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Abstract A reverse-genetics approach was applied to
identify genes involved in Tomato yellow leaf curl virus
(TYLCV) resistance, taking advantage of two tomato inbred
lines from the same breeding program—one susceptible (S),
one resistant (R—that used Solanum habrochaites as the
source of resistance. cDNA libraries from inoculated and
non-inoculated R and S plants were compared, postulating
that genes preferentially expressed in the R line may be part
of the network sustaining resistance to TYLCV. Further, we
assumed that silencing genes located at important nodes of
the network would lead to collapse of resistance. Approx-
imately 70 different cDNAs representing genes preferen-
tially expressed in R plants were isolated and their genes
identified by comparison with public databases. A Perme-
ase I-like protein gene encoding a transmembranal trans-
porter was further studied: it was preferentially expressed in
R plants and its expression was enhanced several-fold fol-
lowing TYLCV inoculation. Silencing of the Permease
gene of R plants using Tobacco rattle virus-induced gene
silencing led to loss of resistance, expressed as development
of disease symptoms typical of infected susceptible plants
and accumulation of large amounts of virus. Silencing of
another membrane protein gene preferentially expressed in
R plants, Pectin methylesterase, previously shown to be
involved in Tobacco mosaic virus translocation, did not lead
to collapse of resistance of R plants. Thus, silencing of a
single gene can lead to collapse of resistance, but not every
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gene preferentially expressed in the R line has the same
effect, upon silencing, on resistance.
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Introduction

Tomato yellow leaf curl virus (TYLCV) is a geminivirus
(genus Begomovirus, family Geminiviridae) transmitted by
the whitefly Bemisia tabaci (Czosnek 2007). It possesses a
single circular single-stranded DNA genomic component
(Navot et al. 1991) encoding two genes on the viral strand
and four on the complementary strand (Gronenborn 2007).
TYLCYV threatens tomato production worldwide. While the
domesticated tomato Solanum lycopersicum is susceptible
to the virus, natural sources of resistance have been found in
several wild tomato species such as S. chilense, S. peru-
vianum, S. pimpinellifolium and S. habrochaites (Vidavski
2007). Breeding for resistance consists of introgressing
these resistant traits in the cultivated tomato (Pilowsky and
Cohen 1990). As a result, the resistant tomato contains
chromosomal fragments from the wild species on a back-
ground of the domesticated tomato, identifiable with poly-
morphic DNA markers (Ji et al. 2007). Currently five
different resistance loci (7Ty-I through Ty-5) have been
identified. These loci originate from different wild tomato
accessions and possess various modes of TYLCV resistance
(Agrama and Scott 2006; Anbinder et al. 2009; Chagué
et al. 1997; Ji et al. 2009; Zamir et al. 1994.

Plant defense responses to biotic and abiotic stresses
are regulated by different cross-communicating signaling
pathways (Baker et al. 1997; Dong 2001; Gilliland et al.
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2006; Kunkel and Brooks 2002; McCarty and Chory 2000).
These gene and protein networks have been revealed by
large-scale protein-protein interaction studies, usually
using the yeast two-hybrid system (Giot et al. 2003), and
by microarray analyses (Eisen et al. 1998). Likewise, plant
resistance to viruses may be described as the outcome of
interconnecting gene networks and signaling pathways
leading to inhibition of virus replication and/or movement,
and in the induction of small molecules that mediate the
activation of resistance genes (Culver and Padmanabhan
2007). The establishment of a systemic begomoviral infec-
tion is mediated by interactions between viral and host
proteins (Castillo et al. 2003, 2004; Hanley-Bowdoin et al.
2004; Selth et al. 2005) which interfere with host-cell pro-
liferation (Gutierrez 2000) and overwhelm host defense
mechanisms (Chellappan et al. 2004). The molecular and
biochemical mechanisms underlying natural resistance to
TYLCV are unknown (Gorovits et al. 2007). None of the
genes conferring resistance to this virus have been isolated
or characterized.

Describing the networks sustaining resistance to TYL-
CV and discovering the participating genes are of primary
importance to understanding and combating TYLCV dis-
ease. To achieve this goal, we took advantage of two inbred
tomato lines issued from the same breeding program that
used S. habrochaites as a source of resistance: the TYLCV-
susceptible line 906-4 and the TYLCV-resistant line 902,
respectively, designated S and R hereafter (Vidavski and
Czosnek 1998). Upon whitefly-mediated inoculation of
TYLCV, the R line remains symptomless and contains
barely detectable amounts of virus, while the S line pre-
sents the typical disease symptoms of stunting, leaf yel-
lowing and leaf curling, and contains large amounts of
virus. None of the polymorphic DNA markers tagging
resistance to TYLCV from S. chilense (Ji et al. 2009; Zamir
et al. 1994) or to Tomato leaf curl virus (TLCV) from
S. habrochaites (Hanson et al. 2000) have been found to be
linked with resistance of line 902 (unpublished results).

Postulating that genes involved in resistance will be
expressed at higher levels in R vs. S plants, we compared
the trancriptomes of R and S tomato lines, before and after
inoculation. This approach did not provide any signifi-
cant results (URLs http://www.tigr.org/tdb/potato/images/_
descr/56.pdf; http://www.tigr.org/tigr-scripts/tdb/sol/study/
sol_study_hybs.pl?study=56&user=&pass=&sort=id&
order=asc). We therefore took a reverse-genetics appr-
oach in the current study based on virus-induced gene
silencing (VIGS), a technique which has been used to
discover gene networks in plants (Briggs and Singer 2005;
Robertson 2004; Wellmer and Riechmann 2005) and other
organisms (Lee et al. 2008). We compared cDNA libraries
from R and S plants, postulating that those genes that are
preferentially expressed in the R line may be part of the
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gene network sustaining resistance to TYLCV. In addition,
we assumed that if those genes are located at important
nodes in the network, resistance will collapse upon
silencing. This approach proved fertile. From the ca.
300,000 clones assayed, 69 transcripts were found to rep-
resent genes preferentially expressed in R plants. Silencing
of a Permease I-like protein gene, which is preferentially
expressed in R plants and upregulated upon TYLCV
inoculation, led to the appearance of disease symptoms
similar to those in infected S plants, and in the early
accumulation of large amounts of virus.

Materials and methods
Plants

Two inbred tomato lines, both issued from a breeding
program aimed at introgressing resistance to TYLCV from
S. habrochaites, were used (Vidavski and Czosnek 1998):
line 902 is resistant to the virus (R) while line 906-4 is
susceptible (S). The pedigree of the lines is shown in Fig. 1
of Vidavski and Czosnek (1998). Lines R and S can be
distinguished by a single nucleotide polymorphism (SNP)
found in a Mnul restriction site in the intron of an
hsp70gene (Gorovits and Czosnek 2007): the SNP is con-
tained in a DNA fragment which is PCR-amplified using
the primers HSP17F (5-GTCGCCATGAATCCTATTAA
CACCG-3’) and HSP678R (5-CCCAGTTTGATGTCA
CTCTGTAC-3'); the PCR products are incubated with
Mnul, and the amplicon from the R plants is cut by the
enzyme while that of the S plants is not. The two lines
present horticultural characteristics of S. lycopersicum and
produce 80-120 g of red fruit. Resistance in the R line is
not tagged by the DNA polymorphic markers associ-
ated with TYLCV/TLCYV resistance (Ji et al. 2007) from
S. chilense and S. habrochaites (unpublished).

Whitefly-mediated inoculation of R and S plants
with TYLCV

TYLCV was maintained in tomato plants (cv. Daniella).
Whiteflies, B. tabaci B biotype, were reared on cotton
plants as described previously (Zeidan and Czosnek 1991).
All experiments were conducted in insect-proof wooden
cages kept at 24-27°C in an insect-proof growth chamber.
TYLCV was acquired by whiteflies during a 48-h acqui-
sition access period on TYLCV-infected tomato plants at
the 7- to 10-leaf stage (6 weeks after whitefly-mediated
inoculation). The viruliferous insects were then caged
with R and S tomato plants at their 4- to 6-leaf stage for a
3-day-long inoculation access period (approximately 30
insects per plant). Plants were mock-inoculated with a
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Fig. 1 a TYLCV-infected
susceptible (S) and resistant (R)
tomato plants in the field;
typical symptoms in S plants
(S’) and symptomless
appearance of R plants (R’).

b Identification of R and S
genotypes using a SNP in the
hsp70 intron; the R plants
contain a Munl site in the intron
amplicon while the S plants do
not; actin DNA amplicon was
used as a reference. ¢ Isolation
of transcripts of genes
preferentially expressed in (B)

inoculated R (Ri) tomato plants. R

Replicas of plated phages from
a Ri cDNA library were
sequentially hybridized with
probes consisting of cDNA
libraries from infected Ri and Si
plants; the autoradiograms were
superimposed to identify
R-specific clones. Eleven (€)
Ri-specific phages were

Ri cDNA probe

«~ hsp70

Si cDNA probe

subjected to PCR and
sequentially hybridized with
probes consisting of Ri cDNA
library and Si cDNA library. M:
100-bp ladder molecular weight
markers. The red arrow points
to the DNA fragment encoding
the Permease I-like protein gene

similar number of non-viruliferous whiteflies for similar
inoculation-access periods. The insects were treated with
Imidacloprid and the plants were grown in an insect-proof
greenhouse maintained at 18-24°C, with an 8/16 h dark/
light regimen.

Preparation of cDNA libraries from TYLCV-inoculated
and non-inoculated R and S plants

Thirty tomato plants from the S and R genotypes were
inoculated with TYLCV (and 30 were mock-inoculated).
The two youngest true leaves of three randomly chosen
plants were collected 1, 3, 5 and 7 days after inoculation
and RNA was extracted using Tri-Reagent according to the
manufacturer’s directions (Molecular Research Center,
USA). Equal amounts of RNA from each time point were
pooled. cDNA libraries from R and S plants were prepared
using Lambda ZAP-CMV XR library construction kit
according to the manufacturer’s instructions (Stratagene,
USA). Briefly, mRNA was purified and cDNA was pre-
pared using the supplied primers. The cDNA was ligated to
adaptors provided by the kit, digested with Xhol and EcoRI
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and cloned into the Lambda Zap-CMV XR vector. The
recombinant vector was packaged in bacteriophage A using
Gigapack III gold packaging extract (Stratagene). Esche-
richia coli XL1-Blue MRF cells infected with the phages
were plated at high density on NZY-Agar, and incubated
for 8 h at 37°C. Replicas of the plaques were made on
nitrocellulose Hybond-N filters (Amersham Biosciences,
USA) and used for hybridization.

Screening of cDNA libraries, display of cDNA clones
preferentially expressed in R plants

Differential screens were performed to identify genes
preferentially expressed in R plants. Screens involved
libraries from non-infected S plants vs. non-infected R
plants (So vs. Ro), infected S plants vs. infected R plants
(Si vs. Ri), So vs. Ri, and Si vs. Ro. About 70,000 clones
from each cDNA library were plated and screened. For
example, to isolate those clones that represented genes
preferentially expressed in Ri vs. Si libraries, phages con-
taining cDNAs of the Ri library were plated and the rep-
licas were sequentially hybridized with probes derived
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from the Ri cDNA library followed by probes derived from
the Si cDNA library. The probes were prepared as follows:
the cDNA inserts from aliquots of the Ri and Si libraries
(with approximately the same titer) were labeled with
digoxigenin-11-dUTP (DIG) during PCR according to the
manufacturer’s directions (Roche, USA) using the primer
pair AS31R/ASS51F designed to avoid contamination by
vector sequences (AS31R: 5-CTCGAGTTTTTTTTTTTT
TTTTTT-3'; AS51F: 5-CGGGCT GCAGGAATTC-3').
Plaques that hybridized solely with Ri probes were isolated
for further analysis. The screening was repeated three
times.

Gene ontology (GO) analysis of genes preferentially
expressed in R plants

Gene ontology analysis was based on the DFCI Tomato
Gene Index (TIGR) (http://compbio.dfci.harvard.edu/tgi/
cgi-bin/tgi/Blast/index.cgi) database, the Solanum Genome
Project (www.sgn.cornell.edu/tools/blast/), the European
Bioinformatics Institute (EBI) database (www.ebi.ac.uk),
and the Gene Ontology website (www.geneontology.org).

Gene silencing using VIGS vectors

Fragments of a Permease I-like protein gene (nt 738-932,
TC204704) or of a Pectin methylesterase gene (nucleotides
553-752, TC212221) were T/A cloned into a pDrive vector
(Qiagen, USA). The gene fragments were excised from the
vector using Xbal and Kpnl and ligated to the TRV RNA2
vector (Liu et al. 2002) using the same enzymes, resulting
in the silencing vectors TRV-Perm and TRV-Pect, respec-
tively. The plasmid was introduced into Agrobacterium
LB4404 cells by electroporation. The agrobacteria con-
taining TRV-Perm or TRV-Pect and TRV RNAIl were
cultured in YEB medium for 48 h at 28°C. A mixture of
TRV RNA1 and TRV-Perm (or TRV-Pect) was introduced
into 30 R and S tomato seedlings at the 6- to 8-leaf stage by
agroinoculation. Five days later, 20 agroinfected plants
were inoculated with TYLCV for a 3-day inoculation
period as described above (ten control plants were caged
with a similar number of non-viruliferous insects). Each
silencing experiment was repeated at least three times and
samples were analyzed in triplicate.

PCR and semi-quantitative PCR analyses of Permease
I-like protein and Pectin methylesterase transcripts

A tomato leaflet was taken from the two youngest true
leaves of each plant. DNA was extracted from the two
pooled leaflets as described (Bernatzky and Tanksley 1986),
and RNA was prepared from these samples using the Tri-
Reagent method (Sigma—Aldrich, USA). For each PCR and
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PCR-related experiment, the reactions were conducted in
triplicate with three different plants (three technical repeats
and three biological repeats). A 398-bp fragment corre-
sponding to nt 530-928 of the TYLCV coat protein gene
(GenBank accession number x 15656) was amplified using
the primer pair TY530F (5-ATTGGGCTGTTTCCATAG
GGC-3) and TY928R (5-CACACGGATGGGAAATAC
TT-3"). A 205-bp fragment corresponding to nt 1,450-1,655
of a tomato Permease I-like protein gene (TC204704) was
amplified using the primer pair PERMF1450 (5'-TTAACG
TGCCATTCTCATCG-3') and PERMR1655 (5'-CACACG
GATGGGAAATAC TT-3'). A 205-bp fragment corre-
sponding to nt 553-752 of a tomato Pectin methylesterase
gene (TC212221) was amplified using the primer pair
PECTF553 (5-TGGTGATTTTGCG CTGAAC) and PEC
TR752. A 180-bp fragment corresponding to nt 771-951 of
a tomato f-actin gene (TC178617) was amplified using
the primer pair ACTF771 (5-GGAAAAGCTTGCCTATG
TGG-3’) and ACTR951 (5-CCTGCAGCTTC CATACC
AAT-3"). The PCR mix contained (in a total volume of
25 pl): 100 ng tomato genomic DNA, 4 pl of a 25 mM
mixture of four dNTPs, 2.5 pl Taq reaction buffer (10x),
1 U Tag DNA polymerase, 2.5 pmol of each primer.
Cycling was as follows: initial denaturation for 3 min at
95°C followed by cycles consisting of 30 s at 95°C, 30 s at
55°C and 1 min at 72°C. In the semi-quantitative PCR, the
reaction was stopped after various numbers of cycles, and
5 wul of the PCR products was subjected to electrophoresis in
a 1% agarose gel in Tris-phosphate-EDTA buffer (TAE)
and stained with ethidium bromide. In the semi-quantitative
RT-PCR, cDNA was prepared using the EZ-first-strand
cDNA synthesis kit (Biological Industries, Israel) according
to the manufacturer’s directions. The reaction products
were subjected to PCR as described above. Each measure
was performed in triplicate for three independent biological
repeats.

Quantitative real-time PCR analysis of Permease I-like
protein and Pectin methylesterase transcripts

Quantitative real-time PCR was carried using the Light-
Cycler 480 Real-Time PCR System (Roche). Probe and
master PCR mix were provided by Roche after design using
the Universal Probe Library (https://www.roche-applied-
science.com/sis/rtpcr/upl/acenter.jsp?id=030000). The Uni-
versal Probe Library method was used to determine the
quantity of desired nucleic acid. The commercial probe #27
(GCTGCCTG) was used to determine the amount of
TYLCV and of tomato tubulin (BT012711); probe #48
(ACTGGGA) was used to determine the amount of per-
mease I-like protein transcript. The primers used for
TYLCV quantification were TYF2480 (5-TCCACGTAG
GTCTTGACATCTG-3') and TYR2547 (5'-AGGTCAGCA
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CATTTCCAT CC-3'), amplifying a 68-nt DNA fragment,
from nt 2,480-2,547. The primers used for permease
quantification were PERF1236 (5'-TTTGCTG TCTGGCTT
GTTTG-3") and PERR1299 (5-AAGCCCCACATTTTC
AAC AG-3'), amplifying a 64-nt DNA fragment. Tomato
p-tubulin (BT012711) was quantified using the primers
TUBF344 (5-TGACGAAGTCAGGACAGGAA-3') and
TUBR417 (5'-CTGCATCTTCTTTGCCACTG-3') produc-
ing a 74-nt-long amplicon. The reactions were performed in
the LightCycler 480 system under the following cycling
conditions: 10 min at 95°C, 45 cycles consisting of 10 s at
95°C, 60 s at 58°C. The results were analyzed using
LightCycler 480 software provided by the manufacturer.
All PCR experiments were repeated three times (three
biological repeats and three technical repeats).

qrt-PCR and dot-blot hybridization of TRV RNA1
following co-inoculation with TRV RNA2-PDS and
TRV RNA2-Perm

First-strand cDNA synthesis was performed using Super-
Script III First-Strand Synthesis System for reverse
transcription)-PCR (Invitrogen, UK) following the manu-
facturer’s protocol. TRV gene-specific primer 305 (5'-GGG
CGTAATAACGCTTACG-3") was used to prime the first-
strand cDNA synthesis reaction as described in Holeva et al.
(2006). TRV RNA1 cDNA was quantified using the primer
pair RNAI-F (5-CATGCTAACAAATTGCGAAAGC-3)
and RNA1-R (5-CACAGACAAACCATCCAC AATTAT
TTT-3’) which produces an 87-bp amplicon (Holeva et al.
2006). The time course of TRV RNA1 accumulation was
also followed by dot-blot hybridization: 2 pg of total RNA
from young leaves of five pooled plants was spotted (2 pl)
on nitrocellulose membranes. The membranes were hybrid-
ized with a TRV amplicon DIG-labeled by PCR using the
TRV RNA1 cDNA as template and the primer pair RNA1-F
and RNAI-R.

Results

Identification of genes preferentially expressed in R
tomatoes

Upon TYLCYV inoculation, R plants remain symptomless
while S plants cease to grow and develop typical symptoms
of leaf curling and yellowing (Fig. 1a). The rate of TYLCV
accumulation is much slower in R than in S plants
(Vidavski and Czosnek 1998). All plants used in this study
were unequivocally identified as R or S by the presence or
absence of a SNP in the Mnul site of a hsp70 gene intron
(Fig. 1b).

A differential screen was performed to identify the genes
preferentially expressed in R compared to S plants,
hypothesizing that they may be involved in the establish-
ment of the resistant phenotype. cDNA libraries from non-
inoculated and inoculated R and S plants (Ro and Ri, So and
Si, respectively) were obtained using RNA extracted from
leaves up to 7 days after whitefly-mediated inoculation (or
mock-inoculation). Four screens were performed: So vs. Ro,
Sivs. Ri, So vs. Ri, and Si vs. Ro. The clones that hybridized
preferentially or exclusively with the R probes (Ro and Ri)
were isolated and sequenced. From the ca. 300,000 clones
screened, approximately 90 different cDNA clones repre-
senting genes preferentially expressed in R plants (Ro and
Ri) were isolated. The results were confirmed by PCR-
amplification of the inserts of these phages (using vector-
specific primers) followed by agarose gel electrophoresis,
blotting and sequential hybridization with probes repre-
senting the entire R and S ¢cDNA libraries. Figure 1c shows
the analysis of 11 phages containing transcripts of genes
preferentially expressed in Ri compared to Si plants. More
than one PCR product was obtained with each sample
because the plaques of interest were isolated together with
their close neighbors, owing to the high-density plating.
Nonetheless, bands representing the differentially expressed
genes were clearly seen. These bands were excised from the
gel and the eluted DNA was sequenced.

The cDNAs were identified by sequence homology with
the TIGR and Solanum Gene Project databases and anno-
tated accordingly. Table 1 shows a list of the 69 clones
representing genes preferentially or exclusively expressed
in R plants and their match with sequences in public dat-
abases. Only the cDNAs that have a match in the databases
and present more than 60% identity with annotated genes
were considered. Figure 2 shows the GO analysis of these
genes. “Transferase activity” had the highest number of
hits in the “Molecular function” category and “mem-
brane” had the highest number of hits in the “Cellular
component” category. We were therefore particularly
interested in those genes expressed specifically in R plants
encoding cytoplasmic membranal proteins which have
transporter and signal-transduction activities as defined by
the GO analysis, postulating that they were involved in the
resistance gene network. To determine whether these genes
actually do play a role in the network and whether they are
located at critical crossroads, they were silenced in R plants
and the phenotype of the treated plants (whether resistant
or susceptible) was determined upon whitefly-mediated
inoculation of TYLCV.

We present here the analysis performed with two genes
preferentially expressed in R plants: a Permease I-like protein
gene and a Pectin methyltransferase gene. Silencing of the
Permease I-like protein gene led to the collapse of resistance,
while silencing of the Pectin methyltransferase gene did not.
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Table 1 A list of the 69 clones representing genes preferentially or exclusively expressed in R plants and their match with sequences in public

databases
Cellular Molecular Unigene ID DFCI ID  Identity with Annotation®
component function DFCI database®
Cell wall Hydrolase SGN-U568543 TC212221 524/545 (96%)  Pectin methylesterase
Chloroplast Transferase SGN-U579698 TC206408 229/269 (88%) Pyruvate kinase isozyme A
chloroplast precursor pyruvate
kinase
Cytoplasm Catalytic activity SGN-U578499 TC215609 208/214 (97%)  Alpha-tubulin
Electron carrier SGN-U579122 TC207709 93/126 (73%) Chloroplast ferredoxin I
Ligase SGN-U275382 TC212253 659/699 (94%) Putative phenylalanyl-tRNA
synthetase
Protein binding SGN-U578242 TC192976 89/91 (97%) Ubiquitin-conjugating enzyme E2
Transferase SGN-U577517 TC202707 223/227 (98%)  Serine hydroxymethyltransferase
Ubiquitin conjugating enzyme SGN-U578218 TC215683 325/385 (84%)  Ubiquitin-conjugating protein
Cytosol Lyase SGN-U569670 TC192638 415/419 (99%) Methionine/cystathionine gamma
lyase
Extracellular matrix Unknown SGN-U580695 TC194426 125/135 (92%) 24 K germin-like protein
Intracellular ATP binding SGN-U576908 TC203017 334/338 (98%)  Putative aspartate-tRNA ligase
Nucleotide binding SGN-U564003 TC206968 314/324 (96%) TBB2_ELEIN tubulin beta-2 chain
Transferase SGN-U579667 TC202184 222/231 (96%) Vacuolar ATP synthase subunit G 1
Membrane Hydrolase SGN-U583339 TC202817 102/103 (99%) Beta-D-glucosidase
Permease SGN-U564503 TC204704 453/455 (99%) Permease 1-like protein
Protein binding SGN-U577694 TC192550 294/297 (98%) Leucine-rich repeat protein
Transferase SGN-U562907 TC201791 413/419 (98%) Chromosome undetermined
scaffold_165
Transferase SGN-U584262 TC203494 555/562 (98%) Hexose transporter
Transferase SGN-U581024 TC191600 88/88 (100%) Putative gamma TIP
Transferase SGN-U285089 TC198137 126/206 (61%)  N-acetylmuramyl-L-alanine amidase
Unknown SGN-U580283 TC216292 433/460 (94%) Expressed protein
Unknown SGN-U573427 TC212141 470/474 (99%)  General secretion pathway protein G
Unknown SGN-U566910 TC200370 346/410 (84%) Transmembrane protein 54TMp
Mitochondria ATP binding SGN-U596187 TC207707 288/288 (100%) Heat-shock protein cpHsc70-1
Catalytic activity SGN-U581608 TC191730 205/208 (98%)  Sulfite oxidase
Catalytic activity SGN-U575509 TC201046 191/202 (94%) Putative uncharacterized protein
Hydrolase SGN-U579778 TC192479 630/634 (99%) FI1-ATP synthase delta subunit
Hydrolase SGN-U571931 TC210884 562/581 (96%) DEAD box RNA helicase
Protein binding SGN-U565738 TC205646 317/353 (89%) Expressed protein
Unknown SGN-U581230 TC204673 194/208 (93%) Import inner membrane translocase
subunit TIM50 mitochondrial
precursor
Nucleus DNA binding SGN-U577533 TC198094 96/98 (97%) H2B_GOSHI Histone H2B T09722
histone
DNA binding SGN-U566892 TC211672 307/307 (100%) HSTF 24
Nucleic acid binding SGN-U574195 TC214577 229/242 (94%)  Splicing factor
Nucleosome assembly SGN-U564920 TC207209 266/291 (91%) Nucleosome assembly protein 1-like
protein 4
Structural constituent SGN-U572025 TC191897 480/516 (93%)  Actin-related protein 4 (ARP4)
cytoskeleton
Plastid Antioxidant SGN-U593384 TC196845 213/233 (91%) Thioredoxin peroxidase
Chlorophyll binding SGN-U204766 TC216617 263/267 (98%) Photosystem II 47 kDa protein
Enzyme inhibitor SGN-U282510 TC200124 79/127 (62%) Putative uncharacterized protein
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Table 1 continued

Cellular Molecular Unigene ID DFCI ID Identity with Annotation”
component function DFCI database®
Lyase activity SGN-U580064 TC206915 391/424 (92%) DCAM_SOLTU
S-adenosylmethionine
decarboxylase proenzyme
Nucleotide binding SGN-U585772 TC205834 282/307 (91%) Putative splicing factor
Ribosome protein SGN-U576007 TC202086 420/423 (99%) Ribosomal protein S17
Transferase SGN-U578160 TC191854 256/276 (92%) Putative Lil3 protein
Transferase SGN-U564633 TC211247 244/246 (99%) ATP phosphoribosyl transferase
Plastoglobule Chlorophyll binding SGN-U579101 TC196296 197/219 (89%) Chlorophyll a-b binding protein 7
Proteasome Protein binding SGN-U580479 TC193738 70776 (92%) Ubiquitin-conjugating enzyme UBC2
Ribosome Nucleotide binding SGN-U581108 TC193532 278/280 (99%) SUI1 protein
Ribosome protein SGN-U578882 TC200099 501/528 (94%) Ribosomal protein S26
Ribosome protein SGN-U577599 TC203011 434/462 (93%) Ribosomal protein L18p
Ribosome protein SGN-U275747 TC215404 334/343 (97%) Ribosomal protein S27
Ribosome protein SGN-U580382 TC193210 293/300 (97%) 40S ribosomal protein S20
Ribosome protein SGN-U579314 TC199704 302/315 (95%) Ribosomal protein L35
Unknown Hydrolase activity SGN-U282510 TC205636 64/94 (68%) Putative invertase inhibitor
Lyase SGN-U584469 TC200023 381/398 (95%) Putative serine decarboxylase
Lyase activity SGN-U575460 TC216152 245/257 (95%) ABC transporter-related
Transferase SGN-U571881 TC213655 318/327 (97%) Lipid transfer protein
Ubiquitin conjugating SGN-U578204 TC201430 299/310 (96%) RUBI conjugating enzyme
enzyme
Unknown SGN-U294713 TC207589 381/383 (99%) PP2A regulatory subunit-like protein
Unknown SGN-U571476 TC201649 202/233 (86%) Putative uncharacterized protein
Unknown SGN-U602546 BI1924533 356/401 (88%) Hypothetical protein
Unknown SGN-U594986 TC212867 226/235 (96%) Putative uncharacterized protein
Unknown SGN-U572607 TC211204 419/425 (98%) Putative uncharacterized protein
Unknown SGN-U568406 TC214936 393/403 (97%) Putative uncharacterized protein
Unknown SGN-U576939 TC204109 197/198 (99%) Similar to B12D protein
Unknown SGN-U292413 TC208992 79/127 (62%) (1-4)-Beta-mannan endohydrolase
Unknown SGN-U569514 TC211144 458/460 (99%) O-linked GIcNAc transferase-like
Unknown SGN-U573089 TC194063 80/83 (96%) Hypothetical protein At2g30280
Unknown SGN-U584194 TC207755 157/196 (80%) SNF2 domain/helicase domain/F-box
domain-containing protein
Unknown SGN-U576088 TC206612 91/125 (72%) Putative uncharacterized protein
Unknown SGN-U565448 TC208705 592/712 (83%) Inositol oxygenase 4

# Identity of corresponding fragment sizes

° Annotation as in SGN site (http://sgn.cornell.edu/tools/blast/) and DFCI site (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/Blast/index.cgi).

The two genes studied are in red

TRV RNA accumulation in TRV-treated R plants

To establish the effectiveness of silencing in the tomato
genotypes used, R and S plants were treated with a TRV
vector that allows silencing of the Phytoene desaturase
(PDS) reporter gene (Burch-Smith et al. 2006; Liu et al.
2002). The appearance of bleached areas in leaves of S and
R plants about 20 days after treatment indicated that the
tomato PDS reporter gene had been silenced (Fig. 3a).
TRV treatment by itself did not change the resistance/

susceptibility to TYLCV of the R and S tomato lines.
S tomato plants inoculated with TYLCV during a period of
7-10 days after PDS silencing presented disease symptoms
similar to those characteristic of inoculated untreated
S plants, indicating that TRV did not offer cross-protection
against TYLCV. Similarly, TYLCV inoculated PDS-
silenced R plants lacked the typical TYLCV symptoms (not
shown).

The Si vs. Ri library screen identified a 453-bp cDNA
fragment identical to a tomato Permease I-like protein gene
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Fig. 2 Gene ontology (GO) analyses of genes preferentially
expressed in R vs. S plants. The genes are arranged according to
their “cellular component” and “molecular function” attributions.
A total of 69 sequences are shown which represent a continuous
DNA stretch of more than 50 bp with more than 60% identity
with annotated genes in the database. Clones with homologies to
“unknown” sequences are omitted

(99% homology with nt 730-1,183 of TC204704), which
encodes a transmembranal protein involved in the transport
of macromolecules (Swarup et al. 2004). The Permease
I-like protein gene was preferentially expressed in Ri plants
compared to Si plants (Fig. 1c, arrow). To silence this
gene, a 185-bp fragment of the cDNA was inserted into
RNA2 of the TRV VIGS vector (termed TRV-Perm) and
was agroinoculated together with TRV RNA1 into R (and
S) plantlets.

To estimate the effect of silencing of the Permease
I-like protein gene on R tomato resistance, the silencing
TRV RNAs need to be present before TYLCV inoculation
(performed 7 days after TRV treatment) and onwards,
during systemic infection. Figure 3b shows qrt-PCR
analysis of TRV RNAI accumulation in R plants fol-
lowing co-inoculation with TRV RNA2-PDS (TRV-PDS)
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Fig. 3 a Left leaflets of Ro plants with bleached areas resulting from
Phytoene desaturase (PDS) gene silencing (Ro: TRV-PDS); right: Ro
plants treated with the Permease I-like protein-silencing construct
(Ro: TRV-Perm). b Time course of TRV RNA1 accumulation in Ro
tomato plants following co-agroinoculation with the TRV RNA2-PDS
(TRV-PDS) and TRV RNA2-Perm (TRV-Perm) constructs. The
results were normalized to the RNA1 amounts found in the R plants
5 days after TRV inoculation. Bars represent the average of triplicate
measures of five different R plants; the standard error is indicated.
Dot-blot hybridization of 2 pg total RNA of these plants with a TRV
RNAT1 DIG-labeled probe

and TRV RNA2-Perm (TRV-Perm). While undetectable
5 days after treatment, the amount of TRV RNA1 grad-
ually increased up to 15 days after TRV-PDS treatment.
The amount of TRV RNAI steadily increased for at least
4 weeks after TRV-Perm inoculation. This analysis was
confirmed by dot-blot hybridization. These results indi-
cated that at the time of TYLCV inoculation of TRV-
Perm-treated R plants, 7-10 days after TRV treatment,
the silencing process was already in the expanding phase.
Moreover, the silencing signal did not decrease with plant
aging. As observed in Fig. 3b, levels of TRV on TRV-
Perm-treated plants did not exceed those detected in
TRV-PDS-treated plants. This result can support that
TYLCV resistance breaking in TRV-Perm-treated plants
(see below) cannot be associated with an indirect effect of
altered (increased) accumulation of TRV owe to Permease
I silencing, as TRV-PDS treated R-plants retained TYL-
CV-resistance.
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Fig. 4 Semi-quantative (a, b) and quantitative (c) RT-PCR analyses of
Permease I-like protein gene expression in Permease-silenced (TRV-
Perm) R tomato lines. a Preferential expression of Permease I-like
protein gene in untreated R plants (Ro: 0) compared to untreated So
plants (So: 0); 18S ribosomal RNA was used as an internal control in the
same samples. b Permease I-like protein gene expression in TRV-
treated R plants (Ro: TRV-Perm) 10 days after treatment, compared to
non-treated plants (Ro: 0); 18S ribosomal RNA was used as an internal
control. ¢ Relative amounts of Permease I-like protein gene transcripts
in TRV-Perm-treated and non-treated Ro plants; quantitative RT-PCR
was performed immediately before TRV treatment, 5 days after
treatment, 10 days after treatment (3 days after TYLCV inoculation),
20 and 35 days after treatment. The amount of Permease RNA is relative
to that of Ro plants immediately before TRV-Perm treatment (taken as
1). Tubulin RNA was used as a reference gene transcript for each of the
plants analyzed. Bars represent the average of triplicate measures of
three different plants; the standard error is indicated. d Susceptible-like
phenotype of infected Permease I-like protein-silenced R tomato plants,
2 months after TYLCV inoculation; Ri: 0, leaflets of non-silenced
TYLCV-infected R plants; Ri: TRV-Perm, leaflets of silenced TYLCV-
infected R plants (see typical disease symptoms in silenced plant while
the non-silenced plant remains symptomless; the magnitude of the
disease symptoms are typical of infected S plants)
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Fig. 5 Comparison of TYLCV amounts in virus-inoculated silenced
(Ri: TRV-Perm) and untreated (Ri: 0) R plants, as estimated by semi-
quantitative (a) and quantitative (b) PCR. a Left: TYLCV in untreated
and TRV-Perm-treated Ri tomato, and in untreated S plant (Si: 0),
28 days post-virus inoculation; right: f-actin in the same plants.
b Relative virus amounts in Si and Ri plants, and in three TRV-Perm-
treated tomato plants (Ri/, Ri2, Ri3), 3 and 28 days post-TYLCV
inoculation (dpi), i.e., 10 and 35 days after TRV-Perm treatment. The
amounts of virus are relative to inoculated untreated R plants and
were calculated using a standard curve of cloned TYLCV genome

Silencing of a Permease I-like protein gene in TYLCV-
resistant plants leads to the collapse of resistance

A semi-quantitative RT-PCR analysis performed 4 weeks
after sowing (4- to 6-leaf stage) indicated that the Perme-
ase I-like protein gene is also preferentially expressed in
Ro plants compared to So plants (Fig. 4a). While it could
not be detected in So plants, even after 35 cycles, a product
was readily detected in Ro plants after 29 cycles. The 18S
rRNA PCR product used as an internal control in the very
same samples was conspicuous after 29 cycles in both
tomato genotypes.

Seven days after TRV treatment (at the time of TYLCV
inoculation), the relative amounts of Permease I-like pro-
tein transcript in TRV-Perm-treated and untreated Ro plants
were compared by semi-quantitative RT-PCR (Fig. 4b).
While Permease PCR products were conspicuous after
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27 cycles in untreated Ro plants, four more cycles were
necessary to detect products in the TRV-Perm-treated Ro
plants. The 18S rRNA PCR product, used as control with
these samples was already conspicuous after 21 amplifi-
cation cycles in both treated and non-treated Ro plants.
Hence, 7 days after TRV-Perm treatment, the amount of
Permease I-like protein transcript was reduced by
approximately 16-fold (taking into account that under our
conditions, the amount of PCR product doubles at every
cycle).

The amounts of Permease I-like protein transcript were
estimated by qrt-PCR in TRV-Perm-treated and non-treated
R plants, before and after TYLCV inoculation (performed
7 days after the silencing treatment) (Fig. 4c). The relative
amount of Permease transcript immediately before TRV
treatment (7 days before onset of virus inoculation) was
considered as 1 and all values were related to this standard.
At the end of the TYLCV inoculation period, the amount of
Permease transcript in untreated Ri plants had increased
approximately six fold, indicating that expression of the
Permease I-like protein gene was induced by TYLCV
infection. At this time, the relative amount of Permease
RNA in silenced Ri plants was approximately 10% of that
present in non-silenced Ri plants (approximately half the
value before silencing). Twenty and 35 days after TRV-
Perm treatment, a decrease in the amounts of Permease
transcript in non-treated Ri plants was observed (relative
amounts of 5 and 2, respectively), while the relative
amounts of Permease RNA in treated Ri plants did not
change significantly.

Silencing of the Permease I-like protein gene in Ri
tomatoes was correlated with loss of TYLCV resistance
expressed by the appearance of strong disease symptoms.
Typical TYLCV symptoms appeared in all infected TRV-
Perm-treated R plants, approximately 21 days after the end
of the inoculation period, at about the same time as in Si
plants (Fig. 4d). The magnitude of the symptoms (leaf
yellowing, curling, plant stunting) in TRV-Perm-treated R
plants increased with time and was as severe as that in Si
plants (Fig. 1a). Concomitantly, the non-treated inoculated
Ri plants remained symptomless. Treatment of S plants
with TRV-Perm did not modify the timing or extent of
symptom appearance (not shown).

Since TRV-Perm-treated plants developed TYLCV dis-
ease symptoms, the question of whether viral amounts in
the treated R plants were similar to those found in the S
plants was addressed. A semi-quantitative PCR analysis
(Fig. 5a) conducted 20 days after the end of the inoculation
period (30 days after TRV-Perm treatment) clearly showed
that while virus-related PCR products were detected in
untreated Ri plants after 35 cycles, viral DNA was readily
detected in the TRV-Perm-treated Ri plants after 23 cycles.
By comparison, viral DNA products were detected after
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17 cycles in Si plants. Actin DNA, used as an internal
reference, was detected in all samples (untreated Ri and Si,
and treated Ri) after 26 cycles. Therefore, the TRV-Perm-
treated Ri plants contained approximately 4,000 times
more virus than the untreated Ri plants, but about 60 times
less that the Si plants. These results confirmed that TRV-
Perm treatment had overwhelmed the resistance of R
plants.

These results were further confirmed by qPCR. The
amounts of virus were determined 10 and 35 days after
TRV-Perm treatment (3 and 28 days after the start of
TYLCV inoculation, before and after the appearance of
disease symptoms) and compared with non-treated Ri and
Si plants. Figure 5b shows the analysis obtained with three
representative TRV-Perm-treated, symptomatic plants (Ril,
Ri2 and Ri3). Three days after TYLCV inoculation, the
three TRV-Perm-treated Ri plants contained 8-10 times
more virus than the untreated Ri plants, and than the
infected Si plants. Twenty-eight days after TYLCV inoc-
ulation, the Ril TRV-Perm-treated plant contained
approximately 500 times more virus than non-treated Ri
plants (approximately half the amount in Si plants), while
the Ri2 plant contained approximately 15 times more virus
than non-treated Ri plants. Interestingly, the symptomatic
treated plant Ri3 contained approximated the same amount
of virus as the non-treated symptomless Ri plant. By
comparison, 3 days after the start of virus inoculation, Si
plants contained approximately the same amount of virus
as the Ri plants, but far less than the TRV-Perm-treated Ri
plants. The fact that large amounts of viral DNA could be
detected in TRV-Perm-treated Ri plants as early as 3 days
after virus inoculation implies that Permease silencing
abolished resistance before or at the onset of infection.

Silencing of a Pectin methylesterase gene preferentially
expressed in R plants does not bring about collapse
of resistance

In the So vs. Ro screen, several cDNAs representing genes
encoding membrane proteins were identified. Among them,
a 546-bp cDNA fragment was identified as a tomato Pectin
methylesterase gene (97% homology with nt 473-1,017 of
TC212221). Pectin methylesterase is a cell-wall protein
involved in plant growth and development as well as in
wound response (Micheli 2001). In addition, the protein is
a host-cell receptor for Tobacco mosaic virus (TMV)
(Dorokhov et al. 1999); it interacts with the TMV move-
ment protein during infection (Chen et al. 2000), an
essential step for TMV cell-to-cell movement (Chen and
Citovsky 2003).

To determine whether silencing the Pectin methylest-
erase gene influences tomato resistance to TYLCV, a 199-
bp fragment of its cDNA was inserted into RNA 2 of the
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TRV VIGS vector (producing TRV-Pect) and was agroin-
oculated together with TRV RNAI into Ro and So plant-
lets. Seven days after TRV inoculation, the relative
amounts of Pectin methylesterase transcript in TRV-
Pect-treated and untreated Ro plants were compared by
semi-quantitative RT-PCR (Fig. 6a). Pectin PCR products
were detected after 29 cycles in untreated Ro plants, and
after 33 cycles in TRV-Pect-treated Ro plants. Actin, used
as an internal control, was detected after 27 cycles in both
treated and non-treated Ro plants. These results indicated
that 7 days after TRV-Pect treatment, expression of Pectin
methylesterase was reduced by approximately 16-fold. At
this time, the plants were inoculated with TYLCV. Twenty
days after the end of inoculation, semi-quantitative PCR
indicated similar amounts of TYLCV in TRV-Pect-treated
and non-treated Ri plants (Fig. 6b). In both samples,
TYLCV DNA was only detected after 35 cycles, while
actin DNA in the same samples was detected after 29
cycles. The TRV-Pect-treated Ri plants did not develop any
symptoms for up to 2 months after virus inoculation and
behaved similarly to non-treated Ri plants (Fig. 6¢). These
results indicated that contrary to silencing of the Permease

Fig. 6 Resistant plants in (A)
which the Pectin methylesterase
gene has been silenced remain

Pectin methyl esterase

I-like protein gene, which led to a drastic decrease in the
level of TYLCYV resistance (Figs. 4, 5), silencing of Pectin
methylesterase has no effect on resistance to TYLCV
infection. These results also indicated that silencing a gene
encoding a membrane protein does not necessarily abolish
the resistance of R plants.

Discussion

Five major TYLCV resistance loci (Ty-I through Ty-5)
have been mapped using polymorphic DNA markers. Two
semi-dominant loci from S. chilense (Ty-1 and Ty-3) map-
ped to the short arm of chromosome 6; resistance was
achieved by the addition of several minor loci (Agrama and
Scott 2006; Zamir et al. 1994). Another minor resistance
locus from S. chilense (Ty-4) was mapped to the long arm of
chromosome 3 (Ji et al. 2009). Ty-2, which originated from
S. habrochaites, has a partly dominant effect; it was mapped
to the long arm of chromosome 11 (Hanson et al. 2000).
A locus linked to resistance from S. pimpinellifolium has
been localized on the short arm of tomato chromosome 6
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resistant to TYLCV inoculation.
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plants following Pectin
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(Chagué et al. 1997). Recently a major locus linked to
resistance from S. peruvianum (Ty-5) was localized to
chromosome 4; four additional loci were mapped to chro-
mosomes 1, 7, 9 and 11 (Anbinder et al. 2009; Friedmann
et al. 1998). Resistance of line 902 (R) used in our studies
was shown to be under the control of a major dominant
locus and several modifiers (Vidavski and Czosnek 1998;
Vidavski et al. 2008). None of the markers linked to the
known Ty loci could account for resistance of line 902
(unpublished). TYLCV resistance genes have not been
identified so far. The number of loci discovered so far and
their specific contribution to resistance led us to postulate
that, as in the case of many viruses (Goldbach et al. 2003;
Murphy et al. 2001), resistance to TYLCV is the result of
gene networks that respond to biochemical triggers induced
by virus inoculation (Genoud and Métraux 1999).

Domestication of tomato from the wild and selection for
high yield and good fruit quality has resulted in the loss of
part of these networks, including many of the alleles con-
ferring resistance to TYLCV. Breeding for resistance has
therefore consisted of reconstituting at least part of the
network sustaining resistance. To decipher the mechanisms
establishing resistance to TYLCV in tomato, and to iden-
tify the genes involved, we took advantage of two inbred
tomato lines: one susceptible (S), the other resistant (R) to
the virus (Vidavski and Czosnek 1998). Resistance to stress
involves many transcripts and gene networks (Cooper et al.
2003). Therefore we postulated that genes that are prefer-
entially expressed in R plants upon TYLCV inoculation
may be involved in the networks sustaining resistance. We
also postulated that if these genes are directly or indirectly
involved in resistance, we might be able to weaken the
resistance of the R tomato genotype by silencing them.
Accordingly, we screened cDNA libraries from S and R
plants, before and after inoculation. The libraries were
made up of RNA collected 1, 3, 5 and 7 days post-inocu-
lation to represent gene expression at the early stages of
infection and to avoid the secondary effects of infection-
related cell damage that may occur with the appearance of
symptoms (Michelson et al. 1997).

Gene ontology analysis (“cellular component” and
“molecular function” attributions) of many of the genes
preferentially expressed in R tomato plants annotated them
as membranal, suggesting that the mechanism of resistance
might involve virus entry in the cell and/or cell-to-cell
trafficking. Indeed membranes are associated with distinct
steps of the life cycle of animal DNA viruses (Miller and
Krijnse-Locker 2008). Moreover, membrane proteins are
involved in pathogenesis and RNA-silencing suppression.
For example, the AC4 gene product of the East African
cassava mosaic Cameroon virus (EACMCV), a bipartite
whitefly-transmitted geminivirus, has been shown to be
involved in pathogenesis and RNA-silencing suppression,
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and to bind preferentially to the plasma membrane as well
as to cytosolic membranes, including the perinucleus
(Fondong et al. 2007). Therefore, we were interested in
identifying tomato genes encoding proteins that are asso-
ciated with membranes.

The most attractive gene in this collection was a Per-
mease I-like protein gene. Members of the permease family
have ten predicted transmembrane helices (http://compbio.
dfci.harvard.edu/tgi/cgi-bin/tgi/Domain_sum.pl). This gene
is present in R as well as S plants. The sequences of the ca.
400-bp DNA amplicons obtained using R and S genomic
DNA and primers derived from the cDNA clone presented
100% homology (not shown). The Permease I-like protein
gene was preferentially expressed in inoculated as well as
non-inoculated R plants (Figs. lc, 4a), while it was unde-
tectable in S plants. Moreover its expression was enhanced
upon TYLCYV inoculation (Fig. 4c). A literature search did
not reveal any possible role of this gene in plant-virus
interactions or plant resistance to pathogens. Our results
suggest that this Permease I-like protein gene may be
involved in the entry/exit of macromolecules (which may
not be viral particles) or small signaling metabolites, as one
of the components of the network underlying resistance.

To verify this hypothesis, we silenced the expression of
the Permease I-like protein gene in R plants using the TRV
system. TRV-based vectors allow systemic spread of viral
transcripts harboring the targeted gene sequence and allow
various levels of systemic silencing of the targeted gene
(Benedito et al. 2004; Liu et al. 2002). The time course of
silencing-signal accumulation (Fig. 3b) indicated that the
amount of Permease transcript was already depleted at
the time of TYLCV inoculation (Fig. 4c). Silencing of the
Permease I-like protein gene led to a susceptible phenotype
(Fig. 4d) that contained significantly higher amounts of viral
DNA than the untreated plants (Fig. 5). Hence, silencing a
single gene in R plants can lead to abolition of resistance.

A comparison of the amount of virus in S plants and in
susceptible-like TRV-Perm-treated Ri plants revealed
seemingly large amounts of TYLCYV in the latter as early as
3 days postinoculation (Fig. 5b) at a time when the virus is
barely detectable in S plants. These results indicated that
Permease I-like protein silencing facilitated TYLCV
invasion of the resistant tomato. At this time, the virus was
able to multiply and spread, which it would be unable to do
otherwise, and to establish itself in the Ri plant. Twenty-
eight days after virus inoculation, all TRV-Perm-treated R
tomato plants presented typical disease symptoms. In most,
but not all plants, the amount of virus was higher than that
present 3 days after inoculation (Fig. 5b). In some plants
the high virus amounts present 3 days after inoculation
decreased dramatically 25 days later (see plant Ri3,
Fig. 5b). Nonetheless, these plants expressed full disease
symptoms.
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Itis difficult to provide a simple model describing the role
of the Permease I-like protein gene in the gene network and
signaling pathways involved in resistance to TYLCV. The
gene is preferentially expressed in R plants and its level of
expression does not significantly change during plant aging.
Inoculation of R plants with TYLCV led to a sixfold increase
in the level of Permease expression already observed after
the 3-days inoculation period, suggesting that the virus is
involved in triggering Permease over-expression. While the
levels of Permease transcripts remain high in the infected
plant (Fig. 4c), the amounts of virus stay low (Fig. 5b) and
the plant is symptomless (Fig. 4d). In Permease I-like pro-
tein silenced R plants, TYLCV inoculation did not trigger
permease over-expression. Permease silencing was accom-
panied by accumulation of large amounts of virus detected
immediately after the onset of inoculation (Fig.5). By
comparison, the amount of TYLCV in infected S plants and
in non-silenced R plants was barely detectable at this time
(Fig. 5). Early infection of Permease-silenced R plants led to
the appearance of disease symptoms similar to those con-
spicuous in infected S plants (Figs. 1a, 4d). Therefore, we
suggest that the Permease I-like protein genes acts at an early
step of the cascade of events leading to resistance, perhaps
inhibiting virus entry and replication in the permissive cell.
Once this barrier is abolished, virus accumulates in large
amounts and symptoms develop, suggesting that the defen-
ses of the resistant plant have been overwhelmed.

We screened other cDNA libraries (e.g. So vs. Ro) and
found other sets of genes that differentiate the two geno-
types. Among them, we found a Pectin methylesterase
gene preferentially expressed in R plants. Contrary to the
Permease I-like protein product, the Pectin methylesterase
gene product has a clear role in plant-virus interactions: it
has been shown to be essential for TMV translocation
(Chen and Citovsky 2003; Chen et al. 2000). Pectin
methylesterase also plays a role in the silencing of foreign
nucleic acid entering the cell (Dorokhov et al. 2006).
Silencing the expression of the Pectin methylesterase gene
in R plants did not bring about the collapse of TYLCV
resistance (Fig. 6). The amounts of virus in the TRV-Pect-
treated plants did not increase, remaining as low as those in
untreated plants. Moreover, the TRV-Pect-treated R plants
remained symptomless, even 2 months after TYLCV
inoculation. These results indicate that the Pectin methy-
lesterase gene is not directly involved in the establishment
of the resistance phenotype. They also stress the specific,
albeit largely unknown, role of the Permease I-like protein
gene.

In ongoing research, we are silencing other genes pref-
erentially expressed in R plants (infected or not) relative to
their S plant counterparts. This wide-range screening and
silencing of the detected genes may help delineate and
understand the gene network involved in establishing

resistance to TYLCV in R tomato, and may help determine
whether these proteins interact with permease and whether
they belong to the same gene cascade leading to resistance.

Interactions between genes and proteins underlie all
biochemical processes in living organisms (Gavin et al.
20006; Giot et al. 2003; Ma et al. 2007). These interactions
help describe functional cell signaling networks, with their
positive and negative regulatory signals governing the rate
of transcription of the different genes in the network
(Brazhnik et al. 2002; Krishnamoorthy 2008), and can even
help us understand plant responses to stress (Shinozaki and
Yamaguchi-Shinozaki 2007) as well as animal pathological
states (Jonsson et al. 2006). These networks may be quite
extensive: in Arabidopsis for example, a network of at least
152 genes has been shown to be involved in managing
reactive oxygen species (Mittler et al. 2004).

The various types of interactions between virus and host
proteins in susceptible plants have been recently reviewed
(Culver and Padmanabhan 2007). Such interactions occur
during the many steps that lead to systemic infection and
symptom development—the virus’s entry into permissive
plant cells, replication, cell-to-cell and long-distance
movement, induction and suppression of defense respon-
ses, appropriation of host physiology, and development of
disease symptoms. The upstream (entry of virus into per-
missive cells) and downstream (following establishment of
the virus) events leading to plant disease are unknown. Our
knowledge of the interactions between geminiviruses and
host proteins is limited to virus entry into host-cell nuclei
(Krichevsky et al. 2006) and induction of host-cell division
mediated by the interaction between the virus Rep protein
and a plant retinoblastoma-related protein (Kong et al.
2000). The interaction between plant gene products and
viral proteins in naturally resistant plants has been descri-
bed for a limited number of systems (Kang et al. 2005).
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