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Abstract
Speciﬁc fragments of the sugarcane mosaic virus (SCMV) coat protein gene (cp) were ampliﬁed by reverse transcriptionpolymerase chain reaction and used to construct a marker free small interfering RNA complex expression vector against
SCMV. In planta transformation was performed on maize (Zea mays) inbred line 8112 mediated by Agrobacterium tumefaciens. PCR and Southern blot analyses demonstrated successful integration of the cp segment into the 8112 genome. The in
planta transformation frequency was 0.1%, and the cotransformed frequency with the cp and bar genes was 0.034%. Realtime quantitative PCR of samples from different transgenic plant organs showed that the expression of the cp gene fragment in
transgenic plants was variable and that the highest expression level occurred in the tassels and leaves and the lowest expression
occurred in the roots. Real-time quantitative PCR was also used to measure how gene expression in transgenic T2 generation plants inoculated with SCMV changes over time. The results showed that the hairpin RNA structure transcribed from the
cp gene interfered with SCMV infection and transgenic maize lines were not equally effective in preventing SCMV infection. Our ﬁndings provide a valuable tool for controlling plant viruses using RNA interference and the posttranslational gene
silencing approach.
[Gan D., Ding F., Zhuang D., Jiang H., Jiang T., Zhu S. and Cheng B. 2014 Application of RNA interference methodology to investigate and
develop SCMV resistance in maize. J. Genet. 93, 305–311]

Introduction
Maize (Zea mays) is one of the world’s most important
crops and is used for a number of purposes such as feeding humans and livestock, and for industrial applications
(Sanjeev et al. 2014). However, maize production and quality are signiﬁcantly affected by pathogenic diseases, and in
particular maize dwarf mosaic disease, which is caused by
sugarcane mosaic virus (SCMV) and maize dwarf mosaic
virus (MDMV) (Ma 2008; Meyer and Pataky 2010). MDMV
is common in North America, Europe and Australia (Tobias
and Palkovics 2004; Ilbagi et al. 2006; Achon et al. 2007;
Gell et al. 2010; Jones et al. 2011), and SCMV is prevalent
in countries such as China (Jiang and Zhou 2002; Jiang et al.
2003), Brazil (Goncalves et al. 2011), Venezuela (Barrientos
et al. 2006) and Chile (Giolitti et al. 2005). SCMV results in
serious disease with systemic mosaic symptoms and a subsequent substantial loss in yield. Research in India has focussed
∗ For correspondence. E-mail: beijiucheng@ahau.edu.cn.

on its causative mosaic in sugarcane, and many new variants
of SCMV causing sugarcane mosaic were identiﬁed (Gaur
et al. 2003; Viswanathan et al. 2009).
At present, disease caused by SCMV and MDMV is controlled primarily using resistant hybrids. Pesticides have also
been used to prevent maize from being infected by maize
dwarf mosaic disease, but pesticides are costly and environmentally unfriendly. Moreover, it is not efﬁcient to control SCMV by pesticides due to the nonpersistant transmission by aphids. Development of a maize cultivar, i.e. resistant to MDMV or SCMV is therefore an urgent agricultural
priority.
RNA interference (RNAi) is a gene silencing process that
has been used for studies of gene function in plants (You
et al. 2012). It has been used with signiﬁcant success in the
development of virus resistant plants and proven to be an
effective and economical method of inhibition gene expression (Zhang et al. 2010; Zha et al. 2011). RNAi is most
likely evolved as a defence against viruses, which provides a
highly efﬁcient and speciﬁc way for plant viral control using
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double-stranded RNAs (dsRNA) and the posttranscriptional
gene silencing (PTGS) approach.
Currently, virus-resistant transgenic plants are obtained
using virus genes such as the coat protein gene (cp), movement protein gene (mp) and replicase gene (Nib) (Bai et al.
2007). Gan et al. (2010) demonstrated that spraying crude
dsRNA-containing extracts using a bacterial expression system could inhibit SCMV infection and the dsRNA derived
from an upstream region (CP1) was more effective than
a downstream region (CP2) of the SCMV CP gene. To
overcome the low efﬁciency of agronomic protection from
MDMV, hairpin RNA (hpRNA) expression vectors containing inverted repeat sequences that targeted the MDMV cp
gene were transformed into maize by Agrobacterium tumefaciens, and the resistance of the T2 generation was improved
signiﬁcantly (Zhang et al. 2011). Meanwhile, delayed onset
of viral symptoms was also observed in maize plants that
have been genetically transformed with the cp gene from
MDMV (Liu et al. 2005; Zhou et al. 2006). Similarly, maize
inbred lines transformed with the MDMV replicase gene
(Nia, Nib) demonstrated enhanced resistance and agronomic
traits (Bai et al. 2007; Lei et al. 2008).
To select and establish the in planta transformation system of the SCMV cp gene, investigate the effects of
RNAi in virus resistance, we explored a basic principle
of inverted repeat expression vector design. A marker free
short-interfering RNA (siRNA) expression vector of SCMV
cp was constructed into pDTBU M, and transformed into A.
tumefaciens AGL0 strain. Our study illustrates some basic
principles for protecting plants against virus diseases in vivo
and generates further data on gene-silencing in plant virus
infections.

Materials and methods
Plant materials, bacterial strains plasmids and other reagents

Maize inbred line 8112 (susceptible to SCMV) was cultivated in a greenhouse at 25◦ C with a 14-h light/10-h dark
photoperiod, and experiments were conducted when plants
reached the three to four leaf stage. The SCMV (isolated
from maize) was kindly provided by the School of Plant Protection, Anhui Agricultural University, Hefei, China, which

was maintained in maize lamina. A. tumefaciens strain AGL0
and 2T-DNA vector pDTB were preserved in the laboratory.
Restriction enzymes and other chemicals necessary for protocols were obtained from TaKaRa Biotechnology (Dalian,
China).

Plasmid construction and in planta transformation

A cotransformation system via a two T-DNA vector was
used to introduce the selectable marker gene (bar, herbicide
resistance gene) and target gene (cp) into maize inbred line
8112. Speciﬁc primers (listed in table 1, ic fragment (part
from intron and part from cp; 341 bp = 154 bp from intron
+ 187 bp from the cp of SCMV,) were designed based on
the sequences of the intron (derived from potato, a fragment
of the pUCCRNAi vector) (Liu et al. 2009) and the cp gene
of SCMV, and fragments were ampliﬁed by the reverse transcription polymerase chain reaction (RT-PCR) (table 1). To
prepare hairpin RNA (hpRNA) that corresponded to part of
the SCMV cp gene, an inverted repeat sequence of pUCCRNAi+2 F was constructed in the ﬁrst cloning step (Gan
et al. 2010). Meanwhile, the ubiquitin promoter and NOS
terminator were cloned into pDTB (which contains a double T-DNA region, one of T-DNA region includes selecting
marker gene bar (herbicide resistance gene), and the other
T-DNA region includes a universal multiple cloning sites for
inserting target genes) to generate pDTBU. In the third step,
pDTBU and pUCCRNAi+2 F plasmids were digested and
joined together to generate pDTBU M. Plasmids were transformed into A. tumefaciens strain AGL0 using the freezethaw method (Wang et al. 2011).
In planta transformation was performed as described in
Chumakov et al. (2006), Mamontova et al. (2010) and Yang
et al. (2009), with some modiﬁcation. To avoid pollination
before transformation, the ears prior to the ﬂuorescence
were isolated with parchment bags before ﬁlaments split out.
When the ﬁlaments were 5–10 cm long, the parchment bags
were taken off and the young ears were injected with 10 mL
A. tumefaciens (A. tumefaciens line AGL0, containing binary
plasmid pTDBU M with the bar and cp genes). After inoculation, the ears were pollinated using the pollen of the same
cultivar and isolated again.

Table 1. Oligonucleotide primer sequences for bar and SCMV cp.
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Primer

Primer sequence

P1
P2
P3
P4
P5
P6
P7
P8

gcctcgagatgagcccagaacgacg
gcctcgagtcagatctcggtgacgg
cccggatcccagctgactgcaagattcaa
catgtcgactttccgtccagaccgaac
cccggatccctacagagcgatacatgcca
catgtcgactttccgtccagaccgaac
gagccaccgatccagacact
gggattgccgatcgtatgag

Fragment
size (bp)

Function

553

Ampliﬁcation of bar gene

341

Ampliﬁcation of ic fragment

187

Ampliﬁcation of cp gene

110

Ampliﬁcation of maize actin gene

Journal of Genetics, Vol. 93, No. 2, August 2014

SCMV resistance in maize
A total of 56,000 seeds of self-pollination from T0 generation were placed on plates and incubated at 25◦ C with a 14-h
light/10-h dark photoperiod for three weeks with 0.01%
glufosinate herbicide (Basta: Bayer CropScience, Beijing,
China) was sprayed onto four-leaf stage seedlings every ﬁve
days, with a total of three applications.

(Applied Biosystems, USA) using 2× SYBR Green Master Mix Reagent (Applied Biosystems, California, USA) in
a reaction mixture of 25 μL containing SYBR Green master mix 12.5 μL, primer 1 (10 μmol/L) 1.0 μL, primer 2
(10 μmol/L) 1.0 μL, cDNA 0.9 μg, and RNase-free H2 O
added to complete the ﬁnal 25 μL volume. This process was
replicated four times for each tested sample.

DNA isolation, PCR analysis and Southern hybridization

Genomic DNA was extracted from the leaves of herbicideresistant plants and PCR analysis was used to determine if
these organisms were also transgenic. DNA isolation was
performed using EasyPure Genomic DNA Kit (TransGen
Biotechnology, Beijing, China). Primers P1 and P2 were used
to amplify the 553-bp fragment of the bar gene and primers
P3 and P4 were used to amplify the 341 bp of fragment of
the ic fragment (table 1).
Based on the phenotypic value of bar and cp genes, leaf
samples of T0 generation-resistant plants and selected corresponding segregating T1 progeny were evaluated by PCR
analysis to determine the genetic segregation of bar and cp
transgenes. Southern hybridization was used to detect T1
transgenic plants. Genomic DNA was digested with BamHI,
separated on 0.8% agarose gel and transferred to a nylon
membrane. The membrane was probed with a digoxigenin
(DIG)-labelled probe (Roche, Tokyo, Japan) containing ic
fragment (341 bp). Primers P3 and P4 were used for making probe for Southern hybridization, and the hybridized
probes were detected using a DIG-luminescence detection kit
(Roche). The maize inbred line 8112 was used as negative
control.

Disease resistance in transgenic maize

SCMV was inoculated into T2 generation of transgenic maize
plants during the four-leaf stage. First, 600 mesh emery
were scattered on the leaf surface, and then the leaves were
held with the left hand, and the right foreﬁnger dipped in
a small amount of solution (virus solution), friction vaccination lightly from the leaf base to tip twice, and then
washed immediately with water after inoculation, and the
PBS buffer (phosphate buffer) was inoculated as the negative control. The evaluations were carried out to quantify
the mosaic symptoms at 14 d after inoculation, meanwhile
enzyme-linked immuno solvent assay (ELISA) results were
detected at 14 postinoculation (dpi), 21 and 30 dpi. Nontransgenic inbred line 8112 was used as the control. The evaluation of resistance using ELISA was performed as described
by Gan et al. (2010). The ELISA value of the nontransgenic plants (negative control, N) and the transgenic plants
(P) were calculated. It could be considered susceptible if P ≥
2N, otherwise resistant.

Results
Identiﬁcation of cotransformed plants in T0 generation

Expression of target gene

Quantitative RT-PCR (qRT-PCR) was used to evaluate target gene expression in different organs within the same
plant, and at different time points following inoculation with
SCMV. Samples were taken from different organs within the
same plant (root, leaf, thrum, immature ear and tassel); and
samples from T2 generation four leaf stage plants are inoculated with SCMV at the following time points following
inoculation: 0.5, 3, 6, 9, 12 and 24 h.
Transgenic nature was veriﬁed through PCR and Southern blot analyses, and total RNA was isolated from transgenic plant samples using the Trizol reagent (Invitrogen,
USA). Reverse transcription was performed with 1 μg
of total RNA from each sample using gDNA reverse transcription kit (TaKaRa Biotechnology, Dalian, China) according to the manufacturer’s instructions. qRT-PCR ampliﬁcation was performed with speciﬁc oligonucleotides for cp
gene, ic fragment and maize actin-1 housekeeping gene (Lin
et al. 2011). Primers P3 and P4 were used to amplify ic
fragment (341 bp), P5 and P6 were used to amplify the cp
gene fragment (187 bp) and primers P7 and P8 were used
to amplify the maize actin gene fragment (110 bp) (table 1).
qRT-PCR products were ampliﬁed on a 7300 RT-PCR system

Self-pollinated T0 seeds (56,000) injected with A. tumefaciens containing RNAi expression vector with the cp gene
and the selectable marker gene (bar) resulted in a total of
56 glufosinate-resistant plants. It can be concluded that these
surviving plants were transformed with either the bar gene
or cotransformed with cp and bar genes.
Genomic DNA from these plants was ampliﬁed with
primers for the cp and bar genes (ﬁgure 1A). Two bands of
∼300 and 500 bp were ampliﬁed from 19 samples indicating that the cp and bar genes had been ampliﬁed simultaneously and cotransformation had occurred in these plants
(lanes 3, 4, 6 and 9). A single band of ∼500 bp was ampliﬁed in 37 plants, which indicated that only bar gene transformation had occurred in these plants (lanes 5, 7 and 8).
In this study, 0.034% (19/56000) of the surviving plants
had been cotransformed with the cp and bar genes; these
plants were self-pollinated and harvested for subsequent
experimentation.
T1 generation plant segregation and analysis

The seeds (T1 ) of 19 individual progeny harbouring the
cp and bar genes were germinated and genomic DNA was
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analysis. Four plants (lanes 2, 3, 4 and 5) (ﬁgure 2) produced
hybridization signals, with two plants (lanes 2 and 3) producing a single hybridization signal, one plant (lane 4) resulted
in two hybridization signals and one plant (lane 5) gave three
hybridization signals. The latter may indicate that there are
diverse insertions of cp gene into the genome (one copy, two
and three copies). The negative control produced no signal
(lane 6).
Quantitative RT-PCR analysis

Figure 1. PCR analysis of T0 and T1 generation transgenic maize
plants. (A) PCR analysis of T0 generation transgenic maize plants
(replicate numbers were 3). M, DNA marker; lane 1, untransformed
plant (negative control, maize inbred line 8112); lane 2, plasmid
pDTBU M (positive control); lanes 3–9, transgenic plants; the
primers used ampliﬁed 341-bp fragment of ic (154 bp from intron
and 187 bp from SCMV cp) and 553-bp fragment of the bar gene.
(B) PCR analysis of T1 generation transgenic maize plants (replicate numbers were 3). M, DNA marker; lane 1, untransformed plant
(negative control); lane 2, plasmid pDTBU M (positive control);
lanes 3–10, transgenic plants. The primers used ampliﬁed 341-bp
fragment of ic and 553-bp fragment of the bar gene.

isolated from seedling leaves. PCR analysis was performed
to indicate segregation of cp and bar. A band of ∼300 bp
indicated that cp was segregated in these plants (lanes 4, 6
and 9) and a band of ∼500 bp indicated that bar was segregated in these plants (lanes 5 and 10), while two speciﬁc
bands existed in lanes 3 and 8 (ﬁgure 1B). Results showed
that four (which had only cp) of the 19 cotransformed
progeny were segregated.
Based on the segregation results of PCR analysis, four
plants of T1 progeny were chosen for Southern blot

According to the results from Southern blot analysis, quantitative RT-PCR was used to detect cp gene expression in samples from the transgenic maize plants referred in the previous paragraph. The expression of the cp gene (187 bp) was
not equal among organ samples of 0.9 μg cDNA template.
The highest gene expression was observed in the tassels and
leaves while lowest was observed in the roots (ﬁgure 3).
The impact of exogenous virus on induction of ic fragment (341 bp, speciﬁc to the transgenic transcript) expression
was determined by quantitative RT-PCR of samples taken
from T2 resistant plants infected with SCMV at different
times (0.5, 3, 6, 9, 12 and 24 h) following inoculation. The
results showed that target gene expression peaked at 0.5 h
postinoculation, while was at its lowest level at 3 h, and then
gradually increased (ﬁgure 4).
Inhibition of SCMV infection in T2 transgenic plants

SCMV was inoculated into the T2 generation of transgenic
plants and inhibition of virus infection was measured using

21.2 kb

5.1 kb
4.2 kb
3.5 kb

Figure 2. Southern blot analysis of T1 transgenic plants. M,
lambda DNA/EcoR I + Hind III marker; lane 1, plasmid pDTBU
M (positive control); lanes 2–5, transgenic plants; lane 6, negative
control (maize inbred line 8112); M, DNA marker, and the replicate
numbers n = 2.
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Figure 3. Comparison of cp gene expression in the organs of T1
transgenic maize plants. Five organs (root, tassel, thrum, leaf and
ﬂower) are all from plant number 3 referred in ﬁgure 2 (lane 3
in ﬁgure 2), Gene expression was determined by real-time quantitative PCR. The maize actin-1 gene was used for normalization, x
axes are different organs of transgenic plant (root, thrum, ear, tassel and leaf), and y axes are scales of relative expression level. Data
shown are means ± standard error (replicate numbers n = 4).
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and stunting symptoms appeared in nontransgenic plants, and
virus resistance in transgenic plants was signiﬁcantly higher
than that of the control (ﬁgure 5).

Discussion

Figure 4. Expression of ic fragment over time in T2 plants following SCMV inoculation. qRT-PCR showing expression of ic fragment (which is speciﬁc to the transgenic transcript and could not be
ampliﬁed from the virus genome) over time in line 3 plants (those
plants was T1 transgenic offsprings, described above lane 3 in
ﬁgure 2) after SCMV inoculation. Real-time ﬂuorescence quantitative RT-PCR data was normalized using maize actin-1 gene. x axes
are time course (0.5, 3, 6, 9, 12 and 24 h), and y axes are scales
of relative expression level; CK, untransformed plant (maize inbred
line 8112, negative control). Data shown are means ± standard error
(replicate numbers n = 4).

ELISA at 14, 21 and 30 dpi. Line 3 (one copy of cp gene)
was symptom free, and part plants of three lines (1, 2 and 4)
demonstrated signs of disease (table 2). It was observed that
5.1% plants in line 1 (two copies of cp gene); 26.2% plants
in line 2 (three copies of cp gene) and 2.5% plants in line
4 (one copy of cp gene) displayed light disease symptoms
such as chlorotic streaks and mosaic, while the severe mosaic

RNAi is a double-stranded-RNA-mediated sequence-speciﬁc
process that induces posttranscriptional gene silencing and
which is used by plants as a defence mechanism to prevent
insect or viral infection (Lei et al. 2008; Zhang et al. 2010;
Zha et al. 2011). Based on the principle of RNAi, a speciﬁc virus sequence can be used to produce hpRNA structure that can induce RNA silencing and improve disease
resistance in plants. For example, the host-derived RNAi
(the CP-targeted RNAi, MP-targeted RNAi or Nib-targeted
RNAi) could prevent the spread of related virus through the
vectors. Researchers showed transgenic plants that contain
inverted-repeat (IR) constructs speciﬁc for the pC3 gene,
which encodes nucleocapsid protein, and the pC4 gene,
which encodes a viral movement protein were resistant to
infection by rice stripe virus (Shimizu et al. 2011). A hpRNA
structure containing the replicase gene of barley yellow dwarf
virus was transformed into barley, and the transgenic plants
demonstrated strong resistance, which was stably inherited
(Wang et al. 2000). Certainly, the host-derived RNAi could
also prevent spread of SCMV through the vectors. SCMV
Nib gene-speciﬁc sequences were cloned and inserted into
the maize genome, and the results showed that T1 plants
derived from the 14 plants were challenged in a greenhouse with SCMV inoculums and the percentages of resistant
plants in 11 T1 lines were higher than 60%. The percentages
of resistant T2 plants from three lines were higher than 85%

Table 2. Evaluation of viral resistance in T2 transgenic lines.
Transgenic lines
and repilcates
1

2

3

4

CK

14 d

Diseased plants
21 d

30 d

Total
plants

Disease
ratio (%)

Average incidence
rate (%)
5.1bB

Replicate I
Replicate II
Replicate III
Replicate I
Replicate II
Replicate III
Replicate I
Replicate II
Replicate III
Replicate I
Replicate II
Replicate III

0
0
0
4
3
0
0
0
0
0
1
0

0
3
0
10
3
0
0
0
0
0
4
0

0
4
0
16
3
0
0
0
0
0
4
0

23
26
18
24
25
24
20
24
22
25
30
24

0
15.4
0
66.7
12
0
0
0
0
0
7.5
0

Replicate I
Replicate II
Replicate III

8
7
8

23
22
23

26
25
23

30
29
27

86.7
86
85

26.2bB
0bB
2.5bB

85.6aA

Five treatments and three replicates; nontransgenic plants (maize inbred line 8112) were used as negative control (CK). Transgenic line 1,
two copies of cp gene; transgenic line 2, three copies of cp gene; transgenic lines 3–4, one copy of cp gene; a,b , at a signiﬁcance level of
5%; A,B , at a signiﬁcance level of 1%.
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Figure 5. Resistance of T2 generation maize plants to SCMV. SCMV was inoculated into plants at the four-leaf stage.
Evaluations were carried out to quantify the mosaic symptoms and infected plant height for T2 generation plants of the
8112 inbred line. (A) SCMV-resistant plants from T2 generation (line 3), and the disease symptoms were no symptoms;
(B) SCMV-susceptible plants from the T2 generation (lines 1, 2 and 4), and the disease symptoms were light mosaic or
obvious mosaic; (C), nontransgenic plants (maize inbred line 8112), and the disease symptoms were severe mosaic and
stunting.

(Bai et al. 2007). Recently, expression proﬁling was used to
study host-resistance responses and to detect pathogenesisrelated genes by employing time course microarray experiments and it was found that most differentially expressed
genes in the SCMV experiment (75%) were identiﬁed 1 h
after virus inoculation, and about one quarter at multiple time
points (Uzarowska et al. 2009).
In this study, an expression vector against SCMV mediated by A. tumefaciens, and in planta transformation was
performed on maize inbred line 8112. Herbicide selection,
PCR analysis and Southern blot hybridization demonstrated
that the exogenous cp gene was integrated into the maize
genome, and the different insertions (one copy, two and three
copies) led to diversiﬁcation. The expression of the target
gene (cp) was different in each organ, and it was highest
in the tassels and leaves while lowest was observed in the
roots. Meanwhile, the impact of exogenous virus inoculation
showed that the expression of target gene (ic fragment) was
peaked at 0.5 h postinoculation, while it was at its lowest
level at 3 h, and then gradually increased. It might be due to
the hpRNA structure transcribed from the cp gene interfering with SCMV infection and subsequently impact expression of the target gene, and the expression pattern varied with
the time elapsed, which was similar to the expression proﬁling of SCMV experiment by Uzarowska et al. (2009). This
pattern might be related to the mechanical stress which could
be the inductor of transgene (ic fragment) expression per se;
meanwhile, it might also be due to the coordinated response
mechanisms of the virus, host and siRNA; virus infection
acted as a signal to stimulate the expression of endogenous
target gene expression.
Moreover, a hpRNA structure containing the SCMV cp gene
showed resistance to SCMV infection. Evaluation of virus
infection in transgenic plants from the T2 generation showed
that not all transgenic plants containing viral RNAs were
310

equally effective in preventing SCMV infection, the diversiﬁcation may be due to genetically modiﬁed ectopic pairing between multiple copies (such as lines 1 and 2, two or
three copies), and also the different insertion sites (such as
lines 3 and 4, only one copy) on the chromosome. While
most of these plants were capable of inhibiting SCMV infection in comparison to the majority nontransgenic plants, and
the incidence and disease severity of transgenic plants was
reduced to a degree; and these ﬁndings ﬁt with previous
studies (Bai 2004; Zhang et al. 2010; Bai et al. 2007).
Genetic stability of transgenic plants is an important issue.
For example, the hpRNA phenotype was propagated for ﬁve
generations of transgenic Arabidopsis (Stoutjesdijk et al.
2002). The mechanisms of gene silencing include genetically
modiﬁed ectopic pairing between multiple copies, the methylation of genetically modiﬁed sequence, insertion site on a
chromosome and recession after the transcription regulation,
etc. In general, the expression of one copy in transgenic
plants is stable, while high copy numbers may cause the inhibition of gene expression. Studies on the genetic stability of
the SCMV cp gene in transgenic plants and their progeny
in maize are in progress. In future studies on how insertion
position and copy number affect the expression level of the
SCMV cp gene and the application of complementary technologies such as transgenic approaches, infection studies will
enable further in-depth veriﬁcation of the data.
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