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Abstract RNA interference (RNAi) is a potent trigger for
specific gene silencing of expression in a number of or-
ganisms and is an efficient way of shutting down gene
expression. 1-Aminocyclopropane-1-carboxylate (ACC)
oxidase catalyzes the oxidation of ACC to ethylene, a
plant growth regulator that plays an important role in
the tomato ripening process. In this research, to produce
double-stranded (ds)RNA of tomato ACC oxidase, we
linked the sense and antisense configurations of DNA
fragments with 1,002-bp or 7-nt artificially synthesized
fragments, respectively, and then placed these under the
control of a modified cauliflower mosaic virus 35S pro-
moter. The dsRNA expression unit was successfully in-
troduced into tomato cultivar Hezuo 906 by Agrobac-
terium tumefaciens-mediated transformation. Molecular
analysis of 183 transgenic plants revealed that the dsRNA
unit was integrated into the tomato genome. With respect
to the construct with the 1,002-bp linker, the severity of
phenotypes indicated that 72.3% of the transformed plants
had non-RNA interference, about 18.1% had semi-RNA
interference, and only 9.6% had full-RNA interference.
However when the construct with the 7-nt linker was used
for transformation, the results were 13.0%, 18.0%, and
69.0%, respectively, indicating that the short linker was
more efficient in RNAi of transgenic tomato plants. When
we applied this fast way of shutting down the ACC oxi-
dase gene, transgenic tomato plants were produced that
had fruit which released traces of ethylene and had a
prolonged shelf life of more than 120 days. The RNA and
protein analyses indicated that there was non-RNA in-

terference, semi-RNA interference and full-RNA inter-
ference of ACC oxidase in the transgenic tomato plants.
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Introduction

Double-stranded RNA (dsRNA) is a powerful signal for
specific gene silencing in a number of organisms, from
Caenorhabditis elegans (Fire et al. 1998; Boutla et al.
2002), Drosophila (Alder et al. 2003) to plants (Chuang
and Meyerowitz 2000; Klahre et al. 2002) and animals
(Paddison et al. 2002; Zeng and Cullen 2003). This
dsRNA-mediated gene silencing now is referred to as
RNA interference (RNAi) and is closely related to post-
transcriptional gene silencing (PTGS) in plants (Fire 1999;
Sharp and Zamore 2000; Sijen and Kooter 2000). There is
strong evidence of dsRNA having a key role as an inducer
of PTGS in plants and of it acting as a trigger of RNA-
mediated virus resistance (Vance and Vaucheret 2001).
One of the advantages of RNAi over conventional gene
knockout or knockdown is that only 20–30 bp to a few
100 bp of a gene sequence are sufficient to induce RNAi
in plants and animals. The discovery of RNAi has changed
our understanding of how organisms guard their genomes
and has lead to the development of new strategies to block
gene function. However, some inconsistent results have
been observed (Chuang and Meyerowitz 2000; de Wit et
al. 2002).

The phytohormone ethylene—olefin in its simplest
form—plays an important role in many aspects of
plant growth, development, and environmental responses
(Abeles et al. 1992; Alexander and Grierson 2002). The
ethylene biosynthetic pathway has been well-character-
ized (Yang and Hoffman 1984): S-adenosyl-l-Met is
converted to 1-aminocyclopropane-1-carboxylate (ACC)
by ACC synthase (Olson et al. 1991), then ACC is con-
verted to ethylene by ACC oxidase (Barry et al. 1996). In
fruits, both ACC synthase and ACC oxidase are induced
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during ripening and contribute to both the regulation of
ethylene production and the ripening process. In tomato,
the ACC oxidase gene family consists of three members,
withACO1 being the only predominant ACC oxidase in
fruit (Barry et al. 1996).

During the ripening of climacteric fruit, such as toma-
to, the burst of autocatalytic ethylene coordinates and
accelerates the ripening process (Alexander and Grierson
2002). Both antisense mRNA and sense mRNA strategies
have been used in tomato to prolong shelf life (Ye et al.
1996; Liu et al. 1998; Yao et al. 1999; Xiong et al. 2003).
However, since RNAi can shut down the gene expression
specifically, dsRNA may be much more effective than
either the sense or antisense RNA. In the study reported
here, we introduced a unit of tomato ACC oxidase dsRNA
into tomato (Lycopersicon esculentum Mill) cv. Hezuo
906 by Agrobacterium tumefaciens-mediated transfor-
mation. Fruit of the transgenic plants exhibited a pro-
longed shelf life, and the ethylene production rate of the
ripened fruits and leaves was significantly inhibited.

Materials and methods

Plants and bacteria

Tomato (Lycopersicon esculentum Mill) cv. Hezuo 906 seeds were
obtained from the New-Changzheng Tomato Institute of Shanghai.
Plants were grown in the glasshouse under supplementary lighting.
Agrobacterium tumefaciens strain LBA4404 was used for trans-
formation. Fruits were picked at various developmental stages de-
fined as follows: (1) immature green; small, with expanding hairy
fruit; (2) mature green; fruits that had fully expanded and lost the
hairs from the surface but did not show visible signs of ripening; (3)
breaker; fruit in which the first visible color change could be ob-
served; (4) breaker+3, +8, and +100; fruit 3, 8, and 100 days fol-
lowing the onset of color change.

A. tumefaciens-mediated transformation of tomato plants

A. tumefaciens-mediated transformation of tomato stem explants
was carried out as described Jones et al. (1998).

Construction of the transformation vector

Total RNA was isolated from ripened fruits of tomato as described
by Jones et al. (1998). Sense and antisense DNA fragments 71–571
of the ACC oxidase gene were obtained using the reverse tran-
scription (RT)-PCR. The primers used were the oligonucleotides
Acos1, Acos2; Acoa1, and Acoa2 (Table 1) and were synthesized
using a Oligo 1000M DNA synthesizer (Beckman, Fullerton, Calif.,
www.beckmancoulter.com). The cycling parameters of the PCR
were: one cycle at 94�C for 10 min [during which 2.0 U Taq
polymerase (Promega, Madison, Wis., www.promega.com) was
added], then 30 cycles of 94�C for 30 s (denaturing), 65�C for 40 s
(annealing), and 72�C for 1 min (extension). The amplified prod-
ucts were cloned directly into the TA cloning vector pMD 18-T
(TaKaRa, Japan, www.takara.com.cn). Two artificially synthe-
sized fragments, the 1,002-bp crtW+crtY fragment (Genbank no.
AY345165) and the 7-nt (TCAAGAG) fragment, were used as
linkers between gene-specific fragments in the sense and antisense
orientations, respectively. We obtained the dsRNA unit OACCRi1
(containing the 1,002-bp linker) and OACCRi2 (containing the 7-nt
linker) (Fig. 1). DNA was sequenced by the di-deoxy chain-ter-

mination method using an autofluorescence sequencer (Model 377;
ABI, Foster City, Calif., www.appliedbiosystems.com).

In order to improve the efficiency of gene transformation
in tomato, we modified the plant binary vector pCAMBIA1201
(Genbank no. AF234293). Our new binary vector, pOACCRi, used
the tobacco Ubi-U4 promoter (Plesse et al. 1997) instead of the
cauliflower mosaic virus (CaMV) 35S promoter to control the
reporter intron-b-gluronidase (GUS) gene expression. The hygro-
mycin resistance gene was replaced by a modified neomycin phos-
photransferase II (nptll) gene (Peng et al. 2001), which contained
the catalase intron in the coding sequence. The OACCRNAi unit
was placed under the control of a modified CaMV 35S promoter
fragment with a duplicated enhancer. The unit was terminated by
the termination sequences of the nopaline synthase (nos) gene from
A. tumefaciens. DNA cloning was performed according to standard
procedures (Sambrook et al. 1989).

Southern blotting

DNA for Southern blotting was extracted following the nuclei lysis
hexadecyl trimethylammonium bromide (CTAB) extraction meth-
od (Richards et al. 1998). Tomato genomic DNA was digested with
PstI. Fragments were separated on a 0.8% (w/v) agarose gel (in
40 mM Tris-acetate, 1 mM EDTA and 0.5 mg/ml ethidium bromide)
at 40 V for 4 h. The digested tomato genomic DNA was transferred
onto a nylon membrane (Amersham Pharmacia Biotech, Piscat-
away, N.J., www4.amersham -biosciences.com) and hybridized
with the probe, a PCR-derived nptII fragment. The probe was la-
beled with a-[32P]-dCTP, which was purchased from Amersham
Pharmacia Biotech, using a PCR labeling kit (TaKaRa). Hybrid-
ization was carried out using a standard protocol (Sambrook et al.
1989).

Northern blotting

Tomato fruit total RNA was prepared as detailed by Lu et al.
(2001). The same total RNA extract was used for high- and low-

Table 1 Primers for amplified sense- and antisense DNA frag-
ments of 1-aminocyclopropane-1-carboxylate (ACC) oxidase and
PCR analysis

Name Oligonucleotides

Acoa1 AAGGATCCGGCGCATGGGAGGAACATCGA
Acoa2 AATCTAGAAAGTAATGGACACAGTAGAGA
Acos1 AAGGTACCAAGTAATGGACACAGTAGACT
Acos2 AAGAGCTCGGCGGATGGGAGGAACATCGA

Fig. 1 The double-stranded (ds)RNA of the 1-aminocyclopropane-
1-carboxylate (ACC) oxidase gene constructs. The dsRNA unit
OACCRi1. ACC oxidase gene-specific sequences (open boxes
with arrows indicating the orientation) in the antisense and sense
orientations were linked with a 1,002-bp fragment or a 7-nt
(TCAAGAG) fragment (hatched box) and controlled by the D35S
Omega promoter (solid arrow)
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molecular-weight RNA gel blot analysis. RNA polyacrylamide gel
electrophoresis (PAGE), blotting, and hybridization was done ac-
cording to the method of Silhavy et al. (2002). For Northern blots,
10 mg of total RNA was separated by gel electrophoresis on a 1.2%
agarose gel and blotted onto a nylon membrane (Amersham
Pharmacia Biotech). The RNA was fixed to the membrane using a
UV cross-linker (Stratagene, La Jolla, Calif., www.stratagene.com).
a-[32P]-CTP-labeled ACC oxidase RNA probes were synthesized
with Riboprobe in vitro Transcription Systems purchased from
Promega. Hybridization was done as described by Sambrook et al.
(1989). Membranes were rehybridized with a cDNA probe corre-
sponding to 18S rRNA to confirm equal loading of the gels.

Western blotting

Polyclonal antibodies were raised in a rabbit against denatured
ACC oxidase, which was expressed in Escherichia coli and purified
according to the QIAexpress Protein Purification System (Qiagen,
Valencia, Calif., www.qiagen.com). Protein was extracted from
tomato fruit according to the protocol of Meyer et al. (1988).
Samples (2 mg protein) were electrophoresed on 12% sodium do-
decyl sulfate (SDS) polyacrylamide gels and subsequently blotted
onto transfer buffer (25 mM Tris pH 8.3, 192 mM glycine, 20%
methanol). Western blotting was as described by Sambrook et al.
(1989). Antibodies against ACC oxidase and goat-anti-rabbit al-
kaline phosphyatase conjugate were used at a dilution of 1:5,000.

ACC oxidase enzyme activity assay

ACC oxidase enzyme activity was determined using the procedure
described by Barry et al. (1996). Three samples were analyzed each
time and the assay repeated three times.

Ethylene measurements

The samples of fruits and leaves were placed in a sealed container
at 25�C for 1 h. One-milliliter gas samples were withdrawn for
ethylene measurement by gas chromatography as described by
Picton et al. (1993). Three samples were analyzed each time and the
analysis repeated three times.

Results

ACC oxidase dsRNA-mediated genetic interference
and phenotype of the transgenic plants

We obtained 188 transgenic explants that showed GUS
activity, of which 183 developed into plants and survived
after being transplanted to soil. Of these 183 plants, 83
and 100 were transformed with the OACCRi1 and the
OACCRi2 construct, respectively. The transgenic and
control plants blossomed in the spring, and the fruits
matured in May in the experimental field plot.

The fruits of the transgenic and control plants showed
various phenotypes. The fruits of eight transgenic OAC-
CRi1 and 69 transgenic OACCRi2 plants had a signifi-
cantly prolonged shelf life with respect to those from the
other transgenic plants (Fig. 2a). While the former fruits
(transgenic OACCRi1 and OACCRi2 plants) slowly
changed color from green to buff, those of the control
tomato plants changed from breaker (+day) to pink and
then to red in only 8 days (Fig. 2b). Fruits of 15 transgenic
OACCRi1 plants and 18 transgenic OACCRi2 plants had

a longer shelf life than the control fruits, while the fruits
of 60 transgenic OACCRi1 plants and 13 transgenic
OACCRi2 plants had the same shelf life as the control
fruit.

Three tomato fruits were plucked from a control plant
and each of 183 transgenic plants at the breaker stage.
Fruits from the control plants changed from green to red
within 5 days and rotted after 10–15 days under con-
ventional storage conditions (room temperature) (Fig. 2c,
part a). Fruits of 72.3% of the OACCRi1 transgenic
tomato plants showed a color change and had a shelf life
similar to those of control plants (non-RNAi); fruits of
18.1% of the OACCRi1 transgenic plants changed color
from green to red within 30 days and had a prolonged
shelf life of over 50 days before rotting (Fig. 2c, part b)
(semi-RNAi); fruits of the remaining 9.6% OACCRi1

Fig. 2 The colors of tomato fruits of transgenic and nontrans-
genic plants at breaker+8 days. a Fruit of transgenic plant tomato
showed full-RNAi. b Fruit of nontransgenic plant Hezuo 906. c
Changes in the colors of tomato fruits of cv. Hezuo 906 plants from
breaker+1 day to breaker+120 days, semi-RNAi and full-RNAi
transgenic plants of ACC oxidase: a fruit of the control tomato
plant changed to red at breaker+5 days, b semi-RNAi transgen-
ic tomato fruit changed to red at breaker+30 days, c full-RNAi
transgenic tomato fruit changed first to buff and then to a weak-red
color very slowly; at breaker+120 days, the fruit was rosy in color
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transgenic plants gradually changed color from green to
buff and then slowly to light red slowly, a process that
took over 120 days (Fig. 2c, part c) (full-RNAi). In
OACCRi2 transgenic plants, 13.0%, 18.0%, and 69.0%
showed non-RNAi, semi-RNAi and full-RNAi charac-
teristics, respectively.

Most of the fruits of the control tomato cultivar Hezuo
906 rotted within 10 days of being picked, while most of
those of transgenic tomato, which showed non-RNAi of
the ACC oxidase gene, rotted within 15 days. Almost
95% of the fruits showed semi-RNAi, and these took 50–
60 days to rot. Most of the fruits that showed full-RNAi
rotted after 120 days (Fig. 3).

DNA and RNA analysis

Six transgenic plants, two of each showing full-RNAi,
semi-RNAi, and non-RNAi, respectively, were selected
for Southern blot analysis. The results indicated that the
OACCRi unit was integrated into the tomato genome of
the six transgenic tomato plants (Fig. 4).

In order to determine the pattern of RNA accumulation
and RNA interference, we extracted RNA samples from
fruit at different stages of ripening—from mature green to
breaker+3, +8, and +10—for RNA gel blot analysis. The
level of ACC oxidase mRNA in fruit of the control Hezuo
906 plant increased dramatically from a low level in the
mature green fruit to a peak at the breaker+3 stage before
declining at breaker+8. At no stage were small RNAs
detected in the control (Fig. 5a). Figure 5b,c shows the
levels of ACC oxidase in the fruit of plants transformed
with the OACCRi1 and OACCRi2 constructs. ACC oxi-
dase mRNA was not detected from the mature green stage
to breaker+10. However, the 21- to 23-nt RNA levels
were slightly higher. These results indicate that dsRNA
mediated ACC oxidase RNAi in transgenic OACCRi1

and OACCRi2 plants. The level of ACC oxidase mRNA
in the fruit of plants displaying semi-RNAi at different
stages is shown in Fig. 5d. There was some increase in
the mRNA level of ACC oxidase at different stages, with
some blot signals around 21- to 23-nt RNA, but these blot
signals were weaker than those in plants that showed full-
RNAi. Figure 5e shows that the increased ACC oxidase
mRNA level in plants that showed non-RNAi was the
same as that in the control plants and that there was no
sign of 21- to 23-nt RNA.

ACC oxidase enzyme activity and protein abundance

Fruits ranging from the mature-green to fully ripened
stages were used to analyze ACC oxidase activity (Ta-
ble 2). In the fruits of control plant Hezuo 906 and
transgenic OACCRi1 and OACCRi2 plants showing non-

Fig. 3 Analysis of the shelf life
of transgenic and control toma-
to fruits. Note the correlation
between fruits showing non-
RNAi, semi-RNAi, and full-
RNAi and the shelf life

Fig. 4 Southern blot analysis of the OACCRi unit in six trans-
genic plants. Genomic DNA was isolated, digested, and separated
on a 0.8% agarose gel, transferred to a nylon membrane and hy-
bridized with a a-[32P]-dCTP-labeled probe specific for the PCR-
derived nptII fragment. Lanes: pRi Plasmid of pOACCRi, WT
wild-type tomato plant, 1 OACCRi1 transgenic plants (full-RNAi),
2 OACCRi2 transgenic plants (full-RNAi), 3 OACCRi1 transgenic
plants (semi-RNAi), 4 OACCRi2 transgenic plants (semi-RNAi), 5
OACCRi1 transgenic plants (non-RNAi), 6 OACCRi2 transgenic
plants (non-RNAi)
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RNAi we detected ACC oxidase activity at a low basal
level in the green fruits; this level increased substantially
from the breaker stage to the fully ripened stage, peaking
at breaker+3 and then declining. ACC oxidase activity
was very low at all stages in transgenic fruits that showed
full-RNAi (Table 2), while in transgenic fruits showing
semi-RNAi, ACC oxidase activity showed the same trend
as that observed in the control fruit except that the activity
was fivefold lower than in the latter, resulting in a slower
ripening process (Table 2).

We also determined the level of ACC oxidase protein
in the fruits of the control plant and in those showing
ACC oxidase non-RNAi, semi-RNAi, and full-RNAi at
the mature-green, breaker+3, breaker+8, and breaker+10
stages. The accumulation of ACC oxidase protein was
found to be correlated with the degree of prolonged
ripening and RNA abundance. The greatest abundance of
protein was found in control Hezuo 906 fruit, where it
increased from a low level in mature-green fruit, peaked
at the breaker+3 stage before declining at breaker+8

(Fig. 6a). ACC oxidase protein was weakly expressed in
fruits showing semi-RNAi (Fig. 6c) and was not detected
at levels above background in tomato fruits exhibiting
full-RNAi (Fig. 6b). The level of ACC oxidase protein in
fruits of non-RNAi transgenic plants was the same as in
those of the control plants (Fig. 6d).

Ethylene production

Ethylene levels were measured during ripening (Fig. 7a).
In control fruits, ethylene production peaked at the
breaker+3 stage and then declined. In full-RNAi fruits,
ethylene was produced at a very low rate continuously
but was only 1% of the level observed in the control. In
semi-RNAi fruits, ethylene production showed the same
trend as that in the control but at a level nearly threefold
lower. Ethylene production in non-RNAi fruits was
similar to that of the control (Fig. 7a).

Fig. 5 ACC oxidase RNA gel blot analysis and a comparison of
fruit RNA abundance in control and transgenic tomato plants at
different stages of fruit development. Total RNA was separated by
gel electrophoresis on a 1.2% agarose gel, blotted onto a nylon
membrane, fixed to the membrane using a UV cross-linker, and
hybridized with a-[32P]-CTP-labeled ACC oxidase RNA probes.

Lanes: M Mature green, B+3 breaker+3 days, B+8 breaker+8 days,
B+10 breaker+10 days. Equal loading was confirmed by rehy-
bridization with a probe for 18s rRNA. a Control tomato fruit
(Hezuo 906), b OACCRi1, full-RNAi, c OACCRi2, full-RNAi,
d OACCRi2, semi-RNAi, e OACCRi2, non-RNAi

Table 2 ACC oxidase enzyme activities at different stages of control (Hezuo 906), full-RNAi, semi-RNAi, and non-RNAi tomato fruits
transformed with two constructs, OACCRi1 and OACCRi2

Stages ACC oxidase activity (nl ethylene mg�1 protein�1) in fruits of:

Control Full-RNAi Semi-RNAi Non-RNAi

OACCRi1 OACCRi2 OACCRi1 OACCRi2 OACCRi1 OACCRi2

Mature green 9.85 0.23 0.25 2.50 2.36 8.89 9.01
Breaker+3 188.15 0.31 0.36 35.64 33.28 168.51 199.2
Breaker+8 75.24 0.28 0.22 12.31 11.29 63.52 68.21
Breaker+10 35.62 0.20 0.18 5.36 4.98 32.12 35.12

Fig. 6 Western blot analysis of the ACC oxidase protein accu-
mulation. Protein samples were electrophoresed on 12% SDS-
polyacrylamide gels and transferred to a nitrocellulose membrane.
The blots were blocked with non-fat dry milk, washed, and then
incubated with polyclonal anti-ACC oxidase antibodies. M Mature

green, B+3 breaker+3 days, B+8 breaker+8 days, B+10 break-
er+10 days. a Control tomato fruit (Hezuo 906), b ACC oxidase
full-RNAi tomato fruit, c ACC oxidase semi-RNAi tomato fruit,
d ACC oxidase non-RNAi tomato fruit
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Ethylene levels were also measured in wounded leaves
(Fig. 7b). In the wounded leaves of the control plant,
ethylene production was rapidly induced within 30 min,
peaked at about 2 h after wounding, and then declined.
This trend was repeated in wounded leaves showing non-
RNAi. In leaves that exhibited full-RNAi ethylene pro-
duction was only detectable 2 h after wounding, and at
only 0.5% of that of the control plant. In wounded leaves
showing semi-RNAi, ethylene production was only 20–
30% of that observed in the control leaves at different
times following wounding (Fig. 7b). These results indi-
cate that the ethylene production rate of ripened fruits and

leaves was significantly inhibited in the ACC oxidase
semi-RNA interference plant, and it was almost com-
pletely repressed as a result of ACC oxidase RNA inter-
ference in those plants expressing RNA interference.

Discussion

During the last decade, various groups have shown that
cells are capable of shutting down or silencing genes in a
number of novel ways. Two types of anti-mRNA strate-
gies can be distinguished: one is single-stranded sense-

Fig. 7 Ethylene production in
tomato fruit during ripening and
in wounded leaves. a Ethylene
production in transformants and
wild-type tomato fruit during
ripening. b Inhibition of ethyl-
ene production in wounded
leaves of transformants and
wild-type plant
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mRNA (Di Serio et al. 2001) with antisense-mRNA
(D’Aoust et al. 1999; Hackett et al. 2000; Kurreck 2003),
and the other is RNA interference induced by dsRNA
(Bernstein et al. 2001; Sharp 2001; Zamore 2001). When
RNA-induced silencing was first discovered in transgenic
plants, it was termed PTGS (Bosher and Labouesse 2000;
Hutvagner et al. 2000). It has since been found to be
closely related to the phenomenon of RNAi in other or-
ganisms (Klahre et al. 2002; Boutla et al. 2002).

In the investigation reported here, we examined the
efficacy of employing the RNAi strategy to knockout and
knockdown the ACC oxidase gene, which is involved in
the last step of the biosynthesis of ethylene, a key inducer
of the ripening process of climacteric fruits like tomato.
The knockout or knockdown of ACC oxidase should re-
duce or block ethylene biosynthesis and, consequently,
prolong the shelf life of tomato. We obtained transgenic
tomatoes that showed a full spectrum of RNAi (non-,
semi-, and full-RNAi) on ACC oxidase gene expression at
the level of mRNA, protein, protein activity, ethylene
production, ripening, and fruit shelf life; the latter ranged
from a normal 15 days (control, non-RNAi) to a prolonged
120 days. Part of the wide variation of the RNAi effect is
related to the constructs, or the linker length between the
sense and antisense fragment of the ACC oxidase gene. In
transgenic OACCRi1 tomato plants, in which dsRNA is
linked with a long, 1,002-bp fragment, most of the fruit
showed a non-RNAi effect, some showed a semi-RNAi
effect, while less than 10% showed a full-RNAi effect.
This result indicates that only in 10% of the transgenic
tomato plants was the ACC oxidase gene shut down, even
though the other 90% of the transgenic tomato plants were
confirmed to have transformed the dsRNA expression
units into the genome DNA. However, when we used
another dsRNA construction, OACCRi2, in which the
dsRNA was linked to a short fragment (7 nt), we obtained
opposite results. Most of the transgenic plants exhibited a
full-RNAi effect, some showed a semi-RNAi effect, and
only 13% of transgenic plants expressed a non-RNAi ef-
fect. In a study by Wesley et al. (Wesley et al. 2001), a
560-nt GUS link was used, but in our research the link was
a 1,002-bp artificial sequence bias of the typical plant
codon usage. Our results suggest that the short linker is
more efficient than the long linker in producing the RNAi
effect in transgenic plants.

The wide spectrum of RNAi effect generated by the
same construct, from very weak to very strong, suggests
that there are other components which are either involved
in or influence the RNAi, or PTGS. It has been shown that
almost 85% (Wesley et al. 2001) or 100% (Smith et al.
2000) of the plants transformed with an intron-containing
hairpin RNA construct can be silenced. However, in our
investigation, only 9.6–69.0% of the tomato plants trans-
formed with a dsRNA construct showed silencing. One
explanation for the difference in percentage of silencing
may be that in our constructs a very highly modified 35S
promoter fragment with a duplicated enhancer was used
to drive the expression of the OACCRi unit. Another 35S
promoter, which drove the modified nptII resistance gene,

may have caused some interference with the 35S pro-
moter that controls the OACCRi unit, depending on the
position of the insertion and interaction with chromatins.
It may also be possible that tomato cultivar Hezuo 906
could partially resist RNAi as shown in some other plants
(Fire 1999; Chuang and Meyerowitz 2000).

It is well known that ethylene plays a crucial role in the
initiation and development of ripening in tomato fruits.
Manipulation of ethylene production—in particular, re-
ducing its production—has been widely used in tomato to
delay senescence and prolong the shelf life of the fruit.
Previous researchers have genetically engineered tomato
with genes like the antisense ACC oxidase gene (Ye et al.
1996), the antisense ACC synthase (Yao et al. 1999), and
the double-antisense ACC oxidase and ACC synthase
fusion gene (Xiong et al. 2003), and some low ethylene-
producing tomato lines whose fruit have an extended shelf
life have been obtained. We have demonstrated here a
RNAi-mediated gene silencing for the ACC oxidase gene
and have successfully generated transgenic tomato plants
that produce trace levels of ethylene and exhibit a pro-
longed shelf life, with similar levels of total soluble sugar,
titratable acid, amino acids, and total soluble solids as the
control plants.
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