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Tomato Golden Mosaic Virus (TGMV) is a DNA virus that replicates and transcribes

its genome in plant nuclei. TGMV was modified to serve as a gene silencing vector in

Nicotiana benthamiana by insertion of small fragments (120 – 160 bp) downstream of the

viral BR1 gene. Inoculation by microprojectile bombardment resulted in local silencing after

5-7 days and persistent systemic silencing. Previously, TGMV vectors were used to silence

genes needed for chlorophyll biosynthesis. The purpose of my research was to determine if

TGMV vectors could be used to provide information about genes essential for DNA

replication and plant development.

I tested TGMV vectors containing 120 – 150 bp inserts from genes encoding the N.

benthamiana proliferating cell nuclear antigen (PCNA) and N. tabacum retinoblastoma-

related protein (pRBR). PCNA is essential for DNA replication and pRBR is needed for cell

cycle control. TGMV-mediated silencing of PCNA resulted in an irreversible cessation of

primary growth. Leaves were clustered, showed truncated expansion, and fused with the stem

at their base. Meristematic-like structures that were elongate, lacked leaf primordia, and

contained files of cells that did not expand were found, but only in a small proportion of

silenced plants. Immunolocalization demonstrated that PCNA expression was silenced

throughout these structures. These experiments provided the first evidence that TGMV-

induced silencing could down-regulate expression in meristems, and suggested that proper

PCNA expression could be required for cell expansion as well as primary growth.

TGMV-mediated gene silencing of RBR resulted in delayed programmed cell death in

mature tissues, as demonstrated by Trypan blue staining. Wild type TGMV infections



produced severe symptoms but did not result in cell death. Systemically silenced leaves of

TGMV::RBR inoculated plants had developmental defects that were distinct from symptoms.

Flower corollas were abnormally curled and some flowers were infertile. A low but

reproducible proportion of progeny derived from the seed of curled flowers also had

abnormal leaf growth suggestive of an epigenetic modification. The onset of

cell death in mature tissues of pRBR-silenced plants and the developmental defects in new

growth suggests that pRBR may have distinct roles in dividing cells and differentiated

tissues.
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 NOTE ON GENETIC NOMENCLATURE

This work references several genes and their corresponding proteins. All genes are in capital

letters and are italicized (i.e. RBR). Mutant genes are designated in lower case and are

italicized (i.e. fas1 for the FASCIATA1 gene). Proteins are in all capital letters (i.e.

KNOTTED) and may be prefaced by a lower case “p” for protein (i.e. pRBR).
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Introduction
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Tomato Golden Mosaic Virus

Structure and organization

Begomoviruses (type virus Bean Golden Mosaic Virus) are members of the

geminivirus family of single-stranded DNA plant-infecting viruses. They have a circular

monopartite or bipartite genome structure, infect dicotyledenous plants, and are transmitted

by the common whitefly Bemesia tabacii (Harrison and Robinson, 1999). Begomoviruses are

primarily found in tropical and sub-tropical climates and infect a host range of more than

eighty species, including several economically important crop plants such as tomato, tobacco,

bean, and cassava (Monsoor et al., 2003). Individual members infect model hosts such as

Arabidopsis (Hill et al., 1998) and Nicotiana benthamiana (Morra and Petty, 2000) making

molecular characterization of interactions with their hosts possible. The work presented in

this dissertation deals exclusively with a member of the Begomovirus genus, Tomato Golden

Mosaic Virus (TGMV), and its ability to induce a gene silencing response in the small

tobacco-related species Nicotiana benthamiana.

TGMV is composed of two DNA molecules A and B, which are 2.6 and 2.5 kb in

length, respectively (Figure 1). The A component encodes five of seven identified viral

proteins (for review see Hanley-Bowdoin et al., 2004). The AR1 protein (also known as

AV1) is the viral nucleocapsid protein for both DNA components and is required for whitefly

vector transmission and high-level DNA accumulation in infected cells (Pooma et al., 1996).

The AL1 protein, also called AC1, C1, or Rep, is the only protein required for initiation and

maintenance of viral replication. AL1 recognizes and binds a specific, repeated DNA

sequence within the common region, a nearly identical 200 bp sequence in the intergenic

regions of both the A and B components. AL1 functions in both DNA cleavage and ligation
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during rolling circle replication (Orozco and Hanley-Bowdoin, 1996, Orozco and Hanley-

Bowdoin, 1998). A highly conserved stem-loop structure in the common region contains the

initiation site for virus replication (Fontes et al., 1994). AL1 must form multimers in order to

bind to the origin recognition site (Orozco et al., 1998). In addition to functions in viral DNA

replication, AL1 represses its own transcription in N. benthamiana (Eagle et al., 1997). AL1

has also been shown to interact with AL3 (Settlage et al., 1996), a replication enhancer

protein (also known as AC3 or REn), which also oligomerizes. AL2 is a transactivation

protein (AC2 or TrAP) required for AR1 and BR1 expression (Sunter and Bisaro, 1992). The

role of the small AL4 protein is not well understood in N. benthamiana (Pooma and Petty,

1996). The B component encodes only two proteins, BL1, which is involved in cell-to-cell

transport and symptom formation, and BR1, which is responsible for viral DNA movement

between the host nucleus and cytoplasm (Sanderfoot and Lazarowitz, 1996).

The mechanisms underlying TGMV infection, replication, and movement are

complex. TGMV infects and replicates episomally in the nuclei of mature differentiated host

cells using a rolling circle mechanism and double-stranded DNA intermediates (Hanley-

Bowdoin et al., 1997). Because TGMV encodes a limited number of proteins, it relies on the

use of host factors to replicate its own genome to a high copy number (reviewed in Hanley-

Bowdoin et al., 2004). Differentiated plant cells do not contain detectable levels of

replication enzymes, and the virus must induce a replication competent environment similar

to S-phase of actively cycling cells. Early work by Nagar et al. (1995) showed that TGMV

infection induces accumulation of proliferating cell nuclear antigen (PCNA), a processivity

factor for DNA polymerase delta, which is normally expressed in S-phase of cells in young

tissues. Subsequent work has verified that the PCNA promoter is activated in mature leaves
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of TGMV-infected plants (Egelkrout et al., 2001, Egelkrout et al., 2002). S-phase conditions

induced by viral infection can lead to BrdU incorporation in viral and host DNA, indicating

that at least in some cases, host DNA is also replicated during virus infection (Nagar et al.,

2002).

There is strong evidence showing that induction of S-phase conditions required for

viral DNA replication is initiated by a direct interaction of the AL1 protein with the host

retinoblastoma-related protein (pRBR, Hanley-Bowdoin et al., 2004). In healthy uninfected

mature cells, pRBR is bound to E2F transcription factors, which regulate promoters of

several S-phase-specific genes including PCNA. Phosphorylation of pRBR is thought to

occur by cyclin-mediated activation of cyclin-dependent kinase (CDK) complexes.

Phosphorylation of pRBR is thought to release bound E2Fs, thereby activating transcription

Figure 1. TGMV genome structure.
The A component encodes proteins for replication, AL1 and AL3, transactivation,
AL2, and vector transmission, AR1. The small AL4 ORF lies within AL1 and is
not shown. The B component encodes the viral cell-to-cell movement protein,
BL1, and nuclear shuttle protein (BR1). Both components contain an almost
identical common region.
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of late G1 and early S-phase genes and initiating host DNA replication (Dewitte and Murray,

2003). TGMV AL1 impacts CDK activity during mature tissues by binding to pRBR through

a novel 80 amino acid domain located in the middle portion of the protein (Kong et al.,

2000). This activity is thought to release E2F-like transcription factors and initiates the

production of a suitable environment for viral DNA replication.

The efficiency and tropism of TGMV infection is affected by the capacity of AL1 to

bind to pRBR during infection (Kong et al., 2000). Unlike cyclin D, which bind to pRBR

through a conserved LxCxE motif to a conserved region of the pRBR A/B binding pocket

(Huntley et al., 1998), AL1 binding is mediated in part by a motif in alpha helices three and

four of an 80 amino acid pRBR binding domain (Kong et al., 2000). A TGMV AL1 mutant

containing a triple amino acid substitution at positions 144-146 (KEE → AAA) within alpha

helix four showed 16% of wild type pRBR binding (Kong et al., 2000). Infection assays with

N. benthamiana using the KEE mutant showed that viral DNA was restricted to leaf vascular

tissue and plants had attenuated viral symptoms.  A second mutation in AL1 (E—N140) that

impaired DNA accumulation but showed wild type pRBR binding was also tested for

infectivity. Immunolocalization studies demonstrated that there was unrestricted movement

and replication in mesophyll tissues, as found in wild type TGMV infections. Although both

mutations resulted in a reduction of viral DNA accumulation by approximately 95%, only the

KEE146 mutant showed attenuated symptoms (Kong et al., 2000). This work was important

because it demonstrated that the ability of AL1 to bind to pRBR is a limiting step in viral

infection. The presence of high levels of pRBR in differentiated mesophyll cells may prohibit

infection if AL1 cannot sufficiently bind to pRBR to induce a replication competent

environment. pRBR levels in vascular tissue, however, may be lower and their cells more
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susceptible to infection, though this has not yet been confirmed. Recent work has shown that

structural and side chain components of the AL1-pRBR binding site on helix four contribute

to binding efficiency and that the function of this domain is conserved across different

Begomoviruses (Arguello-Astorga et al., 2004).

TGMV-host protein interactions

TGMV proteins and those in other Begomoviruses have been shown to interact with

one another and a number of other host factors in vitro and during infection. Kong et al.,

(2002) used yeast-two hybrid screens with AL1 as bait and isolated three AL1 partners:

histone H3, GRIK (Geminivirus Rep-Interacting Kinase), and GRIMP (Geminivirus Rep-

interacting Motor Protein). Homologs of both GRIK and GRIMP were identified in

Arabidopsis.

GRIK was characterized as a protein kinase with two putative calmodulin binding

domains. Immunolocalization studies showed that GRIK localized in the cytoplasm of

meristematic cells, in nuclei of young leaf cells, and disappeared in mature cells (Kong et al.,

2002). GRIK interaction with AL1 from TGMV was also confirmed in insect cells.

Immunolocalization experiments also demonstrated that GRIK expression is induced

exclusively in mature virus-infected cells of both Arabidopsis and N. benthamiana, whereas

non-infected cells in the same tissue lacked GRIK expression. Because GRIK is highly

expressed in dividing cell populations in the meristem and decreases with cell maturation,

similar to PCNA expression, virus induction of GRIK could be involved in the establishment

of a suitable environment for viral replication.

GRIMP also interacted with AL1 in insect cells. GRIMP was identified as a member

of a C-terminal kinesin subfamily of proteins that localized to the mitotic spindle in dividing
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cells (Kong et al., 2000). This indicates that GRIMP, like GRIK, may have functions in the

cell cycle. It is possible that modulation of GRIMP activity by AL1 binding during infection

may in part repress late G2 functions and result in endoreduplication (Kong et al., 2002).

TGMV infection of N. benthamiana results in cells that show chromatin condensation,

resembling early prophase, but mitotic figures were not detected in these studies (Bass et al.,

2000, Nagar et al., 2002). In another yeast two hybrid screen, the TGMV AL1 and Tomato

Yellow Leaf Curl Sardinia Virus (TYLCSV) RepA proteins interacted with a host

sumoylation enzyme from N. benthamiana, NbSCE1 (SUMO-conjugating enzyme), which is

important in post-translational modifications in stress response and pathogen defense

(Castillo et al., 2004). Overexpression of NbSCE1 resulted in a decrease in viral DNA

accumulation, indicating that AL1-NbSCE1 binding is important for infection.

AL1 homologs interact with several proteins that affect initiation and regulation of

virus replication. AL1 from Indian Mung Bean Yellow Mosaic Virus (IMYMV) binds

nuclear and recombinant PCNA at specific sequences, which are conserved among multiple

geminiviruses (Bagewadi and Chan, 2004). This interaction inhibits AL1 ATPase and site-

specific endonuclease activity required for viral replication. The Wheat Dwarf Virus (WDV)

Rep interacts with replication factor C complex (RFC-1), which leads to recruitment of DNA

primers to initiate viral DNA replication and possibly recruit other host factors required for

replication (Luque et al., 2004).

AL1 expression alone is sufficient for PCNA induction, which is required for viral

DNA replication (Nagar et al., 1995). The TYLCSV C3 protein however, also interacts with

PCNA in Arabidopsis and tomato (Castillo et al., 2003). AL3, like AL1, is also capable of

interacting with pRBR (Settlage et al., 2001). AL1 and AL3 bind a similar region of pRBR
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(Settlage et al., 2001). There is also new evidence that C3 enhances replication of Tomato

Leaf Curl Virus through binding to S1NAC1, a member of the NAC domain protein family

(Selth et al., 2005). C3 interacts with S1NAC1 in vitro and SlNAC1 is upregulated in the

nuclei of infected cells. Transient overexpression of S1NAC1 also results in greater viral

DNA accumulation (Selth et al., 2005). NAC domain proteins have many functions in plants

including embryo patterning, flower formation, and the pathogen defense response (Olsen et

al., 2005).

AL2 interacts with host proteins, in addition to transactivating AR1 and BR1

expression. AL2 binds and inactivates SNF1 kinase, which regulates cellular metabolism by

activating ATP-generating systems in response to environmental stress or pathogen attack

(Hao et al., 2003). Overexpression of SNF1 in N. benthamiana leads to virus resistance

against TGMV and Beet Top Curly Virus, whereas mutations in SNF1 result in increased

viral DNA accumulation. AL2 also inactivates adenosine kinase (ADK) in virus infections

and in plants expressing AL2 (Wang et al., 2003). ADK, together with SNF1, is thought to be

involved in antiviral defense responses (Wang et al., 2003). AL2 inactivation of these

proteins suggests that it acts as a counter to this defense.

 Begomovirus B component proteins also bind host factors during infection. The

CaLCuV BR1 interacts with an Arabidopsis acetyltransferase, AtNSI. AtNSI is necessary to

facilitate viral DNA export from the nucleus to the cytoplasm (Carvalho and Lazarowitz,

2004). AtNSI overexpression leads to increased infectivity in vivo. Mutations in the BR1

AtNSI binding domain, however, result in decreased infectivity and attenuated symptoms.

These results demonstrate that the interaction of BR1 with acetyltransferase is important in

virus infection and nuclear membrane transport. BR1 also interacts with a group of leucine-
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rich repeat receptor-like kinases, NIK1-3 (nuclear shuttle protein interacting kinases 1-3,

Fontes et al., 2004). NIK proteins are nuclear membrane localized and act as signal receptors

in plant development and pathogen resistance. In vitro binding assays using recombinant

TGMV, TYLCV, and CaLCuV BR1 proteins showed decreased NIK kinase activity. In

Arabidopsis infections, increased infectivity (viral DNA accumulation) correlated with

decreased NIK activity (Fontes et al., 2004). These findings suggest that NIK proteins have

antiviral properties that are overcome by BR1 binding and inactivation. NIK proteins have

also been identified in tomato (LeNIK) and soybean (GmNIK) through in vitro interactions

with BR1 proteins from TGMV and Tomato Crinkle Leaf Yellow Virus (TCrLYV, Mariano

et al., 2004).

In summary, Begomovirus proteins interact with a variety of host proteins to facilitate

infection and movement within their hosts. Evidence suggests that some protein-protein

interactions are conserved between different viruses and their host species (Hao et al. 2003,

Kong and Hanley Bowdoin, 2002, Mariano et al., 2004, Arguello-Astorga et al., 2004). This

is important because it suggests that in developing resistance strategies in crop plants, a

strategy developed around one kind of virus-host interaction (i.e. through mutation or

overexpression of host proteins) could be used to provide broad-spectrum resistance.

Begomoviruses like ACMV, however, have shown high rates of recombination in the field

and can produce new virulent strains that may overcome engineered resistance (Legg and

Fauquet, 2004).  Additionally, new evidence from microarray analysis suggests that CaLCuV

impacts the expression of hundreds of host factors that regulate cell cycle, metabolism, and

antiviral responses including gene silencing (Ascenscio-Ibanez and Hanley-Bowdoin,
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unpublished data). This kind of information promises to yield more insight as to how viruses

modulate plant gene expression, and may provide additional targets for resistance strategies.

Gene Silencing Using Begomoviruses

RNA silencing

RNA silencing is a term used to describe the targeted reduction of plant gene

expression in a sequence-specific manner. Two groups discovered this phenomenon in plants

at approximately the same time (Napoli et al., 1990, van der Krol, 1990). Efforts to enhance

purple anthocyanin pigmentation in petunia flower petals by overexpression of the chalcone

synthase gene (CHS), an enzyme involved in anthocyanin production, resulted in transgenic

flowers with a total or partial reduction in pigment with varying patterns (Napoli et al.,

1990). Northern analysis revealed that mRNA from both the transgenic and endogenous CHS

genes was reduced or absent, indicating that the “co-suppression” phenomenon was targeted

against homologous sequences. Similar phenomena have since been described in nematodes,

animals, insects, protozoans, and fungi, and have been grouped under the general term of

gene silencing or RNAi (interfering RNA) (Cogoni and Macino, 2000).

Baulcombe (2004) described silencing as falling into three broad categories, all of

which are found in green plants: silencing caused by short interfering RNAs (siRNAs), DNA

methylation and suppression of transcription, and endogenous mRNA targeting by micro

RNAs (miRNAs) 21-24 nt in length. The first indication of the role of dsRNA as a potent

inducer of gene silencing came from studies in the nematode, C. elgans. Injection, soaking,

or feeding C. elegans with target-specific dsRNA is sufficient to elicit an effective silencing

response (Fire et al., 1998). Expression of sense and antisense sequences of the same gene as
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a hairpin sequence forms dsRNA that causes silencing more effectively than the sense or

antisense transcripts expressed alone (Waterhouse et al., 2001). Although dsRNA is cleaved

into smaller RNA species by members of the DICER gene family of Ribonuclease III

enzymes in nematodes (Knight and Bass, 2001, Ketting et al., 2001), the role of dicer-like

genes in plants is not clear. DCL1 is required for miRNA processing and DCL3 produces

siRNAs from repeated sequences and transposons in plants while the role of DCL2 and

DCL4 is unknown (Baulcombe, 2004). Other proteins, such as HEN1, have been shown to

have both siRNA and miRNA processing activity and may serve a dicer-like function in

plants (Boutet et al., 2003). Small RNAs of 21 to 26 nt may be used in a RISC-like complex

in plants to provide sequence specificity for the silencing target mRNA sequence (Klahre et

al., 2002). AGO proteins have been proposed to function by binding effector siRNA and

miRNAs (Baulcombe et al., 2004). Although AGO1 is required for sense-mediated silencing,

it is not required for DNA VIGS (Muangsan et al. 2004) or silencing mediated by inverted

repeat sequences (Beclin et al., 2002).

Post-transcriptional gene silencing (PTGS) in plants, which is functionally similar to

RNAi in nematodes, occurs in response to transposons, transgenes, and virus infection. The

variegated pattern of anthocyanin production in Petunia corollas caused by CHS

overexpression (Napoli et al., 2000; Mol et al., 2000) is an example of this type of silencing.

Transcriptional gene silencing (TGS) occurs in the nucleus, and is correlated with DNA

methylation and changes in histone acetylation and methylation (Matzke et al., 2004).

Arabidopsis mutants defective in TGS have been isolated (Jeddeloh et al., 1999, Mittlesten

Scheid et al., 1998) and map to genes encoding chromatin remodeling proteins including

DDM1 (DNA deficient in methylation) and MET1 (DNA methyltransferase) (Jedeloh et al.,
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1999, Finnegan and Dennis, 1993). Changes in chromatin structure render DNA inaccessible

to transcription machinery, and in contrast to PTGS, no mRNA is produced.  Early evidence

suggested that TGS may result from DNA pairing (Bender, 1998), but it is now generally

believed that siRNAs are somehow guided to complementary DNA sequences (Wassenegger

et al., 1994, Matzke et al., 2001). TGS may also function to protect plants against damage by

transposons (Lippman et al., 2003). In transgenic plants, transcriptional gene silencing is

often associated with methylation of promoter sequences (Aufsatz et al., 2002) whereas the

coding sequence is often methylated in PTGS (Jones et al., 1998).

miRNA mediated regulation of gene expression also occurs post-transcriptionally

(reviewed in Baulcombe,, 2004).  miRNAs bind to specific cognate mRNAs and either target

them for cleavage or repress their translation(Llave et al., 2002).  miRNAs are encoded in

trans and are processed to form 20 – 24 nt fragments. Although miRNA silencing is the least

understood of the three pathways, evidence suggests that miRNAs are important in the spatial

and temporal regulation of developmental gene expression in plants and animals (Fagard et

al., 2000, Kinder and Martienssen, 2004). Mutations in several genes of the miRNA

production pathway, including DCL1 (dicer-like protein), HEN1 (HUA enhancer), and

AGO1 from Arabidopsis, result in aberrant developmental phenotypes in flowers and

vasculature (reviewed in Hunter and Poethig, 2003, Baulcombe, 2004).

Virus-induced gene silencing

RNA viruses elicit cytoplasmic silencing in their hosts through the production of

dsRNA species and subsequent degradation into siRNAs that target viral RNA (Marathe et

al., 2000, Ratcliff et al., 1999). When the virus is modified to serve as a vector for

propagating sequences homologous to host genes, this process is called virus-induced gene
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silencing (VIGS; Ruiz et al., 1998). Silencing can result in depletion of viral RNA from the

plant if there is homology to a transgene (Ruiz et al., 1998) and there are several lines of

evidence that plant recovery from virus infection is a PTGS-related response (Vaucheret et

al., 2001). Silencing of endogenous genes can result in cycles of depletion and amplification

of the viral vector (Jones et al., 1998).

Geminiviruses interact with plant silencing machinery differently than RNA viruses

(Muangsan et al., 2004). Geminiviruses also elicit a silencing response in plants but because

their genomes consist of DNA molecules, they are not degraded. TGMV shows a recovery

phase that is likely the result of siRNA production from TGMV transcripts but unlike RNA

viruses, their DNA genomes are not eliminated. Leaves of cassava and N. benthamiana

plants recovering from infections of ACMV (Cameroon) and Sri Lankan Cassava Mosaic

Virus (SLCMV) show an increase in siRNA production and a corresponding decrease in viral

DNA accumulation (Chellappan et al., 2004b).

Unlike RNA viruses, there are no known examples of coat protein gene-mediated

resistance (also known as pathogen derived resistance) that have provided durable resistance

to geminiviruses (Robertson, 2004). Resistance has been achieved by expressing sequences

homologous to the AL1 gene, which is the only gene required for viral DNA replication and

is required for host induction of cell cycle machinery (Asad et al., 2003, Bendahmane and

Bronenborn, 1997, Chellappan et al., 2004a, Day et al., 1991, Lucioli et al., 2003, Noris et

al., 1997). If silencing depletes AL1 transcript levels below a certain threshold, it may not be

able to induce DNA replication. In some cases this resistance is overcome by subsequent

infections by whiteflies and in others, resistance appears to be durable.
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Vanitharani et al. (2005) suggest that dsRNA is produced by geminiviruses, directly

triggering gene silencing. Geminivirus genomes are single stranded, but they produce

dsDNA intermediates that serve as templates for bidirectional transcription of viral genes

needed for replication and movement (Hanley-Bowodin et al., 1999). Bidirectional

readthrough of geminivirus transcripts has been shown (Chellappan et al., 2004b). Binding of

overlapping unprocessed transcripts at their 3’ends is possible. Non-overlapping RNA could

then be synthesized into dsRNA by RNA-dependent RNA polymerase (RdRP), a protein

encoded by RDR6 in Arabidopsis that is required for DNA VIGS (Muangsan et al., 2004).

Alternatively, the presence of abnormally high levels of ssRNAs from transcription of viral

genes and silencing sequences may serve as templates for RDR-dependent production of

dsRNA (Muangsan et al., 2004, Robertson, 2004). The question of how viral genes escape

silencing remains unanswered.

DNA virus-derived silencing vectors

The ability of viruses to induce a PTGS response in plants has been utilized to silence

endogenous and transgene transcripts. Cloning fragments of host genes into a viral vector and

subsequent introduction of the vector into the original host triggers a silencing response

against the insert fragment. Sequence insertions, however, must have regions of at minimum

23 nt for a transgene (Thomas et al., 2001) or 51 nt for an endogenous gene (Thomas et al.,

2001, Peele et al. 2001). Peele et al. found that 92 nt of homology greatly increased the

spread of silencing of the SU gene and that further increases in size had little additional

benefit other than to decrease symptoms. Several DNA and RNA viruses have been modified

to serve as silencing vectors, including three members of the Begomovirus genus, TGMV,

ACMV(CM), and CaLCuV (Robertson, 2004, Fofana et al. 2004). Using DNA viruses as
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silencing vectors provides an epigenetic mechanism by which to study gene function and

silencing through mRNA knockdowns.

 Kjemtrup et al. (1998) first described DNA VIGS, where TGMV was engineered to

carry fragments of genes with homology to either an endogenous gene or transgene. The

TGMV A component was modified by replacing the AR1 open reading frame with DNA

fragments from either the firefly luciferase gene (LUC) or the endogenous magnesium

chelatase gene (SU), required for chlorophyll biosynthesis. The AR1 promoter was left intact,

allowing the inserted genes to be transcribed under its control. N. benthamiana plants at 4-6

leaf stage inoculated with TGMV::SU exhibited small yellow spots on inoculated leaves with

a diameter of up to 3 mm. Systemically infected tissue also lacked chlorophyll, and the extent

of chlorophyll loss increased over time. Silencing occurred irrespective of whether the

silencing fragment was obtained from the 5’ or 3’ portions of the gene, or its orientation with

respect to the AR1 promoter sequence. Transgenic LUC plants bombarded with TGMV:LUC

also displayed silencing in inoculated and systemic tissue.

Work by Peele et al. (2001, Chapter 2) demonstrated that silencing elicited from the

TGMV B component is equally if not more effective than TGMV A. Whereas TGMV A

vector was made by replacement of the coat protein gene with a cloning site for silencing

inserts, the TGMV B component vector placed silencing fragments downstream of the BR1

stop codon but before its polyadenylation sequence. Fragments in this vector are therefore

co-transcribed with the BR1 gene and are under the control of its promoter. As a

consequence, there is an upper size limitation of ~160 bp on the silencing fragment insert.

The size range of fragments used for the A component is 100-800 bp. Recent work has also

demonstrated that the ACMV(CM) A component is a viable silencing vector in N.
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benthamiana and cassava (Fofana et al., 2004). This vector effectively silenced the same SU

gene as in Kjemtrup et al., 1998. A cassava laminarin gene was also silenced by this vector

and silenced plants phenocopied antisense lines of the same gene.

 CaLCuV has also been modified as a silencing vector in Arabidopsis (Turnage et al.,

2002), and shares many of the same characteristics with respect to vector limitations and

construction as TGMV. In this study, the AR1 gene was replaced by silencing fragments of

the Arabidopsis PDS (phytoene desaturase, required for carotenoid synthesis), ChlI gene

(CH42, magnesium chelatase subunit), Green Fluorescent Protein (GFP), a PDS/CH42

chimeric fragment, and a GFP/CH42 chimeric fragment. Silencing was seen in plants

inoculated with all constructs, indicating that individual and combinations of unrelated genes

can be targeted by this method. Silencing from a CaLCuV B component vector with a CH42

insert did not result in effective silencing (Turnage et al., 2002).

Muangsan et al. (2004) used the CaLCuV A vector carrying ChlI (the Arabidopsis

sulfur homeologue) to determine if certain host factors were required for DNA VIGS. Two

genes, RDR6 and SGS3, were needed for silencing of the endogenous ChlI gene. This

finding distinguished DNA VIGS from RNA VIGS, which does not require an RDR gene.

The mobile silencing signal

A fascinating aspect of silencing in general is the proliferation and movement of a

non-cell-autonomous silencing signal. Early work with plant grafting demonstrated that a

non-silenced transgenic scion grafted onto a silenced transgenic stock resulted in progressive

silencing of the homologous transgene in the non-silenced scion (Palaqui et al., 1997).

Inoculation of single leaves of GFP transgenic tobacco with plasmids containing

promoterless GFP produced extensive GFP silencing throughout non-inoculated tissue
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(Voinnet et al. 1998).  In both DNA and RNA VIGS, a mobile signal is responsible for

triggering recovery from infection (Baulcombe, 2004). Correspondingly, silencing signals

generated against host target genes can induce systemic mRNA degradation and, depending

on the target gene, produce a visible phenotype. Geminivirus-derived silencing signals are

capable of local spread, and can move into systemic cells in the absence of viral DNA.

(Kjemtrup, 1998, Peele et al., 2001). Nevertheless, systemic movement of viral DNA is

required to induce systemic transmission of a silencing signal (Kjemtrup, 1998, Peele et al.,

2001).

The exact identity of the mobile silencing signal is not clear. siRNAs have been

shown to accumulate in silenced tissue (Mlotshwa et al., 2002), and are capable of localized

cell-to-cell and long distance movement (Ruiz-Medrano et al., 2004). Himber et al. (2004)

reported that 21nt siRNAs generated during RNA virus-induced GFP silencing are capable of

short-distance movement (10-15 cells). They also showed that long-distance movement

depends on an amplification-relay mechanism requiring RDR6 encoding RdRP, and SDE3

(an RNA helicase), and that siRNAs must be regenerated every 10-15 cells to propagate a

silencing signal throughout the plant. As previously mentioned, Muangsan et al. (2004)

demonstrated that RDR6 is required for local spread of DNA VIGS.

The mechanism of siRNA movement between cells and tissues is also not well

understood. Phloem transport of siRNAs may be responsible for facilitating systemic

movement in plants (Kim, 2005). A phloem-derived small RNA binding protein from

Cucurbita maxima (CmPSRP1) has been isolated and shown to associate with 21-25 nt

ssRNA species during transgene and virus initiated silencing (Yoo et al., 2004). CmPSRP1

was shown to mediate cell-to-cell ssRNA movement and long distance movement through
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the phloem. dsRNA movement was not facilitated by this protein, indicating that there may

be unidentified proteins involved in dsRNA movement. Other RNA-binding proteins from

Cucurbita have also been isolated and shown to transport viroid RNAs, but it is unclear if

they possess siRNA-binding activity (Gomez and Pallas, 2005).

Potential of geminivirus-induced gene silencing for dissecting gene function

DNA VIGS has been shown to induce an effective silencing phenotype throughout

host plants. The genes silenced by this method, however, had already established functions

yielding predictable phenotypes. There has been limited use of DNA or RNA VIGS vectors

to establish novel functions of genes (Fitzmaurice et al., 2002, Oparka et al., 2004). Use of

DNA VIGS as a tool for assessing gene function is advantageous for multiple reasons. First,

DNA viral genomes are easy to manipulate relative to RNA viruses. Inoculation and

induction of a phenotype is also quick compared to producing stable knockout lines through

Agrobacterium transformation. Concomitant with this is the fact that DNA VIGS is

epigenetic and does not result in changes in chromatin content. Finally, traditional mutation

approaches in genes required for plant growth and development may prohibit seed

germination, making phenotypic assessment in mature plants difficult. DNA VIGS can

overcome this obstacle because of its ability to target intact plants, making functional

assessment of genes essential for development possible. The work described in this thesis

uses DNA VIGS to silence two genes that are essential for plant growth and development,

PCNA and pRBR. While the function of PCNA is fairly well understood in plants, the role of

pRBR is not.
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Plant Development: Contributions From the Cell Cycle   

The cell cycle is composed of a DNA replication phase, S, and cell division phase, M,

with two interceding gap phases, G1 and G2. G1 serves as a period of cell growth after

mitosis and before additional replication during S-phase. G2 acts as a lag period between

replication and mitosis to ensure that DNA replication has been accurately and fully

completed and that conditions for mitosis are favorable. There is likely to be tight regulation

of G1/S and G2/M transitions (Dewitte and Murray, 2003). Cell cycle arrest and

differentiation may occur in G1, where cells enter a quiescent state referred to as G0. Cell

cycle arrest may also occur before mitosis in G2. Some differentiated plant cells are capable

of endoreduplication, and show increase ploidy levels by going through repeated S-phases

with no mitotic events (Joubes and Chevalier, 2000).

The body of the work presented herein is primarily concerned with proteins found in

G1/S. The process of G1/S transition may be initiated by transcriptional activation of D3-

type cyclin (CycD3) by cytokinin  (Soni et al., 1995, Inze, 2005). CycD3 forms an active

complex with cyclin dependent kinase A (CDKA), which phorphorylates pRBR (de Veylder

et al., 2003). As described earlier, pRBR binds E2F transcription factors in G1, and

CycD3/CDK phosphorylation results in E2F liberation and potential to transactivate multiple

promoters of genes expressed in late G1 and S-phase (reviewed in Dewitte and Murray,

2003). These include CycD3 (thereby creating a positive feedback loop), ribonucleotide

reductase, CDC6, and PCNA (Chaboute et al., 2000, de Jager et al., 2001, Kosugi and

Ohashi, 2002a, Kosugi and Ohashi, 2002b).



20

Proliferating Cell Nuclear Antigen

PCNA is an important factor in eukaryotic DNA replication. It binds with and acts as

a processivity factor for DNA polymerase delta during DNA synthesis (Brown and

Campbell, 1998), and is functionally analogous to the beta subunit of E. coli DNA

polymerase III (Kelman and Hurwitz, 1998). PCNA also binds to a host of other replication

factors including replication factor complexes (RFCs, Zhang et al., 1999) in yeast, chromatin

assembly factor (CAF-1, Shibahara and Stillman, 1999), DNA methyltransferase (Chuang et

al., 1999), and histone deacetylase (HDAC, Miltinovic, 2002). The mammalian PCNA also

binds with the CDK inhibitor p21 (Rousseau et al., 1999, Fotedar et al., 2004), thereby

inhibiting DNA replication and arresting the cell cycle.

PCNA is localized in nuclei of dividing plant cell populations including the meristem

and young leaves (Nagar et al., 1995). The plant PCNA has been shown to be

developmentally regulated by E2Fs, which bind the rice and N. benthamiana PCNA

promoters at two different sites (Kosugi and Ohashi, 2002, Egelkrout et al., 2001, Egelkrout

et al., 2002). E2F2 binding at the proximal binding site has been shown to repress PCNA

transcription in mature tissues of N. benthamiana (Egelkrout et al., 2001). More recently it

was found that E2F1 binding at a distal site acts as an anti-repressor of E2F2 in young leaves

(Egelkrout et al., 2002).  PCNA is not expressed at detectable levels in mature differentiated

cells that have exited the cell cycle. PCNA is induced in mature cells, however, of TGMV

infected plants, and in those of transgenic plants expressing AL1 (Nagar et al., 1995). PCNA

also directly interacts with IMYMV AL1 (Bawegadi and Chan, 2004), as previously

described.
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Retinoblastoma-related protein

The animal retinoblastoma protein (pRB) was first identified in humans by a mutation

in retinal tumor cells, and is associated with many mammalian soft tissue cancers (Classon

and Harlow, 2002). pRB belongs to a large family of tumor suppressor proteins in animals,

including p107, p130, and a Drosophila pRB homolog, which share a conserved A/B binding

pocket (Claudio et al., 2002). pRB is bound through a conserved LxCxE motif and

phosphorylated by CycD/CDK4 and CycE/CDK2 complexes in late G1(reviewed in Liu et

al., 2004). This releases pRB-bound E2Fs, leading to DNA replication and cell division. pRB

is dephosphorylated shortly before M/G1 transition. In animals, pRB represses E2Fs by

direct binding and by recruiting chromatin remodeling factors such as histone deacetylase

(HDAC), DNA methyltransferase (DNMT), SET domain histone methyltransferases, and

SWI-SNF containing complexes (Shen et al., 2002). pRB in its unphosphorylated form

blocks cell cycle progression by inducing heterochromatin formation, thereby preventing

transcription of E2F bound promoters of genes needed for DNA replication  (Brehm and

Kouzarides, 1999, Harbour et al., 2000, Trimarchi and Lees, 2002).

 pRB has been shown to be developmentally important, especially in the conversion

of cells from a proliferative to a differentiated state. Mouse embryos lacking pRB contain

cells that do not differentiate, leading to cellular apoptosis and whole organism death at 14

days (Jacks et al., 1992). A partial reduction of pRB in mice results in death at birth and the

inability to differentiate neuronal and blood cell types (Zacksenhaus, 1996). Likewise,

mutations in the pRB binding site of E2F1 result in rat fibroblast overproliferation and cell

death (Shan et al., 1996). Cell death is engaged by the expression of p53 in the absence of

pRB (Morgenbesser et al., 1994).
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Three plant retinoblastoma-related proteins (pRBR) have been identified in maize,

(ZmRB1, RRB 1, RRB2, Graffi et al., 1996, Ach et al., 1997), and one each in tobacco,

Arabidopsis, and Chenopodium rubrum (Nakagami et al., 1999, Inze et al., 1999, Fountain et

al., 1999).  Plant pRBR proteins share 25-35% sequence homology with animal pRB in the

A/B binding pocket. Plant pRBRs also have conserved phosphorylation sites, and a N-

terminal domain (de Jager and Murray, 1999, Durfee et al., 2000, Claudio et al, 2002).

A growing body of work suggests that plant pRBR may have similar functions to

pRB in cell cycle and developmental regulation. These have mostly been mix and match

experiments where different pRBR proteins and their potential binding substrates have been

shown to interact, mostly in vitro. ZmRB1 binds to the maize CycD2 and CycD3 in vitro

through their LxCxE binding motif (Ach et al., 1997, Huntley, 1998), and with Alfalfa CycA

in yeast two hybrid assays (Roudier et al., 2000). NtRb1 (tobacco) has also been shown to

bind CycD in vitro (Nakagami et al., 1999), and with CycD2/CDK in BY2 cells (Boniotti and

Guiterrez, 2001). In this later study, CycD-pRBR interaction fluctuated in a cell cycle-

dependent manner, with the highest level of binding occurring in G1 and S phase. ZmRB1

interacts with wheat E2Fs (Guiterrez, 1998, Inze et al., 1999), and binds to Drosophila E2F

and inhibits its activity (Huntley et al., 1998). ZmRB1 also interacts with human E2Fs (Shen

et al., 2002). In addition, human E2F-responsive promoters are repressed when ZmRB1 is

expressed in human cells and ZmRB1 has been shown to physically interact with E2F in

yeast dihybrid assays (Ramirez-Parra et al., 1999, Sekine et al., 1999). The ZmRB1 is

capable of interacting with the SV40 large T-antigen and adenovirus E1A protein in vitro

(Ach et al., 1997). The same pRBR also binds with the Wheat Dwarf Virus RepA protein

(Xie et al., 1996) and the TGMV AL1 protein (Ach et al., 1997). Taken together, these
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results indicate that pRBR is capable of interacting with cyclins, E2F, and viral protein

substrates from different kingdoms. This suggests that plant pRBR may share similar

functions with the animal pRB with respect to cell cycle activity.

There is evidence that pRBR proteins may have epigenetic effects through interaction

with multiple chromatin-associated proteins. ZmRB1 binds with the tomato homolog of the

human pRB-associated protein Rbp48, which recruits HDAC to chromatin (Huntley et al.,

1998, Rossi et al., 2001). The Arabidopsis homolog to this protein, MSI1, is a component of

the chromatin assembly factor complex with FAS1 and FAS2 (FASCIATION). Loss of FAS

expression results in uncontrolled cell proliferation, fasciated meristems, and loss of

meristem identity (Kaya et al., 2001). ZmRb1 also interacts with the Arabidopsis CURLY

LEAF (CLF) protein, a polycomb group (PcG) protein in vitro. PcG proteins are implicated

in gene silencing via stabilization of heterochromatin (Williams and Grafi, 2000). An

Arabidopsis SWI-2 related protein similar to the animal SWI-SNF chromatin remodeling

factor has been found, as well as a DNMT (Shen et al., 2002) and a SET domain

methyltransferase (Baunbush et al., 2001). Whether these proteins interact with pRBR,

however, is not known.

There has been limited developmental characterization of pRBR proteins in whole

plants. Ach et al. (1997) found that maize RBR transcript levels are high in the shoot apex.

This has been confirmed by microarray analysis of transcripts in Arabidopsis (Menges et al.,

2005). Because meristematic cells actively go through the cell cycle and differentiate, pRBR

levels may be higher in meristems than in the rest of the plant during transition to a

differentiated state. Huntley and colleagues (1998) showed that ZmRB1 levels are high at the

base of maize leaf blades and low at their apices. ZmRB1 levels were correlated with cell
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differentiation. Also, ZmRB1 expression in BY2 cells resulted in inhibited cell division

(Gordon-Kamm et al., 2002). These results implicate ZmRB1 as being necessary for cell

cycle exit, as found in mice (Zacksenhaus, 1996).

Recent work has shown that the Arabidopsis pRBR is a negative regulator of cell

proliferation during gametophytic development. Approximately 50% of the ovules from

heterozygous pRBR mutant plants aborted when the mutant allele was maternally inherited

(Ebel et al., 2004). Developing embryo sacs failed to arrest in mitosis, contained

supernumerary nuclei, and underwent endoreduplication. Central cells also initiated cell-

autonomous endosperm development without fertilization. The same group has found that

homozygous mutations result in embryo lethality (Ebel et al., 2004).

Genetic control of developmental programs

Plant development is a continuous process that is characterized by the ability to

generate new leaves, flowers and fruits from meristems. The shoot apical meristem is

composed of multiple layers of cells making up the tunica (first outer layers) and corpus

(subtending layers) that contain an actively dividing cell population. During the initiation of

new organs or elongation of the stem, a group of founder cells are set aside for differentiation

while other meristematic cells maintain their proliferative state. This is a fascinating process

that occurs regularly in all plants contributing to leaf primordia and the axillary and lateral

meristems in shoots. Cells slated for differentiation often continue dividing until a sufficient

organ primordial cell population is generated, at which time they arrest, elongate, and

terminally differentiate.

Plant development overall is dictated by environmental, hormonal, and nutritional

conditions (Meijer and Murray, 2001). The cellular decision to differentiate or continue
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dividing is spatially and temporally influenced at the tissue and cell level by a large number

of  “higher order” genetic factors that are likely to interact with cell cycle machinery. There

is evidence, however, that some cell cycle associated proteins are independent of positional

control. Several complex mechanistic models describing the interplay between the cell cycle

and positional control genes have been developed (Meijer and Murray, 2001, Mizukami,

2001, Beemster et al., 2003). Such models are often incomplete given constantly evolving

information about individual effects of proteins on development. Likewise there is no in vitro

or in vivo evidence of direct interaction between cell cycle machinery components and higher

order controls.

Several patterning genes have been identified and correlated with meristem

maintenance. SHOOT MERISTEMLESS (STM) is a member of the KNOTTED class of

homeodomain proteins that has been implicated in meristem formation and maintenance. A

partial loss of function mutation in one of the gene’s two alleles (stm-1) in Arabidopsis

results in embryos that do not form recognizable meristems or true leaves (Clark et al., 1996).

Mutations in the other allele (stm-2) result in fully germinated plants that have few leaves

with indeterminate growth resulting in plant death (Long et al., 1996). Different mutations in

the Arabidopsis CLAVATA1 (CLV1) gene family, which is localized to cells subtending

those undergoing division, produce larger meristems with more floral organs, fasciation, and

over-accumulation and expansion of proliferating cells in the apical dome. CLV and STM

seem to have opposite roles in meristem maintenance. STM positively regulates meristem

cell populations while CLV negatively regulates the number of dividing cells by promoting

differentiation. STM is not needed in the absence of CLV to regulate meristem size and

proliferative capacity (Weigel and Clark, 1996), indicating that these two genes are truly
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involved in balancing the proliferative and differentiation functions of the meristem and

compete with one another. Mutations in Arabidopsis FASCIATION (fas1, fas2) genes lead to

fasciation and loss of meristem identity (Kaya et al., 2001).

Overexpression of the maize KNOTTED (kn1) protein lead to ectopic shoot

formation on adaxial leaf surfaces of tobacco and “shooty” plants (Sinha et al., 1993),

indicating that KN1 may normally enhance the cell cycle and meristem formation. Loss of

function mutations in the Arabidopsis AINTEGUMENTA gene (ANT) result in a reduction

in floral organ size, whereas overexpression causes increased floral organ and leaf size

(Mizukam and Fischer, 2000). ANT has been implicated in maintaining meristematic

competence in developing leaves because overexpression mutants undergo extra cell

divisions, contain higher CycD3 levels relative to wild type plants, and leaf explants cause

callus formation in the absence of cytokinins (Mizukami and Fischer, 2000).

Different cell cycle proteins have also been manipulated, albeit to a lesser extent, and

have yielded information about their role in cell cycle and their relationship to positional

control genes in development. de Veylder and colleagues (2002) have shown that

overexpressing the E2Fa and its dimerization partner (DPa) result in endoreduplication and

extra cell divisions in leaves of Arabidopsis. Overexpression of the Arabidopsis cyclin D3

(CycD3), which is important in G1/S transition, results in numerous undifferentiated cells

contributing to distorted leaves (Riou-Khamlichi et al., 1999). Correspondingly,

overexpression of INHIBITOR OF CDK1 (ICK1), a protein that negatively regulates CDK

by binding and repressing it, reduces cell number and leaf size (Wang et al., 2000).

Overexpression of CycD2, a related G1 protein, in tobacco, however, leads to an increase in

cell division and accelerated plant growth grate with no terminal effects on organ or plant
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morphology (Cockcroft et al., 2000). Taken together these results indicate that some cell

cycle machinery components influence cell cycle progression (CycD2) and division pattern

control during organ formation while others have downstream effects (E2Fa/DPa, CycD3).

Thesis Summary

The relationship between plant cell cycle control and development is complex and is

influenced by a number of variables that are obviously interrelated. Most of the studies

conducted so far have concentrated on spatial patterning genes that work with the cell cycle

to influence meristematic competence and cellular contributions to organ size, shape and

density (reviewed by Fletcher, 2002). Genome-wide analysis of cell cycle regulators is

yielding new information about gene expression during cell cycle control (Menges et al.,

2005), making it possible to identify genes for manipulation and to predict their functions.

There has been limited information derived from knockdowns of key cell cycle proteins,

however, because doing so through a transgenic approach would result in embryo lethality.

Gene silencing using geminivirus vectors eliminates this problem by targeting intact plants

and triggering a mobile silencing signal that is effective in both mature and developing

tissues. No genes directly involved in the cell cycle, however, have been assessed using

geminivirus VIGS. It has so far not been determined if geminivirus-induced silencing signals

can move into meristematic cell populations. Thus, this thesis project had three major goals.

The first was to determine if silencing cell cycle genes through VIGS was possible. The

second was to determine if silencing a gene primarily expressed in the meristem could be

achieved. The third was to examine phenotypes of silenced plants and deduce the function of
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the silenced gene target in plant development. These questions were addressed by using

TGMV to silence two candidate genes, PCNA and pRBR, in N. benthamiana.

Chapter Two describes experiments using the TGMV vector to silence PCNA, which

is primarily found in dividing cells including those in the meristem. We found that silencing

PCNA in meristematic tissue resulted in reduced PCNA protein levels in meristems, and that

a reduction in PCNA levels caused a decrease in primary growth, aberrant meristem

morphology, cellular differentiation, and accumulation of undifferentiated cells in some

instances. These data describe the first silencing of a meristematic gene by geminivirus

VIGS, and implicate PCNA as an important component in meristem cell proliferation.

Chapter Three describes silencing the tobacco RBR gene using the same vector. In

this study, silencing resulted in mature cell death. Cell death was verified using a

combination of Trypan Blue staining and fluorescence microscopy. TGMV AL1-pRBR

binding during infection and RBR silencing were separated by inoculating plants with the

KEE146 binding mutant. We found that silencing occurred in a pattern consistent with visual

marker silencing controls using this mutant. We also found that late developing leaves and

flowers of silencing plants developed abnormally, and that silencing may have an effect on

progeny derived from affected flowers. We conclude from this work that RBR silencing in

differentiated tissues triggers programmed cell death, while silencing in developing tissues

results in abnormal cell divisions or elongation.

A synthesis of the ability to silence genes in the meristem given our PCNA results

and others using VIGS vectors is presented in Chapter Four. A discussion of the relationship

between pRBR, cell death, and TGMV infection is also presented.
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Summary

Geminiviruses are DNA viruses that replicate and transcribe their genes in plant nuclei. They are ideal

vectors for understanding plant gene function because of their ability to cause systemic silencing in new

growth and ease of inoculation. We previously demonstrated DNA episome-mediated gene silencing

from a bipartite geminivirus in Nicotiana benthamiana. Using an improved vector, we now show that

extensive silencing of endogenous genes can be obtained using less than 100 bp of homologous

sequence. Concomitant symptom development varied depending upon the target gene and insert size,

with larger inserts producing milder symptoms. In situ hybridization of silenced tissue in attenuated

infections demonstrated that silencing occurs in cells that lack detectable levels of viral DNA. A mutation

con®ning the virus to vascular tissue produced extensive silencing in mesophyll tissue, further

demonstrating that endogenous gene silencing can be separated from viral infection. We also show that

two essential genes encoding a subunit of magnesium chelatase and proliferating cell nuclear antigen

(PCNA) can be silenced simultaneously from different components of the same viral vector.

Immunolocalization of silenced tissue showed that the PCNA protein was down-regulated throughout

meristematic tissues. Our results demonstrate that geminivirus-derived vectors can be used to study

genes involved in meristem function in intact plants.

Keywords: Geminiviruses, homology-dependent gene silencing, meristems, functional genomics, plant

DNA viruses, magnesium chelatase, proliferating cell nuclear antigen.

Introduction

Identi®cation of gene function is a major limitation on the

use of genomic sequence information being generated for

many plant species. One strategy for assigning function to

unknown genes is to use reverse genetics to generate

mutant or `knockout' phenotypes. In Arabidopsis and

maize, knockouts can often be obtained from insertions

of transposons or T-DNAs. Although insertional mutagen-

esis is a powerful tool, it is dif®cult to saturate the genome

with single-copy insertions. In addition, lethal mutations

will not be detected, and it is dif®cult and time consuming

to combine insertions in each member of a multigene

family. An alternative approach uses vectors that produce

self-complementary mRNA and generate double-stranded

RNA intermediates (dsRNA) (Chuang and Meyerowitz,

2000; Wang and Waterhouse, 2000). Combined with an

inducible promoter, this method in theory allows precise

control over target gene transcript levels. However, this

method is dif®cult to adapt for high throughput pro-

cedures that test gene function, and the process of

chromosomal transformation can be mutagenic. In crop

plants that lack robust transformation procedures, gener-

ating high numbers of transformants is dif®cult.

Microinjection of dsRNA has been used extensively to

study gene function in C. elegans (Tabara et al., 1998).

Although interference of gene expression by dsRNA

(RNAi) has been reported for a wide variety of eukaryotes
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(Bosher and Labouesse, 2000; Cogoni and Macino, 2000)

including plants, there may be genetic or physical barriers

that prevent microinjected dsRNA from initiating detect-

able silencing in plants. An alternative method for

systemic silencing in intact plants uses virus-derived

vectors (Baulcombe, 1999). Extensive silencing throughout

plant tissues has been demonstrated using silencing

vectors derived from either DNA or RNA viruses

(Covey and Al-Kaff, 2000; Jones et al., 1999; Kjemtrup

et al., 1998; Kumagai et al., 1995; Ratcliff et al., 1999; Ruiz

et al., 1998). Advantages of using viruses to cause

homology-dependent gene silencing include the ability to

target intact plants, by-passing a transformation step, and

the lack of integration of potentially mutagenic sequences

into chromosomal DNA.

Geminiviruses are single-stranded DNA viruses that

replicate and transcribe their genomes in plant nuclei

(Hanley-Bowdoin et al., 1999). As a group, they infect a

broad range of plants, including maize, cotton, wheat,

bean, and cassava. Our earlier work used tomato golden

mosaic virus (TGMV), a bipartite geminivirus of the

begomovirus genus, to silence the su gene, encoding

one subunit of the chloroplast enzyme magnesium

chelatase (Kjemtrup et al., 1998). The wt su gene is

recessive with respect to the mutant allele, Sulfur, a

semidominant aurea mutant (Kawata and Cheung, 1990).

The gene, which was cloned by transposon tagging in

tobacco (Fitzmaurice et al., 1999; Nguyen, 1995), provides a

convenient marker for assessing silencing. Although our

®rst silencing vector was effective, it lacked the coat

protein gene (AR1), which is required for cell-to-cell

movement by many geminiviruses. We show here that

small insertions of foreign DNA into vectors that retain the

coat protein gene are effective for gene silencing, and that

simultaneous silencing of different genes is possible. We

also show that, although geminiviruses are excluded from

the apical meristem, silencing of an endogenous gene can

occur throughout the meristem.

Results

Previously we tested a silencing vector derived from the

TGMV A component that contained a multiple cloning site

for inserting plant DNA, which replaced the AR1 gene

(Figure 1a) (Kjemtrup et al., 1998). When bombarded with

TGMV B DNA into Nicotiana benthamiana, the recombi-

nant virus replicated, moved systemically, and ef®ciently

silenced homologous plant genes (Kjemtrup et al., 1998).

We used the endogenous nuclear gene, su, as a target for

silencing because down-regulation of this gene caused an

easily visualized phenotype, loss of chlorophyll.

Fragments of up to 800 bp of su DNA were stably

propagated and transcribed from TGMV A (Kjemtrup

et al., 1998).

To determine the shortest sequence necessary to induce

silencing various-sized fragments from the middle of

the su gene (Figure 1b) were cloned into the TGMV A

vector and cobombarded into plants with TGMV B DNA.

Minimal silencing was seen when a 51-bp fragment

of su (A::51su/B; see Table 1 for nomenclature) was

bombarded into plants. Although viral transcription of

larger su fragments caused circular yellow spots on

bombarded leaves 5 days postinoculation, no silencing

was observed initially in tissue bombarded with A::51su/B.

Instead, variegation was con®ned to veins in new growth

and only some plants showed silencing in three experi-

ments (data not shown). In contrast, A::92su/B, containing

41 bp of additional su sequence, consistently caused

silencing in every inoculated plant (Figure 2a) and

produced yellow spots on target tissue. These results

demonstrated that 51 bp of homologous sequence is near

the lower limit for induction of endogenous gene silencing

by TGMV A vectors, while a 92-bp fragment was highly

effective for silencing.

The small size requirement for silencing allowed us to

test a different TGMV vector that expressed all of the viral

genes including the AR1 gene. The same 92-bp su

fragment (Figure 1b) was cloned into TGMV B immediately

downstream of the BR1 gene such that BR1 and foreign

DNA sequences were cotranscribed from the BR1 pro-

moter (Figure 1a). Plants inoculated with A/B::92su showed

Figure 1. TGMV A- and B-derived episomal silencing vectors.
(a) Silencing DNA fragments homologous to endogenous gene(s) are
inserted into a multiple cloning site (MCS). In the A component vector,
silencing fragments are transcribed from the AR1 promoter and are
inserted in place of the AR1 gene. In the B component vector, silencing
DNA is inserted 20 bp downstream of the BR1 stop codon, and is
cotranscribed with BR1. The viral genes, AL1, AL2, AL3, BL1 and BR1, are
needed for replication and movement of the vector. The common region
is identical in the two components and contains the origin of replication.
(b) Location of gene fragments from the su cDNA used for silencing. The
arrow shows the su cDNA and the ATG and TAA mark the beginning and
end of the gene. The 204 bp fragment, which contains 92 bp of 3¢
untranslated sequence, was not tested.
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extensive silencing (Figure 2b) but developed viral symp-

toms that included leaf curling and stunting. In contrast,

plants inoculated with a fragment containing an additional

62 bp of su (A/B::154su) showed extensive silencing and

minimal symptoms (Figure 2c). These plants never out-

grew silencing. This fragment was tested in both the sense

and antisense orientations in the B component vector.

Although systemic silencing was slightly greater in plants

inoculated with the sense construct, the difference was not

signi®cant (data not shown). To determine if sequence

location was important, a 154-bp fragment from the 5¢ end

of the su gene was ampli®ed by PCR and tested for

silencing in the TGMV B vector. There were no signi®cant

differences in symptom development or extent of silencing

between the two fragments (data not shown).

TGMV has a size limitation for stable propagation of

foreign DNA (Elmer and Rogers, 1990). To test the upper

size limit for the B component, we cloned 455 and 935 bp

of su DNA into TGMV B. These constructs supported

signi®cantly less silencing than those carrying 92±154 bp

of su sequence. Except for bombarded leaves, which had

numerous yellow spots, extensive silencing was seen in

only one of 10 plants and was delayed. PCR analysis of

viral DNA isolated from this plant showed that a deletion

had occured that was predicted to decrease the insert size

to below 150 bp (data not shown). A second set of

experiments tested single and tandem direct repeats of a

180-bp insert homologous to the PCNA gene. Plants

inoculated with a single 180-bp insert lacked symptoms

and showed very little DNA accumulation in new growth

(Figure 3a). In contrast plants inoculated with the tandem

repeat showed symptoms resembling wt TGMV, and

supported high levels of viral DNA replication. PCR analy-

sis of insert size showed that while a single insert was

stable, in every case the tandem repeat was deleted,

allowing productive infection of upper leaves (Figure 3b).

Sequence analysis of one of the deleted fragments

revealed that fewer than 25 nt retained homology to the

original PCNA insert (data not shown). These results

demonstrate that there is a narrow range of fragment

sizes that can be stably propagated by the TGMV B vector,

and that large fragments either prevent viral movement or

are deleted.

Silencing of two genes from the TGMV B vector was

tested using a 140-bp chimeric DNA insert consisting of

58 bp homologous to su and 72 bp homologous to GFP.

Silencing of both su and GFP was detected following

bombardment into N. benthamiana carrying a CaMV 35S-

GFP transgene. GFP silencing occured throughout the

plant, whereas su silencing was variable and reduced

compared with GFP (Figure 2d,e). These results demon-

strate that two genes can be silenced simultaneously from

the same episomal DNA construct. Similar results were

obtained using a chimeric fragment inserted as an AR1

replacement in TGMV A (data not shown). In this case the

fragment contained 400 bp of homology with GFP and

390 bp of homology to su. Although GFP silencing gener-

ally extended throughout the plant, su silencing was not

extensive.

Viral DNA accumulation is reduced in silenced tissue

Attenuation of symptoms in TGMV-silenced plants sug-

gested that geminivirus-induced silencing could be

accomplished with only minor alterations in host gene

expression and physiology. Our previous results showed

that viral DNA accumulation was reduced in TGMV::su

silenced plants (Kjemtrup et al., 1998) but did not address

the cellular basis of the reduction. To better understand

viral infection of silenced tissue, we used in situ hybridiza-

tion to determine the pattern of viral DNA accumulation in

plants systemically infected with A::790su/B. Viral DNA

was detected in isolated cells of green, non-silenced tissue

(data not shown) and very rarely in silenced tissue (Figure

2i, j). Large areas of silenced tissue contained no detect-

able viral DNA. This pattern contrasted strongly with that

of wild type TGMV, which accumulated in clusters of

adjacent cells (Figure 2h). Viral DNA may still be present at

low copy numbers in some cells lacking detectable

digoxigenin signal, but the cellular pattern of productive

Table 1. Nomenclature for constructs made from TGMV wt and vector components

Construct Wt component Vector component Insert derived from

A/B A, B
A::51su/B B A su
A::92su/B B A su
A/B::92su A B su
A/B::154su A B su
A/B::122PCNA A B PCNA
A/B::180PCNA A B PCNA
A/B::180PCNAtr A B PCNA, tandem direct repeat
A/B::72gfp::58su A B GFP and su
A::790su/B::122PCNA ± A and B su and PCNA
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viral replication was clearly different in silenced tissue

compared with wild type TGMV-infected tissue.

Although systemic silencing has been readily shown

using transgenes (Kjemtrup et al., 1998; Ruiz et al., 1998;

Voinnet and Baulcombe, 1997; Voinnet et al., 1998), only

limited movement of a putative silencing signal has been

demonstrated for endogenous genes. Our in situ results

for su (Figure 2i,j) suggested that silencing of su could

occur in cells that lacked detectable levels of viral DNA. To

further test this idea, we used a mutant TGMV A

component that restricts viral DNA replication to vascular

tissue in N. benthamiana (Kong et al., 2000). Plants inocu-

lated with the mutant TGMV A component and TGMV

B::154su showed extensive silencing (Figure 2f). Unlike the

mutant TGMV (Kong et al., 2000), the silencing signal was

not restricted to the phloem.

Silencing of essential genes

Proliferating cell nuclear antigen (PCNA) is a highly

conserved processivity factor for DNA polymerase d, is

required for DNA replication and repair, and is highly

expressed in dividing cells (Daidoji et al., 1992; Kelman,

1997). We previously showed that the PCNA gene is

induced in mature tissues by TGMV infection (Nagar

et al., 1995), Egelkrout et al., 2001). We reasoned that if

TGMV silenced a gene required for its own replication, a

systemic TGMV infection would be prevented. To deter-

mine if TGMV could silence PCNA, we used A::650PCNA/B.

Systemic infection was signi®cantly reduced in plants

bombarded with this construct, and only 6 of 14 plants

showed viral DNA accumulation by DNA gel blot analysis

(data not shown).

When a B component vector was used to propagate a

122-bp PCNA fragment, different results were obtained.

Plants showed TGMV symptoms in lower, mature leaves

but then showed greatly reduced primary growth (Figure

2g). Young leaves continued to expand, forming cabbage-

like clusters at the apical meristems (Figure 2g). Leaves

were often misshapen with truncated basipetal growth and

little or no petiole development. These results suggested

that, unlike the A vector carrying PCNA, the B vector

caused silencing of PCNA expression in young tissue. This

difference between the TGMV A and B vectors was not

expected, but is consistent with the extensive spread of su

silencing seen using the B component vector compared

with A (Figure 2, compare a and b).

Rapid silencing of combinations of endogenous genes

A rapid means for simultaneously silencing de®ned com-

binations of genes in intact plants would help to identify

genes with redundant function. To determine whether a

bipartite episomal silencing vector can target two endo-

genous plant genes from different components, we tested

a combination of sequences designed to silence PCNA and

su, two genes essential for plant growth. An A component

vector with 790 bp su was cobombarded with a B

component vector carrying a 122-bp PCNA fragment.

Symptom formation from A::790su/B::122PCNA during

the ®rst 2±3 weeks resembled those of A::790su/B with

yellow spots in inoculated leaves and variegated tissue in

upper leaves. Figure 2k shows an example of a plant in

Figure 2. DNA episome-mediated silencing of chromosomal plant genes in N. benthamiana.
Variegation is limited to tissues immediately adjacent to veins in a plant (a) systemically infected with A::92su/B. Arrow on lowest leaf shows characteristic
yellow spot associated with microprojectile bombardment. These circular spots contain over 100 cells and occur 5 days following inoculation, whereas
variegation, which may represent systemic infection by TGMV, is only apparent after 8±10 days.
A plant (b) systemically infected with the same su fragment carried in the B component, A/B::92su, shows extensive chlorophyll loss and leaf curling at 24
d.p.i.
Plant (c) infected with A/B::154su 56 d.p.i. shows extensive silencing but attenuated symptoms compared with (b). This plant never lost silencing in new
growth.
(d,e) Silencing of both su and 35S-GFP occured from a chimeric fragment carried in the B component, A/B::58su::78GFP. Bright®eld image (d) shows 35S-
GFP transgenic N. benthamiana inoculated with A/B::58su::78GFP (left, limited loss of chlorophyll) or wild type TGMV (right, severe symptoms on lower
leaves, partial recovery in upper leaves). (e)Same as (d), UV ¯uorescence image shows extensive GFP silencing with A/B::58su::78GFP (left, red chlorophyll
auto¯uorescence). Right plant infected with wild type TGMV retained green GFP ¯uorescence.
(f) N. benthamiana inoculated with a mutant TGMV A component that con®nes replication to vascular tissue and a B vector containing a 154-bp su
fragment shows extensive silencing despite vascular localization of the virus.
In N. benthamiana inoculated with a A/B::122PCNA (g), symptoms developed in lower leaves but primary growth and stem elongation ceased in upper
parts of the plant. This plant never recovered primary growth. One ¯ower is visible that may have been formed at or before movement of silencing into
the apical area.
(h±j) In situ hybridization of silenced and wild type virus-infected tissue probed for viral DNA accumulation, detected by a digoxigenin-labeled DNA probe
from TGMV A. (h)Wild type TGMV-infected tissue is green and shows contiguous cells with nuclear accumulation of viral DNA. (i) A::790su/B infected leaf
tissue lacks chlorophyll. Arrow shows viral DNA. (j)Same as (i), UV ¯uorescence shows plant nuclei stained with DAPI. The digoxigenin label caused
precipitation of stain over the infected nucleus (arrow) reducing the DAPI signal. Other nuclei lack visible precipitate.
(k,l) Silencing of two endogenous genes was achieved from DNA fragments carried in different TGMV component vectors. Variegation occured in leaves
that were partly expanded at the time of inoculation, however, very little stem elongation was evident in new growth (k).Plant is shown 3.5 weeks
postinoculation with A::790su/B::122PCNA. Plant (l)inoculated with A::790su/B::122PCNA and pruned (arrow) 2 weeks after inoculation showed silencing in
axillary buds. PCNA silencing is evidenced by reduced stem elongation and aberrant leaf formation. The two axillary outgrowths show different degrees of
su silencing with one cluster of leaves (right) showing almost no chlorophyll. Note circular yellow spots in inoculated lower leaves (black arrow).
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which the apical meristem terminated primary growth, due

to silencing of PCNA. Inoculated leaves showed yellow

spots and remained green while upper leaves were

variegated, and showed progressively reduced expansion.

The terminal meristem never recovered primary growth.

Apical dominance prevents axillary bud growth in N.

benthamiana. We reasoned that release of axillary bud

inhibition might allow PCNA silencing to occur from a

diffusible PCNA silencing signal in adjacent, infected

leaves. In¯orescence stems were pruned 3 weeks after
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inoculation with A::790su/B::122PCNA. Figure 2l shows

that growth of axillary branches was severely restricted

in these plants. Control plants inoculated at the same time

with A::790su/B were similarly pruned but axillary branch

development was normal (data not shown). Extensive su

silencing also occured in some axillary bud leaf clusters of

plants inoculated with A::790su/B::122PCNA, while only

variegated tissue was present in others (Figure 2l). This

range of silencing phenotypes on the same plant may

re¯ect differential movement of diffusible silencing

components.

Silencing spreads throughout the meristem

Meristem culture is a common method for obtaining

plants that lack viruses, presumably because viruses are

unable to access meristematic tissues. Geminiviruses are

not seed transmitted, and although viral DNA is found in

the seed coat, embryos are not infected (Sudarshana et al.,

1998). In situ hybridization studies demonstrated that plant

meristematic areas lack geminivirus DNA (Horns and

Jeske, 1991; Lucy et al., 1996). To determine if silencing

of PCNA occured in the meristem, or if restriction of PCNA

expression in subtending tissues negatively impacted

development, we performed immunolocalization of

PCNA in infected meristems. Whereas meristems were

distinct and easy to dissect in A::790su/B and wt TGMV-

infected plants, plants infected with A/B::122PCNA or

A::790su/B::122PCNA contained numerous leaves, little

internode expansion, and aberrant and reduced meris-

tems. Some plants appeared to lack a meristem.

Examination of sections from plants that did contain a

meristematic structure demonstrated that PCNA expres-

sion was greatly reduced in the terminal portions of the

apex. Meristems silenced for PCNA lacked detectable leaf

primordia (Figure 4). There appeared to be a zone of

cortical cells extending into the meristem subtended by a

layer of cells that contained higher levels of PCNA. Isolated

cells or groups of cells in the `cortical zone' showed PCNA

staining (Figure 4b,d, arrows). However, large sectors of

the meristem showed very little expression. The meristem

remained symmetrical, suggesting that cessation of PCNA

expression affected development as well as DNA replica-

tion. Together, these observations demonstrated that

silencing of the endogenous PCNA gene occured in

meristematic tissue.

Discussion

Methods of gene silencing that produce diffusible inter-

mediates offer advantages for analysis of gene function

because they do not rely on chromosomal transformation

and can be performed in intact organisms. In plants,

viruses are convenient vectors for propagating sequences

that cause silencing to spread into adjacent cells and

tissues. We demonstrate here that fragments with fewer

than 100 bp of homology can effectively silence endogen-

ous plant genes when carried by a bipartite geminivirus

and that silencing extends into cells that lack detectable

levels of viral DNA. In addition we show that two genes

can be silenced from different genome components,

allowing the possibility of high throughput, combinatorial

approaches to analysis of genetic pathways.

Although studies of virus-induced gene silencing, or

VIGS, have used both DNA and RNA viruses (Kjemtrup

et al., 1998; Kumagai et al., 1995; Ruiz et al., 1998), gemini-

viruses with their circular DNA genomes offer advantages

over other viruses for gene silencing. Geminiviruses have

small, easily cloned genomes and are readily inoculated

into plants by particle bombardment, agroinfection or

mechanical abrasion. As a group, geminiviruses infect a

wide range of crop plants and share similarly organized,

bidirectionally transcribed, circular genomes. Although

geminiviruses have strict limits for the size of DNA they

will propagate, we showed that for TGMV, sequences 92±

Figure 3. Stable propagation of foreign DNA by the TGMV B vector has a
size limit.
DNA was isolated from plants 4 weeks post inoculation with A/
B::180PCNA or A/B::180PCNAtr, containing a tandem direct repeat of a
180-bp PCNA fragment.
Upper panel (a) shows that viral DNA accumulation in new growth of
plants inoculated with a single180-bp insert was low compared to plants
inoculated with the tandem repeat (360-bp insert). Accumulation of viral
DNA from plants inoculated with the B component vector and wild type
A, EV (empty vector) was higher than the same vector with insert DNA.
Lower panel (b) shows PCR products spanning the inserted fragment
from each of the plants in the upper plant. The 180 bp insert was stable
whereas the tandem repeat (360 bp insert) was deleted. Control lanes
included + lane; PCR template was the B component plasmid DNA,
B::180PCNA, ± lane; template consisted of wild type B plasmid DNA
(vector without PCNA insert), P; PCR template DNA isolated from a
healthy plant.
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154 bp in size are effective for silencing and are stably

propagated. Virus infection is likely to affect host physi-

ology, which can complicate the interpretation of a silen-

cing phenotype, but most plants sustain some level of viral

infection in the ®eld. Although many geminiviruses are

restricted to vascular tissue, we showed that silencing is

not restricted to cells that support viral DNA replication

and can extend into adjacent tissues. Depending upon the

target gene, this separation of virus and silencing could be

advantageous for assessing gene function. Our in situ

results (Figures 2 and 4) and the yellow spots formed in

inoculated leaves (Kjemtrup et al., 1998) show that viral

DNA accumulates in isolated cells, whereas silencing

spreads uniformly in all directions. Although the nature

of the diffusible silencing factor is not known, 23±25 nt

RNA species homologous to the silenced gene have been

detected in plants (Hamilton and Baulcombe, 1999) and

Drosophila (Hammond et al., 2000) and may comprise part

of such a factor.

It is not clear what limits the spread of endogenous gene

silencing in plants. Viral-encoded antisilencers have been

demonstrated for a variety of RNA viruses and for one

geminivirus (Voinnet et al., 1999) and there are sugges-

tions that plants also encode genes that prevent silencing

(Dehio and Schell, 1994). We were surprised at the extent

of silencing that occured when a mutant AL1-containing

TGMV A component was used in combination with

B::154su. The KEE146 mutation in AL1 reduces interaction

with the cell cycle protein, retinoblastoma-related protein

(pRBR), restricting viral DNA replication to vascular tissue

(Kong et al., 2000). If TGMV encodes an antisilencing

protein, it may also have been restricted to vascular tissue,

whereas a diffusible silencing signal might not be so

con®ned. Alternatively, an altered interaction between the

mutant AL1 and pRBR may have affected the timing of

geminivirus gene expression (Kong et al., 2000). This in

turn may have affected transcription from the BR1 pro-

moter resulting in modi®ed levels of the BR1-su transcript.

We obtained different results for silencing of PCNA,

depending upon the vector. When a 650-bp PCNA insert

was carried by a TGMV A component vector, limited viral

replication was seen and there were no detectable changes

in plant development. PCNA is not expressed at high levels

in differentiated tissues but is induced there by TGMV

(Nagar et al., 1995; Egelkrout et al., 2001). Because 650 bp

is below the size limit for stable propagation in the A

component vector (Elmer and Rogers, 1990), lack of viral

movement cannot explain this result. When the TGMV B

component vector was used to propagate a 122-bp PCNA

fragment, symptoms occured in lower leaves but meriste-

Figure 4. Immunolocalization of PCNA in silenced meristems.
Apical meristems from A::790su/B::122PCNA infected plants (a±d), A::790su/B infected plants (e, f, h, i) or A/B infected plants (g) ®xed 4 weeks post
inoculation, vibratome-sectioned, and localized for PCNA protein (reddish-brown precipitate, b, d, e, g, i) or DNA (DAPI, a, c, f, h). Apical meristems from
plants silenced for PCNA (a±d) lack PCNA staining in large areas of the meristem. Arrows show PCNA positive nuclei that appear dark under UV
¯uorescence because of precipitated stain. Apical meristems from su-silenced or wild type TGMV infected plants (e, f, g) show random PCNA staining
throughout the meristem, consistent with S phase expression. Axillary bud meristems from A::790su/B infected plants still contain PCNA (h, i) although
they were not actively dividing at the time of ®xation.
Bar = 200 mm (a±g) or 50 mm (h, i).
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matic tissues ceased primary growth. The TGMV vectors

use either the BR1 or the AR1 promoter to transcribe the

silencing fragment, both of which require the AL2 gene

product for high level expression (Sunter and Bisaro,

1992). Because viral DNA replication requires the AL1 and

AL3 genes, not the overlapping AL2 gene, viral DNA

replication likely occurs before the 122 bp PCNA fragment

is transcribed in inoculated tissues. Once the viral DNA

movement proteins (BR1 and BL1) are made, both the

silencing signal and viral DNA may be poised to transit

into adjacent tissues. In a TGMV A vector that supports

only low silencing spread, the putative PCNA silencing

factor may have counteracted induction of PCNA expres-

sion in mature tissues, effectively preventing a systemic

infection from reaching meristematic tissue. The B

component vector allows extensive spread of silencing.

Infection by the B component virus resulted in morpho-

logical abnormalities consistent with a cessation of DNA

replication in meristematic tissues.

It is not clear why the TGMV B vector was more effective

for silencing than the A vector (compare Figures 2a and b).

The A vector lacks AR1; however, experiments that com-

bined A::790su with B::154su still showed extensive silen-

cing (data not shown) suggesting that the AR1 protein

itself was not needed for extensive silencing. BR1 func-

tions as a nuclear shuttle protein (Pascal et al., 1994; Ward

and Lazarowitz, 1999), and ful®ls one of three genetic

requirements for viral exit from the vascular tissue (Morra

and Petty, 2000). RT±PCR experiments in B vector-silenced

tissue demonstrated that inserted fragments were cotran-

scribed with BR1 (data not shown). If BR1 is down-

regulated by the silencing machinery, viral DNA and

protein may be con®ned to vascular tissue. The mutant A

component vector, containing the AL1 KEE146 mutation,

also increased silencing, and caused viral DNA to be

con®ned to vascular tissue. By separating viral DNA and

viral antisilencing proteins from the putative diffusing

silencing signal, increased spread of silencing in meso-

phyll tissues may have resulted.

We found that a 51-bp fragment was near the threshold

for effective silencing when it was carried by the TGMV A

vector. Some plants infected with this construct did not

show silencing, whereas others showed only minimal

silencing (Figure 2). This 51-bp fragment was expected to

be polyadenylated by host machinery, as the vector retains

all sequence information for AR1 gene transcription.

Smaller fragments of the GFP gene are suf®cient to

cause silencing of a GFP transgene when carried by a

vector derived from the cytoplamically replicating RNA

virus, potato virus X (Thomas et al., 2001). We did not

directly test the effect of sequence identity on induction or

spread of silencing, and it remains possible that other

genes may have different size requirements for length of

homology required to obtain silencing.

Down-regulation of PCNA, which is expressed in mer-

istematic tissues, had a dramatic effect on primary growth

(Figure 2). Although previous studies demonstrated that

geminiviruses are excluded from meristematic tissue

(Horns and Jeske, 1991; Lucy et al., 1996; Nagar et al.,

1995), there is precedent for a virus-inducible silencing

signal reaching the meristem. Pea seed-borne mosaic virus

(PSbMV) inoculated onto pea plants transgenic for the

PSbMV replicase gene, NIb, caused systemic silencing of

the NIb transgene that extended into the meristem,

although in situ hybridization showed that the virus itself

did not access the meristem (Jones et al., 1998). Our studies

con®rmed that propagation of a diffusible silencing inter-

mediate can occur in meristematic tissues and demon-

strated for the ®rst time that a diffusible silencing signal can

down-regulate meristematic expression of an endogenous

gene. It is not clear why a diffusible silencing signal, but

apparently not viral DNA, is able to access meristematic

tissues. However, the complex traf®cking of regulatory

genes in the meristem provides precedent for the existence

of different pathways or regulatory networks that could be

independently used by the viral DNA and associated

movement proteins or by a diffusible silencing factor(s).

Silencing of the PCNA gene in meristematic tissue was

not as uniform as loss of chlorophyll following su silen-

cing. In wild type meristems, PCNA is abundant only in a

subset of cells, re¯ecting cell-cycle regulation. The isolated

cells seen in Figure 3 may have resulted from lack of PCNA

message in adjacent cells, for propagation of the silencing

signal. Even so, the variable extent of PCNA silencing did

not interfere with a functional analysis of PCNA. The

morphology of the PCNA-silenced meristems showed a

striking resemblance to aberrant meristems in Arabidopsis

plants defective in auxin transport and metabolism, the

PIN and PID mutants (Christensen et al., 2000; Galweiler

et al., 1998). PIN is a membrane protein that facilitates

auxin ef¯ux (Galweiler et al., 1998) and PID is a protein

kinase thought to negatively regulate auxin signaling

(Christensen et al., 2000). If a lack of DNA replication

caused by PCNA silencing affects cell elongation, or exit

from the cell cycle, there may be a common basis for the

similar meristem phenotypes. However, auxin has many

effects and the molecular basis for aberrant meristem

formation is not understood. Because cell cycle genes are

essential for growth, the opportunity to dissect their

function in vivo using viral vectors will facilitate our

understanding of the relationship between the cell cycle

and plant development.

Experimental procedures

Plasmids

The TGMV A plasmid pMON1655 contains 1.3 copies of the
TGMVA component with a multiple cloning site replacing the AR1
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gene (Kjemtrup et al., 1998). A plasmid containing 1.3 tandem
direct repeats of the TGMV B component, pTG1.3BXSR (Schaffer
et al., 1995), was used as a vector for inserting foreign DNA into an
XbaI site 20 bp downstream of the BR1 ORF. Three different sized
su fragments were cloned from pLVN44, containing an N.
tabacum su cDNA (Nguyen, 1995), into pTG1.3BXSR ± a 154-bp
SacI/EcoRV fragment (pTG1.3B::su; 785±939 bp), a 479-bp SacI/
SacI fragment and a 935-bp SacI/Acc65I fragment. A 154-bp
fragment from the 5¢ end of the N. benthamiana su gene was
ampli®ed using the following primers containing an XbaI site,
5¢ gatctagaGGGAGGAAGTTTTATGGAGG, 3¢ and 5¢ gatctaga-
TAGCTGCAAATGGATACACCG 3¢.

pMT001su + GFP was constructed using PCR primers contain-
ing BglII and XbaI sites to amplify nt 387±748 of the 1398-bp su
ORF. Primers with XbaI and Acc65I sites were used to amplify nt
155±543 of the mGFP5 gene (Haseloff and Amos, 1995). Both
fragments were introduced into pMON1655 in the sense orienta-
tion. Primers containing NheI sites were used to amplify a 140-bp
fragment from pMT001 with 58 bp of homology to the su gene
and 72 bp of homology to GFP, which was ligated into the XbaI
site of pTG1.3BXSR (Schaffer et al., 1995) to create pTG1.3B::GFP-
su, referred to as A/B::58su::78GFP.

Inoculation and analysis of plants

Individual seedlings in two-inch plastic pots were bombarded
with 5 mg each of TGMV A and B DNAs precipitated onto
microprojectiles (Kjemtrup et al., 1998). Total DNA was isolated
from plants and 5 mg from each plant was separated by
electrophoresis and blotted as described (Kjemtrup et al., 1998).
Digoxigenin-labeled probes were prepared using a Dig-High
Prime kit from Roche Biochemcials (Indianapolis, IN, USA)
followed by chemiluminescent detection. PCR analysis of insert
size in the B component vector was done using the primers:
BR1 5¢ GTCGGATATTGTGTCAAAGG 3¢ and BL1 5¢TCTAC-
TATTGGGCTAACAGG 3¢ in a 50-ml reaction with 5 ng template
DNA.

In situ hybridization and immunolocalization

Digoxigenin-labeled probes were used for in situ hybridization. A
281-bp sequence from the AL1 gene was labeled using PCR.
Tissues were ®xed, embedded in agarose, and vibratome sec-
tioned. Sections were incubated in 1 ng mL±1 digoxigenin probe
overnight at 37°C, followed by incubation with antidigoxigenin
conjugated alkaline phosphatase and detection in nitoblue
tetrazolium/5-bromo-4-chloro-indolyl-phosphate. Both TGMV-si-
lenced tissue and wild type TGMV tissue were incubated in
substrate for 1 h. Immunolocaliztion of PCNA used monoclonal
antibody PC10 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) detected using an avidin biotin horseradish peroxidase
conjugate with amino-ethylcarbazole substrate (Zymed
Laboratories, San Francisco, CA, USA). (Nagar et al., 1995).
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Abstract

Retinoblastoma (pRB) is an animal cell cycle protein that has important functions in

proliferation, differentiation, and apoptosis. Several plant Retinoblastoma-Related (pRBR)

homologs have been identified, but have remained relatively uncharacterized in planta. In

this study, Tomato Golden Mosaic Virus (TGMV) was used as a vector to silence the tobacco

RBR (NtRb1) in Nicotiana benthamiana. Leaves of TGMV::RBR-inoculated plants developed

necrotic spots that spread throughout the mesophyll and resulted in whole organ death by 35

dpi. Wild type TGMV infections did not elicit necrosis, as determined by trypan blue

staining. Cells in necrotic regions were collapsed and contained condensed chromatin,

indicative of a programmed cell death (PCD) response. Because the TGMV replication

protein AL1 interacts with pRBR during virus infection, a vector with an AL1 mutation in

the pRBR binding site was used. This mutant produced more pronounced PCD results in

early infected and, to a lesser degree, in late infected leaves. Late-infected leaves of non-

mutant TGMV::RBR-silenced plants  displayed very limited PCD and instead showed

developmental aberrations including truncated or bifurcated midveins, uneven expansion,

and disrupted bilateral symmetry. Leaves also developed precociously in and near leaf axils.

Approximately half of all flowers on TGMV::RBR-silenced plants developed curled corollas

with morphologically normal reproductive organs. Flowers exhibiting extreme curing (>90º)

had reduced seed set compared to vector controls or did not produce seed. Progeny from

TGMV::RBR-silenced-plants showed isolated occurrences of leaf developmental defects

similar to their epigenetically silenced parents. Together, these results suggest that the

tobacco RBR may have multiple functions in plant development. pRBR may act as a negative

regulator of PCD in mature tissues, whereas pRBR is required for proper cell division and
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differentiation in developing organs. The persistence of developmental defects in F1

progeny, in the absence of the viral vector, to our knowledge, is unique to pRBR.

Introduction

The retinoblastoma (pRB) protein is a mammalian tumor suppressor protein that

functions in cell cycle regulation and cellular differentiation (de Jager and Murray, 1999;

Durfee et al., 2000; Kong et al., 2000; Claudio et al., 2002). pRB represses cell cycle

progression by binding to E2F transcription factors that are required for induction of S-phase

specific DNA replication enzymes, an association that is relieved by cyclin dependent

kinase-mediated phosphorylation of pRB in late G1 (Zarkowska and Mittnacht, 1997).

Mutations in the RB gene (Shan et al., 1996) or inactivation by viral proteins (Nahle et al.,

2002) can result in uncontrolled cell proliferation leading to tumor formation or apoptosis

(Tan and Wang, 1998). Plant homeologs, called retinoblastoma-related proteins (pRBR) of

the mammalian pRB, have been identified in maize (RRB1, RRB2), Arabidopsis (AtRBR1),

and tobacco (NtRBR1) (Grafi et al., 1996; Ach et al., 1997; Ebel et al., 2004). In vitro binding

studies with plant RBRs and animal DNA virus oncoproteins (Grafi et al., 1996; Ach et al.,

1997; Huntley et al., 1998) and with plant E2F homeologues (Ramirez-Parra et al., 1999;

Sekine et al., 1999) have demonstrated that plant pRBRs show functional conservation.

There is limited in vivo work describing the role of the plant pRBR in cellular

proliferation and differentiation in intact plants. Mutations in the maize RRB1 gene result in

no phenotypic change, presumably because of functional redundancy of the second pRBR

homolog (Durfee et al., 2000). Mutations in the Arabidopsis AtRBR1 however, are

gametophytic lethal (Ebel et al., 2004). Heterozygous plants show disruptions in the
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development of the female gametophyte such as fertilization independent endoreduplication,

that support a role for pRBR in arresting cell division (Ebel et al., 2004). Co-transfection of

synchronized tobacco suspension culture cells demonstrated that pRBR binding of E2F could

be disrupted by expression of cyclin D suggesting that pRBR repression of progression into S

occurs by a similar pathway in plant and animal cells (Uemukai et al., 2005). Although there

is some evidence for pRBR and histone deacetylase interactions repressing gene expression

(Rossi et al., 2003), there has not yet been conclusive evidence for the role of pRBR in

mature tissues of plants.

Virus-induced gene silencing (VIGS) is advantageous for studying essential genes

because down-regulation of gene expression occurs after plants have germinated. The

genome of the geminivirus Tomato Golden Mosaic Virus (TGMV) has been modified to

function as a silencing vector in Nicotiana benthamiana (Kjemtrup et al., 1998; Peele et al.,

2001). Although geminivirus DNA is unable to invade meristems (Nagar et al., 1995; Lucy et

al., 1996), TGMV vectors can be used to silence meristematic genes (Peele et al., 2001;

Robertson, 2004). In previous work, we demonstrated that TGMV-induced gene silencing

could be used to silence a gene encoding proliferating cell nuclear antigen (PCNA, a

processivity factor for DNA pol-d) (Peele et al., 2001). The down-regulation of PCNA

message in N. benthamiana resulted in an abrupt cessation of primary growth, with leaf bases

that lacked petioles. Meristems either disappeared or became elongate structures with no leaf

primordia (Peele et al., 2001). The abundance of meristematic cells in these aberrant

structures was surprising and suggested that while cellular proliferation continued in the

presence of reduced levels of PCNA, exit from the cell cycle and/or elongation was inhibited.
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While PCNA is required for proliferation of cells, pRBR functions to repress

progression through the cell cycle until the conditions for entry into S phase have been

fulfilled. In this study, we use the same vector that was used to silence PCNA to analyze the

role of RBR. This allowed us to examine the role of pRBR in both mature and developing

parts of N. benthamiana. We show that a reduction in RBR message is correlated with cell

death in mature tissues. We also show that systemic RBR silencing results in developmental

defects that may, in a small proportion of seedlings, continue into the next generation. These

results provide new insights into the role of pRBR in plants.

Results

Silencing RBR results in cell death in mature tissue

Arabidopsis has a single RBR gene that is expressed throughout development

(Menges et al., 2003). The tobacco RBR1 gene shows similar expression patterns as

Arabidopsis (Nakagami et al., 1999). We used a TGMV B component-derived vector to

silence the RBR gene in N. benthamiana because previous work with the SU gene, encoding

the ChlI subunit of magnesium chelatase, showed that the TGMV B component vector

caused extensive silencing and attenuated symptoms (Peele et al., 2001). A 145-bp sense

orientation fragment corresponding to nt 1400-1545 of the N. tabacum RBR1 cDNA

(Nakagami et al., 1999) was cloned downstream of the TGMV BR1 open reading frame and

before the polyadenylation site (Fig. 1, Peele et al., 2001).

The wild type TGMV A component and the B component vector carrying the RBR

silencing fragment (referred to as TGMV::RBR) were co-bombarded into 4-6 leaf stage

seedlings. At 21 days post inoculation (dpi), small opaque necrotic areas were seen
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throughout inoculated leaf blades of TGMV::RBR-inoculated plants. At 21 dpi, plants

inoculated with wild type TGMV showed severe symptoms including leaf curling, stunted

growth, and chlorosis (Fig. 2a). In contrast, TGMV::RBR-inoculated plants showed

attenuated symptoms in new growth and did not exhibit extensive leaf curling or stunting

(Fig. 2b). However, the necrotic areas expanded along the leaf vascular tissue including the

petiole at 28 dpi (Fig. 2g). In many cases the entire inoculated leaf died, but did not dehisce

normally. The necrotic phenotype in early infected leaves, which were present on the plant at

the time of inoculation, was consistent in approximately 275 plants total bombarded with the

TGMV::RBR construct (Table 1). Early infected leaves of wild type TGMV control plants

displayed crumpling and chlorosis consistent with severe symptoms, but showed no signs of

necrosis (Fig. 2d).

Late infected leaves of TGMV::RBR-inoculated plants (leaves that developed after

inoculation) also developed necrotic lesions at 28 dpi, but the affected leaf area was greatly

reduced compared to early infected leaves (Fig. 2b).  In contrast, the extent of silencing in

TGMV::SU-inoculated plants, visualized as loss of chlorophyll, was greater in late infected

tissue compared to early infected leaves. TGMV::RBR-inoculated infected tissues also

showed other effects such as leaf curling that resembled some of the distortions associated

with wild type TGMV infection (Fig. 2). New growth of wild type TGMV-infected plants

showed attenuated symptoms at 28 dpi, resembling silencing-based recovery (Chellappan et

al., 2004a).

To distinguish between programmed cell death and virus-induced chlorosis, we used

trypan blue staining of leaves cleared in chloral hydrate (Bouarab et al., 2002). Wild type

TGMV infected leaves lacked punctate staining, while whole sectors of cells in pRBR
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silenced leaves showed punctate trypan blue staining corresponding to the necrotic sectors

(Fig. 2 compare e-f and h-i). The pattern of cell death resembled the pattern of TGMV::SU-

mediated gene silencing in that large groups of contiguous cells were affected. This pattern

of silencing is consistent with the presence of a diffusible silencing factor (Peele et al., 2001;

Himber et al., 2003).

Programmed cell death results in degradation of nuclear DNA and loss of cellular

components (Maraschin et al., 2005). TGMV::RBR-silenced leaves were examined for

changes in cellular morphology by staining with DAPI. Fig. 2 (j-k) shows tissue hyperplasia

and collapse, loss of chlorophyll, and cells with no apparent nuclei. Isolated cells containing

aberrant nuclei with condensed chromatin were also found within necrotic regions of

inoculated leaves (Fig. 2l). Chromatin condensation is associated with the initiation and onset

of programmed cell death pathways (Maraschin et al., 2005). Cells observed in sections from

leaves of wild type TGMV-infected plants retained chlorophyll and maintained structural

integrity. Taken together, these data demonstrate that TGMV::RBR-induced gene silencing

results in programmed cell death in mature leaves.

Geminivirus proteins do not encode most of the components needed for their

replication in host cells, and have been shown to induce host DNA replication machinery in

mature tissues (Nagar et al., 1995; Hanley-Bowdoin et al., 2004). During infection, the viral

replication proteins AL1 and AL3 bind RBR to induce conditions for DNA replication,

which the virus utilizes to replicate its own DNA genome (Ach et al., 1997; Settlage et al.,

2001). Therefore, down-regulation of RBR could increase viral DNA replication, indirectly

affecting cell death. Viral DNA levels were higher in early than late infected leaves for each

set of constructs. Viral DNA accumulation in early and late infected leaves of TGMV::RBR
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plants was reduced compared to early and late infected leaves from wild type TGMV plants

(Fig. 3). Viral DNA accumulated to similar levels in TGMV::RBR and TGMV::SU silenced

tissue (Fig. 3), indicating that replication of the viral vector was not significantly affected by

silencing RBR. In wild type TGMV infections, symptoms were attenuated in new growth

following a period of severe symptoms (compare L and E of wild type TGMV, Fig. 3). Viral

DNA accumulation was similar despite the reduced symptoms, perhaps because enough

mRNA survives host gene silencing activity to support viral DNA replication. Viral DNA

was also present in systemic late infected leaves of TGMV::RBR silenced plants (Fig. 3).

We performed reverse transcription polymerase chain reaction (RT-PCR) to

determine the level of RBR mRNA accumulation in early and late infected leaves using the

same leaf material as for the DNA analysis (Fig. 3). There was no significant difference in

RBR message level in systemically infected leaves of RBR silenced plants compared to

TGMV::SU and wild type viral constructs (Fig 3). However, TGMV::RBR early

infectedleaves showed reduced RBR mRNA accumulation. These results demonstrate that

cell death is correlated with decreased RBR message level rather than viral DNA

accumulation.

An AL1 RBR-binding mutant vector shows increased programmed cell death

To uncouple the effects of AL1-pRBR interactions on TGMV::RBR mediated

silencing, we used a TGMV mutant A component in combination with the B component

vector carrying RBR. The mutant A component contains an amino acid mutation in the AL1

pRBR-binding domain that retains only 16% of wild type AL1 RBR binding and restricts

viral DNA to vascular tissue (KEE146, Kong et al., 2000). Plants targeted by

TGMV/KEE::RBR developed necrotic spots that spread and resulted in leaf death and
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delayed leaf dehiscence (Fig. 4a). Programmed cell death occurred sooner and more

extensively in these plants, where up to10-12 leaves above the inoculated leaves showed cell

death in large areas (up to 50% of total blade) by 30 dpi. Cell death was also apparent on

more leaves per plant compared to TGMV::RBR infections (Table 1). The cell death in

necrotic leaves of TGMV/KEE::RBR-silenced plants consistently originated in and spread

from leaf vascular tissue into laminar cells, even in inoculated leaves (Fig. 4b). Programmed

cell death was confirmed by Trypan Blue staining, which demonstrated that cell death

occurred in multicellular regions emanating from vascular tissue (Fig. 4c). Previous results

using the TGMV/KEE mutant as a silencing vector for the SU gene showed that silencing

could spread from the vascular tissue into the adjacent lamina even though the viral vector

was confined to the vascular tissue (Peele et al., 2001). Cell death induced by the

TGMV/KEE::RBR vector in the experiments reported here initiated in the vascular tissue and

spread into the surrounding lamina in much the same pattern as TGMV::SU (Fig 4d). These

results demonstrate that TGMV/KEE::RBR-mediated silencing induces a cell death response

despite the reduced AL1-pRBR binding.

TGMV::RBR-silenced plants have aberrations in developing organs

Because the plant pRBR is associated with cell cycle regulation (Dewitte and Murray,

2003), we anticipated that reducing transcript levels could have some impact on plant

development resulting from de-repression of E2F transcription factors and G1/S transition.

There were no significant changes in the height or growth rate in TGMV::RBR silenced

plants versus inoculated controls (data not shown). Approximately half of all developing

systemic leaves of plants infected with A::wt/B::RBR, however,  and 70% of those infected

with A::KEE-146/B::RBR showed abnormal development (Table 1), such as changes in leaf
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blade development (Fig. 5). Internodes of axillary branches were shorter than in TGMV::SU-

infected plants and there were frequent examples of extra leaves even at floral nodes (Fig.

5a).  In some cases the extra leaves emerged but never fully expanded and matured (Fig. 5c).

In many cases, leaves developed asymmetrically, with lamina occurring on only one side of a

curved and shortened midvein (Fig 5a). The midveins on other leaves were sometimes

bifurcated or truncated, leading to the formation of a heart-shaped leaf with two distal lobes

(Fig. 5d-e).  Leaf size was sometimes reduced in discrete sections of stem, with no apparent

effect on internode or stem size. In cases where the midvein was altered, the dorsiventral

structure of the leaf blade was maintained (Fig 5b,d-e). All of these abnormalities were

distinct from wild type TGMV viral symptoms.

N. benthamiana is a self-fertilizing species that normally develops a long, straight

trumpet-shaped corolla  (Fig. 6b).  In TGMV::RBR-silenced plants,  some of the corollas

were curled (Fig. 6a).  Like abnormal leaves on the same plants, the degree of curling and

number of flowers exhibiting curling corresponded to the severity of cell death on lower

leaves, with at least one flower curling ≥90° (275 TGMV::RBR-silenced plants examined,

Table I). Multiple plants with severe cell death in lower leaves produced flowers with ≥360°

turns in corollas (Fig. 6a). Each of these flowers showed delayed anthesis. Flowers from

plants infected with wild type TGMV and TGMV::SU produced flowers with slight curling,

consistent with our previous results (data not shown), but never greater than 45°. Visual

inspection of flowers from TGMV::RBR-silenced plants revealed the presence of inflections

and ridges of cells protruding on the inside curves of petals, while the outside curve surface

was uniform (Fig. 6d). Cell sizes of TGMV::RBR silenced plant petals were similar to those

found in wild type infected plant petals, but the number of cells per unit area of cells
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appeared to be more dense in silenced plants, though this was difficult to determine because

of the contorted tissue structure on the inside curve of affected petals (Fig. 6e). We dissected

corollas with different degrees of curling and found that all organs of these flowers were

intact and that anthers and pistils conformed to the same degree of bending as the petals (data

not shown). Pollen from flowers with significant curling in TGMV::RBR silenced plants was

stained with DAPI for chromatin content (Johnson and McCormick, 2001) and showed

nuclei with normal morphology (data not shown).

Progeny of TGMV::RBR-silenced plants have developmental aberrations

While most curling flowers from TGMV::RBR-silenced plant were not fertile, some

did produce seed that were harvested and grown to determine if there any were

developmental effects in progeny. Seeds from TGMV::RBR-silenced plant flowers that

exhibited significant curling and from those that developed normally were grown under

similar conditions. Ten percent of progeny from curling flowers developed aberrant leaves

shown in Figure 7, similar but not identical to aberrations found in bombarded parent plants,

including truncated, bifurcated, and underdeveloped midveins, uneven blade development,

and formation of lobed leaf margins. These plants also grew more slowly than those

developing from seed taken from straight flowers. Some leaves on the same plants also

emerged as primordia and died, never reaching maturity. We verified that no virus persisted

in progeny plants with developmental defects by PCR (data not shown). These results

indicated that not only are developmental abnormalities arising from TGMV::RBR-silencing

virus-independent, but that some of the TGMV::RBR silenced effects can be transmitted to

the next generation.
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Discussion

Mounting evidence suggests that the plant pRBR, like its animal homolog, has

multiple functions in cell cycle regulation and development (Huntley et al., 1998; Kong et al.,

2000; Settlage et al., 2001; Gordon-Kamm et al., 2002; Ebel et al., 2004). There is limited

information about the function of pRBR in plant development, however, because

mutagenesis of RBR results in embryo lethality (Ebel et al., 2004). Our previous work

showed that the endogenous plant PCNA gene, encoding a processivity factor for DNA pol-d,

could be silenced using a geminivirus vector and served as a basis for asking whether other

essential genes could be silenced to uncover previously unknown or predicted roles in plant

growth (Peele et al., 2001). To begin addressing the function of tumor suppressor proteins in

plants, we used TGMV-mediated silencing to create a partial knockdown of RBR in an intact,

developing plant. We demonstrate here that silencing the tobacco RBR gene using TGMV

vectors results in cell death in mature tissue. In addition we show that downregulation of the

RBR gene causes developmental defects in leaves and flowers, and that silencing effects may

be transmitted into the seed of affected flowers.

Our finding that a reduction in RBR transcript levels caused by Gemini-VIGS results

in cell death in mature tissues indicates that the plant RBR may be functionally conserved as

an important guardian against programmed cell death. There is considerable evidence in

mammalian systems that RB knockouts result in widespread cell death in vivo in specific cell

types where levels are normally high, eventually leading to whole organism death during

gestation (reviewed by Lipinski et al., 2001). Plant pRBRs share 25-35% homology with

animal pRB proteins, the most conserved region being the A/B pocket domain where E2F,

cyclin-D, and viral protein binding occurs (de Jager and Murray, 1999). It is possible that
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repression of pRBR-E2F binding by TGMV::RBR silencing in our experiments lead to E2F

activity and S-phase entry, a process which has been associated with induction of apoptosis

in animal cells (Nahle et al., 2002; Trimarchi and Lees, 2002). E2F activity as a result of

RBR knockdown in mature tissues, however, has yet to be evaluated. The only other evidence

in plants suggesting that RBR message reduction results in a cell death phenotype has been in

Arabidopsis, where RBR homozygous mutations were lethal and plants did not survive past

germination (Ebel et al., 2004).

The TGMV replication protein AL1 interacts with the N. benthamiana pRBR to

release E2F repression and induce transcription of S-phase genes required for viral DNA

replication (Ach et al., 1997; Kong et al., 2000; Settlage et al., 2001). We initially presumed

that silencing RBR would remove a block on host S-phase induction resulting in increased

viral DNA replication and therefore increased virulence.  However, cell death occurred three

weeks post inoculation, much later than cell death associated with hypersensitive responses

to pathogens (Sharma et al., 2003). The fact that cell death was accompanied by a decrease in

RBR mRNA levels and no increase in viral DNA accumulation indicates that there was not

an increase in virus replication (Fig. 3). Instead, a marked reduction in RBR transcripts

correlating with cell death indicates that a loss in RBR message is required for maintenance

of cell viability in mature tissues.  An interesting result we noticed was an increase in RBR

message levels in all virus-infected plants compared to mock inoculated controls, which

implies that viral infection may be stimulating host RBR transcription in response to

infection. Although we are not certain why this occurred, it appears that the RBR-directed

silencing signal was able to overcome RBR induction in early infected leaves to reduce

transcript levels.
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Wild type TGMV infections produce leaf crumpling and chlorosis in early and late

infected leaves, resulting in a decrease in plant biomass and fertility, but not in cell death

(Nagar et al., 1995; Nagar et al., 2002). TGMV::RBR-silenced plants had reduced symptoms

but developed necrotic spots on early infected leaves at 21 dpi that expanded and moved

along primary vasculature and into the petiole.  Sectors of necrotic and collapsed tissue

contained several randomly distributed viable cells with enlarged nuclei that had condensed

chromatin resembling early apoptosis (Liu and Meinke, 1998) or virus infection. Similar cells

were not found in wild type infected leaves. Further in situ localization of TGMV DNA is

needed in these tissues to determine if viral DNA is present in those cells.

There is a striking difference between the spread of silencing in systemic tissue in

TGMV::RBR and TGMV::SU plants. Whereas SU silencing in late infected tissue was

extensive at 28 dpi, there was only limited cell death in TGMV::RBR-silenced leaves

(compare Figure 2, b and c). This difference may be attributed to the strength of the

TGMV::RBR-silencing signal generated by TGMV::RBR versus the signal generated in

response to TGMV::SU. There was a slight reduction in the amount of viral DNA in

TGMV::RBR plants compared to TGMV::SU and wild type TGMV infected leaves. This

reduction in viral DNA accumulation may account for the relative decrease in cell death

phenotype. Alternatively, the difference between the extent of silencing seen with

TGMV::SU and TGMV::RBR may be due to the activity of the gene targets. The SU gene

codes for the ChlI subunit of magnesium chelatase, an enzyme required for chlorophyll

formation. Silencing this gene may easily inactivate the chlorophyll synthesis pathway in

systemic tissue because a required component is removed, and loss of function is dramatic.

TGMV::RBR-silenced plants may not produce an extensive visual phenotype because the
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functional protein is likely to have multiple roles within cells, and it may be more difficult to

knock pRBR down to a level where cell death is induced. There is no information regarding

RBR transcriptional abundance and protein turnover rates in mature or developing tobacco

tissues. The fact that necrotic spots appeared suddenly but after a 21 day delay may mean

that silencing reduced RBR message and protein levels past a threshold for stable

maintenance of cell cycle control, which resulted in rapid triggering of programmed cell

death pathways. This may account for the development of isolated necrotic spots in late

infected tissue that expanded to produce a phenotype similar to inoculated leaves, although to

a less severe extent. A slight reduction in systemic pRBR levels (Fig. 3) may not have been

sufficient for cell death induction, but may have been enough to cause abnormal changes in

cell proliferation and differentiation leading to developmental defects.

To separate TGMV::RBR silencing-induced cell death effects from TGMV AL1-

pRBR interactions, we bombarded plants with an AL1 mutant capable of only 16% of wild

type pRBR binding, A::KEE146, with TGMV-B::RBR. The AL1 KEE146 mutant is

restricted to vascular tissue, but produces a silencing signal that can penetrate into

surrounding mesophyll cells (Kong et al., 2000; Peele et al., 2001). Necrosis from

A::KEE/B::RBR infection and silencing appeared one week sooner than co-inoculations with

the wild type A component. Whereas the appearance of cell death occurred in random

locations throughout mesophyll of both inoculated and systemic leaves using the wild type A

component (Fig. 2b), cell death resulting from silencing with the KEE mutant moved along

and spread exclusively from the vasculature. This finding was consistent with the extent of

sulfur silencing using the same TGMV-A components (Figure 4), indicating that the pattern
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of TGMV::RBR-silencing was consistent with silencing genes that are not directly associated

with the virus or the plant cell cycle.

The presence of cell death in mature leaves and altered development in new growth

formed after inoculation of TGMV::RBR suggests that pRBR may have a dual role in plant

growth. An evaluation of microarray databases showed that RBR expression in plants is

constitutive (Menges et al., 2003). While the presence of pRBR in mature tissues may keep

cells in a differentiated state, pRBR may also be important in the regulation of cellular

differentiation in development. Mammalian RB mutations are associated with cellular

proliferation and the inability of cells to differentiate, causing tumor formation and apoptosis

(Shan et al., 1996; Lipinski et al., 2001). There is some evidence in plants that the presence

of functional RBR is required for proper control of proliferation and differentiation. Maize

ZmRB1 protein levels have been shown to be highest in differentiated leaf cells and lowest in

cells undergoing proliferation on the same blade (Huntley et al., 1998), associating ZmRB1

expression with differentiation and maturation. Overexpression of Cyclin D in tobacco

resulted in enhanced growth rate (Cockcroft et al., 2000), which presumably increased pRBR

phosphorylation and pRBR-mediated G1/S transition.  In addition, overexpression of E2Fa

and its dimerization partner DPa in Arabidopsis resulted in uncontrolled proliferation and a

delay in differentiation, possibly due to E2F titration of pRBR and pRBR inactivation

(deVeylder et al., 2002). Also, Arabidopsis RBR mutations resulted in supernumerary nuclei

in the female gametyophte, suggesting that pRBR is required for proper control of cellular

proliferation and differentiation in the earliest stages of gamete formation and endosperm

development (Ebel et al., 2004).
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In this paper, we found that down-regulation of pRBR levels by silencing in intact

plants resulted in severe leaf deformities including altered laminar expansion and vascular

tissue bifurcation, premature development of axillary leaves and formation of extra leaves

(Fig. 5). Our results are consistent with previous findings that decreased RBR message may

compromise the ability of cells to develop and differentiate properly. The phenotypes of

TGMV::RBR silenced plants are distinct and it is likely that reduction of RBR mRNA in

proliferating tissues  has an impact on differentiation, causing the multiple aberrations we

observed. Our data also suggested that while reduction of RBR levels in mature tissue

induces cell death pathways, inhibition of pRBR accumulation in developing cells may

extend the time or number of cells in a proliferative state, leading to flower curling or extra

formation of leaves in axils.

Interestingly, TGMV::RBR silencing did not affect the height or growth rate of N.

benthamiana. pRBR activity is likely to be an important checkpoint protein in meristematic

cycle arrest and initiation of cellular elongation and differentiation. Microarray analysis of

the Arabidopsis RBR has shown that RBR is expressed throughout meristematic, developing,

and mature tissues (Gruissem et al., 2004). The association between transcript abundance and

protein activity and turnover rate, however, has yet to be determined in Arabidopsis or other

plant systems in which RBR has been identified.  If RBR transcript levels are high in the

meristem, it is possible that the mobile silencing signal was not strong enough to have an

effect on cell cycle exit in the primary shoot, but was capable of having effects in lateral

meristematic tissues where primary growth is slower and RBR levels may be lower.

An interesting effect of TGMV::RBR-silencing we observed is flower curling, death,

and infertility. Inspection of curling flowers revealed greater cell density on the inside curling
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edge of the flower (compare Fig. 6c and e), resulting in ridging and inflections in the corolla,

and no significant changes in cell morphology or density on the outside edge (data not

shown). The degree of cell death in mature tissues correlated with the extent of flower

curling. This provides further evidence that viral DNA replication and generation of a

stronger silencing signal correlates with the amount of cell death in mature tissue and defects

in developing tissue. Flowers in which there was intense curling died before anthesis,

suggesting that uncontrolled proliferation leads to apoptosis in developing tissues, similar to

mammalian systems. In less affected flowers, the silencing signal may not have been strong

enough to induce proliferation to a point where apoptotic pathways were triggered, leading to

viable pollen and the correct formation of all reproductive organs. This indicates that higher

order developmental programs involved in organ formation were not affected by an increase

in cell proliferation or repressed differentiation. Many of these flowers, however, were not

fertile compared to straight or slightly curly flowers on the same plants, consistent with the

finding in Arabidopsis that mutations have deleterious effects on seed development (Ebel et

al., 2004).

Harvested seed from flowers with significant curling were grown to determine if

TGMV::RBR silencing had any imprinting effects on progeny plants. We found that many of

the phenotypic characteristics in silencing plants were similar in progeny, including some

leaf necrosis and most developmental aberrations, although these occurred at a lesser

frequency (Fig. 7). We verified by PCR that these effects were not due to virus transmission.

There is evidence that demonstrates inheritance of transgene-targeted transcriptional gene

silencing, but not post-transcriptional, by progeny is possible and is methylation dependent in

Arabidopsis (Jones et al., 2001).  Retinoblastoma proteins act as chromatin scaffolding
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molecules in both plants and animals, and interact with chromatin remodeling factors

including histone deacetylases (HDAC) and histone methyltransferases to form

heterochromatin, thereby making promoters of S-phase genes containing E2F binding sites

inaccessible (Shen, 2002, Williams and Grafi, 2000). Because of pRB’s interaction with

chromatin methylation machinery, post-transcriptional silencing of the gene in flowers with

developing embryos may alter proper heterochromatin formation that does not affect seed

development and germination, but does have subtle effects later in development. Analysis of

methylation patterns and RBR transcript levels in progeny plants will determine if an

epigenetic effect is due to methylation of RBR DNA or genes of other RBR-binding proteins

that are important in plant growth.

Experimental Procedures

Plasmids

The TGMV B component, pTG1.3XSR (Schafer et al., 1995) was used as a vector to insert a

sense fragment of the NtRb1 gene into an Xba1 site 20 bp downstream of the BR1 open

reading frame. A 145 bp fragment of NtRb1 (Accession #ABO15221) corresponding to nt

1400-1545 was amplified using the following oligonucleotides containing a 40 bp

overlapping region and an Xba1 site: 5’ CATCTAGATGCAGCTGGTGGGACCCTGC

AAAGTACGAGCTTAATGGACAACATATGGGCAGAGCAACTACATCCGAGGCTTT

GAAGCTGTATTATAGGG 3’ and

5’CATCTAGAAATTGTTCCCATTCAAAATCTGGGATTCTGCAGTGCACATAGTCTG

CAGAACCCTATAATACAGCTTCAAAGCCTCGGATGTACGTTGCT 3’. Wild type

TGMV A and B components as well as TGMV::SU have been previously described
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(Kjemtrup et al., 1998; Peele et al., 2001), as well as the TGMV:A-KEE146 RBR mutant

plasmid (Kong et al., 2000).

Plant Growth and Inoculation

Plants in all experiments were germinated and grown under a 16-h light/8-h dark

photoperiod at 25°C and 65% humidity. Individual seedlings in 3” plastic pots were

bombarded with 1.8 µg each of TGMV::A and TGMV::B components as described

(Kjemtrup et al., 1998).

Nucleic acid analysis

Inoculated and systemically infected leaves were excised at 28 dpi, photographed,

and ground in liquid nitrogen. RNA and DNA were isolated using Qiagen Plant RNeasy and

DNeasy Mini Kits (Valencia, CA). RT-PCR of RBR transcripts was performed with a

Qiagen OneStep RT-PCR Kit using primers 5’ GGGTGTTGAACGGTATTG 3’ and 5’

TCTTGGTACGCTCGCTTG 3’, with 500 ng of total RNA. Reactions were run for 32

cycles, producing a 298 bp RBR fragment. Products were resolved on a 1.5% agarose gel.

Ribosomal RNA was loaded on a separate gel as a loading control. Viral DNA was amplified

for 28 cycles using the following primers corresponding to the TGMV AL1 open reading

frame 5’CCTGAACCATGGCTTCCT 3’ and 5’ ACAGCACGATTGACGGGA 3’, and

resolved on a 1.5% agarose gel.

Tissue staining and visualization

Whole leaves were extracted for trypan blue staining at 28 dpi and boiled for 45

minutes in a stain solution containing a 1:1:1:1:4 ratio of phenol:lactic acid:

glycerol:water:95% ethanol with 0.4% (w/v) trypan blue. Leaves were destained using 0.1%

chloral hydrate (Sigma) for two days. For leaf cross-sections, tissue was excised and cut into
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0.5-1.0 cm pieces and fixed for four hours as previously described (Nagar et al., 1995).

Tissues were mounted in 5% low-gelling temperature agarose and cut into 40 mm sections

using a Vibratome sectioning system (St. Louis, MO). Sections were stained with 4'-6-

Diamidino-2-phenylindole (DAPI), mounted in 90% glycerol, and visualized using UV

excitation. Images were processed using Adobe Photoshop.
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Figure 1. Constructs used for silencing experiments.
A. Wild type TGMV A component and TGMV B carrying a 150 bp RBR fragment in sense
orientation (blue). The RBR gene is shown below with the 150 bp fragment shown in blue.

B. TGMV A component showing location of the KEE-146 mutation in the AL1 gene. This
component was co-bombarded with TGMV B::RBR to test the effect of reduced AL1 RBR
binding.

C. TGMV B component carrying a 156 bp fragment from the SU gene. This
was co-bombarded with the wild type or KEE-146 TGMV A component to serve as
a control.
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Figure 2. pRBR silencing induces programmed cell death in mature tissue.
(A-C) Typical wild type TGMV infected plant (A) at 28 dpi has severe symptoms and
stunted primary growth compared to TGMV::RBR and TGMV::SU (B-C) at the same time
point. TGMV::SU-silenced plant shows extensive silencing in late infected tissue whereas the
cell death phenotype from TGMV::RBR is localized in early infected leaves. Arrows indicate
inoculated leaves.

(D,G) Inoculated leaves of wild type TGMV (D) and TGMV::RBR (G) plants 28 dpi.
Symptoms associated with wild type virus infection include tissue crumpling and chlorosis.
TGMV::RBR-silenced plants display necrotic spots that first appear at randomly across the
blade 21 dpi and then extend along primary vasculature towards the petiole. This leaf died
four days later when necrosis reached the petiole whereas leaf showed in (D) remained viable
for the duration of the plant’s life cycle.

(E,F,H,I) Early infected leaves from a wild type TGMV (E-F) and TGMV::RBR plant (H-I)
were detached at 35 dpi, and stained with Trypan Blue/chloral hydrate. Only background
staining is seen in (E) although not in chlorotic sectors, which lack chlorophyll (white
regions). Arrow indicates magnified region shown in (F) which contains round, healthy cells.
In TGMV::RBR-silenced tissue, dark sectors correspond to necrotic spots (H). Higher
magnification (I) shows punctate staining characteristic of programmed cell death.

(J-L) Tissue necrotic spots of TGMV::RBR-early infected leaves were taken 35 dpi, fixed,
sectioned, stained with DAPI and imaged using Nomarski differential interference contrast
(J) or UV fluorescence (K). Necrotic tissue exhibits loss of chlorophyll and tissue collapse.
Walls of dead cells also autofluoresce bright orange and pink. Nuclei (blue) are less
numerous in necrotic areas. Aberrant nuclei in necrotic spots have condensed chromatin, like
that shown in (L).

(M-N) Wild type TGMV early infected tissue prepared and visualized as above. Tissue
maintains structural integrity and retains chlorophyll (red). Large aberrant nuclei are evident
throughout, consistent with virus-infected nuclei.

Scale bars: e=1mm; f,i=500mm; h=2mm; j-k, m-n=50 mm; l=10 mm.
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Figure 3. RBR message level is reduced in TGMV::RBR early infected leaves.
A. Late and early infected leaves (L and E, respectively) from plants at 28 dpi were detached,
photographed, and used for isolation of genomic DNA and RNA.

B. Upper panel shows accumulation of viral DNA by PCR. Viral DNA levels are higher in
early than late infected leaves for each set of constructs.
Middle panel shows RBR transcript levels using RT-PCR. In inoculated leaves with apparent
cell death (left sample of TGMV::RBR), RBR message is reduced compared to the same
infection with reduced cell death (right sample of TGMV::RBR), wild type TGMV, and
sulfur silencing control leaves. There is less reduction in late infected leaves. All virus-
infected plants have increased RBR message levels compared to mock inoculation, infected
and systemic.

rRNA: ribosomal RNA loading control
Mock: mock inoculated, wt TGMV: wild type TGMV infection, TGMV::RBR: pRBR
silenced, TGMV::SU: sulfur silenced
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Figure 4. Silencing pRBR with a TGMV AL1 pRBR-binding mutant does not affect cell
death phenotypes.
(A) Systemically infected plant (42dpi) inoculated with TGMV/KEE::RBR shows extensive
cell death in early infected leaves. Late infected leaves show reduced cell death (arrows)
compared toearly infected. (B) Inoculated leaf at 24 dpi shows extensive cell death primarily
along vascular tissue. Spots develop earlier in TGMV/KEE::RBR plants and spread faster
than TGMV::RBR (with wild type AL1) (C) Trypan blue staining, 28 dpi, shows that cell
death is localized in tissue surrounding vasculature. (D) TGMV/KEE::SU inoculated plant
shows extensive silencing and reduced symptoms in late infected tissue.
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Figure 5. TGMV::RBR mediated silencing results in developmental aberrations in late
infected leaves.
(A) Early emergence of axillary leaves at internodes and extra leaves at the base of the
pedicel (arrows). Asymmetric leaf blade is also shown (*). (B) leaf with extra growth at tip
and abnormal (pinched) midvein. (C) funnel shaped leaf (arrow) with no greatly reduced
lamina development. Petiole death is also shown (right leaf). (D) truncated midveins leading
to bi-lobed leaves (arrows) (E), and bifurcated midvein. (E).  Plants with the most severe
developmental aberrations are associated with the severity of cell death in early infected
leaves, shown in A, lower right corner and C, complete leaf death at right.
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Figure 6. Plants targeted for pRBR silencing develop curling flowers.
All A/B::RBR and A::KEE146/B::RBR plants developed at least one flower per stem that
curled ≥90º, with most plants developing multiple flowers that curled 360º or more (A).
Most curling flowers were not fertile and died before dehiscing (arrow). Petals of wild type
TGMV infected plants develop straight (B) or slightly curled whereas petals from pRBR
silencing plants develop ridges and inflections on the inside face of the curl (D). Petal cell
size and shape are not significantly different in pRBR silencing flowers (E) and wild type
TGMV infected plant flowers, which have slight undulations across cell files (C). However,
cell density and arrangement appear to be dramatically affected in A/B::RBR plants.
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Figure 7. Progeny of fertile curling TGMV::RBR flowers also have developmental defects.
Seed from fertile straight flowers and from flowers curling ≥90° of TGMV::RBR plants were
harvested and replanted to determine if silencing effects were passed to the next generation.
Progeny of curling flowers (A, left) had stunted growth when compared to progeny of
straight flowers from the same parent plant (a, right). Progeny plants had leaves that partially
developed and died before maturity (B) or that emerged and died before blade development
(B, arrow). Plants also developed leaves with defects similar to parent plants including
asymmetrical blade development (C) and truncated midveins (D). Progeny plants also had
leaves with lobes (E, F) and vasculature that split and rejoined (G).
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Construct
(TGMV)

# Plants
Sampled*

# plants
with

necrotic
leaves

Average #
necrotic

leaves/plant

Average %
aberrant
leaves**

Average  total
#

flowers/plant

Average %
flowers
curling

>90º/plant
TGMV::RBR 21 21 10.3 52 7.5 41

A::KEE/B::RBR 20 20 10 70 6.75 68
TGMV 10 1 .1 0* 1.6 0

TGMV::su 10 0 0 0 2.6 0
Mock 10 0 0 0 10 0

      Table 1. Cell death and developmental defects resulting from TGMV::RBR    
                     mediated gene silencing. *Plants were sampled at 28 dpi for all constructs.
                     **Leaf aberrations were identified by developmental defects shown in Figure 5.
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Chapter Four

Summary and Analysis/Future Directions
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Summary

The work presented in this dissertation provides initial information about the role of

PCNA and pRBR in N. benthamiana whole plant development through TGMV-induced gene

silencing. PCNA expression is induced and required for TGMV infection while the role of

pRBR in infection is not understood, but likely to be inhibitory for infection. Importantly for

this work, replication of the TGMV silencing vector occurs in isolated cells while silencing

occurs in a non-cell autonomous manner. Although the interactions of the viral vectors with

PCNA and pRBR complicates the interpretation of their silencing phenotypes, it should be

noted that TGMV does not infect meristematic cells. The PCNA silencing phentoype

extended into the meristem while the RBR silencing phenotype was transmitted in progeny.

Therefore, by selectively analyzing the silencing phenotypes using TGMV-mediated

silencing of the sulfur gene as a control, new information about the role of these proteins in

plant development can be proposed.

Chapter 2 described TGMV-mediated silencing of the PCNA gene. The majority of

plants infected with the TGMV::PCNA silencing construct showed an irreversible decrease

in primary growth, decreased internode length, and had no apparent meristematic structure.

In a small proportion of plants, leaves could be dissected away to reveal a central structure

that remained intact during vibratome sectioning. Immunolocalization studies of these

dissected meristems revealed little or no accumulation of PCNA protein and the presence of

numerous, ordered, cytoplasmically dense cells with nuclei that occupied a large percentage

of the volume. The morphology of these cells was similar to meristematic cells that had not

begun to elongate, reflecting the capacity of the cells to divide but not elongate.  Additional
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aberrations in meristem morphology included ectopic trichome formation and the absence of

leaf primordia.

These results indicate that PCNA is part of a critical process for the regulation of

primary growth. These results are also the first demonstration of silencing an endogenous

gene in the meristem by DNA or RNA VIGS of any type, and the first to demonstrate that

TGMV-VIGS can be used to silence essential cell cycle genes. At the time this work was

done, this vector previously had only been used to silence endogenous genes (ChlI, PDS) and

transgenes (LUC and GFP) that served as visible markers for silencing and had predictable

phenotypes (Kjemtrup et al., 1998, M. Turnage, unpublished data). The silencing phenotypes

of PCNA and RBR were not predictable.

Chapter 3 described silencing of RBR. RBR was chosen as a target for silencing

subsequent to PCNA because little was known about the function of this gene in plant

development. T-DNA insertions into this gene, which is single copy in Arabidopsis, are

embryonic lethal or do not survive long past germination (Ebel et al., 2004, Gruissem,

unpublished data). Silencing by TGMV had the potential to bypass this problem to ascertain

the effect of pRBR knockdown in both mature and developing tissues.  Mature leaves of

TGMV::RBR plants displayed small, localized areas of cell death after 21 days that spread

across entire leaves by 35 days, resulting in whole organ necrosis of lower leaves as shown in

Chapter 3. Visual analysis of death was confirmed by using Trypan Blue staining of leaves

cleared with chloral hydrate, a technique used to discriminate between programmed cell

death and chlorosis (Torres et al., 2002). Microscopic observation showed that individual

cells within dead tissues contained condensed chromatin, an early sign of plant programmed

cell death. There was only limited systemic spread of death. Systemically-infected leaves and
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flowers, however, displayed a variety of developmental abnormalities including uneven leaf

blade development, early outgrowth of subtending leaves at leaf axils, uncoupling of

peduncles from bracts, flower curling, lack of corolla dehiscence, and reduced seed set

(Chapter 3). Seed collected from surviving curling flowers produced progeny that also had an

increased frequency of developmental defects. RT-PCR analysis of RBR transcripts in

inoculated leaves demonstrated that RBR expression was decreased compared to leaves from

a wild type TGMV or TGMV::SU infection. There was no significant change in viral DNA

accumulation in the same tissues.

Because viral AL1 interacts with pRBR to facilitate host conditions required for viral

DNA replication, an AL1 mutant (KEE) was used that shows an 84% reduction in pRBR

binding in in vitro assays. Unlike wild type TGMV, this mutant virus is confined to the

vascular tissue (Kong et al., 2000). Previous studies using the same A component mutant co-

bombarded with a B component carrying a SU fragment demonstrated that silencing occurred

throughout the leaf blade, despite the vascular limitation of the virus (Chapter 2). Similarly,

cell death and developmental defects are more extensive in plants inoculated with the KEE

mutant vector carrying an RBR fragment. In inoculated leaves, cell death occurred earlier and

spread from the vascular tissue into the spongy and palisade mesophyll tissue causing tissue

collapse.  The non-cell autonomous nature of programmed cell death strongly suggests that

RBR downregulation in mature tissues triggers programmed cell death, although we cannot

rule out a possible interaction between a systemic pathogen response and reduced pRBR

levels in causing cell death.

The ability of cells to properly differentiate in developing tissues of TGMV::RBR

infected plants is compromised in systemic tissue. Uneven leaf blade development is difficult
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to distinguish from viral symptoms, but the phenotype of TGMV-infected plants showing

recovery and TGMV::RBR-infected plants at the same stage of development are noticeably

different. Some of the same leaf aberrations found in inoculated plants also occurred in their

progeny suggesting that pRBR silencing has heritable effects that may be due to changes in

pRBR-mediated chromatin structure. This is the first potential finding of an epigenetic effect

in progeny from plants subject to DNA virus-induced PTGS.

PCNA

The results from PCNA silencing (Chapter 2) indicated that a knockdown in PCNA

protein results in aberrant or loss of meristematic tissue and leaf development. The observed

decrease in primary growth was predicted, since knocking down levels of a protein required

for DNA replication would hamper successful replication and prevent cell division.

Microscopic analysis of recoverable silenced plant meristems, however, showed that there

was cell division (Chap. 2, Fig. 4), but little or no cell expansion in the absence of PCNA in

most cells. This was a surprising result given that PCNA has only been associated with

replication and repair in plants (Fukuda et al., 1994). The cessation of cell expansion in these

tissues suggests that PCNA is required upstream of a checkpoint for cell growth. Reduced

amounts of PCNA may alter the timing or fidelity of DNA replication. How the cell senses

this, and why it undergoes another round of cell division rather than elongate, is not known

and the plant PCNA has not been connected to cell elongation or differentiation. The

hypothesis that PCNA is required for cell expansion is reinforced by the finding that

internode length is reduced, and terminal leaves at the apices of plants remain small. Leaves

form a cluster and are fused with the stem instead of having a distinct petiole, indicating that
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basipetal differentiation is also inhibited. Microscopic analysis of leaf cells was not

performed, but it would be interesting to know if small leaves contained elongated cells or

cells that resembled those in recoverable meristematic structures. Small cells would indicate

that PCNA is required for cell elongation in organ structures whereas elongated or expanded

cells would indicate that cell division alone is hampered by a reduction in PCNA protein

levels.

Only six dissections of 120 TGMV::PCNA-silenced plants contained an identifiable

apical structure, which lacked leaf primordia and had trichomes close to the apex. This begs

the question of whether these recoverable structures are in the process of differentiating into

a terminal leaf or stem structure, thus contributing to the cluster phenotype observed. A

possible explanation for the absence of meristems in the majority of silenced plants is that

cells slowed replication and eventually stopped dividing. Because meristematic regions are

characterized by continuous cell division, it may be possible that the inability of cells to

replicate their DNA and divide results in loss of meristem identity and initiation of

differentiation and terminal organ formation. Localization of homeotic stem cell maintenance

genes such as STM or KNAT (Arabidopsis KNOTTED) (Clark et al., 1996) would help

determine if these structures retained their meristematic identity. Similarly, localization of

genes known to recruit cells for differentiation like CLV (Clark et al., 1996) would also

determine if cells were being recruited for organs. It is difficult to determine if cells

terminally differentiated into leaves in plants where no meristem was recoverable. Time

course studies of meristematic-like structure development in PCNA-silenced plants could

help to elucidate this process. It is interesting that loss of PCNA expression had effects that

changed the structure of the meristem. This likely indicates that cell proliferation and
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expansion regulated by PCNA acts upstream of homeotic genes that control differentiation

and organ patterning in plants.

Another intriguing question related to these findings is whether TGMV DNA is able

to access the recoverable meristematic-like structures. Like most viruses, TGMV does not

invade meristematic tissues, but rather accumulates in tissues subtending meristems and

moves into developing leaves (Matthews et al., 2001, S. Nagar, unpublished data). In

TGMV::PCNA silenced plants, moderate symptoms precede silencing onset, and clustering

and formation of terminal leaves are accompanied by heavy symptoms (Chapter 2, Figure 2).

It would be interesting to do in situ localization of viral DNA in these tissues and in the

young leaves of plants with no meristem to determine if the viral vector was capable of

invading those tissues. This would also help determine 1) if PCNA silencing results in loss of

meristem identity, therefore allowing virus propagation and 2) if the extent of silencing over

time correlates with accumulation of viral DNA close to the meristem.

An aspect of silencing signal movement that is unique to this work is the ability to

trigger strong silencing in lateral meristems by pruning the dominant SAM. Although lateral

meristems did show PCNA silencing to some degree, the SAM was most affected. Pruning

initiated stronger silencing in the next apical shoot. This has not been observed with

meristematic silencing of any other type, and suggests that silencing signals are directed

toward sink tissues. In this case, release of apical dominance establishes a new sink for

primary growth, towards which PCNA silencing was equally effective.

Silencing in proliferating tissues

The components regulating mobility of the silencing signal into the meristem here

and in other silencing systems are not known. There is a growing body of evidence
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concerned with virus and transgene-induced silencing in proliferating tissues, however, that

provide insights into a likely mechanism for the ability of meristematic genes to be targeted.

Below I briefly highlight some of this work, followed by a possible mechanism for why

PCNA could be targeted by the TGMV silencing vector.

Jones and colleagues (1998) first observed silencing in shoot meristems when

transgenic plants containing the pea seed-borne mosaic virus (PSbMV) replicase gene were

infected with wild type PSbMV and showed meristematic silencing of the transgene. Virus

was not able to infect meristematic tissue, but the mobile silencing signal was capable of

diffusing into proliferating cells and possibly induced methylation of the transgene, though

this was not confirmed. This work established the movement of a mobile silencing-inducing

signal, presumably an RNA species that is capable of interacting with mitotic cells.

Voinnet et al. (1998) has shown that GFP transgene silencing cannot be propagated in

N. benthamiana meristems when silencing is induced by bombardment or Agro-infiltration of

promoterless DNA. In this study, small DNA fragments of GFP were sufficient to induce

systemic silencing. Leaf disk explants of mature silenced tissues formed callus and

regenerated plants remained silenced, except for meristematic and floral tissues. This study

demonstrated that silencing can be maintained in mitotically active cells, but not in germline

cells. Different results were obtained in luciferase-silenced tobacco (Mitsuhara et al., 2002).

Systemic PTGS was triggered by CaMV 35S overexpression of luc, which also did not occur

in the meristems or developing flowers. Callus tissue derived from silenced mature leaf

explants lost silencing and regained LUC activity in developing leaves. Silencing was

reactivated as tissues matured, however. Silencing was subsequently lost again in shoots after

meristem formation. Seed of LUC-overexpressing plants were not silenced, but silencing was
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reinitiated in subsequent progeny lines after tissue maturity. The frequency of progeny

silencing was the same from both silenced and non-silenced parent plants containing the luc

transgene. Together, these data suggest that cell division rather than meiosis is involved in

eliminating PTGS, and implicate the presence of a meristem surveillance system or physical

barrier against silencing.

Because the identity of a mobile silencing signal has not been identified, it is difficult

to determine if siRNAs are responsible for triggering the response we observed in

TGMV::PCNA silenced plants. RNAs from pumpkin, however, move through the phloem

into cucumber scion shoot apices (Ruiz-Medrano et al., 1999). Tomato RNAs also move

selectively into lateral meristems and modulate proper leaf development (Kim et al., 2001).

This is consistent with studies that demonstrate the importance of non-cell-autonomous RNA

signaling in the establishment of organs from the meristem (Eshed et al., 2001, McConnell et

al., 2001, Fletcher et al., 2004). Toshi et al. (2002) used this knowledge to ask whether RNAs

are imported into the meristem on a selective basis. Ectopic expression of the white clover

mosaic virus (WCIMV, an RNA virus) movement protein TGBp1 in N. benthamiana resulted

in abnormal leaf primordia exhibiting a spikey phenotype. Infection with WCIMV caused

TGBp1 silencing and the reversion of this phenotype to wild type leaf structure, indicative of

transgene silencing as observed by Jones et al. (1998). Infections with potato virus X (PVX),

a virus that does not infect meristematic tissue or induce gene silencing, resulted in

meristematic invasion. This indicated that TGPb1 expression affected the ability of

meristems to exclude viral RNA. Subsequent infections of PVX carrying a WCIMV TGPb1

silencing fragment triggered silencing in the meristem and caused reversion of the spikey

phenotype, whereas PVX carrying a GFP fragment did not. This demonstrates that
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expression of TGPb1 impairs meristematic surveillance of both viruses and silencing signals,

and also implies that a surveillance system exists to regulate RNA movement into meristems.

Additional evidence for the presence of a meristematic surveillance system and

silencing has also been observed during lateral root (LR) formation in tomato (Valentine et

al., 2002). Wild type tomato plants were infected with Tobacco Mosaic Virus (TMV)

carrying a GFP fragment as a visual marker for virus location. Virus persisted in proliferating

pericycle cells and throughout the LR during the initial stages of cell division and root

elongation. As the LR developed, however, there was a loss of GFP beginning at the root tip

and extending back to the LR base. This coincided with LR meristem formation, and

suggested that the meristem produced a super-silencing signal against the invading virus.

GFP transgenic N. benthamiana inoculated with TMV::GFP before LR initiation also

showed a loss of LR GFP expression, and supports the view that root meristems initiate

PTGS during or after their formation.  It is not clear why silencing is limited to the base of

LRs and does not extend into the primary roots.

Tobacco Rattle Virus (TRV) is a RNA virus that is not excluded from meristematic

tissues (Matthews, 1991). In the above-mentioned study, roots inoculated with TRV carrying

a fragment of red fluorescent protein (RFP) was able to counteract meristematic silencing

and restore TMV::GFP expression. The same group has also used TRV to silence

endogenous genes that phenocopy mutant alleles including RHL (root hairless), RML (root

meristemless), and b-tubulin, as well as GFP (Valentine et al., 2004). Ratcliff et al., (2001)

used TRV to silence the NFL gene (Nicotiana FLO/LFY), which resulted in floral meristem

branching. Because TRV invades meristems, it may be capable of directly triggering a PTGS

signal, leading to the ability to efficiently silence developmentally important genes. PVX has
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also been used to silence meristematic genes, but does so at a lesser efficiency (Ratcliff et al.,

2001). PVX::GFP silencing, however, results in meristematic TGS that persists in progeny

(Jones et al., 2001).

Selective RNA molecule trafficking into the meristem, including mobile silencing

signal molecules, is a complex phenomenon that may exist to protect germline cells against

silencing and viruses (Voinnet et al., 1998, Mitsuhara, 2002). The meristematic tropism of

some viruses (TRV, Ratcliff et al., 2001, Valentine et al., 2002, Valentine et al., 2004) may

be sufficient to induce silencing in meristems because of virus proximity to the target tissue.

Alternatively, meristematic expression of a transgene (viral or other) may compromise the

ability of the meristem to discriminate against aberrant RNA molecules, thereby permitting

virus infection or meristematic gene silencing to occur (Jones et al., 1998, Lucas et al., 2002).

The data presented in Chapter Two indicates that PCNA is silenced independent of virus

location, since TGMV cannot enter the meristem. It may be possible that silencing molecules

derived from PCNA were capable of penetrating the meristem due to the inability of the

meristem surveillance machinery to discriminate between meristematic-localized endogenous

and silencing-derived RNA species. This hypothesis depends on small RNAs as being the

mobile signal. However, it is entirely possible that meristematic gene silencing induced by

DNA VIGS occurs with other genes such as SU, since PCNA is the only meristem-specific

gene silenced by geminivirus-derived vectors so far. This could be resolved by determining if

siRNAs for the SU gene are localized in the meristems of TGMV::su plants. Small RNA

accumulation has been measured through in situ localization in Arabidopsis leaves (Kidner

and Martienssen, 2004) and could be used to detect SU. Chlorophyll is not produced in

meristematic tissue at visually detectable levels (C. Jordan, personal observation), and
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therefore the presence of SU siRNAs in the meristem would show that RNAs associated with

silencing move independent of host gene expression and activity. It will be interesting to

silence additional meristem-specific genes such as STM and CycD3 to determine the

specificity for silencing genes in meristematic tissues in addition to PCNA. These

experiments combined with localization of silencing machinery components, relative to

control silencing patterns, will help further elucidate the mechanism by which DNA virus-

derived signals move throughout the plant.

pRBR

Multiple lines of in vitro evidence suggests that the plant RBR may have functions

similar to those in the mammalian cell cycle because of similar binding characteristics with

CycD/CDK complexes, E2Fs, and viral proteins (Ach et al., 1997, Huntley et al., 1998,

Nakagami et al., 2002, Boniotti and Guiterrez, 2002). In animal systems, pRB mutations lead

to the inability of some cell types to differentiate, and also result in apoptosis (Nahle et al.,

2002, Liu et al., 2004). pRB binding and inactivation by oncovirus proteins also causes

similar effects (Liu et al., 2004).  There is limited in vivo evidence to support the role of the

plant RBR as a negative cell cycle regulator by binding E2Fs, or as a regulator of cell

division, differentiation, or cell death. Overexpression of ZmRB1 causes decreased cell

division in BY2 cells (Gordon-Kamm et al., 2002). Overexpression of CycD (Dewitte et al.,

2000) or E2Fa/DPa (de Veylder et al., 2002) causes increased cell proliferation in intact

plants, supposedly by hyperphosphorylating or out-titrating pRBR, respectively. Ebel and

colleagues (2004) demonstrated that mutations in the Arabidopsis pRBR cause gametophytic

endoreduplication, autonomous endosperm development and lethality. Together this evidence
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provided a background to determine the function of the plant pRBR in intact plants through

VIGS.

While the work presented in Chapter Three was being conducted, Park et al. (2005)

post-transcriptionally silenced N. benthamiana pRBR (NbRBR1) with a TRV vector. In this

study, leaf development was severely hampered, and stem and leaf cell density was greater

than in non-silenced controls. Silenced plants had apparent guard cell precursor

(meristemoid) proliferation, delayed trichome differentiation, and mesophyll cells contained

endoreduplicated nuclei. There was also an increase in late S-phase genes including E2F,

PCNA, and RNR compared to controls. The authors suggested from these findings that

NbRBR1 coordinates cell division, differentiation, and endoreduplication, which, based on

previous evidence of both pRB and plant pRBR being a negative regulator of the cell cycle,

could be expected. The authors did not explain, however, why there was leaf clustering and

an arrest in primary growth at the shoot apex. Because TRV infects meristems, it may be

possible that growth termination was a combinatorial effect of the virus replication and

silencing. Additionally, tissues taken for analysis appeared to come from plants that were no

more than 2-3 weeks post inoculation, though this was not clear.

Unlike the Park et al. findings, TGMV::RBR silencing resulted in a dual phenotype:

cell death in mature leaves and morphological defects in developing leaves and flowers.

Developmental defects were also observed in progeny of flowers that were extensively curled

but remained fertile. This is unique and important work because it demonstrates, for the first

time, that pRBR may have different functions in mature and developing tissues.
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TGMV::RBR silencing-induced cell death in mature tissues

Programmed cell death (PCD) occurs throughout plant life cycles as a natural part of

development (Kuriyama and Fukuda, 2002). Examples of developmental PCD include floral

organ dehiscence, leaf shape development (Monstera, palms, lace plants), aerenchyma

formation, senescence, and xylem conducting element formation. Different stimuli also

induce PCD, including hormones, temperature, light, and response to pathogens including

fungi, bacteria, and viruses. Plants react to certain pathogen attacks by activating rapid PCD

in the form of a hypersensitive response (HR) in order to sequester pathogen proliferation

(van Doorn and Woltering, 2005).

The pathways involved in HR PCD are complex and under intense investigation

(Hoebrechts and Woltering, 2002). Briefly, upregulation of a NADPH oxidase complex

facilitates the production of reactive oxygen species (ROS) that lead to an elevation of Ca2+

and triggers the release of mitochondrial cytochrome c. This in turn activates a number of

proteolytic enzymes, including caspases, which results in vacuolar collapse and nuclear

degradation. Nuclei of cells undergoing PCD exhibit chromatin condensation, DNA

fragmentation, and plasma membrane blebbing and shrinkage (Kim et al., 2003, van Doorn

and Woltering, 2005). Defense genes are also upregulated during PCD, and signaling

cascades to other cells trigger similar responses. In animal apoptosis, there is a striking

connection between the role of pRB and the action of caspases.  pRB proteolytic cleavage

results in the activation of p53, a potent inducer of apoptosis (Tan and Wang, 1998). p53 was

named “molecule of the year” by Science in 1993 for its ability to arrest the cell cycle and

induce apoptosis in response to activation of certain oncogenes, and is widely regarded for its

role in preventing cancer. p53 homologs have not been identified in plants at the functional
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level or by sequence homology. Although unregulated cell division may not have the same

detrimental effects in plants as in animals, the reason for constitutive expression of RBR in

Arabidopsis is not clear. The results presented in Chapter 3 raise the possibility that a p53-

like protein may exist in plants because down-regulation of pRBR resulted in programmed

cell death.

Silencing of other genes by VIGS can also produce programmed cell death. TRV-

induced VIGS of two different plant proteasome subunits of the 26S proteasome, which is

important in the ubiquitin-mediated degradation of a large number of cellular proteins,

resulted in PCD (Kim et al., 2003). These authors found an increase in polyubiquitinated

proteins and reactive oxygen species in silenced leaves of N. benthamiana, and demonstrated

PCD occurrence by DNA laddering and nuclear condensation. This was the first direct

demonstration of the role of the proteolytic processing in preventing PCD (Kim et al., 2003).

The authors propose that although the mechanism of ATP-mediated ubiquitinylation and

proteosome-mediated protein degradation leading to PCD is not known, proteolytic

processing may be required to prevent activation of PCD or to process inhibitors of PCD.

There are numerous interactions between the proteasome and apoptosis in animal systems

(reviewed by Jesenberger and Jentsch, 2002).

Because TGMV-AL1 binds with pRBR during the early stages of infection to induce

favorable conditions for viral replication, we initially hypothesized that RBR silencing would

remove this step and facilitate increased virulence. Necrotic spots only developed on

inoculated leaves after 14-21 dpi, however, long after the time required for viral replication

and symptom induction (6 – 12 days). Furthermore, viral symptoms in these plants were

reduced compared to a wild type TGMV infection, and there was slightly less vector DNA
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accumulation in pRBR silenced leaves compared to wild type TGMV and TGMV::SU.

Silencing pRBR may not result in depletion of pRBR until after viral DNA replication has

occurred. However, since silencing of PCNA can result in the cessation of plant growth, we

expected that systemic silencing of pRBR would intensify viral replication and spread in

upper leaves. Instead, upper leaves in general lacked PCD, with the exception of small

circular, isolated areas in mesophyll tissues. One possibility is that pRBR is not essential for

cell survival in newly emerging tissue and the lack of pRBR prevents proper differentiation.

Areas with disrupted cell structures were commonly seen in TGMV::RBR silenced plants. If

these remain undifferentiated, they may not be “poised for cell death”. This could be

examined further by microscopy using in situ localization to determine if TGMV::RBR is

confined to cells that showed incomplete differentiation.

The appearance and spread of necrotic spots on leaves of TGMV::RBR silenced

plants was striking, and suggests that loss of pRBR triggers PCD in mature tissues. RBR

transcript levels decreased in leaves with extensive cell death compared to levels from wild

type plants (Chapter 3, Figure 3), indicating that RBR message loss correlated with cell death.

The RT-PCR experiments for RBR transcripts were only done at 28 dpi. A time-course

analysis of transcript levels during the infection process is needed to verify that development

and spread of cell death over the leaf correlates with a decrease in RBR message.

The TGMV AL1-KEE binding mutant was used to partially separate AL1-pRBR

interactions and pRBR silencing to determine if cell death could spread independent of the

virus. Necrosis did spread from the vascular tissue in similar pattern to SU silencing, and

seemed to confirm the idea that cell death was a true phenotype of pRBR silencing.

However, it is possible that silencing pRBR in mesophyll tissue decreased protein levels to a
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point where vascular tissue-restricted virus was capable of mesophyll cell invasion, thereby

eliciting a cell death response or acting in concert with pRBR silencing to do so.

Fluorescence in situ hybridization of RBR in and surrounding regions of cell death would

determine if virus was able to escape the vascular tissue and contribute to cell death. The

absence of viral DNA would provide evidence that cell death is caused only by the spread of

RBR silencing signals. The presence of viral DNA in and surrounding these tissues would

still provide evidence for pRBR silencing, since lowered pRBR levels in mesophyll tissues

might allow for virus escape. This would also confirm previous hypotheses that the reduced

pRBR binding shown by the AL1-KEE mutation restricts TGMV to vascular tissue where

pRBR levels are thought to be low. FISH of wild type TGMV::RBR silenced leaves would

also provide an indication of the location and relative amount of viral DNA in relationship to

cell death.

The presence of necrosis in inoculated tissues suggests that pRBR is needed in part to

prevent cell death. Animal cells upregulate p53 during the early stages of apoptosis (Tan and

Wang, 1998), but no plant p53 has been identified. This raises the question of whether plants

have a p53-like protein that is responsible for triggering PCD pathways, or if pRBR cleavage

is sufficient to induce cell death. It is not known if cells that undergo pRBR silencing

upregulate E2F genes that result in endoreduplication, if PCD pathway genes are activated,

or if the death observed is a delayed HR response. The presence of condensed chromatin in

some living cells in and around silenced tissue is a visual marker for PCD. Analysis of ROS

and cytochrome c levels in leaves containing cells death in comparison to wild type TGMV

infected leaves may provide further evidence for the activation of such pathways leading to

dead or dying cells observed in this work. It appears at present that pRBR may “protect” cells
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from cell death, as has been observed in animal systems where induced pRB loss results in

cell death (Liu et al., 2004).

It is difficult to determine the level of pRBR silencing that is required for PCD

induction in both inoculated and systemic tissues. While there is information regarding the

amount of RBR transcripts through microarray analysis (Menges et al., 2005) and the amount

of protein across the proximal-distal axis of maize leaf blades (Huntley et al., 1998), the

amount of functional protein in cells required to maintain a normal steady state is not well

known. It is also not clear whether mRNA levels of RBR accurately reflect protein levels.

TGMV::su silencing spreads rapidly throughout systemic tissue, however, the cell death

phenotype for RBR silencing is delayed in inoculated tissue and found only in small isolated

spots that decrease in frequency and size in younger leaves. Because SU is required for

chlorophyll production, a slight reduction in protein levels may have dramatic results. There

may be a greater threshold for RBR silencing to induce a cell death response in mature

systemic tissues, if pRBR protein levels must be drastically reduced to produce localized

PCD and a visible phenotype. Additionally, there is less viral DNA accumulation in systemic

tissues of TGMV infected plants (Kjemtrup et al., 1998, Peele et al., 2001). A decrease in the

amount of viral DNA could trigger a weaker silencing response, leading to a decrease in

pRBR levels that were insufficient to initiate PCD. Immunolocalization of pRBR in

inoculated and systemic leaves would help determine the stability of the pRBR protein and

the extent of protein loss relative to the PCD pattern. Western blot analysis of leaf tissue of

wild type and TGMV::RBR silenced tissues should also be carried out to determine how

pRBR levels are modulated in vivo in response to infection and silencing, respectively.
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Developmental defects

A key question arising from this work is why TGMV::RBR silencing in inoculated

and adjacent leaves resulted in cell death whereas silencing in developing leaves caused

various developmental defects. The severity of cell death in individual inoculated plants

correlated with the degree and severity of developmental aberrations, strongly suggesting that

these phenotypes are connected. Silencing in mature, differentiated tissues, where pRBR

probably plays a role in negatively regulating the cell cycle, may induce cell cycle activation

and eventual death. pRBR silencing in tissues where differentiation has not yet occurred,

however, may disrupt or prolong differentiation or cause increased proliferation, and result in

abnormal morphologies. This implies that pRBR expression is required for differentiation, an

observation made in animals (Liu et al., 2004). Overexpression of E2F (de Veylder et al.,

2002) or CycD3 (Dewitte et al., 2000) results in increased cell proliferation and abnormal

leaf morphology. A reduction in pRBR protein, thereby derepressing E2Fs may allow

continued cell cycling in TGMV::RBR plants, with consequences on leaf form. Such a

scenario may account for uneven blade development and midvein bifurcation and truncation.

Leaves from these plants were not sectioned and assessed for changes in cell number and

size. This should be conducted in future experiments.

The degree and pattern of leaf abnormalities varied in each plant, and it is difficult to

know where silencing actually occurred in systemic tissues. Differential movement of the

mobile silencing signal into leaf progenitor cells may account for the wide variety of

phenotypes observed. As with mature cell PCD, the degree of pRBR stability in these tissues

is not known. Analysis of transcript levels showed that there was not a significant difference

between TGMV::RBR and wild type TGMV in systemic leaves, and that TGMV::RBR levels
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were slightly higher than in a mock inoculated plant. Time-course RBR transcript analysis

accompanied by immunolocalization and western blots of the pRBR protein would help

determine the stability of pRBR in relation to these phenotypes. It would also be interesting

to immunolocalize PCNA in these tissues to determine if cell proliferation still occurs in

these tissues as a result of pRBR inactivation.

SAM termination and leaf clustering did not occur in TGMV::RBR plants, unlike

findings from TRV::RBR VIGS (Park et al., 2005). Instead, all TGMV::RBR plants grew to

the same terminal height and at the same rate as mock-inoculated plants. This suggests that

meristematic cell proliferation was not affected. Nevertheless, early leaf development and

expansion, as well as leaf development in the wrong location (leaves emerging at the base of

floral attachments to the stem) occurred. This suggests that loss of pRBR may not have

induced meristematic cellular overproliferation leading to an increase in primary growth and

plant biomass, but may have altered developmental programs for the timing of and organ

initiation. Again, localization of pRBR protein in these tissues and the meristem would

provide information about pRBR activity.

Flowers and progeny

Park et al. (2005) did not observe the effects of pRBR silencing on floral

development. However, flower curling was a phenotype found in every one of >200

TGMV::RBR plants. The degree to which flowers curled directly correlated with the severity

of cell death in inoculated leaves, similar to leaf aberrations. The appearance of ridges and

cell file folding on the inside curvature of affected flowers suggests that either extra cell

divisions occurred in those tissues, or that extra cell divisions or cell elongation took place on

the outer side of the curved corolla, causing mechanical stress. pRBR silencing may cause
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extra cell proliferation on one or different sides of petals leading to this phenotype. We were

not able to discern any changes in cell size or density due to severe tissue deformities and

problems in mounting the flowers on slides. Cell density and size measurements should be

performed throughout the petals, as well as pRBR localization and transcript abundance

measurements.

Slight flower curling is a symptomatic effect of wild type TGMV infections (S.

Settlage and C. Jordan, unpublished). It is possible that pRBR binding during wild type

TGMV infections is a direct result from virus invasion, but viral DNA has not been localized

in those tissues. Silencing pRBR as described above may facilitate infection, resulting in a

curly phenotype. This does not seem likely, however, since tissues adjacent to flowers were

not symptomatic. Alternatively, pRBR silencing may alone be responsible for generating a

severe curling phenotype by inducing cell proliferation. It would be advantageous to know

the location of virus in curling flowers to determine if this phenomenon is a symptomatic

effect. It would also be interesting to find out if pRBR siRNAs exist within silenced tissues

as well, which would be indicative of pRBR silencing.

All flowers, regardless of the degree of curling, contained intact stamens and pistils

that appeared morphologically normal with the exception of being conformed to the shape of

the bent corolla. Dissection of the subtending receptacles and ovaries also revealed normal

reproductive structures. However, seed capsules from extreme curling flowers (>90°) did not

form, suggesting that pRBR silencing affects reproductive viability of the gametes. It may be

difficult to determine exactly how pRBR silencing affects gamete production or viability, or

whether changes in the styles of flowers by curling creates a physical barrier against pollen

tube growth. Pollen was produced in all silenced flowers, regardless of the degree of curling.
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Pollen viability assays should also be conducted to determine if male gamete production is

affected in silenced plants.  Similarly, it would be interesting to look at the ultrastructure of

the ovaries in silenced plants to determine if there are finite changes in structure not

encountered in this work. Finally, pRBR immunolocalizations in silenced and non-silenced

tissues would provide some bearing about the relative abundance of this protein in certain

floral structures related to the fertility of the flower.

Very few extreme curling flowers were fertile and produced seed that, although

noticeably fewer, were viable. Plants grown from these seed had deformities that occurred on

only 1-2 leaves per plant, and many plants had decreased primary growth when compared to

progeny from straight flowers on the same parent plant. This suggests that a silencing effect

may have been carried through gamete and seed of flowers that were affected by the

TGMV::RBR silencing signal.

Silencing has not been previously observed in progeny of DNA-VIGS targeted plants,

leaving a mechanism for silencing transmission yet to be described. One possible hypothesis

for the ability of silencing to propagate into progeny is the ability of the mobile silencing

signal to be propagated into developing seed. Chlorophyll is not detectable in meristems or

flowers (C. Jordan, personal observation), and implies that SU is not actively expressed in

those tissues. Himber et al (2002) demonstrated that silencing must be re-initiated by the

production of siRNAs against target transcripts every 10-15 cells. Therefore, the absence of

SU in the floral meristem may not be sufficient to perpetuate silencing by siRNAs into egg

cells and seed for propagation in the next generation. pRBR is expressed constitutively in

Arabidopsis (Menges et al., 2004), including meristems and floral tissues. Work presented in

Chapter Two demonstrates that DNA-VIGS signals can penetrate meristematic tissues.
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pRBR silencing signals could therefore be propagated in egg cells and seed, having an effect

on progeny observed. The ability of plants to germinate despite reduced RBR levels would

contradict findings by Ebel et al (2004) that RBR knockdowns are embryonic lethal. That

study, however, used knockout mutations whereas siRNA activity induced by PTGS is

epigenetic. This difference has yet to be resolved.

The absence of developmental defects in chronologically younger tissues of the

progeny plants could be accounted for by the inability of a strong silencing signal to be

generated in the absence of a virus-inducing vector, combined with the evidence that siRNAs

are capable of short-distance movement (Himber et al., 2002). pRBR and siRNAs should be

localized in these plants to determine of there is a reduction in pRBR levels, and if siRNAs

are responsible for producing defects. Evidence from these analyses could provide the first

demonstration of parent to progeny transmission of DNA-VIGS silencing for an endogenous

sequence.

Another hypothesis for the propagation of developmental defects in progeny is that

pRBR silencing in parent plants that altered chromatin structure. Because pRBR is associated

with chromatin remodeling factors and acts as a scaffold protein during heterochromatin

formation (Williams and Grafi, 2000, Gonzalo et al., 2005), downregulation of pRBR in

virus-infected plants may disrupt normal chromatin structure. This could contribute

developmental defects in systemically infected tissues and flowers by altering the regulation

of genes required for DNA replication. Since pRBR silencing effects occur in flowers, subtle

changes in chromatin structure are likely to have preceded seed formation. Deformities in

early-developing leaves of plants from these seeds could be attributed to residual chromatin

remodeling effects, which are lost as the plant further develops. It would be interesting to
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know if chromatin structure is affected in developmentally abnormal leaves of progeny

plants, and whether such alterations are causally associated with the observed abnormalities.
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