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The replication-associated protein (Rep) of geminiviruses is involved in several biological processes brought
about by the presence of distinct functional domains. Recently, we have exploited the multifunctional character
of the Tomato yellow leaf curl Sardinia virus (TYLCSV) Rep to develop a molecular interference strategy to impair
TYLCSYV infection. We showed that transgenic expression of its N-terminal 210 amino acids (Rep-210) confers
resistance to the homologous virus by inhibiting viral transcription and replication. We have now used bio-
chemical and transgenic approaches to carry out a fuller investigation of the molecular resistance mechanisms
in transgenic plants expressing Rep-210. We show that Rep-210 confers resistance through two distinct molec-
ular mechanisms, depending on the challenging virus. Resistance to the homologous virus is achieved by the
ability of Rep-210 to tightly inhibit C1 gene transcription, while that to heterologous virus is due to the inter-
acting property of the Rep-210 oligomerization domain. Furthermore, we present evidence that in Rep-210-ex-
pressing plants, the duration of resistance is related to the ability of the challenging virus to shut off transgene
expression by a posttranscriptional homology-dependent gene silencing mechanism. A model of Rep-210-medi-
ated geminivirus resistance that takes transgene- and virus-mediated mechanisms into account is proposed.

Geminiviruses are a large family of plant viruses possessing
a genome of one or two circular single-stranded DNA (ssDNA)
molecules, each of about 2.7 kb, encapsidated in a paired
particle (50). They replicate in the nuclei of the infected cells
through double-stranded intermediates (50, 52). The replica-
tion-associated protein (Rep) is encoded by the C1 gene and is
the only protein absolutely required for replication (18, 19).
Rep is a multifunctional protein involved in several biological
processes: (i) initiation and termination of rolling circle repli-
cation (RCR) by nicking and religating the replication origin of
viral DNA (35, 51); (ii) repression of its own gene transcription
(16, 53); and (iii) interaction with host cell factors to interfere,
inter alia, with control of cell cycle and DNA replication in the
infected cells (22, 25). It forms oligomers (36, 45), and muta-
tions in its oligomerization domain affect both replication and
Rep-mediated transcription repression (44). The nicking and
religating, DNA binding, and repression functions are located
in the N-terminal part of the protein (9, 10, 20, 27, 31, 45),
whereas the oligomerization domain and the ATPase activity
are located in its central (45) and C-terminal portions (15, 26),
respectively.

Several geminiviruses causing tomato yellow leaf curl de-
scribed in the last 10 years are responsible for one of the
world’s most important tomato diseases (38). Two species with

* Corresponding author. Mailing address: ENEA C.R. Casaccia,
Settore Biotec, Via Anguillarese 301, Rome CP2400, Italy. Phone: 39-
06-30486373. Fax: 39-06-30484448. E-mail: tavazza_m(@casaccia.enea
it.

6785

a single genomic component have been extensively studied:
Tomato yellow leaf curl Sardinia virus (TYLCSV), originally
from Italy (32), and Tomato yellow leaf curl virus (TYLCV),
originally from Israel (40). The TYLCSV genome contains six
partially overlapping open reading frames (ORFs) organized
in two divergent transcriptional units separated by an inter-
genic region (IR). ORFs V1 and V2 are on the virion sense
strand, and ORFs C1 to C4 are on the complementary strand.
C4 is completely contained within C1 (32).

Transgenic expression of pathogen-derived sequences has
been extensively used to obtain virus-resistant plants. These
strategies have variously explored and exploited the general
idea that transgenic expression of virus-derived sequences may
interfere with the viral life cycle (3). However, the observation
that the predicted molecular interference mechanisms have
not always coincided with those operating in resistant trans-
genic plants has revealed the complexity of the interaction
between the transgene and the challenging virus. It has become
clear that a given transgenic sequence can act via a protein-
mediated mechanism or by posttranscriptional gene silencing
(PTGS), depending on its molecular fate, and that infection
can induce transgene silencing (virus-induced gene silencing
[VIGS]), resulting in a recovery phenotype (2, 3). In both
VIGS and PTGS, double-stranded RNAs (dsRNAs) produced
during infection or synthesized from aberrant transgene
mRNAs are processed into 21- to 25-nucleotide (nt)-long small
interfering RNAs (siRNAs) that direct ribonucleases to target
homologous transgene and viral RNAs (23, 24). Geminivi-
ruses, which possess a DNA genome and do not replicate
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through dsRNA intermediates, encode, like RNA viruses, sup-
pressors of PTGS (56, 58), suggesting that they may both
induce and probably also be targets of PTGS (58). Moreover,
geminiviruses can silence via VIGS trans- and endogenes when
homologous sequences to these genes are expressed from their
genomes (33, 47).

We have previously shown that transgenic expression of a
truncated form of the TYLCSV Cl1 gene encoding Rep’s first
210 amino acids (Rep-210), and potentially coexpressing
C4, confers resistance to the homologous virus in Nicotiana
benthamiana and tomato plants (4, 41). We used an antisense
strategy to demonstrate that high Rep-210 levels in the trans-
genic tissues are required to confer TYLCSV resistance (4,
41). We established that C4, if expressed, did not contribute to
this resistance (5). Moreover, we showed that Rep-210 re-
pressed C1 transcription and TYLCSV replication, but not
that of the related TYLCSV Murcia strain (TYLCSV-ES[1]),
suggesting that transcriptional repression plays an active role
in TYLCSYV resistance (5). Rep-210 does not contain the NTP
binding domain and its ATPase-associated activity required for
replication (15), but it does retain both the transcriptional
repression activity (5) and the three conserved motifs charac-
teristic of RCR proteins (29). The first N-terminal 116 amino
acids of the TYLCSV Rep protein are sufficient to confer
specific recognition of its own origin of replication (31). More-
over, by analogy with the Rep proteins of Tomato golden mo-
saic virus (TGMV) and Tomato leaf curl virus-New Delhi virus
(ToLCNDV), TYLCSV Rep-210 is also expected to contain an
intact oligomerization domain that may be involved in Rep-
210-mediated resistance (8, 45).

We have now carried out a fuller investigation of the mo-
lecular resistance mechanisms in transgenic plants expressing
Rep-210. The ability of Rep-210 to interfere with a heterolo-
gous virus and the contributions of the oligomerization domain
and transcriptional repression to resistance have been as-
sessed. A series of C-terminal deletion mutants of TYLCSV
Rep-210 were tested to determine their ability to inhibit ho-
mologous and heterologous C1 transcription, confer resistance
on transgenic plants, inhibit viral replication in protoplasts,
and interact in in vivo systems. We show that Rep transcription
repression does not require the oligomerization domain and
that Rep-210 confers resistance through two distinct molecular
mechanisms, depending on the challenging virus. We present
data showing that Rep-210 acts as a transdominant-negative
mutant that inhibits the homologous virus by tightly repressing
the viral C1 promoter, whereas it forms dysfunctional com-
plexes with the Rep of the heterologous TYLCV. Moreover,
we show that in Rep-210-expressing plants, the duration of
resistance is related to the ability of the challenging virus to
silence Rep-210 transgene. A model of Rep-210-mediated
geminivirus resistance that takes transgene- and virus-medi-
ated mechanisms into account is proposed.

MATERIALS AND METHODS

Biomaterials. Nicotiana benthamiana 102.22 and tomato BC1 transgenic lines
have been previously described (4, 41). Two transgenic tomato lines transformed
with the pSW9 construct carrying the N gene of Tomato spotted wilt virus
(TSWV) were kindly provided by A. Vaira (A. Vaira and G. Nervo, unpublished
data). Tomato plants naturally infected by TYLCSV were collected in two
greenhouses in Sicily, southern Italy.
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Plasmids. The constructs used are listed in Table 1. Viral sequences were PCR
amplified with Pfu DNA polymerase (Stratagene) and specific primers contain-
ing restriction site sequences at the extremities. The exact length and position of
each amplified sequence are reported in Table 1. All final clones were sequenced
to confirm the fidelity of PCR amplification and the vector-insert junctions. The
entire series of Rep mutants was amplified from pTOM100C4(—), a plasmid that
encodes Rep-210, but contains a stop codon for the internal C4 protein (5).
Briefly, for TYLCSV expression cassettes, amplified fragments were digested
with BamHI and EcoRI and ligated to the corresponding sites of pJIT60 (kindly
provided by J. Mullineaux) to generate the pJTR series. pTOM130 was obtained
by ligating the KpnI-BglIl fragment of pJTR130 to the Kpnl-BamHI sites
of pBIN19. For two-hybrid system (THS) vectors, cloning into pAS2 and
pACT2 (CLONTECH) was performed with Ncol and BamHI sites. Plasmids
pREP41HA N and pREP42MH N used for the expression of tagged proteins in
Schizosaccharomyces pombe are described in reference 12. The amplified viral
sequences carrying an Xhol site at the 5’ end and a BamHI site at the 3’ end were
ligated to Sall-BamHI-digested pREP41HA N and pREP42MH N vectors. The
B-glucuronidase (GUS) reporter vector pIntPT/GUS was obtained as follows.
The Ndel-BamHI fragment from pPORT2 (39) was blunt ended at the Ndel ex-
tremity and cloned in the HinclI-BamHI sites of pPGEM4Z (Promega); the Kpnl-
PstI fragment of this subclone was ligated to KpnI-PstI-digested pJIT61GUS (5).

To in vitro transcribe a TYLCV-[PT] V1-V2 antisense RNA probe, the EcoRI-
BamHI fragment (nt 162 to 1739) of pPORT2 (39) was cloned in the corre-
sponding sites of pBSK (Stratagene) to obtain pPort. pTOM202, pIntS/GUS,
pInt-ES[1]/GUS, pTOM6, pSP97, pGEM102, and pGEM-P have been described
previously (5).

Transgenic plants. N. benthamiana was transformed with the recombinant
Agrobacterium tumefaciens strain C58(pGV2260) harboring the plasmid pTOM130,
and kanamycin-resistant plants were regenerated as described previously (41).
The primary transformants were checked for the presence of Rep-130 transgene
by PCR and for the expression of the Rep-130 protein by Western blotting with
the anti-TYLCSV-C1 antibody as described previously (41). The chemilumines-
cent reaction was detected with either the Renaissance kit (NEN Du Pont) or the
Supersignal West Pico chemiluminescent substrate (Pierce).

A specific polyclonal antibody described in reference 55 was used to detect
TSWV N protein. The antibody reaction was evaluated with bromo-chloro-
indolyl-phosphate and nitroblue tetrazolium salts as substrate.

Protoplast assays. All protoplast transfection, GUS assay, nucleic acid extrac-
tion, and Southern analysis procedures were performed as previously described
(5), unless otherwise stated. For the GUS assay using pIntPT/GUS and pIntS/
GUS, incubation with substrate was prolonged to 24 h.

For Western blot analysis, protoplast samples (5 X 10°) were resuspended in
100 pl of Laemmli buffer, boiled for 5 min, centrifuged for 5 min, and loaded
onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS PAGE)
(15% polyacrylamide) gels. Rep and its mutants were detected as described
above, but with the Lumi-Light?"YS Western blotting kit (Roche).

Probes utilized for Southern blotting were either digoxigenin-labeled RNA
transcripts obtained as specified from the supplier (Roche) or radioactive DNA
probes (High Prime DNA Labeling kit; Roche) for quantitative replication
analysis. The hybridization conditions with radioactively labeled DNA probe
were as follows: 50% formamide, 10% dextran sulfate, 1 M NaCl, 1% SDS, and
100 pg of salmon sperm DNA per ml at 42°C. Washes were performed at 60°C
in 0.1% SDS-0.1% SSC (1Xx SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
For quantitative analysis of DNA replication in protoplasts, each construct was
assayed in duplicate in three independent experiments. After washes, hybridized
filters were analyzed with an Istant Imager (Canberra, Packard).

THS. Cotransformation of Saccharomyces cerevisiae strain PJ69-4A (30) was
performed with lithium acetate-polyethylene glycol. For interaction assays, co-
transformants were streaked on selective medium lacking adenine to score the
activity of the reporter GAL2-ADE?2 gene, lacking histidine to score the activity
of the reporter GALI-HIS3 gene, or lacking both. When testing the prototrophy
for histidine, 2 mM 3-aminotriazole was added to the medium to prevent HIS3
gene leakage.

For Western blot analysis, S. cerevisiae transformants were grown and har-
vested as described in the Clontech Yeast Protocols Handbook (Clontech, Palo
Alto, Calif.), and proteins were extracted as described in reference 44. SDS-
PAGE, electrotransfer to polyvinylidene difluoride (PVDF), and reaction with
GALA binding domain monoclonal antibodies from Clontech were all performed
according to the manufacturer’s instructions. Secondary antibody (antimouse
immunoglobulin G [IgG] conjugated with peroxidase) and the chemiluminescent
substrate were obtained with the Lumi-Light”“VS Western blotting kit (Roche).

Coimmunoprecipitation. The standard medium and genetic procedures with
S. pombe have been described previously (37). For tagged protein expression, a
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TABLE 1. Constructs used in this study

Name

Viral sequences®

Viral DNA coordinates”

TYLCSV expression cassettes
pJTR359 (previously pTOM120)¢
pJTR210a (previously pTOM100)“
pJTR210 (previously pTOM100C4-)°
pITRI181
pITR156
pJTR130
pITR120
pJTR80
pJTR54
pTOM130

Yeast two-hybrid plasmids
pASPTRep-359
pASRep-359
pASRep-210
pASRep-181
pASRep-156
pASRep-130
pASRep-120
pASRep-80
pASSNF1
pACTPTRep-359
pACTRep-359
pACTRep-210
pACTRep-181
pACTRep-156
pACTRep-130
pACTRep-120
pACTRep-80
pACTSNF4

S. pombe plasmids
p42Rep-359
p42Rep-210
p42Rep-181
p42Rep-156
p42Rep-130
p41Rep-359
p41Rep-210
p41Rep-181
p41Rep-156
p41Rep-130

GUS reporter plasmids
pTOM202¢
pIntS/GUS*
pIntS-ES[1]/GUS*
pIntPT/GUS

Infectious TYLCSV DNA clones
pTOM6
pSP97
pPORT

42-bp UTR + C1 ORF

42-bp UTR + truncated C1 ORF (630 nt) containing C4 coding region
42-bp UTR + truncated C1 ORF (630 nt)

42-bp UTR + truncated C1 ORF (543 nt)

42-bp UTR + truncated C1 ORF (468 nt)

42-bp UTR + truncated C1 ORF (390 nt)

42-bp UTR + truncated C1 ORF (360 nt)

42-bp UTR + truncated C1 ORF (240 nt)

42-bp UTR + truncated C1 ORF (162 nt)

Kpnl-BglII cassette of pJTR130 in the binary vector pBIN19

GALA4 BD fused to TYLCV-[PT] Rep
GALA4 BD fused to TYLCSV Rep
GAL4 BD fused to TYLCSV Rep210
GAL4 BD fused to TYLCSV Repl81
GALA4 BD fused to TYLCSV Rep156
GAL4 BD fused to TYLCSV Rep130
GAL4 BD fused to TYLCSV Rep120
GALA4 BD fused to TYLCSV Rep80
GALA4 BD fused to SNF1

GALA4 AD fused to TYLCV-[PT] Rep
GALA4 AD fused to TYLCSV Rep
GALA4 AD fused to TYLCSV Rep210
GALA4 AD fused to TYLCSV Rep180
GALA4 AD fused to TYLCSV Repl56
GALA4 AD fused to TYLCSV Rep130
GALA4 AD fused to TYLCSV Repl120
GALA4 AD fused to TYLCSV Rep80
GAL4 AD fused to SNF4

HIS tag fused to TYLCSV Rep

HIS tag fused to TYLCSV Rep210
HIS tag fused to TYLCSV Rep181
HIS tag fused to TYLCSV Repl156
HIS tag fused to TYLCSV Rep130
HA tag fused to TYLCSV Rep

HA tag fused to TYLCSV Rep210
HA tag fused to TYLCSV Repl81
HA tag fused to TYLCSV Repl56
HA tag fused to TYLCSV Rep130

IR of TYLCSYV; translational fusion of C1 promoter to GUS gene
IR of TYLCSYV; transcriptional fusion of C1 promoter to GUS gene

IR of TYLCSV-ES[1]; transcriptional fusion of C1 promoter to GUS gene

IR of TYLCV-[PT]; transcriptional fusion of C1 promoter to GUS gene

Sacl tandem dimer of TYLCSV menome
Spel-BamHI 1.8-mer of TYLCSV-ES[1] genome
Sphl-BamHI 1.7-mer of TYLCV-[PT] genome

1538-2656 (1)
1985-2656 (1)
1985-2656 (1)
2072-2556 (1)
2147-2656 (1)
2225-2656 (1)
2255-2656 (1)
2375-2656 (1)
2453-2656 (1)
2225-2656 (1)

1551-2630 (2)
1538-2614 (1)
1985-2614 (1)
2072-2614 (1)
2147-2614 (1)
2225-2614 (1)
2255-2614 (1)
2375-2614 (1)

1551-2630 (2)
1538-2614 (1)
1985-2614 (1)
2072-2614 (1)
2147-2614 (1)
2225-2614 (1)
2255-2614 (1)
2375-2614 (1)

1538-2614 (1)
1985-2614 (1)
2072-2614 (1)
2147-2614 (1)
2225-2614 (1)
1538-2614 (1)
1985-2614 (1)
2072-2614 (1)
2147-2614 (1)
2225-2614 (1)

2600-152 (1)
2615-152 (1)
2620-154 (3)
2629-163 (2)

¢ UTR, untranslated region; BD, binding domain; AD, activation domain; IR, intergenic region.
> Nucleotide numbering according to Gen Bank accession no. X61153 (1), AF105975 (2), and Z25751 (3).

¢ Previously described in reference 5.

haploid wild-type S. pombe strain, h— leul.32 ura4.d18, was used. Exponential
liquid cultures of S. pombe cotranformants were harvested by centrifugation 19 h
after the induction of the promoter (no thiamine on the medium) driving the
expression of histidine (HIS)- and hemagglutinin (HA)-tagged fusion proteins.
Cells were lysed in NIB buffer (25 mM Tris-HCI [pH 8], 1 mM EDTA, 0.014 mM
B-mercaptoethanol, 0.01% Triton X-100) with protease inhibitors (10 pg of
pepstatin per ml, 50 g of leupeptin per ml, 1 mM phenylmethylsulfonyl fluo-
ride) and 500 pl of glass beads (425 to 600 wm in diameter; Sigma). Samples were
vortexed in FastPrep FP120 (BIO 101) at a power setting of 5.5 for two 15-s
intervals separated by 1-min intervals on ice. After 30 min of centrifugation
(12,000 X g, 4°C) the supernatant was recovered, and the protein concentration
was determined with Bradford assays. Immunoprecipitation was performed by

incubating 1 mg of protein extract with anti-HA monoclonal antibody overnight
at 4°C in the extraction buffer. Protein-antibody complexes were mixed for 2 h at
4°C with protein A-Sepharose CL-4B (Amersham Pharmacia Biotech AB) in
TBS-Tween (TBST) and then washed with TBST five times. Bound proteins
were eluted with SDS-PAGE sample buffer at 100°C. Coimmunoprecipitation
was monitored by SDS-PAGE followed by transfer to nitrocellulose membrane
(Hybond ECL; Amersham Pharmacia Biotech AB) and immunoblotting with the
ECL enchanced chemiluminescence detection system (Amersham Pharmacia
Biotech AB). Primary antibodies were monoclonal anti-His or anti-HA antibody.

Virus resistance assay. Plants were inoculated by agroinoculation or, in a few
cases, with the whitefly vector. For agroinoculation, the A. tumefaciens strain
LBA4404 carrying infectious clones of TYLCSV (32), TYLCSV-ES[1] (42), and
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TYLCV-[PT], was used (39). For whitefly infection, plants were inoculated with
the natural vector of TYLCSV transmission (Bemisia tabaci) as previously de-
scribed (4). Infection was monitored weekly, or every 2 weeks, by tissue print with
a digoxigenin-labeled probe specific for the coat protein gene, obtained by PCR.
The probe specific for TYLCSV was also used to detect TYLCSV-ES[1], while
TYLCV-[PT] was detected with a fully homologous coat protein probe.

The plant apex was excised at the time of agroinoculation (sample defined at
0 weeks postinoculum [p.i.]) and used for molecular analysis of Rep-210 protein
and mRNA expression. For assays performed following agroinoculation, the
petiole of the second or third leaf immediately below the main new apex were
used (sample at x weeks p.i.).

Northern blotting. Total RNA was extracted from plants with the RNAwiz
reagent (Ambion) according to the manufacturer’s instructions. Fifteen micro-
grams of total RNA was denatured with formamide-glyoxal and separated in a
1% agarose gel in 1X TPE buffer as previously described (41). RNA was run at
70V for 5 h, photographed after ethidium bromide staining, and capillary blotted
overnight onto nylon membranes (Roche). Membranes were hybridized with a
Cl-specific digoxigenin-labeled RNA probe, transcribed from plasmid pGEM103
(41) at 68°C according to the Roche manual. For nptII mRNA detection, a digoxi-
genin-labeled DNA probe synthesized by PCR from plasmid pBin19 with npt/I-
specific primers, was used. Hybridization was performed at 50°C in a 50%
formamide buffer. Following overnight hybridization, membranes were washed
at room temperature in 2X SSC-0.1% SDS and at the hybridization temperature
in 0.1X SSC-0.1% SDS. Labeling was detected with CDPstar (Roche) as a
chemiluminescent substrate.

Analysis of 21- to 25-nt RNAs. Total RNA was extracted from plant tissue as
described previously (41). Fifty micrograms of total RNA was resuspended in 15
pl of formamide and denatured for 5 min at 65°C; after addition of one-third
volume of 4X loading solution (4X TBE, 0.08% bromophenol blue [BPB])
samples were separated by 8% PAGE. The upper portion of the gel was re-
moved, stained with ethidium bromide, and photographed to verify normaliza-
tion. The lower part of the gel was blotted and fixed to Hybond-N membranes as
described in reference 54. Lanes containing oligonucleotide size markers were
cut and stained with methylene blue (49). Radiolabeled probes were transcribed
from EcoRI-linearized pPGEM102 and pGEM103 plasmids (41) and hydrolyzed
to lengths averaging 75 nt (11). Hybridization was performed overnight at 39°C,
as described in reference 13. After hybridization, filters were washed in 2X
SSC-0.2% SDS at 50°C.

RESULTS

Transcription repression by TYLCSV Rep does not require
Rep-Rep interaction. To distinguish the contribution of Rep
oligomerization and transcription repression in Rep-210-me-
diated TYLCSV resistance, we first asked whether repression
requires TYLCSV Rep-Rep interaction by assessing the ability
of a series of Rep C-terminal deletion mutants to inhibit
TYLCSV Cl1 transcription and self-interact in in vivo and in
Vivo-in vitro systems.

For the repression assay, wild-type N. benthamiana proto-
plasts were cotransfected with the plasmid pTOM202, contain-
ing the GUS reporter gene under the control of the TYLCSV
C1 promoter, together with one of the following constructs
(Table 1 and Fig. 1A): pJTR359 (Rep), pJTR210 (Rep-210),
pJTR181 (Rep-181), pJTR156 (Rep-156), pJTR130 (Rep-
130), pJTR120 (Rep-120), pJTR80 (Rep-80), pJTR54 (Rep-
54), or pGEM-P (negative control, see Materials and Meth-
ods), all containing the Rep-encoding sequences under the
control of an enhanced 35S (E35S) Cauliflower mosaic virus
promoter. The C-terminal deletion mutants expressing Rep-
210, -181, -156, and -130 repressed TYLCSV C1 promoter
similarly to the wild-type Rep (Fig. 1B). Deletion of a further
10 amino acids (pJTR120) drastically impaired the ability of
Rep-120 to repress the C1 transcription. To determine wheth-
er this was merely due to the absence of Rep-120 accumula-
tion, total proteins were extracted from pJTR130- and pJTR120-
transfected protoplasts and analyzed by Western blotting with

J. VIROL.

227
|
TvicsvRep [N 1 |

RCR motifs Tl ATP bin‘ding
domain

Rep-210

Rep-181
Rep-156

Rep-130
Rep-120
Rep-80
Rep-54

pGEM-P 100
pJTR359
pJTR210
pJTR181
pJTR156
pJTR130
pJTR120

pJTRS0

pJTR54 85,5

0 20 40 60 80 100 120
% GUS activity

pJTR120| o
pJTR130
pJTR130
line 301

M
. .
t .

Z
4= pITR120| &

-

FIG. 1. Transcriptional repression activity of TYLCSV Rep mu-
tants. (A) Scheme of TYLCSV Rep wild-type and mutant proteins.
Solid bars indicate the conserved motifs characteristic of RCR proteins
(I, II, and III); a gray bar indicates the ATP binding domain. Rep
mutants are C-terminal deletions; the number of retained amino acids
is indicated on the left. (B) GUS activity in N. benthamiana protoplasts
cotransfected with pTOM202 together with the plasmid indicated on
the left. GUS activity in protoplasts cotransfected with pTOM202 and
pGEM-P was taken as 100%. Each value is the average of three co-
transfections of three independent experiments. Error bars indicate
the standard error of the mean. (C) Western blot of protein extracts of
N. benthamiana protoplasts transfected with the plasmids indicated
above each lane or mock transfected (M). Lane groups a and b rep-
resent two independent transfection experiments. Protein extracts
from transgenic N. benthamiana protoplasts of line 301 expressing
Rep-130 are on the right. The primary antibody was a rabbit polyclonal
anti-TYLCSV Rep antibody.
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FIG. 2. Rep-181 is the shortest self-interacting mutant. (A) Testing
interaction in S. cerevisiae THS. Growth of strain PJ69-4A cotransformed
with the plasmids indicated on the left, in medium selecting for the
presence of plasmids (MKUHA [left]) or selecting for the interaction of
expressed proteins (MKU + 3AT [right]), is shown. Symbols on plates: —,
negative control strain coexpressing AgT and lamin; +, positive con-
trol strain coexpressing SNF1 and SNF4. Numbers indicate the num-
ber of N-terminal amino acids of each Rep protein. The TYLCSV
wild-type Rep protein is 359 amino acids in length. (B) Western blot of
protein extracts from S. cerevisiae coexpressing the GAL4 activation
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anti-Rep antibodies. As shown in Fig. 1C, Rep-120 was ex-
pressed at levels similar to or higher than those of Rep-130.
Unexpectedly, Rep-120 somehow migrated more slowly than
Rep-130 (Fig. 1C). The same migration pattern was also seen
when Rep-130 and Rep-120 were expressed in yeast as fusion
products (Fig. 2B). The overall data suggest that transcription
repression by TYLCSV Rep is confined to its 130 N-terminal
amino acids.

To determine the relationship between Rep-Rep interaction
and repression, the ability of wild-type and mutated Rep pro-
teins to self-interact in a yeast THS was investigated. The Rep
proteins were expressed in both the GAL4 activation domain
(pACT2) and the DNA binding domain (pAS2) plasmids (Ta-
ble 1), and the interaction was evaluated in terms of the ability
of the interacting protein to activate GAL2-ADE2 and LYS2::
GALI-HIS3 gene transcription and make the transformed
yeast cells able to grow in a medium without adenine and
histidine and containing 3-aminotriazole (Fig. 2A). As con-
trols, both series of pACT2 and pAS2 Reps were tested to
assess their interaction with an unrelated pair (SNF4 and
SNF1) of interacting proteins (7). The results established that
Rep-181 was the last deletion mutant able to self-interact.
Rep-156, -130, -120, and -80 proteins did not self-interact,
although they accumulated in the yeast cells at amounts similar
to or higher than those of Rep-181 (Fig. 2B). In yeast protein
extracts, Rep-120 migrated slightly more slowly than Rep-
130, a pattern already observed in Western blot analysis of
pJTR120- and pJTR130-transfected protoplasts (Fig. 1C).

To validate the results obtained with the THS, we carried
out a coimmunoprecipitation assay. Rep, Rep-210, -181, -156,
and -130 were coexpressed in S. pombe as HIS- or HA-tagged
proteins. Protein extracts from yeast cells coexpressing the
same truncated Reps fused to HIS or to HA epitope (Fig. 2C,
input), were incubated overnight with monoclonal anti-HA
antibody and then with protein A-Sepharose. After extensive
washing, we used Western blotting to see whether the HA-
tagged proteins (Fig. 2C, upper panel) coimmunoprecipitated
the HIS-tagged proteins (Fig. 2C, bottom panel). HIS-Rep and
the truncated forms HIS-Rep210 and HIS-Rep181 were coim-
munoprecipitated (Fig. 2C, bottom panel, lanes 6, 4, and 3,
respectively). In contrast, HIS-Rep156 and HIS-Rep130 were
not detected (Fig. 2C, bottom panel, lanes 2 and 1). As a
negative control, protein extracts from cells expressing only
full-length HIS-Rep (Fig. 2C upper panel, lane 5) were incu-
bated with anti-HA antibody and protein A-Sepharose. No

domain (AD)- and GAL4 binding domain (BD)-fused Rep proteins as
indicated above each lane. The primary antibody was a monoclonal
anti-GAL4 binding domain antibody. Migration of molecular mass
markers is indicated on the left. (C) Testing interaction in vitro by
coimmunoprecipitation. Western blots of total protein extracts from S.
pombe coexpressing the HIS-tagged and HA-tagged Rep proteins are
shown. Extracts were loaded on SDS-PAGE gel directly (Input) or
after immunoprecipitation with anti-HA monoclonal antibodies (Co-
Ip). The primary antibody (HA-Ab, monoclonal antibody against HA;
His-Ab, monoclonal antibody against His) used in Western blotting
is shown to the left. Lanes: 1, HIS-Rep130+HA-Rep130; 2, HIS-
Repl156+HA-Rep156; 3, HIS-Rep181+HA-Rep181; 4, HIS-Rep210+
HA-Rep210; 5, HIS-Rep; 6, HIS-Rep+HA-Rep. Molecular mass mark-
ers are indicated on the right. Asterisks mark the subunits of mouse IgG.
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protein was immunoprecipitated (Fig. 2C, bottom panel, lane
5), indicating that HIS-tagged Rep proteins need a HA-tagged
Rep protein to immunoprecipitate.

These results confirm those obtained with the THS and
indicate that the last interacting deletion mutant is Rep-181.
Collectively, they indicate that TYLCSV Rep-Rep interaction
is not required for transcription repression of the C1 promoter.

The oligomerization domain of TYLCSV Rep is not required
in Rep-210-mediated inhibition of TYLCSV replication. The
finding that the oligomerization domain is not required for
transcriptional repression of the TYLCSV C1 gene gave us the
opportunity to analyze its contribution in TYLCSV Rep-210-
mediated resistance. Inhibition of replication was tested by
cotransfecting wild-type N. benthamiana protoplasts with an
infectious clone of TYLCSV (pTOMS6) together with one
of the following constructs (Table 1): pJTR210, pJTR181,
pJTR156, pJTR130, pJTR120, pJTR80, pJTR54, or pGEM-P
employed in the repression assay. Transiently expressed Rep-
210, -181, -156, and -130 inhibited TYLCSV replication simi-
larly, whereas no impact was observed with Rep-120, -80, and
-54 (Fig. 3). Therefore, the molecular mechanism by which
truncated Rep-210 interferes with TYLCSV replication ap-
pears to be based on its ability to tightly repress the homolo-
gous C1 promoter.

Rep-210-expressing plants are resistant to heterologous
TYLCV. We have previously shown that transgenic Rep-210-
expressing N. benthamiana plants from line 102.22 are not
resistant to TYLCSV-[ES1] due to the inability of Rep-210 to
repress TYLCSV-[ES1] C1 transcription and viral replication
(5). To further extend our analysis, we determined whether
Rep-210 plants interfere with TYLCV, another geminivirus
species similar to, but distinct from, TYLCSV. Line 102.22
plants were agroinoculated with TYLCSV or the Portuguese
strain of TYLCV (TYLCV-[PT]), and infection was monitored
weekly (Table 2). At 2 weeks p.i., only 19 and 25% of plants
were infected by TYLCSV and TYLCV-[PT], respectively.
Surprisingly, at 4 weeks p.i., the resistance was mostly over-
come in the TYLCSV-inoculated plants only (Table 2). To
evaluate if resistance to TYLCV-[PT] acts at the single-cell
level, similarly to TYLCSYV, transgenic protoplasts were
transfected with the infectious clones of TYLCV-[PT] and
TYLCSV (pPORT and pTOMBS, respectively). Southern blot
analysis of total nucleic acids (TNA) extracted from these
protoplasts showed that the replication levels of both viruses
were inhibited to a similar extent (Fig. 4A).

We then looked to see whether inhibition of TYLCV-[PT]
replication correlated with the ability of Rep-210 to tightly
repress C1 gene transcription, as observed for TYLCSV. Line
102.22 and wild-type protoplasts were transfected with pIntPT/
GUS and pIntS/GUS plasmids (Table 1), which contain the
GUS gene fused to the C1 promoter of TYLCV-[PT] and
TYLCSV, respectively. In transgenic protoplasts, the GUS ac-
tivity of pIntS/GUS was repressed 200-fold compared to that of
wild-type protoplasts, while pIntPT/GUS showed only a 10-
fold reduction (Fig. 4B). These data suggest that in Rep-210-
expressing protoplasts, an additional mechanism operates to
tightly inhibit TYLCV-[PT] replication, besides transcriptional
repression of the heterologous C1 promoter.

The Rep-210 oligomerization domain is required to interfere
with TYLCV-[PT] replication. As we have shown above, Rep-
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FIG. 3. Rep-210-mediated inhibition of TYLCSV replication is not
dependent on the oligomerization domain. (A) Southern blot of TNA
extracts from wild-type N. benthamiana protoplasts cotransfected with
pTOMG together with the plasmid expressing the Rep mutant indicat-
ed above each lane; pGEM-P was used as a control. The blot was hy-
bridized with a digoxigenin-labeled Rep-210 sense RNA probe. scDNA,
super coiled DNA. (B) Quantitative analysis of TYLCSV replication in
protoplasts cotransfected with pTOMS6 together with the plasmid ex-
pressing the Rep mutant indicated on the left. Blots were hybridized
with a *’P-labeled DNA fragment corresponding to the Rep-54 coding
sequence. Solid and open bars indicate the amount of ssDNA and
scDNA respectively. The replication of TYLCSV in protoplasts co-
transfected with pTOM6 and pGEM-P was taken as 100%. Each value
is the average of two or three cotransfections of three independent
experiments. Error bars indicate the standard error of the mean.

130 retained the ability to inhibit TYLCSV C1 gene transcrip-
tion and replication in a transient assay, although it lost the
ability to self-interact. We speculated that if the oligomeriza-
tion domain plays a key role in the interference with TYLCV-
[PT] replication, then Rep-130-expressing transgenic plants
should show only a limited interference with the heterologous
virus. To test this hypothesis, we asked whether Rep-130 was
able to inhibit TYLCV-[PT] C1 gene transcription and wheth-
er Rep-210, but not Rep-130, was able to interact with the
wild-type TYLCV-[PT] Rep.

For the C1 transcription assay, wild-type N. benthamiana
protoplasts were cotransfected with pIntPT/GUS or pIntS/
GUS together with pJTR130 or pJTR210a, which contains
the expression cassette used in plant transformation (Table 1).
Transiently expressed Rep-210 and Rep-130 repressed TYLCV-
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TABLE 2. Analysis of resistance of N. benthamiana line 102.22
challenged with TYLCSV and TYLCV-[PT]

Infected/
inoculated
Inoculum Plant type Vljl? .p(.)if. plants

No. %
TYLCSV Rep-210 expressing 2 4/21 19
3 11/21 52
4 18/21 86
Wild type 2 6/6 100
TYLCV-[PT] Rep-210 expressing 2 4/16 25
3 4/16 25
4 5/16 31
Wild type 2 4/4 100

[PT] C1 transcription to a similar extent and about twofold less
than transgenically expressed Rep-210 (Fig. 4B), indicating
that Rep-130 and Rep-210 retained the same ability to repress
the heterologous TYLCV-[PT] C1 promoter.

The THS was then used to test the ability of Rep-210 to
interact with the homologous or heterologous full-length Rep
proteins. Rep-210, but not Rep-130, was able to interact with
both TYLCSV and TYLCV-[PT] Reps, indicating that Rep-
130 can be used to investigate the role of the oligomerization
domain in Rep-210-mediated resistance to TYLCV-[PT] (Fig.
5A).

Nine N. benthamiana plants, transformed with the binary
plasmid pTOM130 harboring the Rep-130 coding sequence
under the transcriptional control of the E35S promoter, were
obtained. Fragments of the predicted size were amplified by
PCR from all plants (data not shown). Rep-130 with an ap-
parent molecular mass of 14 kDa was detected by Western
blotting in eight plants (Fig. 5B). To evaluate the impact of the
oligomerization domain on virus resistance, protoplasts iso-
lated from plants 300, 301, and 303, expressing high levels of
Rep-130, were transfected with TYLCSV or TYLCV-[PT] in-
fectious clones. TYLCSV, but not TYLCV-[PT], replication
was inhibited (Fig. 5C). Similar results were obtained with
TYLCSV- and TYLCV-[PT] -transfected protoplasts derived
from transgenic F, plants of line 303 (data not shown). Overall,
the data establish that the oligomerization domain plays a key
role in the Rep-210 resistance to TYLCV-[PT], whereas it
probably makes only a secondary contribution to the resistance
to TYLCSV, as previously observed in transient expression
assays (Fig. 3).

Virus infection in Rep-210-expressing plants correlates with
the down-regulation of Rep-210. As shown in the time course
experiment in Table 2, between 2 and 4 weeks p.i., 14 of the 17
initially TYLCSV-resistant plants became infected compared
with only 1 of the 12 TYLCV-[PT]-resistant-plants. The diffi-
culty of reconciling these findings with the tight control of
TYLCSV replication observed at the single-cell level prompt-
ed us to find out how TYLCSV overcomes Rep-210-mediated
resistance. The accumulation of Rep-210 at different times
after inoculation was evaluated in transgenic N. benthamiana
plants. All plants expressed Rep-210 at the time of inocula-
tion, but not after the infection (Fig. 6A). Plants that were not
challenged or not infected continued to express Rep-210, even
when assayed up to 8 weeks p.i. These data suggest that the
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ability of TYLCSV to quickly overcome resistance may be the
result of its ability to shut off Rep-210 transgene expression.
The complex transgene organization of line 102.22, character-
ized by incomplete cosegregation of the npt/I and the Rep-210
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FIG. 4. Rep-210-mediated resistance to TYLCV-[PT] and TYLCSV
involves two different mechanisms.(A) Southern blot of TNA extracts
from wild-type (wt) or transgenic Rep-210 expressing (line 102.22)
N. benthamiana protoplasts transfected with infectious clones of
TYLCSV or TYLCV-[PT], as indicated. The values 1/20 and 1/100 rep-
resent the dilution factors of loaded samples. The blot was probed with
a digoxigenin-labeled TYLCSV Rep-210 sense RNA probe (S) and
reprobed with a digoxigenin-labeled TYLCV-[PT] V1 antisense RNA
probe (PT). (B) GUS activity in transgenic Rep-210 expressing N.
benthamiana protoplasts (line 102.22 [solid bars]) transfected with the
leftmost indicated plasmids or wild-type N. benthamiana protoplasts
(gray bars) cotransfected with the leftmost indicated plasmids together
with the plasmids indicated on the left. For each GUS-fused plasmid,
the GUS activity in wild-type protoplasts was taken as 100%. Each
value is the average of three transfections of three independent exper-
iments. Error bars indicate the standard error of the mean.
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FIG. 5. The oligomerization domain is required for the inhibition
of TYLCV-[PT] replication. (A) Testing interaction in the S. cerevisiae
THS. Growth of PJ69-4A strain cotransformed with plasmids indicated
on the left in medium selecting for the presence of plasmids (MKUHA,
left) or selecting for the interaction of expressed proteins (MKU + 3AT,
right). On the plates, (—) indicates the control strain coexpressing SNF4
and either TYLCV-[PT] Rep or TYLCSV Rep, and the numbers indicate
the number of N-terminal amino acids of each TYLCSV Rep protein.
The TYLCSV wild-type Rep protein is 359 amino acids in length. (B)
Western blot analysis of protein extracts from wild-type (wt) or trans-
genic (no. 300 to 309) N. benthamiana plants transformed with pTOM130.
Primary antibody was a rabbit polyclonal anti-TYLCSV Rep antibody.
(C) Southern blot analysis of TNA extracts from wild-type (wt) or trans-
genic N. benthamiana protoplasts expressing Rep-130 (lines 300, 301,
and 303) or Rep-210 (line 102.22) transfected with infectious clones of
TYLCSV or TYLCV-[PT], as indicated. The values 1/10 and 1/50 indicate
the dilution factors of loaded samples. The blot was probed with a digoxi-
genin-labeled TYLCSV Rep-210 sense RNA probe (S) and reprobed
with a digoxigenin-labeled TYLCV-[PT] V1 antisense RNA probe (PT).
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transgenes (41), made further control analysis difficult. To as-
sess the value of this observation and extend its biological
significance, therefore, we took advantage of genetically well-
characterized TYLCSV-resistant BC1 tomato plants (4), which
are heterozygous for the Rep-210 transgene and express large
amounts of Rep-210. BC1 plants were challenged with
TYLCSV and a related isolate, TYLCSV-[ES1], which over-
comes resistance in 102.22 N. benthamiana plants (5). Four-
teen of 15 BC1 plants challenged with TYLCSV-[ES1] were
infected at 4 weeks p.i., just like the controls, indicating that
tomato and N. benthamiana Rep-210-expressing plants show
the same reaction to different isolates. Between 8 and 35 weeks
p-i., 10 of the 25 BC1 plants challenged with TYLCSV became
infected. Five TYLCSV- and 12 TYLCSV-[ES1]-infected
plants were analyzed to determine the presence of Rep-210
(data not shown). In all of these plants, Rep-210 either was not
detected or was present at very low levels, as revealed by
Western blot analysis. Similarly, Rep-210 accumulation was no
longer detectable in BC1 plants infected by a viruliferous B.
tabaci challenge (Fig. 6B). Moreover, similar results were ob-
tained with other Rep-210 transgenic tomato lines (data not
shown). Thus, the shutoff of Rep-210 transgene expression is
neither confined to the N. benthamiana host nor dependent on
the inoculation procedure and the transgenic line utilized. To
test the specificity of the down-regulation of Rep-210, several
TYLCSV- and TYLCSV-[ES1]-infected plants were examined
to determine the presence of Rep-210 mRNA and protein, as
well as mRNA transcribed from nptll, another transgene
linked to the Rep-210 transgene. In all virus-infected plants,
Rep-210 mRNA and protein were almost undetectable, while
the unrelated nptll transgene did not show any remarkable
modification of its expression (Fig. 6C). Collectively, these
data suggest that repression was specifically directed against
the Rep-210 transgene and occurred through down-regulation
of the specific transcripts.

TYLCSY infection does not influence transgene expression
driven by the E35S promoter, whereas it induces the produc-
tion of Rep-specific 21- to 25-nt siRNAs. To rule out the pos-
sibility that TYLCSV infection prevents the expression of
transgenes driven by the E35S promoter, transgenic tomato
plants transformed with the N gene of Tomato spotted wilt virus
(TSWYV) under the transcriptional control of the E35S pro-
moter employed to express Rep-210 were challenged with
TYLCSV. Similar amounts of N protein were detected by
Western blotting before and after infection (Fig. 7A), showing
that Rep-210-mediated repression did not act at the transcrip-
tional level.

To study the mechanism of repression, we investigated the
possibility that natural TYLCSV infection induces the produc-
tion of 21- to 25-nt siRNAs homologous to the viral Rep gene.
We analyzed RNA extracted from TYLCSV-infected wild-type
tomato plants, derived either by agroinoculation (Fig. 7B, lane
8) or by natural vector transmission in the field (Fig. 7B, lanes
1 to 6), to look for the presence of Rep-specific siRNAs.
Interestingly, a band migrating just above a 20-nt-long oligo-
nucleotide DNA and hybridizing with both plus- and minus-
strand Rep-210 probes was visible in Northern blots of total
RNA extracted from both agroinoculated and naturally in-
fected tomato plants (Fig. 7B). These data indicate that during
natural virus infection, an RNA duplex homologous to the Rep
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FIG. 6. TYLCV infection correlates with Rep-210 down-accumu-
lation. (A) Expression of transgenic Rep-210 protein in line 102.22
N. benthamiana plants following TYLCSV challenge. Plants 1 to 5
were agroinoculated, and infection was assayed weekly by tissue print-
ing with a TYLCSV-specific probe. Plants infected by the virus are
indicated with +, while — denotes noninfected plants. NI indicates
noninoculated control plants (lanes 6 and 7). Total protein extracts
were prepared with samples collected before inoculation (0 weeks p.i.
[wpi]) and at the fourth tissue print assay (4 weeks p.i.). The primary
antibody used in Western blots was a rabbit anti-TYLCSV Rep poly-
clonal antibody. Rep-210 protein is indicated on the side. Plants 1 to 5
are representative cases from Table 2. (B) Accumulation of Rep-210 in
BC1 tomato plants following challenge by viruliferous B. tabaci. Plants
1 and 2 were inoculated with TYLCSV, while plants 3 and 4 were
inoculated with TYLCSV-[ES1]. Total protein extracts were prepared
with samples collected before inoculation (0 weeks p.i.) and at the
fourth tissue print assay (4 weeks p.i.). Filter was probed with anti-
TYLCSV Rep antibody as in panel A. (C) Expression of transgenic
proteins and transcripts in BC1 tomato plants following challenge by
TYLCSV and TYLCSV-[ES1]. Agroinoculated plants were analyzed
for virus infection weekly with tissue print assays as described above.
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gene is probably produced and specifically degraded by the
host plant machinery to generate the siRNAs. In addition, they
suggest that RNA sequences homologous to Rep mRNA can
be the target of PTGS during viral infection.

DISCUSSION

The replication-associated viral proteins of small DNA vi-
ruses are involved in several biological processes due to the
presence of distinct functional domains and different states of
protein aggregation. The multifunctional character of these
proteins is well suited to development of molecular interfer-
ence strategies to impair viral infection. In this respect, we
have previously shown that transgenic expression of the N-
terminal 210 amino acids of the TYLCSV Rep, Rep-210, con-
fers resistance to TYLCSV in both N. benthamiana and tomato
plants (4, 41) and that Rep-210 acts as a transdominant-neg-
ative mutant repressing C1 gene transcription (5).

In the present work, TYLCSV-resistant Rep-210-expressing
transgenic plants were challenged with the heterologous
TYLCV-[PT] virus, and the mechanisms of resistance to both
viruses were dissected by biochemical and transgenic ap-
proaches. Our data underline that a complex interaction be-
tween the challenging virus and the transgene exists. We show
that Rep-210 confers resistance to the homologous and heter-
ologous virus through two different strategies and that this
resistance can be overcome by the ability of the challenging
virus to silence the homologous transgene.

Rep-210 mediates homologous virus resistance by tightly
repressing C1 gene transcription. To further dissect the mech-
anism of resistance operating in TYLCSV-resistant transgenic
plants, we asked whether the formation of dysfunctional Rep-
210/Rep oligomers contributes to resistance and designed ex-
periments to illustrate the relationship between oligomeriza-
tion and transcription repression by determining the ability of
a series of Rep-210 C-terminal deletion mutants to self-inter-
act and repress the homologous C1 promoter. The transcrip-
tional repression assay revealed that Rep-130 was the shortest
deleted Rep protein that represses Cl1 transcription to a similar
extent (about 100-fold) as the wild-type Rep protein and iden-
tified the C-terminal limit of the repression domain between
residues 120 and 130. Interestingly, Rep-156 and Rep-130,
which retained repression activities, were unable to self-inter-

Infected plants are indicated with +, while — denotes plants that were
not infected at the indicated time. Total protein extracts were prepared
with samples collected before (0 weeks p.i.) and after virus challenge.
Filter was probed with anti-TYLCSV Rep antibody as in panel A. The
same plants were analyzed in Northern blots with a Cl-specific ribo-
probe and an nptll-specific DNA probe. Rep-210 and npt/I mRNAs
are indicated alongside. Ethidium bromide staining for the 25S rRNA
is shown to demonstrate similar RNA loadings. Representative exam-
ples of uninfected and infected plants are shown. Plants 1 to 3 were
inoculated with TYLCSV. Of these, plant 2 remained uninfected
throughout the experiment (35 wpi), while plants 1 and 3 became
infected at 22 weeks p.i. Plants 1 and 3 are representative of 10 out of
25 BCl1 plants infected by TYLCSV between 8 and 35 weeks p.i. Plants
4 and 5 were challenged with TYLCSV-[ES1]. Both were already
infected at 3 weeks p.i., as were the nontransgenic controls (not shown)
and are representative examples of 12 other TYLCSV-[ES1]-infected
plants analyzed similarly.



6794 LUCIOLI ET AL.

act in both THS and coimmunoprecipitation assays (Fig. 2A
and C). This inability is in agreement with results obtained with
TGMV and ToLCNDYV, where the C-terminal limits of the
oligomerization domain were mapped between residues 160
and 180 (8, 45). Our data suggest that TYLCSV Rep-Rep
interaction is not needed to down-regulate CI1 transcription,
although the threefold-higher repression activity of Rep-210
compared to that of Rep-130 (Fig. 1B) could suggest a partial
contribution of amino acids 130 to 210 to the full transcrip-
tional repression activity. In this respect, our data differ from
those obtained with TGMYV Rep, whose in vitro ability to bind
the DNA sequences required for transcriptional repression of
the AL1 gene is dependent on amino acids 1 to 130 for protein-
DNA contact and on the oligomerization domain, indicating
that dimerization of Rep is a prerequisite for DNA binding in
vitro (43). Conversely, the ability of Wheat dwarf virus (WDV)
Rep to bind DNA requires the presence of monomer Rep
molecules in solution (36), suggesting that at least in this case,
Rep complexes are formed by the assembly of individual
monomers, similarly to the large DNA protein complexes
formed by the large T antigen of simian virus 40 (14). We do
not know if repression of the C1 promoter requires binding of
two molecules of Rep on DNA. However, the lack of Rep-Rep
interaction does not have a large influence on repression. No-
tably, when the ability of TGMV Rep oligomerization mutants
to repress the AL1 promoter was evaluated, most of them
unexpectedly displayed an enhanced repression activity (44). A
possible explanation to reconcile the TYLCSV and TGMV
results is that in vivo the Rep-DNA complex is stabilized by
other protein or DNA contacts. However, the difference ob-
served could reflect a dissimilar ability of TYLCSV and
TGMYV Rep to contact their cognate DNAs and repress tran-
scription, as substantiated by the finding that deletion of only
39 amino acids from the C-terminal portion of TGMV Rep
abolishes repression (25). Moreover, a truncated Rep of Afri-
can cassava mosaic virus (ACMV) containing only the first
57 amino acids retained full repression activity (28). Thus,
TYLCSV, TGMV, and ACMV Reps appear to deeply differ in
the amino acid sequences required to repress their own genes.

The ability of Rep-156 and Rep-130 to tightly inhibit C1
gene transcription in the absence of the oligomerization do-
main illustrated the contribution of Rep oligomerization to
resistance. Interestingly, we found a perfect correlation be-
tween the repression results and replication interference as-
says, since all of the clones that tightly down-regulate C1 tran-
scription also repressed TYLCSV replication (Fig. 1B, 3, and
5C). These findings, coupled with the inability of Rep-130 to
interact in THS experiments with the wild-type Rep of the
homologous virus (Fig. 5), strongly suggest that the formation
of Rep-210/Rep dysfunctional complexes makes only a modest
contribution, if any, to homologous resistance. It has recently
been shown that residues 4 to 121 of TYLCSV Rep retain the
ability to cut the viral DNA at the origin (6). Our results show
that Rep-120 was unable to inhibit TYLCSV replication, sug-
gesting that this Rep activity is not involved in resistance.
Previous data showed that TYLCSV Rep cuts both homolo-
gous and heterologous (WDV) DNA origins, although the
sequences constituting the stem of the loop are rather different
in the two viruses (27). In our case, TYLCSV and TYLCV-
[PT] share the same stem-loop sequences, but, as shown in the
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FIG. 7. TYLCSV infection does not influence the expression of a
heterologous transgene, although it induces Rep gene-specific siRNAs.
(A) Western blot analysis of TYLCSV-challenged tomato plants ex-
pressing the N gene of TSWV. Virus infection and transgenic N pro-
tein expression were monitored for 8 weeks. Total protein extracts
were prepared before (0 weeks p.i. [wpi]) and following (8 weeks p.i.)
inoculation, and TSWV-N transgenic protein was detected with spe-
cific polyclonal antibodies. Plants 1 to 4 are from one transgenic line,
and plants 5 to 7 are from another. NI indicates a noninoculated plant.
All inoculated plants were infected by TYLCSV at 4 weeks p.i. (B)
Northern blot of RNA extracts from tomato plants infected by TYLCSV
either naturally under field conditions (lanes 1 to 6) or via agroinocu-
lation under laboratory conditions (lane 8). Lane 7 contained RNA
extracts from a healthy plant. Two identical filters were produced and
probed with 3?P-labeled transcripts corresponding to Rep-210 anti-
sense RNA (+) or Rep-210 sense RNA (—). The upper panels show
RNA loading. The migration of a 20-nt oligonucleotide is indicated on
the right.

replication interference assay, Rep-130 represses TYLCSV
replication only (Fig. 5C). Taken together, these data provide
strong evidence that repression of TYLCSV Cl1 gene transcrip-
tion is the master mechanism of resistance in Rep-210 plants.

Rep-210 oligomerization domain is absolutely required to
confer resistance to TYLCV-[PT]. As shown above, the Rep-
210 oligomerization domain does not make any appreciable
contribution to TYLCSV resistance. Yet, even though Rep-
210 transgenic plants are susceptible to TYLCSV-[ES1] (5),
Rep-210 may interfere with the accumulation of heterologous
viruses through its oligomerization domain, as recently sug-
gested for a deletion mutant form of TOLCNDV Rep (Rep-
160) (8). Interestingly, when Rep-210-expressing plants were
challenged with either TYLCV-[PT] or TYLCSV and tested
soon after infection (2 weeks p.i. [Table 2]), similar levels of
resistance were observed. Moreover TYLCV-[PT] replication
was highly inhibited in Rep-210-expressing transgenic proto-
plasts, showing that TYLCV-[PT] resistance works at the sin-
gle-cell level, as for TYLCSV (Fig. 4A). However, although
Rep-210 conferred similar levels of resistance to both viruses,
it was 20-fold less active in repressing the heterologous
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TYLCV-[PT] C1 promoter (Fig. 4B), suggesting the existence
of a second resistance mechanism. ThelO-fold reduction of
heterologous TYLCV-[PT] C1 gene transcription by Rep-210
was unexpected, considering the differences in the iteron se-
quences between the two viruses (1). The ability of Rep-210 to
interact with the TYLCV-[PT] Rep (Fig. 5SA) suggests that
resistance may be achieved through the formation of Rep-210/
PTRep dysfunctional complexes. To formally prove the in-
volvement of the oligomerization domain in TYLCV-[PT] re-
sistance, we tested the ability of deletion mutant Rep proteins,
lacking the oligomerization activity but active in repressing
heterologous C1 transcription, to interfere with replication.
Interestingly, while Rep-130 and Rep-210 inhibited TYLCV-
[PT] C1 promoter to a similar extent (Fig. 4B), Rep-130 was
unable to interfere with TYLCV-[PT] replication (Fig. 5C),
suggesting that transcriptional repression does not make an
appreciable contribution to the inhibition of TYLCV-[PT] rep-
lication. Like Rep-130, Rep-156, which lacks oligomerization
activity (Fig. 2A and C), was unable to confer resistance to
TYLCV-[PT] (G. P. Accotto and M. Tavazza, unpublished
results). Collectively our data strongly suggest that Rep-210
oligomerization domain plays a key role in TYLCV-[PT] re-
sistance. Recently it was shown that the deleted TOLCNDV
Rep-160, containing both the DNA binding and the oligomer-
ization domains, interferes with the homologous and heterol-
ogous viruses in a transient assay (8). Based on an in vitro
DNA binding competition assay, the authors suggested that
interference with heterologous virus could be the result of the
oligomerization activity of the TOLCNDV Rep-160. Unfortu-
nately, the TOLCNDV Rep DNA binding and oligomerization
domains seem to overlap, preventing direct assessment of their
respective contributions to the homologous and heterologous
virus interference.

In our case, due to the biological characteristics of TYLCSV
Rep, we were able to dissect the contribution of the transcrip-
tional repression and oligomerization domains in homolo-
gous and heterologous virus resistance. Our results show that
the Rep-210-mediated resistance to the heterologous virus
TYLCV-[PT] relies on the interaction property of the oli-
gomerization domain. To our knowledge, this is the first dem-
onstration that the same protein, acting as a transdominant-
negative mutant, confers resistance to distinct viruses through
the employment of different molecular mechanisms.

Transgene expression shutoff correlates with the ability of
TYLCSYV to overcome Rep-210-mediated resistance. We have
shown that Rep-210 inhibits TYLCSV and TYLCV-[PT] rep-
lication to a similar extent (Fig. 4A). However TYLCSYV, but
not TYLCV-[PT], rapidly overcomes Rep-210-mediated resis-
tance (Table 2). A drastic reduction of Rep-210 accumulation
was constantly observed in TYLCSV-infected 102.22 plants
(Fig. 6A). Conversely, plants that were challenged with
TYLCSV or TYLCV-[PT], but remained virus free, expressed
high levels of Rep-210 as well as unchallenged 102.22 plants
during all their life cycle (Fig. 6A) (data not shown). Interest-
ingly, the single TYLCV-[PT]-challenged plant that became
infected between 2 and 4 weeks p.i. (Table 2) no longer accu-
mulated Rep-210 (data not shown). The down-regulation of
Rep-210 appears to be strictly linked to the ability of the
viruses to overcome resistance, but independent of the actual
resistance mechanism. This is consistent with our previous
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observations that high levels of Rep-210 are required to confer
resistance (4) and that Rep-210 is no longer detectable in old
(15 weeks p.i.) TYLCSV-infected transgenic plants (41).

If down-regulation of transgene expression is specifically
directed to the Rep-210 gene, it should be demonstrated that
expression of an unrelated gene present in the same chromo-
somal location, as well as that of a gene possessing the same
regulatory sequences, is not affected by TYLCSV infection. To
prove this, we took advantage of the tomato line BC1, which
expresses Rep-210 (4). A number of observations showed that
the two biological systems, i.e., plants of lines 102.22 (N.
benthamiana) and BC1 (tomato), are in fact interchangeable:
(i) TYLCSYV resistance is protein mediated and active at the
single-cell level (4, 5), (ii) some plants initially resistant to
TYLCSV became infected later (4, 41), (iii) both are suscep-
tible to TYLCSV-[ES1] (5), and (iv) late infections were al-
ways associated with down-regulation of Rep-210 protein and
mRNA (Fig. 6) (data not shown). In addition, we showed that
expression of the Rep-210-linked nptII gene was unaffected by
TYLCSV infection (Fig. 6C). Similar results were observed
when BCI plants were challenged with TYLCSV-[ES1] (Fig.
6C), but they were susceptible to viral infection, and Rep-210
was silenced soon after infection. Furthermore, we used an
unrelated transgenic line to show that TYLCSV infection itself
is not able to down-regulate transgene expression driven by the
E35S promoter (Fig. 7A). Collectively these data demonstrate
that infection specifically down-regulates Rep-210 transgene
expression and suggest that virus-mediated interference acts at
a posttranscriptional level. The finding that TYLCSV was
more efficient than TYLCV-[PT] in overcoming resistance and
switching off Rep-210 transgene expression is in accordance
with a virus-induced homology-dependent mechanism of gene
silencing. The evidence that monopartite geminiviruses caus-
ing yellow leaf curl in tomato are mostly restricted to the
vascular tissue (48) suggests that extensive Rep-210 silencing
relies on a diffusible silencing signal.

It is well established that RNA and DNA viruses silence
transgenes and endogenes (21, 33, 34, 47) and that diffusible
signals are produced during the silencing process (46, 57).
However VIGS of transgenes triggered by RNA viruses nor-
mally leads to systemic silencing, which in turn limits infection
in the new silenced tissue (2). A possible explanation to rec-
oncile our observation with previous findings is that during
natural TYLCSV infection, the RNA encoding viral Rep is
converted in or present as an RNA duplex that triggers ho-
mologous RNA silencing. As a consequence, the virus should
have evolved a mechanism or mechanisms to escape Rep si-
lencing, because Rep is absolutely required for its replication.
The presence of 21- to 25-nt siRNAs homologous to a target
gene is the hallmark of an activated RNA silencing process in
all living organisms studied so far (17, 23). Interestingly, and in
agreement with our assumption, siRNAs homologous to the
Rep gene were detected in total RNA extracts of TYLCSV-
infected wild-type tomato plants (Fig. 7B). The presence of
Rep-specific siRNAs was also detected in TYLCSV-infected
wild-type N. benthamiana and in tomato plants infected by
TYLCSV-[ES1] and -Sic (A. Lucioli and M. Tavazza, unpub-
lished results). These data strongly suggest that the production
of siRNAs homologous to the Rep gene is a well-conserved
step in TYLCSV infection.
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1 CTGGATACTTTGAGT GTCCC- CCGATTCAGAACGACAGCAAAAATG

J. VIROL.

AAGATCAGGTCGTTTTAGTATCAAGGCTAAAA TYLCSV

1 G GAATAAAATGAAT CT GAGGT CAAT TGGT ACCCAT TGACCAAATJGCT CAGCCTAAGCGT TTTCAAATAAATGCAAAAC TYLCSV- ES[ 1]

1  ATAAGTGTAA- AAATCTT- GGTCAATCGGTACTCATTGACCA

ATGGCTCCCCCTAAGCGCTTCCAAATAAATTGCAAAA TYLCV- [ PT]

80 ATTATTTCCTTACATATCCCAAATGT GATTTAACAAAAGAAAAT GCACT TTCCCAAATAACAAACCTACAAACACCCACA TYLCSV
80 ATTATTTTCTAAGTTTCCCAAAATGIT TCTCTCTCCAAAGAAGAAGCCCTAGAACAACTACTTCAACTACAAACACCAACA TYLCSV- ES| 1]
79 ATTATTTCCTCACATATCCTAAGTGCTCCT TAACGAAAGAAGAAGCACT TTCCCATTTAAAAGACCTAGAAACCCCGACA TYLCV-[ PT]

160 AACAAATTATTCATCAAAATTT- GCAGAGAACTACAT GAAAAT GGGGAACCTCATCTCCATATTCTCATCCAATTCGAAG TYLCSV
160 AATAAAAAATACATTAAGATTT- GCAGAGAAT TACACGAAGATGGGCAACCTCATCTCCACATGCTCATTCAGTTCGAGG TYLCSV- ESJ 1]
159 AATAAAAAACACATCAAAGT TTTGCAGAGAACT CCACGAGAAT GGGGAACCACATCTCCATGTGCTTATCCAATTTGAAG TYLCV- [ PT]

239 GAAAATACAATTGTACCAATCAACGATTCT TCGACCT GGTATCCCCAACCAGGT CAGCACATTTCCATCCGAACATTCAG TYLCSV
239 GTAAATTCAACTGCAAAAATAACAGATTCTTCGATCT GGT AT CCCCAACCAGATCAGCACATTTCCATCCGAACATTCAG TYLCSV- ES| 1]
239 GGAAATTCAAGTGCCAAAAT CAGCGATTCT TCGACCT GGTATCCCCAAGCAGGGECAGCACATTTCCATCCAAACATTCAG TYLCV-[ PT]

319 GGAGCTAAATCGAGCT CCGACGT CAAGT CCTATAT CGACAAGGACGGAGATGT TCTTGAATGGGGTACTTTCCAGATCGA TYLCSV
319 GGAGCTAAATCAAGCTCCGACGT CAAGT CCTACAT CGACAAGGACGGAGATGT TCTTGAATGGGGTACTTTCCAGATCGA TYLCSV- ES[ 1]
319 GGAGCTAAATCCAGT TCAGACGT CAAGT CTTATGT CGATAAGGACGGAGACACCGT CGACTGGGGTGAGT TTCAGATCGA TYLCV- [ PT]

399 CGGACGATCTGCTAGGGCGAGGACAACAGACAGCCAACGACGCT TACGCAAAGGCAAT TAACGCAGGAAGT AAGT CGCAGG TYLCSV
399 CGGACGATCTGCAAGCGGAGGACAGCAGACAGCCAAT GACGCT TACGCCAAGGCAAT TAACGCAGGAAGT AAGT CGGAGG TYLCSV- ES[ 1]
399 CGGACGATCTGCACGT GGGGGT CAGCAGT CAGCCAAT GACGCT TACGCCGCAGCTCT TAACT CAGGCAGTAAGT CGGAGG TYLCV- [ PT]

479 CTCTTGATGTAATTAAAGAATTAGCGCCTAGAGATTACGT TCTACATTTTCATAATATAAATAGTAATTTAGATAAGGTT TYLCSV
479 CTCTTGATGTAATTAAAGAATTAGCCCCTAGAGATTACATCTTACATTTTCATAATATAAATAGTAATTTAGATAGGGTT TYLCSV- ES[ 1]
479 CTCTTAGAATCATTAAAGAATTAATACCGAAAGATTATATTTTACAATTTCATAATTTAAATAGTAATTTAGATAGAATT TYLCV-[ PT]

559 TTCCAGGTGCCTCCGGCACCTTATGITTCTCCTTTTTTATCTTCTTCTTTCGATCAAGT TCCTGATGAACTTGAACACTG TYLCSV
559 TTTCAGGTGCCTCCGGECACCATATGITTCTCCTTTTTTATCTTCTTCTTTTGATCAAGT TCCGGATGAACTTGAACACTG TYLCSV- ES[ 1]
559 TTTCAGGAGCCTCCGGCTCCTTATATTTCTCCCTTTTTATCTTCATCTTTTAATCAAGI TCCAGATGAACTTGAAGTATG TYLCV- [ PT]

639 GGI'TTCCGAGAACGT CATGGATGCCGCTGCGCGG
639 GGI'TTCCGAGAACGT CATGGATGCCGCTGCGCGG
639 GGIGICCGAGAACGTCGTGTCTTCCGCTGCGCGG

TYLCSV
TYLCSV- ES[ 1]
TYLCV- [ PT]

FIG. 8. Alignment of TYLCSV-[ES1] and TYLCV-[PT] sequences with TYLCSV Rep-210 transgene sequence. The box indicates the start
codon of the Rep genes. Dotted and solid lines indicate fragments of TYLCV-[PT] and TYLCSV-[ES1], respectively, longer than 22 nt, which show

100% homology with the TYLCSV Rep-210 transgene sequence.

We do not know whether and to what extent viral Rep
mRNA is a target of RNA silencing, nor do we know the
molecular mechanism that allows TYLCSV to evade silencing.
Geminiviruses, unlike all other plant viruses studied in this
regard, do not have a genomic RNA phase. Thus, although
they trigger silencing, they may be inherently less susceptible to
its effect than RNA viruses. Thus, the ability of TYLCSV to
spread in silenced transgenic plants could reflect a balance be-
tween silencing, silencing suppression (56, 58), and virus rep-
lication. Natural infections, after all, are the result of a balance
between these processes, and the balance points might differ
for DNA and RNA viruses.

The ability of TYLCSV to overcome resistance thus seems
deeply interconnected with its ability to down-regulate Rep-
210 transgene expression via an RNA-mediated PTGS mech-
anism.

Conclusions. Our studies of both homologous and heterol-
ogous viruses reveal complex interactions between the chal-
lenging virus and transgene. Based on previous (5) and present
data, we propose a working model of Rep-210-mediated virus
resistance.

After the virus enters the cell and is uncoated, its genome
is converted into a duplex circular DNA. At this time, if the
challenging virus is the homologous TYLCSV, Rep-210 can
efficiently recognize and bind to its DNA, tightly inhibiting but
not completely abolishing C1 transcription (Fig. 1B). The re-
duced amount of Rep will be in competition with Rep-210 for
the viral sequence required for plus-strand viral replication.
The combined action of Rep-210 reduces the replication rate
(Fig. 3). The THS data (Fig. 5A) show that Rep-210 forms
dysfunctional Rep-210/Rep complexes, though the impact of

this mechanism on TYLCSYV resistance is limited (Fig. 3 and
5C). The reduced but not abolished viral expression triggers,
via an RNA-mediated mechanism (Fig. 7B), down-regulation
of Rep-210 (Fig. 6), and this in turn releases the transcriptional
control of the viral C1 gene and leads to productive viral in-
fection.

When the challenging virus is TYLCSV-[ES1], Rep-210 is
unable to repress the heterologous C1 promoter (5), result-
ing in the rapid production of TYLCSV-[ES1] Rep-specific
siRNAs, which due to their extensive homology with the Rep-
210 transgene (Fig. 8), leads to the down-regulation of Rep-
210 and prevents the formation of dysfunctional Rep-210/Rep-
[ES1] complexes.

In TYLCV-[PT]-challenged plants, Rep-210 moderately
represses the heterologous C1 promoter (Fig. 4B). However,
transcriptional repression alone is not sufficient to substan-
tially reduce replication (Fig. 5C). TYLCV-[PT] gene expres-
sion induces the accumulation of TYLCV-[PT] Rep-specific
siRNAs. However, in this case, the low homology (Fig. 8)
between the transgene and PT Rep gene (only one fragment
with 100% homology is longer than 22 nt) does not activate or
weakly activates transgene silencing. Therefore, Rep-210 that
is expressed at a high level in the cell productively interacts
with PT Rep (Fig. SA) and efficiently interferes with replica-
tion (Fig. 4A).

In conclusion, the resistant or susceptible phenotype can be
regarded as the result of a battle in which the plant uses a
transgenic protein to repress viral transcription and to assem-
ble dysfunctional oligomers, while the virus induces silencing
of the transgene.
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