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ABSTRACT 

The biological and molecular properties of Sinaloa tomato leaf curl virus 

(STLCV) were investigated to test the hypothesis that STLCV is a previously 

uncharacterized whitefly-transmitted geminivirus from North America. STLCV 

causes leaf curling and yellowing in tomato plants. STLCV was transmissible to 

N. benthamiana by sap inoculation, and to Solanaceous and Malvaceae 

species by the whitefly vector. STLCV has transmission characteristics like 

other persistent viruses, and was not transovarially passaged. PCR fragments 

containing the large intergenic region (IR) of the STLCV A and B components 

and coat protein gene {AR1) were cloned from STLCV-infected tomato, and 

their DNA sequences obtained. Regions 174 nt in length containing diagnostic 

sequences present in the IR of geminivimses, and a putative ORF AR1 of 756 nt 

were identified. A and B component IR sequences were 97.9% identical, 

suggesting a homogeneous, bipartite viral quasi-species. Painwise alignment 

(Wilbur-Lipman) of STLCV AR1 and those of subgroups I, II, and III 

geminiviruses indicated 22-81% similarity, whereas STLCV AR1 was 36-61% 

similar to subgroup III viruses, collectively, suggesting STLCV is a unique viral 

quasi-species (>90% = same virus). Multiple sequence alignment (Clustal) and 

parsimony analysis (PAUP) of IR or AR1 sequences supported placement of 

STLCV with Westem Hemisphere subgroup III viruses. Both A and B types of 

the whitefly vector transmitted tomato yellow leaf curl (TYLCV-Th) and chino del 

tomate (CdTV) geminiviruses, and transmission frequencies increased with 

greater AAPs. TYLCV-Th was transmitted by both vectors at a higher frequency 

than was CdTV. The B type, indigenous to the Eastem Hemisphere, transmitted 

the Old Worid TYLCV-Th (87%) more effectively than the New World A type 

vector (63%). The Western Hemisphere CdTV, was transmitted more often by 

the A type whitefly (50%), also from the New World, than by B type (27%). PCR 
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detection of geminiviruses in single whiteflies indicated virus ingestion occurred 

after a 0.5 h AAP. Detection frequencies increased in both whiteflies given 

longer AAPs (0.5-72 h), irrespective of virus tested. PGR primers were 

designed that effectively discriminate between Old and New World 

geminiviruses, and between monopartite and bipartite genomic organizations. 
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INTRODUCTION 

The Geminiviridae is a group of recently discovered plant viruses which 

are transmitted by one of several genera of leafhopper or whitefly vectors 

(Brown 1990; Brown 1996; Brown and Bird 1992; Brown and Bird 1994; 

Goodman 1981; Matthews 1991). Geminiviruses infect weeds, vegetable, fiber, 

and tuber crops in tropical and subtropical areas, and cause yield reduction in 

many cultivated crops, ranging between 20 to 100%, depending on the plant 

cultivar and environmental and cultural conditions (Brown and Bird 1992). 

Geminiviruses cause characteristic chlorotic striations in monocotyledonous 

species, and leaf curl and/or golden mosaic symptoms in dicotyledonous plant 

hosts. Symptom type and severity are influenced by differences between plant 

species or cultivar, the growth stage of the plant at time of inoculation, 

environmental parameters, and differences between virus strains (Goodman 

1981). 

Geminiviruses were first recognized as a distinct group of plant viruses 

by the Intemational Committee on the Taxonomy of Vimses (ICTV) in 1978. 

Members of the group have a paired, or geminate (twined) capsid of 20x30 nm 

in diameter, and a single-stranded DNA (ssDNA) genome. The geminate 

capsid fomis a single twinned particle containing one ssDNA molecule of 

approximately 2.6 kilobases (kb) in size (2580-2650 nucleotides), having a 

molecular mass of 7x10^ to 9x10^ Daltons (Matthews 1979). 

Classification of geminiviruses 

There are three recognized subgroups, or genera, in the Geminiviridae 

(Brown 1996; Hull etal. 1991). Subgroup I comprises of viruses with 

monopartite genomes that infect monocotyledonous plants and are transmitted 
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by leafhopper vectors. Maize streak virus (MSV) is the type member of this 

leafhopper-transmitted, monopartite genome subgroup (Bock etal. 1974; 

Lazarowitz 1988). Other members of subgroup I are chloris striate mosaic virus, 

maize streak virus, paspalum striate mosaic virus, and wheat dwarf virus. 

The second subgroup II contains leafhopper transmitted, monopartite 

geminiviruses which infect dicotyledonous plants. To date there are three 

members reported in this subgroup, beet curly top virus, horse radish curly top 

vims, and pseudo curly top virus (Briddon et ai 1996). Beet curly top virus 

(BCTV), found in North America and in Turi<ey, (Briddon etal. 1989; Stanley et 

al. 1986) is the type member. Another possible candidate for this subgroup is 

tobacco yellow dwarf virus (TYDV), a leafhopper-transmitted geminivirus that 

causes tobacco yellow dwarf and bean summer death diseases in dicots in 

Australia (Morris etal. 1992), but its genomic sequence is more closely related 

to subgroup I (Padidam etal. 1995). 

Subgroup III contains bipartite and monopartite, whitefly-transmitted 

(WFT) geminiviruses which infect dicotyledonous plants, woridwide, and African 

cassava mosaic virus (ACMV) is the type member (Brown 1996; Fargette etal. 

1987; Fauquet and Fargette 1990; Padidam etal 1995). Other members of 

subgroup III include abutilon mosaic virus, bean golden mosaic virus, chino del 

tomate virus, and tomato golden mosaic virus. Some propose a fourth 

subgroup (IV) of whitefly-transmitted geminiviruses to contain unique subgroup 

III infect dicotyledonous plants, but have a monopartite genome (Lazarowitz 

1992). The proposed type member of this subgroup is tomato yellow leaf curi 

virus (TYLCV) first described in the Middle East (Cohen and Nitzany 1966; 

Czosnek etal. 1988; Makkouk and Laterrot 1983). This virus was the first 

subgroup III virus shown to have a monopartite genome organization (Navot et 

al. 1991). Although TYLCV-like strains from Cyprus, Sardinia (Kheyr-Pour etal. 

1992) and the Middle East (Egypt, Israel, Jordan) cause similar symptoms in 

tomato, recent studies have shown that strains vary in genetic (nucleotide 
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sequence) and biological properties (host range and symptomatology in certain 

plant hosts) (Antignus etal. 1996). The movement of plant materials in 

international trade has facilitated the introduction of at least one geminivims into 

new geographical locations, worldwide. Recently, an Eastem Hemisphere 

strain of TYLCV has been found in The Dominican Republic (Nakhia etal. 1994; 

Polston etal. 1994) and Jamaica (McGlashan etal. 1994), and their genomic 

sequences are 97% identical TYLCV-IS. 

Classification of Gemlnivlridae based on biological properties can be 

supported by phylogenetic inference. Predicted phylogenetic trees, based 

upon available nucleotide sequences of geminiviral genomes have been 

shown to corroborate the placement of viruses into either subgroup I, II , and III 

(Padidam etal 1995; Rybicki 1994). 

Viral genome organization 

Geminiviruses in subgroups I, II and III have a single component viral 

genome of 2.6-2.9 kb contained within a single capsid (monopartite). Only 

members of subgroup III have two DNA components (bipartite), of each 

approximately 2.6 kb. These genomic components are referred to as either 

DNA A and DNA B, or as DNA 1 and DNA 2. In all vimses, a single DNA 

component is encapsidated in a single, geminate protein capsid, and both DNA 

components (A and B) are required for infection (Bisaro 1996; Brown 1996; 

Davies and Stanley 1989; Lazarowitz 1987). 

Leafhopper-transmitted, monopartite geminivimses have one single-

stranded genomic DNA of approximately 2.7 kb. Members of this subgroup 

have seven (putative) open reading frames (ORF) (encoding proteins of greater 

than 10 kD) and two noncoding, intergenic regions (IR) known as the large (312 

bases) and small (155 bases) IR, respectively (Lazarowitz 1988; Mullineaux et 

al. 1984). Two distinct c/s-acting sites are needed for viral replication and these 
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sites have been identified in wheat dwarf vims (WDV) (Kammann etal. 1991), 

MSV, and SLCV (Lazarowitz 1992). 

The nomenclature of viral ORFs is based upon a location on either the 

DNA A or DNA B component, and upon the direction of transcription (Lazarowitz 

1992). Open reading frames transcribed from the sense viral strand are 

synthesized in a rightward (R) direction, while those transcribed from the 

antisense viral strand are synthesized in a leftward (L) direction on the circular 

genome segment (Bisaro 1996; Sunter etai 1990). An alternative 

nomenclature system utilizes V to refer to viral sense strand, while the 

complementary strand is abbreviated as C (Bisaro 1996; Rochester etal 1994). 

At least six putative open reading frames have been identified in WFT 

geminivirus bipartite genomes. These six structural genes are arranged in a 

similar pattern in the viral genome In all subgroup III vimses (Lazarowitz 1991; 

Saunders ef al. 1991; Sunter ef al 1990). Of the conserved ORFs studied thus 

far, AL1 is required for replication of the viral genome (Elmer etal. 1988), and 

involved in initiation of a nick, or break, within the loop of the viral strand hairpin 

(Laufs etal. 1995), a structure found in all Geminiviridae members. The viral 

AL2 protein, or TrAp, is required to activate transcription of AR1 (coat protein) 

and BR1 (movement) (Bisaro 1996; Sunter etal 1990). Therefore, TrAp is 

essential for the transcription of the proteins required for encapsidation and 

movement of ssDNA following virus replication. The AL3 protein is involved in 

the accumulation of viral DNA, and its believed to enhance viral DNA replication 

through an interaction with the AL1 protein (Pontes etal. 1994). AL3, or ReN, 

replication enhancement protein is not required for infectivity, however, AL3 

mutants exhibit delayed and attenuated symptom phenotypes (Elmer et al 

1988). AR1 is essential for the nucleocapsid formation, and is involved in 

systemic movement, and symptoms development (Ingham etal. 1995; Pascal et 

al. 1994). The BR1 protein, is associated with symptom development, and has 

been shown to binds viral ssDNA and is thought to be involved in transporting 
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viral DNA from the nucleus to the cytoplasm after DNA replication. The BL1 

protein is involved in movement of viral DNA to plasma membrane and possibly 

though the plasmodesmata to accomplish cell to cell movement (Ingham et al 

1995; Lazarowitz 1991; Pascal eta! 1994). The results from another study 

suggested that BL1 plays a role in increasing the size exclusion limit of host 

plasmodesmata, enabling dsDNA and BL1 protein to move from cell-to-cell 

(Brown 1996; Noueiry etaL 1994). However, AR2 (or V2), an ORF found only in 

Old World geminivruses, is involved in systemic movement of these 

geminiviruses (Navot ef a/ 1991; Rochester ef a/ 1994). A small ORF (AL4) has 

been reported in both bipartite and monopartite geminiviruses, but to date, it 

has no clear function (Dry etat. 1993; Rochester eta! 1994). 

The replication and movement protein gene sequences of subgroup II 

share some degree of similarity with those of the bipartite WFT geminiviruses 

(subgroup 111) as compare to subgroup I, while the coat protein gene of 

subgroup II viruses, share similarity with subgroup I viruses (Lazarowitz 1991; 

Stanley etal 1986; Stenger efa/. 1992). 

The A and B components of bipartite WFT geminiviruses have a highly 

conserved, noncoding region of about 200 nucleotides in length, referred to as 

the common region (CR) (in bipartite organization) or large, intergenic region 

(IR) (for monopartite or bipartite organization). The IR contains an inverted 

repeat sequence that is capable of forming a stem loop structure, and the origin 

of viral replication (ori). The ori sequence is involved the in the binding of the 

viral replication initiator protein (Rep) AL1 during virus replication. Geminivirus 

DNA is replicated by a rolling circle mechanism (Bisaro 1996; Fontes etal 

1994; Slomka etal. 1988; Stenger etal. 1991) by way of a covalently closed, 

double-stranded (ds) DNA replicative intermediate (Rl). The Rl or replicative 

form (RF) contains both sense (+) and antisense (-) strands. It also contains 

regulatory sequences essential for transcription (Bisaro 1996). 
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The CR sequence of DNA A and DNA B components of the same the 

same virus share a high degree of identity, thus, the nucleotide sequence of the 

CR is useful in establishing virus identity along with biological characteristics. 

This high degree (>95%) of sequence similarity between two components is 

used to hypothesized that cloned viral DNA components are of the same virus. 

This possibility can be tested by demonstrating whether an A component is 

capable of transactivating the replication of a putative cognate B component. 

Replicated ssONA sense strand is encapsidated in a protein coat 

constituting infectious virions. Both the viral sense and complementary strands 

are utilized in bidirectional transcription, and viral gene products are translated 

from these transcripts. The arrangement of the ORFs on the complementary 

strands of monopartite genomes of subgroup II and III viruses is similar to that of 

ORFs on the complementary strand of the DNA-A component of bipartite 

subgroup III viruses. In contrast, the ORFs on the viral strand of subgroup II and 

monopartite subgroup III viruses are arranged like those of monopartite, 

leafhopper-transmitted, monocot-infecting viruses in subgroup I (Lazarowitz 

1991). 

Virus detection and Identification 

A combination of one or several of the following approaches are used for 

the detection and/or identification of geminiviruses: (1) biological tests 

constituting infectivity assays, host range studies, demonstration of transmission 

by the whitefly vector, (2) visualization of characteristic cytological effects and 

inclusion bodies at light and/or EM levels, (3) serological detection with 

polyclonal or monoclonal antibodies, (4) DNA-DNA or DNA-RNA (riboprobe) 

hybridization using virus clones as DNA probes, or as the template for synthesis 

of an RNA probe, respectively, and (5) polymerase chain reaction (PGR) to 
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amplify target virus sequences, and (6) DNA sequencing, or DNA-DNA-

hybridization to confirm viral DNA identity of PGR products. 

Using light microscopy, large nuclear inclusion bodies induced by 

geminiviruses can be detected in infected plant tissues (Tsao 1963), and 

electron microscopy allows for more detailed visualization of viral inclusions. 

Both approaches have been used be used reliably to visualize virus particles 

and/or inclusion bodies in infected plants (Hamilton etal. 1981; Hoefert 1983; 

Hoefert 1987; Kim etal. 1986; Kim and Lee 1992; Lastra and Gil 1981). 

Serological have been used to detect of subgroup III geminiviruses, but 

do not permit virus identification. This is because the coat protein of WFT 

geminiviruses is highly conserved, contains an abundance of similar epitopes, 

and very few unique sites to which antibodies can be raised. A polyclonal 

antisera produced against one WFT geminivirus can theoretically cross-reacts 

with the coat protein of all other WFT geminivimses (Swanson et al. 1992) 

(Roberts etal. 1984). 

A panel of monoclonal antibodies (Mabs) was produced against the two 

Old World geminiviruses, African cassava mosaic virus (ACMV) and Indian 

cassava mosaic vims (ICMV), and evaluate for cross-reactivity to a panel of Old 

and New World geminiviruses. Several Mabs in the panel cross-reacted with 

few several geminiviruses, while most cross-reacted with many viruses. And, 

as was reported from studies with polyclonal antisera. Old and New World 

geminiviruses share several epitopes in common with one another resulting in 

many Mabs that detect viruses a range of geographic sites throughout the world 

(Brown etal. 1992; Swanson and Harrison 1993). 

Molecular hybridization assays (DNA-DNA) are commonly used for 

detection of geminiviruses (Hull 1986). Hybridization profiles of geminiviruses 

using a library of DNA A or DNA B component probes have been used to 

postulate relationships between and among the WFT geminiviruses (Brown et 

al. 1991; Brown and Poulos 1990; Swanson etal 1992). 
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In DNA hybridization, a double-stranded DNA (duplex) is formed 

between denatured DNA of the suspect virus and a cloned, single-stranded 

virus DNA probe. Total nucleic acids extracted from plants are immobilized on 

nylon or nitrocellulose membranes prior to hybridization with geminivims DNA 

probes. Dot-blot and Southem hybridization assays have been used 

successfully to detect the presence of viral DNA in plant sap and in DNA 

purified from infected plants (Brown and Poulos 1989; Brown and Poulos 1990; 

Gilbertson etal. 1991; Hull 1986; Lazarowitz 1991; Navot etal. 1989). Squash-

blot hybridization has been used to detect maize streak virus (MSV) in male and 

female leafhoppers (Boulton and Markham 1986), and WFT geminivimses in 

whiteflies (Polston etal. 1990) squashed onto membranes. 

PGR amplification of viral DNA and DNA sequencing permits the first 

direct identification of WFT geminiviruses by comparison with well-

characterized viruses . PGR amplification of geminivirus DNA relies on the 

annealing of short primers complementary to target viral DNA sequences 

flanking the region of interest. DNA polymerase 'extends' double-stranded 

structure and copies the viral DNA to make the complementary strand bound to 

template DNA. Repeated cycles of denaturation, primer annealing, and 

amplification yield a logarithmic increase in the target DNA as newly 

synthesized viral fragments are used as template In subsequent cycles (Saiki et 

al. 1988). Primers are designed based on the information about the location of 

the conserved sequences in the viral genome (Deng etal. 1994; Gilbertson etal 

1991; Wyattand Brown 1996). 

Virus transmission 

Geminiviruses are transmitted by Homopteran (Hemiptera) insects within 

the Cicadellidae (leafhoppers and planthoppers) and Aleyrodidae (whiteflies) 

insect families (Duffus 1987; Goodman 1981). Homopterans feed by way of a 
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stylet in the plant vascular system (Janssen etal. 1989; Walker 1985). 

Geminiviruses are acquired by the vector from infected plants and are 

transmitted to another host plant following dispersal and feeding by the 

inoculative vector. 

Whiteflies transmit geminiviruses in a persistent manner. A 2-24 h 

acquisition access period (MP) followed by a 2-3 day inoculation access 

period (lAP) are needed for successful transmission to occur. A latent period of 

4-12 h (Brown 1990; Brown and Bird 1992) occurs betv\/een AAP and 

inoculation, during which time the virus circulates within the insect vector, but is 

not yet transmissible. Transovarial transmission has not been demonstrated 

(Matthews 1991) for geminiviruses^ nor is there any evidence that there vinjses 

replicate in the vector (Cohen etal. 1989). 

Geminivimses do not pass from the infected host plant into true seed 

(Brown and Nelson 1988; Costa and Bennett 1950). Some WFT geminiviruses 

are (relatively) easy to transmit experimentally by sap inoculation, including 

BGMV, SqLCV, TGMV, ToMoV. Several are sap-transmissible with difficulty 

(AMCV) (Bock and Woods 1983), PMTV (J.K.Brown, pers.comm), and STLCV 

(Idris etal. 1993), while others have shown to be sap-transmissible at all (CdTV, 

CLCV, PHV, TYLCV) (Brown 1990; Brown and Nelson 1988; Brunt 1986; 

Torres-Pacheco etal. 1993). 

Cytopathological effects of geminiviruses on host plants 

Light and electron microscopy have been used to study the 

cytopathology of geminivirus-infected plants, and for detection of suspect 

geminiviruses (Christie etal. 1986; Hatta and Francki 1979; Kim etal 1986; 

Lastra and Gil 1981; Rushing etal. 1987; Tsao 1963). Plants infected by 

geminiviruses have characteristic cytological modifications, including fibrillar 

rings of deoxyribonucleoprotein and associated inclusions found in cell nuclei, 
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hypertrophy of the nucleolus, and separation of granular and fibrillar 

components of the nucleoli (de Souza and Kim 1990; Kim eta! 1986; Kim and 

Flores 1979; Lastra and Gil 1981). Vims-like inclusion bodies were first 

observed in the nuclei of phloem parenchyma cells of cotton plants affected by 

the cotton leaf crumple disease (Tsao 1963), and cotton leaf crumple 

geminivirus (CLCV) was later shown to be the causal agent (Brown and Nelson 

1987). In CLCV infected cotton, inclusion bodies were not obsen/ed in the 

nucleolus or the cytoplasm of phloem parenchyma cells, and cells containing 

inclusion bodies were hypertrophic (Tsao 1963). A similar method was used to 

identify geminivirus-associated nuclear inclusion bodies in plants infected by 

bean golden mosaic, lima bean golden mosaic, malvaceous chlorosis, 

Euphorbia mosaic, and Rhynchosia mosaic viruses (Christie eta! 1986). 

Cytological studies of several geminiviruses have been carried out at the 

electron microscope level have revealing differences in the cellular location of 

WFT geminiviruses. Among those studied to date, geminivirus virions are 

observed primarily in the sieve elements and/or phloem parenchyma cells of 

infected plants. This pattem has been confimned for numerous geminiviruses 

including virions include Euphorbia mosaic virus {Datura stramonium L.) (Kim 

and Fulton 1984), tomato golden mosaic (TGMV) (Salanum lycoperiscon L.) 

(Rushing eta! 1987), and tomato yellow mosaic (TYMV) {Nicotiana 

benthamiana) (Lastra and Gil 1981). Abutilon mosaic virus (AbMV) virions were 

observed in host plant sieve elements, phloem parenchyma, and in mesophyll 

cells in Abutilon sellovianum and Malva parviflora L. (Abouzid etal. 1988; Jeske 

and Schuchalter-Eicke 1984; Jeske and Werz 1980), and TGMV infects 

mesophyll cells in N. benthamiana (Rushing etal 1987). The sap-

transmissible squash leaf curl virus (SqLCV) infects sieve elements and phloem 

parenchyma, but not mesophyll cells of Cucurbita spp (Hoefert 1983). Two 

readily sap-transmissible geminiviruses, AbMV and TGMV, are the only 

subgroup III geminiviruses reported thus far to infect the mesophyll cells of their 
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natural hosts (de Souza and Kim 1990; Rushing etal 1987). The successful 

mechanical transmission of certain WFT geminiviruses may be attributed to the 

presence of the virions in mesophyll cells, in addition to phloem parenchyma 

(de Souza and Kim 1990; Jeske and Schuchalter-Eicke 1984). Whether there 

is a direct correlation between cellular location of virions and cytopathology in 

the plant host, and tendency toward mechanical transmission is not known 

(Brown 1996; de Souza and Kim 1990). 

The specific location of the virions in infected plants may affect the ability 

of the whitefly vector to acquire particles during feeding on the host plant. 

Whiteflies are primarily phloem feeders (Janssen etal 1989) thus, virions in 

phloem cells should be most easily targeted. In virus transmission experiments, 

the whitefly vector, B. fadac/transmits geminivimses with differing efficacy 

(Bedford etal. 1993; Cohen etal 1989; Idris etal 1993)). The efficacy with 

which the whitefly vector can acquire and transmit geminiviruses have not been 

thoroughly investigated. Because adult whiteflies feed in the phloem (Brown 

and Bird 1992), one hypothesis is that virion localization in infected host plant 

tissues may play a role in the ability and/or efficiency of the whitefly vector to 

acquire and subsequently transmit WFT geminiviruses. 

Virus-vector relationships 

The mechanism by which whiteflies transmit geminiviruses is not known. 

Although a viral encoded gene product which facilitates or mediates virus-

vector interactions has been proposed, there is little evidence for or against this 

phenomenon. B. tabaci is the only insect vector of WFT geminiviruses, 

woridwide (Bedford etal 1993). The coat protein is highly conserved among 

WFT geminiviruses and for this reason, is thought to play an essential role in 

virus-vector specificity and transmission (Brown 1996; Brown etal. 1994; 

McGrath and Harrison 1995; Roberts etal 1984). However, additional studies 
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are needed to clearly define the role of the virus coat protein in whitefly-

nnediated transmission. 

Although the route that geminiviruses take, once acquired by the whitefly 

vector, B. tabaci has not been investigated, the mechanism of transmission may 

be similar to that described for the aphid-transmitted luteoviruses, which are 

non sap-transmissible, phloem-limited plant viruses (Brown 1996; Rosell and 

Brown 1994). In the model proposed for barley yellow dwarf virus (BYDV) and 

virus-aphid vector specificity, virions pass by way of the aphid mouth parts into 

the alimentary canal, the hemocoel, to the salivary glands and finally back to the 

host plant by way of the aphid stylet (Gildow 1987; Gildow and Rochow 1980). 

During this process, virus particles are believed to move passively with food 

through the foregut, the midgut, and into the hindgut. Once in the hindgut, 

virions passes across a thin (epithelial-lined) membrane and into the hemocoel 

by way of vesicles containing virus particles (Gildow and Gray 1993). Gildow 

(1987) suggested that when vesicles containing virions fuse to the basal 

plasmalemma, virions are released into the hemocoel. In the hemocoel, the 

virus is probably carried in the hemolymph to the thorax/head region where 

salivary glands are located. Virions pass from the hemocoel across the 

accessory salivary gland membrane by classical endocytosis. Virus particles 

are then secreted with insect saliva into the plant host where infection of plant 

cells occurs (Brown 1996; Gildow 1985; Gildow 1987; Gildow 1993). 

Objectives 

1. To characterize STLCV with respect to transmission properties, host range, 

and the molecular sequences of key genomic regions. 
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2. To determine if relative vector capacity may be estimated reliably using 

diagnostic PGR to document geminivirus ingestion. 

3. To determine if there is a correlation between geminivirus detection by 

PGR and by single whitefly transmission. 

4. To determine duration of the persistence and the transmission 

characteristics of Eastem and Westem Hemisphere geminiviruses of tomato 

by New and Old World vector whiteflies; Bemisia. tabaci (Genn.), and a 

nonvector whitefly Trialeurodes vaporariorum (West.), respectively. 

5. To develop PGR primers that permit differentiation of Eastem and Western 

viruses, and between monopartite and bipartite subgroup ill geminiviruses. 

Explanation of dissertation format 

The 'Results' and 'Materials and Methods' Sections are summarized in 

the following chapter entitled "Dissertation Projects and Manuscripts 

Submitted". An inclusive description of the research methodologies and 

findings are presented in three manuscripts in Appendices A, B, and G. The 

findings included in three manuscripts are based upon experiments carried out 

by the author at the University of Arizona, main campus. The first manuscript 

(Appendix A) described the biological and molecular properties of Sinaloa 

tomato leaf curi geminivirus (STLOV); these results are related to Objective 1. 

Data obtained in these experiments unequivocally demonstrate that STLGV is a 

new member of Geniviridae subgroup III from the Westem Hemisphere. 
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The second manuscript (Appendix B) is describes experiments 

pertaining to Objectives 2, 3 and 4. A positive correlation was found between 

molecular detection frequencies of geminiviruses in a single whitefly vector and 

the ability of single whiteflies to transmit geminiviruses. Also documented in this 

study was that geminiviruses persisted in their vector for at least 10 days, as 

compared to a maximum of 4 to 5 days in a nonvector whitefly. 

The third manuscript (Appendix C) describes PGR primers and ability to 

distinguish between Old and New World geminiviruses, and monopartite and 

bipartite genomic organizations. These experiments are related to objective 5. 

These PGR primers are the first to be developed for use in diagnostic analysis 

of uncharacterized geminiviruses. 



22 

PRESENT STUDY 

The Methods, Results, and Conclusion Sections of these studies are presented 

in the three manuscripts appended to this dissertation. The following is a 

summary of the most important findings. 

Biological and molecular characterization of Sinaloa tomato leaf 

curl virus (STLCV). 

Sinaloa tomato leaf curl virus (STLCV) is a whitefly-transmitted 

geminivirus from the west coast of Mexico that Infects tomato and pepper. In 

this study, the biological and molecular properties of the STLCV were 

investigated. Test plants used in these experiments were grown from seed in 

an insect-free greenhouse and used at 3-4-leaf stage for transmission studies. 

Nonviruliferous A type whitefly (S. tabaci) vector colonies were established in a 

greenhouse on cotton {Gossypium hirsutum L. 'Delta Pine 70') in nylon cages. 

After a 24 h AAP on STLCV-infected tomato, 15-20 adult whiteflies were 

transferred to 25 different test species for a 48 h lAP. Five plant species belong 

to two families were found to be susceptible to STLCV infection. 

To determine the minimum length of the AAP required to demonstrate 

transmission of STLCV, 15 nonviruliferous whiteflies were allowed to feed on 

virus-infected tomato for either 0.5,1, 2, 4,10, 12 or 18 h, followed by a 24 h lAP 

on tomato test plants. In these experiments, adult whiteflies transmitted STLCV 

after a 10 h AAP. To define minimum and maximum lAPs, 15 nonviruliferous 

whiteflies were given a 24 h AAP on virus-infected tomato seedlings (8-10 d 

post-inoculation), followed by an lAP of 0.5, 1, 2, 4, 10, 12 or 18 h on tomato test 

plant. The minimum lAP required in these experiments was 1 h with 24 h AAP. 
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The duration of persistence of STLCV in the whitefly vector was determined by 

giving nonvimliferous whiteflies a 48 h AAP on virus-infected tomato plants, 

after which single whiteflies were transferred at a 24 h intervals serially to 

tomato test plants. Whiteflies transmitted STLCV for nine days. The results of 

this experiment demonstrated that STLCV is a persistent whitefly-transmitted 

virus. 

The potential for transovarial passage of STLCV was investigated by 

caging viruliferous adult whiteflies on cotton seedling (a species immune to 

STLCV), for a week, after which adult whiteflies were killed by fumigation. 

Newly emerged progeny adults whiteflies were placed on tomato test seedlings 

for a 48 h. The results of this experiment indicated that STLCV was not 

transmissible to whitefly offspring. 

The potential for mechanical transmission of STLCV was investigated. 

Inoculum for mechanical inoculation of candidate species was prepared by 

grinding leaves of virus-infected tomato in 0.2 M potassium phosphate buffer, 

pH 7.6 containing % celite using motor and pestle. STLCV was transmitted 

from N. benthamiana seedlings, but with difficulty. 

STLCV infected several species within the Solanaceae and Malvaceae. 

To compare the molecular properties of STLCV with well-characterized whitefly-

transmitted geminiviruses, the intergenic region (IR) of the A and B viral 

genomic components and the coat protein gene (AR1) were cloned, and their 

DNA sequences were determined. The high sequence similarity (97%) 

between the IR of the two viral components indicated that these components 

likely originated from the same virus, and provides tentative proof that STLCV is 

a bipartite geminivirus. A phytogeny inferred based upon alignment and 

parsimony analysis of coat protein {AR1) sequences of available AR1 

sequences for other geminiviruses provided evidence that STLCV is member of 

Geminiviridae subgroup III, and that it is most closely related to other subgroup 

III viruses from the Westem Hemisphere. Collectively, the biological and 
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molecular properties of STLCV indicate that STLCV is a new, previously 

uncharacterized subgroup III geminivirus from North America. 

Correlation between molecular detection of geminiviruses in the 

whitefly vector and transmission of geminiviruses using single 

whiteflies 

In these experiments whitefly vector transmission was examined for two 

subgroup III geminivimses: CdTV from Mexico, and TYLCV-Th from Thailand, 

and two whitefly biological types, the A type indigenous to the Western 

Hemisphere, and the B type vector, indigenous to the Eastern Hemisphere. 

Transmission by single whiteflies was evaluated by bioassay to vims host 

plants, and ingestion of geminiviruses from infected source plants was 

monitored in single whiteflies by polymerase chain reaction, using geminivirus-

specific primers that permit amplification of a diagnostic 550 bp fragment of the 

coat protein gene (Wyatt and Brown, 1996). 

DNA isolation from single whiteflies for PGR detection of ingested 

geminivirus DNA is rapid and extremely simple. Single adult whiteflies are 

homogenized in droplet of lysis buffer pipetted onto parafilm sheets, using the 

end of a 0.4 ml plastic centrifuge tube. The homogenate is incubated at 65 C for 

15, at 95 C for 10 min, and centrifuged briefly to pellet insect remnants. The 

supernatant was used for PGR. 

To correlate the frequency of PGR detection of virus ingested by single 

whitefly vectors with vector transmission efficiency, the A and B types of B. 

tabaci were allowed acquisition access periods (AAPs) on virus-infected 

tomato for either 0.5, 1, 2, 24, 48 or 72 h. Whiteflies from each treatment were 

split into two equal groups. One group was stored at -20 G and used for PGR, 

while the second was used immediately in bioassay transmission experiments. 



25 

In the transmission assays, single whiteflies were given 72 h lAP on healthy 

tomato seedlings. Whiteflies were killed by fumigation and seedlings were 

placed in growth chamber and monitored for symptom development over a two 

week period of time. 

The results of transmission experiments demonstrated that the A and B 

vector types were capable of transmitting both TYLCV-Th and CdTV to and from 

tomato. And, in all virus-vector combinations, single vector transmission 

frequencies increased with longer AAP's. In general, TYLCV-Th was 

transmitted at a higher frequency by both biotypes than was CdTV. However, 

the B biotype, indigenous to the Eastern Hemisphere, was more effective at 

transmitting the Old World TYLCV-Th (87%), than was the New World A biotype 

(63%). Likewise, CdTV, a geminivirus indigenous to the Westem Hemisphere, 

was transmitted more often by the A biotype (50%), also from the New World, as 

compared to 27% transmission by the Old World B biotype vector. 

Results of PCR-based detection of CdTV and TYLCV-Th in these two 

whitefly vectors indicated virus was ingested by single whiteflies given an AAP 

as short as 0.5 h and as great as 72 h, and at all AAPs in between. And, in all 

virus-vector combinations, frequencies of virus detection by PCR increased as 

whiteflies were allowed longer AAPs ultimately reaching 100% ingestion by 

whiteflies given a 72 h AAP. These results indicated a positive correlation 

between PCR detection frequencies and the ability of single whiteflies to 

transmit CdTV and TYLCV-Th. In general, PCR detection of virus ingestion was 

more rapid and permitted earlier detection of virus ingestion by whiteflies than 

did the transmission bioassay, irrespective of whitefly type or virus. 

PCR results are informative only about ingestion and therefore, of relative 

potential to transmit the virus. In contrast, transmission bioassays are based 

upon detection of a successful transmission event and demonstrate ingestion 

as well as vectoring ability. One of our goals was to detemriine if relative vector 

capacities can be estimated by PCR to document virus ingestion and hence, the 



26 

number of potential carriers, in lieu of a more time-consuming bioassay that 

permit an estimate of the frequency of experimental transmission. In this study, 

geminiviruses were consistently detected by PGR in whiteflies eariier and at 

higher frequencies than by transmission bioassay, irrespective of the virus or 

the vector biotype. Thus, results of PGR detection of vims ingestion may be 

more than adequate to provide an indication of the relative number of whiteflies 

that may harbor virus within a given field population, over time. Given its speed 

and accuracy, this approach has great predictive potential for estimating the 

potential frequency of whitefly-mediated virus transmission. 

To investigate the persistence of geminiviruses in vector and nonvector 

whiteflies, adults of B biotype and greenhouse whitefly were given 48 h AAP on 

virus-infected tomato, after which they were transferred to cotton (a nonhost for 

STLCV). A group of five adult whiteflies were removed daily, for 10 consecutive 

days and analyzed for the virus ingestion PGR. Experimental results indicate 

that STLGV persisted for at least ten days after an initial AAP of 48 h , and that 

the virus will likely persist for the life of the vector, as is consistent with other 

persistently transmitted viruses. In contrast STLCV was not detectable by PGR 

in the nonvector for longer than 4 to 5 days. This result confimns an eariier 

report that T. vaporariorum, a nonvector whitefly, ingests but does not transmit 

geminivirus from infected plants, thus, that ingestion alone, is not an exclusive 

contributing factor to whitefly-mediated geminivirus transmission. In addition, 

this is the first report that a geminivirus persists for at least several days in a 

whitefly that does not serve as a vims vector, and adds credence to a 

hypothesis that whitefly vector-geminivirus specificity relies upon compatible 

interaction(s) between the whitefly vector and the vimses it transmits, and is not 

due solely to the ingestion of virions by whiteflies from an infected plant. 
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PGR primers that discriminate subgroup III geminiviruses by origin 

from Eastern or Western Hemispheres, and by monopartite or 

bipartite genomic organization. 

Total DNA of plants infected with subgroup III geminiviaises used in this 

study were collected from different geographic locations and host plants in the 

Eastem and Westem Hemispheres. The universal subgroup III primers (AV494 

and AC1048) described by Wyatt and Brown (1996) were used to detect 

geminivinjs DNA in nucleic acid extract from plants. Plant extracts were used 

as the sources of viral DNA templates for evaluating various diagnostic PGR 

primers. In this study, four PGR primer pairs were designed and examined for 

their ability to detect and then differentiate between subgroup III geminiviruses 

having different genomic organizations and an origin from an Old versus New 

Worid locale. 

New Worid bipartite geminivimses house their movement genes on a 

DNA component that is encapsidated in a nucleoprotein, separate from its 

cognate A component. In contrast, the Old Worid geminiviruses accomplish 

movement using a protein expressed by V2 (monopartite) or by AR2 (bipartite). 

Bipartite virus movement genes, and an IR sequence similar to that of the 

cognate viral A component IR, are arranged on the B component, making 

consen/ed sequences on a B component ideal targets for PGR priming of only 

viruses having this unique genomic organization. To detect bipartite 

geminivirus genomes, two degenerate PGR primers, BV2103 and BG153, were 

designed to universally target viral B components, yielding a 650-700 bp PGR 

product. The estimated molecular sizes of viral B component fragments were 
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found to vary according to tine variable lengths of the intergenic regions for a 

particular virus (per published DNA sequences). 

A second primer pair, V1707 and C4, was evaluated for the ability to 

exclusively amplify the rightward half of a monopartite type genome, with 

priming and amplification beginning in the Intergenic region and proceeding 

rightward, encompassing the CI and C2 ORFs of monopartite subgroup III 

genomes. For the virus isolates examined here, these primers did not anneal to 

the A or B components of viruses having bipartite genomes, and were thus, 

specific to monopartite genomes yielding, a PGR product of about 1.7 kb. 

To differentiate between the Eastem Hemisphere and Western 

Hemisphere subgroup III geminivimses primers AV168 and AC495, were used 

to amplify a region of the genome leftward to the start codon of the AR1 ORF, a 

region that is longer in Eastem viruses than in those from the Western 

Hemisphere. This region has been temned the pre-coat region and is 

postulated to encode a protein involved in movement, whereas, many extant 

New Worid geminiviruses appear to lack this ORF, or to contain only a short 

remnant of this gene. Indeed, the region beginning at nucleotide 1 (the A of the 

A-T nick site of ori) and proceeding rightward, neariy to the start codon of the 

AR1 gene, is longer in viruses from the Eastem Hemisphere (monopartite or 

bipartite). This feature may be suggestive of an important step in the 

divergence of extant Old and New Worid viruses, as movement gene were 

delegated to a second component, separate fro other viral genes. As such 

primers that spa this differential region yielded a 500-bp fragment from 

subgroup III viruses from the Eastem Hemisphere, and a 370 bp fragment from 

Western Hemisphere viruses examined here. This suite of primer pairs are the 

first, that when used collectively to examine uncharacterized geminiviruses, 

yield important diagnostic infonnation about the genomic organization and 

recent geographic origin of the virus, and in our hands, have permitted the 



detection of mixtures of geminiviruses in the same plant (J. K. Brown, 

unpublished data). 
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ABSTRACT 

The biological and molecular properties of Sinaloa tomato leaf curl virus 

(STLCV) were investigated in line with the hypothesis that STLCV is a 

previously uncharacterized, whitefly-transmitted geminivirus of tomato from 

North America. STLCV causes leaf curling and yellowing infected tomato 

plants, and five species, belonging to two plant families, were identified as virus 

hosts. STLCV is mechanically transmissible, with difficulty, from tomato to N. 

benthamiana seedlings. Two distinct whitefly vector types within the Bemisia 

tabaci species complex were able to transmit STLCV in single whitefly 

transmission assays. STLCV has transmission characteristics and a latent 

period like other persistent viruses, and was not transovarially passaged to 

progeny. PCR fragments containing the large intergenic region (IR) of the 

STLCV A and B components and the coat protein gene {AR1) were cloned from 

STLCV-infected tomato and their DNA sequences were obtained. IR A and B 

sequences 174 nt in length, containing sequences diagnostic of the IR of 

subgroup III geminiviruses, and an AR1 ORF of 757 nt were identified. A and B 

IR sequences were 97.9% identical, suggesting that PCR fragments containing 

A and B IR sequences are from cognate components of the same viral quasi-

species. Pairwise alignment (Wilbur-Lipman) of STLCV AR1 and those of 

representative subgroups I, II, and III geminiviruses revealed a range of 21-81% 

nt sequence similarity and 12-90% similarity in deduced amino acid sequences. 

The STLCV IR A nt sequence shared 23-61% similarity to representative 

Geminiviridae IR sequences. Sequence alignment (Clustal) of IR sequences 

and parsimony analysis (PAUP) AR1 sequences (32 taxa) supported the 

placement of STLCV with other bipartite, whitefly-transmitted geminiviruses 

from the Western Hemisphere. These data, collectively, support the hypothesis 

that STLCV is a new, bipartite, subgroup III geminiviral quasi-species of 

Western Hemisphere origin. 
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INTRODUCTION 

Whitefly-transmltted (WFT) geminiviruses have long been recognized as 

serious pathogens of vegetable crops and cotton in the subtropical Americas 

(Bird and Maramorosch 1978; Costa 1965; Costa 1976; Lastra and Gil 1981). 

With the upsurge of whitefly vector populations in northern Mexico, the 

Caribbean Basin, and the southwestern US, beginning in the mid-1970's, WFT 

geminiviruses became increasingly problematic in vegetable cropping systems 

in the tropical Americas (Brown 1990; Brown 1994; Brown and Bird 1992; 

Torres-Pacheco etal. 1996). During the mid-1980's and to the present, whitefly 

vector population densities increased to unprecedented levels throughout 

tropical/subtropical and mild temperate zones, leading to the recognition of WFT 

geminiviruses as emerging pathogens of particular importance in tomato and 

other vegetable and fiber crops, worldwide (Brown 1994; Brown 1996). 

WFT geminiviruses are placed in subgroup III of the Geminiviridae and 

infect only dicotyledonous plants (Matthews 1991). Subgroup III viruses are 

characterized by either a monopartite or bipartite genome arrangement, and 

encapsidation of one circular, single stranded DNA of 2.6-2.8 kb, per paired, or 

'geminate' virus particle (Bisaro 1996; Lazarowitz 1992). Bipartite viruses 

require one A and one B genomic component for infection, and the A 

component encodes a replication protein (Rep) {AL1), proteins involved in 

enhancement of replication (ReN) {AL3) and transcriptional activation (TrAp) 

{AL2), and the structural capsid protein (CP) (AR1). A fifth ORF {AR2) has been 

identified in the genomes of Eastem Hemisphere viruses (Bisaro 1996; 

Rochester et al. 1994), but whether this gene or gene remnant encodes a 

protein essential for certain subgroup III viruses has not yet been detennined. 

The B component of bipartite genomes contains two movement protein genes. 
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BR1 and BL1, that are essential for wild type infection of plant hosts (Lazarowitz 

1992). All genes involved in replication, transcription, and the movement 

functions of monopartite viruses are encoded by the same or somewhat 

analogous ORFs contained on a single genomic component of about 2.8 kb. 

In bipartite geminivirus genomes, there is little sequence similarity 

between the DNA A and DNA B components except for a sequence of 

approximately 200 nucleotides (nt) in length, the large, intergenic region (IR), 

that is shared between cognate components of the same virus. Because both 

cis and trans acting functions are located in the IR, bipartite viruses require 

highly homologous IR sequences on their A and B components to carry out 

replication and gene expression functions at wild type levels. Monopartite 

geminiviruses also contain an analogous large IR or noncoding region. In all 

geminiviruses, the IR contains sequences necessary for virus replication and for 

regulation of viral gene expression (Arguello-Astorga et al. 1994; Bisaro 1996; 

Pontes etal. 1994; Laufs etal. 1995; Stenger efa/. 1991). As such, in 

conjunction with relevant biological assays, the IR is desirable as a region by 

which to predict matches between potentially cognate A and B viral components 

in question, and for ascertaining whether a new isolate may be a distinct quasi-

species or a strain of an existing virus (Brown 1996; Lazarowitz 1992; Padidam 

etal. 1995). 

The CP gene (AR1) is the most highly conserved gene among the 

Geminiviridae (Harrison and Robinson 1988; Padidam etal 1995; Wyatt and 

Brown 1996), and has been used as a molecular marker, or gene sequence, 

with which to infer geminivirus phylogenies. Similar phylogenies have also 

been inferred from full-length genomic component sequences and IR 

sequences of representative viruses in the family (Padidam etal 1995; Rybicki 

1994). Using several different methods of analyses to reconstruct phylogenies 
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of CP sequences, the respective geminviruses are consistently placed into one 

of three subgroups, an arrangement that corroborates the proposed classical 

taxonomic organization of the Geminiviridae based upon biological criteria 

(Matthews 1991). Geminiviruses are assigned to one of three subgroups based 

upon their ability to infect either monocotyledonous or dicotyledonous host 

plants and by their specific Homopteran vector groups. Subgroups I viruses 

have monocot hosts and Cicadellidae vectors, subgroup II viruses infect dicot 

hosts and have Cidadellidae vectors, while subgroup III viruses infect dicots 

and are transmitted by a single species of whitefly within the Aleyrodidae. 

Phylogenetic analysis of CP indicate an additional subclustering effect within 

subgroup III viruses that has as its basis a geographic origin from either the 

Eastem or Western Hemisphere (Padidam etal 1995; Rybicki 1994). 

The exotic B type whitefly vector, also referred to as B. argentifolii, or the 

silverleaf whitefly (Bellows etal. 1994), is a member of the Bemisia tabaci 

(Gennadius) species complex (Brown etal. 1995) and has recently become 

established as an important geminivirus vector in many world locations (Brown 

etal. 1995; Brown etal 1995; Costa and Brown 1991; Costa etal. 1993). The B 

type vector is particularly adapted to the arid, irrigated vegetable growing areas 

like those of northem Mexico and the US sunbelt region, and appears to have 

displaced the indigenous A type vector found previously in the US (J.K. Brown, 

submitted). The host range of the B type vector is considerably more extensive 

than of the A type of B. tabaci, and this whitefly colonizes plants in many 

different plant families (Brown etal 1995), including Manihot esculenta Crantz 

and Solanaceous hosts, characteristics often associated with B. tabaci 

populations from Africa and the Indian subcontinent (Bedford et al. 1994; 

Burban et al. 1992; Costa et al 1993). In contrast, several A type populations 

are indigenous to New Worid sites (Brown etal 1995), do not preferentially 

colonize tomato, pepper, or most other cultivated Solanaceous hosts (Bedford 
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etal 1994; personal observation), and only rarely, colonize Euphorbiaceous 

species (Bird and Maramorosch 1978). 

The establishment of the B type vector, believed to have been introduced 

into the US, Mexico, and the Caribbean Basin (Brown etal 1995; Costa and 

Brown 1991; Costa etal 1993) from an origin in the Eastem Hemisphere 

(Brown etal 1995; Frohlich etal. 1996) can now be pointed to as an important 

link In the development of new geminivlrus epidemics in Solanaceous crops in 

the subtropical Americas and In certain mild climate regions of the US (Brown et 

al 1995). Beginning in the mld-1970's and continuing until the introduction of 

the B type vector in about 1986, many new geminivlrus diseases of tomato and 

pepper were described from northern Mexico and US sunbelt states. Among 

those were chino del tomato vims (CdTV) (Brown and Nelson 1988), pepper 

mild tigre (PMTV) (Brown etal. 1989), serrano golden virus (SGMV) (Brown and 

Poulos 1990), and Sinaloa tomato leaf curl (STLCV) (Brown etal. 1993), and 

Texas pepper virus-Mosaic isolate (TPV-Mo) (Stenger etal. 1990), but most are 

Incompletely characterized. Partial or full-length infectious viral genomes have 

been cloned and the DNA sequences obtained for several of these viruses and 

for several additional viruses discovered after the introduction of the B type 

vector. These include CdTV-B component (Brown 1996; Brown and Nelson 

1988; Torres-Pacheco etal 1996), pepper hausteco virus (PHV) (Garzon-

Tlznado etal. 1993), Texas pepper virus (TPV-D) (Stenger etal 1990), tomato 

mottle virus (ToMoV) (Abouzid etal. 1992), and tomato leaf crumple virus 

(TLCrV) (Paplomatas etal. 1994). A recent comparison of CdTV-B and TLCrV-

B large Intergenic region (IR) sequences indicated these isolates were probably 

strains of the same virus, thus, the TLCrV designation concedes to CdTV and 

hereafter, is considered the valid nomenclature for this quasi-species (Torres-

Pacheco etal 1996). 
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During 1989, plants in tomato fields in Sinaloa, Mexico exhibited 

widespread foliar curling, chlorosis, shortened intemodes, and purpling or 

reddening of the lower surface of leaves (Brown eta! 1993). Fields were 

infested with B. tabaci, and symptoms were reminiscent of geminivirus etiology. 

The causal agent was shown to be a WFT geminivirus based upon whitefly 

transmission and differential hybridization profiles determined using a panel of 

DNA probes for subgroup III geminivimses. This isolate was tentatively 

designated Sinaloa tomato leaf curi virus (STLCV) (Brown etal 1993; Idris et 

al. 1993) in light of preliminary biological and molecular evidence that 

suggested STLCV was indigenous to the Western Hemisphere, and that the 

virus was distinct from other tomato and pepper infecting geminiviruses from the 

region (Brown etal 1993). This report describes the results of a detailed study 

of the biological properties of STLCV, and the molecular characteristics of the 

large IR (A and B) and AR1 of this prospective new geminivirus of tomato. From 

these studies, we provide compelling evidence that STLCV is a new member of 

the subgroup III Geminiviridae from the Westem Hemisphere. 
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MATERIALS AND METHODS 

Virus source and maintenance of virus cultures. Tomato leaves 

exhibiting severe leaf curl and chlorosis were collected from a whitefly-infested 

field in Sinaloa, Mexico during the fall of 1989. The virus was transmitted from 

tomato to 'Pole Boy" tomato using the A type whitefly vector and was maintained 

thereafter, in tomato by serial whitefly transfer (approximately every three to four 

months) in insect-free greenhouses or growth chambers. Plants were initially 

assessed for presence of other well-characterized tomato-infecting plant viruses 

by serological analysis (data not shown), and no other viruses were detected. 

Whitefly vector colonies. Virus-free colonies of the Arizona A type whitefly 

and the exotic B type whitefly (Costa and Brown, 1991), both members of the B. 

tabaci species complex (Brown etal 1995), were established in separate plant 

growth rooms or chambers. The A type whitefly colony was reared on cotton 

{Gossypium hirsutum L. 'Delta Pine 70') and the B type was reared on 'Big Max' 

pumpkin {Cucurbita maxima L.). Whiteflies were transferred from plant to plant 

using a hand-held aspirator. Plastic cups or clip cages, ventilated with a cotton 

or nylon organdy mesh, were used to confine whiteflies to virus source plants or 

to test plants for whitefly transmission studies. 

Host range. Plants used in the host range study were representative, 

cultivated crop species or weed species common to Sonoran Desert 

agroecosystems (Table 1). Seeds were sown, three per 8-cm-diam plastic pots 

and later thinned to one seedling per pot. At least four seedlings of each test 

species were inoculated with vims using 15-20 virullferous adult whiteflies per 

transmission experiment. Transmission parameters of 24 h AAP and 48 h lAP 

were used routinely to transmit vims throughout the study, unless othenwise 
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stated, and all transmission experiments were conducted in environmentally 

controlled growth chambers (27 C, 12 h day/night cycle). Experimental controls 

consisted of plants exposed to virus-free colony whiteflies and plants that were 

maintained free of whiteflies at all times. Whitefly transmission experiments 

were terminated by fumigating plants with nicotine sulfate to kill whiteflies, and 

inoculated plants were maintained in insect-free greenhouse or growth 

chamber, and observed for symptom development. Each experiment was 

replicated three times. At 3-4 wk post-inoculation, plants were bioassayed for 

STLCV Infection by whitefly transmission from inoculated plants to tomato 

seedlings (3-4 leaf stage). Back-inoculation to 'Pole Boy' tomato seedlings (3-

4-leaf stage) was carried out using 15-20 nonviruliferous whiteflies per plant 

and a 24 h AAP on source plants, followed by a 48 h lAP on tomato plants. 

Tomato indicator plants were fumigated as described and plants were 

maintained in a whitefly-free growth chamber or greenhouse and monitored for 

symptom development. The appearance of typical STLCV symptoms In tomato 

within 8-12 days post-inoculation was considered indicative of positive STLCV 

infection. 

Virus-vector relationships. Tomato cv Tole Boy' was used as the virus 

source and indicator plants throughout this study. To detennine minimum and 

maximum acquisition-access parameters for STLCV and the A type vector, 

three trials with six plants per replicate were conducted. In each trial, 15 virus-

free A type whiteflies were given either an acquisition access period (AAP) of 30 

min, and 1,2, 10, and 18 h on virus-infected source plants, followed by a 24 h 

inoculation access periods (lAP) on individual tomato indicator seedlings. The 

optimum lAP was determined by allowing 15 virus-free A type whiteflies a 24 h 

AAP on the virus source plant, followed by an lAP of 30 min, or 1, 2, 10, and 18 

h on tomato seedlings. The latent period of the virus in the vector was 

estimated from the range of minimum and maximum AAPs and lAPs for which 
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positive transmission could be shown. The duration of STLCV persistence in 

adult whiteflies was determined for whiteflies given a 48 h MP on a virus 

source plants, followed by transfer of 10 whiteflies to a virus-free tomato 

seedling at 24 h intervals for 14 consecutive days. 

Transovarial passage. Transovarial passage of STLCV to vector progeny 

was evaluated by allowing ten pairs of viruliferous A type whiteflies to oviposit 

for 1 wk on 'Delta Pine 70' cotton, a species found to be immune to STLCV. 

After fumigation with nicotine sulfate to kill adult whiteflies, cotton plants were 

placed in nylon mesh cages and eggs were pemiitted to hatch and to develop 

to adulthood. Adults that eclosed from pupal cases approximately 21-30 d later 

were collected immediately upon completion of the teneral period, and 

whiteflies were transferred to tomato seedlings (15-20/plant) for a 3 d lAP. 

Whiteflies were killed by fumigation and tomato plants were obsen/ed for 

development of characteristic STLCV symptoms. A total of twenty seven plants 

were exposed to the adult progeny of viruliferous females in three experiments. 

Mechanical transmission: Inoculum for mechanical transmission studies 

was prepared from symptomatic young tomato leaves ground in a mortar and 

pestle with (1:2 w:v) 0.2 M potassium phosphate buffer (pH 7.6) containing 

diatomaceous earth as an abrasive. In this experiment, twelve tomato, twelve 

Datura stramonium, and six Nicotiana benthamiana seedlings were inoculated 

in each of three experiments. 

Total nucleic acid extraction. Nucleic acids were extracted from 

symptomatic tomato leaves (12 d post-inoculation) using the method of (Doyle 

and Doyle 1987) with slight modifications. Leaves were ground to powder 

while frozen in liquid nitrogen and immediately suspended into 

cetyltrimethylammonium bromide (CTAB) buffer. Homogenates was extracted 
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with an equal amount of chlorofomriiisoamyl alcohol (24:1), and centrifugated at 

9000 X g for 10 min at 4C. The supematant was collected overnight in 2/3 vol 

isopropyl alcohol. Nucleic acids were pelleted by centrifugation at 9000 X g for 

10 min at 4C washed with 1 ml wash buffer containing 76% ethanol and 0.2 M 

sodium acetate, and pelleted again by centrifugation at 4C. Pellets were air- or 

vacuum-dried and resuspended in 10 mM Tris and 1 mM EDTA (TE) buffer, pH 

8.0 (1:1 wt/vol orig tissue). 

Polymerase chain reaction (PCR), cloning, and sequencing of PCR 

products. The large intergenic region (IR) of the DNA-A and DNA-B genomic 

components and the CP gene {AR1) of STLCV were amplified using 

polymerase chain reaction (PCR) (Saiki etal. 1988) and three pairs of 

degenerate primers to target specific regions of subgroup III viruses (J. K. Brown 

and S. D. Wyatt, unpublished data). Degenerate PCR primers were designed 

around consen/ed regions identified by multiple sequence alignment of the 

published sequences of representative subgroup III geminiviruses. PCR 

primers for amplification of the large IR and flanking sequences of STLCV DNA 

A were AVI 303 [5' CGTCCA (A/G)ACTT(G/T)GAA(A/G)TT(G/C)AG 3' ] and 

AC515 [ 5' CT(GyT)GGCTT(C/T)CT(A/G) TACA(A/T)GGGC 3* ]. BV2103 [ 5' 

AC(AG)CAA A/G)TG(G/A)TC(T/G)AT(C/T)TTCAT 3''] and BC800 [ 5" 

ACGACTGCAGTT(A/C/G)AC(A/C)GTCCC I I iGAAACG 3 ] were used to amplify 

the IR and flanking sequences of the virus B component. AC1303 [5 

CT(G/C)AA(C/T)TTC (A/C)AAGT(C/T)TGG ACG 3'] and AVI 68 [5' 

ATTACCGGATGGC CGC 3'] were used in amplification of the AR1 ORF and its 

flanking sequences. All PCR primers were synthesized at the Biotechnology 

Facility at the University of AZ, Tucson. 

All PCR reactions were performed in a Peri<in Elmer DNA Themnal Cycler 

(Norwalk, CT). The 25 M-I reaction mixtures contained 0.5 |il total DNA extracted 
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from STLCV infected tomato plants, 2.5 or 3.0 mM MgClg. IX reaction buffer (10 

mM Tris-HCI and 50 mM KCI), 150 |iM dNTPs, and 20 pmol of each primer. Taq 

DNA polymerase was used according to manufacturer's specifications (Perkin 

Elmer, Nonwalk, CT). Reaction mixtures were covered with 40 ^il mineral oil to 

prevent evaporation. DNA amplification was carried out for 30 cycles of 

denaturation at 95C for 1 min, primer annealing was at 58C for 1 min, primer 

extension was at 72C for 1 min with a final cycle at 72C for 5 min. After which 

the temperature was reduced to and held at 4C until samples were removed 

and electrophoresed. PCR experiments included a negative control containing 

total nucleic acids extracted from virus-free, healthy tomato leaves, an internal 

control the containing complete PCR reaction mixture with double distilled, 

autoclaved water, and a positive control to which nucleic acids (1.0 mg/ml) from 

STLCV infected tomato plants were used at template. PCR products were 

electrophoresed in 1% agarose minigels in TAE buffer (40 mM Tris-acetate and 

2 mM EDTA), pH 8.0. Gels were stained with ethidium bromide and PCR 

products were viewed by UV transillumination. 

Cloning and sequencing of PCR products. PCR products of the 

expected sizes were cloned into the plasmid vector (pCR® 2.1) in the TA 

Cloning Kit (Invitrogen, San Diego, CA) per manufacturer's instructions. 

Fragments containing putative DNA A and DNA B IR sequences were identified 

in several clones by miniprep screening and were confimied positive for inserts 

of the expected size by PCR with the respective primers used in the initial 

amplification. The DNA sequences of the cloned inserts were obtained by 

automated sequencing carried out by the Molecular Genetics Facility, University 

of Georgia (Athens, GA) with an automated Applied Biosystems' 373A (version 

2.1.1) DNA Sequencer. Two clones of each viral insert were sequenced in both 

directions using the respective PCR primers. 
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Computer analysis of the viral DNA. STLCV partial sequences were 

assembled from multiple DNA sequences in forward and reverse directions with 

the aid of EditSeq in DNASTAR software package (DNASTAR, Madison, Wl), 

and DNA Strider 1.2 alias. The amino acids of STLCV AR1, in frame, were 

predicted from the nucleotide sequence and the predicted open reading frame 

were identified using DNA Strider 1.2. (C. Mark, Cmmissiart al'Energie 

Altomique, France). 

IR and AR1 sequences of representative viruses in the Geminiviridae 

were obtained from the GenBank Sequence Database, formatted for 

DNASTAR, and used for comparison by painwise (Wilbur-Lipman) or by multiple 

sequence alignment (Clustal, MegAlign Version 1.02, DNASTAR). The 

percentage similarity between sequences was calculated by MegAlign software 

using the equation: 100 x sum of matching residues -5- (length - gap residues 

(seq 1) - gap residues (seq 2)) (DNASTAR Inc., Madison, Wl). 

The following geminiviruses were used in comparative sequence 

analyses (GenBank accession numbers are shown parenthetically): Abutilon 

mosaic virus (AbMV) [XI5983] (Frischmuth etal. 1990), African cassava mosaic 

virus Kenyan isolate (ACMV-Ke) [J02057] (Stanley and Gay 1983), Nigerian 

isolate (ACMV-Ni) [X17095] (Morris etal. 1990), Ageratum yellow vein virus 

(AYW) (Wong etal. 1993), bean dwarf mosaic virus (BDMV) [M88179] (Hidayat 

etal. 1993), bean golden mosaic virus Brazilian isolate (BGMV-Bz) [M88686] 

(Gilbertson et al. 1993), Dominican Republic isolate (BGMV-DR) [L01635] (Faria 

etal. 1994), Jamaican Isolate (BGMV-Ja) Guatemalan isolate (BGMV-Ga) 

[M91604] (Faria etal 1994), Puerto Rican isolate (BGMV-PR) [Ml0070] 

(Howarth etal. 1985), beet curly top virus (BCTV) [M24597] (Stanley etal. 

1986), Digitaria streak virus (DSV) [M23022] (Donson etal. 1987), Indian 

cassava mosaic virus (ICMV) [Z24758] (Hong etal. 1993), maize streak virus 
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Kenyan isolate (MSV-Ke) [X01089] (Howell 1984), mung bean yellow mosaic 

vims (MYMV) [D14703] (Morinaga etal. 1993), pepper huasteco virus [X70418], 

(Torres-Pacheco etal. 1993) potato yellow mosaic virus (PYMV) [D00940] 

(Coutts etal. 1991), squash leaf curl vims (SqLCV-E) [M38182] (Lazarowitz 

1991), squash leaf curl virus Chinese isolate (SqLCV-Ch) , Texas pepper virus 

(TPV) (Stenger etal. 1990) (tomato golden mosaic vims (TGMV) [K02029] 

(Hamilton etal. 1984), tomato mottle vims (ToMoV) [LI4460] (Abouzid etal 

1992), tomato leaf curl vims Australian isolate (ToLCV-Au) [S53251] (Dry etal. 

1993), India 1 (ToLCV-lnl) [U15015] (Padidam etal. 1995) India2 (ToLCV-ln2) 

[U15016] (Padidam etal 1995), India 3 (ToLCV-ln3) [U38239] 

(Chatchawankanphanich etal. 1993), tomato pseudo-curly top vims (TPCTV) 

[X84735] (Briddon et al. 1996), tomato yellow leaf curl virus Israeli isolate 

(TYLCV-ls) [XI5656] (Navot etal. 1991), TYLCV Sardinian isolate (TYLCV-Sar) 

[X61153] (Kheyr-Pour etal. 1991), TYLCV Thai isolate (TYLCV-Th) [M59838] 

(Rochester et al 1994), and tobacco yellow dwarf vims (TYDV) [M81103] 

(Morris etal. 1992). 

Aligned AR1 sequences were analyzed by maximum parsimony 

procedures using the computer program Phylogenetic Analysis Using 

Parsimony (PAUP) version 3.1.1 (D. L. Swofford; distributed by Illinois Natural 

History Survey, Champalgnn, IL). Phylogenetic trees were obtained using the 

heuristic search method with the stepwise addition and the tree-bisection-

reconnection (TBR) branch-swapping options (Swofford 1991). One hundred 

replicates of bootstrap sampling (Felsenstein 1985) was performed in three 

separate experiments. Bootstrap values were used to place confidence 

estimates at nodes and values indicate the number of times branches occurred 

at the node in 100 bootstrap samples. The most parsimonious trees was used 

to reconstmct an AR1 phylogeny for the subset of geminiviruses evaluated in 



here, and to predict the relatedness of STLCV AR1 to well-studied 

geminiviruses. 
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RESULTS 

Host range and symptom phenotypes. Twenty one plant species in five 

families were included in the experimental host range. Test plant species were 

considered to be a host of STLCV when the characteristic symptoms developed 

in tomato plants following back-inoculation assays. Of the plant species tested 

in this study, seven species within the Malvaceae and Solanaceae families 

were susceptible to STLCV infection (Table 1). STLCV hosts identified here 

were Phaseolus vugaris {L.)Datura stramonium (L.), D. mete! (L)., cheeseweed 

Malva parviflora (L.), pepper Capsicum annuum (L.), tomato (S. lycopersicon 

(L.). No species within the CucuriDitaceae or the Leguminosae, both widely 

distributed families in the Sonoran Desert, were found to serve as hosts of 

STLCV. 

Characteristic symptoms of STLCV developed on the youngest leaves of 

tomato plants and were severe downward curling, yellowing, distortion, veinal 

chlorosis, and moderate stunting of plants (Fig. 1). Older leaves developed mild 

mottling and curiing, and the undersides of leaves exhibited reddening or 

purpling, reminiscent of that associated with anthocyanin accumulation due to 

phosphorous deficiency. Affected pepper leaves exhibited a splotchy green 

and yellow mottle that persisted on older and newly developing leaves (Fig 2). 

Pepper was moderately stunted and the degree of stunting varied with different 

cultivars tested (data not shown). Datura mete! plants showed mild foliar 

distortion, while D, stramonium exhibited leaf mottling. Symptoms in 

cheeseweed were severe leaf mottling of leaves, foliar distortion, and overall 

stunting of plants. Symptom development typically occurred in all hosts within 

10-14 days after whitefly inoculation with STLCV. Geminivirus infection in 

species scored positive was also verified using degenerate PCR primers to 
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amplify of a 554-bp diagnostic viral fragment of the coat protein gene (Wyatt and 

Brown 1996). In all cases, results of the PGR assay confinned transmission 

assay results (data not shown). 

Virus-vector relations. Groups of 15 whiteflies failed to transmit STLGV 

allowed AAPs of 0.5, 1 or 2 h. Positive transmission was achieved when 

whiteflies were permitted an AAP of 4 h or greater, to 18 h, although 

transmission frequencies were consistently lower with shorter AAPs. Whiteflies 

given a 24 h AAP on virus infected plants did not transmit STLGV when after a 

0.5 h lAP, but virus was transmitted with lAPs of 1, 2, 4 and 10, or greater were 

used. STLGV persisted in single adult whiteflies for up to nine days, as 

determined by positive vims transmission by whiteflies to tomato seedlings 

(Table 2). However, STLGV transmission between tomato was intermittent, in 

that periodically single whiteflies did not transmit virus to all paints despite 

somewhat an apparently adequate lAP. When viruliferous whiteflies were 

reared on cotton plants, a nonhost of STLGV, the first generation of progeny 

whiteflies were negative for virus transmission to tomato seedlings, indicating 

that STLGV was not t passaged ransovarially to whitefly type A offspring. 

Mechanical inoculation. Attempts to mechanically transmit STLGV from 

tomato to D. mete!, tomato, pepper, and N. tabacum 'Samsun' were 

unsuccessful in three experiments. However, using inoculum from vims-

infected tomato plants, infection was achieved in one of six N. benthamiana 

plants by mechanical inoculation. Infected N. benthamiana plants exhibited 

foliar mottling and overall stunting. Positive infection was confinned using 

Southem hybridization (data not shown). 

STLCV molecular sequences. PGR products of the approximate expected 

sizes were obtained using subgroup Ill-specific PGR primers, AV1303/AG495 
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(1778 bp), AV168/AC1303 (1134 bp) and BV2103/BC800 (1302 bp). Bi

directional sequences were obtained from cloned PGR products and all 

sequences were used to construct a consensus sequence for STLCV A and B 

component fragments. The IR sequences obtained from three different clones 

of A or B were in high agreement with one another. Using Align program 

(Wilbur-Lipman method) of DNASTAR 174 nt IRs on STLCV A and B 

components were compared (Fig 3), revealing a DNA sequence similarity of 

97.7% between the two, indicating that these sequences are likely of the same 

bipartite geminlvirus. 

The IR sequences shared in common by the STLCV A and B 

components contained the diagnostic nonanucleotide sequence, TAATATTAC, 

a region postulated to form a stable hairpin structure with the GC-rich stem 

(Lazarowitz 1987), comprising a portion of the viral origin of replication (Bisaro 

1996; Pontes et al 1994). The nucleotides, T-A (of the rightward temninal T-AC) 

that occurred within the conserved nonanucleotide sequence constitute the nick 

site in the viral origin of replication (Laufs etal 1995). And, as described for 

other subgroup III geminlvimses, (Paria etal 1994; Pontes etal 1994; Rybicki 

1994) the STLCV IRs contains transcriptional promoter (TATAT/AA) sequences 

and two TATA boxes (Bisaro 1996; Lazarowitz 1992). 

Alignment of STLCV A-IR sequences with the analogous IR from 

representative members of the Geminiviridae, including all tomato-infecting 

subgroup III vimses and several viruses from subgroups I and II, indicated a 

sequence similarities of 23-61% (Table 3), and supported STLCV as a unique 

virus among those previously characterized as subgroup III geminiviruses. 

When the DNA sequences of the cloned PCR fragment obtained with 

AV168/AC1303 primers were examined in the three possible open reading 
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frames to identify the putative ORF of STLCV AR1, a single putative ORF of 756 

nucleotides in length, capable of encoding a 252 amino acid polypeptide of 

approximately 29 kDa, was readily identified (Fig 4). 

Painwise comparisons of STLCV^f?7 sequences with coat gene 

sequences of 31 members of the Geminiviridae family (Align, DNASTAR) 

indicated that nucleotide sequence similarities ranged from 22 to 81%, while a 

corresponding predicted amino acid sequence were 11-90% similar. Painwise 

comparison of STLCV with the subgroup I virus, MSV, indicated a nt sequence 

similarity of 22.4%, whereas, STLCV shared 21.8% nt sequence similarity with 

the subgroup II beet curly top virus (Table 3). In comparisons of both nt and 

amino acid sequences with other geminiviruses, STLCV AR1 exhibited the 

highest sequence homology with other subgroup III viruses and was highly 

divergent from subgroup I and 11 AR1 sequences 

Parsimony analysis(PAUP) of STLCV AR1 and those of well-studies 

geminiviruses yielded a single most parsimonious tree of length 3722, in 100 

bootstrap replicates. In this reconstruction, STLCV was located at a unique 

terminal node on a branch within the polytomy containing all other subgroup III 

viruses. This analysis also supported the placement of STLCV within the 

subcluster containing only geminiviruses with a Western Hemisphere origin (Fig 

5). Calculated percentage similarities (MegAlign) of AR1 nt sequences ranged 

between 55 and 88.5% for the subgroup III viruses (32 taxa), whereas Western 

Hemisphere vimses were 74.3-85.4% similar, Eastem Hemisphere viruses 

were 59.7-88.5% similar to one another. 
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DISCUSSION 

Based upon the experiments reported here, STLCV has a moderately 

narrow host range that consists primarily of cultivated host species within the 

Solanaceae and Malvaceae. This virus infects at least one Malvaceous weed 

host M. parviflora, often found growing in or near tomato and pepper plantings 

in Sinaloa, suggesting a possible role for this host as a natural virus reservoir. 

STLCV causes symptomatic infection in all hosts and virus was recovered virus 

by whitefly transmission to tomato. Although P. vulgaris was a symptomatic 

host, beans are not commonly grown commercially near tomato plantings in 

west coastal tomato and pepper production areas, but are found in backyard 

gardens throughout the region. To date, STLCV has not been documented as a 

natural geminiviral pathogen of bean in Mexico. 

Under field conditions, STLCV causes distinct leaf curling and bright 

yellow mosaic symptoms in tomato and green and yellow mottling in pepper 

that distinguishes it from other previously described tomato and pepper 

infecting geminiviruses in the Western Hemisphere. CdTV causes severe leaf 

curling with mild mosaic and stunting in tomato and an extremely mild mosaic 

with vein distortion in pepper and is not mechanically transmissible (Brown and 

Nelson 1988). In contrast, SGMV and TPV-D cause foliar curling and twisting 

with moderate stunting in tomato and severe distortion in pepper; the later 

viruses are mechanically transmissible with some difficulty (Brown and Poulos 

1990; Stenger etal 1990). PHV causes leaf curling and mosaic symptoms in 

tomato and pepper and is somewhat readily mechanically transmissible 

(Torres-Pacheco etal 1993). PMTV causes mild leaf curling in tomato and a 

bright yellow splotchy mottle in pepper and is not mechanically transmissible 

(Brown etal 1989). Wild type TGMV from Brazil is readily mechanically 
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transmissible and causes a bright golden mosaic in tomato but it is not known if 

this virus infects pepper. Tomato yellow mosaic virus from Venezuela (Lastra 

and Gil 1981) and ToMoV in Florida (Polston etal. 1993) are mechanically 

transmissible, cause various degrees of yellow mosaic and minor leaf curl in 

tomato, and are not reported to naturally infect pepper, 

STLCV can more readily be distinguished from most tomato-infecting 

geminiviruses from the Eastern Hemisphere which cause primarily leaf curi and 

leaf rolling symptoms in tomato, are reported to be primarily nonmechanically 

transmitted, and range from narrow (Cohen and Nitzany 1966) to extensive 

(Antignus and Cohen 1994) with respect to host range properties. For several 

other tomato-infecting geminiviruses that cause variations of yellow mosaic and 

leaf curi symptoms (Chatchawankanphanich etal 1993; Hong and Harrison 

1995; Padidam etal 1995), molecular characterization has been accomplished 

in lieu of biological characterization, making direct comparisons impossible. 

However, those which can be shown to have distinct symptomatologies and 

host ranges that differ from STLCV are tomato leaf curi virus (TLCV) from Sudan 

(Yassin and Nour 1965), TLCV from India (Reddy and Yaraguntaiah 1981),and 

several tomato yellow leaf curi vims (TYLCV) isolates from the Mediterranean 

region (loannou 1985; Makkouk and Laterrot 1983). 

As with other whitefly-transmitted geminiviruses studied to date (Bedford 

etal 1994; Bock and Guthrie 1978; Brown and Nelson 1988; Brown and Poulos 

1990; Cohen etal. 1983; Mehta etal. 1994; Srivastava etal. 1977; Yassin and 

El Nur 1970), STLCV is experimentally transmitted in a persistent manner by 

single viruliferous whiteflies, and increasingly longer exposure to virus-infected 

plants results in greater transmission frequencies. Further, as with other 

persistently transmitted viruses, STLCV is transmissible by the whitefly for at 

least ten days given a sufficient AAP, and likely for the life of the vector. These 
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results also confirm, as has been shown for other geminiviruses (Nateshan et 

al. 1996), that STLCV is not transovarially passaged to the offspring from 

viruliferous female parents. 

Here, STLCV was effectively transmitted by A and B type whitefly vectors 

(Idris etal 1993), members of the B. tabaci species complex (Brown etal 

1995). The reason for the observed rise in whitefly vector population levels and 

the associated increase in disease caused by new and emerging viruses is not 

entirely clear. The altering of epidemiologies of geminlvirus diseases in 

Sonoran Desert agroecosystems appears to have involved several factors. 

When STLCV and other geminivirus diseases first became prevalent in west 

coastal Mexico in the 1970's and early 1980's, the A type vector was believed to 

predominant. Although this whitefly vector was periodically observed 

colonizing tomato and pepper, these species were not preferred hosts. Instead, 

high whitefly densities were associated with monoculture production of 

soybean, Phaseolus spp. and cucuriDitaceous crops, all widely cultivated in the 

region at the time. Dispersal of whiteflies from these crops into tomato and 

pepper was the nomn, and although the frequency of virus transmission was 

high in many fields, populations did not reproduce to high levels in these crops, 

as does the B type. By the early 1980's, insecticide resistance in whitefly 

populations appeared to account for heavier infestations in tomato and pepper 

fields, along with the expanding production of a variety of solanaceous crops 

that rapidly replaced soybean and bean as important economic crops in many 

valleys in Sinaloa. In the early 1990's, the B type vector rapidly displaced the 

indigenous A-type vector in Arizona, Florida, and Texas, and this has also 

occurred in northem Mexico (J.K.Brown, unpublished data; (Idris etal 1993). 

Ample evidence is available indicating that the B biotype was introduced 

in the US and Mexico at about the same time that whitefly-transmitted 
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geminiviruses of tomato and pepper became prevalent In the region (Brown 

1994; Brown and Bird 1992). Although numerous tomato-infecting viruses were 

discovered in the region during the past decade, it seems likely that additional 

geminiviruses will become recognized as new or emerging viruses. Clearly, the 

importance of biological variability within the B. tabaci complex must be 

considered in deciphering the epidemiology of these diseases. 

Sequence analysis of the large intergenic regions of the STLCV A and B 

component clones (pTASTA42 and pTASTB44) indicated the presence of a 

conserved region of about 174 nucleotides with 97.7% sequence similarity 

between the two (Fig 3). These results strongly suggest that these clones 

represented cognate A and B viral components of STLCV, and provide 

evidence that STLCV of bipartite genome organization. The STLCV IR A and B 

contained GC-rich inverted repeats, associated with a hairpin structure and an 

AT-rich region containing the invariant TAATATTAC sequence, both features of 

all geminiviruses sequenced to date (Lazarowltz 1992). Other characteristic 

features of the STLCV IR are the transcriptional control signal (TATA box) 

upstream from the hairpin, the promoter for the AL1 ORF (Bisaro 1996). and the 

postulated AL1 specific binding sites upstream of the TATA box, consisting of 

two direct repeat motifs 5'-TGGG-3' in STLCV, and analogous to the 5'-GGTAG-

3' and 5'-TGGAG-3' motifs present in TGMV and BGMV, respectively (Pontes et 

al 1994). AL1 protein binding sites are expected to be identical between 

cognate A and B components of the same virus to assure trans activation of 

replication of a bipartite genome and interactions with AL2 required for 

transcriptional activation of rightward genes. 

Painwise sequence comparisons (Wilbur-Lipman) between the AR1 of 

STLCV and nineteen other taxa across the three subgroups of the 

Geminiviridae indicated estimated nt and amino acid sequence similarities of 
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21.8 to 81.3% and 11.1 to 90.1%, respectively. STLCV AR1 shared 55 to 88.5% 

similarity with the nt sequences of 31 other subgroup III viruses, or strains 

including four strains of BGMV and two strains of ACMV. Among representative 

subgroup I and II Geminiviridae and all available subgroup III AR1 sequences 

examined here, STLCV AR1 shared the highest degree of nucleotide similarity 

with TGMV (81.3% ), whereas it was most closely related to SqLCV-E at the 

amino acid sequence level (90.1%). In contrast, STLCV AR1 exhibited the 

lowest nucleotide and amino acid similarities of 21.8 and 22.4%, respectively to 

representative subgroup II (BCTV-Cal) and subgroup I (MSV) viruses (Table 3). 

The high degree of predicted amino acid sequence similarity between STLCV 

AR1 and analogous sequences for other subgroup 111 viruses supports the 

previous finding that the CP of WFT, subgroup III geminivimses is highly 

conserved, but highly divergent from subgroups I and II which are transmitted by 

different vector species within the Cicadellidae. 

Parsimony analysis and bootstrap sampling (100 replicates with heuristic 

search option) of AR1 sequences supported a single most parsimonious tree of 

length 3720 in three separate bootstrap runs. When representative viruses from 

subgroups I (MSV, DSV) and II (BCTV, TPCTV), or when DSV was assigned as 

the outgroup by which to root the tree, viral taxa were partitioned according to 

the currently accepted taxonomic separation of the Geminiviridae. In this AR1 

phylogeny, as in those generated by other computer-aided sequence analyses 

(Padidam etal 1995; Rybicki 1994), the Geminiviridae partitioned into three 

subgroups, distinguished by insect vector and genomic organization, and 

infection of dicotyledonous or monocotyledonous hosts. The subgroup III 

viruses were further subdivided by an extant geographic origin from either the 

Eastern or Western Hemisphere. These results support the unequivocal 

placement of STLCV AR1 with other bipartite, whitefly-transmitted viruses from 
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the Western Hemisphere, as seen by its placement between PYMV and 

SqLCV-E (Fig 5). 

An expansive knowledge of biological and molecular properties of 

geminiviruses has provided baseline information essential for conducting 

comparative studies between these viruses. Accurate vims or strain 

identification, knowledge of biological and molecular characteristics of the virus, 

and an understanding of gene function and gene regulation are essential 

components to the design of effective virus-specific and broad spectrum 

disease resistance approaches. Clearly, the plethora of new geminiviruses 

prohibits cloning and complete sequencing of each emerging pathogen, thus, 

more abbreviated approaches must be explored. Infonnative clues about the 

identity of prospective new geminiviruses or strains, and about relationships of 

viral gene and noncoding sequences can be gained through comparative 

studies with well-characterized geminiviruses. Here, we addressed the 

possibility of abbreviated molecular analysis combined with biological studies 

for efficient characterization of subgroup III viruses. Collectively, the distinct 

biological and molecular properties of STLCV support our hypothesis that 

STLCV is a new, previously uncharacterized tomato-infecting subgroup III 

geminivirus with an extant origin in the New World. 
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Fig. 1. (a) Tomato plant infected with Sinaloa tomato leaf curl geminivirus, 2-

3 wk after whitefly-mediated inoculation, (b) Healthy tomato plant. 
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Fig. 2. (a) Pepper plant infected with Sinaloa tomato leaf curl geminivirus, 2-

3 wk after whitefly-mediated inoculation, (b) Healthy pepper plant. 
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Fig. 3. Alignment of the large intergenic region (IR) of STLCV A and B 

genomic components. DNA IR-A was aligned with DNA IR-B using the Wilbur-

Lipman DNA alignment. Sequences of 174 nucleotides in length fragment, 

located on cloned IR-A and IR-B were 97.7% similar. Underlined sequences 

correspond to inverted repeat sequences that comprise the stem region of the 

hairpin structure, characteristic to all Geminiviridae. Vertical bars indicate 

homologous nucleotides and asterisks mark heterologous nucleotides. 
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TTAACCGATGGCATTTTTGTAATAAGAAGGGTGTACTCCGATTGAGCTCTCAAACCTCTST DNA A 
MI  I  I  I  I  I  I  I  I  I  I  I  I  I ! I  I  I  I  I  I  I !  M I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ' !  i  I I  I  
TTAACCGATGGCATTTTTGTAATAAGAAGGGTGTACTCCGATTGAGCTCTCAAACTTCTGT jNA B 

GCTATGTATTGGGGTAATGGGTTACAATATATACTATAACTCTCTATAGAGTTTTGGGACA ONA A 
I  I  I  I  I I  I  i  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I  I  I  •  
GCTATGTATTGGGGTAATGGGTTACAATATATACTAGAACTCTCTATAGAGTTTTGGGAC: DNA B 

CGTGGCGGCCATCAGTATAATATTACCTGATGGCCGCGCGATTTTTTCCCCT DNA A 
M  I I  I  I  I  I  I  1!  I  !  I  I I  M  I  I  I  I  I  I I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  I  I  I  I  
aLniGLGa££AI£:AGTATAATATTACCTGAJil t lC:: i iaiC2ATTTTTCCCC:T DNA 5 
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Fig. 4. The nucleotide and predicted amino acid sequences of Sinaloa tomato 

leaf curl gemlnlvlrus. 
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Fig. 5. Recontructed phylogeny of coat protein (AR1) nucleotide sequences of 

32 geminiviruses obtained using PAUP, One most parsimonious tree of length 

3722 was obtained in three experiments using a heuristic search method with 

stepwise addition, TBR branch-swapping options and 100 bootstrap replicates. 

Bootstrap values indicate the number of times the branch occurred at the same 

node in bootstrap sampling. 
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Table 1. Host range study of Sinaloa tomato leaf curl virus by whitefiy 
transmission using a 24 h acquisition access period on the virus source plant, a 
48 h inoculation access period on test plants, and back-inoculation to tomato cv. 
Pole Boy indicator plants. 

Test plant Plants with symptoms/ Back-inoculation 1 
total inoculated plants results 

Compositeae 
Ambrosia deltoidea (Torr.) 0/12 -

Payne 
Cucurbitaceae 

Citrullus vulgaris Schrad 0/12 -

Cucumis melo L. 0/13 -

C. sativus L. 0/12 -

Cucurbita maxima Duch. 0/13 -

C. pepo L. 0/12 -

Leguminosae 
Cajanus cajan (L.) Huth 0/12 -

Glycine max (L.) Merr. 0/12 -

Phaseolus vulgaris L. 0/14 -

Vigna unguiculata 0/12 -

subsp. unguiculata L. Walp. 
Malvaceae 

Abutilon theophrasti Medik. 0/12 -

Gossypium hirsutum L. 0/13 -

Malva parviflora L. 11/15 + 
Sida alba. L. 0/13 -

Solanaceae 
Capsicum annuum L. 9/15 + 
Datura metel L. 9/14 + 

D, stramonium L. 7/12 + 

Nicotiana glutinosa L. 0/12 -

N. tabacum L. 0/13 -

Physaiis floridana L. 0/12 -

Salanum lycoperiscon L. 15/15 + 

1 + = susceptible, - = immune 



Table 2. Persistence of Sinaloa tomato leaf curl vims in single whiteflies, 

Bemisia tabaci after a 48 h AAP on the virus source plant. 

1 2 3 

Insect no. 

4 5 6 7 8 9 10 

11 -h2 - + + - - - + 

2 + - + + + - - -

3 + - - + - - + + 

4 - - - + - + - + + + 

5 - - + + + - - + + + 

6 + - - + + - - + + 

7 + - - L L + L L - -

8 - - + + + + 

9 L - - + + -f-

10 - - - - -

11 - - - - -

12 - - - - -

13 - - - L -

14 L L L -

' Serial transfer (days) of single whiteflies given a 48 h AAP on the virus-infected tomato plant. 

^Typical STLCV symptoms (+), no symptom development (-), and whitefly lost or dead (L). 
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Table 3. Percentage similarities of AR1 nucleotide and predicted amino acid 
sequences, and large IR sequences of STLCV and representative 
geminiviruses. 

Virus Nucleotide AR1 Amino Acid AR1 DNA IR-A 

AbMV 79.6 87.7 58.5 
TYDV 20.6 11.1 23.1 
TPCTV 23.0 14.4 34.2 
PYMV 79.9 88.5 44.2 
ToLCV-ln2 62.3 70.2 33.3 
TGMV 81.3 87.5 56.4 
SqLCV-E 80.2 90.1 36.7 
ToMoV 79.4 86.9 57.8 
TPV 78.3 86.5 51.7 
BGMV-Bz 76.2 86.5 58.5 
BGMV-PR 76.0 85.6 47.6 
PHV 74.6 85.3 61.9 
ToLCV-Au 61.6 69.4 39.5 
ToLCV-ln1 61.2 70.2 36.7 
TYLCV-Th 60.2 67.9 37.4 
TYLCV-ls 60.1 66.3 38.1 
TYLCV-Sar 57.0 61.9 39.5 
ACMV-Kn 56.9 63.5 36.1 
MSV 22.4 11.8 23.8 
BCTV-GA 21.8 12.3 46.2 

The similarities (%) were caculated using the MegAlign program. DNA 
sequences were obtained from the GenBank. 
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APPENDIX B: TRANSMISSION, PERSISTENCE, AND PCR 

DETECTION OF TWO SUBGROUP III GEMINIVIRUSES IN SINGLE 

VECTOR AND NONVECTOR WHITEFLIES 
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ABSTRACT 

The A and B types of the whitefly Bemisia tabaci (Genn) were shown to 

be suitable vectors of the Old World tomato yellow leaf curl geminivirus (TYLCV-

Th) and the New World chino del tomate genninivirus (CdTV) to and from 

tomato. In any virus-vector combination, transmission frequency by single 

whiteflies increased with increasingly longer acquisition access periods (AAPs). 

In general, TYLCV-Th was transmitted at a higher frequency by both types than 

was CdTV. However, the B type, indigenous to the Eastern Hemisphere, was 

more effective in transmitting the Old World TYLCV-Th (87%), than was the New 

World A type (63%). CdTV, a geminivirus indigenous to the Westem 

Hemisphere, was transmitted more often by the A type (50%), also from the New 

World, compared to 27% transmission by the Old World B type vector. PGR 

detection of CdTV and TYLCV-Th DMA in the single A and B type whiteflies 

indicated virus ingestion occurred when whiteflies were given an AAP as brief 

as 0.5 h. For all virus-vector combinations, virus detection by PCR in single 

whiteflies increased steadily with longer AAPs, and with by 72 h, all whiteflies 

had ingested virus, regardless of type or geminivirus. In general, this PCR 

assay pemiitted the detection of virus ingestion by both whitefly types earlier 

(with shorter AAPs) than did the bioassay method. And, CdTV and TYLCV-Th 

were detected at higher frequencies in whiteflies by PCR than with the 

transmission bioassay, irrespective of virus or vector type. Given its speed and 

accuracy, this PCR approach has great predictive potential for estimating the 

relative risk of whitefly-mediated geminivirus transmission by single analysis of 

single whiteflies, and appears to be highly useful for further exploring temporal 

aspects of geminivirus-whitefly vector specificity. 
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INTRODUCTION 

Whitefly-transmitted (WFT) geminiviruses cause diseases in many 

different crop plants grown throughout the tropics, and recently, they have 

emerged as important virus pathogens in food and fiber crops grown in 

temperate regions (Brown 1990; Brown 1994; Brown and Bird 1992). WFT 

geminiviruses are placed in the subgroup III of the Geminiviridae, a subgroup of 

geminiviruses that infect dicotyledonous plants and contains viruses with 

bipartite or monopartite ssDNA genomes. 

Subgroup III viruses are transmitted by their whitefly vector in a 

circulative, persistent manner (Duffus 1987). Under experimental conditions, at 

least several geminiviruses were more effectively transmitted by females than 

by males (Anno-Nyako etal. 1983; Costa and Bennett 1950; Kirkpatrick 1931; 

Nateshan et al. 1996), although there Is a report in which males acquired more 

virus per body weight (Polston et. al., 1990). Results of several studies indicate 

that different populations of B. tabaci vary in their efficacy as vectors of 

geminiviruses (Bedford etai. 1992; Bedford etal. 1994; McGrath and Harrison 

1995), and in some cases, this is due to the inability of the whitefly to colonize a 

particular host (Bird 1957; Brown and Bird 1996; Burban etal. 1992). Several 

studies have demonstrated more effective transmission of geminiviruses by 

vector populations that share a similar geographic origin (Bedford et al 1994; 

McGrath and Harrison 1995). 

The establishment of an exotic whitefly vector and member of the 

Bemisia tabaci(Genn.) species complex (Brown etal. 1995) is largely 

responsible for the increased disease incidence and distribution of 

geminiviruses in the Westem Hemisphere (Brown 1994; Brown and Bird 1992). 
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The general inability of B. tabaci populations indigenous to the New World to 

colonize Solanaceous hosts has probably limited the mobilization of endemic 

geminiviruses from weed and crop hosts, particularly those in cucurbits, 

legumes, and malvaceous species. The recent establishment of an exotic B. 

tabaci type from the Eastern Hemisphere that readily colonizes Solanaceous 

hosts in the Westem Hemisphere has facilitated the spread of new and 

emerging geminiviruses in these and other hosts. Thus, B. tabaci originating 

from distant geographic locations are recognized for the first time as serious 

threats, owing to the universal ability of B. tabaci to vector all subgroup III 

geminiviruses (Bedford etal 1994). Several studies indicate that different 

populations of B. tabaci vary in their efficacy as geminivirus vectors (Bedford et 

al 1994; McGrath and Hamson 1995) due to an inability to colonize particular 

hosts (Bird 1957; Brown etal 1995; Markham etal. 1995) or possibly to the co-

evolution of specificity between indigenous geminiviruses and their vectors. 

The ability to detect WFT geminiviruses in whitefly vector populations is 

important for devising control strategies that rely upon minimizing vector 

transmission frequencies to reduce disease incidence. The time-consuming 

nature of whitefly transmission bioassays to estimate potential frequencies of 

vimliferous whiteflies in field populations has hindered efforts to devise, 

implement, and or monitor management approaches designed to reduce 

whitefly-mediated virus transmission in crops. Polymerase chain reaction (PGR) 

(Saiki et al. 1988) has proven to be a rapid, sensitive, and highly specific means 

of detecting subgroup III geminiviruses in plants and the whitefly vector (Idris et 

al. 1994; Mehta etal. 1994; Navot etal. 1992; Rojas etal. 1992; Wyatt and 

Brown 1996). Thus, a PGR method for geminivirus detection in the whitefly 

vector offer some reprieve from tedious transmission bioassay. The ability to 

make reliable estimates of potential vector frequencies in field populations, and 

to identify specific virus sources and origin the of viruiiferous whiteflies could be 
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particularly useful for reducing disease incidence by crop management. 

However, comparison of molecular detection approaches for estimating 

frequencies of potential vectors in a whitefly population with estimates obtained 

by transmission bioassays have yet to be explored or optimized for field 

application. 

One objective of this study was to determine if relative vector capacities 

could be reliably estimated using a diagnostic PGR assay to document 

geminivirus ingestion, and thereby make reliable estimates of the number of 

potential virus caniers in a whitefly vector population, in lieu of a more time-

consuming bioassay. A second objective was to detemnine if PGR results, 

indicative of vims ingestion, were con^elated with bioassay data obtained by 

single whitefly transmission. 

Finally, we explored the hypothesis that geminivlruses are most 

effectively transmitted by a whitefly vector more closely aligned geographically 

to the geographic origin of the virus, in the absence of host plant-vector 

constraints. By phylogenetic inferences of viral genomic sequences, Old and 

New World geminivlruses form separate groups within the subgroup III viruses, 

based on geographic origin (Brown 1996; Brown etal. 1994; Padidam etal. 

1995; Rybicki 1994). Preliminary analysis of mitochondrial 16S rDNA 

sequences of B. tabaci indicate whitefly populations cluster by geography, as 

do the subgroup III viruses. Further, the B type clusters with other whiteflies from 

the Eastem Hemisphere, while the A type is placed in the New Worid group 

(Frohlich et al. 1996). Here, the ability of the A and B types of B. tabaci and a 

nonvector whitefly were evaluated with respect to ingestion, persistence, and 

transmission of two tomato-infecting, bipartite geminivlruses, chino del tomate 

virus (GdTV) from Mexico (Brown and Hine 1984) and tomato yellow leaf curl 

virus-Thailand (P^LGV-Th) (Rochester etal. 1994). 



MATERIALS AND METHODS 

Whiteflies. Two whitefly {B. tabaci) types, A and B (Costa and Brown 1991) 

were used as vectors in this study. A nonvector, the greenhouse whitefly, 

Trialeurodes vaporariorum (West.) was generously provided by Oscar 

Minkenberg (Department of Entomology, UA, Tucson, AZ). Vector whiteflies 

were reared in colonies in growth rooms on cotton, Gossypium hirsutum, 'Delta 

Pine 70' (25-280; very high output (VHO) artificial lighting with 18 h light /6 h 

dark photoperiod). Whitefly colonies were housed in insect-proof cages and the 

purity of whitefly type colonies was confirmed by routine monitoring of type-

specific esterase electromorphs (Costa and Brown 1991). 

Geminiviruses. Two WFT geminiviruses, infecting tomato Salanum 

lycopersicon L. 'Pole Boy', were used in this study: CdTV from the westem 

hemisphere and TYLCV-Th from the eastern hemisphere. Virus cultures were 

established in tomato seedlings (3-4-leaf stage) using the inoculative adult 

whiteflies, type B. Nonviruliferous whiteflies were given a 48 h acquisition 

access period (AAP) on CdTV or TYLCV-Th infected tomato plants after which 

15-20 whiteflies were caged on healthy tomato seedlings for a 72 h inoculation 

access period (lAP). Whiteflies were killed by fumigation with nicotine sulfate. 

Virus cultures were also established in tomato virus-free seedlings (3-4-leaf 

stage) by biolistic inoculation (Brown and Poulos 1990). In this inoculation 

method tungsten particles are coated with viral DNA and the tomato plants are 

biolistically inoculated using a Du Pont apparatus model (PDS-1000), 

calibrated to accelerate particles by helium pressure at 1300 PSI. Negative 

'jontrols were tomato plants inoculated with DNA extracted from healthy tomato, 

precipitated onto tungsten particles. The inoculated plants were kept in a growth 

chamber (270; photoperiod 18 h light and 6 h dari<) for observation of symptom 

development. Tomato plants that exhibited characteristic symptoms of the 

respective viruses were maintained as a virus source for detection, transmission 
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and retention experiments. The presence and identity of viruses in sources and 

test plants were confirmed using virus-specific diagnostic PGR primers (Idris et 

a! 1994). 

Transmission bioassays and AAPs for detection of CdTV and 

TYLCV-Th in whitefly vectors. Virus titers in tomato plants were 

standardized to permit accurate comparison of transmission results between 

experimental replicates. In addition, tomato plants were grown under identical 

light and temperature regimes, and cultures were established by biolistic 

inoculation of tomato seedlings when the third leaf emerging from the merstem, 

with a standard concentration of virus inocula. Prior to exposure of plants to 

whiteflies, all a symptomatic leaves of inoculated tomato plants were removed 

at 10 d after inoculation. Adults whiteflies were given an AAP of 0.5, 1, 2, 24, 

48, or 72 h on tomato plants infected with either CdTV or TYLCV-Th, or on 

uninoculated, virus-free tomato plants of exactly the same growth stage. 

Whiteflies were confined to plants in insect-proof cages (Brown and Nelson 

1987). Transmission bioassays were conducted in a growth chamber at 27C. 

Whiteflies were collected from plants using a hand held aspirator, and 

separated into two equal size groups. One group was used in single whitefly 

transmission bioassays, while the second was stored at -80C until assayed for 

virus ingestion using PGR. Each treatment was replicated three times for each 

of the two viruses and vector and nonvector whiteflies. 

Virus persistence in vector and nonvector whiteflies. Nonviruliferous 

whiteflies were given 48 AAP on CdTV or TYLCV-Th Infected tomato plants and 

then transferred to healthy cotton plants 'Delta Pine 90' (a nonhost of CdTV and 

TYLCV-Th). Caged cotton plants were maintained in the growth chamber at 

27C with an 18 h light/6 h dari< photoperiod. Five female whiteflies were 

removed each day (24 h inten/als), until all the whiteflies were collected. 

Whiteflies were stored in -80C until DNA extraction and subsequent PCR 
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analysis. Vims-free whiteflies fed on healthy tomato, and then on healthy cotton 

plants were included as controls. 

DNA extraction from single whiteflies and PGR. The sex of single 

whiteflies was ascertained by examination under a dissecting microscope. 

Single whiteflies were homogenized in 40-60 ^il extraction buffer (5 mM Tris-

HCl (pH 8.0), 0.05 mM EDTA, 0.5% nonidet P-40,1.0 mg/ml proteinase K) on 

the virgin side of a sheet of Parafilm (American National Can™) using the round 

end of 0.4 ml plastic centrifuge tube. Large fragments were pelleted by 

centrifugation at 9000 Xg for 30 sec; supematants were removed and used 

immediately or stored at -20C for assay by PGR. For each AAP treatment, at 

least ten female whiteflies were analyzed in each of three replicates. For the 

48h AAP, male whiteflies were also included in the study. 

Degenerate primer design was based on highly conserved sequences in 

the AR1, or the coat protein (CP) gene, of geminivirus subgroup ill as described 

previously (Brown etal 1995; Brown etal 1994; Wyatt and Brown 1996). PGR 

primers were synthesized at the Biotechnology Facility at the University of 

Arizona, Tucson, AZ. PCR reaction mixtures of 25 |il were perfomned in a Perkin 

Elmer DNA Thermal Cycler® (Nonwalk, CT). The 25 |il reaction mixtures 

contained 1.5 |al of single whitefly homogenate, 3 mM MgClg, IX reaction buffer 

(10 mM Tris-HCI, 50 mM KCI),), 150 |iM dNTPs and 0.6 pM of each primer, Taq 

DNA polymerase was used according to manufacturer's specifications (Perkin 

Elmer). Reaction mixtures were covered with 40 nl mineral oil to prevent 

evaporation. DNA amplification was for 35 cycles, each cycle was initiated with 

denaturation at 95C for 1 min, with primer annealing at 55C for 1 min, and 

primer extension at 72C for 1 min. The extension time of the final cycle was 

increased to 5 min at 72C, after which the temperature was reduced to 4C until 

the reaction mixtures were removed for electrophoresis. Negative controls were 

the complete PCR reaction mixture without DNA template or 1.5 ^1 of 
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Nonviruliferous whitefly homogenate . Additional negative and positive controls 

were nucleic acid extracts from virus-free tomato leaves and total DNA extracted 

from the virus source tomato plants infected with CdTV or Pi^LCV-Th, 

respectively. PGR products were electrophoresed in 1% agarose gels in TAE 

(Tris-acetate-EDTA buffer, pH 8.0). Gels were stained in ethidium bromide and 

nucleic acid bands were viewed with UV transillumination. 

PGR products were confimied to be of geminivirus origin by Southem 

hybridization using a cloned geminivirus-specific DNA probe, and by direct 

DNA sequencing of 554-bp products for several representative samples. For 

hybridization, DNA was transferred from agarose gels to nylon membranes 

according to Maniatis etal. (1982). Southem hybridization was carried out 

using nonradioactive labeled A-component clones of GdTV (Brown et al., 

unpublished) and TYLGV Th (Rochester etal 1994). Full length A-components 

of the two vinjses were released from their vectors by digestion with the 

restriction enzyme used in cloning, and labeled with digoxigenin-dUTP using a 

DIG DNA Labeling and Detection Kit (Boehringer Mannheim Biochemicals, 

Indianapolis, IN). Hybridization and immunological detection of viral DNA were 

conducted according to the manufacturer's recommendations. Several 554 bp 

fragments were cloned into a TA-vector (Invitrogen) per manufacturers' 

instructions, and the DNA sequences were obtained by automated sequencing 

(Biotechnolgy Genter, University of Georgia Athens, GA). Identities of viral DNA 

sequences were confimied using computer assisted alignment (Align; 

DNASTAR, Madison, Wl) to viral coat protein sequences of TYLV-Th [M59638] 

(Rochester etal 1994) and GdTV (J.K. Brown, unpublished data). 

Single whitefly transmission assays. Tomato 'Pole Boy' was used as the 

virus source plant and as the test plant for whitefly transmission experiments. 

Tomato seeds were sown in 8-cm-diameter plastic pots and thinned to one per 

pot. Female whiteflies were given AAPs of either 0.5, 1, 2, 24, 48, or 72 h on 
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CdTV- or TVLCV-Th -infected tomato plants followed by a 72 h inoculation 

access period (lAP) on virus-free tomato seedlings (3-4-leaf stage). Plants not 

exposed to whiteflies, and those exposed to Nonviruliferous whiteflies were 

included as controls. Whiteflies were collected and test plants were fumigated 

with nicotine sulfate, and plants were transferred to an insect-free growth 

chamber (27C; photoperiod of 18 h light/6 h dark. Test plants were held and 

observed for symptoms development for 3-4 weeks. At least ten test plants 

were used in three experiments for each AAR treatment with each virus. 

Development of characteristic disease symptoms in tomato test plants was 

considered evidence of infection by the respective viruses. 

Statistical analysis. Statistical analyses were conducted using general 

linear model (GLM) and Spearman's rank correlation procedures of the 

Statistical Analysis System version 6.11 (SAS Institute Inc., Gary, NC). Each 

experiment was evaluated in a split-plot design, with vectors assigned to main 

plots and geminiviruses to subplots. A correlation was done between virus 

detection and transmission data for each combination of geminivirus with each 

whitefly vector type. To evaluate interactions between whitefly vectors and 

geminiviruses in transmission and PGR detection assays, the means were 

compared using the PDIFF option of GLM. Significant differences were 

calculated at P < 0.05. 
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RESULTS 

Bioassay Experiments. In transmission experiments, the A and B vector 

types were capable of transmitting T/LCV-Th and CdTV to and from tomato. In 

all virus-vector combinations, single insect transmission frequencies increased 

with longer AAP's. In general, TYLCV-Th was transmitted at a higher frequency 

by both types than was CdTV. However, the B type. Indigenous to the Eastern 

Hemisphere, was more effective at transmitting the Old World TYLCV-Th (87%), 

than was the New World A type (63%). CdTV, a geminivirus indigenous to the 

Westem Hemisphere, was transmitted more often by the A type (50%), also from 

the New World, as compared to the Old World B type vector with 27% 

transmission. Statistical analysis of the mean for each possible combination 

indicated that single female whiteflies of both types were equally capable of 

transmitting both viruses as indicated by no significant difference (P = 0.8938). 

However, analysis of mean transmission of TYLCV-Th by both types was 

significantly (P = 0.028) higher rate, as compared to transmission of CdTV by 

both types. Nevertheless, CdTV, a geminivirus indigenous to the Westem 

Hemisphere was transmitted more often by the A type, also from Westem 

Hemisphere, as compared to (P = 0.0022) transmission frequency by the 

Eastem Hemisphere B type whitefly (Fig. 1A). 

Whitefly ingestion assay by PCR detection. Both geminivlruses were 

readily detectable in individual whiteflies given 0.5 h through 72 h AAP on 

tomato plants infected with either CdTV or TYLCV-Th (Fig. IB). The 554-bp 

diagnostic fragment was not observed when template sources were from 

extracts of Nonviruliferous whiteflies or from uninfected tomato plants. Positive 

results by DNA-DNA Southem hybridization (Fig 4 and 5) and comparative 

alignment of DNA sequences of representative PCR fragments (554-

bp)lndlcated that CdTV or TYLCV were the PCR template (data not shown). 
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PGR detection of CdTV and TYLCV-Th in these two whitefly vectors 

indicate virus ingestion occun'ed by single whiteflies given an AAP as brief as 

0.5 h. In all virus-vector combinations, the frequency of PGR detection of 

geminiviruses in single females steadily increased with greater AAPs, reaching 

100% after the 72 h AAP (Fig.1 B). Mean detection values were not significantly 

different between types (P < 0.2416) or between the two geminvimses (P < 

0.5932). 

Given a 48 h AAP, both geminiviruses were detected by PGR at a higher 

frequency for B type females compared to males, as shown by standard error 

bars (Fig 2). 

Persistence of geminiviruses in vector and nonvector whiteflies. 

Geminivirus DNA was detected in single female B type whiteflies following a 48 

h AAP, and was detectable in whiteflies for up to nine days after removal from 

virus source plants (the duration of the experiment). In contrast, geminivirus 

DNA could not be detected in the nonvector greenhouse whitefly approximately 

4-5 days after removal from virus sources (Fig.3). 
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DISCUSSION 

Subgroup III geminlviruses are transmitted in a persistent and specific 

manner by B. tabaci, while T. vaporarioruim, the greenhouse whitefly, ingests 

but does not transmit these viruses. Molecular based methods of vims 

detection in single whiteflies are applicable to estimating frequencies of 

viruliferous whiteflies in populations, and for investigating the basis for 

geminivirus-whitefly vector specificity. 

In these studies, a positive correlation was observed between PCR-

based detection of geminivirus DNA in whiteflies and transmission by females 

of two different whitefly type vectors at most AAP and lAP combinations (Fig 1). 

Using PGR, TYLCV-Th and CdTV were detectable in single A and B type 

whiteflies given an AAP as brief as 30 min, and also when longer AAPs from 1 

to 72 h were tested. Although both viruses were detected by PGR in whiteflies 

given 0.5 h AAPs, GdTV was not transmitted by the A type with less than a 1 h 

AAP, but was transmitted continuously at all subsequent AAPs from 2 to 72 h. 

The B type failed to transmit GdTV until given an AAP of 24 h, and rates of 

transmission were lower than for B type transmission of TYLCV-Th, despite an 

lAP adequate to surpass the latent period in the vector. However, A and B type 

whiteflies readily transmitted TYLCV-Th, given a 1 h greater AAP, to 72 h on 

virus-infected plants. These observations may lend themselves to speculation 

about 'dose effects', although clearly, additional studies along these lines are 

required. Collectively, these results suggest that whiteflies ingest equal 

amounts of vims and at equal frequencies irrespective of the virus or vector, but 

that transmission efficacy is not equal. 
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Metha, et al. (1994) demonstrated transmission of TVLCV-Eg, a 

monopartite, subgroup III geminivirus from Egypt, using 15 whiteflies and a 0.25 

h AAP. That PGR virus detection rates were higher than vims transmission, was 

attributed to the high resolution of PGR in which a few copies of viral template 

are adequate for amplifying a discemible PGR product. Analogous results were 

reported for whitefly transmission of squash leaf curl geminivirus (SqLCV) 

(Polston etal. 1990), a geminivirus from the Western Hemisphere, when DNA 

hybridization was used to detect virus ingestion. 

In several studies (Anno-Nyako etal 1983; Gohen and Nitzany 1966; 

Gosta and Bennett 1950; Nateshan et al 1996) females were more efficient 

vectors of geminiviruses than their male counterparts. Our results indicated that 

virus detection frequencies were greater in females than in males of the B type, 

however, corresponding transmission data are not available. For squash leaf 

curl virus, detection by DNA-DNA hybridization indicated males and females 

were equally capable of ingesting geminivirus (Polston etal 1990). 

In this study, geminiviruses were consistently detected earlier and at 

higher frequencies in whiteflies by PGR than by transmission bioassay, 

irrespective of the virus or the vector type. Gleariy, PGR results indicate only 

that ingestion has occurred, and not that the whitefly will transmit the virus; thus, 

a PGR assay provides an estimate of relative transmission potential. In contrast, 

transmission bioassays are based upon detection of a successful transmission 

event and demonstrate ingestion as well as vectoring ability. Bioassays are 

expensive and time consuming and susceptible to false positives due to 

problematic contamination in greenhouse facilities, and false negatives due to 

difficulties manipulating fragile insects during collecting and transmission work. 

However, this PGR method for detecting virus ingestion erred on the high side, 

relative to estimates from transmission bioassays, suggesting that estimates 
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based on molecular detection methods may be more than adequate. 

Information that virus is harbored by a low, medium, or high relative number of 

whiteflies within a field population can be highly useful in making decisions 

about management strategies including potential efficacy of rouging infected 

seedlings, planting dates, weed management, and timeliness in destroying crop 

residues. Given its speed and accuracy, this approach has great predictive 

potential for estimating the relative risk of whitefly-mediated virus transmission, 

albeit, standardization will be necessary for given vims-vector combinations. 

Here, we demonstrated that subgroup III geminivinjses persist in their 

whitefly vectors for at least 9 days after a 48 h AAP, when removed from the 

virus source plant. Generally, persistence has been determined by 24 h serial 

transfer of vectors on a vims host plant and bioassay is the best measure of 

vims acquisition. However, this approach does not account for virus that may be 

ingested due to vims replication in the test plant within the first 24 h after 

infection is established. Here, we definitively show that whiteflies continue to 

harbor vims for at least nine days, and likely for their entire lives, as is expected 

for persistently transmitted viruses, and that no additional vims was ingested 

during 24 h intervals. Interestingly, vims DNA could be ingested by nonvector 

whiteflies, given an AAP identical to that for vector whiteflies, but, geminivirus 

DNA was not detectable in the nonvector beyond day 5 (Fig 3). Although we 

find it surprising that the vims persists for 4-5 days in the nonvector, there are 

several possible explanations for this observation. Although purely speculative, 

routing of virus into the whitefly may result in nonspecific binding and slow 

release, at which time virions are either degraded in whitefly gut or they are 

eliminated in the honeydew. Presumably, transmission does not occur because 

sites required for establishing virus-vector specificity and subsequent 

transmission are not present in the nonvector whitefly. 
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Evidence from several studies indicate that frequency of transmission 

from tomato to tomato varies with the combination of whitefly vector types and 

virus Isolates. (Bedford etal 1994; McGrath and Harrison 1995). In these 

studies, the New Worid CdTV was transmitted more effectively by the New 

Worid A type than it was by the Old World B type, and conversely, the B type 

was the most effective vector of the Eastem Hemisphere Thailand TYLCV. 

Additional studies conceming transmission between gemlnlvlruses and whitefly 

types having different blogeographic histories will Increase our understanding 

of the relevance of variability among whitefly types that Influences their efficacy 

as virus vectors. Further, understanding the basis for the obsen/ed variability in 

the overall transmlssibllity of CdTV and TYLCV-Th may be useful In defining the 

transmission pathway. 
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Fig. 1. Single whitefly transmission of geminivlmses by two biotypes and virus 

detection by polymerase chain reaction assay in single adult whiteflies. (A) 

Acquisition-access periods in whitefly transmission assays ranged from 0-72 h 

with a 72 h inoculation-access period. Two whitefly biotypes, A and B, were 

used to transmit two gemlnivlruses, tomato yellow leaf curi virus Thailand 

(TYLCV-Th) and chino del tomate virus (CdTV) from Mexico. Percent 

transmission Is shown as the mean of three replicates, using ten test plants per 

replicate. (B) Polymerase chain reaction detection of gemlnivlruses In single 

whiteflies after acquisition access periods ranging from 0-72 h. Percent 

detection Is presented as the mean of three replicates, with ten whiteflies each. 

Vertical bars Indicate the standard error. 
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Fig. 2. Detection frequencies by polymerase chain reaction assay of two 

geminiviruses, chIno del tomate virus (CdTV) and tomato yellow leaf curl virus 

Thailand (TYLCV-Th) in single male and female B. tabaci, B type. Whiteflies 

were given a 48 h acquisition access period on virus-infected tomato plants. 

Percent detection is shown as the mean of ten single whiteflies in each of the 

three replicates. Vertical bars indicate the standard error. 
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Fig. 3. Persistence of tomato yellow leaf curl virus, Thailand (TYLCV-Th) and 

chino del tomate virus (CdTV) in single vector (S tabaci B type) and non-vector 

{T. vaporariorum) whiteflies. Whiteflies were given a 48 h acquisition access 

period on virus-infected tomato plants and transferred to cotton plants (a non-

host for either virus). Female whiteflies were collected from cotton plant for virus 

detection at 24 h intervals for nine consectutive days using polymerase chain 

reaction. Day zero indicates that detection assay was perfomned immediately 

after a 48 h acquisition access period. Percentage detection is shown as the 

mean of three replicates with ten whiteflies each. Vertical bars indicate the 

standard error. 
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Fig. 4. (A) An ethidium bromide-stained agarose gel showing PGR products 

from amplification of viral DNA in extracts of individual whiteflies. Whiteflies 

were given a 48 h AAP on TYLCV-Th-infected or on healthy tomato plants. 

Lanes 1 and 2 contain female A type (S. tabaci), lanes 4 and 5 contain female 

greenhouse whitefly (7. vaporariorum), lanes? and 8 contain female B blotype 

(S. tabaci)-, lanes 3 female A biotype (S. tabaci) , 6 female greenhouse {T. 

vaporariorum), and lane 9 female B biotype (S. tabaci) fed on healthy tomato 

plants: lane 11 contains the PGR reaction mixture with no DNA template; and 

lanes 12 and 13 were PGR products from T/LGV-Th-infected and healthy 

control plants, respectively. (B) Southern hybridization 
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Fig. 5. (A) An ethidium bromide-stained agarose gel showing PGR products 

from amplification of viral DNA in extracts of individual whiteflies. Whiteflies 

were given a 48 h AAP on CdTV-infected or on healthy tomato plants. Lanes 1 

and 2 contain female A type (S. tabaci), lanes 4 and 5 contain female 

greenhouse whitefly (T. vaporariorum), Ianes7 and 8 contain female B biotype 

{B. tabaci)] lanes 3 female A biotype (S. tabaci), 6 female greenhouse (7. 

vaporariorum), and lane 9 female B biotype (6. tabaci) fed on healthy tomato 

plants; lane 11 contains the PGR reaction mixture with no DNA template: and 

lanes 12 and 13 were PGR products from GdTV-infected and healthy control 

plants, respectively. (B) Southern hybridization. 
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ABSTRACT 

Four pairs of degenerate PGR primers were demonstrated to be 

diagnostic for subgroup III viruses in the Geminiviridae. The presence of 

geminivirus DNA in extracts was confirmed using the subgroup III universal 

primers, AV494/ AC1048, that yield a PGR product of 554 bp in size from the 

coat protein gene, a gene that is conserved to a high degree in sequence 

similarity and in position on all geminivirus genomes. Gollectively, three 

additional primer pairs distinguished between whitefly-transmitted 

geminiviruses with a monopartite or bipartite genome and those having a recent 

origin from the Eastem or Westem Hemisphere, and detected the presence of 

two viruses in a mixed infection, when each virus had at least one distinct 

diagnostic characteristic detectable by these primers. PGR primers 

BV2103/BG153 amplified a 650-700 bp fragment of geminivirus B components 

from DNA extracts prepared from leaves infected with bipartite viruses. Primers 

V168/G495 pemnitted detection of all subgroup III geminiviruses, irrespective of 

an origin from the Eastem or Westem Hemisphere or a monopartite or bipartite 

genome, and yielded a 370 bp or 500 bp fragment diagnostic for New and Old 

Worid viruses, respectively. These primers were diagnostic by size due to 

specific targeting of sequences within the large IR and the AV1/AG1 ORF , a 

segment that is longer in monopartite or bipartite genomes of Eastem 

Hemisphere viruses than the analogous region in Westem Hemisphere 
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genomes. PGR primer pair G4/V1707 amplified a 1.1-kbp fragment exclusively 

from of the monopartite Pi'LGV and strains of this virus. 
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INTRODUCTION 

Whitefly-transmitted (WFT) geminiviruses are important pathogens of crops 

grown in tropica! and subtropical areas throughout the world (Brown 1994; 

Brown and Bird 1994; Swanson and Harrison 1993). WFT geminiviruses are 

placed In the subgroup III of the Geminiviridae, and are transmitted in a 

persistent manner by their whitefly vector Bemisia tabaci (Genn.) (Brown 1990; 

Duffus 1987). Economic losses are caused by geminivirus-incited diseases 

due to a reduction in yield and fruit quality in cotton and many vegetable crops 

including cabbage, cassava, cucurbits, legumes, and solanaceous species. 

(Bird and Maramorosch 1978; Brown 1990; Duffus 1987; Polston etal. 1993). 

The whitefly Bemisia tabaci (Genn.) species complex (Brown et al. 

1995)has become a primary pest and is the only known vector of geminiviruses 

in tropical and subtropical agroecosystems, woridwide. To confound the 

situation, B. tabaci has become established in mild temperate worid regions, as 

well (Brown 1994). In particular, the B type of 6. tabaci (also, S. argentifolii) 

(Bellows etal. 1994) was introduced recently into arid, irrigated 

agroecosystems in the Americas and the Eastem Hemisphere (Brown et al 

1995). These developments can be attributed to changes in agronomic 

practices in the subtropics involving year round cropping now permitted by 
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extensive irrigation systems, the cultivation of high-yielding, genetically similar 

varieties, and to the use of organic chemistries, collectively, to enhance 

production and quality (Brown etal 1995; Dittrich etal. 1990). Under these 

conditions, the whitefly vector has become a primary pest. Consequently, 

subgroup III geminiviruses have become widespread in subtropical 

agroecosystems, and chronic epidemics occur on a regular basis (Brown 1990). 

Although geminiviruses are recognized as new and emerging 

geminiviruses, only a few important diseases have been investigated in detail, 

and many geminivirus pathogens remain uncharacterized or pooriy studied. 

Among the greatest limitations to advancing the understanding of disease 

etiology and epidemiology are inadequate methods for geminivirus detection, 

shortcomings in conventional viroiogical approaches due to the unique 

properties of this family, and the inability to identify and distinguish between 

distinct WFT geminiviruses or strains, thereof. 

Accuracy of geminivirus detection methods for has been highly 

problematic. Development of serological approaches for detection of 

geminiviruses has proven difficult, and antibodies are often in low titer due to 

the apparent poor immunogenicity of virions. Polyclonal and monoclonal 

antibodies are not virus-specific because the amino acid sequences of 

subgroup ill viral coat proteins are highly conserved, and capsids do not 



exhibit an abundance of unique epitopes against which virus-specific 

antibodies can be raised, as is feasible with other virus groups (Brown 1994; 

Brown 1996). DNA-DNA hybridization in conjunction with monoclonal 

antibodies have proven effective for detecting geminiviruses from Eastem and 

Westem Hemispheres, but rarely pennit reliable vims identification (Brown and 

Poulos 1989; Cancino etai 1995; Swanson and Harrison 1993). Hybridization 

profiles generated with a panel of A-component virus probes can be used to 

postulate relative relationships of geminiviruses, and are indicative or an Old or 

New World origin. Further, high stingency hybridization with B component 

probes provides some important clues about virus identity, but probes are 

lacking for most economically important viruses, and do not effectively 

distinguish between strains (Brown and Poulos 1989; Brown and Poulos 1990; 

Gilbertson etai 1991; Lazarowitz and Lazdins 1991; Navot etai 1989). Both 

approaches are further confounded by the general inaccessibility of antibodies 

and libraries of DNA probes, and ultimately, to difficulties in the interpretation 

of results (Brown and Poulos 1990; Hull 1986). 

Polymerase chain reaction (PGR) (Saiki etaL 1988) has been 

successfully applied to rapid and accurate detection of certain subgroup III 

geminiviruses (Idris etai. 1994; Mehta etai. 1994; Nakhia etai. 1993), and 

more recently, universal PGR primers were developed that pennit the universal 

detection of all subgroup III viruses (Wyatt and Brown 1996). This primer 
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combination is universal for subgroup III viruses because primers are 

degenerate and target viral sequences in two highly consen/ed regions of the 

coat protein gene (Brown etal. 1994; Wyatt and Brown 1996). To facilitate virus 

identification, the 554 bp PGR product can be cloned and the DNA sequence 

obtained for direct comparison with the sequences available for other well-

characterized viruses. However, many laboratories are not equipped for DNA 

sequencing and costs can be prohibitive for general diagnostic needs. 

In many instances, virus detection and certain essential clues about the 

nature of the virus would greatly facilitate virus etiological detemninations, and 

subsequent risk assessment. For example, the knowledge that a geminivirus 

pathogen may be exotic, as compared to indigenous, provides an added level 

of Information for evaluating the potential severity of the disease problem. 

Because monopartite subgroup III geminiviruses infect primarily solanaceous 

crops and all have an origin in the Eastern Hemisphere to date, a diagnostic 

assay that pennits detection of versus bipartite genomes from tomato would 

provide essential clues concerning possible origin of the virus. Simple, but 

effective diagnostic methods are needed for detection of geminiviruses, and a 

subsequent capacity to obtain discriminating clues about the nature and identity 

of the virus that are applicable to effective disease management. In this study, 

we pursued the design and application of universal and differential PGR 

primers that pennit virus detection and facilitate the preliminary characterization 
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of subgroup III gemlniviruses with respect to geographic origin and a 

monopartite or bipartite genome organization, and in one case, a virus-specific 

primer combination that detects the most widespread monopartite tomato-

infecting geminvirus, now distributed worldwide. 



128 

MATERIALS AND METHODS 

Candidate subgroup III geminiviruses. Thirteen whitefly-transnnitted 

subgroup III genniniviruses were selected as candidate viruses representing the 

Eastern and Western Hemispheres, and having either a bipartite and 

monopartite genome. The three monopartite TYLCV strains from the Eastern 

Hemisphere were tomato yellow leaf curl virus from Sardinia (TYLCV-Sar) 

(Kheyr-Pour etal. 1991), TYLCV from Israel (TYLCV-ls) (Cohen and Nitzany 

1966) and TYLCV from The Dominican Republic (TYLCV-DR) (McGlashan etal. 

1994; Nakhia etal. 1994). Two additional distinct geminiviruses from the 

Eastem Hemisphere were tomato yellow leaf curl geminivirus from Thailand 

(TYLCV-Th) (Rochester etal. 1994), now believed to be a monopartite vims, 

and the bipartite African cassava mosaic geminivirus (ACMV) (Storey and 

Nichols 1938). The eight bipartite geminiviruses from the Westem Hemisphere 

were bean golden mosaic from Puerto Rico (BGMV PR) (Goodman and Bird 

1978), chino del tomate (CdTV) (Brown and Nelson 1988), pepper huasteco 

(PHV) (Garzon-Tiznado etal. 1993), squash leaf curl A2 (SqLCV AZ) 

(Lazarowitz 1991), Sinaloa tomato leaf curl (STLCV) (Idris etal. 1993), serrano 

golden mosaic (SGMV) (Brown and Poulos 1990), tomato golden mosaic 

geminivirus (TGMV) (Matyis etal. 1975), and Texas pepper geminivirus, 

distortion strain (TPV-D) (Stenger etal. 1990). 



129 

Nucleic acid isolation. Nucleic acids were extracted from symptomatic 

leaves (12 d post-inoculation) by the method of (Doyle and Doyle 1987), with 

slight modifications. Leaves were ground to powder while frozen in liquid 

nitrogen and immediately suspended into cetyltrimethylammonium bromide 

(CTAB) buffer. Homogenates was extracted with an equal amount of 

chlorofommisoamyl alcohol (24:1), and centrifuged for 10 min at 9000 X g at 4C. 

Supematants were precipitated overnight with 2/3 vol isopropyl alcohol. 

Nucleic acids were pelleted by centrifugation for 10 min at 9000 X g at 4C, 

washed with 1 ml of wash buffer containing 76% ethanol and 0.2 M sodium 

acetate, and pelleted again by centrifugation at 4C. Pellets were dried and 

redissolved in lOmM Tris-ImM EDTA (TE) buffer, pH 8.0 (1:1 vohorig wt tissue). 

PGR primers. The presence of geminivims DNA in extracts of plants infected 

with candidate geminviruses used in this study was confirmed by PGR. Primers 

were those designed as universal for subgroup III described previously and 

used to detect geminiviruses in sap. The primer combination, AV494 and 

AC1048 (Wyatt and Brown 1996) target the core region of the coat protein gene 

(AR1), taking advantage of the these highly conserved sequences in all 

subgroup III geminiviruses studied to date. PGR primers for TYLGV detection 

were based the prior wori< of (Nakhia et al 1993) and primer sequences were 

corroborated by alignment of sequences from five TYLGV strains available in 
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GenBank. Additional primer combinations were based upon alignments of 

select sequences from representative subgroup III geminiviruses, available in 

GenBank. Degenerate primers were used to amplify a fragment containing 

portions of the large intergenic region (A CR, IR) and the AV2/C2 ORF 

(Lazarowitz 1992) of subgroup III viruses. To differentiate between Eastem and 

Western Hemisphere viruses, the primer pair was AVI 68 [5 ATT ACC GGA 

TGG CCG C 3] and AC495 [5" CT(G/T) GGC TT(C/T) CT{A/G) A(A/T) GGG 0 3'. 

The primer combination BV2103 [5' AG(AG) CAA {A/G)TG (G/A)TC (T/G)AT 

(C/T)TT CAT 3] and BC153 [5" GGC TAA TAT TAT ATG GGA TGG C 3' ] was 

designed to amplify a portion of the large B IR and its flanking sequences to 

distinguish between monopartite and bipartite viruses. The primers IRC4 and 

C1V1707 (Nakhia et al 1993) designed to target viral sequences in 01 ORF of 

TYLOV-ls were examined for their utility to amplify an expected size product 

from this panel of subgroup III geminiviruses. All PGR primers were synthesized 

at the Biotechnology Facility, The University of Arizona, Tucson AZ. 

Polymerase chain reaction. All PGR reactions were performed in a Perkin Elmer 

DNA Thennal Oycler (Norwalk, OT). The 25 |il reaction mixtures contained 0.5 |il total 

DNA extracted from STLOV infected tomato plants, 2.5 or 3.0 mM MgClj, IX reaction 

buffer (10 mM Tris-HOI 50 mM KOI), 150 [iM dNTPs, and 20 pmol of each primer. Taq 

DNA polymerase was used according to manufacturer's specifications (Peri<in Elmer). 

Reaction mixtures were covered with 40 |il mineral oil to prevent evaporation. DNA 
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amplification was carried out for 30 cycles of denaturation at 95C for 1 min, primer 

annealing at 60C for 1 min (except for AV494/AC1048 for which annealing was at 55C 

for 1 min and BV2103/BC153 annealing at 53C), primer extension at 72C for 1 min 

with a final cycle for 5 min at 72C, after which the temperature was held at 4C until 

samples were removed and PGR products were examined by electrophoresis. 

Experiments included a negative control in which total nucleic acids extracted from 

virus-free, healthy tomato leaves were tested as template, and a positive control in 

which nucleic acids from STLCV-infected tomato extracts (1.0 mg/ml) were added as 

template. An intemal PGR control was included which contained the complete PGR 

reaction mixture plus the same double-distilled, autoclaved water used in reactions 

with viral template DNA. PGR products were electrophoresed in 1% agarose minigels 

in TAE buffer (Tris-acetate-EDTA), pH 8.0. Gels were stained with ethidium bromide 

and PGR products were viewed by UV transillumination. 

Southern transfer and DNA hybridization. PGR products were confirmed to be 

of geminivirus origin by Southern hybridization using cloned components of subgroup 

III viruses as molecular probes. For hybridization, DNA was transferred from agarose 

gels to nylon membranes according to (Maniatis etal. 1982). Southem hybridization 

was carried out using nonradioactive labeled clones of A and B components clones or 

monopartite genomes available for subgroup III viruses (Brown etal., unpublished). 

Full length cloned A and B components or monopartite genomes were released from 

their vectors by digestion with the same restriction enzyme used in cloning. Inserts 
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were labeled with digoxigenin-dUTP using a DIG Labeling & Detection Kit (Boehringer 

Mannheim Biochemicals, Indianapolis, IN). Hybridization with single or mixtures 

'cocktails' of probes and immunological detection of geminiviral PGR products were 

according to the manufacturer's recommendations. 
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RESULTS 

The presence of subgroup III geminiviruses In nucleic acid extracts used 

in these experinrients was confimried with the subgroup III universal PGR primers 

AV494 and AC1048, and all preparations yielded a characteristic 554bp PGR 

product (Brown etal 1994; Wyatt and Brown 1996) (Fig 1 A). No PGR product 

of the expected size product was observed for nucleic acid tennplates in extracts 

of geminivirus-free plant controls, further demonstrating the universal capability 

of these primers for subgroup III viruses. Thus, the panel of candidate 

geminiviruses used in subsequent experiments were unequivocally confirmed 

to be subgroup Hi geminiviruses, and viral template in extracts appeared to be 

of concentrations adequate for achieving detectable amplification of viral DNA 

under appropriate conditions, given viable PGR primers. 

Amplification of a V1/C1 gene fragment using primers C4 and VI707 

(Nakhia etal 1993) yielded a 1.1 kbp PGR product when template DNA was 

from monopartite, tomato- infecting strains of the prototype TYLGV, namely 

TYLGV-ls, TYLCV-Sar, and TYLGV-DR, No DNA band of this size was obtained 

when DNA template was from TYLGV-Th, a monopartite, tomato-infecting virus 

from Thailand (Rochester etal. 1990), or from any dicot-infecting, bipartite 

geminivirus from the Old or the New World. There was no amplification of the 
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1.1 kbp band when the DNA template was healthy plant extract, or when water 

was added as an internal PGR control (Fig 2). Viral bands obtained from the 

three TYLCV strains were positive for geminivirus DNA by Southem 

hybridization using a clone of TYLCV-Sar as a probe, whereas virus bands 

were not detected in any lane by Southem hybridization using a cocktail of 

probes for representative monopartite and bipartite viruses, without the TVLCV-

Sar probe. 

The degenerate primer AVI 68 was designed to anneal to complimentary 

strand DNA sequences contained within the hairpin region of the large CR/IR, 

inclusive of the invariant nonanucleotide sequence TAATATTAC, present in all 

subgroup III viruses. When used in combination with primer AC495 to target the 

core region of the AR1/V1 (coat protein gene), the Western Hemisphere viruses 

yielded a PGR fragment of 370 bp, while a 500 bp fragment was observed for 

the entire panel of Eastem Hemisphere vimses (Fig 1 B). A band of the same 

was never obtained from PGR of healthy tomato extract controls, or from the 

internal PGR water control. The geminiviral nature of these PGR products was 

positive by Southem hybridization using a cocktail of probes to representative 

Old and New Worid viruses with monopartite and/or bipartite genomes. 

An unexpected observation was made in a control experiment in which 

VI68 was tested for ability to amplify geminiviral DNA, in the absence of a 
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second primer. In this experiment, a neariy full length viral fragment of 

approximately 2.6 kbp was obtained from over half of the viruses examined. 

This result was confimied by Southern hybridization with a cocktail of probes of 

cloned viral A components and the monopartite TYLCV-ls, and by direct DNA 

sequencing of representative PGR products using diagnostic core coat protein 

primers AV494/AC1048 as sequencing primers (data not shown). 

Degenerate primers, BV2301 and BC153, designed to amplify a 

fragment containing a portion of the large B IB and the adjacentSL7 gene, 

yielded PGR products of 650 bp or 700 bp in size from all bipartite viruses. This 

primer combination did not yield a PGR product from any monopartite virus (or 

strain), or from healthy plant or internal PGR controls (Fig 3). The geminivirus 

nature of these PGR products was positive when assessed in low stringency 

Southern hybridization assays with a cocktail of cloned B components of 

representative geminiviruses as molecular probes. 



136 

DISCUSSION 

The V2/C1 ORF is a feature of monopartite geminiviruses and has been 

shown to be involved in virus movement for Subgroup I and II viruses (Dry etal. 

1993; Navot etal. 1991).(Lazarowitz 1992). In the subgroup ill viruses, the V2 

ORF has been found in several monopartite and one bipartite virus from the 

Eastem Hemisphere. Whether this predicted ORF yields a functional protein 

from all subgroup III viruses is not known, but it appears to be functional 

primarily in monopartite viruses like TYLCV-ls and its strains, a monopartite 

tomato-infecting virus from India, and in the monopartite TYLV-Th (Rochester et 

al 1994). These latter viruses share another exclusive characteristic of 

monopartite viruses, that of a requirement for the CP for systemic infection 

(Briddon etal. 1989; Rigden etal. 1993), whereas, bipartite viruses can 

establish a systemic infection in the absence of their CP, albeit, symptoms are 

attenuated (Gardiner etal. 1988; Rochester etal 1994). Regardless of proof of 

functionality, the V2/C2 gene, or an evolutionary remnant of a once functional 

gene appears prevalent in Eastem viruses, but absent in Westem Hemisphere 

viruses. It is this feature that provides the basis for the 500 bp PCR fragment 

obtained from this region in Eastem viruses, as compared to the shorter 350 bp 

PCR fragment characteristically observed for Westem viruses (Fig 1 B). 
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As such, the AV168/AC495 primer combination is highly indicative of a 

recent origin from either the Old or New World for all viruses examined to date. 

This diagnostic fragment, in combination with that from BV2301/BC153 primers 

which distinguish monopartite from bipartite genomes, and the universal core 

coat protein primers that establish geminivirus etiology, are diagnostic for virus 

origin, genomic organization, and exclude TYLCV and Its strains, or 

monopartite genomes as etiological agents. 

The B component-specific primer combination, BV2301/BC153 permits 

the exclusive detection of bipartite genomes, but does not appear to 

discriminate between Old and New Worid viruses. The different sized PGR 

products ( 650 or 700 bp) associated with bipartite vimses was dependent upon 

the particular virus examined, and tentatively, appears to lie within sequences 

of variable length that are present In a portion of large IR adjacent the AL1 ORF. 

This region has been shown to confer specificity between the AL1/C1 gene 

product and Its cognate virus to enable replication. 

The PGR primers G4 and VI707 consistently yielded a diagnostic 

fragment of 1.1 -kbp in size for strains of the prototype monopartite TYLCV. In 

contrast, these primers did not produce a product from the monopartite, Eastem 

Hemisphere tomato infecting TYLCV-Th, or from bipartite, tomato-infecting 
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gemlniviruses from the Westem Hemisphere. These results demonstrate the 

selectivity of these primers In the detection of a subgroup III virus discovered 

recently in tomato in the The Dominican Republic that is like TYLCV-ls (NakhIa 

et al 1993). The detection of TYLCV-ls in The Dominican Republic provides a 

recent example of a gemlnivirus introduced into the region on tomato 

transplants from its origin in the Middle East (pers. comm. with tomato growers 

in Dominican Republic, 1992; J. Brown and J. Bird, unpublished USAID report, 

1992). Interestingly, the application of these primers to confirm the suspect 

introduction of TYLCV-ls into the Caribbean Basin (NakhIa et al 1994), initially 

based upon DNA-DNA hybridization (J. Brown and J. Bird, unpublished USAID 

report, 1992) is a prime example of the potential expedient capabilities of 

diagnostic PGR primers that differentiate diagnostically between gemlniviruses 

based upon unique genome characteristics of subgroup III viruses. In this 

example, the lack of accurate detection and identification methods at the time of 

the introduction, resulted in a lag time of over two years before the suspect 

introduction of the virus was confirmed. The outcome was the widespread 

establishment of TYLCV-ls in The Dominican Republic and its further 

distribution throughout the Caribbean Basin, where it now seriously threatens 

the sustainability of tomato production in the region. 

In this study, we compared five TYLCV sequences from GenBank to 

clarify sites which might require additional degeneracy for more broad spectrum 
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detection within the genus, and found the original design to be satisfactory. 

Addition of TYLCV-Th to the alignment pointed to clear distinctions between 

putative strains of TYLCV (those that are greater than 92% similar by this 

Clustal, MegAlign alignment, DNASTAR, Madison, Wl) and this example of 

TVLCV-Th, a virus initially thought to have a bipartite genome. In this analysis, 

TVLCV-Th and several other tomato-infecting geminivimses reported to have a 

monopartite organization, are less than 90% similar to TYLCV-ls and its strains 

(>90%), indicating that these primers will not be diagnostic for non-TYLCV-like 

viruses, despite a monopartite genome organization. The diagnostic specificity 

of this primer pair has its basis in unique sequences in the CI gene of TYLCV-

like viruses and strains, indicating the high degree of primer specificity for a 

single genus within the Geminiviridae. Further, BV2103 and BC153 primers do 

not amplify a product from extracts containing only a monopartite viruses, 

allowing for the conclusion that In such cases, TYLCV is the causal agent. In 

contrast, a positive result with core coat protein primers, but negative results 

with TYLCV-specific and BV2103/BC153 primers, would indicate the presence 

of a monopartite vims of Old Worid origin that is not TYLCV-ls or a strain, 

thereof. 

In combination, these primers pairs also allowed for the detection of a 

mixture of geminiviruses infecting tomato, for example, a disease may be 

caused by a bipartite geminivirus and TYLCV, now a real situation in the 
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Caribbean Basin tomato growing areas. Dual virus detection can be expanded 

to pemnit even more specific diagnostics when validated with additional 

combinations of geminiviruses. For example, In India, Thailand, and several 

African countries, both monopartite and bipartite WFT viruses have been 

documented (Hong and Harrison 1995; Hong etal. 1993; Padidam etal. 1995), 

and this is a likely scenario in other Eastem Hemisphere locations and the New 

Worid, since the introduction of TYLCV-ls into vegetable growing systems 

having a prior history of diseases incited by bipartite geminiviruses. 

The utility of the single VI68 primer in amplifying a neariy full-length viral 

genome, either an A or a B for bipartite viruses, and the single component 

monopartite viruses is still being explored. The apparent basis for amplification 

of geminivirus template bi-directionally with this single primer, is the inverted 

repeated sequences on all geminiviral genomes. These inverted repeats are 

somewhat conserved among the subgroup, and were the basis of a degenerate 

primer that might amplify in plus strand directionality, and complement a primer 

that targeted AR1 sequences and the nearby AL2 (J.K. Brown and S. D. Wyatt, 

unpublished data). We have used these primers to amplify nearly full-length A 

and B components of uncharacterized viruses, and to identify prospective single 

restriction sites that might be useful for cloning full length infectious viral 

components (Brown et al., unpublished data). 
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Whether the PGR product originates from an A or a B component, has 

also been demonstrated using AV494/AC1048 and BV2103/BC153 primers, 

respectively. These primers have great utility in confimning the identity of cloned 

A or B components obtained by cloning of PGR products, and by the more 

traditional cloning of viral replicative forms (RF). Additional primers can be now 

be devised for the latter aim, in the event that the cloning site inadvertently falls 

within the primer annealing site, as other locations and directionality's are 

feasible. 

The reliable and expedient detection, and additional diagnostic clues 

that assist in preliminary identification of geminiviruses are essential for 

effective disease management. Further, these primers can be applied to the 

screening of vegetatively propagated germplasm, for example sweet potato or 

cassava, and to detection of geminiviruses in plants destined for exportation. A 

prior knowledge of geminivirus infection in mobile plant germplasm is essential 

to preventing devastating introductions of viruses into previously unaffected 

areas. To date, there has been little effort devoted to development of a broad-

spectrum suite of PGR primers that permit detection and subsequent acquisition 

of additional information about the virus. The increasing availability of genomic 

sequences of subgroup III viruses makes possible the design of broad spectrum 

and virus specific primers for detection and/or identification. 
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This suite of primers described here provides an initial step toward the 

design and application of diagnostic PGR primers to meet the requirements 

associated with a variety of problems encountered in studying new and 

emerging subgroup III geminivirus pathogens. Combining diagnostic PGR 

primers that distinguish between geminiviruses with monopartite and bipartite 

genomes, and an origin from either the Eastern or Western Hemisphere, 

provides a rapid, accurate, and highly useful PGR approach that combines the 

ability to detect subgroup III geminiviruses with that of gaining additional 

important clues about the nature of the particular geminivirus pathogen. This 

approach also pemnits the detection of more than one geminivims of different 

diagnostic types in mixed infections. 
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Fig 1. (A) PGR products following amplification of the diagnostic core coat 

protein fragnrient of 554 bp in size from plant extracts using universal subgroup 

III primers AV494 and AC1048. lane 1 is BGMV; lane 2 is CdTV; lane 3 is 

SGMV lane 4 is PHV; lane 5 is TPV-D lane 6 is SCLV; lane 7 is STLCV; lane 8 

is PMTV; lane 9 is TYLCV-ls, lane 10 is TYLCV-Sar, lane 11ACMV; lane 12 is 

TYYLCV-Th, lane 13 is TYLCV-DR, lane 14 is healthy tomato, lane 15 no DNA. 

(B) PCR products using AVI 68/495. lane 1 is BGMV; lane 2 is CdTV; lane 3 is 

SGMV lane 4 is PHV; lane 5 is TPV-D lane 6 is SCLV; lane 7 is STLCV; lane 8 

is PMTV; lane 9 is TYLCV-ls, lane 10 is TYLCV-Sar, lane 11 is TYYLCV-Th, 

lane 12 ACMV; lane 13 is TYLCV-DR, lane 14 is healthy tomato, lane 15 no 

DNA. 
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Fig 2. Amplification of the monopartite TVLCV-ls and strains of TYLCV with C4 

and V1707 primers from plant extracts and the resulting characteristic 1.1 kbp 

PGR fragment, lane 1 is BGMV; lane 2 is CdTV; lane 3 is SGMV lane 4 is PHV; 

lane 5 is TPV-D lane 6 is SCLV; lane 7 is STLCV; lane 8 is PMTV; lane 9 is 

TYLCV-ls, lane 10 is TYLCV-Sar, lane IIACMV; lane 12 is TYYLCV-Th, lane 

13 is TYLCV-DR, lane 14 is healthy tomato, lane 15 no DNA. 
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Fig 3. PGR products from amplification of subgroup III geminiviruses with 

primers BC153 and BV2103, yielding fragments of 50-700 bp in size, specific to 

the B component of bipartite viruses, lane 1 is BGMV; lane 2 is ACMV; Iane3 

CdTV; lane 4 is SGMV lane 5 is PHV; lane 6 is SCLV; lane 7 is STLCV; lane 8 

is PMTV; lane 9 is TYLCV-ls, lane 10 is TYLCV-Sar; lane 11 is TYYLCV-Th, 

lane 12 is TYLCV-DR, lane 13 is healthy tomato, lane 14 no DNA. 
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