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Abstract

The TOM1/TOM3 genes from Arabidopsis are involved in the replication of tobamoviruses. Tomato homologs of these genes,
LeTHI, LeTH2 and LeTH3, are known. In this study, we examined transgenic tomato lines where inverted repeats of either
LeTHI, LeTH?2 or LeTH3 were introduced by Agrobacterium. Endogenous mRNA expression for each gene was detected in
non-transgenic control plants, whereas a very low level of each of the three genes was found in the corresponding line. Small
interfering RNA was detected in the transgenic lines. Each silenced line showed similar levels of tobamovirus resistance,
indicating that each gene is similarly involved in virus replication.
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Viruses are small infective parasites which contain either an
RNA or DNA genome. They are capable of directing their
own replication and do not serve any essential function for
their hosts [1]. Tomato mosaic virus (ToMV) is a well char-
acterized tobamovirus with a positive-sense, single-stranded
RNA of 6.4 kilobases (kb) in length. The genome encodes
four proteins: a 130 kDa replicase protein (RP), a 180 kDa
RP (a read-through product of the 130 kDa protein), a 30
kDa cell-to-cell movement protein (MP), and a 17.5 kDa
coat protein (CP) [2—4]. Several host factors have been iden-
tified that specifically interact with the virus-associated RNA
and are involved in viral intracellular multiplication [5-7].
Ishikawa et al. [8] reported that host factors are required for
multiplication of ToMV Cg strain (TMV-Cg), a crucifer-
infecting tobamovirus in Arabidopsis. Tobacco mosaic virus
multiplication 1 (TOM1) gene mutants in Arabidopsis dem-
onstrate about 1/10 the amount of TMV-Cg replication when
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compared with wild-type plants. In addition, in a TOM1
TOM3 double mutant, growth of TMV-Cg was completely
suppressed [9]. Furthermore, TOM2A and TOM2B promote
binding of TOM1 to the cell membrane, and both control the
tobamovirus multiplication phenotype [2, 10]. TOM2A and
TOM?2B are not related to TOM1 and no similar protein is
known so far [2]. TOM1 and TOM3 are conserved in a vari-
ety of plants including tomato, pepper, tobacco and melon
[11, 12]. N(TOM1 and NtTOM3, tobacco homologs of TOM3
and TOM 1, respectively, were suggested to be involved in
tobamovirus multiplication, because silencing of both genes
caused high resistance against several tobamoviruses [11].
Tomato homologs LeTHI (a homolog of TOM3), LeTH2 and
LeTH3 (homologs of TOM1) are also thought to participate
in the multiplication of tobamoviruses. By suppressing the
expression of LeTHI, LeTH2, or LeTH3 by RNA silenc-
ing, it could be possible to confer viral resistance in tomato
against tomato mosaic virus (ToMV), depending upon the
individual role of these genes.

RNA silencing comprises a number of sequence-specific
mRNA degradation processes induced by double-stranded
RNA (dsRNA) [13]. The dsRNA is cleaved by Dicer, an
endonuclease, into 21-25 bp small interfering RNAs (siR-
NAs) [14]. The negative strand of the siRNA is then incor-
porated into an RNA-induced silencing complex (RISC) and
acts as a guide to recognize mRNA for degradation [15].
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This mechanism can also be induced by viruses and acts as
a host defense mechanism against them [16-19].

In this study, transgenic tomatoes carrying an inverted
repeat of either LeTHI, LeTH2, or LeTH3 (and thus silenced
for each gene) were analyzed for associated inhibitory effects
on the multiplication of ToOMV.

Transgenic tomato (Solanum lycopersicum Mill. cv.
Micro-Tom) LeTH1-IR, LeTH2-IR, and LeTH3-IR lines

were produced using Agrobacterium tumefaciens as
described in [20, 21] after plasmid construction (Fig. 1A)
based on the method by Asano et al. [11]. Transgenic lines
were selected with kanamycin (50 ug/mL). Plants were
grown as described by Ali et al. [22] in growth chambers
with the temperature set at 26 °C with 16 h light and 8 h
dark. A cetyltrimethylammonium bromide-based (CTAB-
based) procedure was used for DNA extraction from leaves

Fig. 1 Evaluation of expression
of LeTHI, LeTH2, and LeTH3.
A. Transgene construct for
transgenic tomato. Horizontal
closed arrows show primer
positions. B. RT-PCR analysis
of LeTHI-IR. Lane 1, WT;
lanes 2—4, line 7; lanes 5-7, line
12; lanes 8-10, line 14; lanes
11-13, line 15; lanes 14-15,
line 20. C. RT-PCR analysis of
LeTH2-IR. Lane 1, WT; lanes
2—4, line 1C; lanes 5-7, line

2; lanes 8-10, line 6C; lanes
11-13, line 8; lanes 14-15,

line 10. D. RT-PCR analysis of
LeTH3-IR. Lane 1, WT; lanes
24, line 5a; lanes 5-7, line

3 (8); lanes 8-10, line 10 (3).
The presence of the transgene
was confirmed by PCR with
genomic DNA extracted from
leaves of transgenic lines.

DNA from different transgenic
plants (100 ng) was used as a
template for PCR. Total RNA
(1 pg) was reverse-transcribed
with oligo-(dT) primer. The
cDNA was amplified by PCR
with the primers listed in Suppl.
Table S1. Primers Actin-F/
Actin-R (Suppl. Table S1) were
used to amplify actin as an
internal control. PCR products
were analyzed by electropho-
resis on a 1% agarose gel. E.
siRNA detection of LeTH1-IR
1. Lane 1, WT; lanes 2—4, line
7; lanes 5-7, line 12; lanes
8-10, line 14; lanes 11-13, line
15; lanes 14-15, line 20. F.
siRNA detection of LeTH2-IR.
Lane 1, WT; lanes 2—4, line 1C;
lanes 5-7, line 2; lanes 8-10,
line 6C; lanes 11-13, line 8;
lanes 14-15, line 10. G. siRNA
detection of LeTH3-IR. Lane

1, WT; lanes 2—4, line 5a; lanes
5-7, line 3(8); lanes 8-10, line
10(3). Small RNA fractions (50
pg) were analyzed by north-
ern hybridization with [a-32P]
dCTP-labeled cDNA probes
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[23]. The quantity and purity of DNA was measured using
a spectrophotometer (Gene Spec I; Hitachi Co. Ltd., Tokyo,
Japan). Genomic DNA (100 ng) was used as a template for
PCR. The forward primer GUS-linker-F in combination with
the reverse primers LeTH1-1159R, LeTH2-RT-R or LeTH3-
1158R were used to amplify the LeTHI, LeTH2 or LeTH3-
derived transgenes, respectively (Suppl. Table S1). Cycle
conditions were: pre-heating for 2 min at 94 °C followed
by a 25-cycle amplification program of 1 min at 94 °C, 1
min at 55 °C and 1 min at 72 °C, with a final extension at
72 °C for 5 min. Amplification products were confirmed by
electrophoresis on a 1% agarose gel. Extraction of total RNA
from tomato leaves was carried out using a TRI reagent kit
(Molecular Research Centre, Cincinnati, OH, USA) accord-
ing to the manufacturer’s instructions. Residual genomic
DNA was removed by DNase I treatment (Takara, Kyoto,
Japan) for 30 min at 37 °C. One microgram (1 pg) of total
RNA was reverse-transcribed using RevertAid reverse tran-
scriptase (Fermentas, Hanova, CA, USA) in a 20 pl reac-
tion mixture. The mixture containing RNA and primers was
heated at 70 °C for 10 min and chilled for 10 min before
adding 5X buffer and RNase inhibitor, and then incubated
at 42 °C for 60 min followed by inactivation at 70 °C for
10 min. The cDNA was used as a template for PCR as men-
tioned above. RT-PCR products were confirmed by electro-
phoresis on a 1% agarose gel. Forward and reverse primers
LeTH1-769F/LeTH1-1159R, LeTH2-RT-F/LeTH2-RT-R or
LeTH3-664F/LeTH3-1158R (Suppl. Table S1) were used to
amplify the LeTH1, LeTH2 or LeTH3-derived transcripts,
respectively.

BamHI and Sacl were used to digest the cDNA clones
pBI-LeTH1, pBI-LeTH2 and pBI-LeTH3, which contained
PCR-amplified LeTH1, LeTH2 and LeTH3 fragments (1365,
1776, and 1256 bp, respectively) inserted into the same
restriction sites of pBI221 after removing the GUS region.
The gel-purified fragments were used as probes for LeTHI,
LeTH?2 and LeTH3, respectively. A GUS probe (1.8 kbp
fragment) was obtained from pBI121 digested with BamHI
and Sacl. The [a->P] dCTP-labeled probes were prepared
using the Megaprime DNA Labeling System (Amersham
Biosciences, Piscataway, NJ, USA) according to the manu-
facturer’s instructions.

DNA gel blot analysis was performed using genomic
DNA (20 pg) from T2 transgenic lines as previously
described with a few modifications [22]. Briefly, genomic
DNA was subjected to gel electrophoresis and transferred
to a nylon membrane (Hybond N*, GE Healthcare, New
York, USA). The membrane was hybridized with the
GUS probe and analyzed using a Bio Image Analyzer
(BAS-2000, Fuji Photofilm, Tokyo, Japan) as described
by Ali et al. [24]. Total RNA from the ToMV-inoculated
leaves of T3 plants was extracted using the TRI reagent
kit according to the manufacturer’s instructions, with a

few modifications. The total RNA gel blot analysis for
transcripts was hybridized with a [a->*P] dCTP-labeled
ToMYV cDNA probe, which was prepared according to Ali
et al. [25]. For siRNA detection, small RNAs (30 ug) were
separated by 15% polyacrylamide gel electrophoresis and
electro-transferred to a nylon membrane. Hybridization
and detection were carried out with the labeled cDNA
probes (LeTHI, LeTH?2 or LeTH3) as described [25].

To check whether virus resistance was conferred in
transgenic plants, they were inoculated with purified
ToMV-L (10 pg/ml; Ohno et al. [4], DDBJ accession
X02144) in 10 mM sodium phosphate buffer, pH 7.0.
Young detached leaves (3™ and 4'" true leaves from the
bottom) from one-month-old plants were inoculated with a
suspension of virus. One-month-old plants were also inoc-
ulated in the adaxial surface of the first pair of true leaves
with a suspension of virus. Virus infection was confirmed
at 15 days post-inoculation (dpi) by ELISA and northern
blot analysis. ELISA was performed using antiserum spe-
cific for ToMV (Japan Plant Protection, Tokyo, Japan) and
an anti-rabbit IgG conjugated with alkaline phosphatase
(Sigma-Aldrich, St. Louis, MO, USA). We considered a
negative/positive threshold as twice the absorbance value
of the negative control. Northern blot analysis was used in
some experiments (as described above) to check the level
of virus accumulation in the transgenic plants.

Sequence identities among A. thaliana TOMI and
TOM3 and their tomato and tobacco homologs were cal-
culated with Blast (https://www.ebi.ac.uk/Tools/sss/ncbib
last/nucleotide.html). Accession numbers are shown in
Table 1.

The presence of the transgenes was confirmed in kana-
mycin-resistant T2 plants by DNA gel blot analysis with a
GUS probe (Suppl. Fig. S2). Seeds of the transgene-positive
T2 lines were grown in the presence of kanamycin, and all
T3 plants of each line were tested for the presence of the
transgene by PCR. DNA products of expected sizes (1365,
1776 and 1256 bp) were amplified from the transgenic lines
LeTHI1-IR, LeTH2-IR and LeTH3-IR, respectively (Suppl.
Fig. S1A, B and C), which confirmed the presence of the
transgenes derived from LeTHI, LeTH2 or LeTH3 in the T3
plants. To detect endogenous mRNA expression of LeTH1,
LeTH? and LeTH3 in T3 plants, RT-PCR analysis was con-
ducted. Endogenous mRNA expression of LeTHI, LeTH2
and LeTH3 was detected as a highly condensed DNA band
in wild-type plants (Fig. 1B, C and D). However, only a
very low level of the target gene was detected in the trans-
genic lines (Fig. 1B, C and D). These results indicate that
endogenous mRNA was degraded in the transgenic lines. To
detect siRNA in transgenic lines, RNA gel blot analysis was
performed using the small RNA fraction purified from T3
plants. The analysis showed that siRNA was detected in all
plants tested (Fig. 1E, F, G), but not in the non-transgenic
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Table 1 Nucleotide sequence

lable NiTOMI ~ NtTOM3  LeTHI LeTH3 LeTH2 TOMI TOM3 TOM2A TOMZ2B

identity (%) of TOM1and

TOM3 homologs from tomato NITOMI 100 58.1 575 903 610 683 598 312 407

S;;‘é’;ﬁ"(’jélyc‘;’t’l’;;ﬁ‘ZZZZCW) NITOM3 100 780 596 557 568 723 314 410

and Arabidopsis thaliana LeTHI 100 579 556 576 680  37.1 453
LeTH3 100 586 669 580 344 442
LeTH2 100 56.1 589 359 44.8
TOM]1 100 585 368 44.8
TOM3 100 33.0 42.0
TOM2A 100 43.0
TOM2B 100

Nicotiana tabacum: NtTOMI1, AB193039; NtTOM3, AB193040. Solanum lycopersicum: LeTHI,
AB193041; LeTH2, AB193042; LeTH3, AB193043. Arabidopsis thaliana: TOMI, AB016925; TOM3,
ABO036427; TOM2A, AT1G32400; TOM2B, AT1G32370

control plants. From these results it is clear that RNA silenc-
ing was induced in each transgenic line.

To confirm whether ToMV resistance was conferred
in these transgenic lines, whole plants or detached leaves
were inoculated with ToMV-L. Inoculated non-transgenic
tomato plants showed symptoms at 10 dpi, while no symp-
toms appeared in transgenic plants of each line at this time
(Fig. 2). However, mild symptoms appeared at 15 dpi in
transgenic plants of each transgenic line (data not shown).
An extremely low amount of virus was detected in the trans-
genic lines, showing that virus resistance was conferred
(Fig. 3, Suppl. Fig. S3 and S4). Each silenced transgenic
line showed similar levels of resistance when compared to
each other.

Understanding the role of host proteins that support
virus replication will be helpful in advancing our knowl-
edge of virus-host interactions. Studies on tobamoviruses
have shown that host proteins involved in the viral infec-
tion process play a vital role in their pathogenicity by
forming membrane-bound viral replication complexes in
plant cells [2]. TOMI- and TOM3-like genes are conserved
in Capsicum annuum, Cucumis melo, Nicotiana tobacum,
N. benthamiana, Oryza sativa and S. lycopersicum, [11,

Fig.2 Plants of transgenic
tomato lines LeTH1-IR,
LeTH2-IR and LeTH3-IR
10 days after ToMV or mock

inoculation Mock

Inoculated

@ Springer

12, 26]. In this study, transgenic tomato plants silenced for
LeTH]I, a homolog of TOM3, and for LeTH2 and LeTH3,
homologs of TOM 1, were examined for TOMV resistance.

LeTHI, LeTH2, and LeTH3 in tomato have high
sequence identities with N. tabacum NtTOM1 and NtTOM3
as well as with Arabidopsis TOM1 and TOM3 (Table 1).
LeTH3 has 90.3% and 59.6% sequence identity with
NtTOM1 and NtTOM3, respectively; LeTHI has 57.5%
and 78% identity with Nt-TOM1 and NtTOM3, respectively;
and LeTH?2 has 61% and 55.7% identity with Nt-TOM1
and NtTOM3, respectively. Although functional roles for
LeTHI, LeTH2, and LeTH3 in tomato are unknown, our
silenced transgenic lines showed similar levels of virus
resistance. It has been observed that cDNAs with higher
than 70% identity are capable of silencing a target gene
[27]. Recently, it was reported that silencing the pep-
per (Capsicum annuum) genes CaTOM1 and CaTOM3,
homologs of TOM1 and TOM3, respectively, efficiently
inhibited TMYV infection [12]. Similar results were also
obtained by silencing a TOMI-like gene in N. benthami-
ana (NDTOM1) [26]. Here, we examined the efficiency
of LeTH1-IR, LeTH2-IR, and LeTH3- IR constructs in
conferring resistance to ToMV. Higher resistance could be

LeTHI1-IR LeTH3-IR

LeTH2-IR
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Fig.3 Northern blot analysis of virus inoculated leaves of transgenic
plants. A. LeTHI-IR. Lane 1, WT; lanes 24, line 7; lanes 5-7, line
12; lanes 8-10, line 14; lanes 11-13, line 15; lanes 14-15, line 20. B
LeTH2-IR. Lane 1, WT; lanes 2—4, line 1C; lanes 5-7, line 2; lanes
8-10, line 6C; lanes 11-13, line 8; lanes 14—15, line 10. C. LeTH3-
IR. Lane 1, WT; lanes 24, line 5a; lanes 5-7, line 3(8); lanes 8-10,
line 10(3). Detached leaves were inoculated with a suspension of
ToMV-L at a concentration of 10 pg/ml. Northern blot analysis was
performed 15 days after inoculation

obtained by double or triple crossing of these transgenic
lines.

Only limited methods are available to control tobamovi-
rus diseases, including protection by mild/attenuated viruses
[28]. Transgenic approaches using viral genes are a matter
of concern, in terms of potential risks [29]. Virus resistant
plants using host-derived resistance related genes would
be preferable, especially with an RNA silencing approach,
because neither protein nor RNA from a transgene are pro-
duced. Thus our results could contribute to develop safer,
virus-resistant plants.
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