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Abstract In tomato line H24, an isolate of the Mild (Mld)
strain of tomato yellow leaf curl virus (TYLCV-Mld
[JR:Kis]) overcomes Ty-2 gene—mediated resistance and
causes typical symptoms of tomato yellow leaf curl disease
(TYLCD). No systemic infection with visible symptoms or
accumulation of viral DNA in the upper leaves was
observed in H24 challenged with another isolate, TYLCV-
IL (TYLCV-IL [JR:Osaka]), confirming that H24 is resis-
tant to the IL strain. To elucidate the genomic regions that
cause the breakdown of the Ty-2 gene-mediated resistance,
we constructed a series of chimeras by swapping genes
between the two strains. A chimeric virus that had the
overlapping C4/Rep region of the MId strain in the context
of the IL strain genome, caused severe TYLCD in H24
plants, suggesting that the overlapping C4/Rep region of
the Mld strain is associated with the ability of this strain to
overcome Ty-2 gene-mediated resistance.

Introduction

Tomato yellow leaf curl virus (TYLCV) and related viruses
cause tomato yellow leaf curl disease (TYLCD), which
seriously impacts production of tomato (Solanum lycop-
ersicon L.) worldwide [11, 22, 34]. TYLCV belongs to the
genus Begomovirus in the family Geminiviridae [4, 5] and
is transmitted by the whitefly Bemisia tabaci (Gennadius)
[8, 10]. The monopartite, circular single-stranded DNA
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genome of this virus has two open reading frames (ORFs)
on the virus-sense strand (V1 and V2) and four ORFs on
the complementary strand (C1-C4). In monopartite bego-
moviruses, the replication-associated protein C1 (Rep)
binds to the intergenic region (IR), which can form a stem-
loop structure and is known to be the site of the origin of
DNA replication, to initiate DNA replication and is indis-
pensable for viral DNA replication [13]. The transcription
activator protein C2 binds to ss- and dsDNA [25]. The
replication enhancer protein C3 binds to C1 and is required
for efficient DNA replication [35]. C4 is embedded in Rep
in a different reading frame. In TYLCV, C4 has been
implicated in viral movement in plant tissues and affects
symptom severity in host plants [18, 32]. In tomato leaf
curl virus (ToLCV), C4 is also involved in viral movement
and symptom induction [21, 30, 31]. The coat protein V1
acts as a nuclear shuttle for transporting viral DNA [32]
and is involved in virus transmission by the whitefly vector
[7, 26]. V2 functions as a suppressor of gene silencing; C2
and C4 also have silencing-suppressor activity, which
depends on the host plant [1, 3, 9, 14, 23, 45, 46].

In Japan, TYLCD was first found in tomato fields in
1996 in the central and south-western regions [20], and by
2014, it had spread and become endemic to the major
tomato-cultivation areas in 38 prefectures. Several isolates
of TYLCYV belonging to either the Mild (MId) or Israel (IL)
strains have been reported from areas in Japan where
tomato is cultivated year-round [39]. Resistance to TYLCV
has been reported in wild tomato species. Introgression of
resistance genes into cultivated tomato from wild tomato
species is one of the best ways to manage TYLCD, and
considerable efforts have been made in this respect in
breeding programs. Genetic studies revealed that multiple
genes of different origin control resistance of wild tomato
species. For instance, the Ty-/ and Ty-3 alleles originated
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from Solanum chilense: Ty-1 from accession LA1969 and
Ty-3 from LA1932 [17, 44]. Ty-2 originated from Solanum
habrochaites accession B6013 and has been introgressed
into cultivated tomato [16, 19]. Ty-2, a dominant resistance
gene, was mapped to the long arm of chromosome 11 in
line H24 derived from S. habrochaites. This gene confers
resistance to some monopartite begomoviruses (ToLCV-
Tiawan, TYLCV-IL [IT:Sic:04], and TYLCV-IL
[JR:Toc:07]) but not to other monopartite begomoviruses
(tomato yellow leaf curl Sardinia virus; TYLCSV) or
bipartite begomoviruses (tomato yellow leaf curl Thailand
virus and tomato leaf curl New Delhi virus) [2, 16, 28, 29,
36, 38]. Commercial tomato cultivars that are resistant or
tolerant to TYLCD have been released and are currently
available in Japan. Analysis of these cultivars by using
PCR-based markers suggested the involvement of Ty-1, Ty-
2, or Ty-3, some of which are heterozygous [33]. Analysis
of hybrid heterozygous cultivars (Ty-2/ty-2) with a PCR-
based marker, TG0302 [12], has revealed that these culti-
vars became infected with the MId strain of TYLCV in
Japan [33]. Tomato plants harboring the Ty-2 allele
respond differently to different begomoviruses; however,
little is known about whether the MId strain overcomes
resistance in tomato plants that are homozygous for Ty-2 or
which viral factors (genes) are involved in overcoming Ty-
2-mediated resistance.

In the current study, we found that an isolate of the Mld
strain of TYLCV infected and caused typical symptoms of
TYLCD in the tomato line H24, which is homozygous for
the Ty-2 resistance gene. To investigate the ability of the
virus to overcome Ty-2-mediated resistance, we con-
structed and tested chimeric clones in which the overlap-
ping C4/Rep region of the IL strain was replaced with that
of the MId strain. This replacement caused systemic
infection of the H24 plants that was indistinguishable from
that caused by the MId strain. We analyzed the leaf tissues
of H24 plants agroinfiltrated with MIld and the chimeric
strain and showed that viral DNA of both strains accu-
mulated in the infected plant cells.

Materials and methods
Tomato yellow leaf curl virus and infectious clones

The Kisozaki isolate of the Mild strain of TYLCV
(TYLCV-MId [JR:Kis], GenBank accession no.
AB116634) and the Osaka isolate of the Israel strain of
TYLCV (TYLCV-IL [JR:Osaka], LC099965) were used
[39]. TYLCV-IL [JR:Osaka] was originally provided by
Dr. S. Ueda (National Agricultural Research Organization,
Hokkaido Agricultural Research Center). In this manu-
script, TYLCV-MId [JR:Kis] is abbreviated as M1d-Ks and
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TYLCV-IL [JR:Osaka] as IL-Os. The viruses were main-
tained on a susceptible tomato cultivar (S. lycopersicon
Mill ‘House Momotaro’, Takii & Co., Ltd, Kyoto, Japan)
by transmitting the viruses by using viruliferous B. tabaci
B biotype.

To produce infectious clones of both viruses, a head-to-
tail partial dimer of each viral genome was constructed by
cloning it into a binary plasmid vector using rolling-circle
amplification and PCR. Total DNA from tomato plants
infected with the virus was extracted using a DNeasy Plant
Mini Kit (QIAGEN, Hilden, Germany). Viral DNA was
amplified by rolling-circle amplification using an Illustra
TempliPhi Amplification Kit (GE Healthcare Sciences,
Uppsala, Sweden) according to the manufacturer’s
instructions. Amplicons were digested with BamHI, and the
DNA fragments (~2.8 kb) were verified on and purified
from agarose gels and ligated into the BamHI site of
pBI121. Cloned viral genomes in the resulting plasmids
(pBI-Ks1.0 for Mld-Kis and pBI-Os1.0 for IL-Os) were
sequenced. To obtain plasmids carrying the IR only, other
regions of the viral genome were removed by digesting the
recombinant plasmids with EcoRI. The EcoRI fragments
containing the IR (and the 3’ region of the Rep ORF) were
gel-purified and self-ligated to produce pIR Ks for Mld-Ks
and pIR Os for IL-Os. BamHI fragments from pBI-Ks1.0 or
pBI-Os1.0 were cloned into the BamHI sites of pIR Ks and
pIR Os to obtain 1.3-mers (partial dimers), pBI-MId-Ks1.3
and pBI-IL-Os1.3, respectively.

Construction of TYLCV chimeric constructs

Four chimeric constructs were created (Fig. 1). The first
one, KsRep/Os, had the Rep ORF of MId in the context of
IL. Three overlapping DNA fragments were amplified
using KOD-plus-Neo DNA polymerase (Toyobo, Tokyo,
Japan). The first fragment (1414 bp) contained a sequence
from the BamHI site at the terminal end of the viral gen-
ome to the Rep start codon and was amplified with the F
BamHI primer (corresponding to nucleotides 143-175
conserved in both strains) and the reverse primer R Osl.
The middle fragment contained the MId-Ks Rep gene
region amplified with the primer set F KsRep/R KsRep.
The last fragment, which contained the region from the
Rep stop codon to the other BamHI site at the other ter-
minal end of the viral genome, was amplified with the
primer set F Os2/R BamHI. The infectious clone pBI-IL-
Os1.3 was used as a template to generate the first and last
fragments, and pBI-MId-Ks1.3 was used to generate the
middle fragment. PCR-amplified fragments were gel-puri-
fied, and the middle fragment was mixed with either the
first or the last fragment as a template for the second PCR
with the primer set F BamHI/R KsRep or F KsRep/R
BamHI, respectively. To create the full-length chimeric
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Fig. 1 Schematic representation of infectious constructs of the Mld
and IL strains of tomato yellow leaf curl virus (TYLCV) and their
chimeras, and analysis of systemic infection in tomato line H24. A
partial dimeric (1.3-mer) TYLCV genome was cloned into the
BamHI/EcoRI sites of the binary plasmid pBI121. Arrows represent
TYLCYV open reading frames and their orientation. The genome of the
MId strain is shown as gray arrows, and that of the IL strain as white

genome, the two overlapping PCR products were purified,
mixed, and used as a template for the third PCR with the
primer set F BamHI/R BamHI. The PCR product was
cloned into the pCR4-Bluntll TOPO vector (Invitrogen,
Carlsbad, CA, USA) and sequenced. The BamHI fragment
containing the 1.0-mer of the chimeric viral genome was
cloned into the BamHI site of pIR Os to produce the 1.3-
mer of pBI KsRep/Os 1.3.

The chimeric construct OsRep/Ks was created by using
the same strategy. The first fragment was amplified with
the primer set F BamHI/R Ks1 and the last fragment with F
Ks2/R BamHI; for both fragments, pBI-Mld-Ks1.3 was
used as a template. The middle fragment was amplified
with F OsRep/R OsRep and pBI-IL-Os1.3 as a template.
The full-length chimeric construct was generated by

E%Mﬁ:-:' -

arrows. The response of the tomato line H24 following agroinocu-
lation with each infectious clone is indicated on the right. 4, systemic
symptoms of tomato yellow leaf curl disease; —, no symptoms. Virus
infection was evaluated by PCR diagnosis for the virus in upper
leaves and by visual observation of the disease symptoms. Nucleotide
numbering is for TYLCV-IL [JR:Osaka] (GenBank accession no.
LC099965)

consecutive overlapping PCR, cloned, and sequenced. The
final construct was obtained by cloning the BamHI frag-
ment into pIR Ks to generate pBI OsRep/Ks 1.3.

The third chimeric construct, KsC4Rep/Os, had the
overlapping C4/Rep region of MId in the context of IL.
Full-length genomes of the both strains (1.0-mer) were
amplified using KOD-plus-Neo polymerase and pBI-Ks1.0
or pBI-Os1.0 as a template. The amplicons were cloned
into pCR4-Bluntll TOPO to create pCR Ks1.0 or pCR
Osl.0, respectively. The viral genomic sequences in both
plasmids were sequenced. These plasmids were used as
templates in the following process. Three genomic DNA
fragments were amplified by PCR as above with some
modifications. The first fragment included the region from
the Notl site (in the multiple cloning site of the plasmid) to
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13 nucleotides downstream of the C4 start codon; it was
amplified with the primer set 1F04 OsKs Notl/2R01 Os.
The middle fragment included the overlapping C4/Rep
sequence of MId-Ks; it was amplified with the primer set
2F02 KsC4/2R02 KsC4. The last fragment included the
region from the C4 stop codon to the internal Xbal site of
the viral genome; it was amplified with the primer set 2F03
0s/1R03 OsKs Xbal. The infectious clone pCR Os1.0, was
used as a template to generate the first and last fragments,
and pCR Ks1.0 was used to generate the middle fragment.
Using an In-Fusion HD Cloning Kit (TaKaRa BIO Inc.,
Shiga, Japan), we inserted the three fragments into the
Notl/Xhol sites of the plasmid pCR Os1.0 to generate pCR
KsC4Rep/Os1.0 and sequenced. The infectious clone (1.3-
mer) was generated as described above, and the resultant
plasmid was named pBI KsC4Rep/Os1.3.

The chimeric construct OsC4Rep/Ks was created by
using the same PCR strategy. The first and last fragments
were amplified with the primer sets 1F04 OsKs Notl/1R01
Ks and 1F02 OsC4/1R02 OsC4, respectively; pCR Ks1.0
was used as a template. The middle fragment was amplified
with the primer set 1FO3 Ks/IR03 OsKs Xbal and pCR
Osl1.0 as a template. Using an In-Fusion HD Cloning Kit,
we inserted the three fragments into the Nofl/Xhol sites of
the plasmid pCR Ks1.0 to obtain pCR OsC4Rep/Ks1.0,
which was sequenced. The infectious clone (1.3-mer) was
generated as above and named pBI OsC4Rep/Ks1.3. The
primer sequences are listed in Table 1.

Plant materials and virus inoculation

Tomato line H24 (Ty-2/Ty-2) [15, 16] was provided by
Asian Vegetable Research and Development Center
(AVRDC); the line was evaluated by PCR for the molec-
ular marker TG0302 for Ty-2 [12]. S. lycopersicon, ‘House
Momotaro’, is susceptible to both strains (Mld and IL) and
showed typical disease symptoms.

Recombinant plasmids were introduced into Agrobac-
terium tumefaciens LBA4404 (TaKaRa BIO Inc., Shiga,
Japan) by electroporation. Stems of tomato plants (three-
leaf growth stage) were inoculated with A. fumefaciens
cultures (ODggpp = 1.0) by using agroinfiltration. For
analysis of local viral DNA accumulation, A. fumefaciens
cultures (ODgpo = 0.1) were infiltrated into the leaves by
using needleless syringes.

After acquisition-access feeding for 72 h on ‘House
Momotaro’ plants infected with either IL or MId, virulif-
erous adult whiteflies were used for inoculation of H24
plants (10 to 15 adults per plant). The whiteflies were
allowed to feed on test plants for 72 h, and the plants were
then sprayed with an insecticide to kill the whiteflies. All
inoculated plants were kept in an environmental room at
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25 °C with a 16-h photoperiod. Seven weeks after inocu-
lation, stems of the plants were collected and tested for
virus infection as below.

Virus detection

PCR diagnosis and quantitative PCR (qPCR) for detection
of TYLCYV in infected plants were carried out as described
previously [27, 43]. For direct tissue print immunoassay
(TPIA), the main stem was cut with a razor blade below the
branch carrying the youngest expanding leaf at the apex of
inoculated plants; a new blade was used for each plant. The
cut surface was pressed onto nitrocellulose membranes for
10-15 s, and the membranes were air-dried at room tem-
perature. The membranes were placed into a mixture of
Tris-buffered saline and Tween-20 (TBST) (0.02 M Tris-
HCI, 0.15 M NaCl, pH 7.6, 0.05 % (v/v) Tween-20),
washed three times (5 min each), and blocked with
0.1 x blocking reagent (Roche, Mannheim, Germany) in
TBST for 2 h at room temperature or overnight at 4°C. The
membranes were then incubated with the anti-TYLCV
monoclonal antibody (TYLCV Reagent Set, Neogen Eur-
ope Ltd, Glasgow, Scotland) diluted 1:1000 in the blocking
buffer for 2 h at 37 °C. The membranes were washed with
the blocking buffer and incubated with goat anti-mouse
IgG antibody conjugated with alkaline phosphatase
(Sigma—Aldrich, St. Louis, MO, USA) diluted 1:1000 in
blocking buffer for 1 h at 37 °C. Membranes were washed
three times with TBST, rinsed twice in TBS (TBST without
Tween-20), and immersed in the substrate (VECTOR Blue
Alkaline Phosphatase Substrate Kit; Vector Laboratories,
Burlingame, CA, USA). Incubation was stopped by
washing the membranes in deionized water when color
appeared in positive samples.

Southern blot analysis of total plant DNA was per-
formed with a DIG-High Prime DNA Labeling and
Detection Starter Kit II and a PCR DIG Probe Synthesis
Kit (Roche) according to the manufacturer’s instructions.
Discs (8-mm diameter) were cut from infiltrated leaf areas
with a disposable biopsy punch (Kai Corporation, Tokyo,
Japan). Genomic DNA was extracted from the discs by
using a DNeasy Plant Kit (QIAGEN) according to the
manufacturer’s instructions. The DIG-labelled V1 gene—
specific probe was generated using the Outer F and R
primers [27] and the plasmid pBI-Os1.0 as a template; this
561-bp probe recognized the V1 ORF region conserved
between the two TYLCV strains. DNA (10 pg) was sepa-
rated in a 1.0 % agarose gel and transferred to a positively
charged nylon membrane (Roche). The blots were hybri-
dized with the probe, and the signal was visualized with
CSPD chemiluminescent substrate (Roche) according to
the manufacturer’s instructions.



2211

Ty-2 resistance-breaking strain of TYLCV

oua3 uInqn) ojewo)
JO uoTOIAP 0] YDd AneInUENd)

ADTAL JO UOnoadp 10J YD danemueng)
SIIIA [IND Jed] MO[[A
0JeWIO) JO UOTOAAP I0J stsouserp YDd

uonodnnsuod erawiIy)

S-PIN JO A0 #D 2 jo uoneoyrdury
UONONIISUOD BIAWIYD
UOTONIISUOD BIAWIYD)

UONONIISUOD BIAWIYD)

SO-TI JO IO #O 9y Jo uonesyrdury
UOIIONISUOD BISWIYD)
UOIIONIISUOD BIAWIYD)
uonoONISU0d BISWIYD)

UOTONIISUOD BIAWIYD)

SY-PIN JO 2O doy oy jo uoneoyrdury

SO-TI J0 490 doyg oy jo uoneoyidury
UOTONIISUOD BISWIYD)
UOTONIISUOD BISWIYD)

uonoNISU0d
BIQWIYD ‘OWIOUAT [elIA IoW-()'] Jo Suruor)

056
eLL
6¢8
(443
orIc
6L1¢C
11¥C
0s¥C
691
orIc
6L1¢C
I1ve
0sv¢

9454
[R59
686¢C
ILST
686¢C
ILST
[REY
LS9T
eyl

SLT

stttk

LS
- 696
- SL
- LS8
- 86C
- 691¢
- 0S1¢
- 0rve
- 1eve
- G991
- 691¢C
- 0S1¢
- orve
- 1cve

- 09¢
- 9G¢C1
- 0€9¢
- LTSl
- 6C9C
- LTSl
- 96¢C1
- 109C
- SLI

- eyl

LODLY.IDIDLYIDIDODOIILL
LOV.LVIIOLOLYODLVODILVOV.LLY

DLVOLIILIDIOLIDOLIIVL

OVOOLLLLYDOLYVIDDOVD
DDDDDLV.ILIDVVVOLLOVILYILIDLLLY
VOOVDIDVVOILOLYIOVOLODIIDD
VOVLLLLVOVIOVOOVVVIDOLVV.LLYVOV
OLLVOLVVLLLOLLVV.LLVDOOLLLODIOV
DODLOVVILLYVVDDOVVOLLLYVIOLVLL
DVDDLYIVIOVVILVOOLLYVVILLODDLLL
VOLVLVIOOJLLV.LVOVIDLOOLLOLLLLL
VOV.LLLLVLV.LLYDVVVVIDDIDOVVOVOVY
LVLVLVVLLLLOLOLLODDD9DLLLLOLYV
VIOLVVIOVIVVVIDOVVOILLVVODLV.LL
DVDOLYIVIDVVILVOOLLYVDOILLODDLLL
YVDODDIDODOVLLLVVYOLL
DLIDVVVILIDILOLODILYVOLVVVOLLOLYDIDOVODDDOVLLD
DV.LVILIDLIDDLOLIVOV.LIDVOVILOLODOVVILOIDOVVLYVIVY
DDLLVVV.LVVVIDLLIDIOVV.IODIIDLIDDLYIVVILLLYILLYDID
OLV.LD99LLOLIOLLLLOLLY.LLODDIOVLLIDDVIVIOLOOVIOL
DODLVLVLVVVV.LLLYLLLODLIDOLY.LVOOVOLLYILOVLD
DOLV.IDOOLLOLLDLLLODDLY LLODODV.LLIDIVIVIOLOOVIOL
OV.LVOLODIIDDIOLIVOVIIDVOVIOLOIDVV.LOIDDVV.LVIIIV
OV.LLLLLYLVVIOVOLLYDDOVLOVOLYVILOOLY.LVIODVOIVVVLYVY
DOLLV.LYOVIIDLYOOLOVVOVYLLVILLYVVOD
DOLLLVVOLVV.LLOLLOVOJLVOODLOLYLVYID

ugnl
Fugnl
7994140
LyPATAD

Y RO

H RO

SO €042
YOS 70¥T
YOS 20d¢
SO 104¢
1eqX SISO €0¥I1
S €041
¥0s0 T0dI
¥080 2041
S 10Y1
IION SISO +0d1
70 4

IS0 ¥
doysy o
doysy J
doyso ¥
doyso d
1S3 ¥

Y d
[Hweq ¥
[Hweq J

asoding

30 UODISOJ

«(,€ - ,6) douanbag

QuIeu JOWII

sIsA[eue JYDJ PUL SAUOO SNOTOJUI JUNLIdUSZ I0J Pasn sIoWL | dqe],

pringer

A



2212

J. Ohnishi et al.

Fig. 2 Analysis of tomato line
H24 inoculated with the Mld
and IL strains of tomato yellow
leaf curl virus (TYLCV) and
their chimeras. (a) Responses of
H24 plants agroinoculated with
the indicated infectious clones
9 weeks after inoculation.
Typical TYLCD symptoms
were observed in plants infected
with the MId strain or chimeras
containing Rep or the
overlapping C4/Rep region of
Mld in the IL backbone.

(b) Detection of TYLCV in
main stems of H24 plants by
direct tissue print immunoassay.
Main stems below the branch
carrying the youngest
expanding leaf at the plant apex
were agroinoculated (two to
four plants per experiment), or
H24 plants were inoculated by
viruliferous or non-viruliferous
whiteflies (nine plants per
experiment). Stems were
collected 7 weeks after
inoculation. Mouse monoclonal
anti-TYLCV antibody (1:1000)
and goat anti-mouse IgG
secondary antibody (1:1000)
conjugated with alkaline
phosphatase were used.

(c) Southern blot detection of
viral DNAs in locally inoculated
leaves of resistant (H24) and
susceptible ‘House Momotaro’
(Momo) plants infected by leaf
agroinfiltration. The blot was
hybridized with a probe specific
for a conserved region of the
TYLCV V1 gene. The positions
of open circular (OC) and
supercoiled (SC) dsDNA forms
and single-stranded (SS) DNA
forms are indicated. Ethidium
bromide staining is shown
below the blot
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Table 2 Response of tomato

. . . Virus construct
cultivar agroinoculated with

House Momotaro H24

infectious constructs of the Mld
and IL strains of tomato yellow

Systemic infection®**

Systemic infection

leaf curl virus (TYLCV) and IL-Os 27/27*

their chimeras Mld-Ks 22/22
OsRep/Ks 11/11
OsC4Rep/Ks 19/19
KsRep/Os 17/17
KsC4Rep/Os 15/15

(6/6, 3/3, 6/6, 5/5, 4/4, 3/3)** 0/21 (0/8, 0/4, 0/4, 0/5)
(6/6, 3/3, 3/3, 5/5, 5/5) 17/17 (6/6, 3/3, 4/4, 4/4)
(5/5, 3/3, 3/3) 0/11 (0/3, 0/3, 0/5)

(6/6, 3/3, 111, 3/3) 0/16 (0/3, 0/4, 0/5, 0/4)
(5/5, 3/3, 515, 2/2, 2/2) 16/16 (5/5, 3/3, 4/4, 4/4)
(8/5, 3/3, 212, 2/2, 3/3) 13/13 (4/4, 4/4, 3/3, 2/2)

Response of tomato plants were based on the development of virus symptoms and systemic virus infection

All of the infected plants evaluated by PCR diagnosis developed systemic symptoms of tomato yellow leaf

curl disease

* Results of all inoculation experiments are given as number of plants infected/number of plants inoculated

** Numbers in parentheses show the results of each independent inoculation experiment

**% Viral presence was tested by PCR diagnosis using DNA extracted from newly emerged upper leaves of

inoculated plants

Table 3 Response of tomato cultivar inoculated by Bemisia tabaci-
mediated transmission of the Mld and IL strains of tomato yellow leaf
curl virus (TYLCV)

Virus construct House Momotaro H24

Systemic infection*** Systemic infection

IL-Os
Mld-Ks

19/19*
18/18

(919, 515, 5/5)** 0/17
(979, 4/4, 5/5) 17/17

(079, 0/4, 0/4)
(9/9, 4/4, 4/4)

Adult whiteflies were given an acquisition-access feeding for 72 h on
susceptible tomato plants infected with either IL or MId strains, and
viruliferous adults were then allowed to feed on test plants for 72 h
(10 adults per plant). All test plants were sprayed with an insecticide
after inoculation by viruliferous whiteflies

The response of tomato plants were based on the development of
virus symptom and systemic virus infection

All of the infected plants evaluated by PCR diagnosis developed
systemic symptoms of tomato yellow leaf curl disease

* Results of all inoculation experiments are given as number of plants
infected/number of plants inoculated

** Numbers in parentheses show the results of each independent
inoculation experiment

**% The presence of virus was tested by PCR using DNA extracted
from newly emerged young leaves of inoculated plants at 7 weeks
after inoculation

Results

Mild-Ks, but not IL-OS, systemically infects tomato
plants harboring the Ty-2 gene

MId-Ks agroinoculated into H24 plants (Ty-2/Ty-2) caused
systemic infection with typical symptoms of TYLCD
(Fig. 2A, Table 2); symptom severity was similar to that in
susceptible ‘House Momotaro’ plants infected with the
virus (Fig. 2A). Using TPIA, we detected that Mld-Ks
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Fig. 3 Quantification of viral DNA of the two TYLCV strains and
their chimeras accumulated in the leaves of tomato plants of line H24
(resistant) and cultivar ‘House Momotaro’ (Momo; susceptible).
Plants were agroinoculated with infectious clones. Viral DNA in
newly developed leaves 9 weeks after agroinoculation was quantified
by real-time quantitative PCR. Results are expressed as copy numbers
of viral DNA relative to those of the tomato tubulin gene. Data from
three different experiments are shown. ND, not detected. Values are
mean £ SD (n = 9). Numbers in parentheses represents total number
of plants systemically infected / number of plants inoculated

accumulated in the upper stem phloem, similar to its
accumulation in susceptible tomato plants (Fig. 2B, left
part). Virus infection was evaluated by PCR diagnosis in
the upper leaves of these test plants (Table 2). Similar
results were obtained when viruliferous adult whiteflies
harboring either M1d-Ks or IL-Os were used for inoculation
(Fig. 2B, right part, Table 3). Using qPCR, we showed that
Mld-Ks accumulated at similar levels in both H24 and
susceptible (‘House Momotaro’) tomato plants (Fig. 3),
whereas no visible symptoms of TYLCD were detected in
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H24 plants inoculated with IL-Os (Fig. 2A). Accumulation
of IL-Os DNA (Fig. 3) and V1 protein (Fig. 2B) was not
detected in the H24 plants. Thus, H24 plants were resistant
to IL-Os but not to MId-Ks. This observation was consis-
tent with previous reports that tomato plants harboring Ty-2
respond differently to different species of monopartite
bemogomoviruses [2, 16]. Inoculation by using viruliferous
whiteflies also showed that resistance of H24 to IL-Os was
not conferred by resistance to the whitefly B. tabaci,
because the H24 plants became infected after inoculation
by the viruliferous adults, which had been given an
acquisition feeding on tomato plants infected with Mld-Ks
(Fig. 2B, Table 3).

A chimeric viral clone carrying the overlapping C4/
Rep region of Mld-Ks infects tomato plants
harboring the Ty-2 gene

A comparison of the genome sequences of the two strains
used in this study showed multiple nucleotide (and
occasional amino acid) differences. The amino acid
sequence identity of the C1 protein between the two
strains was 88.3 %, and that of the C4 proteins was 46 %.
These values were much lower than those for the other
proteins (99.2 % for V1, 99.1 % for V2, 98.5 % for C2,
and 97 % for C3). The gene(s) with a high degree of
sequence differences could be responsible for the phe-
notypic differences described above. To identify the
region of the viral genome responsible for breaking Ty-2-
mediated resistance, we generated chimeric constructs by
swapping genome regions between MId-Ks and IL-Os.
The chimera KsC4Rep/Os, which had the overlapping C4/
Rep region of MId in the context of IL (Fig. 1), was used
to inoculate H24 plants. The plants showed typical
symptoms of TYLCD that were indistinguishable from
those caused by M1d-Ks (Fig. 2A). In TPIA, this chimera
was detectable in the phloem tissue of the main stem of
H24 plants (Fig. 2B). KsC4Rep/Os DNA accumulated in
the upper leaves of H24 plants at levels similar to those of
Mld-Ks (Fig. 3). In contrast, no disease symptoms were
observed when H24 plants were inoculated with another
chimeric clone, OsC4Rep/Ks, which contained the over-
lapping C4/Rep region of IL in the Mld backbone (Fig. 1).
OsC4Rep/Ks DNA was not detected by qPCR analysis
(Fig. 3), and accumulation of V1 protein was not
observed by TPIA (Fig. 2B). Similar observations were
obtained when H24 plants were inoculated with the chi-
meric constructs KsRep/Os and OsRep/Ks, in which the
Rep ORFs were swapped between MId-Ks and IL-Os
(Fig. 2A and B). Thus, we showed that the overlapping
C4/Rep region of the MId strain is responsible for
breaking the Ty-2-mediated resistance of line H24, caus-
ing systemic infection and TYLCD development.
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IL-Os and the chimeric construct OsC4Rep/Ks
accumulate locally in tomato plants with the 7y-2
gene

Local accumulation and replication of viruses in resistant
(H24) and susceptible (‘House Momotaro’) plants were
examined in leaves agroinfiltrated with KsC4Rep/Os,
OsC4Rep/Ks, and their parental infectious clones. Southern
blot analysis of total leaf DNA from agroinfiltrated areas
showed the presence of viral DNA intermediates and
genomes of all viruses, both in ‘House Momotaro’ and H24
plants (Fig. 2C). This indicates that IL-Os, Mld-Ks, and
their chimeras were able to replicate and accumulate
locally in H24 plants. These observations raise the possi-
bility that Ty-2-mediated resistance to IL-Os restricts viral
spread within the plant.

Discussion

We studied the response of tomato line H24 (Ty-2/Ty-2) to
the IL and MId strains of TYLCV, the virus that causes
TYLCD in tomato. We showed that H24 has strain-specific
resistance to TYLCV. We found that systemic infection
with the IL strain was prevented in H24, which is consis-
tent with the data on effective resistance to the IL strain of
TYLCYV in tomato hybrids heterozygous for the Ty-2 gene
[36]. Thus, either heterozygous or homozygous Ty-2 con-
fers resistance to the IL strain of TYLCV in tomato.
However, H24 was susceptible to MId-Ks, and systemic
infection with typical symptoms of TYLCD developed
after agroinoculation (Fig. 2A). Therefore, Ty-2, even
when homozygous, does not confer resistance to the Mld
strain, which caused typical TYLCD symptoms that are
indistinguishable from those of diseased susceptible tomato
plants. In cultivation areas where multiple virus strains are
endemic, resistance with a narrow spectrum conferred by a
single gene, such as Ty-2, is expected to be the least
effective [28, 29]. Prasanna et al. reported that combining
Ty-2 and Ty-3 introgressed from wild tomato species
extended the resistance of tomato hybrids against some
isolates of both monopartite and bipartite begomoviruses
[28, 29]. Pyramiding multiple resistance genes introgressed
from wild tomato species into related cultivars accom-
plished by marker-assisted selection is likely to be effective
against some, but not all, isolates of monopartite and
bipartite begomoviruses [28, 29, 41] .

The two closely related virus strains used in this study
differed mainly in the region covering the Rep gene (in
which the C4 gene is embedded) and the IR sequence [24].
The C4/Rep region is responsible for the induction of
disease symptoms caused by ToLCV [21, 31] and
TYLCSV [18] in tomato plants. This region is also the viral
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determinant of systemic infection by MId-Ks in resistant S.
habrochaites accessions (EELM-388 and 889, see below),
which have two loci that are different from the known Ty
resistance loci [37]. We examined whether the overlapping
C4/Rep region is responsible for overcoming the Ty-2-
mediated resistance to MId-Ks. The two chimeras, KsRep/
Os and KsC4Rep/Os, which have the entire Rep region and
the C4/Rep overlapping sequence of Mld-Ks in the IL-Os
background, respectively, induced systemic infection and
disease symptoms in line H24 that were indistinguishable
from those induced by Mld-Ks (Fig. 2). This observation
indicates that the overlapping C4/Rep region is responsible
for the induction of TYLCD in line H24. A similar
observation was made by Tomads et al., who found that two
lines (EELM-388 and 889) derived from S. habrochaites
were resistant to an isolate of the IL strain of TYLCV but
were susceptible to an isolate of the MId strain [37]. The
authors reported that the overlapping C4/Rep gene region
of the MId strain was associated with the induction of
systemic infection in the two lines. In these lines, the
resistance was conferred by two independent loci, one
dominant and one recessive, which were distinct from the
previously identified Ty-I gene, but whether other Ty
resistance genes were involved remained unknown [37]. It
would be interesting to determine whether resistance in
these lines was conferred by previously unknown gene(s).

In agroinfiltrated tomato leaves, DNA of the two strains
and their chimeras accumulated similarly in H24 and sus-
ceptible plants (Fig. 2C). Thus, Ty-2-mediated resistance in
H24 is unable to inhibit replication of the TYLCV genome
in infected cells. Functional analyses of genes of
monopartite begomoviruses (TYLCV, ToLCV, and
TYLCSV) have suggested that C4 is associated with
symptom induction and may be involved in cell-to-cell
movement of the virus within the phloem [18, 21, 31, 32].
Disrupted expression of TYLCSV C4 abolishes systemic
symptoms and virus movement [18], whereas disrupted
expression of TOLCV C4 reduces symptom development in
susceptible tomato plants [31]. Furthermore, constitutive
expression of ToOLCV C4 in transgenic tomato plants leads
to systemic virus-like symptoms in the absence of virus
[21]. Taken together, these data and our study suggest the
presence of molecular mechanisms that recognize TYLCV
C4 in Ty-2-mediated resistance. Although the fundamental
function of the viral factor(s) interacting with Ty-2-medi-
ated resistance were not ruled out in this study, our results
suggest that the resistance to the IL strain in H24 sup-
presses viral infection after replication of the virus,
resulting in suppression of systemic infection and transport
of the virus.

In addition to its involvement in symptom induction and
viral transport, C4 has been implicated in suppression of
gene silencing. C4 and AC4 (its positional analog in

bipartite begomoviruses) function as suppressors of RNA
silencing, generally referred to as post-transcriptional gene
silencing (PTGS) [23, 31, 40] or transcriptional gene
silencing (TGS) [42]. Luna et al. showed that symptom
induction and suppression activity of C4 varied among
TYLCYV strains and plant hosts [23]. The V2 protein from
the Mld and IL strains of TYLCV strongly suppresses gene
silencing in Nicotiana benthamiana and susceptible
tomato. In contrast, C4 from IL functions as a suppressor in
N. benthamiana but not in tomato, whereas C4 from Mld
has no suppression activity in N. benthamiana [23]. Con-
stitutive expression of C4 from different strains of TYLCV
in transgenic Arabidopsis thaliana resulted in abnormal
leaf size and shape, which are characteristic symptoms of
TYLCD; the IL strain caused more severe defects than the
Mld strain did [23]. Symptom severity may be linked to the
efficiency of silencing suppression, which depends on the
virus strain—host plant combination [23]. The difference in
gene silencing suppression activity and symptom severity
induced by the C4 from the two strains may be associated
with breaking of Ty-2-mediated resistance in line H24.

Butterbach et al. showed that, in tomato plants with the
Ty-1/Ty-3 genes, resistance to the IL strain of TYLCV was
conferred by enhanced TGS [6] and suggested that TGS is
unlikely to be involved in resistance to the IL strain con-
ferred by Ty-2, because the siRNA profiles specific to the
IL strain were similar in Ty-2 plants and susceptible plants,
but not in Ty-1/Ty-3 plants [6]. Elucidation of the molec-
ular mechanisms for breaking resistance to TYLCV in
tomato harboring Ty-2 and analysis of viral factor(s) in-
volved in breaking the resistance will be an important
challenge to be addressed in future studies.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval This article does not contain any studies with
human participants or animals performed by any of the authors.

References

1. Amin I, Patil BL, Briddon RW, Mansoor S, Fauquet CM (2011)
Comparison of phenotypes produced in response to transient
expression of genes encoded by four distinct begomoviruses in
Nicotiana benthamiana and their correlation with the levels of
developmental miRNAs. Virol J 8:238

2. Barbieri M, Acciarri N, Sabatini E, Sardo L, Accotto GP, Pec-
chioni N (2010) Introgression of Resistance to two mediterranean
virus species causing tomato yellow leaf curl into a valuable
traditional tomato variety. J Plant Pathol 92:485-493

3. Bisaro DM (2006) Silencing suppression by geminivirus proteins.
Virology 344:158-168

4. Brown J, Fauquet C, Briddon R, Zerbini F, Moriones E, Navas-
Castillo J (2012) Family Geminiviridae. In: King AMQ, Adams

@ Springer



2216

J. Ohnishi et al.

10.

11.

12.

13.

15.

17.

18.

19.

20.

MJ, Carstens EB, Lefkowitz EJ (eds) Virus taxonomy ninth
report of the international committee on taxonomy of viruses.
Elsevier, San Diego, pp 351-373

. Brown JK, Zerbini FM, Navas-Castillo J, Moriones E, Ramos-

Sobrinho R, Silva JC, Fiallo-Olive E, Briddon RW, Hernandez-
Zepeda C, Idris A, Malathi VG, Martin DP, Rivera-Bustamante
R, Ueda S, Varsani A (2015) Revision of Begomovirus taxonomy
based on pairwise sequence comparisons. Arch Virol
160:1593-1619

. Butterbach P, Verlaan MG, Dullemans A, Lohuis D, Visser RGF,

Bai YL, Kormelink R (2014) Tomato yellow leaf curl virus
resistance by Ty-1 involves increased cytosine methylation of
viral genomes and is compromised by cucumber mosaic virus
infection. Proc Natl Acad Sci USA 111:12942-12947

. Caciagli P, Medina Piles V, Marian D, Vecchiati M, Masenga V,

Mason G, Falcioni T, Noris E (2009) Virion stability is important
for the circulative transmission of tomato yellow leaf curl sar-
dinia virus by Bemisia tabaci, but virion access to salivary glands
does not guarantee transmissibility. J Virol 83:5784-5795

. Cohen S, Nitzany F (1966) Transmission and host range of the

tomato yellow leaf curl virus. Phytopathology 56:1127-1131

. Cui XF, Zhou XP (2004) AC2 and AC4 proteins of tomato yellow

leaf curl China virus and tobacco curly shoot virus mediate
suppression of RNA silencing. Chin Sci Bull 49:2607-2612
Czosnek H (2007) Interaction of tomato yellow leaf curl virus
with its whitefly vector. In: Czosnek H (ed) Tomato yellow leaf
curl virus disease: management, molecular biology, breeding for
resistance. Springer, Berlin, pp 157-170

Diaz-Pendon JA, Canizares MC, Moriones E, Bejarano ER,
Czosnek H, Navas-Castillo J (2010) Tomato yellow leaf curl
viruses: menage a trois between the virus complex, the plant and
the whitefly vector. Mol Plant Pathol 11:441-450

Garcia BE, Graham E, Jensen KS, Hanson P, Mejia L, Maxwell
DP (2007) Co-dominant SCAR marker for detection of the
begomovirus-resistance Ty-2 locus derived from Solanum hab-
rochaites in tomato germplasm. Rpt Tomato Genet Coop
57:21-24

Hanley-Bowdoin L, Settlage SB, Robertson D (2004) Repro-
gramming plant gene expression: a prerequisite to geminivirus
DNA replication. Mol Plant Pathol 5:149-156

. Hanley-Bowdoin L, Bejarano ER, Robertson D, Mansoor S

(2013) Geminiviruses: masters at redirecting and reprogramming
plant processes. Nat Rev Microbiol 11:777-788

Hanson P, Green S, Kuo G (2006) Ty-2, a gene on chromosome
11 conditioning geminivirus resistance in tomato. Rep Tomato
Genet Coop 56:11-18

. Hanson PM, Bernacchi D, Green S, Tanksley SD, Muniyappa V,

Padmaja S, Chen HM, Kuo G, Fang D, Chen JT (2000) Mapping
a wild tomato introgression associated with tomato yellow leaf
curl virus resistance in a cultivated tomato line. ] Am Soc Hortic
Sci 125:15-20

Ji Y, Schuster DJ, Scott JW (2007) Ty-3, a begomovirus resis-
tance locus near the tomato yellow leaf curl virus resistance locus
Ty-1 on chromosome 6 of tomato. Mol Breed 20:271-284
Jupin I, De Kouchkovsky F, Jouanneau F, Gronenborn B (1994)
Movement of tomato yellow leaf curl geminivirus (TYLCV):
involvement of the protein encoded by ORF C4. Virology
204:82-90

Kalloo Banerjee MK (1990) Transfer of tomato leaf curl virus-
resistance from Lycopersicon-Hirsutum F Glabratum to L Escu-
lentum. Plant Breed 105:156-159

Kato K, Onuki M, Fuji S, Hanada K (1998) The first occurrence
of tomato yellow leaf curl virus in tomato (Lycopersicon escu-
lentum Mill.) in Japan. Ann Phytopatol Soc Jpn 64:552-559

@ Springer

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Krake LR, Rezaian MA, Dry IB (1998) Expression of the tomato
leaf curl geminivirus C4 gene produces viruslike symptoms in
transgenic plants. Mol Plant Microbe Interact 11:413-417
Lefeuvre P, Martin DP, Harkins G, Lemey P, Gray AJ, Meredith
S, Lakay F, Monjane A, Lett JM, Varsani A, Heydarnejad J
(2010) The spread of tomato yellow leaf curl virus from the
Middle East to the world. PLoS Pathog 6:¢1001164

Luna AP, Morilla G, Voinnet O, Bejarano ER (2012) Functional
analysis of gene-silencing suppressors from tomato yellow leaf
curl disease viruses. Mol Plant Microbe Interact 25:1294-1306
Navas-Castillo J, Sanchez-Campos S, Noris E, Louro D, Accotto
GP, Moriones E (2000) Natural recombination between tomato
yellow leaf curl virus-is and tomato leaf curl virus. J Gen Virol
81:2797-2801

Noris E, Jupin I, Accotto GP, Gronenborn B (1996) DNA-binding
activity of the C2 protein of tomato yellow leaf curl geminivirus.
Virology 217:607-612

Noris E, Vaira AM, Caciagli P, Masenga V, Gronenborn B,
Accotto GP (1998) Amino acids in the capsid protein of tomato
yellow leaf curl virus that are crucial for systemic infection,
particle formation, and insect transmission. J Virol
72:10050-10057

Ohnishi J, Kitamura T, Terami F, K-i Honda (2009) A selective
barrier in the midgut epithelial cell membrane of the nonvector
whitefly Trialeurodes vaporariorum to tomato yellow leaf curl
virus uptake. J Gen Plant Pathol 75:131-139

Prasanna HC, Kashyap S, Krishna R, Sinha DP, Reddy S, Malathi
VG (2015) Marker assisted selection of Ty-2 and Ty-3 carrying
tomato lines and their implications in breeding tomato leaf curl
disease resistant hybrids. Euphytica 204:407-418

Prasanna HC, Sinha DP, Rai GK, Krishna R, Kashyap SP, Singh
NK, Singh M, Malathi VG (2015) Pyramiding Ty-2 and Ty-3
genes for resistance to monopartite and bipartite tomato leaf curl
viruses of India. Plant Pathol 64:256-264

Rigden JE, Dry IB, Mullineaux PM, Rezaian MA (1993) Muta-
genesis of the virion-sense open reading frames of tomato leaf
curl geminivirus. Virology 193:1001-1005

Rigden JE, Krake LR, Rezaian MA, Dry IB (1994) ORF C4 of
tomato leaf curl geminivirus is a determinant of symptom
severity. Virology 204:847-850

Rojas MR, Jiang H, Salati R, Xoconostle-Cazares B, Sudarshana
MR, Lucas WJ, Gilbertson RL (2001) Functional analysis of
proteins involved in movement of the monopartite begomovirus,
tomato yellow leaf curl virus. Virology 291:110-125

Saito A, Saito T, Matsunaga H, Yamada H (2008) Evaluation of
commercial cultivars resistant to tomato yellow leaf curl virus
using quantitative real-time PCR in tomato (Solanum lycoper-
sicum). Hortic Res (Japan) 7:107 (in Japanese)

Scholthof KB, Adkins S, Czosnek H, Palukaitis P, Jacquot E,
Hohn T, Hohn B, Saunders K, Candresse T, Ahlquist P,
Hemenway C, Foster GD (2011) Top 10 plant viruses in
molecular plant pathology. Mol Plant Pathol 12:938-954
Settlage SB, See RG, Hanley-Bowdoin L (2005) Geminivirus C3
protein: replication enhancement and protein interactions. J Virol
79:9885-9895

Shahid MS, Ito T, Kimbara J, Onozato A, Natsuaki KT, Ikegami
M (2013) Evaluation of tomato hybrids carrying Ty-1 and Ty-2
Loci to Japanese Monopartite Begomovirus species. J Phy-
topathol 161:205-209

Tomas DM, Canizares MC, Abad J, Fernandez-Munoz R,
Moriones E (2011) Resistance to tomato yellow leaf curl virus
accumulation in the tomato wild relative Solanum habrochaites
associated with the C4 viral protein. Mol Plant Microbe Interact
24:849-861



Ty-2 resistance-breaking strain of TYLCV

2217

38.

39.

40.

41.

42.

Tsai WS, Shih SL, Kenyon L, Green SK, Jan FJ (2011) Temporal
distribution and pathogenicity of the predominant tomato-in-
fecting begomoviruses in Taiwan. Plant Pathol 60:787-799
Ueda S, Kimura T, Onuki M, Hanada K, Iwanami T (2004) Three
distinct groups of isolates of tomato yellow leaf curl virus in
Japan and construction of an infectious clone. J Gen Plant Pathol
70:232-238

Vanitharani R, Chellappan P, Pita JS, Fauquet CM (2004) Dif-
ferential roles of AC2 and AC4 of cassava geminiviruses in
mediating synergism and suppression of posttranscriptional gene
silencing. J Virol 78:9487-9498

Vidavski F (2007) Exploitation of resistance genes found in wild
tomato species to produce resistant cultivars; Pile up of Resistant
Genes. In: Czosnek H (ed) Tomato yellow leaf curl virus disease.
Springer, Netherlands, pp 363-372

Xie Y, Zhao L, Jiao X, Jiang T, Gong H, Wang B, Briddon RW,
Zhou X (2013) A recombinant begomovirus resulting from
exchange of the C4 gene. J Gen Virol 94:1896-1907

43.

44,

45.

46.

Yamaguchi H, Ohnishi J, Miyatake K, Nunome T, Ohyama A,
Negoro S, Fukuoka H (2013) A simple, efficient agroinoculation
soaking procedure for tomato yellow leaf curl virus. J Gen Plant
Pathol 79:243-248

Zamir D, Ekstein-Michelson I, Zakay Y, Navot N, Zeidan M,
Sarfatti M, Eshed Y, Harel E, Pleban T, van-Oss H, Kedar N,
Rabinowitch HD, Czosnek H (1994) Mapping and introgression
of a tomato yellow leaf curl virus tolerance gene, TY-1. Theor
Appl Genet 88:141-146

Zhang J, Dong J, Xu Y, Wu J (2012) V2 protein encoded by
tomato yellow leaf curl China virus is an RNA silencing sup-
pressor. Virus Res 163:51-58

Zrachya A, Glick E, Levy Y, Arazi T, Citovsky V, Gafni Y
(2007) Suppressor of RNA silencing encoded by tomato yellow
leaf curl virus-Israel. Virology 358:159-165

@ Springer



	Analysis of the Mild strain of tomato yellow leaf curl virus, which overcomes Ty-2 gene--mediated resistance in tomato line H24
	Abstract
	Introduction
	Materials and methods
	Tomato yellow leaf curl virus and infectious clones
	Construction of TYLCV chimeric constructs
	Plant materials and virus inoculation
	Virus detection

	Results
	Mld-Ks, but not IL-OS, systemically infects tomato plants harboring the Ty-2 gene
	A chimeric viral clone carrying the overlapping C4/Rep region of Mld-Ks infects tomato plants harboring the Ty-2 gene
	IL-Os and the chimeric construct OsC4Rep/Ks accumulate locally in tomato plants with the Ty-2 gene

	Discussion
	References




