INSTAR immature instars 
(crawler to pupae) of 
non-viruliferous 
whitefly 
 

none 

TYLCV whiteflies reared in 
Florida, USA on 
infected tomato 
plants 
 

Tomato yellow leaf 
curl virus 

ToMoV whiteflies reared on 
infected tomato 
plants  
 

Tomato mottle virus 

NONV 
(non-viruliferous) 

whiteflies reared in 
Israel on cotton 
plants  
 

none 
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Table 3.  EST summary of results-stackPACKv2.2: separate analysis of each 
library. 
 
Whitefly library No. of multi Total no.  No. of  Total no. 
   sequence sequences in   singletons of input             
   clusters Multi-sequence                                  sequences 
     clusters 
 
 
Eggs   6  442   178  620 
 
Immature instars 34  3173   373  3546 
 
Non-viruliferous 283  2896   1159  4055 
adults 
 
TYLCV-viruliferous 109  1269   932  2201 
adults1 
 
ToMoV-viruliferous 227  2871   1254  4125 
adults2 
 
1TYLCV = Tomato yellow leaf curl virus (monopartite genome, Old World virus, viral 
transcripts in whitefly vector)  
2ToMoV = Tomato mottle virus (bipartite genome, New World virus, no viral transcripts 
detected in vector)  
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Table 4.  Number of whitefly EST BLAST hits against selected insect ESTs, 
UniGenes and proteins with a cut-off e-value 1e-30 
 
Insect species   ESTs   UniGenes  Proteins  
  
 
A. aegypti  22   38   21  

  
A. gambiae   3   11   46 
 
A. mellifera   2   6   54 
 
A. pisum   65   118   99 
 
B. mori   26   69   98 
 
C. pipiens   0   5   1 
 
C. quinquefasciatus  67   1   28 
 
M. persicae   35   1   15 
 
N. vitripennis   29   1   64 
 
T. castaneum   53   54   147 
 
T. citricida   8   1   7 
 
Drosophila group 
 
Hawaiian    0   0   543 
 
Melanogaster    184   149   533 
 
Obscura   136   0   527 
 
Repleta   131    0   534 
 
Virilis    113   0   547 
  
Willistoni   140    0   539 
 

Note:  Drosophila groups were selected according to the Clark et al.,(2007, Drosophila 12 
Genomes Consortium) 
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Table 5. Per cent protein hits of whitefly EST libraries obtained against selected-
insects (11)  
 
 
 
Library Number of Protein hits Per cent protein hits 

 
Instar 41 7 

 
Nonviruliferous 292 50 

 
ToMoV viruliferous adults 166 29 

 
TYLCV viruliferous adults 81 14 
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Fig 1: Whitefly EST pipeline developed at The University of Arizona (the pictures 
on either side of arrows are courtesy from SANBI/Electric genetics) 
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 Fig 2:   Whitefly BLASTN hits against selected-insect (11) ESTs.  

 

 

 

 

 

 

 

 

 

 

 

   Fig 3: Whitefly BLASTN hits against selected-insect (11) UniGenes 
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Fig 4:  Whitefly BLASTX hits against selected-insect (11) proteins 

 

 

 

 

 

 

 

 

 

 

Fig 5: Whitefly BLASTN hits against Drosophila ESTs  
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Fig 6:  Whitefly BLASTX hits against Drosophila proteins 
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