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SHORT COMMUNICATION

Full sequence of the coat protein gene is required for the induction 
of pathogen-derived resistance against sugarcane mosaic virus 
in transgenic sugarcane
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Abstract
Sugarcane mosaic virus (SCMV) is a plant pathogenic virus of the family Potyviridae that causes chlorosis, stunting and sig-
nificantly reduced sugar productivity in sugarcane. Pathogen-derived resistance is a method used to develop SCMV-resistant 
sugarcane by overexpression of viral DNA. In this study, the gene encoding the coat protein (CP) of SCMV was amplified 
by reverse transcriptase PCR from symptomatic sugarcane leaves and used to generate transgenic sugarcane. Nucleotide 
sequence analysis of amplified cDNA indicated that the 998-bp-long cDNA, termed ScMVCp cDNA, codes for the CP of 
SCMV from the PS881 isolate. The ScMVCp cDNA was inserted into the binary vector pRI101-ON with two constructs, a 
full nucleotide sequence (p927) and a sequence coding for N-terminally truncated protein (p702). The constructs were then 
introduced into sugarcane using Agrobacterium-mediated transformation. Southern blot analysis showed a single hybrid-
ized DNA copy inserted into the genome of transgenic sugarcane lines. The inserted genes were expressed at both the RNA 
transcript and protein levels in the transgenic sugarcane. The highest expression was found in transgenic lines 10, 11 and 13 
from the p927 construct. Artificial infection by the virus showed that p927 generated a higher resistance to virus compared 
with p702. This resistance was passed on to the second generation of transgenic sugarcane with 100 and 20–40% levels of 
resistance in the p927 and p702 transgenic lines, respectively. This report shows that the full sequence of the CP gene is 
required to disrupt viral assembly and packaging, thereby generating resistance to SCMV infection.

Keywords  Sugarcane mosaic virus · Pathogen derived resistance · Coat protein · Full DNA sequence · N-terminal deletion · 
SCMV-resistant sugarcane

Introduction

Sugarcane (Saccharum spp. hybrids) is an important sugar-
producing plant grown in warm sub-tropical to tropical 
regions. The growth and production of sugarcane is affected 
by various environmental conditions, such as abiotic and 
biotic stresses. One of the most serious biotic stresses is 
sugarcane mosaic, a disease caused by the sugarcane mosaic 
virus (SCMV). Infection by the virus causes chloroplast 
damage, decreased photosynthesis and a sugar productiv-
ity loss of approximately 20–50% [1, 2]. Recently, we have 
found that the mosaic symptom is spread widely among sug-
arcane plants in Indonesia, with 78 and 65% disease inci-
dence and severity, respectively [3]. SCMV has also been 
reported as the dominant viral pathogen in several coun-
tries, such as Argentina [4] and Cuba [5], while in China, 
SrMV (Sorghum mosaic virus) is a major sugarcane mosaic 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1103​3-018-4326-1) contains 
supplementary material, which is available to authorized users.

 *	 Bambang Sugiharto 
	 sugiharto.fmipa@unej.ac.id

1	 Postgraduate Program for Biotechnology, University 
of Jember, Jember, Indonesia

2	 Center for Development of Advanced Science 
and Technology (CDAST), University of Jember, 
Jl. Kalimantan No 37, Kampus Tegalboto, Jember 68121, 
Indonesia

3	 Division of Biotechnology, PT. Perkebunan Nusantara XI, 
Surabaya, Indonesia

4	 Division of Protein Chemistry, Institute for Protein Research, 
Osaka University, Suita, Osaka, Japan

5	 Department of Biology, Faculty of Mathematic and Natural 
Science, University of Jember, Jember, Indonesia

Digital Repository Universitas Jember

http://orcid.org/0000-0002-3524-0616
http://orcid.org/0000-0003-2357-5782
http://orcid.org/0000-0002-8650-1564
http://orcid.org/0000-0002-9134-5682
http://orcid.org/0000-0002-0631-3900
http://orcid.org/0000-0002-8125-1893
http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-018-4326-1&domain=pdf
https://doi.org/10.1007/s11033-018-4326-1
http://repository.unej.ac.id/
http://repository.unej.ac.id/


2750	 Molecular Biology Reports (2018) 45:2749–2758

1 3

disease, rather than SCMV [6]. Thus, several strategies have 
been developed to overcome SCMV infection, such as viral 
elimination using meristematic culture or antivirus and hot 
water treatments [7–9]. However, these methods are not able 
to fully protect against the spread of SCMV infection in 
sugarcane fields [10].

There are a range of strategies to obtain virus-resistant 
plants, either through introducing genes that confer natural 
resistance in susceptible plants through conventional breed-
ing programmes or through genetic engineering. Expression 
in transgenic plants of viral genes or nucleotide sequences 
derived from a virus is referred to as pathogen-derived 
resistance (PDR), and this expression can induce resistance 
[10, 11]. The gene coding for coat protein (CP) has been 
widely used to induce resistance in plants since the first 
reported CP was able to mediate resistance against tobacco 
mosaic virus (TMV) in transgenic Nicotiana tabacum [12]. 
Since that time, many transgenic plants resistant to the virus 
have been developed using CP-mediated resistance (CPMR) 
in cases such as soybean mosaic virus (SMV) [13] and soy-
bean dwarf virus (SbDV) [14] in soybeans and cucumber 
mosaic virus (CMV) in N. tabacum [15]. In addition, a trans-
genic sugarcane line resistant to SCMV has also been exam-
ined for agronomic performance and yield characteristics in 
the field [16]. However, the report of transgenic sugarcane 
resistance to SCMV lacked evidence from molecular analy-
ses and only focused on the field performance of transgenic 
SCMV-resistant sugarcane.

SCMV belongs to the Potyvirus subgroup and is a posi-
tive sense single-stranded RNA virus with an open read-
ing frame and an approximately 10 kb genome encoding 
for 10 functional proteins, including a CP that is located 
at the C-terminus [17]. The complete genomes of SCMV 
isolated from several geographic regions, such as from 
Argentina (JX237862.1), Australia (AJ278405), China 
(AF494510.1, JN021933.1), Iran (KT895081.1), and Mex-
ico (GU474635.1), have been published in the NCBI Gen-
Bank database. The CPMR mechanism postulates that CP 
expression in host plants involves blocking disassembly of 
the infecting virus [10]. However, it has been suggested that 
the effectiveness of resistance is determined by the level of 
amino acid sequence similarity of CP between the transgenic 
plant and the infecting virus [11, 18]. For example, a muta-
tion of the TMV virus containing the amino or carboxyl 
termini was unable to overcome CPMR in transgenic plants 
that contained TMV CP [19]. A similar result was reported 
in barley plants, where deletion of the N-terminus of the CP 
from bromo mosaic virus (BMV) failed to either package 
viral RNA in protoplasts or affect systemic infection [20]. 
In this study, we cloned the cDNA for the CP of SCMV 
from sugarcane cultivar PS-881 and constructed a binary 
vector with either the full nucleotide sequence (p927) or 
the sequence coding for N-terminally truncated CP (p702) 

to induce resistance in transgenic sugarcane. We found that 
expression of the full sequence induced resistance against 
SCMV in the transgenic sugarcane, unlike the sequence 
encoding N-terminally truncated protein. A possible role of 
the N-terminal CP sequence in the binding of viral RNA and 
encapsulation is discussed. The results suggest that overex-
pression of the full-sequence CP cDNA is more efficacious 
compared to the N-terminally truncated CP cDNA.

Materials and methods

Cloning of coat protein cDNA and its binary vector 
construct

Cloning of cDNA coding for CP of SCMV was conducted 
by reverse transcriptase PCR (RT-PCR) using total RNA 
isolated from symptomatic leaves of sugarcane cultivar 
PS-881, and the cDNA was named ScMVCp-cDNA [21]. 
It was reported that asp-ala-gly (DAG) amino acid residues 
located at the N-terminus were identified as the conserved 
motif for SCMV transmission by aphids [22, 23]. To study 
the effect of N-terminal truncation, two binary constructs 
were prepared since the ScMVCp-cDNA contained two 
deduced amino acid DAG sites. The first DAG was located 
at the N-terminus, and the second was located 74 amino 
acids downstream of the first (Fig. S1). The first construct 
was prepared by amplification of the cDNA using a forward 
primer containing an additional NdeI site (F1) and a reverse 
primer with a BamHI site (R1) that contained start and stop 
codons, respectively (Table 1). The second construct was 
prepared using the same approach, with a forward primer 
containing an NdeI site (F2) and a BamHI site (R1). The 
amplified cDNAs were digested with the corresponding 
restriction enzymes and inserted in a pRION101 binary vec-
tor (Takara, Japan). The resulting first and second constructs 
were named as full sequence (p927) and N-terminal deletion 
(p702) constructs, respectively (Fig. 1). The correct cDNA 
insertions were confirmed with restriction enzyme diges-
tions (Fig. S2) and nucleotide sequence determinations.

Agrobacterium co‑cultivation and transformant 
selection

Sugarcane in vitro shoots were used as explants for Agro-
bacterium-mediated transformation. The sugarcane shoot 
was prepared by the micropropagation of meristematic api-
cal tissue isolated from 4 to 5-month-old field growth of 
the commercial sugarcane cultivar Bululawang (BL). The 
transformation was conducted using Agrobacterium tume-
faciens strain GV 3101 that harboured the constructs, either 
p927 (pRION-927) or p702 (pRION-702), according to the 
method previously described [24]. After Agrobacterium 
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co-cultivation for 3 days, the infected explant was incubated 
on selection MS basal medium containing 75 ppm kana-
mycin. The selection was performed for 3 weeks, and after 
five successive cycles in the selection medium, the explant 
was acclimated in a growth chamber under illumination for 
4 weeks. The transformed sugarcane was transplanted into 
a greenhouse for the analysis and evaluation of resistance 
against SCMV.

Genomic analysis by PCR and Southern blotting

Genomic DNA was extracted from 4 g of leaves of the trans-
formed sugarcane grown in the greenhouse according to the 
method previously described [25] with minor modifications. 
The sugarcane leaves were pulverized under liquid nitrogen 
in a mortar and pestle, and then the frozen leaf powder was 
continuously ground in 8 mL of extraction buffer containing 
100 mM Tris–HCl (pH 8), 50 mM EDTA, 500 mM NaCl, 
1% SDS and 5 mM 2-mercaptoethanol. After incubation at 
65 °C for 10 min, 4 mL of 5 M potassium acetate was added, 
and the sample was incubated on ice for 10 min. The pellet 

debris was separated by centrifugation at 12,000×g at 4 °C 
for 10 min, the DNA was precipitated by adding 0.8-fold 
isopropanol to the supernatant, and the sample was then 
incubated at − 20 °C for an hour. The DNA was recovered 
by centrifugation at 12,000×g at 4 °C for 10 min, and the 
DNA pellet was dissolved in 0.5 mL of 10 mM TE buffer. 
The RNA was removed by the addition of RNAse, and DNA 
was precipitated by ethanol precipitation. The DNA was 
recovered by centrifugation at 12,000×g at 4 °C for 10 min, 
and the pelleted DNA was dissolved in 100 µL of TE buffer 
and stored at − 20 °C until analysis. The DNA amount was 
measured using a NanoVue spectrophotometer (GE Health-
care, USA) at 260 nm.

To detect the presence of the introduced ScMVCp gene 
in the genomic DNA, PCR analysis was carried out using 
a master mix kit (Roche, Germany) and pairs of primers, 
F1–R1 and F2–R1 for detection of p927 and p702 genes, 
respectively. In addition, a pair of primers, F3 and R3, was 
applied for detection of the nptII gene. The PCR reaction 
was performed in a T100 thermal cycler (Bio-Rad, USA) 
using pre-denaturation at 95 °C for 3 min, followed by 30 

Table 1   Oligonucleotide 
primers used in this study

Primer names Sequence (5′–3′) Product (bp) Target genes

F1 GAC​ATA​TGG​ATG​TAG​ATG​CTG​GTA​CGACA​ 927 ScMVCp-p927
F2 CCC​CAT​ATG​ACA​GTC​GAT​GCA​GGT​GCTC​ 725 ScMVCp-p702
R1 ATG​GAT​CCT​AGT​GGT​GCT​GCT​GCA​CTCCC​ 950–725 ScMVCp-p927 

and ScMVCp-
p702

F3 TGA​ATG​AAC​TGC​AGG​ACG​AG 550 npt II
R3 AGC​CAA​CGT​ATG​TCC​TGA​T 550 npt II
F4 GCA​ACT​GGG​ATG​ACA​TGG​AG 568 Actin
R4 ATG​GCT​GGA​AGA​GGA​CCT​CAG​ 568 Actin
F5 GCC​ATA​CTC​GAG​TGG​GAT​CG 483 Nib-Cp
R5 CCT​TGT​CTC​TTT​GGC​CTC​CTG​ 483 Nib-Cp

Fig. 1   Schematic diagrams representing the p927 and p702 con-
structs. a Construct p927 and b Construct p702 containing 35S, 
Cauliflower mosaic virus promoter; NosT, nopaline synthase gene 
terminator; NosP, nopaline synthase gene promoter; nptII, neomycin 

phosphotransferase II gene (kanamycin resistance gene); OsADH, 
5′-UTR rice ADH; RB and LB, T-DNA right and left border, respec-
tively
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cycles of denaturation at 95 °C for 30 s, annealing at 63 °C 
for 30 s, and extension at 72 °C for 1 min, and a final exten-
sion at 72 °C for 5 min. The PCR product was run on 1% 
agarose gel, stained with ethidium bromide and documented 
on GelDoc.

Southern blot analysis was performed by digestion of 
20 µg of the genomic DNA with the restriction enzymes 
HindIII or BamHI at 37 °C overnight. The digested DNA 
was separated on a 1% agarose gel and transferred to an 
Amersham Hybond N+ membrane (GE Healthcare, UK). 
The gel was soaked in 0.25 M HCl for 15 min for depu-
rination and then rinsed with autoclaved H2O. The DNA 
was denatured with a solution containing 0.5 N NaOH and 
1.5 M NaCl; then, after washing, the DNA was transferred 
to a Hybond N+ nitrocellulose membrane using capillary 
transfer. The DNA was hybridized with a DIG-labelled DNA 
probe (Roche, Germany) overnight at 42 °C with gentle agi-
tation. The DNA probe was prepared by amplification of 
ScMVCp-cDNA by PCR using the primers F2 and R1; it 
was then labelled with DIG. The processes of probe prepara-
tion and washing of the membrane to remove the unbound 
probe were performed according to the method described in 
the manufacturer’s instructions (Roche). Hybridization was 
visualized by exposing the membrane to X-ray Fuji Film.

Semi‑quantitative RT‑PCR and western blot analysis

The expression of the transgene CP (ScMVCp) was deter-
mined in the transgenic sugarcane leaves using semi-quanti-
tative RT-PCR. The sugarcane leaves (0.5 g) were pulverized 
under liquid nitrogen, and total RNA was isolated using an 
RNA isolation kit according to the manufacturer’s instruc-
tions (Tiangen, China). The total RNA was dissolved in 
50 µL of autoclaved pure H2O, and the content was meas-
ured using a NanoVue spectrophotometer (GE Healthcare, 
USA) at 260 nm. Then, 1 µg of total RNA was converted 
into cDNA using RT and an oligo-dT primer (Bio-Rad, 
USA). The resulting cDNA was used for PCR amplifica-
tion at 25 cycles with the primer pairs F1–R1 or F2–R1, as 
described in the previous section. To differentiate between 
the transgene and viral RNA, the F5 and R5 primer pair was 
used for RT-PCR to amplify corresponding cDNA from the 
Nib gene, located in the upstream region of the Cp gene. 
This pair of primers only amplified the viral RNA and not 
RNA resulting from transgene expression. The PCR prod-
ucts were run on a 1% agarose gel and visualized with Gel-
Doc. To ensure that the same amount of total RNA was used, 
Actin was used as the reference gene, and expression was 
determined using primer pairs F4 and R4 (Table 1).

The expression protein levels of CP in the transgenic sug-
arcane were determined by western blot analysis. Approxi-
mately 2 g of the transgenic sugarcane leaves was pulverized 
in liquid nitrogen and continuously ground in the extraction 

buffer containing 50 mM Tris–HCl (pH 7.5), 2.5 mM EDTA, 
1 mM phenylmethylsulfonyl fluoride, 10 mM 2-mercaptoe-
thanol and 2% polyvinylpolypyrrolidone (PVP). Soluble and 
insoluble protein fractions were separated by centrifugation at 
14,000×g at 4 °C for 10 min. The insoluble protein was then 
solubilized in a buffer containing 50 mM Tris–HCl (pH 8.5), 
1 mM EDTA, 2% SDS, and 30% sucrose, and the protein frac-
tion was collected by centrifugation at 12,000×g for 10 min. 
The soluble and insoluble proteins were separated by SDS-
PAGE (12.5% acrylamide) and transferred onto Immobilon-P 
transfer membrane (Millipore) using a semi-dry trans-blotter 
(Bio-Rad, USA). The membrane was washed with Tris-buff-
ered saline (TBS) three times, followed by blocking of the 
membrane with 0.5% skim milk. The membrane was then 
incubated with antiserum against the recombinant CP protein 
[20] diluted in TBS containing 0.5% skim milk (1:3000) over-
night at room temperature with gentle agitation. After washing 
three times with TBS, the membrane was incubated with a 
secondary antibody goat anti-rabbit IgG alkaline phosphatase 
(AP)-conjugate (Bio-Rad) at 1:3000 dilution for 60 min at 
room temperature. The CP band was visualized by incuba-
tion of the membrane with a mixture of the substrate BCIP 
(5-bromo-4-chloro 3-indolyl-phosphate) and NBT (nitro blue 
tetrazolium) (Bio-Rad, USA).

Mechanical inoculation

The viral resistance of the transgenic sugarcane was evaluated 
by mechanical inoculation according to the method previously 
described [3]. Approximately 2 g of sugarcane leaves of the 
cultivar PS881 with typical mosaic SCMV symptoms was 
harvested and ground in 10 mL of 0.1 M phosphate buffer 
(pH 8.0) containing 2% PVP (polyvinylpyrrolidone) using 
a mortar and pestle. The homogenate plant sap was filtered 
and used for mechanical inoculation by rubbing it, along 
with carborundum as an abrasive material, on healthy, fully 
expanded 2-month-old transgenic sugarcane leaves grown in 
a greenhouse, and then rinsing the leaves with sterile water to 
remove unnecessary materials. To maximize viral infection, 
the inoculated sugarcane plants were incubated 24 h before and 
after mechanical inoculation in a dark room. The development 
of newly emerging symptomatic leaves was observed daily for 
40 days post-inoculation (dpi). The sugarcane was classified 
as resistant or susceptible, according to the degree of develop-
ment of symptomatic leaves [3].
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Results

Cloning of the coat protein gene and generation 
of transgenic sugarcane

Cloning of the cDNA for CP of SCMV was conducted 
to develop transgenic sugarcane resistant to the virus. 
Amplification of CP cDNA by RT-PCR obtained a single 
cDNA band with a molecular size of approximately 1.0 kb. 
The sequence analysis revealed that the cDNA contained 
998 bp nucleotides and had a high homology with the 
cDNAs for CPs of the virus isolates from Argentina (AGR-
130: JX237868.1 and AGR-345: JX2378651), Australia 
(Brisbane: AJ278405.1), China (FZ-C1: KR108212.1), 
Brazil (BR08: DQ315492.1), Mexico (VER1: EU091075) 
and Vietnam (VN/AR1: DQ925432.1) (Fig.  S1). The 
nucleotide sequences of the cDNA for CP have been sub-
mitted to the NCBI GenBank database and named ScM-
VCp-cDNA isolate Jember PS881.

Confirmation of transgene integration by PCR 
and Southern blot analysis

To examine the effect of the CP N-terminal deletion on viral 
resistance, ScMVCp-cDNA was used to construct two binary 
vectors containing either the full nucleotide sequence (p927) 
or the sequence coding for N-terminally truncated protein 
(p702), which encoded 309 and 234 amino acid residues, 
respectively. These constructs were then introduced into sug-
arcane cultivar BL using the Agrobacterium-mediated trans-
formation method previously reported [24]. As expected, 
the utilization of sugarcane shoots as explants resulted in a 
high transformation efficiency (4–10%). PCR analysis using 
the primers F1–R1 and F2–R1 revealed the amplification 
of the corresponding DNA in transgenic, but not wild-type 
(WT), sugarcane. The Agrobacterium harbouring the p927 
and p702 constructs resulted in DNA bands with molecular 
sizes of 950 and 725 bp, respectively, in transgenic sugar-
cane (Fig. 2a). These results showed that the DNA resulted 
from the integration of the transgenic DNA into the sugar-
cane genome and was not the viral RNA genome of SCMV.

Fig. 2   PCR amplification 
and Southern blot analysis of 
sugarcane leaf genomic DNA. 
The genomic DNA was isolated 
from the leaves of transgenic 
and wild-type (WT) sugarcane 
and used for analysis. a Nucleo-
tide primer pairs F1–R1 and 
F2–R1 were used for PCR to 
amplify the p927 (upper panel) 
and p702 (lower panel) genes, 
respectively. b Southern blot 
analysis was carried out accord-
ing to the method described 
in “Materials and methods” 
section. Lines 10, 11, and 13 
and lines 16 and 21 are digested 
genomic DNA from p927 and 
p702 transgenic sugarcane, 
respectively. WT wild-type 
sugarcane, P+ p702 DNA 
construct, P− pRION plasmid 
without insert, M molecular 
marker for DNA
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To confirm the insertion of the transgene ScMVCp 
DNA, Southern blot analysis was conducted using a DNA 
genome isolated from leaves of five lines of transgenic 
sugarcane. The DNA was digested by restriction enzymes 
and hybridized with DIG-labelled ScMVCp DNA. The 
Southern blot analysis showed that all five lines of the 
transgenic sugarcane displayed a single hybridized DNA 
copy with a difference in molecular size. In contrast, the 
hybridized DNA was not found in the genome of the WT 
plant (Fig. 2b). These results confirmed that a single copy 
of the ScMVCp gene was integrated into the genome of 
the transgenic sugarcane.

Detection of ScMVCp gene expression in transgenic 
sugarcane

To observe whether the inserted ScMVCp genes were 
expressed in the transgenic sugarcane, semi-quantitative 
RT-PCR was conducted to detect ScMVCp expression at 
the RNA transcript level. Actin gene transcription was used 
as an internal control to normalize variations in the total 
RNA amount. The results show that the inserted ScMVCp 
was expressed in the transgenic sugarcane, but not in the 
WT sugarcane. The expression of the transgene was clearly 
observed in the transgenic lines generated from the p927 
and p702 constructs (Fig. 3a). The highest expression lev-
els were found in transgenic sugarcane lines 10, 11, and 13 

Fig. 3   Expression of the p927 
and p702 genes at the RNA 
transcript and protein levels. a 
Total RNA was isolated from 
the leaves of transgenic and 
wild-type (WT) sugarcane, 
and the RNA transcript levels 
of the p927 and p702 genes 
were determined by RT-PCR 
for 25 cycles (see “Materials 
and methods” section). Actin 
gene expression was used as 
the reference. b Insoluble and 
soluble proteins were extracted 
from the leaves of transgenic 
and WT sugarcane, and the 
protein (30 µg) was subjected 
to western blot analysis using 
a polyclonal antibody against 
recombinant CP, as described 
in “Materials and methods” 
section. M molecular marker for 
DNA or protein
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generated from the p927 construct and were increased to a 
lesser extent in lines 5 and 8. These increases in expression 
levels resulted from the insertion of the ScMVCp genes and 
not from variations in RNA content. The expression of Actin 
as the control of gene expression was at the same level in all 
of the sugarcane examined (Fig. 3a).

The CP levels expressed from the ScMVCp genes in the 
leaves of transgenic sugarcane were determined by western 
blot using a polyclonal antibody against the recombinant CP 
protein [21]. Soluble and insoluble proteins were extracted 
from the leaves and subjected to immunodiagnostics. The 
predicted CP molecular sizes using the online software 
Expasy (http://web.expas​y.org) were matched with CP bands 
with molecular sizes of 33.3 and 26.9 kDa in the trans-
genic sugarcane, which resulted from the p927 and p702 
constructs, respectively. CP levels increased according to 
mRNA transcript levels in transgenic sugarcane and were 
not found in the WT sugarcane (Fig. 3b). As expected, the 
highest CP levels were found in transgenic sugarcane lines 
10, 11, and 13 generated from p927, and sharply increased 
in p702. Interestingly, the CP generated from the full p927 
sequence was expressed as insoluble protein, but the CP 
from the N-terminal truncation p702 produced a soluble 
protein (Fig. S3). The insolubility of transgene protein p927 
may be due to the presence of basic amino acid residues at 
the N-terminal sequence (Fig. S1), that play a role in bind-
ing encapsidated RNA [20]. These results imply that the 
N-terminal sequence of ScMVCp may play an important role 
in the encapsulation and packaging of viral RNA.

Resistance of transgenic sugarcane to SCMV 
infection

Five lines of the transgenic sugarcane generated from p927 
and p702 were grown in a greenhouse and used for the viral 
infection challenge. The response to viral infection was 
judged according to the appearance of mosaic symptoms, 
as previously described [3], and responses were classified 
into resistant and susceptible groups. After viral infection, 
mosaic and yellowing symptoms appeared in newly emerg-
ing leaves of susceptible plants around position number 4 
from the inoculated leaf after 25 and 35 dpi but were not 
observed in the resistant sugarcane lines. The symptoms 
were clearly observed on young stage leaves and gradually 
disappeared during the ageing stage. Based on the appear-
ance of the symptoms, all of the transgenic sugarcane lines 
generated from the p927 gene were classified as resistant, 
but not all of the transgenic lines from the p702 gene were 
resistant because some of the lines were susceptible to 
viral infection (Table 2). The results indicate that the full-
sequence CP gene produced more resistant transgenic sug-
arcane compared to the N-deletion CP gene.

Viral challenge in vegetative propagated transgenic 
sugarcane lines

To further characterize the resistance of the transgenic 
sugarcane, the viral infection challenge was performed in 
vegetative propagated sugarcane. Five lateral buds from 
the first generation of the resistant transgenic sugarcane 
lines were grown in a greenhouse, and their resistance was 
evaluated by mechanical inoculation. PCR analysis using 
primers for nptII gene detection confirmed the presence of 
the inserted gene in all DNA genomes in the propagated 
transgenic sugarcane lines (Fig. S4). Second-generation 
plants generated from p927 did not show mosaic symptoms 
and were resistant to viral infection. On the other hand, the 
transgenic sugarcane p702 lines were mostly susceptible and 
showed mosaic symptoms to a high degree (60–80%) in the 
second generation (Table 3). These results demonstrate that 
the full sequence of the CP gene produced viral resistance 
that was inherited in the second generation using vegetative 
propagation.

To confirm the resistance of the second generation of 
transgenic sugarcane, RT-PCR analysis was conducted for 
detection of the transgene RNA transcript as well as viral 
RNA in the sugarcane leaves. The results showed that a 
483-bp cDNA band corresponding to the viral RNA was 
observed in the mosaic symptomatic WT (WTs lane) and 
transgenic leaves generated from p702, but was not appar-
ent in the resistant transgenic lines of p927. However, the 
RNA transcript was observed in all resistant (927 bp) and 
susceptible lines (702 bp), except for the non-symptomatic 
healthy (WT lane) leaves, when the RT-PCR was designed to 
amplify the RNA transcript (Fig. S5). These results indicated 
the resistance of transgenic sugarcane p927 and the presence 

Table 2   Resistance to SCMV Inoculation of the wild-type and trans-
genic sugarcane at 25 and 35 dpi

The resistance was judged according to visibility of mosaic symptoms
NS no symptoms

Sugarcane plants Symptoms Resistance

25 dpi 35 dpi

WT Symptoms Symptoms Susceptible
Line 2 NS NS Resistance
Line 9 NS NS Resistance
Line 10 NS NS Resistance
Line 11 NS NS Resistance
Line 13 NS NS Resistance
Line 16 NS NS Resistance
Line 19 NS NS Resistance
Line 20 Symptoms Symptoms Susceptible
Line 21 NS NS Resistance
Line 23 Symptoms Symptoms Susceptible
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of viral infection in the susceptible transgenic sugarcane 
generated with the N-terminal deletion p702 construct.

Discussion

The gene coding for virus CP has been widely used to engi-
neer virus-resistant plants. For plant RNA viruses, PDR has 
been applied to generate virus-resistant plants by transform-
ing the CP gene into host plants [10]. Resistance has also 
been demonstrated by the transgene-mediated RNA silenc-
ing and generation of RNA interference (RNAi) [26]. A 
range of engineering strategies is currently used to obtain 
virus-resistant plants, including strategies for sugarcane. 
Recently, transgenic sugarcane lines resistant to SCMV have 
been generated with the CP gene using both PDR [16] and 
RNAi techniques [27], which were achieved using biolis-
tic bombardment. The field performance of the transgenic 
lines generated using the PDR technique showed that they 
were highly resistant to SCMV and had significantly greater 
cane production [16]. In this study, we confirmed that the 
resistance of sugarcane to SCMV infection can be devel-
oped using PDR techniques. In addition, our results included 
molecular analysis at the transcript and translation levels of 
the ScMVCp gene in transgenic sugarcane, which have not 
previously been reported.

The viral infection challenge of the transgenic sugar-
cane indicated that the full nucleotide sequence of the 
CP gene (p927) induced higher resistance than did the 
sequence of the N-terminally truncated CP gene (p702). 
This indicates that the N-terminal amino acid residues play 
a pivotal role in viral resistance. It was reported that the 
N-terminus of BMV CP contains basic amino acid residues 
that are implicated in binding encapsidated RNA [20]. 
By analogy, the basic N-terminal amino acid residues in 

ScMVCp might interact with the viral RNA during assem-
bly. The mutation of the amino or carboxyl termini of the 
CP of TMV was unable to overcome CPMR in transgenic 
tobacco [19]. Recently, it was reported that the peptides 
containing the N-terminal arm of the CP from BMV pref-
erentially bind to viral RNA [28]. Thus, the N-terminus 
of CP contributes amino acid residues for interaction with 
encapsidated viral RNA. Missing this N-terminal domain 
causes disruption and failure in the replication and packag-
ing of viral particles [29].

In this study, it is clear that the full nucleotide sequence 
of ScMVCp (p927) induced resistance against SCMV in 
transgenic sugarcane. These results suggest that the trans-
genic CP generated from the p927 construct is structurally 
similar to the viral CP and blocks the specific step of viral 
assembly and replication. It has been reported that similar-
ities and specific interactions between transgenic CP and 
viral CP are a necessary component of CPMR against the 
virus [11]. On the other hand, the CP generated from p702, 
which lacks the N-terminus, may be dysfunctional in the 
viral assembly and, hence, does not disturb viral assembly 
and does not produce plants resistant to the virus.

The CP molecular size induced by SCMV in plant tis-
sues can vary between isolates, with sizes ranging from 
34.4 to 39.7 kDa [30]. A previous analysis showed that 
authentic CP with a molecular size of 36.7  kDa was 
observed by serological analysis in SCMV symptomatic 
sugarcane leaves. In addition, expression of the full 
nucleotide sequence of ScMVCp DNA produced a 44 kDa 
recombinant CP in prokaryotic Escherichia coli [21]. 
However, expression of the full nucleotide sequence of 
p927 generated a 33.3 kDa CP in transgenic sugarcane 
(Fig. 3b). These discrepancies may reflect the presence of 
post-translational modifications due to differences in host 
cell systems.

Agrobacterium-mediated transformation produces plants 
with low copy numbers of transgenes, and in this case, we 
found a single copy of the ScMVCp gene inserted in the 
genome of the transgenic sugarcane (Fig. 2b). Depending 
on the method employed, the particle bombardment tech-
nique produces more gene insertions that may cause multiple 
gene arrangements and expression silencing [31]. However, 
the transgene produced by both methods was transmitted to 
progeny according to Mendelian rules; in some cases, non-
Mendelian inheritance was observed in generative propa-
gated plants [32]. In the case of the vegetative propagation of 
sugarcane, it has been reported that the phenotypic expres-
sions of transgenes remained unchanged over three genera-
tions [24, 33]. Thus, the results from propagated transgenic 
sugarcane showed that the resistance against SCMV was 
stable and inherited in the second generation (Fig. S5). 
Therefore, this SCMV-resistant transgenic sugarcane could 
be incorporated into future sugarcane breeding programmes.

Table 3   Degree of resistance and incidence of the wild-type and sec-
ond-generation transgenic sugarcane after inoculation with SCMV at 
25 and 35 dpi

Resistance was determined in percentages of the total number of 
symptomatic plants with the number of plants at 25 and 35 dpi

Sugarcane plants Number of 
plants

Number of symp-
toms

Resistance (%)

25 dpi 35 dpi

WT 5 5 0 0
Line 10 5 0 0 100
Line 11 5 0 0 100
Line 13 5 0 1 80
Line 16 5 2 1 40
Line 19 5 2 2 20
Line 21 5 1 3 20
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Conclusion

The CPMR method is a workable strategy for obtaining 
plants that are resistant to viruses. In this study, we suc-
ceeded in producing transgenic sugarcane resistance to 
SCMV infection. Based on our molecular analysis, this 
resistance was caused by introducing the full nucleotide 
sequence of the ScMVCp gene.
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