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Abstract

Tomato leaf curl virus (TLCV; family Geminiviridae, gems Begomovirzs) causes a

severe viral disease of cultivated tomato in northem Australia. Geminiviruses are

economically-important plant pathogens and possess either one or two circular,

single-stranded DNA (ssDNA) genomes each of 2.5-3 kb. Geminiviruses have been

reported to replicate in, and localise to, the nuclei of host plant cells. The tissue and

intracellular distribution of the monopartite TLCV was investigated by in situ

hybridization. Contrary to the previous understanding of geminiviral localization,

single-stranded (ss) DNA of TLCV accumulated in the cytoplasm. TLCV ssDNA was

also found in the nucleus, as were lower levels of replicative form double-stranded

(ds) DNA. Under the same conditions, Tomato golden mosaic virus (TG}/V) ssDNA

and dsDNA were found in nuclei. ssDNA of TLCV, TGMV artd Tomato yellow leaf

curl Sardinia virus (TYLCSV) was detected in some xylem vessels under specific

hybridization conditions. Phloem specificity of TLCV was partially released by co-

infection with TGMV.

To understand the mechanism of TLCV movement, infectious constructs containing a

disrupted YI,Y2 or C4 ORF were analysed by their localization at the cellular level.

The Vl and C4 mutants were able to spread systemically, but less efficiently than

wild-type virus. Transgenic plants expressing C4 complemented the C4 mutant virus,

allowing it to spread systemically at the same rate as the wild-type virus. The Y2

mutant was unable to infect plants systemically, but when bombarded onto a detached

leaf was found to replicate in target cells without infecting the neighbouring cells. To

characteize the functions of VL, V2 and C4 in TLCV movement, each ORI' was
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fused to the green fluorescent protein (GFP) and their subcellular localisation was

analysed. VI:GFP exhibited a nuclear and cell peripheral localisation, and was

probably associated with the endoplasmic reticulum. V2:GFP was targeted to nuclei

and accumulated in nucleoli. C4:GFP was observed at the cell periphery in a punctate

pattern consistent with plasmodesmatal (Pd) localisation. Plasmolysis of the

transiently expressing Vl:GFP and C4:GFP cells suggested an association of these

viral proteins with Pd. ¡¿ benthamiana epidermal cells transiently expressing GFP:V1

and GFP:C4 when treated with Brefeldin A (BFA) showed disrupted distribution of

GFP suggesting that Vl and C4 proteins were targeted to the cellular periphery via

the Golgi apparatus. Using an inducible system it was found that localization of

C4:GFP to cellular membrane was rapid.

To understand the role of a host factor in virus movement, subcellular localization of

SIUPTG1:GFP fusion protein was studied. SIUPTG1 is a protein closely related to a

family of plant reversibly glycosylated peptides and recently in our laboratory it has

been shown that it interacts with Vl. SIUPTG subcellular localization resembled the

localization of Vl:GFP where it was mainly associated with cell wall components.

Furthermore, the expression of SIUPTGI in a transient TLCV replication assay

increased the accumulation of viral DNA, suggesting that this host factor plays a role

in viral infection. Together, these results have shown that three viral proteins (CP, Vl

and C4) are involved in cell-to-cell and long distance movement, and that a host

factor has a possible role in viral movement.

RNA silencing is a sequence-specific mechanism regulating gene expression and has

been used successfully for antiviral defense against RNA viruses. Similar strategies to

develop resistance against DNA containing TLCV and some other geminiviruses
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have been unsuccessful. To determine the fate of a transgene carrying homology to

the virus, transgenic plants carrying the TLCV C4 gene, which induces a distinct

phenotype, were used. Upon TLCV infection, the phenotype was abolished and the

C4 transcript disappeared. Concurrently, TLCV specific siRNAs were produced. In

situ hybridization showed abundant levels of TLCV DNA in phloem cells of TLCV-

infected C4 transgenic plants. However, the C4 transcripts were no longer detectable

in non-vascular cells. Analysis of the transgene by methylation sequencing revealed a

high level of de novo methylation of asymmetric cytosines in both the C4 ORF and its

35S promoter. A high level of methylation was also found at both symmetric and

asymmetric cl.tosines of the complementary-sense strand of TLCV double-stranded

DNA. Given the previous finding that methylated geminiviral DNA is not competent

for replication, a model whereby TLCV evades host defence through a population of

de novo synthesized unmethylated DNA is proposed.

Satellite ßDNA molecules are becoming an emerging threat to global agriculture by

their association with an increasing number of begomoviruses. Tissue specificity of a

satellite DNA ß molecule associated with Cotton leaf curl virus (CLCuV) was

identified. Both DNA ß and CLCuV were found to be phloem specific. Furthermore,

it was found that DNA ß transreplicates with TLCV in phloem tissues. However, in

contrast DNA ß did not transreplicate with TGMV, which is a mesophyll invasive

virus.

This work has provided a new insight into the biology of TLCV showing a distinct

pattern of localization and mechanism of movement compared with a bipartite

begomovirus. Furthermore, the spread of silencing to non-infected tissues upon TLCV

infection and escape of TLCV from silencing explains why transgenic resistance is
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inconsistent for geminiviruses. Given that SIUPTGI has a role in TLCV movement;

down-regulation of SIUPTGI may provide a durable resistance by blocking the virus

movement.
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Chapter 1 - General introduction

1.1 - Geminiviruses

In recent years there has been tremendous progress in the area of plant virology. Most of

these achievements are related to the application of molecular techniques. Plant viruses

are comprised of two major goups; RNA and DNA viruses (Hull, 2002). Geminiviruses

are plant DNA viruses that infect a broad variety of plant species and cause significant

global crop losses (Moffat, 1999). In this chapter, geminivirus classification, genome

organization, replication, transcription and functions of genes is surnmarised, with

special emphasis on Tomato leaf curl virus-Australia (ToLCY-Au). For the purpose of

this thesis and to keep the continuity with the previous publications from this work, the

acronym TLCV is used for Tomato leaf curl virus-Australia. Studies describing viral

localization movement and gene silencing are reviewed.

1.1.1 Geminiviridae

Geminiviruses are members of the family Geminiviridae. The name geminivirus is

coined from the word geminate (twinned) due to their unique twinned virion

morphology. The viral genome consists of 1-2 small circular single stranded DNA

(ssDNA) molecules that replicate through double stranded DNA (dsDNA) intermediates

in the nuclei of mature infected plant cells by utilizing the host replicative machinery

(Gutierrez, 2000:. Hanley-Bowdoin et al., 1999).

The family Geminiviridae comprises four genera, distinguished by their genetic

organization, host raîge and insect vector (Fauquet et al., 2003; Harrison & Robinson,
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2002; Pringle, 1999). The genus Mastreyirus includes viruses with a single DNA

component IhaI infect mainly monocotyledonous plants and are transmitted by

leaflroppers. Two mastreviruses, which infect dicotyledonous plants, have been

identified (Boulton, 2002). Viruses of the genus Curtovirus are also transmitted by

leafhoppers and are monopartite but infect dicotyledonous plants (Briddon & Markham,

2001). A fourth genus, Topocuviruts, has been established (Pringle, 1999) which

contains only one virus, Tomato pseudo curly top virus (TPCTV). TPCTV is

transmitted by a treehopper and has a monopafiite genome (Briddon & Markham,

2001). Species in the genus Begomovirus,Ihe largest genus of the farnily Geminiviridae,

have either monopartite or bipartite genoÍres, are transmitted by whiteflies and infect

only dicotyledonous plants (Harrison & Robinson,2002).

1.1.2 Geminivirus DNA replication

All geminiviruses use a rolling circle replication (RCR) strategy to amplify their ssDNA

genomes to produce dsDNA intermediates that serve as replicative and transcriptional

templates (Heyraud et al., 1993; Saunders et al., l99l). RCR is analogous to that of

many prokaryotic replicons (Baas, 1987; Novick, 1998), suggesting that the

geminiviruses may have evolved from prokaryotic episomal replicons. This is supported

by the observations that TLCV and other geminiviruses are able to replicate in

Agrobacterium tumefociens and Escherichia coli (Rigden et al., 1996; Selth et al.,

2002).

The geminivirus replication cycle can be subdivided into two major stages in which

leading and lagging strand DNA synthesis are separate events (Komberg & Baker,

1992). The first stage involves the s¡mthesis of a complementary-sense "minus" strand

2
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using the single stranded virion sense "plus" strand as a template, to generate a dsDNA

intermediate, which is also known as replicative form (RF). Saunders et al. (1992) has

analysed the heterogenous form of complementary-sense DNA (H3 DNA) from African

cqssava mosaic virus (ACMV) infected N. benthamiana and suggested its role in

complementary-strand replication (CSR). It is assumed that an RNA molecule is

involved in the complementary-sense (minus) strand synthesis. This RNA rnolecule is

generated either through RNA polymerase or DNA primase activity (Hanley-Bowdoin

et al., 1999).

The second stage is the amplification stage of dsDNA intermediates by rolling circle

ieplication as shown in Figure 1.1. RF seryes as a template for further DNA replication

and to produce plus strand DNA (Hanley-Bowdoin eI al., 1999). The gerninivirus plus

strand DNA synthesis initiates through a site specific nick. It has been demonstrated

that geminivirus replication protein is a site specific endonuclease, which cleaves virion

strand viral DNA at a specific position in vitro (Desbiez et a1.,1995). Rep protein binds

to the free 5' end covalently, while the 3' end is available to prime the synthesis of plus-

strand ssDNA. The subsequent events involved in plus-strand DNA synthesis are not

clearly understood. However, these plus-strand ssDNA molecules are incorporated into

the replication pool, transported to the adjacent cells or converted to the viral particles

(Gutierrez, 1999).

Recently Jeske et al. (2001) demonstrated that geminivirus replication also involves a

recombination-dependent replication (RDR) mechanism. In RDR, a viral DNA

fragment recombines at a homologous site within an intact covalently closed circular

DNA molecule and is extended. Replication intermediates consistent with RDR have

J



2. Rep cleaves nonanucleotide
and becomes covalently

bound to free 5'end

t. Rep binds to
direct repeat

3. Synthesis of virion-sense
ssDNA by host factors

4. Release of new
ssDNA progeny

Figure 1.1. Model for geminiviral rolling-circle replication. After synthesis of complementary-
sense strand to yield a double-strand, replicative form, Rep (filled red triangle) binds a direct repeat

upstream of the stem-loop (1). Subsequently, the Rep protein introduces a nick into a conserved

nonanucleotide sequence found in the loop region (2), andbecomes covalently attached to the free

S'end. A host replication complex (frlled green circle) are utilised to synthesise new virion-sense
ssDNA from the 3'end (3). Termination of virion-sense replication and resolution of the genome-

length ssDNAs is performed by the Rep protein (4).

t
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been identified for ACMV, Abutilon mosaic virus (AbMY), Beet curly top virus

(BCTV), Tr¡matr¡ yellow leaf curl virus (TYLCV) and Tomato golden mosaic virus

(TGMV) (Preiss & Jeske, 2003). This mechanism allows the rescue of damaged and

incomplete viral DNA and explains the production of certain replication intermediates

associated with the begomoviruses. The newly produced ssDNA molecules would then

be converted to dsDNA by a mechanism similar to CSR. Recent experiments in our

laboratory have shown that TLCV DNA replication also involves RDR (Alberter et al.,

2005).

1.1.3 Transcription of geminivirus ORFs

The genomes of geminiviruses are transcribed bidirectionally to generate rnRNAs that

correspond to both the virion and complementary ORFs. Transcription events occur

downstream of either consensus TATA box motifs or initiator elements, suggesting that

mRNAs aÍe transcribed by host RNA polymerase II. The viral RNAs are

polyadenylated and composed of multiple RNA species, indicating the complexity of

geminiviral transcription (Hanley-Bowdoin et al., 1999).

1.1.4 The geminivirus origin of replication

Geminivirus DNA replication sequences for plus strand origin of replication (ori)have

been identified and a number of significant elements are described (Fig. 1.2).The ori

has been localized in the 5' IR, which also contains promoters for ORFs in both virion

and complementary-sense strands (Lazarowitz, 1992; Saunders et al., 199I; Stenger et

al., 1992). A hairpin motif in ori is common to all geminiviruses (Arguello-Astorga et

al., 1994). In TLCV, the 2766 base sequence begins with a nonanucleotide sequence

(TAATATTAC), which forms the loop of a hairpin motif (Dry et al., 1993). The

4
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nonanucleotide sequence is also observed in the plus strand origins of other rolling

circle systems (Baas, 1987). Mutations in this conserved region inhibit the viral

replication in ttivo and Rep-mediated cleavage in vitro (Orozco & Hanley-Bowdoin,

tee6).

The binding of Rep protein to the IR is required to initiate the replication of DNA. Rep

is a sequence specific DNA binding protein that interacts with sequences found

upstream of the hairpin rnotif in the plus strand origin of TGMV (Fig. 1.2). Rep binding

sites in the IRs for TLCV (Behjatnia et al., 1998), Squash leaf curl virrzs (SqLCV)

(Lazarowitz et a1.,7992), BCTV (Choi & Stenger, 1995) and Wheat dwarf ttirus (WDV)

(Heyraud et al., 1993) have been identified. The hairpin structure does not play any role

in the binding of Rep (Fontes et a7., 1992). However, it has been observed that Rep

binding is a species specific phenomenon. TGMV Rep that recognises the direct repeat

sequence GGTAGAAGGT,{G is unable to bind with the direct repeat sequence,

GGAGACGGAG, of Bean golden mosaic virus (BGil;4V) (Fontes et al., 1994b). Choi

and Stenger (1996) found that spacing within and between the repeats and sequence of

the BCTV Rep binding sites are also crucial for species specific recognition. However,

tight specificity for an interaction between Rep and the plus strand origin is not required

in the case of the satellite DNA associated with TLCV (Dry et aL.,1997). Recently it has

been observed that mutants of TLCV as well as sat-DNA having mutations in the direct

repeat retained their ability to replicate in tomato (Lin et al., 2003). The reason for

binding of Rep to direct repeats is not clear; however the presence of these motifs in

most of the geminiviruses is crucial for replication. It has been observed that mutations

in the direct repeat impair Rep/DNA binding in vitro as well as interfere with viral

replication in ttivo (Fontes et al., 1994a; Orozco & Hanley-Bowdoin, 1998). In

5
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begornoviruses, positive-strand origin of replication overlaps the complementary sense

promoter. The TATA box is located 3 bp upstream of the Rep binding site, and the G-

box is positioned at the base of the hairpin structure that is required for the transcription

of CI and C4 ORFs (Eagle & Hanley-Bowdoin, 1997).

Two additional elements have been identified in the TGMV ori, anAG-motif and a CA-

motif (Fig 1 .2). The AG-motif is essential for origin function and is located in between

the hairpin and the Rep binding site (Orozco et al., 1998) whereas the CA-motif acts as

an efficiency element and is present outside of the minimal origin imrnediately

upstream of the Rep binding site. These elements are thought to bind with the host

factors and thus facilitate the initiation of plus-strand DNA synthesis (Hanley-Bowdoin

et al.,1999).

1.1.5 Genome organization of begomoviruses

Begomoviruses have complex viral genome and transcription of genes for viral proteins

occurs from the circular double stranded DNA (dsDNA) intermediates. The

transcriptionally active forms of DNA, dsDNA, have two strands containing six to

seven genes, whose transcription occurs in complementaty sense (c-sense) and virion

sense (v-sense) directions, which are separated by the intergenic region (IR). The

intergenic region includes a stem-loop structure, with the loop having nonanucleotide

TAATATTAC sequence, which is conserved among all geminiviruses (Hanley-

Bowdoin et al., 1999). PrÒteins encoded by these genes are involved in viral DNA

replication, regulation of viral transcription, intra- and intercellular movement,

encapsidation, insect vector transmission and disease symptoms in the host plant.

6
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1.1.6 Tomato leaf curl virus (TLCÐ

Tomato leaf curl (TLC) and tomato yellow leaf curl (TYLC) aÍe severe viral diseases of

cultivated tomato (Solanum lycopersicum L.) in the tomato growing regions of the

world. These viral diseases result in a significant reduction in the yield of tomato crop

around the world, including Australia (Behjatnia et al., 1996), India (Saikia &

Muniyappa, 1989), Middle East, Mediterranean, South East Asia, Afi'ica and America

(Nakhla & Maxwell, 1998). Phenotypic symptorns of both diseases in the infected

plants include curling of leaves, chlorosis or yellowing of leaves, stunted plant growth

and low or no fruit set (Nakhla & Maxwell, 1998). Several begomoviruses are the

causal agent of these diseases and losses to tomato production range from 28-92o/o,

depending on the suitability of conditions for viral infection (Nakhla & Maxwell, 1998).

The first report of TLC disease in Australia was given by Aldric in 1970 in the Northern

Territory (Behjatnia et al., 1996). The disease is now spreading in the Far Northern

Queensland. The causal agent, TLCV, is a monopartfte begomovirus. A large population

of B biotype of Bemisia tabaci, which is a very efficient vector of TLCV, is present in

Queensland and Northern New South Wales (Fig 1.3) including the major tomato-

growing regions in Australia. There is a small pocket in Far Northern Queensland where

TLCV and B biotype of B. tabaci overlap. Therefore, it is thought that a TLCV

epidemic may spread into this major tomato-growing region (M. A. Rezaian, personal

communication). A satellite DNA (sat-DNA) (Dry et al., 7997) and sub-genomic viral

DNA components (Behjatnia, 1997) are associated with TLCV and depend on TLCV

for their replication. Studies related to the host pathogen interactions, viral localization

and movement are required to design effective control measures against this particular

disease.

7
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1.1.6.1 Genome organization of TLCV

The genome organization of TLCV resembles other dicotyledonous plant-infecting

monopartite begomoviruses (Dry et al., 1993). TLCV contains a circular, ssDNA

genome of 2766 nucleotides that encodes six open reading frames (ORFs) (Dry et al.,

1993). Two open reading frames (VI and V2) are encoded in the virion sense while four

(CI, C2, C3 and C4) are encoded on the complementary sense DNA (Fig. 1.a).

1.1.6.2 Transcription of the TLCV ORFs

TlCV-encoded transcripts from infected tomato have been characterized (Mullineaux et

al., 1993). Four major virus-specific transcripts were identified by nuclease protection

assays and by the technique, rapid amplification of oDNA ends polymerase chain

reaction (RACE-PCR), using TlCV-specific primers. The complementary-sense strand

generates two RNA species; one spans the Cl (and C4), C2 and Ci ORFs while a

second intemal RNA covers C2 and C3. Two transcripts are produced by the virion-

sense strand and are situated on either side of the start codon of Z1 ORF.

1.1.6.3 Functions of the TLCV genes

The functions of genes of the geminiviruses have been studied extensively, particularly

for the bipartite begomoviruses like TGMV. In contrast, the functions of TLCV ORFs

have not been well characterized. Therefore, in this section, gene functions of the

geminiviruses will be considered with an emphasis on bipartite begomoviruses, and

where applicable, on monopartite begomoviruses including TYLCV and TLCV.

8
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1.1.6.3.1VI

The Vl ORF of begomoviruses has been implicated in synptorn development and

ssDNA accumulation (Rigden et al., 1993; Wartig et al., 1997). It has been observed

that V1 is involved in cell-to-cell spread of Maize strealc viras (MSV) (Lazarowitz et

a1., 1989). However, it is thought that this particular ORF is not irnportant for the

systemic spread of virus in the plant. Rigden et al. (1993) showed that disruption in the

Z1 ORF did not affect the viral dsDNA synthesis but produced symptomless systemic

infection with a reduced titre of all forms of viral DNA in inoculated plants. In contrast

to this result Wartig et al. (1997) reported that disruption of the VI ORF of Tomato

yellow lea.f curl Sardinia virus (TYLCSV) abolished systemic infèction in tomato plants

and thus was required for successful infection in the host. It has been observed that Vl

of TYLCV enhanced the capacity of coat protein (CP) to mediate nuclear export of

DNA, possibly via an interaction with a CP-DNA complex (Rojas et al., 2001). Rojas et

al. (2001) also suggested that Vl is involved in the cell-to-cell movement of viral

nucleic acid, possibly by an interaction with endoplasmic reticulum (ER) as V1 proteins

co-localized with the ER. Experiments to detect the subcellular localization of TLCV

Vl protein have not been done.

1.1.6.3.2 V2

The V2 gene of the monopartite begomoviruses encodes the viral coat protein, which is

common in other monopartite geminiviruses (Boulton et al, 1993; Dry et al., 7993;

Morris-Krsinich et a1., 1985; Rigden et al., 1993). The coat protein is required for

encapsidation to protect the viral genome. Long distance systemic movement of virus

may also require a functional coat protein (Hull, 2002). It has been observed that

mutations in the TLCV Y2 coat protein gene disrupted spread of the virus (Rigden et

9
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al., 1993) while none of the rnutations in the V2 ORF of the monopartite TYLCV

prevented the synthesis of CP (Wartig et a1., 1997). Capsid protein of monopartite

TYLCV an<l bipartite SqLCV has the ability to interact with ssDNA and is involved in

the accumulation of viral ssDNA genomes (Palanichelvam et al., 1998; Qin et a1.,

1998). There is no report about the DNA binding ability of TLCV V2 protein. Rojas et

al. (2001) has reported that TYLCV CP accumulates in the nucleus and is involved in

the nuclear irnport and export of viral DNA. So far no research has been done to

determine whether TLCV CP is a nuclear shuttle protein.

1.1.6.3.3 CI

The protein encoded by the TLCV C1 ORF is designated as a replication-associated

protein (Rep), and is the only viral protein essential for viral DNA replication

(Behjatnia et a1., 1998). Rep localizes to the nuclei of infected plant cells (Nagar et al.,

1995) and plays an important role in geminivirus replication and transcription (Laufs et

al., I995a). Rep has various different functions, which are sunmarised in Figure 1.5 and

some of them are described below.

1.1.6.3.3.1 DNA binding, nicking and ligation activities

Studies with TLCV (Behjatnia et al., 1998), TYLCV (Jupin et al., 7994), TGMV

(Thommes et al., 1993) and other geminiviruses have shown that Rep confers virus

specific recognition and binds to the direct-repeat sequences in their respective ori (as

explained in section I.1,4).

Rep introduces a nick in the plus strand between the 7tl' and 8tl' conserved nucleotide in

the nonamer motif, ttAAtAtTJsAC, (Laufs et al., 1995b). The newly generated 5' end

10
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al.,1999)
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of the cleaved strand becomes covalently linked to the Rep, while the 3' hydroxyl

nucleotide at position 7 becomes available for plus strand DNA synthesis (Laufs eI al.,

1995b). Upon the completion of complete replication, the newly synthesized strand is

cleaved by Rep at the same position and 3' hydroxyl is joined to the 5' phosphate of the

strand to release a circular ssDNA molecule of the same length as the genome (see Fig.

1.1) (Laufs et al., 1995b).

1.1.6.3.3.2 NTPase activity

It has been repofied that Rep proteins of all geminiviruses have a sequence comparable

to the consensus nucleotide triphosphate-binding (NTP) motif and exhibit a weak

similarity to DNA helicase (Gorbalenya & Koonin, 1989). ATPase activity has been

identified for TGMV and TYLCV Rep (Desbiez et al., 1995; Orozco et al., 1997),

whereas there is no report available to date for helicase activity in geminivirus

replication protein. Moreover it has been observed that the DNA independent nature of

the ATPase activity is not consistent with Rep as a DNA helicase (Hanley-Bowdoin et

al, 1999).It is possible that ATP hydrolysis mediates a conformational change that is

required for the initiation of plus strand synthesis (Hanley-Bowdoin et al., 1999). This is

supported by the observation that the mutation in the NTP binding motif prevents Rep

from supporting viral replication but has no effect on Rep-mediated transcriptional

repression (Desbiez et al., 1995; Eagle et al., 1994) and the specific Rep and DNA

interactions required for transcriptional repression are a subset of those required for

DNA replication (Gladfelter et al., 1997).

11
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1.1.6.3.3.3 Transcriptional regulation

It has been observed that Rep from ACMV (Hong & Stanley, 1995) and TGMV

(Hanley-Bowdoin et al., 1999) regulates its own expression during transcription. This

regulatory activity might be due to the binding of Rep to the direct repeat in ori (see

Section 1.1.4). It is thought that binding of Rep could interfere with the assembly of

transcriptional machinery, as the Rep binding site is located between the TATA box and

the rep transcriptional start point (Hong & Stanley,1995). It has been observed that the

regulatory activity of Rep is located in the region where its DNA binding dornain is

present (Hong & Stanley, 1995).

1.1.6.3.3.4 Induction of host replication machinery

Geminiviruses rely on host replication machinery and have the ability to replicate in

differentiated cells, which generally do not contain detectable levels of replication

enzymes (Nagar et al., 1995).It has been shown that geminiviruses have the ability to

modify the host cell replication machinery and thereby induce the replication of host

DNA (Nagar et al., 2002). This resembles rnammalian DNA viruses, which use a

combination of mechanisrns to induce replication protein in their hosts (Labrie et al.,

1995;Lee et a1.,1991). Recent work with plant viruses suggests that Rep is required for

activating a replication-permissive state by interacting with plant retinoblastoma (RB)

related protein, which is involved in the regulation of the plant cell cycle.

1.1.6.3.4 C2

The product of the C2 ORF of monopartite begomoviruses is required for systemic

infection and is a transcriptional activator protein (TrAP). It has been observed that a C2

mutant of TLCV exhibited the capability of autonomous replication in tobacco leaf

l2
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strips (Dry et al., 1991). The mutants of the C2 gene product resulted in the reduction of

ssDNA levels and an increase in the levels of dsDNA replicative forms. This suggests

that the C2 gene procluct of TLCV transactivates the expression of virion sense genes

(Dry et al., 1997). The protein encoded by C2 ORF of TYLCV-Sr is also required to

establish infection in tomato but not in Nicotiana benthamiana (Wafüg et al., 1997).In

contrast the C2 ORF of BCTV is not required for infectivity (Honnuzdi & Bisaro,

tees).

In bipartite geminiviruses, the AC2 gene product seems to be involved in viral

movement. Sunter and Bisaro (1991) reported that the AC2 protein of TGMV is a

transactivator of coat protein and movernent protein genes. They also observed a

reduced level of ssDNA in transient assays of rnutated AC2 OP.F and suggested that

mutated AC2 prevents systemic viral movement in plants. Similarly AC2 has also been

reported to regulate the expression of BC1 in ACMV (Haley et al., 1992).

There is an increasing debate about defence mechanisms of plants against viruses,

involving post-transcriptional gene silencing (PTGS). Recent findings suggest that the

C2|AC2 protein of geminiviruses may have some role in gene silencing. The protein

encoded by AC2 gene of ACMV is thought to have a role in gene silencing suppression

(Voinnet et al., 1999). Similarly, transgenic plants expressing the TGMV AL2 gene and

BCTV L2 (C2) gene exhibit enhanced susceptibility to infection by other DNA and

RNA viruses and suggest these gene products have the ability to suppress a host defence

response to a range of viruses (Sunter et al., 2001). Furthermore, the role of TLCV C2

protein as a suppressor of PTGS has also been verified in our laboratory (Selth et al.,

2004).

13
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1.1.6.3.5 C3

The role of the Ci ORF in TLCV is not known (Dry et al., 2000). However C31AL3

proteins significantly enhance viral DNA accumulation in both monopartite and

bipartite geminiviruses through an unknown mechanisrn (Elmer et al., 1988). It has been

reported that AL3 is localized to the nuclei of infected plant cells (Nagar et al., 1995;

Pedersen & Hanley-Bowdoin, 1994). These findings suggest that AL3 might act with

ALl during initiation of viral DNA replication. The gene product of begomovirus AC3

is not required for viral replication; while it seems to affect viral DNA synthesis

efficiency by enhancing the levels of viral replication (Sunter et a1.,1990).

It has been demonstrated that TGMV AL3 interacts with a maize RB homologue and

suggested that it also plays a role in modifying plant cells, to create a replication

supportive environment (Settlage et al., 2001). Experiments in this laboratory have

verified that the product of C3 gene of TLCV interacts with a tomato protein of the

NAC farnily named SINACI and enhances viral replication (Selth et al., 2005).

1.1.6.3.6 C4

The protein encoded by the C4 gene of TLCV plays different roles in virus movement

and symptom development. It has been suggested that the C4 gene of TYLCV is

required for systemic viral rnovement (Jupin et al., 1994). On the other hand, Rigden et

al. (1994) have suggested that the C4 gene of TLCV encodes a protein that is not

required for TLCV replication and systemic spread, but is involved in symptom

severity. Similarly, Krake et al. (1998) have reported that the C4 gene from TLCV

developed severe disease symptoms in transgenic plants. Similar results of disease

development were reported by Stanley and Latham (1992) for BCTV C4 ORF. It has
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been demonstrated that transgenic plants of N. benthamiana which ectopically express

BCTV C4 develop abnorrnally and produce tumours (Latham et al., 1997). These results

suggest that C4 can cause cell division in plants in the absence of viral proteins possibly

with the interaction of host factors (Hanley-Bowdoin et al., 1999). Recently Vanitharani

et al. (2004) reported that AC4 proteins (the bipartite hornologue of C4) from ACMV

(Cameroon strain) and Sri Lankan cassava mosaic virus are suppressors of PTGS.

Therefore, there is a need to explore different functions of C4. regarding its role in viral

movement, cell division and suppression of gene silencing.

1.1.7 Satellite and sub-genomic DNAs associated with TLCV

RNA virus infected plants may contain subgenomic RNA and subviral agents, such as

viroids and satellites (Hull, 2002). Satellites can be differentiated from subgenornic

nucleic acids by their lack of appreciable sequence homology to the genome of helper

virus. Virus-specifrc DNA satellites are also associated with a range of geminiviruses

including ACMV, BCTV, TGMV, TYLCV and WDV (Czosnek et al., 1989; Dry et al,

1997; Frischmuth & Stanley, 1992; Hayes et a1.,1988; MacDonald et al., 1988; Stanley

& Townsend, 1985). Dry et al. (1997) reported a satellite DNA (sat-DNA) associated

with TLCV, which was the first report of a DNA satellite. This sat-DNA is encapsidated

by TLCV CP and is dependent on helper virus for its replication (Dry et al., 1997). Sub-

genomic (SG) DNA molecules of different size were observed in TLCV infected plants

(Behjatnia, 1997). SG DNAs are encapsidated by TLCV CP and replicate in the

presence of TLCV. These SG DNAs interfered with virus replication and were

olassified as defective-interfering DNAs, however the exact role of SG DNAs in the

geminivirus multiplication is not clear (Behjatnia, 1997).
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Another type of DNA component identified in cotton plants infected with Cotton leaf

curl Multan ttirus (CLCuMV) was almost half the size of the genome of its helper

begomovirus. This DNA molecule encodes a Rep-like protein which resembles that of

the nanoviruses and was named DNA-I (Mansoor et al., 2003; Mansoor et al., 1999;

Saunders & Stanley, 1999). DNA-1 can replicate by itself, but requires the helper virus

for its movement and insect transmission (Saunders & Stanley, 1999). DNA-1 cannot

strictly be defined as a sat-DNA because of its autonolnous replication (Mayo et al.,

2005). It has been suggested that DNA-I moleoules could be derived from either

nanovirus like cornponents or begomovirus-adapted nanovirus components (Briddon &

Stanley,2006).

The rnost important satellite cornponent identified so far is DNA p, which was first

charucterized in association with Ageratum yellow vein virus (AYVV) (Saunders et al.,

2000). This satellite molecule was designated as DNA p because in some respects it

functionally resembled the DNA-B molecule of bipartite begomoviruses (Saunders et

al., 2000). Since then such satellite molecules have been identified in a wide variety of

plant species associated with a range of monopartite begomoviruses throughout Africa

and Asia (Mansoor et al., 2006). DNA B requires a helper virus for replication,

encapsidation, movement and insect transmission and is therefore designated as a

satellite molecule (Mayo et a1.,2005). These sat-DNAs are half the size of the helper

virus genome and have no sequence homology with the helper virus. Most importantly,

these satellite molecules modulate symptom development (Saeed et a1.,2005; Saunders

et al., 2004).
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DNA B has three characteristic features: (i) a single, highly conserved ORF present on

the complementary-sense strand, known as PC 1, (ii) a conserved sequence of

approximately 200 nucleotides recognized as the satellite-conserved region (SCR) and

(iii) an adenine (A)-rich region. The exact function of the A-rich region is currently

unknown. However, the deletion of the A-rich region does not affect the replication,

encapsidation and symptom development capabilities of the molecule (Tao et a1.,2004).

Mutagenesis studies of the DNA BC1 ORF and stable expression of this gene in

transgenic plants have shown that BCI is a determinant of pathogenicity (Saeed et al.,

2005; Saunders et al., 2004). It has been suggested that gene silencing suppressors

induce pathogenic effects in plants (Voinnet et a1.,1999). A recent report demonstrating

the role of pCl as a suppressor of gene silencing (Cui et al., 2005) supports this

argument. However, the mechanism(s) by which BCl induces symptoms remains

unclear.

Satellite DNA B rrolecules have been identified only recently and have produced

diverse monopartite begomovirus-DNA p disease complexes. There is a need to

investigate the association of this sat-DNA with the helper virus at the cellular level and

to determine its precise role in disease development.

1.2 Tissue Tropism

Plant viruses infect different cells and tissues to establish a systemic infection in the

host. Localization of a particular virus to the specific cells and tissues is termed a tissue

tropism. Different viral and host factors determine tissue specificity. Factors responsible

for tissue tropism in animal viruses have been extensively studied, whereas

identification of the determinants of plant viral localizalion has not yet been achieved.
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In this section the literature review focuses rnainly on tissue tropism, ancl possible

factors which detennine thelocalization of geminiviruses in host cells and tissues.

1.2.1 Viral localization and phloem specificity

Most plant viruses are restricted to certain tissues during infection. Some of the viruses

are phloem restricted and are found usually in phloem parenchyma, cornpanion cells

and sieve elements, whereas others have the ability to invade mesophyll. Similarly, a

few viruses appear to be limited to the phloem drlring early stages of infection but at

later stages they are found in mesophyll as well. Vimses also exhibit uneven

distribution in leaves to show mosaic patterns (Hull, 2002). Molecular mechanisrns that

determine the tissue specif,rcity and distribution of viruses are currently unknown. It is

also possible that certain host factors responsible for viral replication and movement are

not available outside the vascular system.

Different geminiviruses exhibit different pattems of tissue specificity; SqLCV (Ward et

al., 1997), BGMV (Kim et aL, 1978), BCTV (Latham et al., 1997) and AbMV (Horns &

Jeske, l99l) have been detected only in phloem tissues. On the other hand TGMV has

been observed in most cell types of leaf, including rnesophyll cells, in the model host

Nicotiana benthamiana (Nagar et al., 1995). It has been reported that Euphorbia mosaic

virus (EuMV) is confined to phloem in its natural host Euphorbia heterophylla whereas

it has the ability to invade mesophyll cells in he experimental host Datura stramonium

(Kim & Lee, 1992), suggesting that the host-pathogen interaction regulates the

localization of viruses.
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As indicated above, TGMV and BGMV exhibit differential tissue tropisms in the host.

It has been observed in co-inoculation studies that TGMV has the ability to overcome

the phloern lirnitation of BGMV (see Figure 7) (Mona & Petty, 2000). In subsequent

experiments, a hybrid virus, in which the fragments of BGMV genome were replaced

with the analogous genes of TGMV, was used to determine the viral factors responsible

for rnesophyll-invasiveness of BGMV in co-inoculation studies. It was found that BRi

(the non-coding region upstream from the TGMV Bì?1 ORF) is required along with

AL2|AL3 ORFs or'BLllBRl ORFs ftrr mesophyll invasion of hybrid virus (Morra &

Petty, 2000).

Recent experirnents on in situ hybridization with different bipartite geminiviruses

including AbMV (Saunders eI a1.,2001b), Cabbage lea.f curl virus (CabLCV) (Qin &

Petty, 2001) TGMV and BGMV (Morra & Petty, 2000) indicate that there is an

accumulation of viral DNA in nuclei of host cells (Fig. 1.6 and 1.7). There is no

conclusive report describing the localization of different forms of begomovirus nucleic

acid in host cells.

1.2.2 Possible factors for tissue tropism

The factors that can direct the exit of a given virus from the vascular system have not

been studied in detail. However the possible factors which determine the phloem-

limitation or mesophyll-invasion of a particular virus are described below.

1.2.2.1 Mechanical or non-mechanical transmission

It is generally considered that viruses, which are not mechanically transmissible, are

phloem-limited whereas viruses, which are mechanically transmissible, are mesophyll-
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Figure 1.6. In situ localization ofwild-type begomoviruses in single and double infections (x400

magnifications) (Mona et al., 2000)

(A) Sections from a plant infected with wild-type TGMV and hybridized with the TGMV-

specific probes. Hybridization signals were detected in nuclei of spongy and palisade mesophyll

".llr 
u. well as in those of vascular-associated cells. @) Sections from a plant infected with wild

t¡pe BGMV and hybridized with BGMV-specific probes. Hybridization signals were detected in

nuclei of vascular-associated cells. Awhite arrowhead indicates the location of a vascularbundle

passing perpendicular to the plane of the section. (C) Sections from an uninfected plant incubated

with the,TGMV-specific probes. No non-specifrc hybridizationwas detected.(D) Sections from

a plant infected with both wild-type BGMV and wild-type TGMV and hybridized with the

nðtW-specific probes. The presence of hybridization signals in nuclei of palisade mesophyll

cells indicates that BGMV can infect these cells following double infection with TGMV'
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Figure 1.7. Comparison of TGMV and AbMV DNA distribution in sections of systemi-

cally infectedN. benthamiana leaves 17-18 days post inoculation (dpi). (Wege et al., 2001)

Tissues were taken from plants infected with TGMV (A-C) and AbMV (D-F). Nuclei
containing viral DNA appear darkly stained. TGMV DNA is detectable in the nuclei of
spongy and palisade parenchyma cells at alate stage of infection when the leaves exhibit
severe leaf curl symptoms (4, B). Earlier in infection, TGMV DNA is predominantly asso-

ciated with phloem cells and, to a lesser extent, adjacent palisade parenchyma cells (C).

AbMV DNA is confined to the nucleus of a phloem cell of a large leaf vessel (D). Even at

a later stage of infection, AbMV DNA is confined to nuclei of cells adjacent to xylem
elements in the vascular bundles (E), also shown at higher magnification (F). Sections were

examined using differential interference contrast (DIC) microscopy and Ashablue counter-

stain. Bars:50 pm.
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invasive. Wege et al. (2001) has shown that mechanically transmissible gerninivirus

Sida micrantha mosaic virus (SimMV) closely related to AbMV, is phloem-limited in

systernically infected plants suggesting that mechanical transrnission is not a necessary

norm for mesophyll invasion. Most of the insect vectors of persistently transmitted

viruses transfer viruses into the sieve tubes via their stylet (Hull, 2002). Phloern-lirnited

vimses are unable to move out of the vascular system. It has been reported that virus

exit frorn the vascular bundles in a leaf may only be possible before the sink-source

transition (Roberts et al., 1997). However, how and where viruses exit the phloem is

unknown.

1.2.2.2 Host responses

Cross protection was recognized in the beginning of the 20tl' century in crop plants

(Hull, 2002). The mechanism of cross protection has remained'a mystery, as plants do

not have an immune system. However this has been recently explained through an

understanding of gene silencing events and the action of suppressors of gene silencing.

It seems that gene silencing activates the plant's adaptive defence mechanism against

viruses (Waterhouse et al., 2001). Barker et al. (2001) have suggested that an RNA-

mediated forrn of resistance which is analogous to post transcriptional gene silencing

operates in non-vascular cells and may be part of the mechanism that restricts Potato

leaf roll virus (PLF.V) to vascular tissues in naturally infected plants. Voinnet et al.

(1999) have also proposed the same mechanism for phloem limitation based on putative

tissue-specific host defence responses.

Geminivirus replication, except for viral replication associated protein, depends on host

proteins. Most cells in mature plants have completed the cell cycle and have undergone
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differentiation and do not support active DNA replication (Nagar et al., 1995). To

overcome this problern, geminiviruses direct their hosts to create a replication-

supportive environment (Egelkrout et al., 2001:' Nagar et a1.,1995). Some geminiviruses

are phloem restricted (Sanderfoof &. Lazarowitz, 7996) and rnay replicate in vascular

parenehyrna cells which contain replicative cotnponents likç the cyclin-dependent

kinase cdc2a (Mafünez et al., 1992). These results suggest that host responses determine

the tissue specificity of viruses in host plants.

1.2.2.3 Viral encoded movement proteins

The ability to invade the different tissues of a host plant is an important aspect of viral

movement and functions. Another possible explanation of phloem restriction is that the

movement proteins encoded by virus cannot function in rnesophyll cells, or are unable

to mediate the initial escape of virus from vasculal system to mesophyll (Qin & Petty,

2001). However, this possibility has yet to be verified experimentally

1,2.2.4 Other factors

There might be a variety of mechanisms which are responsible for virus tissue tropism,

but in sorre cases localization of plant viruses can be affected by environmental

conditions (Ding et al., 1999b), or the developmental stage of the host (Wang et al.,

1ee6).

There is a need to explore different molecular mechanisms, which govern the

localization of plant viruses to their host cells, particularly monopartite begomoviruses,

as there is no report available which can explain the tissue specificity of TLCV.
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1.3 Viral Movement

Plant viruses must have the ability to overcotne various transport barriers to cause an

infection in the host. Viral encoded proteins ale the principal elements by which all

plant viruses counter these transport barriers. The movement of plant viruses generally

occurs in two distinct phases to establish systernic infection in the host: cell-to-cell

(local) movement and long distance (systemic) rnovement. During the recent years,

molecular techniques, including plant transfonnation, infectious clones, recombinant

protein systems, microinjection and reporter proteins have played a significant role in

understanding virus rnovement particularly cell-to-cell movement. Different viral

ploteins are required for these two types of rnovernents. Plant viruses encode tnovernent

proteins (MPs) that are involved in the cell-to-cell transport of the virus (Lucas &

Gilbertson, 1994).It has been obseled that CP is required fol long distance movement

in the rnajority of viruses, but it is unclear whether CP is required for virions or as a

nonvirion nucleoprotein complex (Gilbertson & Lucas, 1996). A proposed model for

intra- and inter-cellular movement of geminiviruses is presented in Figure 1.8, which

describes the role of different viral encoded proteins for viral trafficking. In addition to

the role of viral encoded proteins, plant viruses may also rely on various host factors for

their movement, including host proteins and cytoskeleton elements. Animal viruses

have been shown to exploit various components of the closkeleton for intracellular

transport. Recent findings suggest that microtubules are involved in the intracellular

movement of Tobacco mosaic virus (T}l4Y) and its targeting to the plasmodesmata (Pd)

(Boyko et al., 2000; Kotlizky et a1.,2001). No conclusive data are yet available to

confirm the role of different host factors involved in the movement of monopartite

begomoviruses, specifically TLCV. In this section, the role of movement protein, coat
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Figure 1.8. A model for geminivirus intra- and inter-cellular movement (Gafrri et al., 2002)

(a) Virions of a bipartite geminivirus are infioduced into the host cell by insect vector. A com-

plex of the ssDNA and the CP is formed which enters the nucleus for replication and tran-

scription of the viral genome. BVI form a complex with ssDNAthat the exits the nucleus and

interacts with BCl. The BCl:BVl: ssDNA complex is directed to an adjacent cell. For

SqLCV it was suggested that BCl associates with ER forming tubular structures (TS) which

function in the translocation from cell-to-cell of the BVl: ssDNA complex. In subsequently

infected cells, BVI functions as a nuclear shuttle of the ssDNA.

(b) A complex of ssDNA and CP is formed and enters the nucleus for replication and tran-

scription of the viral genome. CP is also proposed to function in nuclear export of the CP:

ssDNA complex. Two routes are proposed to distinguish between the cell-to-cell movement

of Mastrevirus (pathway M) which involves Pre-CP and CR and that of begomoviruses

þathway B) for which only CP involvement has been conclusively demonstrated to date.

Host protein involvement is not shown
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protein and elements of the cytoskeleton and endomembrane systern are discussed with

particular emphasi s on monopartite begomoviruses.

1.3.1 Movement Protein

To establish an infection, plant viruses encode proteins that help in cell-to-cell and long

distance movernent. Genetic studies have indicated that plant viruses can replicate and

encapsidate in the absence of movement proteins (MP) but cannot move cell-to-ce1l.

Many MPs have the ability to increase the size exclusion limit (SEL) and mediate cell-

to-cell rnovement through the Pd (Lazarowitz &. Beachy, 1999). Earlier studies

indicated that MPs encoded by TMV and Red clover necrotic mosaic virzs (RCNMV)

could increase the size exclusion limit (SEL) of Pd (Citovsky et al., 1990; Fujiwara et

al., 1993) and it appeared that cell-to-cell spread of infection could occur in the absence

of viral particles when MP expressed in transgenic plants (Lazarowitz &.Beachy,1999).

Therefore, it was suggested that complexes of viral nucleic acid and MP move cell-to-

cell. Currently two distinct mechanisms have been described for inter-cellular

movement through Pd (Lazarowitz &. Beachy, 1999; Lucas & Gilbertson, 1994). The

f,rrst mechanism suggests the interaction of MP with the viral nucleic acid to form an

MP-nucleoprotein complex, which is then passed to the adjacent cell through Pd

(Mclean et al., 1997). The second mechanism describes the movement of virus in the

form of virus particles through the specif,rc tubular structures to the next uninfected cells

(Kasteel et al., 1996). Specific and distinct interactions were observed between the

cortical ER and the MPs encoded by TMV or SqLCV (Heinlein et a1.,1998; Sanderfoot

& Lazarowitz, 1995; Ward & Lazarcwitz, 1999). It has been observed that MPs

encoded by SqLCV and TYLCV begomoviruses accumulate in the nucleus (Rojas et al.,

2O0l; Sanderfoot ef al., 1996; Ward & Lazarowitz, 1999). Therefore, these findings
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provide an additional dimension to MP function in nucleocytoplasrnic transport and

offer an opportunity to explore the regulation of nuclear shuttling and mechanism of

nuclear export in plant cells. MP of SqLCV binds to the nucleic acids and assists the

transport of these macromolecules through the plasmodesmata (Pascal et al., 1994).

BVl and BCl in Bean dwarf mosaic virus (BD}I4V) interact directly with DNA and

they have the unique property of recognising DNA on the basis of form and size rather

than sequence (Rojas et a1.,1998). ,? ORF of TLCV encodes protein that is involved in

cell-to-cell movement of TLCV (See section 1.9.1). TYLCV Vl and C2 mutants were

not infectious in tomato (Wartig et al., 1997) and TYLCV Vl and C4 proteins exhibited

cell-to-cell movement (Rojas eI al., 2001). Collectively these results indicate that

different viral proteins are involved in cell-to-cell movement and play a role as MPs.

The role of different proteins encoded by TLCV involved in the viral movement is yet

not clear.

1.3.2 Coat Protein

Viral genomes are encapcidated with viral protein known as coat protein (CP). In

addition to its role as a protective protein, CP has been shown to be required for long

distance rnovement in the majority of plant viruses. CP exhibits different roles in the

case of geminiviruses. In contrast to monopartite geminiviruses, which require CP for

infectivity, most of the bipartite geminiviruses do not require CP for systemic infection

(Boulton et al., 1989; Liu et a1., t998; Rigden et al., 1993). Geminiviruses aro

transmitted by whiteflies, leafhoppers or a treehopper. The CP is required for insect

transmission and determines vector specificity (Briddon et a1., 1990). Virions of

geminiviruses are injected into the host cells by insect vector. There is no other viral

protein present in the cell except CP during initial infection. Therefore, CP seems to be
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involved in the transport of ssDNA to the nucleus. Studies with MSV have shown that

MP does not bind to viral DNA in-vitro but MSV MP interacts with MSV CP ín-vitro

(Liu et al., 2007) whereas, MSV CP interacts with the DNA and mediates nuclear

transport of viral DNA (Liu et al., 1999). On the basis of these findings Liu et al. (2001)

suggest that CP shuttles DNA to the nucleus, whereas CP-MP interaction involves the

trafficking of viral DNA to the cell periphery for movernent to the adjacent cell. The CP

of TLCV is encoded by V2 ORF (See section 1.L6.3.2) (Dry et al.,1993). Experiments

to determine the different functions of TLCV CP have not been performed.

1.3.3 Endomembrane system and cytoskeleton

The plant endomembrane system and cytoskeleton play a significant role in many

intracellular transport processes during normal and pathogenic conditions. The

endomembrane system constitutes ER, Golgi apparatus and associated vesicles (Carter

et a7., 2004). The plant closkeleton is mainly composed of a network of microtubules,

microfilaments and diverse associated proteins (Aaziz et a7.,2001). The cytoskeleton is

involved in many biological processes like cell division and expansion, intracellular

signals, organogenesis and tip growth. The cytoskeleton and ER play a pivotal role in

viral trafficking (Reichel et al., 1999; Gafni & Bemard,2002). Plant cells communicate

with one another and disseminate nutrients through intercellular channels termed Pd

(Zambryski & Crawford, 2000). It has been observed that MPs facilitate the passage of

viral genomes through Pd. The most extensively studied viral MP is that of TMV. MP

of TMV binds ssRNA (Citovsky et a1.,1990), accumulates in (Roberts et al., 2001) and

increases the size exclusion limits of Pd. Heinlein et al. (1998) have reported that TMV

MP and replicases are localized to the ER and microtubules, thus these cytoskeleton

eletnents are involved in viral pathogenesis. In contrast, it has been also suggested that
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rnicrotubules are not required for the cell-to-cell movernent of TMV (Gillespie et al.,

2002). Most of the infonnation regarding role of cytoskeleton elements and

endornembrane systern in viral rnovement and localization are available in the case of

RNA viruses. However, little information is available about geminiviruses particularly

monopartite begomoviruses and there is a need to explore this area to discover the

secrets of viral movernent andlocalization.

1.4 Virus induced gene silencing

RNA silencing involves suppression of gene expression through a sequence-specif,rc

RNA in diverse eukaryotes. A unifying feature of RNA silencing is the cleavage of

dsRNA into small interfering RNA (siRNAs;27-26n1), which acts as an intermediate in

the silencing pathway (Hamilton & Baulcombe, 1999).It has been shown that dsRNA is

cleaved by a ribonuclease III-like enzyme called Dicer (Bemstein et al., 2001). In

plants, four Dicer-like enzyrnes have been identified with distinct functions (Schauer et

al., 2002). RNA silencing can be triggered by RNA viruses (Burton et al., 2000;

Voinnet et al., 1999) and DNA viruses (Al-Kaff et al., 1998; Çemtrup et al., 1998).

Occurrence of RNA silencing is puzzling with DNA viruses which do not have a

dsRNA in their replication cycle. Geminiviruses produce polycistronic transcripts by

bidirectional transcription (Townsend et al., 1985). These polycistronic transcripts of

opposite polarity could overlap at their 3' ends to generate dsRNA. Chellappan et al.

(2004b) have confirmed this possibility by detecting the mRNA on either side using

strand specific probing.

It has been observed that RNA silencing and virus resistance are related phenomena and

viruses are both initiators and targets of a defence mechanism in transgenic and non-
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transgenic plants (Ratclifï et al., 1997). Virus-induced gene silencing (VIGS) is a host

defence mechanism triggered by dsRNA and targets both the viral (for geminiviruses,

viral rnRNA) and the endogenous RNAs. The idea that geminiviruses can also trigger

this defence mechanism came lrom the use of geminivirus vectors (Kjerntrup et al.,

1998; Peele et a1.,2001). Recent reports suggest that DNA viruses, inclucling

gerniniviruses, have the potential to initiate gene silencing (Chellappan et a1.,2004b;

Covey & Al-Kaff,2000).

Viruses have evolved to fight back and to overcome the constraints irnposed by gene

silencing. To this end viruses have acquired the ability to produce proteins that function

to suppress the host defence response. Helper Component-Protein (HC-Pro) encoded by

Tobacco etch virus (TEV) and other potyviruses is able to suppress silencing in plants

(Anandalakshmi et al., 1998; Brigneti et al., 1998). It has been demonstrated that the

gene silencing suppressor, HC-Pro of the Potato virus Y (PVY), can also enhance

accumulation of phloem limited PLRV in mesophyll tissues (Barker et a1.,2001). The

proteins encoded by C2|AC2 ORFs of geminiviruses have a role as a gene silencing

suppressor (Sunter et al., 2001; Voinnet et al., 1999). Similar results have been

described with the C2 of the monopartite begomoviruses (Dong et al., 2003; Selth et al.,

2004).

It seems that viruses are evolving strategies to evade the host defence mechanism.

Transgenic resistance against geminiviruses has failed to produce high levels of success.

There is a need to understand the virus-induced gene silencing (VIGS) mechanism with

reference to viral localization at the cellular level.
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1.5 Aims and significance of this project

Geminiviruses replicate through dsDNA (Fig. 1.9) in the nuclei of infected plant cells.

Different forms of viral nucleic acids including ssDNA, dsDNA, sgDNA and transcripts

are generated during the replication cycle of geminiviruses (Fig. 1.9). There is no

conclusive report on the spatial and ternporal localization of different forms of

geminiviral DNA. Furthermore, geminiviruses trigger host defence responses which

consequently generate viral specific siRNA during the replication process (Fig. i.9) and

regulate host gene expression. Replication of geminiviruses leads to expression of

proteins required for viral replication, encapsidation and movement (Fig. 1.9). Analysis

of rnovement related viral proteins and characterization of gene silencing at cellular

level is also a focus area of this study.

1.5.1 Aims

The specific objectives described in this thesis are:

1 Establishing a double labelling in situ hybridization system to target viral

and host factors at cellular level (Chapter3)

2 Tissue localization and intra-cellular identification of different forms of

TLCV DNA in host plants (Chapter 4)

3 Analysis of viral proteins involved in the movement of TLCV (Chapter 5)

by:

(i) localization of defective virus having mutations in the ORFs involved

in virus movement

(ii) sub-cellular localization of TLCV encoded movement proteins

4 Investigation of silencing induced by TLCV at the cellular level (Chapter 6)
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Figure 1.9. Life cycle of a geminivirus. ssDNA of a geminivirus replicates through ssDNA

followed by gene expression to generate viral transcripts and to synthesise the viral encoded

proteins required for viral replication, pathogenicity and movement. The host defence mechanism

is activated by viral infection and produces viral specific siRNA. Virus ssDNA is produced from

the dsDNA replicative form by a combination of rolling-circle replication (RCR) and

recombination-dependent replication (RDR) mechanism. The newly synthesized ssDNA either

reenters the replication cycle or spreads systemically in the form of nucleoprotein complex, or new

virion particles, within the same host plant or to the next plant via insect transmission.

* as suggested by Chellappan etal. (2004)
(1) see chapter 4
(2) see chapter 5

(3) see chapter 6
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Detennining the localization of satellite Dl.{A B molecule when it

transreplicates with TLCV (Chapter 7)

1.5.2 Significance of the project

Gerniniviruses are plant DNA viruses that infect a broad variety of economically

irnportant plants around the globe (Hanley-Bowdoin et al, 1999; Mansoor et al., 2003;

Moffat, 1999). Although viral diseases associated with whiteflies have been recognized

as a constraint to agricultural production since the early 1900s, the last two decades

have seen a recuffence of begomoviruses as serious plant pathogens (Brown, 2000;

Mansoor et al., 2003). Tomato-infecting geminiviruses cause severe crop losses in

tomato growing regions of the world (see Section 1.1.6) (Nakhla & Maxwell, 1998).

TLCV was first reported in 1970 in the Northern Territory, Australia (Behjatnia et al.,

1996) and since then has caused severe to complete crop damage in the northern,

tropical parts of Australia. TLCV is readily transmitted by the Australian indigenous

biotype of B. tabaci (De Barro &, }ìart,2000). Luckily this biotype occurs at low

population densities and has a narrow host range (Stonor et a1., 2003). However, in

1994 the silverleaf whitefly (SLW, B tabací biotype B) was identified in Australia

(Gunning et al., 1995). This insect, which is an efficient vector of TLCV, has spread to

most mainland states and is well established in major horticultural regions of

Queensland, causing signifìcant crop damage through feeding on cotton, cucurbits,

eggplants, navybeans, soyabenas, sunflowers, sweet potatoes and tomatoes (Stonor et

a1.,2003). Control of TLCV through management of SLW is impractical. Therefore,

spread of TLCV to southern Queensland, a major tomato growing region, is predicted

which could damage the tomato industry with an annual crop loss of $200-300 (Stonor

et a1.,2003). While this thesis was being written, an incursion of another monopartite

5
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begomovirus, TYLCV, was reported in Queensland (Media release, Queensland

Depaftment of Primary Industry and Fisheries). This virus has spread rapidly to the

major tomato regions and is likely to be a limitation to tomato production in Australia.

Effective control of TLCV by classical breeding strategies has not been successful (M.

A. Rezaian, personal communication). Transgenic resistance based on pathogen-derived

resistance has been reported against other geminiviruses, including TYLCV (Brunetti et

al., 2001; Noris et al., 1996), TGMV (Day et al., 1997), ACMV (Hong et al., 1996),

BCTV (Stenger, 1994) and SqLCV (Pascal et al., 1993). However, the results of

engineered resistance against geminiviruses are inconsistent. Resistance against TLCV

by genetic manipulation techniques using a range of constructs has not been achieved

(M. A. Rezaian, personal communication). This study is expected to provide

considerable insight into viral gene functions and to assist understanding the basic

cellular plant response to TLCV. The information generated by this study will be

utilized to devise new geminivirus control strategies aimed at impairing virus

movement

In addition to assisting devising strategies for disease control, this study on TLCV,

which is a DNA virus, will contribute significantly to our understanding of basic

molecular and cellular processes related to DNA replication, transcription and gene

silencing.
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2.1Materials

2.1.1 Solutions, chemicals and growth media

The solutions and growth media used in this project are outlined in Table 2.I. All

chemicals were analytical or molecular biology grade and obtained from BDH or

Sigma. The sources of all other supplies used in this project are indicated in the relevant

methods section. Solutions were prepared with nanopure or deionised water and

autoclaved where appropriate.

2.1.2 Oligodeoxyrib onucleotides

Synthetic oligodeoxyribonucleotides were obtained from GeneWorks (Adelaide, South

Australia). Their nucleotide sequences are shown inTable 2.2.

2.1.3 Bacterial strains

Escherichia coli strains XLl-Blue and DH5o, (Stratagene; Cedar Creek, TX) were used

for all routine cloning procedures. E. coli strain M15 (Qiagen; Clifton Hill, Australia)

was used for recombinant protein expression. Agrobacterium tumefaciens strain C58

was used both to inoculate plants with gemininivirus infectious constructs and for

infi ltration experiments.

2.1,4 BY -2 cell cultures

Tobacco (Nicotiana tabacum) Bright Yellow-2 (BY-2) cells were used for sub-cellular

localization studies of viral encoded proteins fused with GFP. The cells were generously



Table 2.1. Solutions and their compositions

Solution Composition

DNA loading dye (10x)

RNA loading dye (10x)
Denaturing RNA loading buffer
(5')
Formamide loading buffer

MOPS/EDTA buffer (l0x)
Murashige and Skoog (MS) salt
solution
BY-2 culture media

DNA extraction buffer

RNA extraction buffer

LB agar (solid growth media)

PBS
PBS-Tween

TBST (l0x)
GUS assay buffer

GUS fixing buffer
Hybridisation buffer

GUS exhaction buffer

MUG assay buffer

Stop buffer (MUG assay)

SSC
STET buffer

TBE buffer
TE buffer
SDS-PAGE sample loading buffer

STE buffer (l0x)
Ni-NTA binding buffer

Ni-NTA elution buffer

Ni-NTA washing buffer

78o/o glycerol,0.25o/o (w/v) bromophenol blue, 0.25% (ilv) xylene
cyanol, l0 mM ethylenediaminetetraacetic acid (EDTA)
50% (vlv) glycerol, 0.2M EDTA, 0.08% (w/v) bromophenol blue

70% (v/v) deionised formamide, l0% (v/v) formaldehyde, 6%
(v/v) RNA loading dye (RNA), 14%(v/v) MOPS/EDTA buffer
Deionized formamide, 0.1% (w/v) bromophenol ble,0.lo/o xylene
cyanol
200 mM MOPS, 50 mM sodium acetate,l0 mM EDTA, pH 7.0
4.33 g MS basal salt mixture (comp.)/L

lx MSs (Murashige and Skoog), lx vitamins 85 and 2 mgl-t 2,4-
D, pH 5.8
50 mM Tris (pH 8.0), 100 mM NaCl, l0 mM EDTA (pH 8.0), l%
(w/v) SDS, 1.5% (v lv) B-mercaptoethanol.
50 mM Tris (pH 8.0), 100 mM NaCl, 5 mM EDTA (pH8.0),2%
(w/v) SDS,
1% (wlv) bacto-tryptone,0.5Yo (Øv) yeast extract, 1% (w/v) NaCl,
1.2% (w/v) Bacto-agar, pH 7.0
138 mM NaCl, lOmM sodium phosphate (pH7.4),2.7mMKCl
138 mM NaCl, 1OmM sodium phosphate (pH7.4),2.7mMKCt,
0.05% Tween-20
1.5 M NaCl, 0.2 M Tris HCI (pH 7.5), 50 ml20%o Tween 20
50 mM phosphate buffer (pH 7 .0),0.lo/o Triton X-100, I mM X-
gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid)
5% (v/v) formaldehyde, 5%o (vlv) acetic acid, 20% (vlv) ethanol
0.25 M sodium phosphate buffer (pH 7.2),lyo SDS (w/v), I mM
EDTA
50 mM phosphate buffer (pH 7.0), l0 mM B-mercaptoethanol, l0
mM EDTA (pH 8.0), 0.1% sodium lauryl sarcosine, 0.1%o Triton
x-100
40Vomethanol,60yo GUS extractionbuffer, I mM
methylumbelliferyl-beta-D-glucuronic acid (MU)
0.2 M Na2CO3
150 mM NaCl, l5 mM tri-sodium citrate, pH 7.0
8% (w/v) sucrose, 5% (vlv) Triton X-100, 50 mM EDTA (pH 8.0),
50 mM Tris (pH 8.0)
90 mM Tris,90 mM borate (pH 8.3),2 mM EDTA
l0 mM Tris, I mM EDTA, pH 8.0

0.5 M Tris (pH 6.8), 10% glycerol,2%ó SDS, 5yo þ-
mercaptoethanol, and 0.05% bromphenol blue
500 mM Tris (pH 6.85), I MNaCl, 10 mM EDTA
50 mM NaH2POa (pH 8.0), 300 mM NaCl, l0 mM P-
mercaptoethanol, l%o Tween-2O

50 mM NaH2POa (pH 8.0), 300 mM NaCl, l0 mM B-
mercaptoethanol, lo/o Tween-2O, 250mM imidazole, l0% glycerol
50 mM NaH2POa (pH 8.0), 300 mM NaCl, l0 mM P-
mercaptoethanol, lo/o Tween-20, 20mM imidazole, l0% glycerol
200mM glycine, 25mM Tris,20o/o methanolEl ectro-transfer buffer



Table 2.2. Oligonucleotide primers used in this study

Primer Description Sequence (5'-+ 3')

P1

P2

P3
P4
P5

P6
P7
P8
P9

Pl0
Pll
Pt2
Pl3
Pt4

TLCV VI-F
TLCV VI-R
TLCV V2-F
TLCV V2-R
TLCV C4-F
TLCV C4-R
TLCV IR-F
TLCV IR-R
TGMV AVI-F
TGMV AVI-R
TGMV ACl-F
TGMV ACI-R
TYLCSV VI-F
TYLCSV Vl-R

GGGAATTCTGGGATCCTTTAGTCCAC"
GGTTCTCGAGTCAGGGCTTCTGAACAGC"
GGGAATTCAGCAAGCGACCAGCAGAT.
GGGGATCCTTAATTCTGAATCGA"
TTGAATTCATGAGAATGGGGAGCCTC"
GTGGATCCATTCCCTAAGGACGTTA^
TCGGACCTCGTGTCTGGGGTCTTAT"
GGGCCCAAGTATATATACCACAAAAAAC
GGCATATGCAAGATATGGATGGATG"
TCCTAACCAGAGCCTGCTCGTTG
CCGCATATGGCCGCGCAGCGGA"
CTAACGACGCTGCAGCAGAGGCGT
CCACTGCAGATGCCGAAGCGAACC
CCGTTAATTTGTTACAGCATCATAAAAAT
AA
CCGCTGCAGATGAAAATGGGGAACC"
CCGTTACATCAAGAGCCTGCGACTTA
GGGATGCAGATCTTCGTGAAAACCC
TCAATCGCCTCCAGCCTTGTTGTAA
GCGCTCGAGATGAGTAAAG GAGAAG
CGCACTAGTTTATTTGTATAGTTCATCC
CCGACTAGTTCAGGGCTTCTGAACA
CCCACTAGTTTAATTCTGAATCGAATCA
AATCTCGAGATGAGAATGGGGAGCC
TAgGTTTTTAAAGTAAGTGGATTGATGTGAT
ATftAtb
CCCTTATCCCAAAACTACTCACACATTATT
TATAAaab
CACATTATTTATaaAaAAAATAaAaAaAaAT
AaATTTaTAb
ACATAATCCTTAAAAACTAATTCCCTAAAAA
CcTTAAaAab
TTAttAAAATGttATAgGGTGTttAAtTATAAA
TAAGattb
CCGCATATGTCATACATCTGAATTCAT
CCGATGACAATCAAATACAACAACATG
TTTCATATGGGGCCCCCATGAACTC
AAATCTAGACAGAATCTTTCAGGAGC C

TTGAATTCATGGCAGCAGCAACACCA
GTGGATCCCTTTTTAGTCTTTGCTGG

Pl5
P16
Pt7
Pl8
P19
P20
P2t
P22
P23
P24

P25

P26

TYLCSV C4-F
TYLCSV C4-R
Ubiquitin-F
Ubiquitin-R
GFP-Xhol-F
GFP-SpeI-R
V1-SpeI-R
V2-SpeI-R
C4-XhoI-F
C4-Meth-F

C4-MethI-R

C4-MethII-R

IR-Meth-F

C1-Meth-R

pcl-F
pcl-R
CLCUV ACI-F
CLCUV ACI-R
SIUPTGI-EcoRI-F
SIUPTGI-BamHI-R

P27

P28

P29
P30
P31
P32
P33
P34

uBold sequences coffespond to specific restriction enzyme sites.
blower case g and c denote bases complementary to methylated C in the DNA strand being sequenced or

in its complementary-sense strand, respectively. Lower case t and a denote bases complementary to

unmethylated C in the DNA strand being sequenced or in its complementary strand, respectively.
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provided by Dr Roger N Beachy (Donald Danforth Laboratories, St Louis, MO 63732,

USA). The BY-2 cultures were grown in 50 ml of BY-2 culture media (Table 2.1) in

250 rnl culture flasks on an orbital shaker set at 100-110 rpm in the dark at26 +2'C.

The cultures were maintained by subculturing weekly with a 1:10 dilution of the

original culture.

2.2 Methods

This section outlines general methods used throughout this project. Most procedures are

essentially as described by Sambrook and Russell (2001) or according to the

manufacturer's instructions. Methods which have been significantly modified from their

published form are outlined. Other specific protocols relevant to particular experiments

are outlined in the corresponding chapters.

2.2.1 Restriction endonucleases and digestion of DNA

DNA was digested with restriction endonucleases obtained from Roche Diagnostics

(lndianapolis, IN), Promega (Annandale, Australia), New England Biolabs (Beverly,

MA), and Fermentas (Hanover, MD) using buffers supplied by the manufacturers.

2.2.2 G el electrophoresis

2.2.2.1Standard agarose gel electrophoresis for DNA and RNA

Agarose gels were prepared from 0.7-2.0% (wlv) using Type I-A low EEO agarose in

TBE buffer (Table 2.1), and contained 0.5 ¡rglml (w/v) ethidium bromide. Horizontal

minigel tanks (EasyCast Electrophoresis system, OWL Scientific Inc., Cambridge, UK)

were used for electrophoresis of DNA. Samples were adjusted to 2x DNA loading dye

(Table 2.1) before applying to the wells. Gibco 1 Kb Plus DNA markers were used as a
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low range molecular weight marker. Gels were electrophoresed in lx TBE running

buffer (Table 2.1) at approxirnately 100 V before being visualised and photographed

using a short wavelength UV transilluminator.

Electrophoresis of RNA was essentially the same as that described for DNA except that

gel tanks, trays, and combs were treated with 0.4 M NaOH for approxirnately l-2 h

prior to use to inactivate RNases. RNA loading dye (Table 2.1) was added and each

sample was heated at 65"C for 5 min and then immediately chilled on ice for 2 min

before loading into a well.

2.2.2.2 Denaturing agarose gel electrophoresis for RNA gel blot analysis

Denaturing agarose gels were prepared by adding the appropriate amount of agarose to

105 ml of water, autoclaving, adding 30 rnl 37o/o formaldehyde and 15 ml sterile 10x

MOPS/EDTA buffer (Table 2.7), and then pouring into a gel tray pre-treated with 0.2 M

NaOH. Samples were adjusted to 3x denaturing RNA gel loading buffer (Table 2.1) and

incubated at 65oC for 15 min before loading. Electrophoresis was carried out in lx

MOPS/EDTA buffer (Table 2.1).

2.2.2.3 Polyacrylamide gel electrophoresis

Denaturing polyacrylamide gels were prepared for RNA analysis by adding 15% (wlv)

acrylamide (19:1 acrylamide:bis; BioRad, USA) , 1 x TBE andT M urea. 0.6 mg ml-r

freshly prepared ammonium persulfate and 0.5 ¡r.l of TEMED per I ml of the solution

was added to initiate the polymerization. The gel was cast using plates (90 x 70 x 1 mm)

suitable for use in the Mini-PROTEAN II electrophoresis module (Bio-Rad, USA). The

gel wells were rinsed several times with 1x TBE to minimize urea accumulation in the
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wells. RNA samples were adjusted to a minimum of 0.4x forrnamide loading buffer

(Table 2.1) and denatured by heating at 95"C for 3-4 min before loading on the gel. The

samples were electrophoresed at 25-30 mA in 1x TBE until the brornophenol blue dye

band had reached the bottorn of the gel casting plates. To visualize the RNA bands, the

gels were soaked in a solution of 1x TBE containing 2 ¡tgml-t ethidium bromide for 15

min with gentle agitation and photographed using a short wavelength UV

transilluminator.

2.2.3 Purification of DNA from agarose gel slices

Extraction of specific DNA bands from agarose gels after visualization with ethidium

bromide was done by using a QlAquick Gel Extraction Kit (Qiagen) according to the

manufacturer' s instructions.

2.2.4 DNA amplication by the polymerase chain reaction (PCR)

DNA species to be cloned were amplified by PCR with Platinum Taq DNA Polymerase

High Fidelity (Invitrogen; Carlsbad, CA) using 1x High Fidelity reaction buffer and 1.5

¡rM MgSOa (Invitrogen). For all other pu{poses, components of a PCR reaction were as

follows: DNA template (- 1Ong), oligonucleotide primers (200-500 nM), 1x reaction

buffer (Gibco BRL; Rockville, MD), 200 ¡rM dATP, dCTP, dGTP, and TTP (Promega),

1.5 pM MgCl2, and 0.5 units of recombinant Taq DNA polymerase (Gibco), in a 20 ¡i

reaction volume. Thermal cycling generally consisted of: 3 min at 95"C (one cycle); 45

s at94"C,35s at 55oC, 50 min at72"C (35 cycles); 10 min at72"C (one cycle).
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2.2.5 Dephosphorylation of DNA 5' termini

The 5' phosphate groups were removed frorn restricted vector DNA prior to ligation

with inserted DNA fragments using calf intestinal alkaline phosphatase (Roche). The

enzyÍìe was inactivated by adding 20 mM EDTA and heating at 65"C for 15 min.

2.2.6 Converting 5' or 3' DNA overhangs to blunt ends

To convert 5'or 3'overhangs to blunt ends, up to 5 pg of the DNA of interest was

mixed with 100 pM dNTPs, 1x restriction enzyme buffer B (Promega) and 5 units of T4

DNA polymerase (Promega) per pg of DNA. The reaction mix was incubated for 30

min at room temperature.

2.2.7 Extraction of DNA samples following enzymatic reactions

Extraction of DNA sarnples after restriction enzyne digestion (Section 2.2.1), PCR

(Section 2.2.4), dephosphorylation (Section 2.2.5) and blunting (Section 2.2.6) reactions

was achieved using a QlAquick PCR Purification Kit (Qiagen). Where applicable,

nucleic acids in enzymatic reactions were recovered by adjusting the reaction volume to

500 pl with deionized water and adding an equal volume of

phenol:chloroform:isoamylalchohol (25:24:1). The mixture was vortexed for 2 min and

centrifuged at 16000 g for 10 min. The.supematant was added to an equal volume of

chloroform:isoamylalchhol (24:1), vortexed and centrifuged as above. The supematant

was then ethanol precipitated (see section 2.2.8) and the nucleic acid pellet resuspended

in either TE buffer or deionized water.
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2.2.8 Ethanol precipitation of nucleic acids

Solutions containing DNA andlor RNA were precipitated by adding 1/10t1'volume of 3

M sodiurn acetate (pH 5.2) and 2.5 volurtes of ethanol, followed by incubation on ice or

at -20"C for over 30 min. The precipitate was recovered by centrifugation at 16000 g for

20 min. The pellet was washed with 70 Yo ethanol, dried in a vacuum and resuspended

in either TE buffer or deionized water.

2.2.9 DNA ligation

Purified PCR products were ligatgd into the T-tailed vectors pGEM T-Easy (Promega)

or pDRIVE (Qiagen) according to the manufacturer's instruction. All other ligations,

including blunt-end ligations, were carried out in 10 pl reaction volumes containing a

insert:vector molar ratio of approximately 3:1 and 3 units of T4 DNA ligase (Promega)

in the supplied buffer and incubated overnight at 16oC.

2.2.10 Transformation of bacteria with recombinant plasmids

Electrocompetent E. coli XLl-Blue, E. coli DH5o,, E. coli M15, and A. tumefaciens C58

cells (Section 2.2.10) were transformed by electroporation using a Gene-Pulser

apparatus (Bio-Rad, Hercules, CA). Approximately 5 ng of plasmid or 1 prl of ligation

reaction mixture was added to a 25-50 ¡rl aliquot of electrocompetent cells and

transferred to an ice-cold electroporation cuvette (path length = lmm; Invitrogen). The

cuvette was placed into the Gene-Pulser electroporator set at 1.8 kV, 725 prFD and 200

Ohms and immediately given a single pulse. The cells were resuspended in 400 ¡rl of

LB (Table 2.1). After incubation at 37"C for I h to allow expression of antibiotic-

resistance genes, the transformed cells were spread on 1.2%LB agarplates (Table2.1)

with appropriate antibiotic selection and incubated at37"C overnight.
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2.2.ll Preparation of electrocompetent E. coli cells

LB (500 ml) was inoculated with a five ml ovemight culture of the E. coli strain of

interest and grown at37"C with vigorous shaking to an optical density (ODooo) of 0.5.

Cells were chilled on ice for 10 min and centrifuged for 15 min at 4"C at 5000g. The

cells were resuspended in 500 ml of stelile ice-cold water and centrifuged again. The

cells were washed and centrifuged again with 250 ml sterile ice-cold water and

resuspended in 10ml of sterile ice-cold 10% (vlv) glycerol. Bacterial cells were

transferred to a new 50 ml falcon tube and centrifuged again. The cells were finally

resuspendedin2 ml of ice-cold l\Yo glycerol. Aliquots of 25 pl were placed into ice-

cold microcentrifuge tubes, snap-frozen in liquid nitrogen, and stored at -8OoC.

2.2.12 Growth of bacteria in liquid cultures

Liquid cultures were set up by inoculating LB containing appropriate antibiotics with a

single bacterial colony or one loopful of frozen glycerol stock. Cultures were incubated

at37"C (8. coli ) or 28'C (A. tumefaciens) overnight with shaking.

2.2.13 Preparation of bacterial glycerol stocks

Where required, glycerol stocks of bacterial cultures were prepared by adding 1 volume

of 4Oo/o or 80% sterile glycerol to an overrright culture, snap-freezing in liquid nitrogen,

and storing at -80oC.

2.2.14 Preparation of bacterial plasmid DNA

I{igh quality plasmid DNA for vector construction, transformation of competent

bacterial cells, DNA sequencing, transient expression in onion epidermal cells and BY-

2 cells was prepared from 1-5 ml of overnight culture using a QIAprep Spin Miniprep

a-JI



Chapter 2 - General nmterials and methocls

Kit (Qiagen) according to the manufacturer's directions. Large-scale (20-50 ml cultures)

preparation of plasmid DNA was achieved using a Plasrnid Midi Kit (Qiagen).

For general screening pu{poses, plasmid DNA was prepared using a miniprep boiling

rnethod (Holmes & Quigley, 1981). Briefly, 1 ml of overnight culture was centrifuged

at 16,1009 for 1 rnin at room temperature. The supernatant was discarded and the pellet

resuspended in 350 ¡-tl STET (Table 2.1) buffer. Then I2.5 ¡tl of 20 mglrnl lysozyrne

was added to the cells and mixed gently. Immediately after adding the lysozyme, cells

were heated to 100'C for 1 min and centrifuged at 16,100 g for 20 min. The pellet was

removed with a sterile toothpick and 40 pLl 3 M sodium acetate and 220 pl isopropanol

added to the supernatant. This mixture was centrifuged at 16,100 g for 10 min. The

resulting pellet was washed with 70Yo ethanol, dried under vacuum, and resuspended in

50 pl of sterile water.

2.2.15Immunoblotting of proteins expressed in bacteria

Immunoblotting was used to detect transiently expressed viral:GFP fusion protein in

agroinfiltration experirnents. Protein samples were first electrophoresed in 4-20"/o Tris-

glycine-SDS polyacrylamide gels (Life-Gels, Clarkston, GA) at 150 V for 1-1.5 h. The

gel was assembled into a sandwich as follows: gel-sized sponge, two pieces of gel-sized

Whatman 3MM paper, gel, 0.45 prm Immobilon P polyvinylidene fluoride (PVDF)

membrane, two pieces of gel-sized Whatman 3MM paper, and another gel-sized sponge.

The sandwich was placed into a transfer tank containing 1 L of transfer buffer (Table

2.1) with the gel side facing the negative electrode and transferred at 150-250 mA for

1.5-3 h. After disassembling the sandwich, the membrane was placed into a clean

container and washed with distilled water for 5 min with gentle agitation. Blocking was
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carried out in 20 rnl PBS (Table 2.1) containing 5% skirn rnilk powder for at least 2 h

with gentle agitation. After washing the rnembrane for 3x 5 min with PBS-Tween, anti-

V1 or anti SIUPTGI antibody were applied at a concentration of 1:4,000 in PBS-Tween

containing 3o/o milk powder and incubated with the membrane for 1-2 h with gentle

agitation. After washing the membrane for 3x 5 min with PBS-Tween, goat anti-mouse

IgG-alkaline phosphatase (AP) conjugate was applied aI a concentration of 1:20,000 in

PBS-Tween containing 3% milk powder and incubated with the membrane for 12 h

with gentle agitation. The membrane was washed again for 3x 5 min with PBS-Tween

and AP activity detected using SuperSignal West Pico Chemiluminescent Substrate

(Pierce Biotechnology, Rockford, IL).

2.2.16 Mini DNA extraction

Emerging leaves were selected and 150 mg tissue was placed in eppendorf tubes and

frozen in liquid nitrogen. The tissue was ground briefly in eppendorf tube by electrical

drill using a plastic pestle. 400 pl of DNA extraction buffer (Table 2.1) and a small

amount of sterile sand was added and the mixture was ground thoroughly for 1 min.

After adding 400 ¡rl phenol:chloroform (a:1) and briefly vortexing, tubes were

centrifuged at 16,100 g for 10 min. Supernatant was extracted two more times with 400

prl of phenol:chloroform (4:1) and finally with an equal volume of chlorofonn:IAA

Qa:\. The resulting supernatant was ethanol precipitated (see section 2.2.8). The pellet

was washed with 500 ¡rl 70o/o ethanol, dried, and resuspended either in 100 ¡rl TE or

deionized water. 1 prl was used for PCR or 10 ¡rl was used for southern hybridization.
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2.2.17 Total RNA extraction

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen).if the sarnple size

was less than 100 mg. For larger sample sizes, leaf tissue of known weight was

powdered in liquid nitrogen and mixed with three volumes of RNA extraction buffer

(Table 2.1) and three volurnes of phenol equilibrated with 0.2M Tris-HCl (pH 8.0). The

mixture was agitated vigorously for 10 min at room temperature and centrifuged at

3,920 g in a bench top centrifuge for 10 min. The supematant was extracted twice with

phenol and once with chloroform:lAA (24:l) and the RNA recoveled by ethanol

precipitation (see section 2.2.8). The RNA pellet was resuspended in 100-500 pl TE or

deionized water.

2.2.18 Preparation of DNA samples for sequencing

DNA sequencing reactions were carried out using an ABI PRISM BigDye Terminator

Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Norwalk, CT).

Sequencing reactions consisted of 8 ¡rl of Terminator Ready Reaction Mix, 3.2 pmol

oligonucleotide primer, DNA template (300-500 ng dsDNA or 25-100 ng PCR-

generated DNA) and deionized water to 20 prl. The reactions were briefly vortexed and

centrifuged. Thermal cycling was as follows: 25 cycles of 96'C for 10 s, 50oC for 5 s

and 60oC for 4 min and reactions were held at 4"C until purifìcation. The reaction

products were precipatedby adding 80 ¡rl of 75%o isopropanol, incubating for 20 min at

room temperature, and centrifuging at 16,100 g for 20 min. After discarding the

supematant and adding another 250 ¡i of 75o/o isopropanol, the tubes were centrifuged

at 76,100 g for 5 min. The samples were then aspirated, dried under vacuum for 15

min, and sent to the Institute of Medical and Veterinary Science (Adelaide, Australia)

for analysis.
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2.2.19 Sequence analysis and manipulation

DNA sequences were anaiysed using basic local alignment qearch lools (BLAST) at the

National Centre for Biotechnology Infonnation (NCBI) website

(http://www.ncbi.nhn.nih.gov/blast/) and the GCG WebAngis Wisconsin software

package operated by Australian National Genomic Information Service

2.2.20 Synthesis of 32P-labelled nucleic acid probes

Probes for hybridisation analysis were synthesised by random priming using the

Rediprime II DNA Labeling System (Amersharn Biosciences, Little Chalfont, England).

2.5-25 ng of template DNA diluted in 45 ¡rl TE buffer was heated at 95"C for 5 min,

chilled on ice for 5 min, and labelled with 5 pl of Redivue stabilised ¡a-32e1dCtP (3000

Cilmmol; Amersham Biosciences) at 37'C for 10-30 minutes. Prior to hybridisation,

unincorporated dNTPs were removed by passing the probe though a ProbeQuant G-50

Micro Column (Amersham Biosciences) according to the manufacturer's instructions

and denatured by heating at 95oC for 5 min.

2.2.21RNA gel blot analysis

Total nucleic acid was extracted from plant tissue as described by Selth er al. (2004).

Nucleic acid samples of 2-20 pg were denatured with denaturing buffer (Lewandowski

& Dawson, 1998) for 10 min at 65oC, cooled on ice, mixed with loading buffer and

analysed on l.2Yo agarose MOPS gels containing 2 M formaldehyde (Section 2.2.2.2).

RNA from the gel to Zeta-Probe membrane (Bio-Rad) was transferred overnight in 10x

SSC using a TurboBlotter (Schleicher & Schuell, Dassel, Germany). The RNA was

stabilised on the rnembrane by cross-linking using a UV StratalinkerrM 1800
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(Stratagene, La Jolla, CA). RNA on rnembranes was hybridised with specif,rc 32P

labelled probes (Section 2.2.22) in 5-15 ml of hybridisation buffer (Table 2.1) at 65"C

overnight. Membranes were washed twice at 65"C in 2x SSCl}.l% SDS and once at

65"C in 0.1x SSC/0.1% SDS. Radioactively labelled bands were detected by

autoradiography using Biomax MS Scientific Imaging Film (Kodak, Rochester, NY).

2.2.22 Dot blot hybridisation

Dot-blot hybridisation was used as a quick, semi-quantitative method to assess the

relative levels of TLCV genomic DNA in plants. 100 mg of tissue obtained frorn

emerging leaves was ground in 200 prl of 0.5 M NaOH with a small amount of sterile

sand, left for 30 min at room temperature, and then centrifuged at 16,100 g for 10 min.

4 pl of the supernatant was dotted onto Zeta-Probe membrane, which was allowed to air

dry, washed once with chloroform and twice with 2x SSC, and cross-linked. TLCV

sequences were detected by hybridisation and autoradiography as described in Sections

2.2.2r.

2.2.23 Southern blot hybridization analysis

DNA samples were fractionated in agarose gels (1-1.5olo, see section 2.2.2.I) and

blotted onto a Zeta-Probe nylon membrane (Bio-Rad) by a rapid downward transfer

system (Schleicher and Schuell, USA) according to the manufacturer's instructions. The

membrane was washed in2x SSC for 5 min with gentle agitation, and cross-linked. The

membrane was air-dried and stored in a plastic resealable bag, or used immediately.

Hybridization and autoradiography were done as described in Sections 2.2.21.
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2.2,24 Analysis of GFP-fusion proteins by microprojectile bornbardment

The pTA7002 plasrnid with a glucocorlicoid inducible promoter (Aoyama & Chua,

1997) and pARTT (Gleave, 1992) were used as vector to transiently express GFP fusion

proteins in onion tissue after microprojectile delivery. Onion epidennal strips on agar

containing Murashige and Skoog (MS) Salt Mixture (Invitrogen) were bornbarded with

vectors. For four shots, 400 pg of gold particles in 100 pl ethanol were vortexed for 2

min, spun down for 10 s in a microcentrifuge, drained, washed twice with sterile water,

and resuspended in 25 p,l 40% glycerol. While gently vofiexing, 4 pl of the plasmid

solutions (400 ngl¡l), 10 ¡rl of cold 0.1 M spermidine and 25 ¡t'l 2.5 M CaClz were

added dropwise and the resulting mixture incubated on ice for 10 rnin. The particles

were spun down, washed with 70o/o ethanol, resuspended in 24 pLl cold 100% ethanol,

and 6 prl aliquots were placed onto sterile fìlter holders. After sterilising the gun

chamber with 70%o EtOH, plates containing onion strips on MS media were placed

inside, covered with a sterile mesh, and borrbarded with a pressure of 650 kPa after

evacuating the chamber to 90 kPa. After bombardrnent, tissue was store<lin the dark for

24h.

2.2.25 Immunofluorescence by Laser Scanning Confocal Microscopy (LSCM)

The images were produced using the BioRad Radiance 2100 confocal microscope (The

Hanson Detmold Imaging Core Facility, Institute for Medical and Veterinary Science,

Adelaide, Australia) equipped with three lasers, Argon ion 488nm; Green HeNe 543

nm; Red Diode 637 nm and Ol¡,'mpus IX70 inverted microscope. The objective used

was a 20x UPLAPO (NA= 0.70) or 40x UPLAPO with NA=1.15 water, or a 60x

UPLAPO with NA=l .4 water. The single or dual labelled samples were imaged with

two separate channels (PMT tubes) in a sequential setting. The Green fluorescence
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(GFP) was excited with Ar 488 nm laser line and the emission was viewed through a

HQ515/30 nm narrow band barrier filter in PMTI. The red fluorescence (Alexa 546)

was excited with Green HeNe 543 nm laser line and the emission was viewed through a

long pass barrier frlter (570LP) to allow only red light wavelengths longer than 570 nm

to pass through PMT2. Automatically all signals from PMTs 1 and 2 were merged. The

image data were stored on a CD for further analysis using a Confocal Assistant software

program for the Microsoft@ WindowsrM (Todd Clark Brelje. USA).
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plastic embedded plant tissues

3.1 Introduction

In situ hybridization (ISH) is a robust technique for the detection of specific nucleic acid

sequences and analysis of gene oxpression during <levelopment processes (McFadden,

1989; Wilkinson, 1992). Most importantly ISH provides information both on cellular

and molecular levels in a morphological context. The technique was originally

described by Gall and Pardue (1969) and John et al. (1969). Initially, radioactively

labelled probes were utilized for the detection of target nucleic acids (McFadden, 1989;

McFadden et a1., 1988; Wilkinbon & Green, 1990). Over recent years, development of

non-isotopic labelling systems and detection methods has revolutionised the technique

(Abraharn, 2001; Butler et al., 2001). The principal of ISH is the same as for other

ntrcleic acid hybridization methods with some modifications. The major difference is

that ISH involves the hybridization of nucleic aids located within fìxed cells. Therefore,

certain parameters must be applied to ensure a successful result. The following of

specific conditions are essential for high quality results. First, the integrity of target

nucleic acid within the cell must be retained. Second, the probe must have access to the

target nucleic acid for hybridization. Third, the hybridization reaction must be

detectable. Fourth, the signal-to-noise (non-specifi c hybidization) ratio should be

minimal. Finally, the structure of tissues and cells must be maintained. Recently

developed fixation conditions, embedding procedures and quality of probes have

significantly enhanced the sensitivity of ISH.
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Here a modified protocol of in situ hybridization is described which allows

determination of the spatial and temporal expression patterns of viral nucleic acids,

transgenes and host genes. The modified ISH provides an opportunity to understand the

biology and life cycle of geminiviruses at the cellular level and the identification of host

factors upon viral infection. The modifications described here include strand specific

probing, double labelling, enzymatic digestion of transcripts and hybridization under

denaturing and non-denaturing conditions. Furlhermore, tissues embedded in plastic

resin were used to give better resolution than wax ernbedded tissues. Some of these

techniques are novel for research in plant virology.

3.2 Materials and Methods

Solutions used in the ISH procedure were prepared in sterilized deionized water and,

where applicable, solutions were filter sterilized. All other material including tubes,

glassware, pipette, and stirrers were RNase free. Gloves were wom throughout the

procedure, cleaned with RNase ERASE (MP Biomedicals, Aurora, Ohio) and changed

frequently. All steps from fixation until the posthybndization washes were performed

under RNase free conditions. The flow chart of the ISH procedure with a time period for

each step, and the principal of ISH are outlined in Figure 3.1.

3.2.1 Viral infectivity assays

Nicotiana benthamiana plants were grown under glasshouse conditions at 25-30"C.

Plants at the 4-5 leaf stage were inoculated with an ovemight culture of Agrobacterium

tumefociens (strain C58) containing infectious viral clones (Rasheed et al., 2006;

Grimsley et al., 1987). Developing leaves from individual plants (50 - 100 mg) were

sampled and homogenized with 0.5 M NaOH at a ratio of 4 ¡rl buffer per 1 mg tissue.
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Figure 3.1. In situ hybridization: methodology and principle. (A) A flow diagram of the in situ

hybridization protocol describing the stepwise procedure with approximate time period for

each treatment. (B) Schematic representation of in situ hybridizationbased on the enzymatic

detection procedure.
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The presence of viral DNA was tested by dot-blot analysis (Stonor et al., 2003). Young

symptomatic leaves were collected 3-4 weeks post-inoculation and processed for

fixation as described below.

3.2.2Plant material and fixation

Plant material of interest was collected and tissues were dissected into 4 mm by 6 mm

pieces in cold lx PBS (Table 3.1). It was important not to take larger pieces as they

would not fix properly and would crumble during sectioning. Tissue pieces were placed

on ice during sectioning and then were transferred to a vial containing fixative solution

(Table 3.1). They were completely submerged in the fixative solution (Fig. 3.2) for 2

hours at 4"C. The solution was replaced with a fresh batch of fixative solution and vials

with loosened caps were placed at low pressure (70 kPa) for 15-20 minutes. The low

pressure infiltration treatment was repeated 3-4 times and vials were put at 4"C

overnight. Next day tissues were washed twice for 10 minutes each on ice with 0.05M

Na phosphate buffer pH 7.2 containing lmM DTT and subsequently were dehydrated

on ice in a graded aqueous I0o/o to 100% ethanol series containing lmM DTT for 30

minutes each treatment. Tissues at this stage could be stored in 70o/o ethanol aI" -20"C

for a longer period (l-24 months) without detrimental effects. Tissues were subjected to

two additional dehydration treatments in 100% ethanol containing lmM DTT for t hour

each to ensure complete dehydration before infiltration.

3.2.3 Infiltration and embedding

Tissue was infiltrated at 4"C in a graded series of ethanol (EIOH) in BMM (Table 3.1).

The infiltration process was as follows: 2-4 hours (or overnight) in EtOH/DTT: BMM

(3:1 v/v), 2-4 hotrs (or ovemight) in EtOH/DTT: BMM (1:1 v/v), 2-4 hours (or
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Table 3.1. Solutions and their compositions

Solution Composition

PBS (10x)
Fixative solution

BMM

Carbonate buffer
SSC (20x)
Proteinase K buffer

In situ salts (l0x)

Hybridization solution

NTE buffer
Maleic acid buffer
Blocking reagent (l0x)

Blocking solution

TST
Detection buffer

NTMT buffer

NBT/BCIP staining solution
Fast Red staining solution

1.3 M NaCl, 0.07 M Na2HPOo, 0.03 M NaH2POa

4Yoparaformaldehyde in lx PBS containing 0.25%0 glutaraldehyde
and lmM DTT; to dissolve paraformaldehyde in PBS, the pH of
PBS was brought to 1l with l0 N NaOH and heated to 60"C. 8gm
of paraformaldehyde was added to PBS in the fume hood and the
bottle was shaken vigorously for about 30 seconds and pressure
was released every 5-10 seconds. Once paraformaldehyde was
dissolved in PBS, the solution was cooled on ice and 200p1 of
IMDTT was added. The pH of the solution was brought to pH 7
using conc. H2SO4. HCI should not be used because it can release a

carcinogen. 0.25% (500 pl/200 ml) glutaraldehyde was added to
the solution and filtered through sterilised Whatman I paper into a
sterile bottle. The fixative solution was kept on ice until use.

40 ml of n-butyl methachrylate (ProSciTech), l0 ml of methyl
methachrylate (ProSciTech), 250 mg (0.5% w/v) benzoin methyl
ether (ProSciTech), 0.008 g DTT (lmM); the solution was bubbled
very gently with N2 or argon for 15 minutes two times at l0 minute
intervals to displace dissolved oxygen, the BMM solution was
stored in a well sealed sterilised vial at 4"C (could be stored upto2
weeks). If not used after preparing, bubble the solution with N2 for
a few minutes before use
80 mM NaHCO3, 120 mM Na2CO3 (pH 10.5)
3 M NaCl, 300 mM citrate
100 mM Tris (pH 8.0), 50 mM EDTA (pH 8.0) containing lmg/ml
proteinase K
3 M NaCl, 100 mM Tris pH8, 100 mM Phosphate buffer pH 6.8,

50 mM EDTA
1000 pl hybridization solution; 125 ¡tl of l0 x in situ salts, 500 pl
of deionized formamide, 250 ¡tl of 50Yo dextran sulphate (warmed
to aid pipetting before use), 25 ¡tl of 50 x denhardt's solution
(Sigma), 12.5 ¡tl tRNA (100mg/ml) and 87.5 pl of sterilized
nanopure water.
0.5 M NaCl, 10 mM Tris pH 8.0, lmM EDTA
100 mM Malic Acid, 150 mM NaCl, pH 7.5 adjusted with NaOH
l0 gm blocking reagent (Roche Diagnostic) in 100 ml maleic acid
buffer
lml of blocking solution: 100 pl of l0 x blocking reagent was
added to 900 pl of Maleic acid buffer
100 mM Tris pH 7.5,150 mM NaCl, 0.3o/oTween20
0.lM tris pH 9.5, O.lM NaCl, 0.05M MgCl2, sterilized through
filter
100 mM NaCl, 100 mM Tris-HCl pH 9.5, 50 mM MgCl, 0.1o/o

Tween 20
NBT 4.5 ¡rl ml-r, BCIP 3.5 ¡rt ml-t of NTMT buffer
I Fast Red tablet (Roche; I tablet contains 0.5 mg naphthol
substrate, 2 mg Fast Red chromogen and 0.4 mg levamisole)
dissolved in 2 ml of 100 mM Tris pH 8.2.
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overnight) in EIOH/DTT: BMM (1:3 v/v), 2-4 hours (or ovemight) in BMM and

repetition of the overnight infiltration in freshly prepared BMM. Glass vials are required

for infiltration. After infiltration, tissues were placed in a BEEM@ capsule (ProSciTech)

and capsules were filled to the top with freshly prepared BMM solution (Fig. 3.2). The

lid of the capsule was closed so as to avoid air which impairs BMM polymerization'

Capsules were organized in a grid made of wires (Fig. 3.2) and positions of capsules

were marked along the wooden edges of the grid. Note that the capsules had to be

separated frorn each other and were not labelled as writing on the capsules could

interrupt the UV light pathway and aîfect polymerization. A cabinet which could fit in

the -20.C freezer,with a reflecting inner surface (metal or foil paper), and containing a

6W UV lamp situated at the bottom of the cabinet at25 cm from the capsules (Fig. 3.2)

was used to polymerise samples. BEEM@ capsules containing the tissues were hung in a

,,grid,, (Fig. 3.2) to allow UV light and its reflection to reach all capsule surfaces.

polymerization of the sarnples was done at -20"C for 3-5 days and the status of

polymerization was determined by testing the rigidity of the block using a needle. The

capsules were removed and blocks were stored at 4"C until sectioning'

3.2.4 Sectioning

Blocks were trimmed to fit the specimen holder of the microtome. Trimming was done

so as to orientate the tissue for either cross sections or longitudinal sections of the

tissue. Sections of 5-8 ¡rm thickness were obtained with a rotary microtome (Model

2055; Leica, Germany) using a glass knife and were collected individually using

Tweezers 015 (ProSciTech). Seotions were collected serially and were floated onto

drops of sterilized water (6-3 pl) lying in rows on a clean, silane coated microscope
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slide (ProSciTech). Slides were dried on a 42"C RNase free hot plate. Slides were

labelled with pencil and were stored at 4"C before the pre-hybridization step.

3.2.5 Preparation of nonradioactive probes

A DNA template required to generate a nonradioactive probe was amplified by the

polymerase chain reaction (PCR) using the primers specific to different gerniniviruses

and host factors (Rasheed et al., 20061' Selth et al., 2005). The amplified DNA was

ligated into pGEM T Easy (Promega, Madison, 'WI), and the orientation of each insert

was confirmed by sequencing. The constructs containing inserts in both sense and

antisense orientation were selected to yield transcripts in both orientations using T7

DNA-dependent RNA polymerase (Promega). The template DNA to be used for in vitro

transcription was purified, completely digested and free of RNase contamination. The

plasmids were linearized with restriction enzyrnes chosen not to leave a 3' overhang.

The linearized template DNA was treated with proteinase K (100 pglml proteinase K,

0.5% SDS, incubated at 50oC for 30 minutes) and subsequently purified by phenol-

chloroform extraction (Sambrook & Russell, 2001). For a 20 ¡il in-vitro transcription

reaction, 9pl of DNA template (1 pg DNA), 1 pl of RNAsin (40 u/pl; Promega), 2 p"l of

DIG-RNA labelling mix or fluorescence RNA labelling mix (Roche Diagnostics, Castle

Hill, Australia), 4 ¡rl of 5x transcription buffer (Promega), 2 ¡il of 100mM DTT

(Promega), and 2 pl of T7 RNA Polymerase (Promega) were used. The reaction mixture

was incubated for 2 hours at 37"C. To remove DNA from the transcripts, 2 ¡rl RNAse

free DNAse I (10 U/pl, Roche Diagnostics) was added and incubated for 15 min at

31"C.lpl IRNA (10 mg/ml) and 80 prl sterilized nanopure water (SNW) was added and

transcripts were precipitated with an equal vol (100 prl) of 4 M NH+ acetate and 2.5 vol

(250 ¡rl) of ethanol at -80oC for 30 minutes. The reaction tube was centrifuged at
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16,000 g for 15 min at 4"C to pellet the transcripts and the pellet was washedwithl}Yo

ethanol. Transcripts were resuspended in 100 pl sterilized nanopure water.

It was found that a probe of 200-400 bp size gave better results than a l-2 kb probe.

Transcripts were therefore hydrolysed in 100 pl carbonate buffer (Table 3.1) by

incubating at 60"C. The optirnal time (r) for carbonate hydrolysis was calculated to

generate probe lengths of -250-300bp using the formula: t = (Li-LÐ / (K x L¡ x L¡),

where t = time in min, Li =initial length of probe in kb, Li = final length of probe in kb,

K is rate constant of 0.llkb/min.The reaction mixture was neutralised with 10 ¡i 10%

acetic acid and probes were precipitated with 20 ¡rl 3M Na Acetate, 500 pl ethanol at

-80'C for 30 min. Probes were pelleted by centrifugation at 16,000 g for 15 min at 4"C

and subsequently were washed with 70o/o ethanol, spun down for 5 min and dried.

Probes were resuspended in 50 pl of 50% deionized formamide and were stored at

-80'C. Eppendorf tubes containing fluorescein-labelled probes were 'wrapped with

aluminium foil for longer durability.

3.2.6 Pre-hybridization treatments and washings

Pre-hybridization and post-hybridization was done in a Tissue-Tek@ staining dish

(ProSciTech), which could accommodate200 ml of buffer and a supplied Tissue-Tek@

slide holder (ProSciTech). The methacrylate embedding medium around the sections

was removed by dipping the slides in an acetone series as follows: I00% acetone for 15

min, 100o/o acetone for 10 min, 50Yo aqueous acetone for 5 min and sterilized nanopure

water for 5 min (2 washings). Slides were transferred to 2x SSC (Table 3.1) for 15 min

and treated with proteinase K buffer (Table 3.1) for 30 min at 37"C. The proteinase K

digestion was stopped by incubating the slides in 0.2%o glycine in PBS for 3-5 min at
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roorn temperature and washing twice with PBS for 2 min. Slides were treated with

freshly prepared 4o/o paraformaldehyde (4% parafonnaldehyde in PBS containing

ImMDTT without 0.25% glutaraldehyde) in the fuine hood for 10 min and washed

twice in PBS for 5 min each. Slides ,were equilibrated with 0.1M triethanolamine and

aceticanhydride (12.5 ml ZV ti"tt'ruHolarnine, 237.5m1 sterilized water and 2.5 rnl

acetic anhydride) for 10 rnin with agitation at room temperature. The slides were

washed twice with PBS for 5 min each before dehydration in a graded series of aqueous

30%-100% ethanol for 30 sec each. The slides were air dried in a laminar flow chamber

and stored in a Tissue-Tek@ beaker with a little 100% EIOH in the bottom (not touching

the samples) at 4'C until hybridization.

3.2.7 Hybridization

The hybridization solution (Table 3.1) was prepared allowing 125 ¡l per slide. The

hybndization solution was wanned to 65'C and mixed gently without forming bubbles.

Two microliters of probe were diluted to 25 ¡il in 50o/o deionized formamide and

denatured at 80oC for 2 minutes. A range of dilutions rwas tested to find the optimal

amount. The diluted probe was gently applied to the slide and spread evenly over the

section sample. Gloves were changed each time a new probe was used. The slides were

covered with Hybri-slips@ (Sigma) and were placed in a humidified box (3MM filter

paper soaked in 4x SSC) and incubated at 42"C ovemight (Fig. 3.2).

3.2.8 Post hybridization treatments and washings

After hybridization, Hybri-slips@ were removed by dipping the slides into a beaker

containing 2x SSC at 55oC. The Hybri-slips@ were slid off and slides were treated with

0.2x SSC at 55oC for 45 min with agitation. This treatment was repeated twice with
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fresh 0.2x SSC for 45 minutes each. The slides were equilibrated twice with NTE buffer

(Table 3.1) at 37oC for 5 min each. The slides were placed in fresh NTE containing20

¡ig/ml RNase A at 37"C for 30 min to remove excess and unbound probes frorn the

tissue. They were washed twice with NTE at 3J"C for 5 min each. To increase the

stringency of washing, the slides were placed in 0.2x SSC containing 0.3% Triton X-

100 at 55'C for 60 min with gentle agitation. At this stage slides could be stored at4"C

overnight in a beaker of PBS sealed with parafilm.

3.2.9 Blocking and incubation with antibody

The slides were placed flat on an elevated platform in the humid box and were blocked

with 300 pl filtered (Millipore filter,0.2pm) blocking solution (Table 3.1). The slides

were incubated for 30 min at room temperature. The blocking solution was removed

and 300 ¡rl f,rltered 1% BSA in TST (Table 3.1) was applied and slides were again

incubated for 30 min at room temperature. This was replaced with 300 pl anti-DIG fab

alkaline phosphatase conjugate or anti-fluorescein alkaline phosphatase conjugate

(Roche Diagnostics) diluted 1:300 in filtered 1% BSA TST. The slides were incubated

for t h, and then washed 3 tirnes for 10 minutes each in a beaker containing TST with

agitation at room temperature.

3.2.10 Colour Reaction

Slides were placed in detection buffer (Table l) for 10 minutes (no agitation) to

equilibrate the pH to 9.4-9.5. Slides were placed flat and 300 pl NBT/BCIP or Fast Red

staining solution (Table 3.1) was added to each slide. The slides were covered with

Hybri-slips@ and placed in a darkened humid box. This step was done quickly to avoid

non-specific colour production in the tissue. Colour development was checked after 4-6
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h under a microscope. It was continued ftrr up to 40 h but for viral DNA 6 h was

generally sufhcient. It was irnportant not to let the slides dry. To stop the reaction the

slips were removed in a beaker containing TE buffer (Table 3.1) and the slides were

then placed in water. The sections were dehydrated in an aqueous ethanol series (30o/o to

100%) for 10 sec per treatment. This treatment was rapid because the blue coloured

product is "slightly" soluble in ethanol. Slides were air dried in a dust free environment

and mounted in Entellan mounting medium (ProSciTech).

3.2.11 Double labelling

Dual colour in situ hybridization was done to targel two different DNA sequences in the

same cell. Probes designed to target the specihc sequences were labelled with DIG or

fluorescein (see section 2.6) and were applied simultaneously. The probes were detected

sequentially using NBT/BCIP substrate for DlG-labelled probes and Fast Red substrate

for fluorescein-labelled probe. In general, fluorescein-labelled probes are less stable

than DlG-labelled probes and therefore they were visualized first. To detect fluorescein-

labelled probe, the slides were treated with anti-fluorescein antibody conjugated with

alkaline phosphatase (AP) and stained with Fast Red substrate as mentioned above in

section 2.2.9 and 2.2.10. After detecting the fluorescein-labelled probe, AP enzyme was

inactivated by incubating the slides in 100 mM glycine-HCl, pH 2.2 for 30 min. The

slides were washed three times with lx PBS and transferred to anti-DIG antibody

treatment and NBT/BCIP staining as explained above.

53



Chapter 3 -Modified in situ hybridization

3.2.12 RNase treatment and hybridization under denaturing and non-denaturing

conditions

For RNase treatment, the in situ hybridizatton protocol was modified as follows: the

slides were incubated in lx TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA)

containing 20 pg rnl-r DNase-free RNase-A for 50 min at 37"C, followed by two

washes in TE buffer. Proteinase treatment was done using 100 mM Tris-HCl (pH 8.0),

50 r¡M EDTA containing 1 rng ml-lproteinase K. To inactivate any residual RNase A,

slides were placed in PBS buffer (0.13 M NaCl, 0.007 M Na2HPO+, 0.003M Na2HPOa,

pH 7.0) containing 0.1% diethyl pyrocarbonate (DEPC) for 20 rnin. To hydrolyze

DEPC, the slides were washed with PBS and then incubated in 1x NTE (500mM NaCl,

10 rnM Tris-HCl pH 8.0, 1 mM EDTA) two tirnes for 15 min each prior to

hybridization.

To differentiate ssDNA from dsDNA of geminiviruses, in situ hybridizations were done

under both denaturing and non-denaturing conditions. To denature target DNA in tissue

sections, formamide hybndization buffer containing probe mixture was applied to

slides. Slides were covered with Hybri-slips@ and placed on a hot plate at 80'C for 4

min prior to hybridization at 42"C. If air bubbles were produced during the heat

treatment they were not removed by pressing the cover slips because of the risk of

damage to sections. Non-denaturing hybridization was done at 42"C without prior heat

treatment of the slides.

3.2.13 Microscopy and data processing

Sections were analysed with a Zeiss Axioplan microscope (Carl Zeiss, Jena, Gennany)

using differential interference contrast (DIC) optics and SPOT software. The digitized
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irnages were fui1her processed with Adobe Photoshop software (Adobe systerns, Inc.,

San Jose, CA)

3.3 Results

3.3.1 Fixation, embedding and sectioning

This study showed that a cornbination of paraformaldehyde @%) with glutaraldehyde

(0.25%) gave better fixation than parafonnaldehyde fixation. To ensure complete

infiltration of the fixative solution, tissue samples in fixative solution were subjected to

low pressure infiltration prior to overnight fixation at 4"C (see section 3.2.2). However,

it is irnportant to release the vacuum slowly to avoid damage to the morphology of

tissue. The fixation should be perfonned in a glass vial of reasonable size with an ample

amount of fìxative solution (-5 ml) because the ratio of tissue to fixative solution ( I : 1 0)

is important for complete fixation (Fig. 3.2). Complete dehydration with a series of

ethanol after fixation is essential to maintain the morphology of the plant tissue.

An appropriate combination of methyl methacrylate and butyl methacrylate (BMM;

Table 3.1) and complete infiltration of BMM embedding solution into tissues was

important for obtaining sections of different thicknesses (5-40 ¡rM) (Fig. 3.3C and

3.3D). Poor embedding results in crumbled sections (Fig. 3.3E). Thinner sections (5-10

pM) were found to give better results compared to thicker sections (> 40 pM) as thicker

sections has produced shading effect which can be confused with the dark blue staining

of NBT/BCIP. This becomes more important when observing sections of leaf veins

because thick xylem vessels produce a dark shading effect (compare Fig. 3.3 D with

3.3C and 3.34). Another problem with thicker sections was that the rate of loss of those

sections during pre- and post-hybridization washings was very high (up to 90%)
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Figure 3.3. Examples of staining and sectioning problems. Transverse sections of leaf vein of
N. benthamiana (A-E). A TLCV specific probe was hybridized with sections taken from

TlCV-infected plant (A and B). (A) A section equilibrated with detection buffer and stained

with NBT/BCIP staining solution pH 9.5. (B) A section stained with NBT/BCIP staining solu-

tion of low pH (< 9) without prior detection buffer treatment. Red arrow indicates the dark

staining spot. (C) a section of 5 pM thickness and (D) a section of 40 pM thickness. (E) An
example of incomplete fixation. Bars: 100 pm.
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3.3.2 RNA probes

The size of RNA probes confirmed by analysing 1/100thof each of the transcripts by

agarose fonnaldehycle electrophoresis (Sarnbrook &. Russell, 2001) before the

hydrolysis step. A sharp band of RNA of appropriate size was clearly visible (Fig.

3.4A). The yield of probe was estimated by spectrophometry. However, the accurate

concentration and labelling efficiency of the probe (labelled with DIG or fluorescein)

was determined by running the different concentrations of the probe on a l%

formaldehyde RNA gel and transferring to Zeta-Probe rnembrane (BioRad, Hercules,

CA) following the AP conjugated DIG or fluorescein-labelled antibody treatment and

subsequently detected by AP substrate (Fig. 3.aB) (see section 4.2.4, chapter 4). For

ISH, different dilutions of the probe were tested. A dilution of 1:75 to 1:100 of the

original probe preparation was found to be optimal during all ISH experiments (Fig

3.s).

3.3.3 RNase treatment and hytrridization of sections under denaturing and non-

denaturing conditions

Geminiviruses contain ssDNA and replicate in the nuclei of infected plant cells through

dsDNA. Infected plant cells contain ssDNA, dsDNA and RNA transcripts of both

polarities (see Fig 1.9) and a probe designed to detect ssDNA also has the potential to

hybridize with virion sense RNA transcripts (see Fig 4.1, Table 4.7). Enzymatic

removal of transcripts by treating the tissue with DNase free RNase A before

hybndization (see section 3.2.12) is a critical step because contamination with RNase A

can degrade RNA probes. Therefore, after RNase treatment, its inactivation (see section

3.2.12) was necessary for successful ISH. A RNA probe, designed to detect ubiquitin

transcripts, produced strong chromogenic signals in the cells of section without RNase
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Figure 3.4. Detection and quantification of nonradioactive RNAprobes. (A) Showing RNA
probes of different sizes (lane 1-4). 1 pl of in vitro transcript product was loaded on a lYo

agarose gel containing formaldehyde. (B) RNAprobe of 771nt (shown in A, lane 1) in sense

(lane l-3) and antisense (lane 4-6) orientations was hydrolyzed, electrophoresed in a I%o gel

containing formaldehyde and transferred to the membrane for detection of enzyme (AP)

activity. Lane I and 6 contained2 pl; lane 2 and 5,0.5 pl and lane 3 and 4,0.2 pl of the

hydrolyzed probe.
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treatment (Fig. 3.5C). However, signals were not detected with the same probe in

RNase treated sections (Fig. 3.5D) showing that the RNase treatment was effective in

removing the ubiquitin transcripts from the cell.

dsDNA can be detected by denaturation prior to hybridization (see section 3.2.12). 
^

significant increase in the intensity of hybridization signals was found following heat

denaturation of sections (Fig. 3.58) cornpared to non-denatured sections (Fig. 3.54)

using TlCV-specific probes designed to detect dsDNA (Rasheed et a1.,2006) (chapter

4)

3.3.4 Single and double staining

Good quality staining requires accurate pH and proper composition of staining buffer.

For DlG-labelled probe, a bright blue colour with uniform staining was obtained using

NBT/BCIP in NTMT buffer at pH 9.5 (Fig. 3.34). It was found to be important to

equilibrate the slides with detection buffer (Table 3.1) before applying staining solution

to the slides. Uneven staining with dark spots was obtained when staining solution of

low pH (<9) was applied to the slide which was not previously equilibrated with

detection buffer (Fig. 3.38, red arrow).

As an example of single and double labelling, it was demonstrated that the expression of

a tomato protein from NAC family, SlNACl, was enhanced in TlCV-infected cells

(Selth et al., 2005). A tissue section taken from TlCV-infected plant was hybridized

simultaneously with SINAC1 specific fluorescein-labelled probe and TlCV-specific

DlG-labelled probe. Both probes were detected sequentially; first fluorescein-labelled

probe and then DlG-labelled probe. Bright red signals were obtained when fluorescein-
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f,igure 3.5. Examples of in situ hybridization. (A-B) Denaturing treatment, the section was heated to

gOãC to denature viral dsDNA prior to hybridization as described in the methods. Stronger hybridiza-

tion signals were detected in the nuclei of denatured section (B) than non-denatured section (A). Red

affows indicate the signals of viral dsDNA in nuclei. (C-D) RNase treatment, the section was treated

with RNase A prior to hybridization to remove ubiquitin hanscripts (D). Ubiquitin transcripts were

detected in the section without RNase A treatment (C). (E-G) Double labeling, Induction of SINACI

by TLCV was dected by hybridization with fluorescein-labelled ssRNA SINACI specific probe (E)

uird pr"r"rr"e of TLCV in the same section was confirmed by hybridization with digoxigeninJabelled

ff,iV specific probe (F). Detection of TLCV (blue) and TGMV (red) in the same section (G) taken

from co-infected plant was done by hybridization with digoxigenin-labelled TLCV probe and

fluorescein-labelled TGMV-specific probe. Green arrows in G indicate the cells where the red colour

was not completely masked by the blue colour. Bars : 100 pm'
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labelled probe was cletected by staining u,ith fast red (Fig 3.58). However, the red

signals were masked by blue colour to produce purple colour when same section was

treated with NBT/BCIP staining solution to detect DlG-labelled probe (Fig. 3.5F).

Another exarnple of double labelling, is the co-localization of two distinct

geminiviruses, monopartite TLCV and bipartite TGMV, in rnixed infection (Rasheed et

al., 2006); chapter 4). It has been reported that TLCV ssDNA accumulates in the

cloplasrn of phloem cells and contrary to that TGMV ssDNA is found in the nuclei of

both vascular and non-vascular cells (Rasheed et al., 2006); chapter 4). Strong blue

signals were observed in the cytoplasm and nucleus of vascular cells using TLCV-

specific DlG-labelled probe (Fig. 3.5G) and bright red signals were detected in the

nuclei of mesophyll cells using TGMV-specific fluorescein-labelled probe (Fig. 3.5G).

TGMV-specifìc red signals in the vascular cells were completely masked by TLCV-

specific blue signals. However, some purple signals, where the intensity of blue signals

was less were also evident as indicated by green affo\Ms (Fig 3.5G). It was noticed that

the intensity of red signals was less than the blue signals (Fig. 3.5E, 3.5F and 3.5G).

3.4 Discussion

The interpretation of ISH results relies on the inclusion of appropriate positive and

negative controls in each experiment. The specificity of targeted nucleic acid detection

should be confirmed by several tests: (i) comparing sense probe as a control with anti-

sense probe for the detection of mRNA, (ii) inclusion of tissue sections from uninfected

plants in the experiments for the detection of viruses, and (iii) using a non-specific

probe to target nucleic acid or omitting the probe from hybridization mix. Hybridization

signals should not be detected in negative control tests. Controls are essential when

performing dual colour ISH experiments. It is important to do independent ISH
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experiments with differentially labelled probes on sepalate sections before perforrning

dual colour ISH on one section.

Proper fixation and embedding are crucial steps for a successful ISH. Fixation is

required to maintain the morphology of tissue and to protect the nucleic acids within the

cells. It has been observed that penetration of aldehyde fìxatives to plant tissues is rapid

but the rate of penetration decreases with time (de Almeida Engler et a1.,2001). The

role of embedding is to allow preparation of sections of appropriate thickness with

intact rnorphology and cellular structure. Wax embedding using paraffin is the most

convenient way of ernbedding. However, high resolution and structural preservation can

be obtained by ernbedding the tissues in a dissolvable plastic medium consisting of a

mixture of methyl methacrylate and butyl methacrylate (Gubler, 1989; Kronenberger et

a1.,1993).

While fixation is essential for the efhcient retention of nucleic acid and preservation of

cellular structure, overfixation can decrease the accessibility of the probe to the targeted

nucleic acid. Permeabllization of the tissue with proteinase K treatment enhances the

sensitivity of the technique (Jowett, 2001). Furthermore it was observed that proteinase

K treatment significantly enhanced the signal intensity. It is generally accepted that

probes of shorter lengths more readily penetrate fixed tissues. Therefore, hydrolysis of

the RNA probes has been recommended (Angerer et al., 1987). In this study it was

found that long probes (up to 1kb) gave satisfactory results.

High activity and sequence specificity of probes are important factors for the success of

ISH. To enhance the sensitivity of the hybridization, it is important to purify the probes
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fiom non-incorporated nucleotides. Precipitation of probe with 0.5 vol 4M NH+ acetate

(pH S.0) and 3 vol ethanol is reported to remove free nucleotides (Hauptmann &

Gerster, 1994). Removal of DNA contaminants frorn the probe transcripts by RNase

free DNase-I greatly reduces the background staining. If a background problem persists,

RNase digestion in high salt to remove unbound probe may help to reduce the

background. It is essential to completely digest the plasmid DNA templates, since a

small amount of supercoiled uncut plasmid will result in the generation of long

transcripts containing the piasmid sequences which will result in increased background.

It has been suggested that the transcription of ternplates with protruding 3' tennini can

result in the synthesis of complementary strand RNA molecules that are abenantly

initiated at the protruding 3' tennini of the templates (Schenbom & Mierendorf, 1985).

Therefore, it is recommended to avoid digestion which will leave 3' overhang.

Although DNA probes are commonly used for ISH, the technique described in this

study is based on the use of RNA probes. RNA probes were selected because RNA-

RNA and RNA-DNA duplexes are more stable than DNA-DNA duplexes (Casey &

Davidson, 1977) and therefore more stringent washings can be performed to remove

unbound probes that can reduce background staining and improve the sensitivity. The

efficiency of hybridization and detection of probe depends on various parameters, for

example, type (DNA vs RNA and double- vs single-stranded probe), size (shorter

probes have higher penetration rate and hybridization interaction), specificity

(complementarity to the targel), activity (labelling efficiency) and concentration (in

relation to target saturation) of probe (Abraham, 2001). Hybridization conditions and

pre- and post-hybridization washings significantly affect the sensitivity of the ISH.
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The modified ISH procedure described above has been used in this thesis to detect

various forms of viral nucleic acids and host transcripts (chapters 4, 5, 6 and 7) and to

study host-pathogen interactions at the cellular level.
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chapter 4 - Single-stranded DNA of romato leaf curl virus

accumulates in the cytoplasm of phloem cells

4.1 Introduction

Plant virus infection requires successful invasion of host tissues. Systemic spread from

the primary site of infection initially involves cell-to-cell movement through

plasrnodesrnata (Pd) and then distal movement via the vasculature (Carrington et al.,

1996). Plant viruses are classified as phloem-limited if they are restricted to the vascular

system or mesophyll-invasive if they infect non-vascular cells.

Vascular bundles of dicotyledonous species comprise xylem, phloem parenchyma,

cambium, companion cells and sieve elements (Nelson & van Bel, 1998). rf a

mesophyll-invasive virus fìrst infects an epidermal cell, virus traffrcking to and within

vascular bundles requires movement from mesophyll cells to phloem parenchyma and

sieve elements (Nelson & van Bel, 1998). To exit the vasculature, this sequence is

thought to be reversed. In contrast, phloem-limited viruses must enter the vascular

tissues directly to establish a systemic infection. It is not understood at the molecular

level how viruses enter, travel through, or depart the vascular system. It has been

suggested that the Pd between vascular cells differ from those connecting mesophyll

cells (Nelson & van Bel, 1998), and this is supported by the observation that certain cell

types within the vascular system are more easily infected than others (Ding et al.,1995).

The reasons why sorne viruses are restricted to vasculature while others are capable of

infecting the mesophyll remain unclear. It has been suggested that vascular-restricted
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infection rnight occur because viral movement proteins (MPs) are unable to function in

epidermal and mesophyll cells (Taliansky & Barker, 1999). Another hypothesis is that

some viruses cannot suppress host defence responses in non-vascular cells (Voinnet et

al., 1999; Waterhouse et a1., 1999). The observation that vascular limitation of phloem-

restricted viruses can be overcome by co-infection with mesophyll-invasive viruses

supports this latter idea (Morra &Petty,2000; Wege et aL,2001). Tissue specif,rcity of a

virus can also be affected by environmental factors (Ding et al., 1999b) and the

developmental stage of the plant (Wang et al., 1996).

All previous studies of geminiviral DNA localization have indicated that it accumulates

exclusively in the nucleus of infected cells. For example, TGMV infection led to the

accumulation of virions, often as paracrystalline arrays, in nuclei of both vascular and

non-vascular cells of N. benthamiana (Rushing et a1., 1987). Bass et al. (2000) observed

altered nuclear architecture and plant chromatin condensation upon TGMV infection,

indicating that viral DNA was present in the nucleus. Moreover, studies of the tissue

specificity of both monopartite (Morilla et al., 2004; Rojas et a1.,2001) and bipartite

(Morra & Petty, 2000; Qin & Petty, 2001; Wege et a1.,2001) geminiviruses by in situ

hybridization showed that viral DNA accumulated in the nuclei of infected cells.

It has been suggested that geminiviruses move from cell-to-cell and systemically either

in the form of virions or in nucleoprotein complexes (Gafni & Bemard, 2002).

However, the form of viral DNA involved in viral trafficking is unknown. The NSP and

MP of BDMV, a mesophyll-invasive bipartite begomovirus, bind ss- and ds-DNA in a

form- and size-selective manner (Rojas et a1., 1998), and dsDNA is the predominant

form of viral cargo (Noueiry et al., 1994; Rojas et al., 1998). In contrast, the NSP from
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SqLCV, a phloern-limited bipartite begomovirus, binds strongly to ssDNA but weakly

to dsDNA, while the MP associates weakly with ssDNA and does not appear to bind

dsDNA at all (Pascal et al., 1994). A phage gene 5 protein (Ml3; g5p) which binds viral

ssDNA inhibited the movement of Tomato leaf curl New Delhi virus- (ToLCNDV),

suggesting that ssDNA rnoves cell-to-cell in ToLCNDV infection (Padidam et al.,

1999). It has been proposed that different tissue tropisms exhibited by bipartite

geminiviruses might be the result of different movement mechanisrns (Morra & Petty,

2000).

This study describes the intracellular localization of ssDNA and dsDNA of the

monopartite begomovirus TLCV in comparison with that of the bipartite begomovirus,

TGMV, in both single- and mixed-infections. These in situ hybridization studies have

shown that ssDNA plays a major role in TLCV trafficking through the cytoplasm.

4.2 Materials and Methods

4.2.1 Plant material and inoculation

Nicotiana benthamiana, tobacco (N. tabacum cv. Samsun) and tomato (Solanum

lycopersicum L. cv. Grosse Lisse) were maintained at 25-30"C with a 16 h photoperiod

under containment conditions. Plants at the 4-5 leaf stage were inoculated with

infectious viral clones (Table 4.1) using Agrobacterium tumefaciens (Grimsley et al.,

1gS7). Young (3'd), developing (7tl') and mature (12tn) leaves, stems, petioles and roots

were sampled at 3-4 weeks post-inoculation and processed for fixation as described

below. Infection was monitored by dot blot analysis of viral DNA using 32P-labelled

complementary DNA probes (Stonor et al., 2003).
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Table 4.l.Infectious clones of TLCV, TGMV and TYLCSV DNA

Plasmid Designation Construct Source

pBin TLCV wt
pBin TGMV A
pBin TGMV B
pBin TYLCSV wt

2.0 mer
2.0 mer
2.0 mer
2.0 mer

Dry et al. (1993)
von Arnim and Stanley (1992)
von Amim and Stanley (1992)
Kheyr-Pour et al. (1991)
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4.2.2 Tissue processing

Tissues were cut into 4 mm by 6 mm pieces arrd fixed 1n 4Yo paraformaldehyde: 0.25%

glutaraldehyde and were embedded in buty-methyl methacrylate (chapter 3). Sections 8

prn in thickness were obtained with a rotary microtome (Model 2055; Leica, Germany)

and placed on silane-coated slides (ProSciTech, Thuringowa Central, Australia).

4.2.3 Preparation of RNA probes

DNA fragments were arnplified by the polymerase chain reaction (PCR) using specifìc

primers (Table 2.2). Probes were labelled with either digoxigenin (DIG)-11-dUTP or

fluorescein-l2-duTP using DIG or Fluorescein RNA Labelling Mixes (Roche

Diagnostics, Castle Hill, Australia) by in vitro transcription as described in section

3.2.s.

4.2.4 DNA gel blot analysis using non-radioactive probes

Total nucleic acid was extracted as described previously (Dry et al., 1993) from TLCV

and TGMV infected N. benthamiana and tomato plants. The DNA was electrophoresed

in a 1 .2o/o agarose gel, blotted onto Zeta-Probe membrane (BioRad, Hercules, CA) (Dry

et al., 1993) and hybridized ovemight at 42"C with strand-specific DlG-labelled TLCV-

and TGMV-specific probes (Fig a.1A; Table 4.2). Membranes were washed with 2 x

SSC (1 x SSC = 0.15 M NaCl and 0.015 M trisodium citrate) twice for 5 min each and

then once for 30 min with 0.2 x SSC containing 0.3o/o Tnton-Xl0O. The membranes

were blocked in 1 x blocking solution (Roche Diagnostics) for 30 min, soaked in TST

buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.3% Tween-2O) containing 1%

bovine albumin serum (BSA) for 30 min, incubated in 1% BSA TST buffer containing

anti-DIG alkaline phosphatase (AP; 1:5000) for 30 min, washed twice in TST buffer for
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Table 4.2.TLCV, TGMV and TYLCSV specific ribonucleotide probes

Probesu Source Nucleotide
Positionb

Size (nt) Potential targets

VS-cp
CS-cp

VS-rep
CS-rep
VS-rep
CS-rep
CS-ubi

TLCV
TLCV

308-1 078
1078-308

2t56-2464
2464-2156
26s6-127
r27-26s6
327-1070
t070-327

1962-2210
2210-t962
2t70-2466
2466-2170

77t
77r

dsDNA
ss and dsDNA, CP
transcript
dsDNA and Rep transcript
ss and dsDNA
dsDNA
ss and dsDNA
dsDNA
ss and dsDNA, CP
transcript
dsDNA and Rep transcript
ss and dsDNA
dsDNA and Rep transcript
ss and dsDNA
Ubiquitin transcript

VS-rep
CS-rep
VS-ir
CS-ir
VS-cp
CS-cp

TLCV
TLCV
TLCV
TLCV
TGMV
TGMV

309
309
238
238
744
744

249
249
309
309

TGMV
TGMV
TYLCSV
TYLCSV
Ubiquitin

u VS, virion sense; CS, complementary sense; cp, coat protein; rep, replication protein;
ir, intergenic region; ubi, ubiquitin
b Nucleotide position for TLCV as in Dry et al. (1993), for TGMV as in von Arnim and
Stanley (1992) and for TYLCSV as in Kheyr-Pour et al. (1991)
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10 min each, and then equilibratecl in detection buffer (0.1 M Tris-HCl pH 9.5, 0.1 M

NaCl, 0.05 M MgCl2) for 5 min. AP activity was detected by incubating in NBT/BCIP

staining solution (Table 3.1) for 30-60 min until a dark-bluish colour developed. The

reaction was stopped with TE buffer (10 rnM Tris-HCl, 1 mM EDTA, pH 7.5).

4.2.5 ln situ hybridization

Pre-hybridization, hybridization and post-hybridization were done as described in

chapter 3. The DIG- or fluorescein-labelled probes were detected by anti-DIG or anti-

fluorescein fab alkaline phosphatase conjugates (Roche Diagnostics) and subsequently

stained by NBT/BCIP or Fast Red substrates (Roche Diagnostics). Dual colour in situ

hybridization was done by applying the probes simultaneously and detecting them

sequentially (chapter 3, section 3.2.I1). For RNase treatment the in situ hybridization

protocol was rnodifìed as explained in chapter 3 (section 3.2.12). To differentiate

ssDNA from dsDNA, in situ hybridizations were done under both denaturing and non-

denaturing conditions as described in chapter 3 (section 3.2.12).

Sections were photographed with a SPOT digital camera mounted on a Zeiss Axioplan

microscope (Germany) using differential interference contrast (DIC) optics and SPOT

software. The contrast and brightness of images were subsequently adjusted and

processed using Adobe Photoshop software (Adobe Systems Inc., San Jose, CA).
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4.3 Results

4.3.1 Specificity of riboprobes to detect targeted viral nucleic acid forms

To identify the different viral DNA species at the subcellular level using in situ

hybridization, a series of digoxigenin- (DIG) and fluorescein-labelled probes

corresponding to different regions of TLCV and TGMV DNA (Fig. 4.14 and Table 4.2)

was used. The ability of probes to differentiate single-stranded and double-stranded

replicative form DNA was tested by DNA gel blot hybridization in a preliminary

experiment. As shown in Fig. 4.78, the probes hybridized with dsDNA replicative

forms and ssDNA in a strand-specific manner. A larger arnount of ssDNA was detected

compared to other forms of viral DNA using complementary-sense probes specific for

coat protein, replication associated protein and intergenic region (Fig. a.lF, Table 4.2).

It is worth noting that a small amount of DNA corresponding to complementary-sense

(cs) ssDNA was also visible in lanes 1 and 5 using virion-sense probes (Fig. a.1B). A

relatively low level of cs ssDNA has also been reported in ACMV infection (Saunders

et al., 1991). Furthermore, subgenomic DNAs were found in N. benthamiana plants

agroinoculated with TLCV but not in tomato. In contrast, subgenomic DNAs were not

found in N. benthamiana plants agroinoculated with TGMV (Fig. a.lB).

The specificity of the probes was tested by hybridization to tissue sections from a mock-

inoculated N. benthamiana plant No signals were observed in the mock-inoculated

sections (Fig. a.1C1), indicating that non-specific binding to the sections was not

occurring. The TGMV- or TlCV-specific probes designed to target viral DNA and

RNA transcripts (CS-cp; Table 4.2) produced strong chromogenic signals in leaf

sections infected with the respective viruses (Fig. a.1C4 and 4.1C5). When diseased

plants, which may have a different physiology from healthy plants, were hybridized
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with plobes for the heterologous virus, no signals were observed. For exarnple, sections

of a TlCV-infected plant probed with TGMV-specific CS-cp RNA (Fig. 4.1C2) and a

TGMV-infected plant hybridized with TlCV-specific CS-cp probe (Fig. 4.1C3)

confinned that the in situ hybridization procedure was specific for detecting

hornologous viral nucleic acids.

4.3.2 TLCV is a vascular associated virus

Using in situ hybridization, TLCV was found only in the vascular tissue of systemically

infected N. benthamiana leaves (Fig. a.lC4 and Fig. 4.2A-I). Infected cells were rnore

abundant in young syrnptomatic leaves than in developing and mature leaves (data not

shown). In the transverse section of a N. benthamiana leaf vein (Fig. 4JC4 and Fig.

4.2A), TLCV was associated with phloem parenchyma, sieve elements, companion

cells, vascular cambium and extended to the bundle sheath cells, but was not found in

other cell types. Phloem, xylem and sieve elements are shown in a longitudinal section

taken from leaf vein of TlCV-infected ,^/. benthamiana (Fig. 4.2D). The identity of

these cell types was determined by staining the sections with 0.1% toluidine blue (data

not shown) (Mauseth, 1988). A similar tissue tropism was found in lateral root (Fig.

4.2G), stem (Fig. 4.2H) and leaf (Fig. a.2I) tissue. In the stem section (Fig. 4.2H) the

virus was associated with both inner and outer phloem cells and some adjacent cells in

the cortex and pith. Vascular specificity of TLCV was also observed in S. lycopersicum

and N. tabacum, although chromogenic signals were not as strong as in N benthamiøna

Fig. a.2E and 4.2F). Unlike TLCV, TGMV was detectable in both vascular and non-

vascular cells (Fig. 4.1C5 and Fig. 4.2J-4.2L), as reported earlier (Mona & Petty, 2000;

Nagar et al., 1995; Wege et a1.,2001).
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Figure 4.2. Comparative in situ localization of TLCV and TGMV. Tissue sections of TLCV-
infected N. benthamiana, tomato and tobacco hybridized with TlCV-specific CS-cp DIG probe

are compared with TGMV-infected N. benthamiand probed with TGMV CS-cp DIG probe.

Sections were viewed with differential interference contrast (DIC) optics (D-L) or with a

bright-field illuminator (A). Nuclei (red arrows) were identified by staining with DAPI (B). (C)

is a merged image of (A) and (B). Tissue type, host plant and viral infection are indicated. All
sections were transverse, except D which was longitudinal. P: phloem, X: xylem, SE: sieve

elements. Bars: 100 pm.
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4.3.3 TLCV nucleic acid accumulates in the cytoplasm

The majority of phloem cells produced strong hybridisation signals. These signals

indicated the presence of TLCV nucleic acid in both cytoplasrn and nucleus (Fig. 4.1Ca

and Fig. 4.2^). Identity of the cytoplasm in fixed cells was conf,rrmed by probing the

healthy sections with a ubiquitin probe to detect ubiquitin transcripts (Fig. a.3C). Nuclei

were visualised by DAPI (4', 6-diamidino-2-phenylindole dihydrochloride) treatment,

and were detected in the majority of cells (Fig. a.2B). Absence of signals from some

cells was presumably because nuclei occupy a small portion of the cell volume and

therefore may have not been represented in the respective section. DAPI staining was

masked by the strong chromogenic signals produced by the DlG-labelled probe (Fig.

4.2C). Merging of images obtained with the TlCV-specific probe and DAPI staining

confirmed that viral nucleic acid was not confined to the nucleus only but was also

present in the cloplasm (Fig. a.2C).

Strong chromogenic signals in the cytoplasm of TLCV infected cells were obtained

with the CS-cp probe (Fig. 4.1C4 and Fig. 4.2A-l). This probe could detect both viral

DNA and virion-sense transcripts (Table 4.2). To distinguish viral DNA from

transcripts, RNA was removed enzymatically. Thus two serial sections from TLCV-

infected tissue were prepared and one was treated with DNase-free RNase A in a NaCl-

deficient buffer to digest both ss- and dsRNA (Mathews, 1991; Rezaian et al., lggl).

These sections were hybridized with the homologous TlCV-specific CS-cp probe.

RNase treated, TlCV-infected sections still exhibited chromogenicity in the cytoplasm

(Fig. 4.34 and 4.3D). Ubiquitin mRNA in healthy sections was used as a control to

verify the effectiveness of RNase treatment and to ensure that residual RNase was not

interfering with hybridization of the riboprobes. The ubiquitin signal detected in healthy

69



TLCV TGMV

- RNase

* RNase

TLCV

Figure 4.3. Differentiating viral DNA from transcripts. Transverse sections of leaf vein (A-F)

anã stem (C- H) of N. benthamiana showing hybridization of a TlCV-specific CS-cp probe

with Tlcv-infected sections (4, D) and a TGMV-specific CS-cp probe with TGMV-infected

sections (B and E). The control was complementary-sense probe for ubiquitin gene transcripts

hybridized with non-infected sections (C and F). -RNase, no enzyme treatment; *RNase, treat-

ment with DNase-free RNase. Transverse sections of either TlCV-infected (G) or TGMV-

infected (H) tissues were hybridized with CS-rep DlGJabelled probes. Red arrows indicate the

nuclei containing TGMV DNA (E and H) and TLCV ssDNA (D and G) in phloem cells, and

green arrows (D, E and G) indicate infected xylem. Bars: 100 pm'
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sections (Fig. a.3C) was lost after RNase treatment (Fig. 4.3F). Similarly, signals were

retained in the nuclei of cells in sections derived from TGMV-infected plants after

RNase treatment (Fig. a.3E). These results are consistent with previous findings (Morra

& Petty, 2000; Qin & Petty, 200I; Wege et al., 2001) that TGMV viral DNA is

localized in nuclei (Fig. 3E) while the transcripts are present in the cytoplasm (Fig. 3B).

The identity of the cloplasmic TLCV nucleic acid was also investigated by strand-

specific probing. TlCV-infected sections probed with CS-rep, designed to detect viral

DNA but not transcripts (Fig. a.1A; Table 4.2), exhibited chromogenic signals in both

the nuclei and eytoplasm of infected cells (Fig. 4.3G). This observation confinned the

results of the RNase treatment (Fig. 4.3A and 4.3D). As a control, a TGMV-specific

CS-rep probe was hybridized to TGMV-infected tissues. Strong signals were observed

only in the nuclei of TGMV-infected cells (Fig. 4.3H), consistent with results following

the RNase treatment (Fig. a.3E).

The study of subcellular DNA accumulation was extended to another monopartite

species, Tomato yellow leaf curl Sardinia virus (TYLCSV). The number of infected

cells in sections obtained from TYLCSV-infected N benthamiana plants was

considerably less than in sections from TlCV-infected plants, and chromogenic signals

in TYLCSV-infected plants were always weaker than in TlCV-infected plants

(compare Fig. 4.1C4, 4.2A and 4.3A with Fig. 4.4A). Using a strand-specific probe to

detect TYLCSV DNA but not its transcripts (CS-rep; Table 4.2) chromogenic signals

were mainly observed in the nuclei of infected phloem cells. Cytoplasmic signals were

also present but these were relatively weak and limited to a few cells (Fig. 4.48). Thus,

thelocalization pattern of TYLCSV DNA in N. benthamiana appears to be intermediate
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Figure 4.4.Localization of TYLCSV and TGMV in xylem. Localization of TYLCSV (A and B)'

Transverse sections of leaf vein from TYLCSV-infected N. benthamiana hybndized with

TYLCSV CS-cp (A) or CS-rep (B) probes. The area inside the red box is enlarged in the inset in

B. Localization of TGMV in xylem (C and D). Transverse sections of stem (C) and leaf vein (D)

from TGMV-infected N. benthamiana hybridized with TGMV CS-rep probe. Red arrows show the

viral- specifrc hybridization signals in phloem cells and green arrows indicate the viral-specific

signals in xylem. Arrow heads in D show the spots of stronger hybridization signals indicative of
xylem pits. Inset in D is the image of vascular cells stained vvith DAPI showing nuclei of immature

xylem (red arrows) located next to developed xylem' Bars = 100 pm.
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between TLCV and TGMV. lt is possible that the low level of TYLCSV DNA signals

reflects the reduced titre of this virus in N. benthamiana plants compared to TLCV.

However. the pattern of TYLCSV DNA accumulation suggests that cytoplasmic

localization is not unique to TI,CV.

4.3.4 Cytoplasmic TLCV signals are essentially due to ssDNA

To detennine whether cytoplasrnic TLCV DNA was ss or ds, tissue sections were

hybridize<l with TlCV-specifi c virion- and complementary-sense probes homologous to

a part of the intergenic region (IR) (Fig 4.IA) which is not transcribed to a detectable

level (Dry et a7.,1993). CS-ir probe, designed to detect ss- and dsDNA forms (Fig. 4.lB

and Table 4"2), proútced strong chromogenic signals in the cytoplasm (Fig. 4.5B). The

VS-ir probe, designed to target dsDNA only (Fig. 4.lB and 'Iable 4.2), produced strong

signals only in the nuclei (Fig. 4.5A) after a denaturation step (see chapter 3, section

3.2.12). This observation confirmed that dsDNA only contributed to signals frorn the

nucleus, and suggested that cloplasmic signals were due to ssDNA.

To further test this hypothesis, the target DNA in tissue sections was denatured by heat

denaturation prior to hybridization (see chapter 3, section 3.2.12) with either CS-cp

@ig. a.5F) or CS-rep probes (data not shown) and its chromogenicity compared with

non-denatured sections. No difference in signal intensity was found between sections

hybridized following denaturing (Fig. a.5F) and non-denaturing treatments (Fig. 4.5C),

indicating that TLCV ssDNA, not dsDNA, accumulates in the cytoplasm. Analysis of

the DNA forms present in TlCV-infected plants by two-dimensional agarose gel

electrophoresis has shown that ssDNA is the predominant form of viral DNA (Alberter

et a1.,2005). A higher level of ssDNA compared to dsDNA was also observed (Fig.
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Denaturing Non-denaturing

Non-denaturing Denaturing

tr'igure 4.5. Differentiating ssDNA from dsDNA. Transverse sections of stem from TLCV-

infected N. benthamiana hybndized with the probes indicated after denaturing and non-

denaturing treatments as described in the methods. Red arrows indicate the nuclei containing

the complementary-sense ssDNA (D) and the replicative form of TLCV dsDNA (A and E), red

affows 1-n, C andF) indicate TLCV ssDNAinphloem cells, green anows (8, C andF) indicate

infected xylem and purple arrows (4, D and E) indicate xylem vessels lacking viral signals.

Bars: 100 pm.

TLCV

TLCV TLCV
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4.18). Nevertheless, signal intensity was stronger in denatured sections (Fig. 4.5E) than

non-denatrtred ones (Fig. a.5D) using a virion-sense probe that can detect viral dsDNA

(VS-cp: Table 4.2), indrcating that a proportion of nuclear signal represents dsDNA

form. Faint staining signals, as seen in Fig. 4.5D, ale probably due to the presence of cs

ssDNA (see also Fig.4.1B, lanes 1 and 5) known to be associated with gerrinivirus

infection (Saunders et al., 1991). Together, these results indicate that TLCV ssDNA

accurnulates both in the cytoplasm and the nucleus while dsDNA is present in the

nucleus only.

4.3.5 ssDNA of TLCV, TYLCSV and TGMV accumulates in xylem

Xylem vessels are inert tubes which are involved in water transport and provide

mechanical support to plant tissues (Boyce et a1., 2004). It is generally assumed that

plant viruses move systernically through phloem, although some RNA viruses,

including sobemoviruses (Moreno et al., 2004; Opalka et al., 1998; Schneider &

Worley, 7959), a potyvirus (Dicenta et al., 2003) and a furovirus (Verchot et al., 2001)

have been found in xylem. As yet, no DNA virus has been reported to localize to xylem

vessels. Using probes specifically designed to detect ssDNA (Table 4.2;Fig.4.1A), the

ssDNA of three geminiviruses {TLCV (Fig. 4.2A, 4.2D, 4.3D,4.3G, 4'58, 4.5C and

4.5F; see also Fig. 4.7), TGMV (Fig. 4.2J, 4.2K, 4.38, 4.4C and 4'4D) and TYLCSV

(Fig. 4.aA and 4.48)\ was observed in xylem vessels. It is important to note that no

TLCV (Fig. 4.54, 4.5D and 4.58), TGMV or TYLCSV (data not shown) dsDNA was

observed in the xylem.

Viral DNA was detected more frequently in the xylem of younger leaf veins than in

stem sections (Table 4.3) taken immediately beneath the younger leaf (compare Fig.
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Table 4.3.Localizationof TLCV, TGMV ancl TYLCSV in xylem vessels

TLCV TYLCSV TGMV

uLeaf
43
30

H
I

se.s%)
40.s%)

(
(

4s (6t.s%)
34 (38.s%)

s6 (se%)
4t (41%)

H
I

336 (87%)
sl (13%)

332 (e}.s%)
3s (e.s%)

32r (88%)
44 (t2%)ustem

uFive sections each derived from leaf midrib or stem were obseryed and target free
(healthy; H) or target containing (infected; I) xylem vessels were counted
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4.3D with 4.3G andFig.4.4D with 4.4C). Viral DNA was not detected in the xylem

vessels of mature leaves (data not shown). Unlike other cell types where TGMV ssDNA

accumulates in the nucleus (Fig. 4.4D; red arows), xylem vessels exhibited TGMV

ssDNA signals in the entire vessel (Fig. 4.4D; green arrows). This is because a mature

xylem vessel does not contain nuclear and cellular contents (Fukuda, 1997). Srnall spots

of high chromogenic intensity were also evident in some xylem vessels (green

arrowheads, Fig. 4.4D), which probably represent the pits of xylem (see Fig. 4.7e)

where more viral DNA may be accumulating.

Hybridization signals in xylem were shown to be virus specific by the negative results

obtained with mock inoculated plants (Fig. 4.1Cl) and with sections taken from virus

infected plants incubated either without probes (data not shown) or with probes not

specific to the inoculated virus (Fig. 4.1C2 and 4.1C3). Xylem localization data were

further supported by the lack of hybridizalion signals in xylem vessels using probes

designed to exclusively detect viral dsDNA (Fig. 4.54 and 4.58) or ubiquitin (Fig. a.3C

and 4.3F).

4.3.6 Vascular restriction of TLCV is released by TGMV

The tissue tropism of a geminivirus can change in a mixed infection with another

geminivirus. For example, the phloem-limited BGMV was shown to infect mesophyll

cells in a mixed infection with TGMV (Morra & Petty, 2000). In TLCV and TGMV co-

infected plants TLCV was mainly associated with vascular cells but could also infect a

small number of mesophyll cells (Fig. a.6B). To detect both viruses in the same section,

CS-rep probes of TLCV and TGMV labelled with DIG and fluorescein respectively

were applied simultaneously and detected sequentially (chapter 3, section 3.2.1I).
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Figure 4.6. Detection of TLCV in mesophyll tissues co-infected with TGMV. Transverse

seJtions from leaf lamina (A) and stem @) taken from N. benthamianø plants co-infected with

TLCV and TGMV were hybridized simultaneously with TLCV CS-rep DlG-labelled probe

(blue) and TGMV Cs-rep fluorescein-labelled probe (red) and stained sequentially. Non-

vascular cells infected by TLCV are indicated by arrows (B). Bars : 100 pm.
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TGMV (red fluorescence) was found in the nuclei of vascular and mesophyll cells while

TLCV (blue precipitate) was restricted mainly to vascular cells and was present in the

cytoplasm and nuclei of infected cells (Fig. 4.6A and 4.68). Examination of 12 tissue

sections derived from stems, petioles and leaf veins of TLCV and TGMV co-infected

plants identified 3212TcuV-infected cells but only 855 TlCV-infected cells, of which

iZ6 (-55%) were vascular-associated and the remaining 128 (-15olo) were in the

rnesophyll. The majority of TlCV-infected cells (95%) also contained TGMV.

However, a few TlCV-infected cells did not show TGMV DNA. It is not clear whether

these cells did not contain TGMV DNA, or the red signals of TGMV DNA were

completely masked by the strong blue signals produced by TLCV probe. Alternatively,

the lack of TGMV DNA in those cells could be due to the absence of nuclei in the

sections. It was also noted that the number of cells in which TGMV was detected

depended on the probe used. A TGMV-specific probe, which could detect both viral

DNA and transcripts, was able to identify many infected cells (Fig. 4.1C5 andFig.4.2J-

L), whereas a TGMV-specific probe that could only hybridize to viral DNA detected a

small number of infected cells (Fig. 4.6A and 4.68). As explained earlier, this is

probably the result of nuclei not being present in the cell sections due to their relatively

smaller size. These results indicate that TGMV can partially alleviate phloem restriction

ofTLCV

4.4 Discussion

Cell-to-cell movement of geminiviruses involves replication in nuclei, nuclear export of

viral progeny and movement of virus through the cytoplasm to plasmodesmata (Gafni &

Bemard, 2002).previously, geminiviral DNA has been detected in the nuclei of infected

cells (Morilla et al., 2004; Morra & Petty, 2000; Qin et al., 1998; Qin & Petty,
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2001;wege & Jeske, 1998; Wege et al., 2001). Consequently, DNA rnovement through

the cytoplasm has been considered to be transient (Zhang et al., 2001). Here it is

reported that TLCV ssDNA accumulates in the cytoplasm at significant levels, while

replicative dsDNA is present in the nucleus. However, consistent with earlier findings,

the cytoplasmic viral DNA was not detected in TGMV infections. The results suggest

that these viruses may utilize different modes of DNA transport across the cytoplasm.

Three independent experiments, RNase digestion, strand-specific probing and

hybridization under denaturing and non-denaturing conditions, confirmed that TLCV

ssDNA accumulates in the cytoplasm. Morilla et al. (2004) recently reported that

TYLCSV DNA localized predominantly in the nucleus. Results reported here are

consistent with this in that the ssDNA of the phloem-specific monopartite TYLCSV

was found to accumulate mainly in the nucleus, although some viral ssDNA was

observed in the cytoplasm. It is possible that this discrepancy simply reflects the

different in situ hybridizarion methods used in these studies. In this thesis, strand

specific probing was used to differentiate viral DNA forms. Moreover, a proteinase K

treatment was carried out in all in situ hybridisation experiments. Such a treatment may

allow detection of viral ssDNA complexed with CP (Palanichelvam et al., 1998) which

acts as a ssDNA binding protein in the cytoplasm. Supporting this idea is the

observation that the CP of TYLCV is detectable in the cytoplasm of infected cells using

immunolocalization, while a CP:GFP fusion protein expressed in the absence of other

viral proteins localizes to the nucleus (Rojas et a1., 2001). The cytoplasmic TLCV

ssDNA may be encapsidated or present as a nucleoprotein complex with CP or with

host ssDNA binding proteins. The significance of TLCV ssDNA accumulation in the

cytoplasrn and its possible role in viral movement is presently unknown.
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It remains unclear" whether ssDNA or dsDNA is involved in viral trafficking. Studies

with bipartite begomoviruses are contradictory, supporting the involvement of ssDNA

(Lazarowitz &. P,eaclny, 7999; Padidam et al., 1999; Pascal et a1., 1994), dsDNA (Iìojas

et al., 1993) or both ss- and dsDNA (Hehnle et a1., 2004). Based on the finding that

ssDNA of TLCV accumulates in the cytoplasm, and that ssDNA of the three viruses

studied here is present in the xylem vessels (discussed below), it is suggested that

ssDNA rnay be involved in the movetnent of these viruses,

It has been suggested that viral, host and environmental factors (Ding et al., 1999b;

Kong et al., 2000; Morra & Petty, 2000; Wang eI a1.,1996) determine the tissue tropism

of geminiviruses. The results described in this thesis indicate that TLCV is restricted to

the vascular and bundle sheath cells of tissues derived from leaf, stem and root of

different host plants at different developmental stages and inoculation period. This

suggests that vascular limitation of TLCV is rnainly determined by viral factors, and is

consistent with the theory that phloem-limited viruses may lack cell-to-cell movement

functions in non-vascular tissues (Taliansky & Barker, 1999). When co-infected with

the mesophyll-invasive TGMV, it was found that the vascular-limitation of TLCV was

partially abrogated. The mechanism by which TGMV can release phloem restriction of

TLCV remains unclear.

In this study, geminiviral ssDNA was found in xylem tissue. A model depicting the

route of viral entry to xylem cells is shown in Figure 4.7. Xylem arises from the

vascular cambium through transdifferentiation (Fukuda, l99l). Immature xylem cells

contain active nuclei (Mauseth, 1988). Such immature cells are evident in inset to Fig.

4.4D. Subsequently, these cells undergo progtammed cell death and lose their nuclei
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Figure 4.7. Amodel derived from the in situ localization studies to explain the distribu-
tion of TLCV ss- and dsDNA in the stem vasculature of N. benthamiana. (a) A replicative

form of viral DNA (dsDNA) is present in the nucleus of phloem cells (P). Once a signifi-
cant amount of ssDNA is synthesized in the nucleus it accumulates in the cytoplasm (b).

During differentiation (c-e) of immature xylem cells (ImX) to xylem (X) through
programmed cell death, which results in the loss of cellular contents, viral ssDNA either

in the form of nucleoprotein complex or virion particles accumulates in the mature xylem
vessels especially around the pits of xylem (e). Longitudinal sections of infected xylem
(X-I) and healtþ xylem (X-H) are shown. Lower panels shows the viral forms explained

in the model hybridized with the probes specific to detect only dsDNA or both ss- and

dsDNA as explained in the text.
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and cell contents, leaving hollow dead cells that fonn vessels or tracheids (Fukuda,

Ig97). To explain the localization in rnature xylem, it is proposed that getniniviruses

preferentially localise to vascular carnbium, cornprising the most actively dividing cells

in the vasculature (Mauseth, 1988), and then spread to phloern and xylem parenchyma

by two separate processes: actively, by cell-to-cell movement, and passively, through

the differentiation of cambium cells. Several lines of evidence support this hypothesis.

First, TLCV DNA was not observed in mature leaves where cambium cells are not

present (Mauseth, 1988). Second, alarger proportion of xylern vessels were infected in

young leaves, where transdifferentation from cambium cells is highly active, than in

stem tissue, where this process is largely absent. Third, the localisation of getniniviruses

to xylem cells is supported by an increasing body of evidence irnplicating xylem tissue

in long-distance transport of plant viruses (Dicenta et al., 2003; Moreno et al., 2004;

Opalka et a1., 1998; Schneider & 'Worley, 1959;' Verchot et a1., 2001). Opalka et al.

(1998) proposed a model to explain the systemic movement of virus from apoplast to

symplast whereby Rice yellow mottle virus (RYMV) chelates calcium in the pit

membrane of xylem to destabilize the membrane structule for its movement to living

immature tracheids. It must be noted thallocalization experiments in this study simply

indicate the presence of geminiviruses in some of the xylem vessels and do not provide

any information about the role of xylem in geminiviral transport.

It was possible that the viral DNA signal observed in xylem tissue was due to the

agroinoculation procedure, where Agrobacterium containing viral DNA could be

directly introduced to xylem cells. It has been observed that Agrobacterium cells were

present in transformed tobacco plants, both into in vitro as well as ex vitro plants after

transformation (Matzk et a1., 1996). However, Agrobacteriumhas only been observed in
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the samples taken from root zone of ex vitro plants and Agrobacterium has not been

found in the aerial parts of the plant (Matzk et al., 1996). Moreover, there are no known

reports indicating tlnat Agrobacterium moves through xylem. Furthermore, the observed

localization of viral DNA preferentially in young leaves compared to old leaves, which

are closer to the site of inoculation, indicates that this is highly unlikely.

The finding that TLCV ssDNA accumulates in the cytoplasm may represent a

new feature of the lifecycle of some geminiviruses. Moreover, the differential DNA

accumulation pattern of TLCV and TGMV is suggestive of disparate movement

mechanisms of monopartite and bipartite geminiviruses.
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proteins involved in viral movement

5.1 Introduction

Plant viruses encode one or more proteins for their cell-to-cell and long distance

movement (Carrington et al., 1996). These proteins interact with the endomembrane

system and plasmodesmata (Pd) to mediate cell-to-cell movement (Lazarowitz, 1999;

Lucas & Gilbertson, 1994). Long distance movernent involves the transport of virus via

phloem tissues (Gilberlson & Lucas, 1996). Some plant viruses are unable to spread

systemically however they are capable of replicating and spreading within inoculated

leaves (Gilbertson & Lucas, 1996). This suggests that cell-to-cell and long distance

movement may have distinct mechanism(s).

Having a DNA genome, geminiviruses have evolved mechanism(s) to transport DNA

within the cell, between cells and between tissues and organs. In bipartite

begomoviruses, DNA component A encodes the coat protein (CP), which is not

essential for cell-to-cell and long distance movement (Padidam et al., 1995; Unseld et

al., 2004). The DNA-B encodes two proteins, BVI (also designated BRl) and BC1

(also designated BLl), that are required for viral movement. BV1 acts as a nuclear

shuttle protein (NSP), exporting both ss- and ds- viral DNA from the nucleus (Noueiry

et al., 19941, Sanderfoot & Lazarowitz, 1995). The BCl protein, designated the viral

MP, increases the plasmodesmatal size exclusion limit (SEL) and facilitates cell-to-cell

transport of viral DNA (Noueiry et al., 1994). A specific interaction between NSP and

MP is required for cell-to-cell movement (Sanderfoot & Lazarowitz, 1995). CP of
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biparlite begomoviruses has been shown to complement NSP-deficient viruses (Ingham

et al., 1995; Qin et al., 1998) and also assists the MP in cell-to-cell movement functions

by its ability to affect the accumulation of viral ssDNA (Qin et al., 1998), indicating that

CP has an indirect role in the movement of bipartite begornoviruses.

To date, the understanding of monopartite geminivirus movement is mostly based on

studies of their bipartite counterparts. In contrast to the bipartite begomoviruses, the CP

of monopartite begomoviruses is essential for systemic infection (Noris et al., 1998;

Rigden et al., 1993) and appears to act analogously to the NSP of bipartite

begomoviruses (Rojas et a1.,2001). Two other proteins from monopartite begomovitus,

Vl and C4,have been irnplicated in cell-to-cell movement and may have a functional

similarity to the MP of bipartite geminiviruses (Rigden et al.,1993; Rojas et al., 2001).

A derivative of TLCV containing a mutation in v1 (TLCY-VI mutant) accumulated

lower levels of ssDNA (Rigden et al., 1993). This result could reflect an ability of Vl to

stabilize ssDNA (Padidam et a1., 1999) or alternatively indicate a role of Vl in viral

movement. Furthennore, the Vl protein from TYLCV demonstrated a limited capacity

to move cell-to-cell, to interact with plasmodesmata (Pd) and increase their size

exclusion limit, and to mediate cell-to-cell movement of DNA (Rojas et a1.,2001). In

addition, two studies have implicated TLCV Vl in symptom expression. First, plants

infected with an infectious construct of TLCV-v1 were asymptomatic (Rigden et al.,

1993). Second, transient expression of Vl by a TMV based viral vector caused severe

stunting of N. benthamiana and N. clevelandii plants (Selth et al., 2004). Similarly

TLCV C4 has produced severe phenotypic symptoms when stably expressed in

transgenic plants (Krake et al., 1998). Moreover, plants infected with TLCV-c4 (TLCY-

C4 mutant) have produced mild symptoms (Rigden et a1., 1994). The observations that
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movernent proteins are determinants of pathogenicity (Duan et al., 1997; Hou et al.,

2000 Ingharn et al., 1995; Pascal et al., 1993) are consistent with the hypothesis that V1

and/or C4 play a role in cell-to-cell movement of TLCV.

In this study, an analysis of subcellular localization of the proteins potentially involved

in the movernent of TLCV is presented. Plasrnolysis and brefeldin A (BFA) treatments

wele used to analyse the association of these proteins with endoplasmic reticulum (ER)

and Golgi apparatus. In addition, a possible role of a host factor from tomato, SIUPTGl,

which interacts with Vl protein of TLCV in viral movernent, is discussed.

5.2 Materials and Methods

5.2.1 Plant material

Tobacco (Nicotiøna tabacum cv. Samsun), transgenic tobacco carrying a Cauliflower

mosaic virus (Ca}y'rv) 355 promoter-driven C4 ORF cassette (Krake et al., 1998) and

tomato (5. lycopersicon L. var. Money Maker) were used in this study. All plants were

grown under glasshouse conditions at25-30"C.

5.2.2 GFP expression vectors

A variant of the shuttle vector pARTT (Gleave, 1992), containing the fuIl-length green

fluorescent protein (GFP) ORF either upstream (with a start codon but lacking a stop

codon; pARTT-C'gfp) or downstream (without a start codon but containing a stop

codon; pARTT-N'gfp) of the multiple cloning site (T. Franks, unpublished data), was

used to transiently express GFP fusion proteins in onion tissue. The VI ORF was

amplified using primers Pl and P2 (Table 2.2), digested with EcoRI, and ligated into

EcoRI/SmaI digested pARTT-C'gfp to yield pARTT-V1:GFP. The Z2 ORF was
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amplilred using primers P3 and P4 (Table 2.2), digestecl with EcoRl/BamHI, and ligated

into similarly digested pART'7-C'gfp to yield pARTT-V2:GFP. C4 was arnplified using

primers P5 and P6 (Table 2.2), digested with C4 EcoRI/BamHI, and ligated into

sinrilarly digested pARTT-N'gfp to yield pARTT-C4:GFP. The V1 and V2 ORFs were

fused separately to the 3'end of GFP and the C4 ORF was fused to the 5'end of GFP

downstream of the CaMV 35S promoter. The SIUPTGI ORF (lacking a stop codon)

was amplif,red with primers P33 and P34 (Table 2.2), digested with EcoRI and BamHI,

and ligated into similarly digested pN'gfp to generate an in-fi'ame N-tenninal fusion to

the GFP gene. Control constructs were pARTT-GFP, which expresses free GFP (T.

Franks, unpublished data), and pBIL2I-H2B:YFP, which expresses Arabidopsis

HISTONE 2B (P^2B) fused to the GFP yellow variant yellow fluorescent protein (YFP)

(Boisnard-Lorig et al., 2001 ).

The open reading frames encoding GFP:V1, GFP:V2, GFP:C4 and GFP were amplified

by PCR using respective plasmids of pARTT mentioned above as DNA template and

primer pairs P19/P21, P791P22, P20lP23 and Pl9lP20 (Table 2.2) respectively. The

PCR product was digested with XhoI and SpeI and ligated into the XhoI and SpeI sites

of the plasmid pTA7002 (Aoyama &. Chua,1997). All clones obtained were verified by

sequence analysis.

5.2.3 In situ hybridizations

Templates for the generation of RNA probes were amplified by the polymêrase chain

reaction (PCR) using TlCV-specific primers (Table 2.2). RNA probes labelled with

fluorescein-l2-UTP and digoxigenin-l1-dUTP were prepared using Fluorescein or DIG
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RNA Labelling Mix respectively (Roche Diagnostics, Castle Hill, Australia) as

described in section 3.2.5

Plant material was collected from TlCV-infected plants thlee weeks post-inoculation.

Preparation of tissue sections, hybridization and detection of DIG- and fluorescein-

labelled probes was carried out as described in section 3.2.

5.2.4 Transient expression of GFP fusion proteins using microprojectile

bombardment and plasmolysis

Onion epidermal strips placed on agar containing Murashige and Skoog Salt Mixture

(Invitrogen, Carlsbad, California) were bombarded with each of the vectors pARTT and

pTA7002 GFP expression constructs (section 5.2.1) as described (section 2.2.24). After

bombardment, tissue was stored in the dark for 24 h and GFP/YFP expression

visualized using a Bio-Rad Radiance 2100 Confocal Laser Scanning Microscope

(CLSM) System. The excitation wavelength of 488nm was used for both GFP and YFP

analysis. For pTA7002 constructs, tissue was sprayed with a solution containing 30 pM

dexamethasone (DEX) and 0.01% Tween 20 after 24 h of bombardment and visualized

by CLSM after 24 h of DEX induction. After capturing the images, plasmolysis was

performed by incubating the sections of onion epidermal layer with 0.5 M man¡itol for

20 min and images recorded.

A sterilized Buchner funnel and vacuum flask was set up in the laminar flow to set the

BY-2 cells on the sterile filter paper (Whatman l, 4.25cm diameter). Four ml of 3 days

old BY-2 cell culture was placed onto the filter paper and a gentle vacuum was applied

to remove excess liquid. The filter paper carrying the BY-2 cells was transferred onto
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solid MS6 medium. The cells were bombarded as described (section 2.2.24) except with

a pressure of 450 kPa. The transfonned BY-2 cells were collected in an eppendorf tube

corrtaining MS¡ media using a needle under the stereo microscope. The collected cells

were visualized using CLSM.

5.2.5 Plant infïltration

For agroinfiltration experiments, the Vl:GFP, V2:GFP, C4:GFP, SIUPTG:GFP and

ATG:GFP sequences downstream of the CaMV 35 promoter were released from

pARTT plasmids by NotI digestion and ligated into Notl-digested pART27. A.

tumefaciens strain C58 was transformed separately with each of these binary vectors by

electroporation. N tabacum leaf tissue was infiltrated with A. tumefaciens cells as

described (Selth et al., 2004) prior to visualisation by confocal microscopy. Likewise

pTA7002 GFP expression plasmids (section 5.2.I) were introduced into A. tumefaciens

strain C58 for plant infiltration studies. The plants were sprayed with a solution

containing 30 ¡rM dexamethasone (DEX) and 0.01% Tween 20 after24hof infiltration.

Samples were collected after 24h of DEX induction and processed for CLSM.

5.2.6 Brefeldin A treatment and staining

An inducible system, pTA7002 GFP expression constructs (section 5.2.1), was used in

BFA treatment experiments. Inducible system provides an opportunity to induce the

expression of GFP fusion proteins after BFA treatment. After 20 h of agroinfiltration

with pTA7002 GFP constructs, the abaxial side of the tobacco leaves were infiltrated

with an aqueous solution of 50 pg mlr of BFA in 0.lo/o DMSO. After 3 h of BFA

treatment, the plants were sprayed with a solution containing 30 pM dexamethasone

(DEX) and 0.01Yo Tween 20 and after 6 h of induction samples were collected for
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CLSM. In a control experiment, sarnples were collected after 6 h of induction without

BFA treatment.

Callose was stained by incubating the onion epidermal layer and tobacco leaf samples in

0.01% aniline blue fluorochrome (Biosupplies, Parkville, Australia) in 10 mM Na

phosphate buffer pH 9.2 for 40 min in the dark. ER staining was done by incubating the

BY-2 cells in an aqueous solution containing 100 ¡rg/ml of rhodamine B-hexyl ester

(Invitrogen) for 5 minutes.

5.3 Results

5.3.1 Mutations in TLCV VI and C4 ORFs partially affect viral movement

Unlike most of the bipartite begomoviruses, the coat protein (CP) is essential for

systemic infection by monopartite begomoviruses (Noris et al., 1998; Rigden et al.,

1993). Earlier, we reported that disruptions in V1 and C4 ORFs of TLCV resulted in

s¡rmptomless or attenuated systemic infections, respectively, in tomato plants (Rigden et

a1.,1993; Rigden et a1.,1994). However, mutations in the VI,V2 and C4 ORFs did not

disrupt viral replication (Rigden et al., 1993; Rigden et al., 1994). The Vl and C4 genes

of another monopartite begomovirus, TYLCV, have been shown to be involved in cell-

to-cell movement of virus (Rojas et a1.,2001).

To analyze the role of the Vl and C4 genes in TLCV movement, we inoculated tobacco

plants with wild type (wt) TLCV and derivatives having mutations in the Vl and C4

genes and analysed viral DNA accumulation by in situ hybndization. Fewer infected

cells were observed in sections inoculated with both the c4 (Fig. 5.1E) and v1 (Fig.

5.1G) mutants compared to sections inoculated with wt virus (Fig. 5.1C). Moreover,
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Figure 5.1. Localization of TLCV wild type (wt), v1 and c4 mutants in C4 expressing trans-
genic and non-transgenic tobacco. Transverse sections of leaf vein were hybridized with
TlCV-specific probes. The probes were digoxigeninJabelled, complementary-sense ssRNA
from V2 ORF (A and C-H) and fluorescein-labelled, virion-sense ssRNA from the C4 ORF
(B). Dashed circles in E, G and H show the groups of infected phloem cells. Bars: 100 pm.
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infected cells were observed in the patches of 1-3 infected cells per patch as indicated

by red dashed circles (Fig. 5.1E, 5.1G and 5.1H). This suggests that the cell-to-cell

movement of TLCV vI and c4 mutants is less eff,rcient than the wt virus. To confirrn

that the lack of C4 protein \¡/as responsible for the observed deficiencies in movement,

we inoculated wt and mutant TLCV to transgenic tobacco plants expressing the C4 gene

from TLCV under the control of the 35S promoter (Krake et al., 1998). In these plants,

the c4 mutant infected as many cells as the wt virus (Fig. 5.1F and 5.1D), while

rnovement of the vl mutant remained inefficient (Fig. 5.1H), suggesting that

complementation of the c4 mutant occurred solely by the C4 transgene product. It is

interesting to note that in transgenic plants where C4 is expressed in all cell types (Fig.

5.18), the wt and mutant viruses were unable to cross the vascular barrier (Fig. 5.lD,

5.1F,5.1H).

Previously it has been shown that TLCV v2 mutanl is unable to cause systemic infection

(Rigden et al, 1993). Here, in situ hybridization results have shown that a v2 mutant

was replicating in the infected cells (Fig. 5.28) when delivered biolistically to detached

leaf. Moreover, v2 mutant virus was found in all cell types including epidermal,

mesophyll and phloem cells suggesting that the virus was delivered to those cells by

gold particle(s) (Fig 5.28, red arrows). It is important to note that in the majority of the

cells infected by v2 mutant, the virus was confined to the single cell (indicated by red

arrows) and was unable to infect the neighbouring cells (Fig. 5.28) compared to TLCV

wt(Fig.5.2A). However,agroup of 2-3 infectedcells(indicatedbygreenarrow)was

observed. It is not clear whether the v2 mutant was delivered to a single cell and then

moved to the neighbouring cells or whether the mutant virus was delivered biolistically

to each of the cells in that group. Together these results suggest that the v2 mulant was
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Figure 5.2. Localization of TLCV wild type (A) and. v2 mutant (B) in detached leaves of N.

benthamiana. Transverse sections of leaf vein were hybridized with TlCV-specific
digoxigeninJabelled, complementary-sense ssRNA from V2 ORF. Red arrows indicate the
hybridization signals of the virus. Green affow shows a group of cells infected with virus.
Bars: 100 pm.



Chapter5-Roleof TLCV encoded proteins in viral mottetnent

leplicating in the inoculated cells and was less efÏcient in infecting the neighbouring

cells than the TLCV wt virus.

5.3.2 Subcellular localization of TLCV Yl,V\ and C4 proteins

Proteins encodecl by geminiviruses control cell-to-cell rnovernent (Gafni & Bemard,

2002;Lazarowitz & Beachy, 1999). Three virus-encoded proteins have been implicated

in the movernent of the monopartite TYLCV (Rojas et al., 2001). The results of viral

DNA accumulation of TLCV derivatives having mutations in VI, V2 or C4 ORFs have

suggested that theses proteins have a role in viral movement (section 5.3.1). To further

gain an insight into the role of VI, Y2, and C4 proteins encoded by TLCV in vims

movernent, their subcellular localization was analysed in onion and tobacco epiderrnal

cells. The fusion proteins (V1:GFP, V2:GFP and C4:GFP) were transiently expressed in

onion cells following biolistic delivery, and in tobacco cells by agroinfiltration, and

analyzed by confocal laser scanning microscopy.

Free GFP was distributed in both the cytoplasm, often in association wìth cytoplasmic

strands, and the nucleus of bombarded cells (Fig. 5.34). When optical sections taken

through a cell expressing V1:GFP were combined, the pattern of fluorescence obseled

was sirnilar to free GFP (Fig. 5.38). However, analysis of single optical sections

demonstrated that Vl:GFP was primarily localised to the cell periphery (Fig. 5.3C and

E), with ER (Fig 5.3D and 5.4A, white arrow) and around or probably inside the

nucleus (Fig. 5.3D, white arrow). A similar peripheral but a distinct perinuclear pattern

of fluorescence has been observed in N. tabacum protoplasts and N. benthamíana

epidermal cells expressing TYLCV Vl fused to GFP (TY-Vl:GFP; (Rojas et al.,

2001)). In this study, the authors used an ER-specifrc stain to show colocalisation of
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Figure 5.3. Subcellular localization of V1-,Y2-, and C4-GFP fusion proteins. Confocal images

of onion (A-D, F-G, I-L and N-O) or tobacco (E, H, M and P) epidermal cells. Combined optical
sections from a cell expressing free GFP (^) or Vl:GFP (B). Single optical sections showing
Vl:GFP targeting the cell periphery (C and E), the nucleus, and associated with endoplasmic

reticulum as indicated by white arrows (D). Ca:GFP showing localization to the cell periphery
(F-H) and accumulating as small, discrete punctae (G; white arrows). V2:GFP showing localiza-
tion to nuclei (I-M) and accumulation in nucleoli indicated by white affows (K and L). Nuclear
localization of H2B:YFP (N-P). Merged V2 (J and L) or YFP (O) with differential interference

contrast (DIC) images showing the location of the nuclei in relation to the cell. Chloroplasts in
tobacco are shown as red in E, H, M and P. Bars :25 pm.
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VI-GFP with the ER. The similarity between the fluorescence of V1:GFP in onion

epidermal cells and TY- V1:GFP in Nicotiana cells and protoplasts suggests that TLCV

V I may also associate with the ER network. This is further confirmed by staining the

BY-2 cells with an ER-specific stain and co-localization of Vl:GFP with the ER (Fig.

5.58). Likewise, an association of V1:GFP with cytoplasmic punctate bodies (Fig. 5.3E,

white alrows, see also Fig. 5.78), consistent with a localisation pattem seen in 20-30%

of protoplasts transfected with TY-V1:GFP, suggest the association of V1:GFP with Pd.

In cells bombarded with C4:GFP, punctate fluorescence was consistently observed at

the cell periphery (Fig. 5.3F and 5.3H) at either the plasma membrane or Pd (Fig.5.3G).

This pattern of GFP explession has been observed for many MP:GFP fusions

(Blackman et al., 1998; Padgett et a1.,1996; Ryabov et al., 1998) and suggests that C4 is

localized at Pd.

Nuclear localization of Vl:GFP was also observed in onion and tobacco epidermal cells

(Fig. 5.3D, 5.6I and 5.78, white arrows). The nuclear localization pattern of Vl:GFP

was in contrast to the perinuclear localization of TY-VI:GFP and therefore it was

further confirmed by determining its localization pattern in BY-2 cells and comparing it

with the localization of C4:GFP. GFP fusion proteins were transiently expressed in BY-

2 cells and images were taken at different planes to get a series of images. A nuclear

localization of VI:GFP was observed (Fig. 5.4A, white arrow) compared to a

perinuclear pattern of C4:GFP (Fig. 5.4D, white arrow). The nuclei were detected by

DAPI staining (Fig. 5.48 and 5.4E) and nuclear and perinuclear localization was

confirmed by merging images (Fig. 5.4C and 5.4F). V1:GFP signals were observed

inside the nucleus in all the serial sections of the nuclear images (see Appendix-l,
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GFP DAPI Merge

Vl:GFP

C4:GFP

X'igure S.4.Localization of Vl- and C4-GFP fusion proteins in BY-2 cells. Nuclear localization
of V1:GFP indicated by arrow (A). Perinuclearlocalization of C4:GFP indicated by anow (D).
Nuclei were identified by DAPI (B and F). A merged image of VI:GFP/DAPI (C) and
C4:GFP/DAPI (F). Localization of VI:GFP with endoplasmic reticulum (ER) is shown by
affow in A. Bars :25 pm.
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panels C-H). In another experiment, V1:GFP was co-delivered with an Arabidopsis

HISTONE 28::yellow fluorescent protein (H2B:YFP) which acted as a control for

nuclear localization (Boisnard-Lorig et al., 2001). A nuclear localization of V1:GFP

was evident when both Vl:GFP and H2B:YFP transiently expressed in the same cell of

N. benthamiana (Fig. 5.54).

V2:GFP was found only in the nuclei of onion epidennal cells (Fig. 5.3I, 5.3J, 5.3K,

5.3L and 5.3M). In contrast to H2B:YFP fusion protein, which stains the whole nucleus

evenly (Fig 5.3N, 5.3O and 5.3P), a significant amount of V2:GFP con¡pegated in

nucleoli (Fig. 5.3K and 5.3L). A similar patterrr of nucleolar fluorescence was observecl

in N. tabacum protoplasts transfected with TYLCV CP:GFP and BDMV BVl:GFP

fusion proteins (Rojas et a1.,200I), indicating that subnuclear targeting of geminiviral

coat and nuclear shuttle proteins is conserved and may play an important role in

geminivirus infection.

5.3.3 Transiently expressed Vl:GFP and C4:GFP associated with Pd

Microscopy of epidermal cells transiently expressing V1:GFP and C4:GFP

demonstrated that these proteins localized to cell periphery (Fig 5.6E, 5.6F, 5.6I and

5.6J). In addition, punctate bodies were observed, which often formed paired foci (5.78,

arrowheads) suggest that there is an association of both Vl and C4 with Pd enriched cell

wall regions. Similar types of paired foci were also observed in the cell wall when Pd

associated RGPs were stably expressed in N. benthamiana plants (Sagi et al., 2005). To

confirm this Pd association, onion epidermal cells were subjected to plasmolysis and the

localization pattem was compared before and after plasmolysis. This treatment results in

retraction of the plasma membrane (PM) from the cell wall, leaving Pd implanted in the
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Figure 5.5. Subcellular localization of Vl- and SIUPTGI-GFP fusion proteins. (A) Shows
nuclear localization of Vl and SltlPTGl when codelivered and expressed with H2B:YFP in the
same cell of N. benthamiana. (B). Shows association of Vl and SIUPTG1 with endoplasmic
reticulum (ER) and nucleus in BY-2 cells. Red fluorescence represents ER stained by rhodamine
B-hexyl ester. Signals associated with nucleus and ER are indicated by white arrows in A and B.
Merged images are shown to indicate the sites of colocalization. Bars :25 pm.
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cell wall (Turner et a7., 1994). Plasrnolysis was induced in the onion epidermal cells 24

h after bornbardment and then viewed under the CLSM. VI:GFP and C4:GFP

fluorescence remained between plasma rnembrane (PM) and cell wall after plasmolysis

(Fig. 5.6G,5.6H,5.6K and 5.6L). No fluorescence was found between PM and cell

wall of the plasmolysed cells which were expressing ftee GFP (Fig. 5.6C and 5.6D).

Furthermore, fluorescent threads were observed in a few cells expressing Vl:GFP and

C4:GFP (Fig. 5.6G and 5.6K, white al:rows). It has been reported (Hecht, 1912) that

plasmolysis results in the formation of thin membranous structure known as Hechtian

strands that anchor the PM to the cell wall. Recently, CLSM has been used to

demonstrate that many Hechtian strands originate at or close to the entrance of Pd

(Oparka et al., 1994) and these strands are associated with ER (Pont-Lezisa et al.,

1993). Lang-Pauluzzi (2000) has shown that Hechtian strands were formed to all sides

of the protoplast in onion inner epidermal cells. Combined optical sections of V1:GFP

after plasmolysis clearly showed that the fluorescent threads remained attached to the

cell wall when the protoplast retracted (Fig. 5.6M).

To verify that the fluorescence spots inside cell walls indeed represent Pd, callose

[(1---+3)-B-glucans] was stained with aniline blue flurochrome. Callose is a component

of specialized walls or wall associated structures, such as cell plates, plasmodesmatal

channels, sieve plates and transient walls of microsporogenic and megasporogenic

tissues (Stone & Clarke, 1992). Callose, therefore, has been widely used as a

plasmodesmal marker (Baluska et al., 1999; Bayer eI al., 2004; Gorshkova et a1.,2003).

Onion epidermal cells when treated with aniline blue displayed fluorescent labelled

spots in the cell wall (Fig. 5.6N) indicative of Pd. Together these results suggest that
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Figure 5.6. Subcellular localization of GFR Vl:GFP and C4:GFP in onion epidermal cells before (4,
B, E, R I and J) and after (C, D, G, H, K, L and M) plasmolysis. Single optical sections showing free

GFP (A-D), C4:GFP (E-H) and VI:GFP (I-L). Hechtian strands and signals in cell wall are indicated

by white arrows in G and K. Nuclear localization VI:GFP is indicated by an arrow in I. Merged

images of GFP with differential interference contrast (DIC) are shown in B, D, R H, J and L. Panel

M shows the combined optical sections of Vl:GFP. The area inside the white box is enlarged in the

inset in panel M. Cell wall and plasmodesmata stained with analine blue flurochrome indicated by

white affows and are shown in N. Bars :25 pm.
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GFP:VI and GFP:C4 fluorescent threads are related to Hechtian attachment sites and

that these proteins have an association with Pd

5.3.4 VI:GFP and C4:GFP transported to Pd via the Golgi apparatus

It has been suggested that the Golgi vesicles during cell division are involved in

building prirnary Pd through the developing cell wall (Jones, 1976:, Robards & Lucas,

1990). The possibility that VI:GFP and C4:GFP are transported to Pd via the Golgi

apparatus was examined. BFA, a disrupter of the Golgi apparatus, was used to test this

hypothesis. Epidennal cells of tobacco leaves treatecl with BFA <luring the transient

expression of C4:GFP, Vl:GFP and V2:GFP were compared with cells not treated with

BFA. BFA treated cells displayed diffuse fluorescence with small punctate structures in

the cell wall with Vl:GFP and C4:GFP (Fig. 5.78). Interestingly BFA treatment did not

disrupt the localization of V2:GFP (Fig. 5.78). These results suggest that targeting of

V1:GFP and C4:GFP to cellular membrane and Pd probably occurred through the Golgi

apparatus.

5.3.5 Localization of C4:GFP to cellular membrane is rapid and transient

Subcellular localization studies of C4:GFP indicated its cell peripheral localization, and

in contrast to V1:GFP, C4:GFP was never observed inside the cloplasm (Figs. 5.3,5.4,

5.6 and 5.7). To understand how C4:GFP travelled to the PM after its synthesis in the

cytoplasm, a time course experiment was conducted. N. benthamiana leaves were

agroinfiltrated, sprayed with DEX and a section of the treated leaf was put under the

CLSM and images were taken at t h time intervals. Faint signals of GFP fluorescence

were observed in some cells after t h of induction (Fig. 5.8). The level of signal

intensity gradually increased with time and alarger number of GFP expressing cells was
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X'igure S.T.Localization of GFP fusion proteins using inducible system. (A) pTA7002 containing

GFP fusion constructs used for induction experiments. VP:GFP denotes each of VI:GFP,

V2:GFP and C4:GFP. (B) comparison of GFP:C4, GFP:VI and GFP:V2 without (-BFA) and

'with (+BFA) brefeldin A treatment. Aroow heads in B indicate the paired foci in cell wall and

affow shows the nucleus. The area inside the white boxes is enlarged in the right of respective

panel. Bars:25 ¡tm.
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Figure 5.8. Time-scale analysis of C4:GFP localization. Images were captured after dexamethasone

1¡ÞX) induction. Time period is indicated. Area shown in white boxes is enlarged. Bat:25 pm.
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observed 6 h after induction compared with 5 h (Fig. 5.8). It is interesting to note that a

significant intensity of GFP fluorescence was found in the PM suggesting that C4:GFP

fusion protein is expressed in the cytoplasrn and targeted to the PM immediately after

its synthesis and accumulates in the PM and can be visualized when its accumulation

reaches to a detectable level (Fig. 5.8).

5.3.6 Subcellular localization of VL:GFP and SIUPTG1:GFP fusion proteins

It has been shown in our laboratory that Vl interacts with a protein from tomato

designated SIUPTGI, which is closely related to a family of reversibly glycosylated

peptides (Selth et a1.,2006).In addition , SIUPTGI expression signihcantly enhances the

accumulation of TLCV ssDNA (Selth et al., 2006) suggesting that SIUPTG1 rnay have

a role in viral infection. To further understand the role of SIUPTG1 in viral infection,

subcellular localization of SIUPTG1 was examined using GFP fusion constructs

expressed from the CaMV 355 promoter and its localization pattern was compared with

Vl. The subcelluar localization pattern of SIUPTG1 was similar to the localization of

Vl in that it was present inside the nucleus (Fig. 5.54) and was associated with ER

(Fig. 5.58). Single optical sections of onion cells expressing SIUPTGI:GFP showed

fluorescence mainly at the cell periphery (Fig 5.91 and 5.9J), a pattern similar to that

observed for Vl:GFP (Fig. 5.9E and 5.9F). Fluorescence associated with expression of

free GFP also appeared to localize at the cell periphery when single optical sections

were analyzed (Fig. 5.94 and 5.98). However, combined optical sections revealed that

free GFP was also distributed throughout the cytoplasm and nucleus of onion cells (Fig.

s.3A ).
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Figure 5.9. Subcellular localization of Vl and SIUPTGI. Vl:GFP (E-H), SIUPTGI:GFP (I'L)
andGFP alone (A-D) were transiently expressed in onion epidermal cells. Cells were analyzed for
GFP fluorescence before and after plasmolysis. Punctate fluorescence at the cell wall of onion

cells expressing either V|:GFP (G and H) or ^S/UPTGI:GFP (K and L) after plasmolysis is indi-

cated by arows. GFP images (4, C, E, G, I and K) and GFP/differential interference contrast

(DIC) merge images (8, D, F, H, J and L) are shown. Bars:50pm.
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The four class 1 reversibly glyeosylated polypeptides (crRGPs) fiom Arabiclopsis,

AtRGPl-AtRGP4, and a C'RGP from maize, SE-WAP I, arc shuttled to Pd via the

Golgi apparatus, leading to the suggestion that Pd association may be a general

characteristic of t'RGPr (Sagi et al., 2005). To test whether SIUPTG1 and Vl also

associate with cell wall components, cells expressing GFP-fusion proteins were

subjected to plasmolysis. After plasurolysis, Vl:GFP (Fig. 5.9G and 5.9H) and

SIUPTGI:GFP (Fig. 5.9K and 5.9L) fusion proteins were observed mainly in the

protoplast but also at punctae along the cell wall, a pattem indicative of Pd localisation.

In contrast, fiee GFP was observed only within the protoplast and not in the zone

between the PM and cell wall (Fig. 59C and 5.9D).

It must be noted that these transient experiments do not provide any infbrmation

regarding the temporal and spatial localization of Vl and SIUPTG1 during TLCV

infection. However, the results of this study suggest that SIUPTG1 would co-localize

with Vl at the cell membrane and possibly at Pd if these proteins were produced in the

same cells in planta.

5.4 Discussion

The monopartite begomoviruses have a single DNA molecule which contains all the

genes required for viral replication, movement and pathogenicity. In this study, three

genes encoded by the monopartite begomovirus TLCV were analysed for their role in

viral movement. The results of this study are consistent with the report (Rojas et al.,

2001) that three TLCV encoded proteins V7, V2 (CP) and C4 may contribute to viral

movement. Vl:GFP displayed a cell peripheral localization pattem and also showed

fluorescent spots in the cell wall indicative of Pd association. Moreover, the V1:GFP
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fusion protein produced a pattern of fluorescence reminiscent of ER localization. MPs

from RNA viruses (Heinlein et a1.,1998; Laporte et al., 2003) and DNA viruses (Ward

et al., I99l) interact with ER and this is irnperative for intra- and inter-cellular

trafficking (Lazarowitz & Beachy, 1999). This suggests that Vl may have a role in

trafficking of TLCV DNA. In contrast, the C4:GFP protein was found exclusively at the

cell periphery and accumulated in srnall punctate bodies, a pattern indicative of Pd

localization. Like the C4 protein from TYLCV (Rojas et a1.,2001), TLCV C4 contains

a putative N-terminal myristoylation site (GSLIS) from amino acids 4-8. N-terminal

myristoylation domains are involved in membrane localization (Johnson et al., 1994)

and this sequence may therefore play a role in the association of C4 with the PM. Pd

localizationhas been reported for many plant viral MPs (Blackman et al.,1998; Rojas et

a1.,2001; Ryabov et al., 1998).

Pd are cytoplasmic connections between neighbouring plant cells and facilitate cell-to-

cell cytoplasmic transport through cell walls (Robards & Lucas, 1990). Plant viruses

modify Pd for cell-to-cell movement and then long distance spread of infection (Ding et

al, I999a).It is known that Golgi vesicles are involved in the formation of both primary

and secondary Pd (Robards & Lucas, 1990). Sagi et al. (2005) have shown that c'RGPs

are Pd-associated proteins and arc transported to Pd via the Golgi apparatus. The fungal

toxin BFA has been widely used as an inhibitor of protein traffrcking in the

endomembrane system of a variety of eukaryotic cells (Fujiwara eI al., 1988; Nebenfuhr

et al., 2002). BFA has been shown to release the COPI coats (coat protein I vesicles)

from the Golgi resulting in disruption of vesicle formation (Ritzenthaler et al., 2002).

Association of Vl and C4 proteins with Pd and targeting of these proteins to Pd via
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Golgi apparatus is supported by our observation that BFA treatment has significantly

affected the Vl:GFP and C4:GFP localization.

Together, these results suggest that the TLCV V1 and C4 proteins are involved in cell-

to-cell movement of the viral DNA. Two lines of evidence from our in situ

hybridisation studies support this idea. First, wild-type TLCV was able to infect

significantly more cells than either its v1 or c4 mutant derivatives and cells infected by

the mutant viruses tend to occur in clusters of phloem cells, suggesting that their cell-to-

cell movement is inefficient. Second, the movement of the TLCV c4 mutant virus was

promoted by endogenous C4 protein supplied by a transgene. Disruption of any one of

these ORFs did not completely stop the viral movement but resulted in reduced cell-to-

cell movement. However, Y2 is essentially required for systemic rrovernent though v2

mutant virus replicated in the inoculated cell. These results are also supported by the

previous observation that Vl and C4 from TYLCV have a limited involvement in cell-

to-cell movement (Rojas et al., 2001).

Given that the TLCV y1 mutant accumulates lower levels of viral DNA (Rigden et al.,

1993), and that Vl interacts with SIUPTG1 in yeast and in vitro (Selth et al., 2006) and

SLUPTG1 enhances the accumulation of TLCV DNA (Selth et a1.,2006). This suggests

that SIUPTG1 could simply act to transport Vl to the plasma membrane, Pd and/or the

Golgi apparatus where it would execute its putative movement-associated function.

This idea is reinforced by our observation that both SIUPTG1 and Vl:GFP may locahze

to the PM, ER and specifically to Pd. This is further supported by the observation that

other crRGPs from Arabidopsis andmaize are associated with Pd (Sagi et al., 2005).
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The question arises as to whether the presence of C4 protein, a putative rnovernent

factor of TLCV which may interact with Pd, would allow movement of TLCV out of

the vasculature if the protein was expressed in non-vascular cells. In C4 expressing

transgenic plants, TLCV was unable to cross the vascular barrier. We can envisage two

possible explanations for the inability of TLCV to enter mesophyll cells in these

transgenic plants if indeed this protein has a role in movement. First, the C4 protein

alone may be insufficient for allowing mesophyll invasion. Second, Ihe C4 transgene

may be silenced upon TLCV infection while replication of the virus is not affected

(Chapter 6) (Bian et al., 2006). This suggests that TLCV replicates in phloern cells and

induces a gene silencing mechanism which spreads from vascular cells to non-vascular

cells and causes silencing of the transgene, but this silencing is not functional in the

phloem cells where the virus is replicating. This is conceivable because TLCV, like

other geminiviruses, encodes a suppressor of RNA silencing (Selth et al., 2004). Such

an explanation is in agreement with our observation that a TlCV-derivative containing

a mutated c4 ORF is complemented by C4 proteins in the transgenic plants.

The localization of TLCV CP to nuclei and nucleoli is also a charactenstic of the NSP

from bipartite begomoviruses. It is worth noting that CP accumulates preferentially in

the nucleolus where ribosomal packaging occurs, suggesting that viral packaging or

formation of nucleoprotein complexes may occur in this compartment. A similar

nuclear localization for the CP of monopartite begomovirus TYLCV (Rojas et al., 2001)

and monopartite mastrevirus, MSV (Liu et a1.,200I) has been reported. Interestingly a

nuclear localization of Vl was also found which was in contrast to the perinuclear

localization of Vl from TYLCV (Rojas et a1.,2001). However, perinuclear localization

was found with C4 and such perinuclear localization was never observed with Vl. The
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discrepanoy of this result remains unresolved. Flowever, nuclear and perinuclear

localization of Vl and C4 respectively and Pd association of both proteins explains the

functional role of these proteins and raises the possibility that mutation in any one of

these ORFs complements the function of the other. This possibility is supported by the

observation that both vl and c4 tnutant viruses did not prevent viral infection and have a

limited cell-to-cell movement.

Folding of newly synthesized proteins is a well-established fact (Jaenicke, 1991) and

protein aggregation is an irnportant event of cellular functions (Kopito 2000). Cells

avoid accumulation of toxic aggregates by two mechanisms (1) suppression of

aggregate formation by molecular chaperons and (2) ttre degradation of misfolded

proteins by proteoasomes (Kopito 2000). The degrading of proteins disturbs their

localization pattern. The localization results of this study suggest that V1-, Y2- and C4-

GFP fusion proteins were not degraded by the mechanisms suggested by Kopito (2000).

The results of this study demonstrate that TLCV CP performs functions similar to

begomovirus BVI which acts as a NSP. Neither TLCV V1 nor C4 proteins behaves like

previously studied MP, including BC1 of the bipartite begomoviruses. Both proteins

function cooperatively for effi cient cell-to-cell movement.

97



Chapter 6 - Phloem specifïc TLCV induces systemic silencing

and escapes from this silencing

6.1 Introduction

Eukaryotic cells suppress foreign genetic elements through a sequence-specific RNA

silencing mechanism (Voinnet, 200I) known as gene silencing in plants (Napoli et al.,

1990; van der Krol et al., 1990), RNA interference in animals and quelling in fungi

(Cerutti, 2003; Pickford & Cogoni, 2003). RNA silencing can be triggered by RNA

viruses (Burton et al., 2000; Jones et al., 1999), DNA viruses (Al-Kaff et al., 1998;

Kjemtrup et al., 1998), antisense transcripts (Nellen & Lichtenstein, 1993), highly

expressed-sense transcripts (van der Krol et al., 1990) and transgene loci producing

double-stranded RNA (dsRNA) (Smith ef a1.,2000). A key feature of RNA silencing is

the presence of small interfering RNA (siRNA), which acts as an intermediate in the

silencing pathway (Hamilton & Baulcombe,7999; Voinnet, 2001). Recent studies show

that dsRNA is cleaved into siRNAs of about 2I-25 nucleotides (nt) by RNase III-like

enzymes named Dicer (Bernstein et a1.,200I; Hamilton & Baulcombe, 1999; Zamore et

al., 2000). siRNA is used as a guide for the degradation of single-stranded RNA

(ssRNA) by an siRNA/ribonuclease complex known as the RNA-induced silencing

complex (RISC) (Hammond et a1.,2000).

RNA silencing in plants also involves RNA-directed DNA methylation (RdDM), in

which DNA homologous to a triggering RNA is methylated de novo (Mette et al., 2000;

Pelissier et a1.,1999). RdDM occurs at both symmetric cytosine sites (CpG and CpNpG,

where N is A, T, C or G) and at asymmetric sites (CpHpH, where H is A, T or C). Cao
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et al" (2003) proposed that the initial establishment of RdDM requires the enzyme

known as domains rearranged rnethylase (DRM), which is guided by siRNA to the

target sequences. The maintenance of CpG methylation is accornplished by

methyltransferase, whereas CpNpG and CpHpH methylation is maintained by

chromornethylase and DRM redundantly (Cao et al., 2003).

siRNA homologous to the promoter region of alarget gene induces transcriptional gene

silencing (TGS), which is associated with promoter rnethylation. If siRNA is

homologous to the coding region of the target gene, it induces posttranscriptional gene

silencing (PTGS), which involves sequence-specific RNA degradation and methylation

of the coding region. PTGS and TGS are mechanistically related as both involve the

production of siRNA (Sijen eI a1.,2001).

RNA silencing in plants is considered to be an adaptive defence mechanism against

viruses (Voinnet, 2001 Waterhouse et al., 2001). It is induced in response to viral

replicating forms of RNA, presurnably to degrade the invasive viral genomes. Plant

endogenous or introduced genes that have homology with an infecting viral RNA could

also be silenced (Jones et al., 1999; Jones eta1.,2001). This process is known as virus-

induced gene silencing (VIGS). It has been found that DNA viruses, including

geminiviruses, are also capable of inducing gene silencing (Al-Kaff et al., 1998;

Atkinson et al., 1 998 ; Chellappan eI al., 2004b; Kj emtrup et al, 1 99 8).

The TLCV genome replicates in the nucleus of infected cells (see chapter 4) (Rasheed et

al., 2006) by a combination of rolling circle replication (RCR) and recombination-

dependent replication (RDR) (Alberter et a1.,2005). Earlier it was found that TLCV
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infection induces transcriptional silencing of TLCV promoter-driven p-glucuronidase

(GUS) transgenes and causes methylation of the virus-derived promoter (Seernanpillai

et al., 2003). Interestingly, the viral replication appeared not to be inhibited by the

silencing (Seernanpillai et al., 2003). In line with this observation, it has been shown

that expression of a truncated version of TYLCSV Rep protein (Rep-210) in transgenic

tomato plants produces resistance to TYLCSV infection (Brunetti et al., 1997) but the

resistance is overcome by transgene silencing (Lucioli et al., 2003). Furthermore, RNA

silencing triggered by C2 hairpin RNA in tomato was found to be ineffective against

TLCV (Bian et a1.,2006).

This chapter describes experiments to investigate transgene silencing by methylation.

Transgenic tobacco plants carrying the TLCV C4 ORF driven by the CaMV 35S

promoter have been used to determine the level of transgene methylation and expression

following TLCV infection. In addition the methylation levels of replicative form (RF)

of TLCV DNA were determined. These results demonstrate that TLCV infection

induces silencing of the virus-derived transgene, but that the virus escapes this defence

mechanism, possibly due to a differential methylation of the de novo synthesized viral

and host plant DNA.

6.2 Materials and methods

6.2.lPlant materials.

Tobacco (N. tabacum cv. Samsun), tomato (5. lycopersicum L. var. Money Maker) and

N. benthamíana were grown under glasshouse conditions at 25-30"C. Transgenic

tobacco lines described previously (Krake et al., 1998), carrying a CaMV 355 promoter-

driven C4 ORF cassette, were grown under containment.
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6.2.2 \-LCV infectivity assays.

Plants at the 4-5 leaf stage were inoculated with an ovemight culture of A. tumefaciens

(strain C58) containing a TLCV dimeric construct in pBinl9 (Dry et al., 1993).

Developing leaves from individual plants (50 100 mg) \¡/ere sampled and

homogenized with 0.5 M NaOH al aratio of 4¡rl per 1 mg tissue. The presence of TLCV

DNA was tested by dot-blot analysis (Stonor et a1.,2003).

6.2.3 Preparation of TlCV-specifïc R¡IA probes.

TLCV primers corresponding to the V2 (P3 and P4, Table 2.2) and C4 (P5 and P6,

Table 2.2) ORFs were used to amplify DNA fragments by polymerase chain reaction

(PCR). The DNA was ligated into a pGEM-T Easy vector (Promega, Madison, WI).

The clones were linearizëd by suitable restriction enz)irnes and used as templates for

transcription using T7 or SP6 DNA-dependent RNA polymerase (Promega) in the

presence of o32P-UTP according to the manufacturer's instructions. RNA probes used

for in situ hybridization were labelled with fluorescein-l2-duTP (for the probe from

complementary sense gene) and digoxigenin-11-dUTP (for the probe from virion sense

gene) using Fluorescein or DIG RNA Labeling Mix respectively (Roche Diagnostics,

Castle Hill, Australia).

6.2.4 GeI blot analysis.

Total RNA was extracted from expanding leaves (100 mg) using the TRIzol reagent

(Invitrogen, Carlsbad, California) according to the manufacturer's instructions. mRNA

was isolated from the total RNA by a poly-A mRNA extraction kit (Promega). mRNA

obtained from 20 ¡rg total RNA was analyzed in a l.2Yo agarose MOPS gel containing 2

M formaldehyde (Selth et a1.,2004). siRNA analysis of total RNA (5pg) was carried
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out by electrophoresis in a denaturingl5o/o polyacrylamide-7 M urea gel using a Mini-

PROTEAN 2 electrophoresis system (BioRad, Hercules, CA) (Wanget a1.,2001). The

nucleic acids were blotted onto Hybond* membrane (Amersham Biosciences, USA) and

hybridized with 32P-labeled, TLCV RNA prob es aT 42"C overnight in 50o/o fonnamide,

7% SDS, 250 rnM NaCl and 125 mM NaHzPO+. The rnembrane was washed as

described (Wang et al., 200I) and hybridization signals were detected using Kodak X-

ray frlm. Southern blot analysis was carried out as described (Dry et a1.,1993).

6.2.5 In situ hybridization.

Leaf samples were collected from TlCV-inoculated (at 60 days post inoculation (dpi))

and non-inoculated 355:C4 transgenic and non-transgenic plants. The tissues were fixed

(see section 3.2.2) and sections, 6-8prn thick, were placed on silane-coated slides

(ProSciTech, ThuringowaCentral, Australia). Pre-hybridizalion,hybridizatron and post-

hybridization were performed as described in chapter 3. Probes were detected using Fast

Red or NBT/BCIP staining solutions (Table 3.1). The slides were dehydrated, mounted

in entellan mounting medium and were observed under a light microscope (Axioscope2,

Germany).

ó.2.6 Bisulfite DNA sequencing.

Bisulfite modification and sequencing were performed as described (Grunau et al.,

2000). The 55 rRNA genes in the treated samples \Mere sequenced as a control using the

primers reported (Fulnecek & Matyasek, 1998) to monitor bisulfite conversion rate. It

was assumed that the cytosines in symmetric (CpG and CpNpG) sites were methylated

and cytosines in asymmetric (CpHpH) sites un-methylated. The PCR primers were

selected following the guiclelines described (Clark & Frommer, 1997).ln selecting PCR
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prirners, regions containing symmetric sites were avoided and when this was not

possible, a G residue was used instead of the C in the primers. The primers were

targeted against unmethylated DNA, so that a lack of rnethylation in the result would

not be attributed to the failure of bisulfite conversion. Amplification of the 35S:C4

transgene, including 98bp of the 35S promoter and cornplete C4 ORF, was carried out

by nested PCR in two consecutive reactions. The primer pair P24 and P25 (Table 2.2),

was used in the first reaction and the prirner pair P24 andP26 (Table 2.2), was used in

the second reaction. The primer pair P27 and P28 (Table 2.2), was used to arnplify a

part of the intergenic region (IR; TLCV co-ordinates from 2706bp to 26l4bp) and aparl

of Cl ORF (TLCV co-ordinates from 2614bp to 2l40bp) overlapping the complete

sequence of C4 ORF (TLCV co-ordinates from 2464bp to 2156bp). PCR was carried

out as described (Grunau et al., 2000). PCR products were separated by electrophoresis

in a lo/o agarose gel, purif,red using the QlAquick gel extraction kit (Qiagen), ligated

into pGEM-T-Easy (Promega) and introduced into E. coli XLl-Blue cells. Plasmid

DNA \¡/as prepared from E. coli using a QIAGEN Spin Miniprep kit (QIAgene) and

cloned DNA sequenced using ABI Prism BigDye (Perkin Elmer) with T7 or SP6

prlmers

6,2.7 Statistical analysis.

Statistical comparisons of methylation data from 35S:C4 transgene and TLCY C4

coding region and upstream non-coding region (nucleotides 2106-2465 of the inter-

genic region) were done by individual unpaired /-tests using the Graphpad Instant

statistical software package. Due to unequal variances in asymmetric cytosine

methylation in TLCV infected and healthy 35S:C4 transgenic plants, /-tests were

performed on the log transformed data.
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6.3 Results

6.3.1 A TlCV-derived transgene is silenced upon the viral infection.

Previous observations in our laboratory have suggested that transgenic plants expressing

a range of TlCV-derived gene constructs in sense or anti-sense orientations have failed

to protect tobacco or tomato plants frorn viral infections (Dry, et al., unpublished data).

Recent experiments in our group have shown that TLCV infection is delayed but not

prevented in C2 hair pin (C2hp) transgenic plants designed to produce high levels of

siRNAs specihc to C2 ORF from TLCV (Bian et a1.,2006). These results suggest that

the TlCV-specific transgene in those transgenic plants becomes inactive after TLCV

infection. To test whether the transgenes become inactivated, the fate of a TLCV-

derived transgene was determined after virus infection. Tobacco plants containing the

C4 ORF under the control of CaMV 35S promoter (35S:C4) (Krake et a1.,1998) were

used because they express a severe phenotype that can serve as a marker for monitoring

RNA silencing. The 35S:C4 phenotype includes curling of leaf margins, twisting of

stems and mosaic patterns (Fig. 6.14, panel 1). These are distinct from the mild

symptoms caused by TLCV in tobacco (Fig. 6.14, panel 4). After inoculation of the

35S:C4 plants in triplicate with TLCV, the typical 35S:C4 phenotypes disappeared

gradually in all the plants. At 60 dpi, TlCV-infected 35S:C4 plants (Fig. 6.1A, panel2)

showed typical mild symptoms present on TlCV-infected non-transgenic plants (Fig.

6.i4, panel 4). The TLCV symptoms persisted and developed on the newly growing

parts of transgenic plants. The presence of TLCV in transgenic and non-transgenic

tobacco plants was confirmed by southem analysis (Fig. 6.18). These results suggested

that expression of the virus-derived 35S:C4 transgene might have been silenced

following TLCV infection.
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Figure 6.1. TLCV infection results in the silencing of a transgene homologous to the viral
DNA. (A) Showing the C4 phenotype: (panel l) Healthy 35S:C4, (panel2) TlCV-infected
C4 transgenic, þanel 3) healtþ non-transgenic and þanel4) TlCV-infected non-transgenic
tobacco plants. Photographs were taken at 60 dpi. (B) Southern blot analysis of DNA
extracted from healthy (H) or TlCV-inoculated (I) 35S:C4 transgenic and non-transgenic
tobacco plants. The positions of replicative form (RF) and single-stranded (ss) DNA are

shown. In the bottom panel, genomic DNA is shown as an indication of the loading levels.
(C) Northern blot analysis of mRNA extracted from C4 transgenic and from non-transgenic
tobacco leaves. Messenger RNAwas extracted from either healtþ (H) or TlCV-infected (I)
leaves at 60 dpi. In the bottom panel, the membrane was stripped and reprobed for ubiquitin
(UbÐ mRNA to provide an indication of RNA loading levels. (D) Northern blot analysis
showing siRNA in TlCV-infected (l) N. benthamiana (lane 2). siRNA was not detected in a
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To examine whether the change in 35S:C4 phenotype was due to RNA silencing, the

level of C4 transcript expressed frorr the 35S:C4 transgene was analysed beftrre and

after infection of the plants with TLCV. Northern blot analysis was carried out with a

poly A* RNA preparation to avoid hybridization interference by TLCV DNA in infected

samples. The C4 transcript was readily detectable in non-inoculated 35S:C4 transgenic

plants (Fig. 6.1C, lane 1). On the contrary, the transcript was not detected in the 35S:C4

transgenic plants at 60 dpi with TLCV (Fig, 6.1C, lane 2), or in healthy non-transgenic

tobacco (Fig.6.1C, lane 3). It was noted that the C4 transcnpt expressed from

replicating TLCV in non-transgenic tobacco plants was below the level of detection by

the northern hybridization technique (Fig. 6.1C, lane 4). These results indicate that the

35S:C4 transgene was silenoed following TLCV infection. Furthetmore, TlCV-specifìc

siRNAs were detected in TLCV infected plants (Fig. ó.1D) suggesting their role in

transgene silencing. Previously it was shown in this laboratory, by nuclear run on

assays, that the silencing of a transgene carrying homology to TLCV DNA is caused by

virus induced transcriptional gene silencing (Seemanpillai et aL,2003). The silencing of

the C4 transgene is also likely to be due to TGS.

6.3.2 Tissue-specific replication of TLCV induces systemic silencing of the 35S:C4

transgene.

To investigate virus-induced gene silencing at the cellular level, in situ hybridization

experiments were carried out with non-inoculated and TlCV-infected 35S:C4

transgenic tobacco leaf tissues, using fluorescent probes. Following hybridization with

the C4 virion-sense probe (C4-v), strong fluorescent output was observed in all cell

types including phloem and mesophyll of non-inoculated 35S:C4 transgenic plants (Fig.

6.28), indicating that there was constitutive expression of the C4 transcripts from the
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35S:C4 gene. When the sections of the TlCV-infected 355:C4 transgenic plants were

hybridized with the same probe, fluorescent signals were observed only in phloem-

associated cells and were restricted to nuclei (Fig. 6.2C). These complementary-sense

signals presumably represent the replicative form of TLCV DNA in the nucleus or C4

transcripts, to which the C4-v probe can hybridize. The presence of viral nucleic acids

in these cells was confirmed by probing the serial sections imrnediately acljacent to that

shown in Fig. 6.2C with a digoxigenin-labelled complementary-sense probe from the V2

ORF (V2-c). Strong colourimetric signals developed in the vascular cells indicating the

presence of virion-sense DNA and transcripts (Fig. 6.2D) in both cytoplasm and the

nucleus. In the same experiment, hybndízation signals were not detected in healthy,

non-transgenic, leaves of tobacco (Fig. 6.2A). Moreover, vascular-associated

accumulation of viral DNA and transcripts in non-transgenic tobacco (Fig. 6.2E) was

found to be similar to that of transgenic tobacco (Fig. 6.2D). These results confirm that

TLCV is phloem-specific (chapter 4) and causes a systemic silencing response in non-

vascular cells. The un-intemrpted replication of TLCV in vascular cells indicates that

functional viral transcripts are produced in TlCV-infected phloem cells of silenced

plants.

6.3.3 The C4 gene in transgenic plants and in TLCV RF DNA is heavily

methylated.

Previously, TLCV infection has been found to induce methylation of its hornologous

promoter sequence in transgenic plants (Seemanpillai et al., 2003). It was questioned

whether the silencing of the C4 gene encoded by the transgene and by the virus was

linked to DNA methylation. Methylation status of the 35S:C4 transgene following

TLCV infection and the C4 region in TLCV RF DNA was determined by bisulfite-
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sequencing (Clark & Fronnner, 7997). Total genomic DNA was extracted from non-

inoculated 355:C4 transgenic, TlCV-infected 355:C4 transgenic and TlCV-infected

non-transgenic tobacco leaves at 60 dpi and subjected to rnethylation sequencing. In the

procedure, bisulfite treatment converts un-methylated cytosines to uracil while

methylated cytosine remains unchanged. The converted DNA is then cloned and

sequenced. To ascertain DNA conversion, the rnethylation status of the tobacco 55

rRNA gene was determined (Fulnecek & Matyasek, 1998) in bisulfite treated satnples.

The three samples were found to have very similar methylation status in the 5^l rRNA

gene; all of the 11 symrnetric closines were methylated and all of the 15 asyrnmetric

cytosines were un-methylated (data not shown). Thus, a total of 42o/o cytosines were

methylated , a rate consistent with the previous report of tobacco 55 rDNA methylation

(Fulnecek & Matyasek, 1998).

The region of the 35S promoter and C4 ORF was cloned using bisulfite-treated total

DNA from TLCV inoculated and non-inoculated 35S:C4 transgenic plants. Five

individual clones from each sample were sequenced and the sequences were aligned. A

high level (56-92%) of symmetric cytosine methylation was observed in both TLCV-

infected and non-infected 35S:C4 transgenic plants (Table 6.1, Fig.6.3A). The

difference in the levels of symrnetric closine methylation between infected and healthy

transgenic plants was not statistically significant (Fig. 6.34). Contrary to the levels of

symmetric cytosine methylation, there was a statistically significant (p=0.032) increase

in asymmetric cytosine methylation of the transgene after TLCV infection. In the non-

inoculated plants, only 6.2%o of as¡zmmetric cytosines were methylated (Table 6.1, Fig.

6.34), whereas in infected 35S:C4 transgenic plants, 393% of asymmetric cytosines

were methylated (Table 6.1, Fig. 6.34). Cytosine methylation was observed not only in
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Figure 6.3. Analysis of cytosine methylation of the 355:C4 trangene and TLCV IR-CI region.

Genomic DNA was extracted, treated with bisulfite, amplified by PCR and cloned as described

in Materials and Methods. (A) The percentage of methylated symmetric and asymmetric cyto-

sines in the 35.Spromoter and the C4 ORF was calculated separately for each individual clone.

The averages and standard deviation calculated from the five independent clones analyzedare

shown. (B) The percentage of methylated symmetric and asymmetric cytosines in the IR and

the C4 ORF was calculated separately for each individual clone. The averages and standard

deviation calculated from the four independent clones analyzed are shown'
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the C4 coding region which has homology with TLCV DNA but also in the 35S

promoter region with no homology to the viral genome (Table 6.1).

Given that geminivirus replication occurs in the host cell nuclei (chapter 4) (Rasheed et

a1.,2006; Rojas et al., 2005), it was questioned whether TLCV DNA was also subjected

to methylation by the host. A fragment of DNA containing C4 ORF was amplified by

PCR from the bisulfite-treated genomic DNA of TlCV-infected 35S:C4 transgenic and

non-transgenic tobacco plants. The use of TlCV-specific primers outside the region

present in the transgene ensured that the transgene was not arnplified. PCR products

were cloned and four individual clones were sequenced from each sample and aligned.

Interestingly, the TLCV DNA region sequenced contained methylated cytosines at both

synmetric and asymmetric positions. The levels of cytosine rnethylation at either

synmetric or asymmetric sites of TlCV-infected transgenic and non-transgenic plants

ranged between 36 and 54% (Table 6.1, Fig. 6.38). These differences were not

statistically significant. These results indicated that TLCV DNA was methylated during

its infection cycle, although at significantly lower levels compared to the transgene, and

that the rnethylation of TLCV RF DNA was independent of the presence of the 355:C4

transgene. The level of cytosine methylation was also noted in a 50 nt segment of the

non-coding intergenic region, which was present in the methylation sequencing data,

and was close to the methylation level of C4 ORF (48o/o and 53olo respectively).

However there was no evidence to suggest that TLCV DNA methylation was

preferentially directed to either the coding region or non-coding region.
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Table 6.1. The rates of methylation of 355:C4 transgene and TLCV C1-IR

Regions Plants Cytosine methylation ("/")

Symmetric Asymmetric

35S Promoter

Transgene C4 ORF

Combined

IO

Hb
I
H
I
H

94.3
89.7
80
64

92.5
86.5

36.7
7

46.9
5.2
39.3
6.4

C1-IR"

TLCV RF C4 ORF

Combined

Td
NT"
T

NT
T

NT

52.6
31.9
64.3
53.6
54.9
36.r

48.9
33.7
46.2
58.2
47.5
45.9

u Tlcv-infected tobacco plants
b Healthy tobacco plants
" A segment of CI and intergenic region containing the entire ovetlapping C4

ORF
d 35S:C4 transgenic tobacco plants

" Non-transgenic tobacco plants
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Comparisons of rnethylation data presented in Fig. 6.34 and 6.38 revealed a standard

deviation associated with TlCV-infection. The possible significance of this observation

is discussed below.

6.4 Discussion

RNA silencing is aî effective defence tool against RNA viruses (Hamilton &

Baulcombe, 7999; Voinnet, 2001). However, application of this strategy against

geminiviruses has produced inconsistent results. This is probably the reason why

numerous attempts have been made to develop transgenic resistance against

geminiviruses (Covey & Al-Kaff, 2000). For example, resistance against TYLCV

considered originally to be mediated by truncated Rep (Brunetti et al,7997; Noris et

al., 1996) was found to involve RNA silencing (Lucioli et a1.,2003) and to be overcome

by the virus (Noris et al., 2004). More recently, several variations of the TYLCV Rep

gene constructs were introduced into the tomato genome (Yang et a1., 2004). The plants

produced à range of responses to the virus, from susceptibility with some constructs to

resistance with others. Within transgenic lines showing resistance, a proportion of the

plants became infected, despite the presence of the transgene.

More successful results have been reported for ACMV. Rep gene constructs produced

variable but significant resistance to the virus, and the resistance was suggested to

involve RNA silencing rather than protein interference. However, this resistance was

only effective against clistinct begomovirus species infecting cassava (Chellappan et al.,

2004a).
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Consistent with previous repofts, attempts in our lab to develop resistance against

TLCV using a tange of gene constnrcts have been unsuccessful. Recently work in our

group has shown that the C2 hp transgenic plants produced a significant level of siRNA.

Nevertheless they only exhibited delayed syrnptoms and resistance was overcome by

TLCV infection (Bian et al., 2006).

Evidence supporting the ability of gerniniviruses to escape RNA silencing also comes

from studies using these viruses as silencing vectors. A number of geminivirus-host

systems have been used to demonstrate the silencing of introduced or endogenous plant

genes by episomal replication of the vectors (Atkinson et al., 1998; Fofana et a7., 2004;

Peele et a1.,2001 Tang & Leisner, 1998; Tao & Zhou,2004). These systems share a

common feature with those targeted for virus-derived resistance. In these cases the host

plants share DNA sequence hornology with the virus involved. In the cases of

geminivirus-induced gene silencing where virus replicates in the silenced plant

(Atkinson et al., 1998; Kjemtrup et al., 1998; Peele et al., 2001), the silencing of a plant

gene does not prevent the replication of homologous virus. In line with these findings, it

has been observed that TLCV promoter-driven GUS transgenes become silenced when

the plants are infected with the homologous virus, while the replication of TLCV itself

is not affected significantly (Seemanpillai et a1.,2003). Likewise, a severe phenotype

induced by the BCl protein of a geminiviral satellite DNA was completely silenced

upon inoculation of the plants with the satellite and the helper virus while virus

replication continued (Saeed et al., 2005).

The inconsistencies in reports of transgenic resistance and lack of success with bhe C2

hp transgenic plants in our group (Bian et a1.,2006) led us to speculate that a TLCV-
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derived transgene may become silenced upon infection with TLCV. To examine this

possibility, we analysed the fate of a 35S promoter-driven TLCV C4 transgene

following infection.

Analysis of 35S:C4 transgenic plants revealed high levels of symmetric cytosine

methylatiôn of the transgene, irrespective of whether these plants were infected with

TLCV or were healthy (Fig. 6.34). This is in agreement with previous results

(Seemanpillai et al., 2003) that TLCV promoter-driven GUS transgenes have high

levels of methylation of syrnmetric cytosines, and with the teport that about 80% of

s¡nnmetric cytosines in higher plant genornic DNA are methylated (Gruenbaum et al.,

1981). It has been suggested that rnethylation of syrnmetric cytosines may be

independent of their transcriptional activity (Pena et a1.,2004).

Contrary to the methylation of symmetric cfosines, methylation of asymmetric

cytosines in the 35S:C4 transgene was quite low but increased significantly following

TLCV infection of the plants. Consistent with this finding, VIGS by both an RNA virus

(Jones et a1.,2001) and a DNA virus (Rodman et a1.,2002) has been reported to be

associated with methylated asymmetric cytosines, a process linked to gene suppression

(Diegez et al., 1997).It therefore appears likely that the observed silencing of the C4

transgene is linked to the enhanced level of asymmetric cytosine methylation following

TLCV infection. The asymmetric cytosine methylation may be a host response to TLCV

infection which targets both the viral RF DNA (discussed below) and its transgene

homologue.
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Interestingly, asymmetric cytosine hypermethylation of the C4 coding region of

transgenic plants infected with TLCV extended to the 35S prornoter (98 bp analysed).

Spread of methylation to transcribed sequences not homologous to the viral genome has

been reported upon RNA virus infection (Jones eI aI., 1999; Van Houdt et al., 2003).

Since the transgene of 35S:C4 transgenic plants contained a tandem-repeat of the 35S

promoter, it is possible that a population of the transcripts was initiated from the first

promoter element and therefore contained the promoter sequences.

A high level methylation of both symmetric and asymmetric cytosines was also

observed in TLCV RF DNA. In contrast to this finding, methylation analysis of TGMV

DNA by rnethylation-sensitive restriction enzymes has shown that the viral dsDNA is

not appreciably rnethylated at 13 restriction sites tested in the entire DNA molecule

(Brough et a1.,1992). The reason for this difference remains unknown but may relate to

the analytical approaches utilized. The bisulfite DNA sequencing used in our study

reveals methylated positions across the entire target sequences rather than only at

restriction sites. With respect to the levels of methylation, TLCV DNA resembles the

host plant genome, where high levels of most symmetric cytosines are methylated

(Gruenbaum et a1.,1981). Like the plant DNA, gerniniviral DNA replicates in the cell

nuclei and is organized in the form of minichromosomes (Pilartz & Jeske, 1992). It is

therefore possible that TLCV DNA is subjected to the same process that results in high

levels of s)¡mmetric cytosine methylation in plants.

The replication of TLCV in silenced plants indicates that the viral genes including

complementary-sense genes, which are indispensable for viral DNA replication, are

expressed. Various possibilities can be envisaged to explain how TLCV gene
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expression can take place in a silenced background. The silencing process, although

highly effective against the transgene (Fig. 6.1C), maybe incomplete, leaving a small

pool of viral transcripts that may be sufficient for TLCV replication. Alternatively, the

silencing process may not be operating in the phloem cells where TI-CV replication

occurs (Fig. 6.2C). Such a possibility is plausible (Noris et al., 2004) because TLCV,

like other begomoviruses, encodes a suppressor of RNA silencing (Selth et al., 2004).

With TGMV, it has been found that the RNA silencing suppressor is only present in the

virus infected cells (Wang eI a1.,2003). Here it has been shown that TLCV is restricted

to phloem cells but the silencing of 35S:C4 transgene spreads systemically. This

suggests that a silencing signal is produced in TlCV-infected cells and then spreads to

other tissues. Therefore, the silencing process is functional in non-infected tissues where

the TlCV-encoded suppressor protein is likely to be absent. Given the presence of

various forms of viral DNA and viral transcripts in TlCV-infected cells, it is unclear

whether the transgene homologue was expressed from TLCV DNA in infected cells.

TLCV DNA has been found to replicate by a combination of rolling circle replication

(RCR) and recombination-dependent replication (RDR) (Alberter et a1.,2005). RCR is a

semi-conservative process resulting in the production of RF DNA (Saunders et al',

ßgl), Fig. 6] consisting of a de novo vnmethylated strand and a pre-existing

methylated strand (Fig. 6.a). In eukaryotic cells the pattern of methylation is rapidly

copied from the pre-existing to the de novo strand by methyltransferases that recognize

methylated CG dinucleotides (Holliday & Pugh, I975; Smith et al., 1992).In contrast,

both DNA strands produced by RDR are synthesized de novo and initially lack

methylation. Although TLCV DNA showed a significant overall methylation,

replication of TLCV DNA by RDR (Alberter et a1.,2005) may give rise to a population
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of unrnethylated, transcriptionally active DNA (Fig. 6.aB) that may become methylated

subsequently. Consistent with this idea, in-vitro methylated TGMV (Brough et al.,

1992) and ACMV (Ennak et al., 1993) DNA have been reported to replicate with lower

efficiencies in transfected protoplasts and to produce dernethylated progenies (Brough et

a1.,1992; Ermak et a1.,1993).

A high level of variation in the methylation levels of TLCV RF DNA was observed, as

indicated by a relatively large standard deviation (Fig. 6.38). Furthermore, the rate of

symmetric cytosine methylation of TLCV RF DNA was considerably lower compared

to the transgene (compare Fig. 6.34 and 6.38). This is consistent with the suggestion

that aproporlion of TLCV DNA produced by RDR (Alberter et al., 2005) may not be an

efficient target for symmetric cytosine methylation by methyl transferases. Data in Fig.

ó.3A indicate that asymmetric cytosine methylation of the transgene was also variable

in TLCV infected plants. The reason for this variation remains unknown, although it

could be speculated that this variation is the consequence of a sequence specific process

(eg siRNA mediated) that affects viral DNA methylation.

Assuming that the ability of TLCV to replicate in silenced plants is mediated by the lack

of DNA methylation, it could be argued that this process is regulated by the viral C2

protein which is a suppressor of gene silencing (Selth et al., 2004; van et al., 2002;

Vanitharani et a1., 2004; Voinnet et al., 1999). Wang et al. (2003) have demonstrated

that AL2 (also designated AC2 and C2) of geminiviruses interacts with adenosine

kinase (ADK) and have suggested that AL2 inhibits ADK activity by interfering with

DNA methylation. ADK activity has been shown to play an important role in ,S-

adenosylmethionine-dependent transmethylation (Lecoq et al., 2001; Wang et al.,
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Figure 6.4. A model depicting metþlation status of TLCV DNA produced by (A)

rolling circle replication (RCR) and (B) by recombination-dependent replication

(RDR). In RCR, dsDNAis metþlated in one strand (red line) and is unmetþlated in

the other strand (green line). Both DNA strands produced by RDR are unmetþlated

(green lines). Roman numerals speciff sequential steps in DNA replication. The

figure has been re-drawn from published data (Jeske etal.,2ùDl, Rigden etal.,1996)
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2003). The fìnding of this study that TLCV RF DNA is highly rnethylated indicates that

a C2 induced inhibition of methylation is not occuming in infected cells. It remains

possible that a CZIADK mediated inhibition of methylation would contribute to the

generation of a small pool of unmethylated TLCV RF sufficient for viral transcription.

A high level of TlCV-specific siRNA was found in the virus infected ÀI benthamiana

plants (Fig. 6.1D). It would therefore appear that TLCV has evolved the mechanisms to

efficiently overcome the host silencing response. siRNA. is known to mediate gene

silencing through methylation of target sequences (Cao et al., 2003). It remains unclear

whether TLCV DNA methylation is linked to the presence of virus specific siRNA.

The detection of geminivirus-specific siRNAs in infected hosts suggests that an RNA

silencing process is triggered in response to DNA virus infection. These results indicate

that TLCV has evolved the means of circumventing this silencing pathway. This may

explain why the development of a virus-derived resistance against geminiviruses has

provided inconsistent results while these viruses continue to pose a significant challenge

to global agriculture.

115



Chapter 7 - CLCuMV associated satellite DNA B localizes

with the helper TLCV in the phloem

7.1 Introduction

The term "satellite" was first used by Kassanis (1962) and now it defines viruses or

nucleic acids that depend on a helper virus for their replication but lack appreciable

sequence homology to the genome of the helper virus, and are dispensable for

proliferation of the helper virus (Mayo et a1., 2005). A large number of satellite RNAs

associated with diverse groups of plant RNA viruses have been reported (Mayo et al.,

2005). The first satellite of a DNA virus was isolated in this laboratory from tomato

plants infected with TLCV (Dry et a1.,1997). This circular satellite is a 682 nucleotide

ssDNA molecule, has no putative ORFs and has little sequence homology with its

helper virus except for a stem-loop containing the conserved TAATATTAC

nonanucleotide typical of geminiviruses (section 1.I.4). The TLCV satellite is not

required for TLCV replication and has no effect on s5rrnptom development but is

dependent on the helper virus for its replication and encapsidation.

A related group of satellite DNA molecules, referred to as DNA p, has recently been

found to be associated with monopartite begomoviruses (Briddon et al., 2003; Mansoor

et al., 2003). In contrast with the TLCV satellite, DNA Þ may be essential for the

induction of disease symptoms by the helper virus (Briddon et a1.,2001; Jose & Usha,

2003; Saunders et al., 2000 Saun<lers et a1., 2003). DNA P is approximately half the

size (1 .3-1.4 kb) of its helper virus DNA and has a highly conserved structure consisting

of a single conserved complementary-sense ORF (designated þCI), an adenine rich
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region, and a sequence highly conserved between all DNA Bs, termed the satellite-

conserved region (SCR) (Briddon et al., 2003). Recent studies have shown that the þCl

gene encodes a plotein which has a role in pathogenicity (Cui et a1.,2004; Saeed et al.,

2005; Saunders et al., 2004). Expression of the þCl gene either transiently with a PVX

vector or stably in transgenic N. benthamiana plants, produced severe developmental

abnormalities, vein-greening, and disorganized cell divi'sion (hyperplasia) in the

vascular bundles (Saunders et a1.,2004). The precise function of pCl in pathogenesis is

unknown, although it has been suggested that BCl is either involved in suppression of

gene silencing (Cui et a1.,2005) or may have a role in facilitating the rnovernent of

monopartite begomoviruses (M. Saeed, unpublished results)

Following the identification of the DNA p molecule associated with AYVV (Saunders

et al., 2000), these satellites have been found to be associated with the majority of

monopartite begomoviruses (Mansoor et al., 2003). It has been shown that the AYVV

associated DNA B can transreplicate with the DNA A of the bipartife Sri Lankan

cassqvq mosaic virus (SLCMV) (Saunders et a1.,2002). Likewise, Saeed et al. (2005)

have demonstrated that DNA B associated with the monopartite CLCuMV can use

TLCV as a helper virus. This possibly explains why begomovirus-DNA p disease

complexes are widespread. This chapter describes experiments on the spatial

distribution of DNA B and its helper viruses CLCuMV and TLCV at the tissue and

cellular level.
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7 .2 Materials and methods

7.2.1Plant materials.

Tobacco (Nicotiana tabacum cv. Samsun and Nicotiana benthamiana) and cotton

(Gossypium hirsutum) were grown in the glasshouse at 25-30"C. Transgenic tobacco

lines carrying either a CaMV 35S prornoter-driven C4 ORF cassette (Krake et al., 1998)

or a head-to-tail dimeric construct of CLCuMV DNA p (Saeed et a1.,2005)'were grown

under PC2 containment.

7 .2.2 lnfectivity assays.

Plants at the 4-5 leaf stage were inoculated with an ovemight culture of A. tumefaciens

(strain C58) containing infectious viral clones (Table 7.1). Virus content of leaf was

determined by sampling 50-100 mg tissue pieces, extracting with 0.5 M NaOH at arutio

of 4 pl per 1 mg tissue, and identifying viral DNA by dot-blot analysis (Stonor et al.,

2003).

7 .2.3 ln situ hybridization.

DNA templates for the generation of RNA probes were amplified by the pol5rmerase

chain reaction (PCR) using primer pairs P5/Pó,P291P30 and P31lP32 (Table 2.2). RNA

probes labelled with fluorescein-l2-UTP and digoxigenin-l1-dUTP were prepared

using Fluorescein or DIG RNA Labelling Mix respectively (Roche Diagnostics, Castle

Hill, Australia) as described in section 3.2.5.

Preparation of tissue sections, hybndization and detection of DIG- and fluoresceln-

labelled probes was carried out as described in section 3.2.
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Table T.l.Infectious clones of CLCUV, DNA P, TLCV, TGMV and TYLCSV

Plasmid Designation Construct Source

1.5 mer
2.0 mer
2.0 mer
2.0 mer
2.0 mer
2.0 mer

(Briddon et al., 2000)

@riddon et al., 2001)
(Dry et a1.,1993)
(von Arnim & Stanley, 1992)
(von Arnim & Stanley, 1992)
(Kheyr-Pour et al., l99l)
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7.3 Results

7.3.1 Cotton leaf curl Mwltan vírus and its satellite DNA p are co-localized in the

phloem.

Tissue tropism of CLCuMV and its satellite DNA p was studied by in situ hybridization

using complementary-sense RNA probes corresponding to CI and PCI ORFs

respectively. These probes were designed to detect viral DNA, not the transcripts. The

genome organization, position and orientation of the probes of both CLCuMV and

satellite DNA p are shown in Figure 7.1. Both CLCuMV and DNA p were found in the

vascular tissues of systernically infected cotton leaves and signals were not detected in

other cell types outside the vascular tissues (Fig. 72A and 7.28). Virus specific signals

were found in fewer vascular cells compared to signals detected in sections derived

from N benthamianø co-infected with TLCV and DNA p (compare Fig. 7.2A and 7.28

with 7 .2C and 7 .2D). Hybridization signals were not found in the sections of uninfected

tissues and hybridization with heterologous probes (data not shown) as described in

section 4.3.1.

7.3.2 CLCUMV DNA p replicates with TLCV and localizes within the same phloem

cells.

It has been shown that CLCuMV DNA B can transreplicate with TLCV (Saeed et al.,

2005). To observe that interaction at the cellular level, in situ hybridization was

performed on sections taken from l[ benthamiqnø co-infected with TLCV and DNA B.

DNA p was found in the vascular cells containing TLCV although DNA p-specific

hybndization signals were not as strong as TLCV (Fig. 7 .2C,7.2D,7.2F and 7.2G). To

identify DNA p and TLCV signals in the same cell, fluorescein-labelled TlCV-specific

probe and DlG-labelled DNA B-specifìc probes were used. Dual in situ hybridization
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Figure 7.2.In sitr¡ localization of satellite DNA p with its helper viruses CLCuMV and

TLCV. Tissue sections of cotton co-infected with CLCuV and DNA p (A-B) and N.

benthamiana co-infected with TLCV and DNA P (C-G). Sections were hybridized with

digoxigenin (DIG) labelled complementary-sense ssRNA from the pcl ORF (8, D, E and

G) and from the C/ ORFs of CLCuMV (A), DlG-labelled (C and F) or fluoresceinJabelled

(E) complementary-sense ssRNAfrom the C4 ORF of TLCV. Sections A-E were transverse,

F and G were longitudinal. Red arrows in A and B represent the hybridization signals and

green arrows indicate groups of hyperplastic cells. Bars: 100 pm.
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exhibited a distinct purple chromogenic output due to the masking of red TLCV signals

by the blue DNA p signal (Fig. 7.28), and confirmed that DNA p was detectable in

almost every cell that accululated TLCV.

Saeed et al. (2005) have reported that DNA B was rescued from a dimelic p transgenic

tobacco plant (2þ tobacco) upon TLCV infection. DNA B molecules should be present

in all cell types of both vascular and non-vascular tissues of 2B transgenic tobacco. To

investigate the localization pattern of TLCV and rescued DNA B molecules, in situ

hybridization was done on sections of 2þ transgenic tobacco infected with TLCV.

Hybridization signals were found in the vascular cells of serial sections derived from 2B

transgenic tobacco infected with TLCV using a complementary-sense RNA probe either

specific to DNA fl (Fig. 7.38) or to TLCV (Fig. 7.3C). Following hybridizalion with

the DNA p-specific probe designed to detect pCl specific RNA transcripts (virion-sense

RNA probe from tbe BCI ORF), chromogenic signals were not detected in the section

from the non-inoculated plant suggesting that transcripts if present are probably below

detection level (Fig. 7.3A). This is consistent with the earlier observation that

accumulation of BCI mRNA is low in 2B transgenic tobacco (Saeed et al., 2005). This

result demonstrated that the DNA B molecule was released from the chromosome of 2B

transgenic tobacco in the TLCV containing phloem cells and was amplified during

replication of the helper virus.

7.3.4 Expression of pCl of DNA B and C4 of TLCV in transgenic plants induces

abnormal cell division.

Observation of tissue sections derived from TLCV and DNA B infected tissues

occasionally revealed abnormal cell growth (Fig. 7 .2C,7.2D and 7.28, green arrows). It
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Figure 7.3. Rescue of DNA p in phloem cells upon TLCV infection of 2p tansgenic plants.

Transverse sections of transgenic plants containing complete DNA p molecule (A-C).

Section shown in Awas hybridized to detect pcl mRNA, in B to detect DNA p and in C to

detect TLCV. Viral infections and type of probe used are indicated. VS : virion sense, CS :
complementary sense. Bars: 100 pm.
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has been shown that transgenic tobacco plants expressing either the BCl gene from

DNA B (Saeed et al., 2005) or the C4 gene fiorn TLCV (Krake et al., 1998) show

growth abnormalities and severe phenotypic symptoms. When these abnormalities in

pCl ancl C4 transgenic plants \À/ere examined at the oellular level, large clusters of

disorganized srnall cells were frequently observed to be associated with the vascular

tissue (Fig. 7.aA and 7.48). These abnonnal cell structures were not found outside the

vasculature. Sirnilar hyperplastic cells were not observed in non-transgenic tobacco

(Fis.7.aC).

7.4 Discussion

To date no monopaftite mesophyll invasive begornovirus has been identified. So far

more than one hundred satellite DNA p molecules have been characterized (Briddon &

Stanley, 2006), all associated with monopartite begomoviruses (Rojas et al., 2005). Co-

localization of DNA B with its helper virus in phloem cells is reported for the f,rrst time

in this study. It has been suggested that DNA B of bipartite begomoviruses may be

involved in mesophyll invasion (Rojas et a1., 2005). Satellite DNA B functionally

resembles DNA B molecule of bipartite begomoviruses and hence has been given the

name DNA p (Briddon & Stanley, 2006). Therefore, it was proposed that, like some of

DNA B components of bipartite begomoviruses, DNA F -ay have the capability o{

mesophyll invasion. However, the results of this study do not support this assumption.

Experiments in this laboratory have shown that CLCuMV DNA p promoter has phloem

specific activity (Omid Gandomani, unpublished results). Likewise, phloem specif,rc

promoter activity of another DNA B associated with Tomato yellow leaf curl China

virus (TYLCCNV) has been reported (Guan & Zhou, 2006). This suggests that the
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Figure 7.4. Hyperplastic cells in C4 and 2þ transgenic plants. Transverse sections of
transgenic plants expressing the C4 ORF of TLCV (Ð and the dimeric DNA P molecule

(B) showing groups of hyperplastic cells indicated by red anows. A section from a non-

transgenic plant is shown in C.The area inside the red box is enlarged in the inset in

respective panels. Bars: 100 pm.
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phloem specihcity of DNA B is not solely determined by the tissue specificity of its

helper virus.

The evolutionary origin of DNA B is not known. It has been assumed that DNA Þ may

have evolved from a pre-existing component by association with a monopartite

begomovirus (Mansoor et al., 2003). Another suggestion is that recombination may

have resulted in the generation of a DNA B component of a bipartite begomovirus from

a monopartite begornovirus (Saunders et a1.,2002). A recombination between DNA A

and DNA p of AYVV has been reported to produce a viable DNA p recombinant

(Saunders et al., 2001a). A prerequisite for such a recombination is the replication of

different viruses within the same cell. The result of this study suggests that phloem

specificity may provide the opportunity for such an evolutionary process.

The occurrence of hyperplastic cells in 2$ transgenic plants suggested that BC1 may

have a role in reprogramming the cell division of infected cells, perhaps to facilitate the

replication of their genome. Hyperplastic cells were also observed in C4 transgenic

plants. This is consistent with the previous reports that the expression of either the C4

gene of BCTV or the BCI of AYVV DNA B in transgenic N. benthamiana plants

induces hyperplasia (Latham et al., 1997; Saunders et al., 2004). Further study is

required to analyze the direct role of these proteins in cell signalling mechanisms and to

identify host factors which may interact with these proteins, to regulate the cell cycle. It

seems possible that gene products of both CLCuMV BC1 and TLCV C4 are functionally

analogous. In transgenic plants, C4 and pCl have the ability to induce disease

symptoms (Krake et a1.,1998; Saeed et al., 2005). In addition, C4 (Chapter 5) and pC1

(M. Saeed, unpublished results) have been shown to have a role in viral movement. This
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is consistent with C4 of TYLCV which has been irnplicated in virus tnovernent (Rojas

et al., 2001). It has been suggested that gene silencing suppressors induce pathogenic

effects in plants (Voinnet et al., 1999). Consistent with this, pCl associated with

TYLCCNV (Cui et a1., 2005) and AC4 of SLCMV (Vanitharani et a1., 2004) function as

a suppressor of gene silencing. As for other geminivirus proteins, it is likely that pC1

and C4 have a multifunctional role.

CLCuMV DNA p has been found to spread systemically with morropartite phloem

specihc begomoviruses like TLCV (this study) and TYLCV (data not shown) and this

can be coupled with bipartite ToLCNDV (M. Saeed, unpublished results) which are not

sap-transmissible and are therefore assumed to be phloem-specific. The study of DNA p

association was extended to biparlite begomovirus TGMV which is a mesophyll

invasive virus (Morra & Petty, 2000) and partially releases the phloem specificity of

TLCV (Rasheed et al., 2006) (chapter 4). N. benthamiana weÍe co-inoculated with

TGMV and DNA B construct. Interestingly DNA p was not found to spread

systemically in more than two dozen plants co-inoculated with TGMV (data not

shown). This is consistent with the observation that DNA B associated with AYVV is

unable to produce systemic infection with SLCMV despite AYVV DNA P

transreplicate with SLCMV (Saunders et a1.,2002). Together these results suggest that

satellite DNA p interact with phloem specific helper viruses to spread systemically and

arelocalized in the phloem cells. A more comprehensive study is required to understand

the association of this phloem specihc begomovirus-DNA p disease complex to design

control strategies for this increasing threat to global agriculture.
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Geminiviruses are a large and diverse family of plant pathogens (Boulton, 2003;

Moffat, 1999). Geminivirus epidemics have been attributed to their ability to undergo

genetic recombination, their association with infectious satellite molecules, and their

transmission by efficient insect vectors (Boulton, 2003; Polston & Anderson, 1999;

Varma & Malathi, 2003). The majority of viruses of this family belong to the genus

Begomovirzs, which have enormous economic impact on global production of a wide

range of plant species including vegetables, field and fibre crops (Boulton, 2003;

Moffat, 1999). The Australian isolate of TLCV is a tomato-infecting geminivirus of

major importance which has caused 80-100% crop damage in northern parts of

Australia (Stonor et a1., 2003) and there is a potential threat from the spread of this virus

into the major tomato growing regions of Australia. Effective control of TLCV by

transgenic resistance based on pathogen-derived resistance has not been successful (see

section 1.5.2).

The mechanism of TLCV pathogenicity is not well understood. The work described in

this thesis was undertaken with the objective of examining the location and functions of

some of the gene products of TLCV at the cellular level. In situ hybridization

procedures were developed to address this objective. These include strand specihc

probing, hybridization under denaturing and non-denaturing conditions, enzymatic

removal of RNA transcripts before hybndization and tissue embedding using plastic

resin (see chapter 3).
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A distinct cytoplasmic localizaiion pattem of TLCV ssDNA was observed which

contrasts with the existing understanding of gerniniviral intracellular localization

(chapter 4). TLCV dsDNA was detected in the nucleus which agrees with previous

conclusions that geminiviruses replicate in the nucleus. Consistent with earlier

observations, both ss- and ds-DNA of the bipartite begomovir-us TGMV were found in

the nuclei. The new observation that TLCV is also located in the cytoplasm suggests

that ssDNA is involved in cell-to-cell and long distance movelnent of this virus. This is

supported by the observation that ssDNA is present in some of the xylem vessels.

Following TLCV replication in the nucleus, the next stage of infection is to spread to

neighboring cells and to other tissues. A study elucidating movement mechanisms of

TLCV is described in chapter 5. Mutants of TLCV with mutations in ttre vl and c4

ORFs spread systemically, but less efhciently than wild-type virus. TLCV containing a

mutation in the CP (v2) ORF was unable to infect plants systemically, but could

replicate in the inoculated cells. To further investigate their role in viral movement, each

of these proteins was fused with GFP and their intracellular localization was studied

along with a host factor, SIUPTG1. TLCV CP accumulated in the nucleus, specifically

in the nucleoli, and appeared to be functionally analogous to the NSP of bipartite

begomoviruses. Both Vl and C4 targeted the PM and showed a specific association

with Pd. The targeting of Vl and C4 to PM and/or Pd possibly occurred via the Golgi

apparatus. Co-localization of Vl with ER was confirmed by rhodamine B-hexyl ester

staining. Vl was also detected inside the nucleus which contrasts with the observation

that Vl of TYLCV is found around, but not inside, the nucleus (Rojas et a1., 2001). The

sub-cellular localization of the tomato host protein, SlUPGl, which is a reversibly

glycosylated peptide and interacts with Vl (Selth et al., 2006) was similar to the
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localization pattem of Vl and supports the view this host factor could have a role in

viral movement. Thus, three TLCV encoded proteins, CP, Vl and C4, and a host factor,

S1UPTGl, are involved in viral movement

Previous studies have shown that pathogen-derived transgenic resistance has not been

successful against TLCV (see section I.5.2) (Bian et a1.,2006).In this thesis an attempt

has been made to understand why this is so by determining the effect of C4 transgene

on TLCV replication (chapter 6). Tlcv-derived 355:C4 transgene was silenced upon

TLCV infection not only in the phloem, but also in mesophyll cells where TLCV was

not detectable. A high level of asymmetric methylation was found in the 355:C4

transgene upon TLCV infection and this may have been responsible for the observed

silencing. A high level of methylation of both synmetric and asymmetric cytosines was

also found in TLCV RF DNA. However replication of TLCV continued in the silenced

background. A model is proposed to explain the evasion of TLCV from host defence by

synthesizing a population of unmethylated transcriptionally active DNA (Fig. 6.4). This

could explain why pathogen-derived transgenic resistance has not been achieved against

TLCV.

Satellite DNA B is becoming an emerging threat to global agriculture by its association

with an increasing number of begomoviruses and because it enhances pathogenicity.

The tissue tropism of CLCuMV associated DNA p was investigated. This DNA p was

localized with TLCV in the phloem. The first satellite DNA was reported from

Australia (Dry et a1.,1997) but no DNA B-associated disease has appeared in Australia.

Recently TYLCV was observed in large areas of Queensland, Australia (see section

1.5.2) suggesting that exclusion of such viruses by Australian quarantine will not be
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effective over the long time. Since satellite DNA B molecules can interact with diffelent

phloern-specif,rc n-ronopartite begomoviruses they provide an additional risk through

their ability to enhance the severity of existing and newly introduced monopaftite

begomoviruses.

This thesis describes three novel features of TLCV infection. These are (i) the

cytoplasmi c localization of TLCV ssDNA, (ii) a combined role for TLCV encoded

proteins and a host factor in virus movetnent, and (iii) silencing of a TlCV-derived

transgene and escape of TLCV from the host silencing mechanisrn. Figure 8.1 provides

a model from the replication of TLCV based on the results desclibed in this thesis.

TLCV replicates in the nucleus through dsDNA (chapter 4) possibly by RCR and RDR.

dsDNA could generate ssDNA which may either bind with CP to yield nucleoprotein

complexes or progeny virions, or re-enter the replication cycle. RNA transcripts could

be produced through RF DNA to enter the cytoplasm and lead to the synthesis of

proteins which regulate various functions including viral replication, movement and

host defence. It has been proposed that RNA transcripts of opposite polarity produced

during transcription of gerniniviruses could generate dsRNA (Chellappan et al., 2004b).

This dsRNA possibly results in the production of siRNA through a host defence

mechanism triggered by TLCV. TlCV-specific siRNA was observed upon TLCV

infection, and this may have a role in the methylation of TLCV RF DNA (chapter 6).

However TLCV synthesized a population of transcriptionally active unmethylated DNA

through RDR and this escapes frorn silencing (chapter 6). Two other proteins, Rep (C1)

and REn (C3), have a direct role in viral replication. A plant'homologue of the

retinoblastoma protein (RBR) binding domain has been identified in the TGMV Rep

and supporls the notion that Rep of begomoviruses plays an important role in infection
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(Kong et a1., 2000). It has been shown that REn binds to proliferating cell nuclear

antigen (PCNA) and RBR, consistent with a role in replication and cell cycle regulation

(Castillo et al., 2003; Settlage et a1., 2001). In addition, TLCV-REn interacts with

SlNACl, a member of the plant NAC domain frorn tomato, and enhances TLCV

replication (Selth et al., 2005). The expression of SINAC was upregulated in TLCV

infected cells (chapter 3). It is important to explore the rnechanism(s) of these

interactions in order to understand geminivirus replication, infection and pathogenesis.

The C4 coding region of TLCV is located entirely within the Rep coding region but in a

different ORF (Fig I.4). C4 is involved in synptom development (Krake et a1.,1998),

and may have a role in cell cycle regulation. This is supported by the observation that

transgenic tobacco plants carrying the C4 transgene exhibit hyperplasia (chapter 7). C4

may also have a role in cell-to-cell movement together with Vl of TLCV (chapter 5).

V1 interacts with SIUPTG1 and both are associated with PM, Pd, ER and also localized

inside the nucleus (chapter 5). Determining the precise role of SIUPTG1 in the virus

movement pathway requires additional work. Newly synthesized virions and viral

nucleoprotein complexes are thought to exit the nucleus and are transported through the

cytoplasm to Pd for their active passage to the next cell. The efficient cell-to-cell

transportation of the viral genome may require a cooperative role of Vl and C4.

The results of this study provide an insight into TLCV infection. Moreover, this study

sets the direction for future research. For example (i) the significance of TLCV ssDNA

accumulation in cytoplasm, (ii) the involvement of secretory pathway and

endomembrane system in intracellular targeting of TLCV encoded movement proteins'

(iii) the precise mechanism(s) of VI/SIUPTGI in viral movement, (iv) the role of

SINAC1 in viral replication, and (v) methylation escape of TLCV through RDR. Such
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infonnation is expected to provide possibilities to develop a durable resistance against

TLCV
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Appendix 1 - Nuclear localization of VI:GFP

Serial optical layers of image shown in Fig. 5.4A:
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Appendix-l Serial optical sections of image showing in Fig. 5.44 show nuclear localization of

VI:GFP indicatedby white arrows (C-Ð. Bar: 25 ¡tm.



Appendix2 - Cover illustrations

Images from work in this thesis have been used for cover illustrations of two journals:

1) Virology:
2) MPMr:

Volume 348,Issue l, April2006
Volume 19, Issue 6, June 2006
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Cover legend:

Geminiviruses contain a ssDNA genome and replicate in the nuclei of plant cells via
replicative dsDNA. Tissue tropism and intracellular localization of different forms of
Tomato leaf curl virus in a section of leaf vein are shown. Contrary to the current
understanding of geminiviral localization, the viral single-stranded DNA accumulated in
the cytoplasm of vascular cells as shown by dark blue signals. Nuclei of both vascular and
non-vascular cells are indicated by light blue color. See the article by Rasheed et al. in this
issue.

(Virology : Volume 348,Issue l, April 2006)
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Cover legend

Tomato leaf vurl virus (TLCV) is a member of the Gemínivirídae and contains a ssDNA
genome. A section of tobacco leaf tissue carrying the TLCV C4 tansgene is shown. Upon
infection, the transgene expression disappears from the nonvascular cells while the virus
escapes silencing, as seen by its accumulation in the vascular tissues (blue signals). For the
article by Bian et al., see page 614 of this issue.

(MPMI: Volume 19,Issue 6, June 2006)
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Appendix 3 - Publications arising from this work

Sections of this thesis have been published in the following papers:
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A. (2005). A NAC Domain Protein Interacts with Tomato leaf curl virus Replication 
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Single-stranded DNA of Tbmato leaf curl virus accumulates in the cytoplasm
of phloem cells
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Abstract

Gemi¡iviruses have been reported to replicatc in, and localize to, thc nuclei of host plant cells. We have investigated the tissue and intracellular

distribution of the monopafürc Tondto leaf c:url uinrs (TLCV) by in situ hybridization. Conhary to thc current undentanding of geminiviral

localization, single-stranded (ss) DNA of TLCV accumulated in the cytoplasrn. TLCV ssDNA was also founcl in the nucleus, as was lower levels

of replicative form double-stranded (ds) DNA. Under the sarne conditions, Tomato goklen mosaic virus (TCMV) ssDNA and dsDNA were found

in nuclei. ssDNA of TLCV, TGMV and Tomato yellow leu.f curl Sardiniu vrius (TYLCSV) was detected in some xylem vessels under specific

hybridization conditions. Tissue specificity of TLCV was partially released by co-infection with TGMV. Our observations suggest that the

mechanism of TLCV movement tnay differ from that of bipartite begomoviruses'

Clown Copyright O 2005 Published by Elsevier Inc. All rights reserved.

Keywotds:Gcrninivirus: Bcgornovirus; ssDNA; Cytoplasr¡l Phlocm-lirnitcd virus; Dual color in situ hybridization; Xylem; TLCV

Introduction

Geminiviruses (family: Geminiviridae) possess either one or
two circular, single-stranded (ss) DNA genomes of 2.5-3 kb.

They replicate in plant cellnuclei via double-stranded (ds) DNA
intennediates (Gutienez, 2000; Hanley-Bowdoin et al., 1999).

Geminiviruses havc been classified into four genera, Begomo'
vit'us, Curlovirus, Moslrevit'us, and Topocuvit'us, based on their
genorne organization, host range, and insect vector (Stanley et

al., 2005). Begomoviruses are whitefly transrnitted and contain

either monoparlite or bipartite DNA genolnes.

All previous studies of geminiviral DNA localization have

indicated viral nucleic acid exclusively in the nucleus ofinfected
cells. For example, Tonnto golden mosaic vr)zs (TGMV)
infection lecl to the aocumulation of virions, often as paracrystal-

line arrays, in nuclei ofboth vascular and nolr-vascular cells of
Nicotiana benthamiana (Rushing et al., 1987). Bass et al. (2000)

* Concsponding author. Fax: +61 I 8303 8601.

E-mo i I ad d ress : ali.rczaian@csiro.au (M.r\. Rczaian).

OO42-(t82219 - scc front mattcr. Crown Copyright (O 2005 Publishcd by Elscvicr Inc. All rights rcscrved.

doi: I 0. I 0l 6/j.virol.2005. I 1.054

observed altered nuclear architecture and plant chronratin
condensation upon TGMV infection, indicating that viral
DNAwas present in the nucleus. Moreover, studies of the tissue

specificity of both monopartite (Morilla etal.,2004; Rojas et al.,

2001 ) ancl bipartite (Mona and Petty, 2000; Qin and Petty, 200 I ;

Wege et al,, 2001) geminiviruses by in situ hybridization showed

that viral DNA accurnulatcd in the nuclei of infected cells.

To date, the understanding of monoparlite gerninivirus movement

is nrostly based on studies of their bþartite counterparts. Monopartite

begomoviruses possess six opeir reading frames (ORFs), two on the

virion-sense skand and four on the complemenk¡ry-sense strand

(Hanley-Bowdoin et al., 1999). In contrast to the bipartite

begomovinses, the coat protein (CP) of rnonopartite begornoviruses

is essential for systemic infection (Noris et al., 1998; Rigden et al.,

1993) and appears to act analogously to the nuclear shuttle protein

(NSP) of bipafite begomovinrses @ojas et al., 2001). Two other
proteins from rnonopartite begomoviruses, Vl and C4, have been

implicated in cell-to+ell movement and rnay have a functional

similarity to the movement protein (MP) of bipartite geminiviruses

(Rigden et al., 1993; Rojas et al., 2001).



The reasons why sorne viruses are restricted to vasculature
while others are capable of infecting the rnesophyll renrain
unclear. It has beelt suggested that vascular-resl.ricted infection
rnight occur because viral MPs are unable to lilnction in
epiclermal and nresophyll cells (Taliansky and Barker, 1999).
Another hypothesis is that sonre viruses cannot suppress host
defence responses in non-vascular cells (Voinnet et al., 1999;
Waterhouse et al., 1999). The observation that vascular
limitation of phloem-restricted viruses can be overconre by
co-infection with mesophyll-invasive viruses suppofts this latter
idea (Mona and Petty, 2000; Wege et al., 2001). Tissue
speci[ìcity ol a virus can also be affected by environmental
factors (Ding et al., 1999) and the developmental stage of the
plant (Wang et al., 1996).

It has been suggested that geminiviruses move from cell-to-
cell and systemically either in the fonn of virions or in
nucleoprotein complexes (Gafni and Bemard, 2002). Howeve¡
the form of viral DNA involved in viral tmfficking is unknown.
The NSP and MP of Bean dwarf mosaic virurs (BDMV), a
nresophyll-invasive bipartite begornovirus, bind ss- and dsDNA
in a form- and size-selective rnanner (Rojas et al., 1998), and
clsDNA is the preclominant fonn of viral cargo (Noueiry et al.,
1994; Rojas et al., 1998). ln contrast, the NSP lrom Squash leaf
c:u¡'l vints (SqLCV), a phloem-limited bipartite begomovims,
binds strongly to ssDNA but weakly to dsDNA, while the MP
associates weakly with ssDNA and cloes not appear to bind
dsDNA at all (Pascal et al., 1994). A phage prorein (Ml3; g5p)
which binds viral ssDNA inhibitect the movement of Tomato
leqfcurl Nev,Delhi vinrs (TbLCNDV), suggesting that ssDNA
moves t'rom cell-to-cell in ToLCNDV infection (Padidam et al.,
1999). It has been proposed that ditlerent tissue tropisms
exhibited by bipartite geminiviruses rnight be the result of
clifferrrrt movelnent rnechanisms (Mona and Petty, 2000).

We describe here thc intrace llular localization of ssDNA and
dsDNA of the monopartite begomovirus Australian Tomato leaJ'
curl virus (TLCV) in comparison with that of the bipartite
begomovirus, TGMV in both single and mixed infections. Our
in situ hybriclization studies indicate that ssDNA could play a

major role in TLCV tratficking through the cytoplasrn.

Results

Specificity of riboprobes to detcct targcted viral nucleic ctcid

þnns

To identify the different viral DNA species at the subcellular
level usirrg in situ hybridization, we used a series of cligoxigenin
(DIG)- and fluorescein-labeled probes corresponding to differ-
ent regions of TLCV and TGMV DNA (Fig. lA and Table l).
Thc ability ofprobes to differentiate single-stranded and double-
stranded replicative form DNA was tested by DNA gel blot
hybridization in a preliminary experirnent. As shown in Fig. 1B,
the probes hybridized with dsDNA replicative foms and ssDNA
in a strand-specific manner. A larger amount of ssDNA was
detectcd cornpared to othcr forms of' viral DNA using
complcmentary-sense probes specific for coat protein, replica-
tion assooiated protein and intergenic region (Fig. lB, Table l).

lvl.S. Rasheed er al / I4robgv 348 (2006) 120-.132 t2t

It is worth noting that a small amount of DNA corresponding to
complementary-sense (cs) ssDNAwas also visible in lanes I and
5 using virion-sense pr obes (Fig. I B). A relative ly low level of cs
ssDNA has also been reported in African cossava mosaic viru,s'
infection (Saunders et al., l99l). Furthermore, subgenornic
DNAs were found in N. benthamianø plants agroinoculated with
TLCV but not in tornato. Moreover, subgenomic DNAs were not
found in N. benthantictnc plants agroinoculated with TGMV
(Fig. lB).

The specificity of the probes was tested by hybridization to
tissue sections froln a lnock-inoculated N. benthamiana planI.
No signals were observed in the mock-inoculated sections (Fig.
I C l), indicating that non-specific binding to the sections was not
occuring. The TGMV- or TlCV-specific probes designcd to
targetviral DNA and RNA transcripts (CS-cp; Table l) proclucecl
strong chromogenic signals in leaf sections infected with the
respective viruses (Figs. I C4 and C5). Since diseased plants may
have a different physiology from healthy plants, wc testecl

whether signals were due to background reaction with stress
factors by hybridizing sections from diseased plants with probcs
designed to target the heterologous virus. No signals were
observed in sections of a TlCV-infected plant probed with
TGMV-specific CS-cp RNA (Fig. I C2) or in sections taken frorn
a TGMV-infected plant hybridized with TlCV-specifÌc CS-cp
probe (Fig. lC3). These results conñnned that the in situ
hybridization procedure was specitìc for detecting viral nucleic
acids.

Using in situ hybridization, TLCV was found only in thc
vascular tissue of systemically infected N. henthamiazø lcaves
(Figs. lC4 and 2A-I). Infected cells were more abundant in
young symptomatic leaves than in developing and mature lcaves
(data not shown). ln the transverse section of a N. benthamiana
leaf vein (Figs. lC4 and 2A), TLCV was associatcd with phlocrn
parenchyma, sieve elelnents, companion cells, vascular cambi-
um, and extended to the bundle sheath cells but was not fi¡und in
other cell types. Phloem, xylem, and sieve elements are shown in
a longitudinal section taken liorn leaf vein of TlCV-intècted N.
benthamiana (Fig. 2D). The identity of these cell typcs was
determined by staining the sections with 0.1% toluidine blue
(data not shown) (Mauseth, 1988). A sitnilar tissue tlopism was
found in lateralroot (Fig. 2G), stem (Fig. 2H), and leaf (Fig. 2l)
tissue. In the stem section (Fig. 2H), the virus was associatecl
with both inner and outel'vascular cells and solne adjacent cells
in the cofiex and pith. Vascular specihcity of TLCV was also
observed in Solanum lycopersiatm an¡J N. tabacunr, althor.rgh
chromogenic signals were not as strong as in N. benthamiana
(Figs. 2E and F). Unlike TLCV TGMV was detectable in both
vasculal' and non-vascular cells (Figs. lC5 and 2J-L), as
reported earlier (Morra and Petty, 2000; Nagar et al., 1995; Wege
et al., 2001).

TLCI/ nucleic ucid accumulates in the ettoplasn

Thc majoliÇ of phloem cells produced strong hybridization
signals, These signals indicatecl the presence of TLCV nucleic
acid in both cytoplasnr and nucleus (Figs. lC4 and 2A). Ictentity
of the cytoplasm in lìxed cells was confirmcd by probing the
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healthy sections with a ubiquitin probe to detect ubiquitin
transcripts (Fig. 3C). Nuclei were visualized by DAPI (4',6-
diamidino-2-phenylindole dihydrochloride) treatment and were

detected in the majority of cells (Fig. 2B). Absence of signals
frotn sorne cells was presumably because nuclei occupy a small
portion of the cell volurne and therefore rnay have not been
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TGMV viral DNA is localized in nuclei (Fig. 3E), while the
transcripts are present in the cytoplasrn (Fig. 3B).

The identity of the cytoplasmic TLCV viral nucleic acid was
also invcstigated by strancl-specific probiug. TlCV-infected
sections probed with CS-rep, designed to detect viral DNA but
not transcripts (Fig. lA; Table l), exhibited chromogenic signals
in both the nuclei and cytoplasm of infected cells (Fig. 3G). 'lhis
observation confimled the results of the RNase treahnent (Figs.
3A and D). As a control, a TGMV specific CS-rep probe was
hybridized to TGMV-infected tissues. Skong signals were
observed only in the nuclei of TGMV-infected cells (Fig. 3H),
consistent with results followirrg the RNase treatment (Fig. 3E).

We extended our stucly of subcellular DNA accumulation to
the monopartite Tomqto yellow leaf curl Sardinia viru,s
(TYLCSV). The number of infected cells in sections obtainecl
from TYLCSV-infected N. benthantia,rd plants was consider-
ably less than in sections fiom 'IlCV-infected plants, antl
chromogenic signals in TYLCSV-infected plants were always
weaker (cornpare Figs. lC4, 2A, and 3A with Fig. 4A). Using a

strand-specihc probe to detect TYLCSV DNA but not its
transcripts (CS-rep; Table l), chromogenic signals were mainly
observed in the nuclei of infectecl phloem cells. Cytoplasmic
signals were also present, but these were relatively weak and
limited to a few cetls (Fig. 4B). Thus, the localization pattern of
TYLCSV DNA in N. benthamiarrr¿ appears to be intermediate
between TLCV and TGMV. It is possible that the low level of
TYLCSV DNA signals reflects the reduced titer of this vinrs in
N. benthamiana plants compared to TLCV. Howeve¡ the pattenr
of TYLCSV DNA accumulation suggests that cytoplasmic
localization is not unique to TLCV.

Cybplcrsnúc TLCI| signal.s are essentiall.y due to ssDNA

To cletennine whether cytoplasmic TLCV DNA was ss or ds,
tissue sections were hybriclized with TlCV-specific virion- and
complementary-sense probes homologous to a pafi of the
intergenic region (lR) (Fig. lA) which is not transcribed to a

detectable level (Dry et al., 1993). CS-ir probe, clesigned to
detect bolh ss- and clsDNA fonns (Fig. lB and Table l),
produced strong chromogenic signals in the cytoplasm (Fig. 5 B).
The VS-ir probe, designed to target dsDNA only (Fig. lB and
Table l), produced strong signals only in the nuclei (Fig. 5A)
after a denaftrration step (see Materials and nrethods). This
observation confìrmed that dsDNA only contributed to signals
from the nucleus aud suggested that cytoplasmic signals were
due to ssDNA.

To further test this hypothesis, the target DNA in tissue
sections was denatured by heat denaluration ¡rrior to hybridiza-
tion (see Materials and methods) with either CS-cp (Fig. 5F) or

VS+cp TLCIV 2156-2464
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transcript
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VS-rep TGMV 1962-2210

TCMV
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Ubiquitin

2466..2t70

u VS. virion scnsc; CS, complcmcntary sensci cp, coatprotcin; rcp, replication
protein; ir, intcrycnic rcgion; ubi, ubiquitin.

b Nuclcotidc position fbr TLCV as in Dry ct al. ( I 993), for TGMV as in von
Amim and Stanlcy (1992) and for TYLCSV as in Khcyr-Pour ct al. (1991).

represented in the respective section. DAPI staining was
masked by the shong chromogenic signals produced by the
DlG-labeled probe (Fig. 2C). Melging of images obtained with
the TlCV-specific probe and DAPI staining confìnned that
viral nucleic acid was not confined to the nucleus only but was
also present in the cytoplasm (Fig. 2C).

Strong chromogenic signals in the cytoplasm of TLCV
infected cells were obtairrecl with the CS-cp probe (Figs. lC4
and 2A-l). This probe could detect both viral DNA and virion-
sense transcúpts (Table l). To distinguish viral DNA fi'om
transcripts, we removed RNA enzymatically. Thus two serial
sections fiom TlCV-infected tissue were prepared, ancl one was
treated with DNase-free RNase A in a NaCl-detìcient buffer to
digest both ss- and dsRNA (Maththews, 1993; Rezaian et al.,
l99l). These sections were hybridized with the homologous
TlCV-specifìc CS-cp probe. RNase treated, TlCV-infected
sections still exhibitect chromogenicity in the cytoplasm (Figs.
3A and D). Ubiquitin mRNA in healthy sections was used as a
control to verify the eftèctiveness ol RNase treatment and to
ensure that rcsidual RNase was not interfering with hybridiza-
tion ofthe riboprobes. The ubiquitin signal detected in healthy
sections (Fig. 3C) was lost after RNase h€atment (Fig. 3F).
Similarly, signals were retained in the nuclei of cells in sections
derived from TGMV-infected plants afler RNase treaûr'lent (Fig.
3E). These results are consistent with previous fiudings (Mona
and Petty,2000; Qin and Petty,200l; Wege et a1.,2001) that

Irig' I . Spccifìcity of thc RNA probcs. (Â) Gcnornc organization of Torn olo IeaJ curl vints (TLCV) and Tonuto goldcn nrosuic vints componcnt A (TCMVA) showirrg

(B) Dcrrronstratiou by gcl blot analysis of total nucleic acid cxtracts of N. benthamr¿¿a and tomalo agroinoculatcd with cithcr TLCVoT TGMV that digoxigcnin (DIG)-
lahclcd probcs shown in panol À spccifically targct viral DNA. Thc positions of thc opcn-circular (OC), lincar (Lin). supcrcoiled (SC), antt single-strandcd (ss) DNA
forrns charoctcristic ofgcminivirus f)NA rcplication. and subgcnomic (SG) DNAs, arc shown. I =, infèctcd, II: healthy. (C) Transversc sections dclivcd fronl N

and C5 significs thc prcsencc of lorget rruclcic acids. PP : phlocm parcnchyma, XP = xylcm parenchynra, X = xylcm, CC : companion cclls, SE : sievc clelrcnrs,
tsS =,buncllc sheath, M = mcsophyll, VC.', vascularcambium. Scalc bars -- 100 pm.
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N, benthsm¡artai Leaf vein B. N. benlharniattai Leaf vein C. N. bentharniona, Leaf vein

D. N. bentharniana; Leaf vein E. Tomato; Leaf vein F. Tobacco; Leafvein

G. N. benthanúanø; Lateral root H. N. benthønúala; Stem l, N. benthamiana; Leaf

J. N, henthamíønai Petiole K, N. bentharriaaa; Stem L. N. henthauúanaiLeaf

À
F

Fig. 2. Conrpnrativc in situ locolizotion of TLCV and TGMV. Tissuc scctions of TLCV-infbctod N. henlhsmiona, tomato, aud tobacco hybridizcd with TLCV-specific

CS-cp DfG probc arc comparcd with TGMv-infcctcd N. henthamiann probcd with TGMV CS-cp DIG probc. Scctions wcrc viewcd with differential intcrfcrcncc

contrâst (DIC) optics (D- L) or with bright-ficld illuminator (A). Nuclci (rcd anows) we rc idcntificd by søining with DAPI (B). Panel C is a mcrgcd imagc of (A) and

(B). Tissuc typc, hostpla¡t, and vir¡l infcction arc indicatcd. All scctions werc transvcrse, cxcept pancl D which was longitudinal. P ='phlocm. X: xylcm, SE = sievc

clcmcnts. Scalc bars = 100 lrm.
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CS-rep probes (data not shown) and its chromogenicity
compared with non-denahred sections. No difference in signal
intensity was found between sections hybridized following
denaturing (Fig. 5F) and non-denaturing treatments (Fig. 5C),

indicating that TLCV ssDNA, not dsDNA, accumulates in the

cytoplasm. Analysis of the DNA fonns present in TLCV-
infected plants by two-dimensional agarose gel electrophoresis

has shown that ssDNA is the predominant fonn of viral DNA
(Alberter et al., 2005). We also observed a higher level of
ssDNA compared to dsDNA (Fig. lB). Nevertheless, signal

intensity was stronger in denatured sections (Fig. 5E) than non-

denatured ones (Fig. 5D) using a virion-sense probe that can

detect viral dsDNA (VS-cp: Table l), indicating that a

proportion of nuclear signal represents dsDNA form. Faint

w'



TLCV

- RNase

+ RNase

spccilìc CS-cp probc with TlCV-infectcd scctions (4, D) and a TGMV-specilìc CS-cp probc with TGMV-infocted scctions (B and E). Thc cont¡t¡l wos
complclncntar-scnsc probe for ubiquitin gcllc transcripts hybridizerl with non-infcctcd sections (C and Iì). --RNase, n(ì enzymc tratmcnt; +RNasc, treatment with
DNase-free RNasc. Transvcrsc sections of eithcr TlCV-infectr:d (G) or TGMV-iufectcd (Il) tissucs wcre hybridizc<l with CS-rcp D|G-labelcd probes. Rcd arrotvs
indicatc thc nuclci containing TGMV DNA (E and H) ancl TLCV ssDNA (D and G) irr phlocm cells, and grccn arrows (D, 1ì, and G) inclicate infected xylcrn. Scalc
bars = '100 
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Opalka et al., 1998; Schneider and \ryorley, 1959), a potyvirus
(Dicenta et al., 2003), and a furovirus (Verchot et al., 2001)
have been found in xylenÌ. As yet, no DNA virus has been
reported to localize to xylem vessels. Using probes specifi-
cally designed to detect ssDNA (Table 1; Fig. lA), we
observed the ssDNA of three geminiviruses {TLCV (Figs.
21r, D,3D and G; see also Fig. 7), TGMV (Figs. 2J, K, 3E,
4C and D) and TYLCSV (Figs. 4A and B)Ì in xylem vessels.
It is impofant to notc that no TLCV (Figs. 54, D, and E),
TGMV and TYLCSV (clata not shown) dsDNA was observed
in the xylem.

Viral DNA was detected lnore frequently in the xylem of
younger leaf veins than in stem sections (Table 2) taken
immediately beneath the younger leaf (conrpare Figs. 3D with G

staining signals, as seen in Fig. 5D, are probably due to the
presence of cs ssDNA (see also Fig. lB, lanes I and 5) known to
be associated with geminivirus infection (Saunders et al., 1991).
Together, these results indicate that TLCV ssDNA acctunulates
both in the cytoplasm and the nucleus, while dsDNA is present
in the nucleus only.

ssDNA oJ'TLCV, TYLCV, and TGMV accumulates in rylent

Xylem vessels are inert tubes which are involved in water
transport and provide nrechanical support to plant tissucs
(Boyce et al., 2004). It is generally assumed that plant viruses
move systemically through phloem, although some RNA
viruses, including sobemoviruses (Moreno et al., 2004;

t'

I

A.

TLCV
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I:ig. 4.Localiz.ation of TYLCSV and TGMV in xylcrr. Localization of TYLCSV (A and B). Transvcrsc scctions of leaf vcin lìorn TYLCSV-iufcctcd rV. bentlnmiana
hybridizcd with TYLCSV CS-cp (A) or CS+cp (B) probcs. Thc arca insidc thc rcd box is cnlargcd in thc insct in pancl B. Localizaf ion oITGMV in xylcrn (C and D).

Transversc scctions of stcm (C) and leaf vcin (D) fronr TGMV-infcctcd N. beiltha¡niano hybridÞed with TGMV CS-rcp probc. Rcd anows show thc viral-spccilìc

signals indicativc of xylcrn p¡ts. Insct in pancl f) is the imagc of vascular cclls staiucd wilh DAPI showing nr¡clci ol'irnmanrrc xylcm (rcd anows) locatcd ncxt to
devclopcd xylcm, Scalc bars -= 100 prn.

and 4D with C). Viral DNA was not detected in the xylem
vcssels of Inature leaves (data not shown). Unlike other cell
lypes where TGMV ssDNA accumulates in the nucleus (Fig.
4D; red arrows), xylem vessels exhibited TGMV ssDNA
signals in the entire vessel (Fig. 4D; green anows). This is

because a lnature xylem vessel does not contain nuclear and
cellular contents (Fukuda, 1997). Small spots of high
chromogenic intensity were also evident in some xylem vessels

(green amowheads; Fig. 4D), which probably represent the pits
of xylem (see Fig. 7e) where rnore viral DNA accumulates.

Hybridization signals in xylem were shown to be virus
specifìc by the negative results obtained with mock-inoculated
plants (Fig. lCl) and with sections taken from virus infected
plants incubated either without probes (data not shown) or with
probes not specific to the irroculated virus (Figs. 1C2 and C3).
Xylem localization data were further supported by the lack of
hybridization signals in xylem vessels using probes desigued to
exclusively detect viral dsDNA (Figs. 5A and E) or ubiquitin
(Figs. 3C and F).

Vascular restriction of TLCV is rcleasecl by TGMV

The tissue tropism of a geminivirus can change in a mixed
infection with another gerninivinrs. For example, the phloem-
limitcd BGMV was shown to infect mesophyll cells in a mixed

infection with TGMV (Morra and Petty, 2000). In TLCIV and

TGMV co-infected plants, TLCV was mainly associated with
vascular cells but could also infect a snlall number of mesophyll
cells (Fig. 68). To detect both viruses in the same seclion, CìS-

rep probes ol TLCV and TGMV labeled with DIG and
fluorescein respectively were applie<l simultaneously and
detected sequentially (Jowett, 2001). TGMV (red fluorescence)
was found in the nuclei of vascular and rnesophyll cells, while
TLCV (blue precipitate) was rcstricted mainly to vascular cells
and was present in the cytoplasm and nuclei of inlècted cells
(Figs. 6A and Iì). Examirration of 12 tissue sections derivcd
lronr stems, petioles, and leaf veins of TLCV and TGMV co-
infected plants identified 3212 TGMV-infected cells but only
855 TlCV-infected cells, of which 726 (-85%) were vascular-
associated and the remaining 128 (-15%) were in the
mesophyll. The nrajority of TlCV-infected cells (95%) also
contained TGMV. However, a few of TlCV-infectecl cells did
not show TGMV DNA. It is not clear whether these cells did not
contain TGMA DNA or the red signals of TGMV DNA were
oornpletely masked by the strong blue signals produced by
TLCV probe. Altematively, the lack of TGMV DNA in those
cells could be due to the absence of nuclei in the sections. We
also noted that the number of cells in which TGMV was
detected depended on the probe used. A TGMV-specific probe,
which could detect both viral DNA and transcripts, was able to
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Denaturing Non-dcnaturing

Non-dcnaturing Denaturing

TLCV dsDNA (A and l1), r'cd arrows (8, C, and lt) indicatc TLCV ssDNA in phlocrn cclls, grccu arrows (8, C and F) indicatc infectcd xylenr and purplc anows (4. D,
and E) indicatc xylenr vcsscls lacking viral signals. Scalc bars,= I00 pln.

identily many inlected cells (Figs. lC5 and 2J-L), whereas a

TGMV-specific probe that could only hybrìdize to viral DNA
detected a small number of infected cells (Figs. 6A and ll). As
explained earlier, this is probably the result ofnuclei not being
present in the cell sections due to their relatively snraller size.
These results indicate that TGMV can partially alleviate phloem
restriction of TLCV.

Discussion

Ccll-to-cell movement of geminiviruses involves replication
in nuclei, nuclear export of viral progeny, and movenrent of

Iablc 2

Localization of TLCV, TGMV, and TYLCSV in xylcm vcsscls

TLCV TYLCSV TGMV

virus through the cytoplasnr to plasmodeslnata (Gafni and
Bemard,2002). Previously, gerniniviral DNA has been detected
in the nuclei of infectecl cells (Morilla eI a1.,2004; Morra and
Petty,2000; Qin and Petty, 2001; Qin et al., 1998; Wege et al.,
2001). Consequcntly, DNA movement through the cytoplasm
has been considered to be transient (Zhang et al., 2001). Here,
we report that TLCV ssDNA accumulates in the cytoplasm at
signihcant levels, while replicative dsDNA is present in thc
nucleus. However, consistent with earlier firrdings, we were
unable to detect cytoplasmic viral DNA in TGMV infections.
Our results suggest that these viruses may utilize different
modcs of DNA transport across cytoplasrn.

Three independent experirnents, RNase digestion, strand-
specific probing, and hybridization under denatuling and non-
denaturing conditions, conhnned that TLCV ssDNA accumu-
lates iu the cytoplasnl. Morilla ct al. (2004) have recently
reported that TYLCSV DNA localized predorninantly in thc
nucleus. Consistent with this, we found that ssDNA of the
phloern-specific, monopartite TYLCSV accumulates rnainly in
the nucleus, although we did observe some viral ssDNA in the
cytoplasm. lt is possible that this discrepancy simply reflects
the dillerent in situ hybridization methocls used in these

Lcof'
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I;ig. ó TLCV prcsctrcc in mesophyll tissucs co-infcctcd with TGMV. Tr¡nsvcrsc scctions from lcaflar¡ina (A) and stcnr (B) takcn from N. henthamløno plants co-

irrt'octcd with TLCVand TGMV wcrc hybridizcd simulûancously with TLCV CS-rcp DlGJabcled probe (bluc) and TGMV Cs-rep fluoresccnce-labclcd probc (rcd)

and staincd sequcntially. Non-vascular cclls infeclcd by TLCVarc indicatcd by arrows (ts). Scale bars - 100 ¡rm.

studies. ln our work, we used strand-specific probing to
differentiate viral DNA fc¡rms. Moreover, a proteinase K
treatment was carried out in all in situ hybridization
experiments. Such a treatment may allo\ry detection of viral
ssDNA comploxed with CP (Palanichelvam et al., 1998)

which acts as an ssDNA binding protein in the cytoplasrn.

Supportirrg this idea is the observation that the CP of TYLCV
is detectable in the cytoplasm of infected cells using
ilnnrunolocalization, while a CP:GFP fusion protein expressed

in the absence of other viral proteirrs localizes to the nucletts
(Rojas et al., 2001). The cytoplasmic TLCV ssDNA may be

elìcapsidated or present as a nucleoprotein complex with CP or
with host ssDNA bincling proteins. The significance of TLCV
ssDNA accunrulation in the cytoplasm and its possible role in
viral movement is presently unknown.

It remains unclear whether ssDNA or dsDNA is involved in
viral trafficking. Studies with bipartite begourovituses are

contradictory, supporting the involvement of ssDNA (Padidam

et al., 1999; Pascal et al., 1994), dsDNA (Rojas et al., 1998), or'

both ss- and dsDNA (Hehnle eT al.,2004). Base d on our tìncling
that ssDNA of TLCV accumulates in the cytoplasm, artd the

presence of ssDNA of the three viruses studied here in the

xylent vessels (discussed below), we suggest that ssDNA may

be involved in the movernent of these viruses.

It has been suggested that viral, host, and environmental
factors (Ding et al., 7999; Kong et al., 2000; Morra and Petty,

2000; V/ang et al., 1996) detcnnine the tissue tropism of
geminiviruses. Our results indicate that TLCV is restricted to the

vascular and bundle sheath cells of tissues derived froln leaf,

stenr, and root ofdifferent host plants at different developmental
slages and inoculation period. This suggests that vascular

limiøtion of TLCV is mainly detemrined by viral factors and is

consistent with the theory tlrat phloemJilnited viruses may lack
cell-to-cell movement functions in non-vascular tissues
(Taliansky and Barker, 1999). When co-infected with the

rnesophyll-invasive TGMV we found that the vascular
limitution of TLCV wos partially abrogated. Tlre mechanistn

by which TGMV can release phloem restriction of TLCV
rcrnains unclcar.

ln this study, we obscrved the presence of geminiviral
ssDNA in xylem tissue. A model depicting the route of viral
entry to xylem cells is shown in Fig. 7. Xylenr arises from the

vascular cambium through trausdilferentiation (Fukuda, 1997).

llnmature xylem cells contairr active nuclei (Mauseth, 1988).

Such imlnature cells are evident in inset to Fig. 4D,
Subsequently, these cells undergo prograrnmecl cell death and

lose theirnuclei and cell contents, leaving hollow dead cells that

form vessels or tracheids (Fukuda, 1997). We suspect tlrat
geminiviruses preferentially localize to vascular cambium,
comprising the most actively dividing cells in the vasculature
(Mauseth, 1988), and then spread to phloern and xylern
parenchyma by two separate processes: actively, by cell-to-
cell rnovement, and passively, through the differentiation of
cambium cells. Several lines of evidence suppolt this
lrypothesis. First, TLCV DNA was uot observecl in mature

leaves where cambium cells are not present (Mauseth, 1988).

Second, a larger proportion of xylem vessels were infected in
young leaves, where h'ansdifferentiation from carnbium cells is
highly active, than in stem tissue, whele this process is largely
absent. Third, the localization of geminiviruses to xyletn cells is

supported by an increasing body of evidence implicating xylern
tissue in long-distance transport of plant viruses (Dicenta et al.,
2003; Moreno et al., 2004; Opalka et al., 1998; Schneider and

Vy'orle¡ 1959; Verchot et al., 2001). Opalka et al. (1998)
proposed a model to explain the systemic lnovement of virus
from apoplast to symplast whereby Rice yellow ntoltle virus
(RYMV) chelates calciurn in the pit membrane of xylem to

destabilize the membrane structure for its lnovement to living
iulnature tracheids,

We have considered whether the viral DNA signal observed

in xylem tissue is due to the agroinoculation procedure, where

Agrobaclerittø containing viral DNA could be directly
introduced to xylem cells, However, we are rrot aware of
any reports indicating movement of Agrobaclerirzrr through
xylem. Furthermore, the observed localization of viral DNA
preferentially in young leaves compared to old leaves, which
are closer to the site ofinoculation, indicates that this is highly
unlikely.
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Our f inding that TLCV ssDNA accumulates in the
cytoplasm may represent a new feature of the lifecycle ol
sorne geminiviruses. Moreover, the differential DNA accu-
rnulation pattem of TLCV and TGMV is suggestive of
disparate movenlent mechanisms of monopartite and bipar-
tite viruses.

Tablc 3

Infcctious cloncs of 'I'LCV, TGMV, and TYLCSV DNA

Plasmid dcsignation Constnrct Sourcc

ftnX x-I x-H

P = Ithloern

ImX = Imaturc Xylcm

X = Xylem

I = Infected

H = Healthy

Materials ând methods

Plant material and inoculatiott

N. benthamiana, tobacco (N. tabacum cv. Samsun), ancl
tomato (5. lycopersicumL. cv. Grosse Lisse) were maintained at
25-30 "C with a l6-h photoperiod uncler containment
couditions. Plants at the 4-5 leaf stage were inoculated with
infectior¡s viral clones (Table 3) using Agrcbacteriun tumeftt-
clens (Grimsley et al., 1987). Young (3rd), developing (7th),
and mature (l2th) lcaves, stems, petioles, ancl roots were
sampled at the 3-4 weeks post-inoculation and processetl for
fixation as described below. lnfection was monitored by dot blot
analysis of viral DNA using 32P-labeled complemeutary DNA
probes (Stonor et al., 2003).

Fig 7. A rnodcl dcrived from the in situ localization studics to cxplain thc distribution ofTLCV ss- and dsDNA in ths stcrn vasculature of N. benthamiona. (a) A
repliontivc fonn of viral DNA (dsDNA) is prcscnt in the nuclcus of phtoern cells (P). Once a significant amount of ssDNA syutlresizcd in thc nuclcus, then it

ccllular contcnts, viral ssDNA cithcr in thc form ofnuclcoprotcin complcx or virion particlcs accumulalcs in thc rnaturc xylern vcsscls cspccially aroun6 thc pits of
xylcm (c). Longitudinal sections of infcctcd xylcm (X-t) and hcalthy xylcrn (X-l[) arc shown. Lowcr pancls show thc viral fo¡rns cxplainccl in thc mo¿cl hybriclizcd
with thc probes specilìc to dctcct only dsDNA or both ss- and dsDNA as cxplnincd in thc tcxt,

pBin TLCV
pBin TGMVA
pBiu TGMV B

pBiu TYLCSV

2.0 rncr
2.0 mcr
2.0 mcr
2.0 mor

Dry et al. (1993)

von Arnim and Stanlcy (1992)

von Amim and Stanlcy (1992)
Kheyr-Pour ct al. (1991)

E
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Tissue processirrg

Tissues were cut into 4 tntn by 6 rnrn pieces and fixed in 4o/o

parafomraldelry de: 0.25%o glutaraldehyde and wero embedded

in buty-methyl methacrylate (Nadeau et al., 199ó). Sections of
8 pnr in thickness were obtaincd with a rolary microtonre
(Modcl 2055; Lcica, Germany) and placed on silane-coated

slides (ProSciTech, Thudngowa Central, Australia).

Prcparation of RNA probes

DNA liagments were amplified by the polymerase chain
reaction @CR) using specific primers (Table 4). The amplified
DNAwas ligated into pGEM-T-Easy (Promega, Madison, WI),
and orientation of each inserl was checked by sequencing.

Plasmids were linearized with appropriate restriction enzymes

and transcribed with T7 DNA-dependent RNA polymerase

(Promega). Probes were labeled with either digoxigenin (DIG)-
ll-dUTP or fluorescein-I2-duTP using DIG or fluorescein
RNA Labelling Mixes (Roche Diagnostics, Castle Hill,
Auslralia). After transcription, DNA tcmplates were removed
by digestion with RNase-lree DNase I, and the probes were

hydrolyzed to approximately 150 nt by carbonate treatment

(Guerin er al., 2000).

DNA gel blot analy,sis using non-r'odioactive probes

Total nucleic acid was extracted as described previously (Dry
et al., 1993) liom TLCV and TGMV infected N. benthamiana
and tomato plants. The DNA was electrophoresed in a 1.2%o

agarose gel, blottecl onto Zeta-Probc membrane (BioRad,

Hercules, CA) (Dry et al., 1993), and hybriclized ovemight at

42 "C with strand-specilic DlGJabeled TLCV- and TGMV-
specific probes (Fig. lA; Table 3). Mernbranes were washed

with 2x SSC (lx SSC = 0. l5 M NaCl and 0.015 M trisodium
citrate) twice for 5 min each and then once for 30 min with 0.2x

Tablc 4

Oligonuclcoticlc primcrs

Nar¡c Sequcnce (5/to 3/) Description
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GGGAATTCTGGGATCCTTTAGTCCAC "
GGTTCTCGAGTCAGGGCTTCTGAACAGC.
GGGA ATTCAGCAAGCC ACCAGCAGAT "

GGGG ATCCTTAATTCTGAATCGA'
]*TGAATTCATGAG AATCGCGAGCCTC'
GTGG ATCCATTCCCTAAGGACCTTA "

TCCGAGCTCGTGTCTCCGGTCTTAT,
GGGCCCAAGTATATATACGACAAAI\AAC
GGCATATGCAAGATATGGATGGATG "

TCCTAACCAGAGCCTC;CTCGfiG
CCGCAT.ÂTGCCCCCGCAGCGGA "

CTAACGACGCTGCAGCAGAGGCGT
CCACTGCAGATGCCGA AGCGAACC
CCGTTA ATTTGTTA CAG CATCATA 1\A A ATAÄ
CCGCTGCAGATCAAAATCGGGAACC.'
CCGTTACATCAAGAGCCTGCGACTTA
GGGATGCAGATCìTTCCTGAAAACCC
TCAÀTCGCCTCCAGCCTTGTTGTAA

SSC containing 0.3o/o Triton-XlOO. The membranes were

blocked in I x blocking solution (Roche Diagnostics) for 30

rnin, soaked in TST buffer (100 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.3% Tween 20) containing lolo bovine albumin serunr

(BSA) for 30 min, incubated in I % BSA TST buffer containing
anti-DlG alkaline phosphatase (AP; l:5000) for 30 min, washed

twice in TST buffer for 10 min each, arrd then equilibrated in
detection buffer (0.1 M Tris-HCl pH 9.5, 0.1 M NaCl, 0.05 M
MgCl2) for 5 min. AP activity was detected by incubating in
detection buffer containing 4.5 ¡rl ml-r nitroblue tetrazolium
(NBT; Roche Diagnostics) and 3.5 pl ml-r 5-bromo-4-chloro-
3-indolyl-phosphate (BCIP; Roche Diagnostics) for 30-60 min
until a dark-bluish color developed. The reaction was stopped

with TE buffer (10 mM Tris-HCl, I mM EDTA, pH 7.5).

ht silu hybridizatiotr

Pre-hybridization, hybridi zation, and post-hybridization
were done as previously described (Guerin et al., 2000). The

DIG- or fluorescein-labeled probes were detected by anti-DIG
or anti-fluorescein fab alkaline phosphalase conjugates (Roche

Diagnostics) and subsequently stained by NBT/BCIP or Fast

Red substrates (Roche Diagnostics). Dual color in situ
hybridization was done by applying the probes simultaneously
and detecting them sequentially (Jowett, 2001). For RNase

treatment, the in situ hybridization protocol was modified as

follows: the slides were incubated in lx TE buffer (10 mM
Tris-HCl pH 8.0, I mM EDTA) containing 20 ¡rg ml-r DNase-

free RNase-A for 50 min at37 "C, followed by two washes in
TE buffer. Proteinase treatment was done using 100 mM Tris-
HCI (pH 8.0), 50 mM EDTA containing I mg.ml-r proteinase

K. To inactiváte RNase A, slides were placed in PBS buffer
(0.13 M NaCl, 0.007 M Na2HPO4, 0.003M Na2HPO4, pH 7.0)

containing 0.1% diethyl pyrocarbonate (DEPC) for 20 min. To

hydrolyze DEPC, the slides were waslred with PBS and then

incubatecl in I x NTE (500mM NaCl, l0 mM Tris-HCl pH 8.0,

I mM EDTA) two tirnes for 15 min each prior to hybridization.
To differentiate ssDNA frorn clsDNA, in sihr hybridizations

were done under both denaturing and non-denaturing condi-
tions. To clenafure target DNA in tissue sections, slides covered

with formamide hybridization buffer containing probe mixture
were placed on a hot plate at 80 oC for 4 min prior to
hybridization aI 42 "C. Non-denaturing hybridization was
perfomred at 42 "C without prior heat treatment ol the slides.

Sections were photographed with a SPOT digital camera

mounted on a Zeiss Axioplan microscope (Gennany) using
differential interference contrast (DlC) optics and SPOT

software. The contrast and brightness of inrages were
subsequently adjusted ancl processed using Adobe Photoshop

soflware (Adobe Systerns Itrc., San Jose, CA).
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