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Abstract The IL-60 platform, consisting of a disarmed

form of tomato yellow leaf curl virus (TYLCV) and aux-

iliary components, was previously developed as a non-

transgenic universal vector system for gene expression and

silencing that can express an entire operon in plants. IL-60

does not allow rolling-circle replication; hence, production

of viral single-stranded (ss) DNA progeny is prevented. We

used this double-stranded (ds) DNA-restricted platform

(uncoupled from the dsDNA?ssDNA replication phase of

progeny viral DNA) for functional genomics studies of

TYLCV. We report that the noncoding 314-bp intergenic

region (IR) is the only viral element required for viral

dsDNA replication. None of the viral genes are required,

suggesting recruitment of host factors that recognize the

IR. We further show that IR-carrying reporter genes are

also capable of replication but remain confined to the cells

into which they were introduced. Only two sense-oriented

viral genes (V1 and V2) need to be added to the IR-carrying

construct for expression and movement. Hence, any IR-

dsDNA construct supplemented with V1 and V2 becomes a

replication-competent, mobile and expressing plant plas-

mid. All viral functions (replication, expression and

movement) are determined by the IR and the sense-ori-

ented genes. The complementary-oriented viral genes have

auxiliary roles in the late phase of the virus ‘‘life cycle’’.

The previously reported involvement of some viral genes

in expression and movement is therefore revised.

Introduction

Tomato yellow leaf curl virus (TYLCV) is a monopartite

begomovirus with a characterized genome organization

consisting of six overlapping transcribed open reading

frames (ORFs) [1–4]. Briefly, TYLCV consists of six

overlapping open reading frames (ORFs) transcribed in

opposite directions from two promoters situated at either

end of an intergenic region (IR). The 314-bp IR carries the

universal motif TAATATT/AC. In addition to carrying

promoters, it also serves as the viral origin of replication. It

carries motifs (iterons) for binding the replicase-associated

protein (REP—the product of ORF C1 [1]). Two ORFs are

expressed in viral (sense) orientation—V2 and V1 [pre-coat

and coat protein (CP), respectively]—and four ORFs in the

complementary orientation (C1 to C4).

Geminiviral DNA replication involves a number of steps

[2, 6]. The uncoated open circular single-stranded (ss) DNA

converts into a covalently closed circular double-stranded

(ds) DNA. In begomoviruses, this stage requires priming by

RNA, with the primosome complex provided by the host [3,

6]. The conversion of covalently closed circular DNA into

supercoiled forms is carried out solely by the host enzymatic

machinery [5, 7, 8]. Closed circular dsDNA forms are bound

by host histones to form minichromosomes, leaving suffi-

cient gaps at the origin of replication, the promoter sites and

the iterons to allow interactions with plant proteins and REP

[1]. The dsDNA within the minichromosomes replicates and

is used for transcription of the viral genes. When a sufficient
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amount of REP becomes available, it binds to the IR iterons,

initiates a specific nick for rolling-circle replication, and

produces the ssDNA-molecule progeny.

The viral genes V1, V2, C4 [2, 3, 5, 6] and (indirectly)

C2 [1] are involved in symptom development and expres-

sion, disease severity and movement [2, 3, 5–7]. Traffick-

ing of the geminiviral genome within a cell, between cells

and over long distances within the host has been attributed

in some cases to the viral ssDNA [1–3, 6]. In other cases,

both ssDNA and dsDNA have been implicated as moving

entities in a non-sequence-specific manner [9].

The CP carries nuclear-localization and nuclear-export

signals [11–16] and is thus involved in facilitating ssDNA

invasion of the nucleus and possibly directing viral nuclear

components back to the cytosol. C3 and C2 code for factors

involved in replication and transcription enhancement,

respectively.

Thus, five of the viral ORFs have no direct role (but

some auxiliary roles) in viral dsDNA replication. The sixth

ORF (C1) is only essential for rolling-circle replication, a

late-phase function which may, in turn, provide a template

for dsDNA replication and play some auxiliary roles in

recruiting plant proteins for optimization of viral replica-

tion and expression.

In a previous study, the IL-60 platform of TYLCV-

derived plasmids (see further on for construct definitions)

was found to be capable of expressing foreign genes or

silencing native plant genes in a nontransgenic manner in

every plant tested [17]. Moreover, it can harbor long inserts

and express an entire operon [18]. In the IL-60 system, the

activity of the ORF C1 (REP) product is compromised,

thus eliminating rolling-circle replication and the produc-

tion of progeny ssDNA. Therefore, the inserted IL-60 DNA

components replicate in plant cells only as dsDNA.

In our previous study [17], we further demonstrated that a

foreign gene could be placed within the IL-60–pBlueScript

(BS) construct or under IR control on a different construct

for expression. In the latter case, IL-60–BS served as the

‘‘driver’’, providing needed elements for replication and

expression [17]. In the present report, we show that p1470,

carrying the IR and only two sense-oriented TYLCV genes

(without any of the four complementary-oriented genes), can

replace the larger construct, IL-60–BS, in driving expression

of a foreign gene in cis as well as in trans.

Here, the IL-60 system (including its various compo-

nents) was used to study aspects of TYLCV functional

genomics. A major discovery was that the short noncoding

viral DNA segment (IR) is sufficient for basal levels of viral

replication and that the addition of only two viral genes (IR–

V2–V1 = p1470) allows expression and movement. It was

also found that a reporter gene is expressed in cis and in

trans when fused to p1470 or placed under IR control with

p1470 serving as the driver (the limited-size construct p1470

could replace IL-60–BS as a driving entity in transactivation

of IR-X). This paper demonstrates that the IR is fundamental

to viral replication, expression and movement and, at a later

phase, is regulated to function (along with other viral and

host factors) in enhancing progeny production. The associ-

ation of TYLCV CP with IR is also demonstrated.

Materials and methods

Clones and constructs

In this report, shorter components of the previously

reported IL-60 system [17] were explored, as described in

the section ‘‘IR-carrying constructs’’ below. The term ‘‘IL-

60 system’’ is used when we are not referring to a particular

component of the system. ‘‘IL-60–BS’’ refers to a manip-

ulated construct of TYLCV fused to the plasmid Blue-

Script, 5,682 bp in length, as described by Peretz et al. [17].

All constructs not carrying IL-60-BS were built for the

resent study or their use was largely elaborated in the

present paper. In some of the constructs described here and

in our previous report [17], the BS plasmid could be

replaced by another plasmid (pDRIVE).

The IR segment of TYLCV was PCR-amplified and

cloned into the T/A cloning vector pDRIVE. This construct

presumably carries the ribosomal binding site of V2. A b-

glucuronidase (GUS) gene (uidA) was force-cloned with

SalI and SacI into pDRIVE–IR downstream of the IR.

Similarly, the gene for green fluorescent protein (GFP) was

force-cloned with SalI and HindIII. C2 was cloned on the

opposite side of GUS using PstI and KpnI (Fig. 1). In all

constructs, IRs were positioned so that the transcripts

would be regulated by the promoter controlling V2–V1

transcription. 35S:GFP served as an IR-less control.

Propagation of IL-60 constructs and their

administration into plants

Escherichia coli cells were transformed with the pertinent

IL-60 construct and propagated under ampicillin selection,

and the construct was extracted by standard procedures

[19]. IL-60 constructs were administered to plants by

injection [17] or root uptake—root tips of tomato plantlets

at the first leaf stage were trimmed and immersed for 1–2

days at room temperature in an aqueous solution containing

1 lg DNA per plant until solution imbibition was complete.

TYLCV inoculation

TYLCV-viruliferous Bemisia tabaci was maintained on

TYLCV-infected Datura stramonium or tomato plants. For

inoculation, viruliferous insects (50 insects per plant) were
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placed in cages containing uninfected, IL-60-carrying

tomato plants at the second-true-leaf stage. A week later,

the insects were killed using Confidor and the plants were

transferred to an insect-free cage. A week after that, all

plants were inspected for residual insect infestation, and all

insect-free plants were transferred to the greenhouse for

phenotypic observation and molecular analysis.

Molecular analysis

Southern, northern, western, PCR, quantitative (q) PCR and

RT-PCR analyses were carried out according to standard

procedures [19 and manufacturers’ protocols]. Unless stated

otherwise, PCR assays consisted of 40 cycles. Probes for

Southern and northern analyses were labeled by the PCR-

DIG procedure (Roche Molecular Biochemicals). GUS

expression was monitored by staining according to Jefferson

et al. [20]. Western blot analysis of plant material was

performed on total tomato protein extracts after removal of

the masking Rubisco protein according to Xi et al. [21].

Total DNA from BY-2 protoplasts was subjected to

overnight digestion by DpnI (Fermentas) in the original

buffer at 20 units per 5 ll of genomic DNA. Digested DNA

was PCR-amplified using primers for the entire length of

the GUS gene (uidA) (ESM Table 1).

Protoplast extraction and transformation

BY-2 cells were grown in Linsmaier and Skoog medium in

which KH2PO4 and thiamine–HCl were increased to 370

and 1 mg/l, respectively, and sucrose and 2,4-D were

supplemented to 3 % and 0.2 mg/l, respectively. Cells were

harvested 3 days after culture dilution to reach peak mitotic

stage [22]. BY-2 cells were centrifuged at 500 rpm and the

supernatant was gently removed. Cell walls were then

digested in an enzymatic solution (1 % cellulose, 0.02 %

pectolyase, 0.05 % bovine serum albumin, 0.025 M poly-

vinyl pyrrolidone [PVP] in 0.4 M sorbitol, 20 mM KCl, 20

mM 2-(N-morpholino)ethanesulfonic acid [MES], 10 mM

CaCl2, pH 5.7) for 1.5 h at 30 �C. Debris was filtered out

(Falcon cell strainer, cat. no. 352350), and the remaining

cells were rinsed three times in isotonic solution. Extracted

protoplasts, 105 cell/ml, were suspended in MMg solution

(0.4 M sorbitol, 15 mM MgCl2, 4 mM MES), incubated on

ice for 30 min, and subjected to 25-min transformation

with the relevant plasmid at 10 lg/100 ll in polyethylene

glycol (PEG) solution (40 % PEG 4000, 0.4 M sorbitol, 0.1

M Ca(NO3)2) at room temperature. Following incubation,

protoplasts were washed twice in W5 buffer (0.4 M sor-

bitol, 154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM

MES, pH 5.7), placed back in the growth medium and

gently shaken in the dark for up to 72 h until microscopic

observation and real-time PCR analysis.

DNA extraction from BY-2 protoplasts

At each sampling, cells were removed and frozen at

-80 �C, then placed in liquid nitrogen and homogenized in

lysis buffer (100 lg/ml proteinase K, 0.4 % SDS) at 55 �C

for 1 h using a mortar and pestle. DNA was extracted from

the cell suspension with phenol:choloroform:isoamyl

alcohol (25:24:1, v/v). Following centrifugation, the upper

phase was decanted into a clean tube and supplemented

with 1 volume of isopropanol and 20 ll 5 M NaCl. After

another centrifugation the pellet was washed twice with

70 % EtOH and suspended in molecular-grade water.

Confocal microscopy

Post-transfection, protoplast suspensions were studied over

time under a confocal microscope (Zeiss 100M). Excitation

was at 488 nm, and GFP emission was detected at 505–550

nm. Chlorophyll autofluorescence was detected at wave-

lengths longer than 560 nm. Data were processed by the

built-in program LSM 51.

Immunocapture PCR

Immunocapture PCR was carried out, with modifications,

as described by Wetzel et al. [23]. Plant extracts (1 g leaves

in 3 ml extraction buffer [20 mM Tris-HCl, pH 8.0, 138

mM NaCl, 3 mM KCl, 1 mM PVP, 0.05 % Tween 20])

were treated with DNase. Polystyrene microtiter plates or

polypropylene tubes were coated with 100 ll anti-TYLCV

Fig. 1 Illustrations (not to scale) of the various IR-carrying con-

structs. pT7 and SP6, sites of the T7 and SP6 promoters; *V2, the first

282 bp of ORF V2; C4*, the last 279 bp of the interrupted C1 ORF

(the truncated N terminus of C4); C2, the entire ORF of TYLCV C2
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antibodies (diluted 1:500 in carbonate buffer, pH 9.6) and

incubated overnight at 4 �C. The wells were washed five

times with PBS-Tween. Then, 100 ll of DNase-treated

plant extract (diluted 1:100 in extraction buffer) was added

and subjected to UV irradiation (12,000 J/cm2) for 4 h.

PCR amplification was then carried out in the same wells

with primers for TYLCV CP or phytoene desaturase (PDS)

genes.

Real-time qPCR

Each DNA sample was diluted 1:50 before amplification.

Approximately 10 ng of DNA was taken for each PCR

amplification. Real-time qPCR in a LightCycler 480

(Roche) was performed with the primers and probes listed

in ESM Table 1, and data analysis was performed using the

built-in software. The real-time PCR program was as fol-

lows: 95 �C for 10 min, followed by 45 cycles of 95 �C for

10 s and 60 �C for 30 s, ending with a step at 40 �C for

30 s. DNA levels were standardized using the 18S rRNA

gene as an internal control. Plasmid DNA harboring the

GUS gene was quantified using the standard calibration

curve of serial 10-fold dilutions of IR–GUS plasmid. A

tobacco 18S quantification curve was obtained using serial

10-fold dilutions of Nicotiana tabacum genomic DNA.

Light Cycler software was used for actual quantification of

each DNA species, and tomato actin was used as a stan-

dard. Primers and probes for GUS amplification and 18S

DNA amplification are presented in ESM Table 1.

Results

IR-carrying constructs

For foreign gene expression, we cloned the reporter genes

encoding GUS (bases 1466 to 3274, GenBank accession

no. M14641) or GFP (excised from the plasmid 30b-

GFP3, courtesy of William O. Dawson, University of

Florida, Lake Alfred) downstream of the IR (IR-GUS and

IR-GFP). IR–GUS was described previously [17] and is

presented here by another illustration. IR–GFP is a similar

construct, in which GFP replaces GUS. To assay the

functions of the sense-oriented genes, we fused V2–V1 to

the IR, forming a TYLCV-derived 1,467-bp insert in

pDRIVE, and named it ‘‘p1470’’. Another construct

named ‘‘p1470–GFP’’ consisted of the entire gene

encoding GFP downstream of p1470. The bacterial plas-

mid component for all IR-carrying constructs was

pDRIVE, but other plasmids, such as pBS, have also been

employed successfully. In some cases, a nopalin termi-

nator (termed nos or ter) was added to the reporter gene.

In most cases, the tested genes were placed downstream

to the ‘‘right’’ promoter of the IR (driving the expression

of sense-oriented genes). In a certain limited number of

constructs, genes were placed under the control of the

‘‘left’’ promoter of the IR. For example, in IR-C2-GUS,

the C2 and GUS genes were placed under the ‘‘right’’

promoter, and in C2-IR-GUS, C2 was placed under the

‘‘left’’ promoter and GUS was placed under the ‘‘right’’

promoter. The constructs are diagrammatically repre-

sented in Figure 1.

Foreign DNA longevity in plant cells is extended

by the IR

We previously demonstrated foreign gene expression by

plasmids consisting of a reporter gene downstream of the

TYLCV IR when co-inoculated into plants with IL-60 [17].

Here, we tested the effect of the IR alone on the longevity

(stability) of foreign DNA in situ in the absence of any

detectable viral gene. To ensure ribosome binding to the

RNA transcribed from the IR, the 5’ terminal sequence of

V2 (presumably carrying a ribosomal binding site) was

fused between the IR and the reporter gene.

IR–GFP (Fig. 1) was injected into the petioles of 4- to

5-week-old tomato plants. In parallel, a GFP-carrying

plasmid (pDRIVE) lacking the IR, as well as pDRIVE

harboring GFP-coding sequences downstream of the 35S

promoter, were simultaneously and similarly injected into

control tomato plants. DNA was then extracted from the

tissue excised from the treated site 1, 5, 10 and 20 days

post-injection.

The constructs were administered into only a few cells,

and therefore the presence of GFP sequences in the tissue

samples could only be determined by PCR. Figure 2 shows

that GFP sequences from all three constructs were present

in planta for 1 day but only persisted for 5 days or more

only in plants treated with IR-carrying constructs. We

concluded that DNA stability is conferred by the IR but not

by 35S, which is a strong virus-derived promoter for

expression in plants.

The IR is the only viral element required for basal

dsDNA replication

DNA constructs fused to the IR are stabilized in plant cells.

This may result from, among other possibilities discussed

further on, the ability of the construct to replicate in the

cells. To test the potential for IR-directed replication,

protoplasts were transfected with IR–GFP or IR–GUS.

Slot-blot hybridization assay showed IR–GFP accumula-

tion, indicating replication. This was corroborated by real-

time qPCR, which showed replication of IR–GUS (Fig. 3).

pDrive-GFP and 1470-BS-GUS served as IR-less controls.

These results clearly show that GUS and GFP constructs
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carrying only the IR as the viral element accumulate with

time in protoplasts. The level of DNA at zero time is

considered to be the level of input DNA. Since the sensi-

tivity of PCR is greater than that of hybridization, the level

of input DNA is detected by PCR, while in the hybrid-

ization assay it is below the detection limit.

Geminiviral DNA evades methylation in plant cells [24,

and references within]. Therefore any geminiviral DNA

made in plants is DpnI resistant. Therefore, non-methylated

geminiviral DNA indicates that it has been propagated in

planta and not in bacteria. DNA replicated in protoplasts

was resistant to DpnI, indicating its plant (and not bacte-

rial) origin (Fig. 4).

Viral sense-oriented genes support IR-directed

expression

GUS protein was previously shown to be expressed from

IR–GUS driven by IL-60 [17]. The western blot shown in

Fig. 2 Stability of IR-carrying constructs in intact plants. All DNA

samples were taken from the point of injection and were analyzed by

PCR for the presence of GFP sequences. A. Stability of a GFP-

harboring plasmid (pDRIVE–GFP) versus the same plasmid carrying

the IR. Lanes 1 and 3, IR-carrying plasmids; lanes 2 and 4, IR-lacking

plasmids; lane 6, negative control—DNA extract from untreated

plants. B. Stability of 35S- vs. IR-carrying plasmids. PCR was

performed at various times postinjection as specified

Fig. 3 Left frame: Replication of IR–GUS in protoplasts as indicated

by real-time qPCR. The time after application of the construct is

shown on the x-axis. Real-time qPCR (average of three repetitions)

was performed on DNA extracted from 105 protoplasts, and results

were normalized to those for the 18S rRNA gene. DNA extracted

from untransfected protoplasts served as a control for real-time PCR.

Right frame: Slot-blot assay of IR–GFP. The slot-blot was carried out

by applying 105 lysed protoplasts to each slot and hybridizing to a

GFP probe

Fig. 4 Evidence that the IR-GUS extracted from protoplasts is not

methylated, indicating that it was replicated in the protoplasts and

does not represent the input DNA. DNA extracted from protoplasts at

various times following IR–GUS transfection was digested with DpnI,

and the entire GUS sequence was PCR-amplified. Failure of DpnI

digestion indicated that the DNA was not methylated. Lane 1, size

markers; lane 2, control—DNA extracts from untransfected protop-

lasts; lane 3, digestion of bacterial-extracted IR–GUS; lanes 4–6,

digestion of PCR-amplified DNA extracts from IR–GUS-transfected

protoplasts at 16, 24 and 48 h posttransfection, respectively
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Figure 5 illustrates that IR is necessary for GUS expression

and cannot be replaced by the 35S promoter. The con-

structs were introduced into the plants by root uptake;

proteins were extracted from plant leaves 2 weeks later,

and the Rubisco protein was removed by polyethylene

fractionation as described by Xi et al. [21]. The proteins

were subjected to western blot analysis with anti-GUS

antibodies (Fig. 5).

Expression was also followed in vivo by GFP fluores-

cence. IR–GFP alone, IR–GFP together with IL-60, and the

fused construct p1470–GFP (carrying only sense-oriented

TYLCV genes, as depicted in Figure 1) were introduced

into protoplasts by transfection. IR alone did not support

expression of the IR-fused reporter gene (Fig. 6). However,

IR-directed expression did occur when IL-60 was added in

trans or when the reporter gene was fused to the sense-

oriented viral genes (V2, V1; exemplified by p1470–GFP).

Adding p1470 to IR–GFP in trans also promoted expres-

sion (data not shown).

TYLCV provides in-trans factors that facilitate

mobilization of genes fused to the IR in plants

In our previous paper [17], TYLCV infection was shown to

provide factors enabling the mobilization of IL-60–BS.

Here, we demonstrate that the target of said factors is IR.

GUS or GFP under the transcriptional control of the IR was

injected into tomato leaf petioles. PCR amplification did

not reveal any traces of the inserts in leaves remote from

the point of injection.

Seven days post-administration, the IR–GUS- and IR–

GFP-treated plants were inoculated with TYLCV. Suc-

cessful infection was confirmed by PCR for TYLCV CP

(Fig. 7A). GFP distribution and expression in IR–GFP-

treated plants were observed by fluorescence and PCR,

respectively (Fig. 7BI–IV and 7C). Mobilization of IR–

GUS in TYLCV-infected plants was detected by staining

(Fig. 7BV). Note that addition of the sense-oriented V1

and V2 genes (in the form of p1470–X) supported mobi-

lization in planta, which was comparable to what was

observed in tissues infected with TYLCV (as reported

further on).

The IR and products of the sense-oriented viral genes

V1 and V2 are sufficient for dsDNA mobilization

in plants

IR-carrying constructs are capable of replication, but, as

already noted, the products remain localized within the

Fig. 5 Western blot analysis for GUS. Lane 1, extracts of untreated

plants; lane 2, extracts of plants treated with IL60?C2–IR–GUS–ter;

lane 3: extracts of plants treated with IL60?35S:GUS–ter (no IR);

lane 4, extract of plants treated with IL60?IR–GUS–ter; lane 5,

extract of transgenic GUS-expressing plants Fig. 6 GFP expression in protoplasts transfected with various IL-60

constructs. GFP (left-hand column) and chlorophyll (center column)

fluorescence was detected using a confocal microscope supplemented

with suitable filters. Superpositions of the left-hand column on the

center column are presented in the right-hand column
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Fig. 7 The effect of TYLCV infection on the expression and spread

of IR-GFP. A. Detection of TYLCV in infected plant tissues by PCR,

using TYLCV–CP primers. Lane 1, size markers; lane 2, DNA extract

from untreated, uninoculated plants as template; lane 3, DNA extract

from IR–GFP-treated, uninoculated plants as template; lanes 4, 6 and

7, DNA extracts from IR–GFP-treated, TYLCV-inoculated plants as

template; lane 5, positive control—a plasmid carrying TYLCV CP

served as the template. B. Expression and movement of IR–GFP and

IR–GUS in TYLCV-infected plants. Confocal images were taken

from leaves of IR–GFP-treated plants. I, TYLCV–inoculated, plas-

mid-devoid plant; II, plant treated with IR–GFP, 14 days after

TYLCV inoculation; III and IV, plants treated with IR–GFP, 28 days

after TYLCV inoculation. Bars represent 100 lm. V, image of a

stained leaf section of an IR–GUS-treated plant, 14 days after

TYLCV inoculation. VI, image of a stained leaf section of an

untreated plant. C. Detection of GFP sequences (by PCR with GFP

primers) in systemic leaves of IR–GFP-treated plants 28 days post-

TYLCV inoculation. Lane 1, size markers; lane 2, DNA extract from

a plasmid-devoid, TYLCV-infected plant as template; lane 3, positive

control—a GFP-harboring plasmid served as a template; lane 4, DNA

extract from IR–GFP-treated plant not inoculated with TYLCV as

template; lanes 5 and 6, DNA extracts from IR–GFP-treated,

TYLCV-inoculated plants as template; pD–IR–GFP, IR–GFP inserted

in the plasmid pDRIVE
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treated cells. The presence of TYLCV-mobilizing factors,

however, enables in vivo movement through the treated

plants. We defined V1 and/or V2 as the movement deter-

minants by showing that, in addition to their role in

directing expression, these sense-transcribed TYLCV

genes under IR regulation can promote dsDNA mobiliza-

tion in TYLCV-free plants.

P1470–GFP was injected into the petiole of the second

true leaf of tomato plants with 4–6 leaves. Four days later,

the treated leaves and the younger leaves positioned above

them were analyzed by confocal microscopy and PCR

(Fig. 8). GFP fluorescence was evident in the cytoplasm of

cells remote from the point of administration (Fig. 8A). GFP

fluorescence was also observed in parallel locations in

neighboring cells on both sides of the cell wall, suggesting

cell-to-cell movement (Fig. 8B). In newly emerged leaves,

expression and transport of GFP in the presence of V2 and V1

under IR control were confirmed by PCR and RT-PCR

analyses (Fig. 8C–E). Figure 8F demonstrates the absence

of TYLCV contamination, as indicated by the lack of C2.

We propose that expression of V1 and V2 facilitated the

mobilization of IR–GFP and its trafficking through the plant.

Evidence of IR association with CP

As already stated, IR-carrying constructs are induced to

move systemically and express inserted sequences fol-

lowing challenge inoculation with TYLCV. CP has been

indicated (along with V2) as a factor involved in virus

mobility. Immunocapture-PCR assays were performed with

IR–PDS as the template (PDS is easily distinguished from

CP). The PCR tubes were coated with anti-TYLCV–CP

antibodies. Extracts of IR–PDS-treated, TYLCV-infected

plants were incubated in the coated tubes, and unbound

material was washed away. The coated tubes were sub-

jected to DNase treatment and UV irradiation to remove

any DNA bound to the outside of the trapped entities, and

PCR was carried out with primers for the PDS gene.

Aside from the expected trapped TYLCV, the im-

munocaptured material also included PDS DNA

Fig. 8 Replication and movement of p1470–GFP in tomato plants. A.
GFP detection in systemic leaves of a plant treated with p1470–GFP.

B. GFP expression in parallel locations across the cell wall in two

adjacent cells. C. PCR with primers for TYLCV CP confirms the

spread of p1470. (?) and (-) indicate p1470–GFP-treated and

untreated plants, respectively. D. RT-PCR with primers for TYLCV

CP, confirming the expression of V1 (CP) from p1470. (?) and (-)

indicate p1470–GFP-treated and untreated plants, respectively. Lane

8, negative control—PCR performed without template. E. PCR with

GFP primers, corroborating the presence of p1470–GFP. (?) and (-)

indicate p1470–GFP-treated and untreated plants, respectively. Lane

6, negative control—no template. F. PCR with primers for TYLCV

C2. Two p1470–GFP-treated plants were analyzed for the presence of

CP and C2. Lane 6, negative control—no template. The absence of

C2 indicates a lack of TYLCV contamination. Lane 1 in frames C–F,

size markers
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(Fig. 9). Neither PDS nor TYLCV was amplified in the

absence of antibodies, ruling out the possibility that

amplification resulted from plant material not associ-

ated with CP. Thus, TYLCV infection appears to pro-

vide the capsid part for the IR–PDS association with

CP. The association with in-trans-provided CP suggests

that at least some of the roles of the IR are carried out

by IR–CP complexes.

Discussion

It was previously impossible to determine the functional

phase of the TYLCV ‘‘life cycle’’ at which a certain event

occurs. Using the IL-60 system [17], however, dsDNA

replication and expression can be uncoupled from the

normal ‘‘life cycle’’ of TYLCV [ssDNA?(dsDNA?
dsDNA?dsDNA)n?ssDNA]. This enables studying

events occurring in the middle phase (dsDNA and its

various functions) and their separation from early-phase

events (entry, uncoating, transport to the nucleus, etc.) and

late-phase functions (replication of progeny ssDNA, virus

assembly, transmission to other plants). Many pieces of

data provided in this paper are restricted to the middle

phase of the TYLCV ‘‘life cycle’’. Employing the IL-60

system, we reveal new features of the noncoding (IR)

component of the TYLCV genome and revise the role of

some of the other TYLCV genes.

The small-size TYLCV exerts its activities mostly by

recruiting host factors through protein-protein and protein-

DNA interactions [25–31]. These interactions are some-

times regulated by interactions between the viral products

themselves. In several cases, virus-host complexes increase

due to induced expression of the host proteins participating

in complex formation or of their regulatory elements [32–

35]. Some of the roles of viral genes, discussed further on,

involve complexes of viral gene products or viral sequen-

ces with host elements.

Function of complementary-oriented TYLCV gene

products

Only the IR and the sense-oriented genes V1 and V2 are

required for replication, expression and movement. How-

ever, the complementary-oriented genes (C1–C4) are

known to have a role in replication and expression as well.

This seeming contradiction can be explained by separating

the various roles along a time line. During the early events,

basal levels of the viral genes are expressed. Some of the

gene products interact among themselves or with host

factors, producing complexes that will serve in a later

phase when progeny viral particles are produced. As

already noted, a viral gene product (CP) interacts with the

IR (Fig. 9). The IR-CP complex may enable TYLCV

infection to proceed to the next stage (i.e., late events).

Antisense-oriented viral genes have been reported to be

associated with DNA replication [30 and citations therein].

However, as shown, none of the complementary-oriented

TYLCV gene products are required for dsDNA replication.

Nevertheless, C3, the product of ORF C3 of TYLCV, has

been characterized as a DNA-replication enhancer. These

seemingly contradictory data might be explained by taking

into account that these activities can occur at different

phases of TYLCV replication. C3 affects the rolling-circle

phase and replication of progeny viral ssDNA, probably by

interaction with C1 and by self-oligomerization [30].

Despite being termed ‘‘DNA-replication enhancer’’, it is

not involved in, or required for, any aspect of dsDNA

replication in the middle phase.

Complementary-oriented viral gene products (C1, C3,

C4) are involved in recruiting host factors that restore cell-

cycle programming in resting plant cells [25–31] and

stimulate the expression or activation of proteins of the

transduction pathway [31, 36]. C3 interacts with the host

proliferating cell nuclear antigen (PCNA), which is

involved in normal cell-cycle processes and might there-

fore affect dsDNA replication at a later phase. Virus-

induced reprogramming of the expression of host genes and

the resultant interactions between viral and host-cell

components might be required for the acceleration of

dsDNA replication in the late phase, when many progeny

ssDNA are produced from dsDNA and the production of

template dsDNA is accelerated as well.

C2 has been identified as a transcriptional activator of

late viral gene expression and a silencing suppressor. C2

analogs in other geminiviruses have also been reported to

be transcriptional activators [37–39]. However, with C2

attached (Fig. 1) or in the absence of C2, the construct IR–

V2–V1 drives expression to similar levels (data not

shown). Hence, C2 is not required for activation of the

basal transcription of sense-oriented genes. These data may

not be contradictory: the presently studied middle-phase

Fig. 9 Immunocapture assays of plants treated with IR–PDS. Lane 1,

PCR of the antibody-bound fraction from a TYLCV-infected,

untreated plant; lane 2, PCR of the antibody-bound fraction from

IR–PDS-treated plants with primers for TYLCV CP; lanes 3–6, same

as in lane 2 but with primers for PDS amplification; lanes 7 and 8,

negative controls—PCR with plant extracts in the absence of anti-

TYLCV CP antibodies; lane 9, empty; lane 10, positive control—a

PDS-carrying plasmid served as the template
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activities of TYLCV require only factors for dsDNA rep-

lication, expression and movement. In the late phase, on

the other hand, many CP molecules are required for

progeny virus encapsidation, and the rate of CP production

must be considerably increased. Thus, C2 produced in the

middle phase has no role in middle-phase activities but is

required for the late phase of TYLCV infection; with its

binding capacity to ssDNA [38], C2 may be regulated by

the accumulated ssDNA and/or by the IR–CP complex,

thus elevating transcription rates to accommodate the

increased need for CP in the late phase.

Role of IR in DNA longevity and replication

The IR was shown to be a stabilizing element for dsDNA.

One possible reason might be that it attracts DNA-binding

host proteins to construct a protective shield. Indeed,

geminiviral dsDNA has been reported to associate with

histones to form minichromosomes [40, 41], and the IR

may mediate this process. Another possibility is that IR–X

(X being any DNA) stability is gained by its autonomous

replication. Our findings support the latter notion that

dsDNA ‘‘stabilization’’ (increased longevity) by IR is due

to perpetual replication.

We demonstrated that IR is the only viral component

required for dsDNA replication. Since replication does not

require any viral gene product, it must be entirely depen-

dent on the recruitment of host factors. Presumably, the IR

attracts the host factors, initiating the replication of IR-

carrying DNA, which then becomes replication-competent.

Expression

None of the geminivirus (including TYLCV) genes code

for RNA polymerases. Hence, viral transcription depends

entirely on host polymerases and transcription factors that

recognize the promoters located in the IR. Here, we dem-

onstrate that the minimal requirement for expression

(transcription and translation) is the two IR-directed sense-

oriented TYLCV genes V1 and V2. Foreign genes fused to

IR–V2–V1, such as with p1470–GFP (Fig. 1), are also

expressed. Foreign genes directed by the IR would also be

expressed in trans, i.e., gene X would replicate as an IR–X

construct but would be expressed only if supplemented in

trans by p1470. None of the complementary-sense TYLCV

genes seem to be essential for expression, replication, or

movement. Nevertheless, they might affect the levels of

replication and expression due to interactions with host

factors or direct association with IR promoters.

The ORFs V1 and V2 were found to be necessary for

both expression and movement. These two aspects may be

linked together. It is possible that the initial expression

took place in the primary cells and the entities spreading to

distant cells were the transcripts. In such a case, movement

would be an automatic consequence of expression.

Movement

It is well established that the karyophilic CP facilitates

TYLCV ssDNA import into the nucleus [11, 16, 42, 43]. Its

spread, however, depends on export of the viral DNA to the

cytosol, movement to the cell periphery and traversing to

neighboring cells. CP has indeed been reported to carry

nuclear export signals as well, and to mediate the nuclear

exit of viral DNAs [10, 42, 43], which move within the plant

in both their ss and ds forms [9]. Transport from the nucleus

to the cytoplasm and cell-to-cell trafficking through plas-

modesmata have been suggested to be mediated by various

CP–protein complexes [16, 44]. The level of expression of

CP from IR–V1–V2 is sufficient for viral DNA trafficking

and possibly, when combined with host factors and/or viral

DNA sequences, the initiation of late viral functions as well.

The products of C2 and C4, as well as some host proteins,

have also been reported to be involved in virus trafficking

[45, 46]. However, our results show that the sense-oriented

viral genes (V1, V2) are sufficient for movement of viral

dsDNA within the plant. It has been suggested that both

ssDNA and dsDNA are shuttled within the infected plant.

C2 and C4 may play a role in ssDNA movement and be

redundant for dsDNA shuttling.

As discussed above, the moving entities could be the

transcripts made following the enabling of expression. Thus,

the initiation of expression in one cell allows the spread of

the expressing entity to other cells. If this is the case, the

‘‘expression’’ and ‘‘movement’’ are cause and consequence.

Other features of the IR

As shown in this report, the IR, even when fused to a

sequence foreign to the TYLCV system, binds CP. All IR-

X constructs in this paper are dsDNA. Hence, the conclu-

sion is that the IR in its dsDNA form is associated with CP.

dsDNA is not encapsidated, making it unlikely that such an

interaction is required for virion assembly. As reported

here and elsewhere, CP is probably involved in dsDNA

movement. It is therefore likely that CP binds to the IR in

its dsDNA form. We thus propose that CP has a regulatory

role in one or more IR functions: for instance, enhancement

of IR promoter activity, better driving of V2–V1 expression

following CP binding, and the formation of a positive loop

in which the CP produced at an early stage enhances its

own production when more CP is needed at a later stage of

the viral ‘‘life cycle’’. A similar role was assigned to the

gene product of C2, which, in complex with host proteins,

exerts late promoter activity, probably, as indicated in this

report, by interacting with IR–CP.
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From a satellite to a replication-competent plant

plasmid and virus

Many naturally occurring geminivirus-associated satellites

have been isolated and characterized (e.g., see Briddon and

Stanley [47]). Most of them are about half the size of the

helper virus genome, except for the very short (682 bp)

satellite described by Dry et al. [48]. All hitherto-described

geminivirus-related satellites carry motifs that are also in

the helper virus IR. They are encapsidated and insect-

transmissible. Here, we further developed IL-60–BS [17]

into a shorter construct (p1470), carrying only the IR and

two viral genes, that replicates, expresses and moves

independently of all other viral components. P1470 can

therefore be considered a plant plasmid. For expression,

p1470 relies on a helper virus, or parts thereof, and hence

can be considered a satellite.

It appears that the two parts of the TYLCV genome

assume different sets of functions. The sense-oriented

genes are involved in all matters concerning the intraplant

dsDNA phase of infection as expected of a plasmid, i.e.,

stability, replication, expression and movement. Thus,

independent of the complementary-oriented part of the

genome, the sense-oriented segment can develop into an

autonomous entity capable of moving within the plant.

However, it cannot produce ssDNA progeny or assemble

into virions. Hence, it is unable to be naturally transmitted

from one plant to another. The complementary-oriented

genes are required for conversion of the dsDNA to its

progeny ssDNA (by rolling-circle replication) and also

have roles in recruiting plant factors that aid in replication

and expression. The TYLCV progeny ssDNA, however,

can be encapsidated, and the resultant viral particles are

transmissible from one plant to another by insects. Hence,

the complementary-oriented part of the TYLCV genome

enables conversion of a plasmid to a virus.
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