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Abstract
Potato apical leaf curl disease is an emerging geminiviral disease in tropics and subtropics. It was reported for the first time 
in the year 1999 in northern plains of India but quickly spread to almost all potato growing regions of the country largely 
due to prevalence of warmer weather during early crop growth, thereby favoring whitefly vector. The problem of apical leaf 
curl disease in India became more severe due to lack of seed indexing for this virus in conventional seed production scheme. 
Although it accounts for major yield loss, there is no conventional source of resistance available in potato against Tomato 
Leaf Curl New Delhi Virus-Potato (ToLCNDV-Potato) that causes this disease in potato. In the present study, we have 
investigated the potential use of RNAi for obtaining resistance against this DNA virus in potato. The replication-associated 
protein gene (AC1) of the virus was used to obtain pathogen-derived resistance. The AC1 gene was PCR amplified from 
field-infected potato leaves, cloned and sequenced (JN393309). It showed 93% sequence similarity with the AC1 gene of 
Tomato Leaf Curl Virus-New Delhi (TOLCV-NDe; DQ169056) virus. Transgenic plants encoding the AC1 gene in three 
different orientations, viz. sense, antisense and hairpin loop, were raised. Transgenic lines when challenge inoculated with 
ToLCNDV-Potato showed different levels of resistance for all three constructs. Transgene integration and copy number in 
selected transgenic lines were determined by qPCR and further confirmed by Southern blot analysis. Though a reduction 
in viral titer was observed in transgenic lines encoding either antisense or hairpin loop constructs of AC1 gene, the latter 
transgenics showed most significant results as shown by reduction in the level of symptom expression in glasshouse screen-
ing as well as real-time data of in vivo virus concentration. In fact, we obtained a few totally asymptomatic transgenic lines 
with hairpin loop strategy.
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Introduction

In recent years, geminiviruses have emerged as serious 
threats to many crops including potato in the tropics and 
subtropics. Tomato Leaf Curl New Delhi Virus-Potato 
(ToLCNDV-Potato) is one such example that has been 
reported for the first time from northern states of India in 
the year 1999. Affected plants become severely stunted with 
apical leaf curl, crinkled leaves, and conspicuous mosaic. 

Garg et al. (2001) detected a begomovirus associated with 
this disease by immune-electron microscopy (IEM) using 
polyclonal antiserum of Indian Cassava Mosaic Virus 
(ICMV). Comparison of the complete nucleotide sequence 
of DNA-A revealed that it has 93% identity with that of 
ToLCNDV isolates but < 75% identity with other Tomato 
Leaf Curl Virus isolates and Potato Yellow Mosaic Virus. 
ToLCNDV-Potato belongs to the genus Begomovirus in the 
family Geminiviridae and possesses circular single-stranded 
DNA genome packed in geminate particles. This whitefly-
transmitted begomovirus has emerged as a devastating path-
ogen of potato in the last decade. Though potato genotypes 
with multiple disease resistance have been identified in India 
using marker-assisted selection (Sharma et al. 2014), no spe-
cific source of resistance in potato has yet been reported 
for ToLCNDV-Potato. RNA interference (RNAi), which is 
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an evolutionarily conserved surveillance system of living 
organisms (Cogoni and Macino 2000), can be effectively 
used for conferring resistance to this emerging virus prob-
lem of potato. RNAi occurs in most of the eukaryotes as a 
potent gene regulation phenomenon. In plants, RNAi is used 
as a generally applicable antiviral strategy. RNAi induced 
by double-stranded RNA molecules such as short hairpins, 
short interfering RNAs and long-distance dsRNA has been 
developed as standard tools in gene function studies and as 
antiviral strategies.

Unlike RNA viruses, the genomes of single-stranded 
plant DNA viruses do not encode polymerases. Instead, 
their replication requires interaction between a viral rep-
lication-associated protein (Rep) and host polymerases. 
Geminiviral Rep protein genes have been widely exploited 
to confer virus resistance in plants. The rep gene of African 
Cassava Mosaic Virus (ACMV) inhibited virus replication 
in cassava protoplasts and induced virus resistance in plants 
(Hong and Stanley 1995). A construct, having a deletion 
at the C-terminus, and encoding only the first 129 amino 
acids of the replicase protein, induced resistance in a strictly 
sequence-specific manner to the closely related Tomato Yel-
low Leaf Curl Virus (TYLCV) in tomato (Antignus et al. 
2004). Small, non-coding (nc) RNAs comprising small 
interfering (si) RNAs and micro (mi) RNAs are also gain-
ing wide attention for their role in the regulation of gene 
expression. The discovery that double-stranded (ds) RNA is 
the initiator of this regulatory phenomenon (Fire et al. 1998) 
with small ncRNAs of 21 nt functioning as ultimate effector 
molecules (Elbashir et al. 2001) laid the foundation for the 
manipulation of ncRNAs to selectively down regulate any 
coding region of interest. Their application in the area of 
development of virus-resistant plant genotypes has shown 
promising outcomes.

In the present study, we have utilized RNAi-mediated 
resistance against geminivirus exploiting AC1 (Repli-
case-associated protein) gene for conferring resistance 

to ToLCNDV-Potato infection in potato. Kufri Badshah 
and Kufri Pukhraj which are popular high-yielding potato 
cultivars in the region affected by ToLCNDV-Potato were 
transformed with constructs carrying the AC1 gene in 
three different orientations, viz., sense, antisense and hair-
pin loop. The hairpin loop transgenic lines showed better 
resistance to the virus than sense and antisense transgenic 
lines. Some of the transgenic potato lines showed extreme 
resistance to ToLCNDV-Potato. The results imply that 
RNAi targeting AC1 gene provides a promising approach 
for conferring resistance in potato to the whitefly-trans-
mitted geminivirus ToLCNDV-Potato.

Materials and methods

Cloning and sequencing of AC1 gene from infected 
plants

Replication-associated protein gene (AC1) of the ToLC-
NDV-Potato was PCR amplified using primer pair PAL-
CVSF and PALCVSR (Table 1) from virus-infected plants 
maintained in the virology facility of ICAR-Central Potato 
Research Institute (ICAR-CPRI), Shimla. The amplified 
fragment was cloned in pDrive PCR cloning vector (M/S 
Qiagen). The cloned fragment was sequenced from both 
the sides of the multicloning site (MCS) of the cloning 
vector using BigDye™ Terminator Cycle sequencing kit 
(M/S Applied Biosystems, USA) following the manu-
facturer’s instruction. Analysis of the sequence data was 
performed using Sequencing Analysis version 3.4 and 
Sequence Navigator software of M/S Applied Biosystems. 
Sequence database searches were carried out using the 
BLAST (Basic Local Alignment Search Tool; Altschul 
et al. 1997).

Table 1   Primer sequences and PCR temperature profiles used for cloning of AC1 gene in various orientations

Target gene Primer name Sequence 5′–3′ Length of the 
product (bp)

PCR temperature profiles

AC1 sense PALCVSF ATG​TCT​CCG​CCA​CGT​CGT​TTA​ 1086 94 °C/2 min, 35 cycles (94 °C/30 s, 55 °C/1 min, 
72 °C/1 min) 72 °C/5 minPALCVSR TCA​ACT​CGC​CTC​CTG​CGA​AT

AC1 antisense PALCVAF GTC​GAC​ATG​TCT​CCG​CCA​CGT​CGT​TTA​ 1086 94 °C/2 min, 35 cycles (94 °C/30 s, 55 °C/1 min, 
72 °C/1 min) 72 °C/5 minPALCVAR GGT​ACC​TCA​ACT​CGC​CTC​CTG​CGA​AT

AC1 hairpin PALCVHP1F GGT​ACC​ATG​TCT​CCG​CCA​CGT​CGT​TTA​ 704 94 °C/2 min, 35 cycles (94 °C/30 s, 55 °C/1 min, 
72 °C/1 min) 72 °C/5 minHp1 PALCVHP1R CCC​GGG​CCT​AAA​CAA​CGA​GCC​CAC​AT

AC1 hairpin PALCVHP2F GTC​GAC​ATG​TCT​CCG​CCA​CGT​CGT​TTA​ 402 94 °C/2 min, 35 cycles (94 °C/30 s, 55 °C/1 min, 
72 °C/1 min) 72 °C/5 minHp2 PALCVHP2R CCC​GGG​TCC​TTT​GGG​GCT​AAT​TCC​TT

nptII NPTIIF CGC​CTT​GAG​CCT​GGC​GAA​CAG​ 686 96 °C/2 min, 30 cycles (94 °C/30 s, 55 °C/1 min, 
72 °C/1 min) 72 °C/ minNPTIIR CTC​ACC​CTT​GCT​CCT​GCC​GGAGA​
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RNAi constructs

Primers were designed from the AC1 gene sequence thus 
obtained using Primer3 software for cloning full length 
1086-bp AC1 gene in sense orientation, antisense orienta-
tion and for the fragments to be used for construction of the 
hairpin loop transgene. Primer pair PALCVAF and PAL-
CVAR including the sites for SalI and KpnI, respectively 
(Table 1) was used to amplify a 1086 bp of AC1 gene in 
antisense orientation. Primer pair PALCVHP1F and PAL-
CVHP1R including the sites for KpnI and SmaI, respectively 
(Table 1), was used to amplify a 704-bp sense fragment from 
the AC1 gene for hairpin loop construct. Primer pair PAL-
CVHP2F and PALCVHP2R including the sites for SalI and 
SmaI, respectively (Table 1), was used to amplify a 470-
bp antisense fragment from the AC1 gene for hairpin loop 
construct. The polymerase chain reaction was performed in 
a reaction volume of 20 µl containing 1× Taq DNA pol-
ymerase buffer with 1.5 mM MgCl2, 200 µM dNTPs, 10 
pmole of each primer, 100 ng DNA template and 1 unit Taq 
DNA polymerase (Bangalore Genei; Table 1). Amplification 
was performed in an Applied Biosystem Gene AmpR PCR 

system. Amplified product was separated by gel electro-
phoresis in 0.8% (w/v) agarose gel with 0.5 µg/ml ethidium 
bromide. These fragments were cloned using pDrive (Qia-
gen) PCR cloning vector. Further, they were excised from 
pDrive using respective restriction enzymes and subcloned 
in Binary vector pBinAR to generate plasmid pBinGTLC1 
for antisense, pBinGTLC2 for hairpin and pBinGTLC3 for 
sense (Fig. 1). Sequencing of the transgene insertion sites in 
the above three transformation vectors was done following 
the already described procedure to confirm their integrity.

Plant transformation and analysis

The binary vectors pBinGTLC(1–3) were mobilized into 
the Agrobacterium strain EHA105 by freeze–thaw method 
(Höfgen and Wilimitzer 1988). Transformation of the potato 
cultivars Kufri Badshah and Kufri Pukhraj was done by co-
cultivation of internodal stem cuttings of potato microplants 
with freshly grown Agrobacterium suspension. Internodal 
cuttings of Kufri Pukhraj and Kufri Badshah microplants 
were used as explants for transformation (Naik et al. 1997; 
Chakrabarti et  al. 2000). The regenerated shoots were 

Fig. 1   a Diagrammatic repre-
sentation of GTLC3 inserts. b 
Diagrammatic representation of 
GTLC2 inserts. c Diagrammatic 
representation of the transfor-
mation vectors BinAR showing 
GTLC1 insert
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maintained in the selection medium having antibiotic car-
benicillin (200 mg/l) and kanamycin (50 mg/l) for few weeks 
and then multiplied on MS propagation medium (Chakra-
barti et al. 2000). Transgenicity of the regenerated micro-
plants was confirmed by PCR amplification of the nptII 
selectable marker gene using primers NPTIIF and NPTIIR 
(Table 1).

Screening of transgenic lines by challenge 
inoculation

Forty nine transgenic lines of Kufri Badshah and 33 lines 
of Kufri Pukhraj having normal phenotype and good vigour 
were planted in earthen pots inside a glasshouse in replica-
tion of three for each line. Two plants of each transgenic line 
were inoculated with virus via grafting with ToLCNDV-
Potato infected leaf from plant of same age (Fig. 2B) and 
the third plant was kept as control. Tubers obtained from 
plants which were asymptomatic for the infection or showed 
significant reduction in the degree of infection were planted 
next season and checked similarly for second year evalu-
ation. The plants were maintained at 30 °C with 14/10-h 
photoperiod for buildup of virus concentration and symptom 
development. Symptom development was observed after 15, 
30, 45 and 60 days of planting. The viral load was quantified 
through qPCR.

Determination of viral load through real‑time PCR

Genomic DNA from the AC1 transgenics lines was 
extracted and purified with Genelute plant DNA extrac-
tion kit (Sigma). DNA quality was checked spectropho-
tometrically with a NanoDrop 2000 (Thermoscientific) 

spectrophotometer and analyzed by means of 0.8% agarose 
gel electrophoresis in 1× Tris–borate–EDTA buffer and 
stained with ethidium bromide. The oligonucleotide prim-
ers and TaqMan probes were designed with Primer Express 
2.0 software (Applied Biosystems). The PALCV_CP_F: 
ACC​GTC​GTC​CTA​CAG​GAT​CTC and PALCV_CP_R: 
GCT​CGG​TTC​ATT​GTC​AAA​CATGT primer pair com-
bined with the PALCV_CP_M: FAM CTT​CCC​CAA​AAT​
CTTG were designed to detect a 99-bp coat protein spe-
cific fragment for quantitation of ToLCNDV-Potato viral 
concentration in inoculated plants using qPCR. The primer 
probe was FAM labeled with non-fluorescent quencher at 
the 3ʹ end of the probe. The qPCR was carried out in the 
Applied Biosystems StepOnePlus™ thermal cycler. Reac-
tion components were assembled in 96-well plate (micro-
Amp™ optical 96-well reaction plate). Dilution series of a 
plasmid harboring the transgene was prepared containing 
107, 106, 105, 104, and 103 copies/µl. qPCR data of these 
samples were used to generate a standard curve of the log 
of template quantity versus Ct cycle. All the samples were 
analyzed in triplicates within the same plate. The qPCR 
reaction (20 μl) contained, 10 μl 2× Taqman universal 
mastermix, 2 μl 20× primer probe mix, 4.2 ng of genomic 
DNA. PCR cycle included initial denaturation at 94 °C for 
5 min followed by 40 cycles of 94 °C for 15 s and 60 °C for 
60 s. The viral counts (x) in the reaction volume was cal-
culated based on the formula x = 10(y − 41.93)/(− 3.317) where y 
denotes the mean Ct value of the sample. This formula was 
derived from real-time PCR standard curve obtained from 
serial dilution of cloned plasmid. The virus count per ng of 
genomic DNA (A) was derived by dividing x with 4.2 ng 
which was the amount of genomic DNA used as template 
in the real-time PCR reaction.

Fig. 2   Glass house evaluation of transgenic plant, a GTLC2-127 showing resistance to ToLCNDV-Potato infection compared to untransformed 
control planted in the first year, b site of grafting in a transgenic plant
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Copy number estimation of the transgene

Transgene copy numbers of six promising AC1 transgenic 
lines which showed highly resistant phenotype in the 
glasshouse during second year of evaluation were esti-
mated. Initially copy number of EF1-α, a house keeping 
gene was determined taking urease gene as a reference 
(internal control) for both the cultivars Kufri Pukhraj and 
Kufri Badshah using SYBR Green chemistry. The oligo-
nucleotide primers for EF1-α as designed and reported 
by Nicot et al. (2005), i.e. EF1-F (ATT​GGA​AAC​GGA​
TAT​GCT​CCA) and EF1-R (TCC​TTA​CCT​GAA​CGC​CTG​
TCA) and for urease gene UreF (GAC​CTG​TTT​GCT​GAA​
ATT​GAGA) and UreR (GAA​CTT​TTC​CAC​CCC​CAA​AC) 
as reported by Bradeen et al. (2009) were used. All prim-
ers were synthesized by M/S Integrated DNA Technolo-
gies. EF1-α and urease primers in the PCR reactions were 
used at a concentration of 400 and 300 nM, respectively.

Primer probe for TaqMan assay for copy number esti-
mation of AC1 gene were designed by Applied Biosystem. 
The probe was FAM labeled for EF1-α and NED labeled 
for AC1 gene with non-fluorescent quencher at 3ʹ end of 
the probe. All samples were analyzed in triplicates within 
the same plate. The PCR reaction (20 μl) contained 10 μl 
2× Taqman universal mastermix, 2 μl 20× primer probe 
mix, and 4.2 ng of genomic DNA. PCR cycle included 
initial denaturation at 94 °C for 5 min followed by 40 
cycles of 94 °C for 15 s and 60 °C for 60 s.

Southern blot analysis

Genomic DNA was isolated from the in vitro plants of 
the selected trangenic lines using CTAB method and then 
quantified spectrophotometrically. Approximately 15 µg 
of genomic DNA was digested with the restriction enzyme 
HindIII for 12 h, which cut once in the T-DNA region 
(Fig. 1). The digested DNA was electrophoresed in 0.8% 
agarose gel at 35 V for 18 h and transferred onto a posi-
tively charged Nylon membrane (Amersham, GE Health-
care, USA) by capillary transfer in 10× SSC solutions 
following standard procedure (Sambrook et al. 1989) and 
hybridization was carried out using nptII gene fragment 
as probe. The DNA fragment was labeled with α[32P]-
dCTP using random primer DNA labeling kit (Amersham, 
GE Healthcare, UK). Hybridization was done at 65 °C for 
18 h. The filter was washed at room temperature with 2× 
SSC and 0.1% SDS, followed by 1× SSC and 0.1% SDS, 
for 10 min each (Sambrook et al. 1989) and the image was 
captured and analyzed using a phosphoimager (Bio-Rad 
System, USA).

Northern blot analysis

Total RNA was recovered from leaves of ToLCNDV-Potato-
challenged transgenic and non-transgenic plants using TRI-
zol reagent (Invitrogen, USA). Small RNAs from 15 μg total 
RNA samples were separated on 15% polyacrylamide gels. 
RNAs were transferred to Hybond-N+ membrane (Amer-
sham Bioscience, USA) using the semi-dry blot method, 
and the blot was hybridized with α[32P]-dCTP-labeled 
probe obtained from PCR amplification of the Rep gene 
from plasmid DNA using a random primer DNA labeling 
kit (Amersham, UK). Hybridization was performed at 65 °C 
for 18–20 h. The filter was washed at room temperature in 
2× SSC and 0.1% SDS, followed by 1× SSC and 0.1% SDS 
for 10 min each (Sambrook et al. 1989). The image was 
captured and analyzed using a phosphoimager (Bio-Rad 
System, USA).

Results

Constructs and transformation

To check the effectiveness of RNAi in generating transgenic 
potato variety resistant to ToLCNDV-Potato by silencing 
AC1 gene of the virus, three constructs were generated, 
viz. sense, antisense, and hairpin loop. In these constructs, 
AC1 gene was directionally cloned in various orientations 
(Fig. 1). The clones were confirmed by restriction diges-
tion and sequencing of the junction site of the binary vec-
tor backbone. Transgenic plants were raised for each of the 
three constructs in two popular cultivars Kufri Badshah and 
Kufri Pukhraj by Agrobacterium-mediated transformation. 
All the transgenic plants generated were primary transfor-
mants resulting from independent transformation events. 
The organogenic calli started developing at the ends of inter-
nodal cuttings after 4–6 weeks thus forming dumble-shaped 
structure. Plants which showed profuse rooting in 100 mg/l 
of kanamycin-amended medium were selected initially for 
screening. We got different transformation frequency for the 
different constructs (Table 2). Molecular analysis for 686-bp 
fragment of nptII transgene confirmed the transgenic plants 
in both the varieties. Forty nine transgenic lines of Kufri 
Badshah (11 antisense, 31 hairpin loop, and 7 sense) and 33 
lines of Kufri Pukhraj (21 antisense, 6 hairpin loop, and 6 
sense) were selected for glasshouse evaluation.

Glass house evaluation of transgenic lines

Thirteen transgenic lines with AC1 sense construct (7 of 
Kufri Badshah and 6 of Kufri Pukhraj) failed to give any 
detectable resistance to ToLCNDV-Potato. However, five 
lines of Kufri Badshah encoding AC1 gene in antisense 
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orientation and six lines encoding hairpin loop construct of 
the same gene showed high to moderate level of resistance. 
Similarly, six lines of Kufri Pukhraj encoding antisense AC1 
and five lines encoding hairpin loop construct of the same 
gene showed resistance to ToLCNDV-Potato virus. No vis-
ible phenotypic change was observed among transgenic lines 
encoding AC1 gene in either antisense, hairpin loop or sense 
orientation.

Evaluation of promising transgenic plants 
for the second year

Tubers harvested from the 22 promising lines along with 
non-transgenic control of Kufri Badshah and Kufri Pukhraj 
were re-evaluated through grafting for the second year 
(Fig. 2b). Transgenic plants showed varied level of resistance 
against ToLCNDV-Potato compared to non-transgenic con-
trol plants. Transgenic event GTLC2-127 of Kufri Badshah 
encoding hairpin loop construct of AC1 showed complete 
resistance (Fig. 2a), and four other events showed moderate 
level of resistance to ToLCNDV-Potato (Table 3.). Simi-
larly, three of the transgenic lines of Kufri Pukhraj encoding 
hairpin loop construct showed complete resistance, whereas 
three lines were moderately resistant to the virus (Table 3). 
These results showed varied levels of resistance to ToLC-
NDV-Potato among the constructs tested. Out of three dif-
ferent constructs tested, transgenic plants obtained by AC1 
hairpin loop approach showed highest degree of resistance/
tolerance followed by antisense strategy.

Determination of viral load

Virus load in the above 22 promising events was estimated 
using qPCR. The standard curve generated showed a strong 
linear relationship with a correlation coefficient greater than 
0.97, as well as high amplification efficiency (> 99.5%). This 
standard curve enabled detection of even very low quantity 
of viral DNA in transgenic plants. Viral count in transgenic 
Kufri Badshah encoding hairpin loop construct of AC1 var-
ied from 41 to 22,918 per ng of DNA compared to 641,594 
in non-transgenic control (Table 4). Similarly, in trans-
genic Kufri Pukhraj encoding the same hairpin construct, 

ToLCNDV-Potato quantity varied from 332 to 69,588 per 
ng of DNA compared to 1,118,000 in non-transgenic control 
(Table 4). Virus count in antisense transgenic lines of both 
the varieties showed comparatively higher value than those 
of hairpin loop transgenic lines (Table 4). Since, hairpin loop 
constructs of AC2 gene conferred higher level of resistance, 
four such transgenic events of Kufri Pukhraj (KPLC2 13, 37, 
53, and 54) and two events of Kufri Badshah (GTLC2 90 and 
127) were selected for transgene copy number estimation by 
both qPCR and Southern blotting.

Copy number estimation through qPCR

Copy number of the transgene was estimated using the 
formula: copy number = 2−ΔΔCt where ∆∆Ct = ∆Ct (tar-
get) − ∆Ct (endogenous control). EF1-α was validated as 
internal control in Kufri Badshah and Kufri Pukhraj with 
respect to urease which is a single copy gene in potato and 
several related solanaceous crops (Witte et al. 2005). The 
urease gene has earlier been utilized for absolute quantifica-
tion of Rpi-blb1 gene in RB-transgenic potato lines (Bradeen 
et al. 2009). The copy number of EF1-α was eight and six 
copies for Kufri Badshah and Kufri Pukhraj, respectively. 
Before the estimation of copy number of the AC1 transgene, 
standard curve for the internal control as well as target gene 
was validated using serial dilutions. The reaction efficien-
cies for both the genes were found to be above 0.90. The 
correlation coefficients of the standard curves were good 
(0.96–0.999). Reproducibility of the experiment was con-
firmed by repeating in triplicates, which further validated 
the accuracy and stability of our experiment. Copy number 
of the inserted AC1 transgene varied from 8 (GTLC2 127) 
to 3 (GTLC2 90) per tetraploid genome of potato (Table 5).

Confirmation of transgene integration 
through Southern hybridization

To further confirm the copy number estimation done by 
qPCR, Southern blot analysis was performed with the same 
transgenic lines. The genomic DNA was digested with 
HindIII as the enzyme cuts once in the T-DNA region and 
probed with a 693-bp nptII gene fragment. A strong signal 

Table 2   Number of explants 
co-cultivated, and shoot and 
root formation frequency

Name of variety Transgene orientation Explants co-
cultivated

Putative transgenic 
shoots regenerated

Rooting positive in 
100 mg/l kanamycin

Kufri Badshah Antisense 450 300 (66.6%) 61 (20.3%)
Hairpin 450 320 (71.1%) 82 (25.6%)
Sense 75 27 (36%) 2 (7.40%)

Kufri Pukhraj Antisense 250 150 (60%) 48 (32%)
Hairpin 150 100 (66.6%) 12 (12%)
Sense 100 32 (32%) 20 (62%)
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and difference in the hybridization pattern of the selected 
transgenic plants confirmed stable integration of T-DNA in 
the transgenic lines (Fig. 3). Four out of the five transgenic 
lines tested showed similar copy numbers both by Southern 
blotting and qPCR. The transgenic line KPLC2-13 showed 
six copies of the transgene on qPCR analysis; however, in 
Southern blot only one band was very prominent and the 
remaining five bands are not very clear. Therefore, in general 
Southern blot analysis confirmed the copy number estima-
tion by qPCR.

siRNA expression analysis through northern blot

In northern blot analysis, siRNA molecules specific to AC1 
gene of ToLCNDV-Potato were detected in both transgenic 
and non-transgenic plants. Since the non-transgenic con-
trol plants were also inoculated with the virus, the siRNA 
band observed in control plants was due to plant’s natural 
virus surveillance mechanism present in the non-transgenic 
control plants. However, in some of the highly resistant 

transgenic lines such as GTLC2-127 and KPLC2-54 siRNA 
expression was more than other transgenic and non-tran-
genic control plants (Fig. 4.). The production of siRNA mol-
ecules in these transgenic lines correlated with resistance to 
ToLCNDV-Potato.

Discussion

Many researchers have made attempts to confer virus resist-
ance in transgenic plants based on the concept of expression 
of virus-derived genes or genome fragments (Beachy 1993; 
Wilson 1993; Baulcombe 1994; Lomonossof 1995; Mar-
tínez de Alba et al. 2002; Simon-Mateo and Garcia 2011). 
In comparison with the successful resistance against RNA 
viruses, effective resistance against DNA viruses has been 
rarely obtained. ToLCNDV-Potato is a DNA virus which 
was reported for the first time in northern plains of India in 
the year 1999 (Garg et al. 2001). In silico analysis of cloned 
nucleotide sequence of AC1 gene in the present experiment 

Table 3   Disease response of various transgenic lines after successive time interval of grafting

Resistance categories: S susceptible, MS moderately susceptible, MR moderately resistant, R resistant

Variety/construct Transgenic line # Symptoms developed after grafting Phenotypic response

Days

15 30 45 60

Kufri Badshah/hairpin loop GTLC2 90 R R R MR Mild purpling on the margins of leaves
GTLC2 104 R MR MS S Severe curling of the leaves
GTLC2 127 R R R R No symptoms
GTLC2 314 R R MR MR Mild mosaic patches
GTLC2 316 R R MR S Severe curling of the leaves
GTLC2 335 R R R MR Mild mosaic patches on leaves

Kufri Badshah/antisense GTLC1 17 R R R MR Mild purpling on the margins of leaves
GTLC1 115 R R MR MR Mild mosaic patches on the leaves
GTLC1 159 R R MR MS Mild mosaic patches with leaf curling
GTLC1 161 R R MR MR Mild mosaic patches
GTLC1 204 R R MR MS Mild mosaic patches with leaf curling
Kufri Badshah control S S S S Severe leaf curling and conspicuous mosaic

Kufri Pukhraj/hairpin loop KPLC2 13 R R R R No symptoms
KPLC2 37 R R R R No symptoms
KPLC2 44 R R R MR Mild mosaic patches
KPLC2 53 R R R R No symptoms
KPLC2 54 R R MR MR Mild mosaic patches

Kufri Badshah/antisense KPLC1 2 R R MR MR Mild mosaic patches on the leaves
KPLC1 5 R R MR MR Mild mosaic patches on the leaves
KPLC1 21 R R MR MS Curling and mosaic leaves
KPLC1 101 R R MR MR Mild mosaic patches
KPLC1 121 R R R MR Curling with mosaic leaves
KPLC1 141 R MR MS S Severe leaf curling of the leaves
Kufri Pukhraj control S S S S Severe leaf curling with conspicuous mosaic
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revealed 96% homology with Tomato Leaf Curl New Delhi 
Virus (Y16421) and 93% homology with Papaya Leaf Curl 
Virus (AY353080). According to sequence homology search 
tool, this local isolate of ToLCNDV-Potato falls under the 
genus Begomovirus, and family Geminiviridae as per the 
nomenclature criterion given by ICTV. No stable source of 
resistance against ToLCNDV-Potato has yet been obtained 
in potato although it leads to major yield loss in this crop 

(Chandel et al. 2010). The work presented here demonstrated 
the possibility that the resistance against ToLCNDV-Potato 
infection in potato can be achieved by expressing RNAi con-
structs against viral mRNAs encoding essential non-struc-
tural proteins, providing a new tool to combat apical leaf curl 
disease. In this study, we targeted AC1 gene due to its impor-
tance in being the only geminiviral gene involved in viral 
replication (Castillo et al. 2003). Three strategies used in the 

Table 4   Quantitation of viral 
count per ng of DNA through 
real-time PCR

S. no. Event name Mean Ct value Viral count in the 
reaction mix

Viral 
count/ng of 
DNA

Hairpin construct Kufri Badshah
 1 GTLC2 90 33 492 117
 2 GTLC2 104 27.6 20,901 4976
 3 GTLC2 127 34.5 174 41
 4 GTLC2 314 31.2 1717 409
 5 GTLC2 316 25.4 96,254 22,918
 6 GTLC2 335 32.3 800 190

Antisense construct Kufri Badshah
 1 GTLC1 17 29 7909 1883
 2 GTLC1 115 33 492 117
 3 GTLC1 159 24.2 221,407 52,716
 4 GTLC1 161 29 7909 1883
 5 GTLC1 204 25.5 89,799 21,381
 Control Kufri Badshah 20.6 2,694,694 641,594

Hairpin construct Kufri Pukhraj
 1 KPLC2 13 30.2 3438 819
 2 KPLC2 37 31.5 1394 332
 3 KPLC2 44 27.9 16,972 4041
 4 KPLC2 53 26.5 44,853 10,679
 5 KPLC2 54 23.8 292,269 69,588

Antisense construct Kufri Pukhraj
 1 KPLC1 2 21.2 1,776,737 423,033
 2 KPLC1 5 23.2 443,270 105,540
 3 KPLC1 21 23.8 292,269 69,588
 4 KPLC1 101 24.2 221,407 52,716
 5 KPLC1 121 21.9 1,092,922 260,220
 6 KPLC1 141 23.3 413,543 98,463
 Control Kufri Pukhraj 19.8 4,695,602 1,118,000

Table 5   Determination of AC1 
gene copy number with respect 
to elongation factor 1-alpha in 
different transgenic lines

Name of transgenic Average Ct difference ∆Ct (tar-
get) −  ∆Ct (EFL)

Copy number of AC1 gene in 
transgenic plants per tetraploid 
genome

KPLC2 13 0.005 6
KPLC2 37 0.193 5
KPLC2 53 0.106 5
KPLC2 54 0.263 5
GTLC2 90 1.43 3
GTLC2 127 0 8
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present study compared the efficacy of sense, antisense and 
hairpin loop constructs in managing ToLCNDV-Potato. Two 
popular potato cultivars Kufri Badshah and Kufri Pukhraj 
were chosen as they are among the high-yielding potato 
varieties grown in the region affected by ToLCNDV-Potato 
virus. There is no natural resistance reported in these vari-
eties to ToLCNDV-Potato infection, making them highly 
susceptible to the virus leading to maximum yield loss.

Total number of 49 transgenic lines of Kufri Badshah 
and 33 transgenic lines of Kufri Pukhraj encoding dif-
ferent forms of the constructs were tested in the glass-
house. We inoculated all the transgenic lines by grafting 
and observed high degree of resistance to ToLCNDV-
Potato virus in about one-third of them. Significant delay 
in ToLCNDV-Potato infection with antisense constructs 
was observed, but plants showed disease symptoms after 
4–6 weeks of inoculation; hence no complete resistance to 
virus was obtained using the antisense constructs. How-
ever, considerable reduction in viral load was observed 
in the transgenic lines encoding antisense constructs 

compared to non-transgenic plants, when viral load was 
quantified through qPCR. In case of sense construct, no 
significant level of resistance could be achieved in either 
Kufri Badshah or Kufri Pukhraj. In general, neither sense 
nor antisense constructs were able to confer satisfactory 
level of resistance to the geminivirus ToLCNDV-Potato in 
two potato varieties tested in this study. On the contrary, 
one transgenic lines of Kufri Badshah (GTLC2 127) and 
three lines of Kufri Pukhraj (KPLC2 13, KPLC2 37, and 
KPLC2 53) encoding hairpin loop construct showed com-
plete resistance (immunity) to the virus. In the present 
study, exploring the utility of available virus silencing 
strategies against ToLCNDV-potato, hairpin technology 
to silence the viral genes showed promising results. Ear-
lier, it was demonstrated in petunia that transgenic lines 
encoding CHS gene sequence inserted as a inverted repeat, 
although not highly transcribed, silenced the endogenous 
CHS effectively (Stam et al. 1997, 2000). It has also been 
shown that PTGS in plants can be triggered at high efficacy 
by the presence of an inverted repeat in the transcribed 
region of the transgene (Hamilton et al. 1998; Chuang and 
Meyerowitz 2000; Levin et al. 2000; Baulcombe 2002). 
Complete gene silencing was observed in tobacco plants 
transformed with constructs that produced RNA capable 
of duplex formation (Waterhouse et al. 1998; Smith et al. 
2000).

Transgenic plants showing high degree of resistance to 
ToLCNDV-Potato showed AC1 gene copy number vary-
ing from 8 to 3 copies through qPCR. Further, we found 
resistance in transgenic plants to be independent of the copy 
number of the transgene present which is in agreement with 
the results obtained by (Aida et al. 2000). Ingelbrect et al. 
(1999) showed that transgenic plants with different copy 
numbers can show almost similar resistant phenotype, as 
well as transgenic plants with same transgene integration 
pattern did not necessarily display the same phenotype upon 
inoculation. It has been previously reported that isogenic 
transgenic lines can display different levels of resistance 
upon virus inoculation in dicots (Sijen et al. 1996). We 
found that more transgene dosage leads to higher resist-
ance. Lindbo et al. (1993) reported that combined level of 
viral and transgene RNA has to surpass a threshold level to 
induce gene silencing by RNAi or other antiviral stretagies. 
Hence the transgenic lines with more transgene dosage or 
copy number will tend to offer greater resistance (Lindbo 
et al. 1993; Goodwin et al. 1996; Baulcombe 1996). More 
is the copy number or transgene dosage, more is the siRNA 
produced which in turn reach the threshold level activating 
the homology-dependent gene silencing. In support to this, 
more accumulation of siRNA molecules were observed in 
highly resistant transgenic lines GTLC2-127 and KPLC2-
53 in northern blot analysis which also showed eight and 
four copies of transgene in southern blot analysis. However, 

Fig. 3   Southern blot analysis of the selected transgenic lines. Lane 
1: GTLC2-127 (8 copy no), lane 2: GTLC2-90 (3 copy no), lane 
3: KPLC2-13 (1 copy no), lane 4: KPLC2-37 (5 copy no), lane 5: 
KPLC2-53 (5 copy no), lane 6: KPLC2-54 (4 copy no), lane 7: non-
transgenic control

Fig. 4   siRNA expression analysis using northern blot. Lane 1: Kufri 
Badshah, lane 2: GTLC2-127, lane 3: GTLC2-90, lane 4: Kufri 
Pukhraj, lane 5: KPLC2-13, lane 6: KPLC2-37, lane 7: KPLC2-53, 
lane 8: KPLC2-54
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other transgenic lines with five copy numbers accumulated 
comparatively less siRNA molecules and were comparable 
with non-transgenic control.

These results suggest that gene-specific post transcrip-
tional gene silencing (PTGS) against ToLCNDV-Potato 
was induced when AC1 gene was targeted. The final output 
showed that sufficient gene-specific silencing was achieved 
with a construct containing both sense and antisense frag-
ment, rather than either sense or antisense construct alone. 
This result is supported by the similar observations reported 
by Waterhouse et al. (1998) for rice and in Arabidopsis by 
Chuang and Meyerowitz (2000). Many other workers have 
also reported better efficiency of RNAi through transgene 
that express hpRNA than either of amplicon cassette alone 
(Smith et al. 2000; Wesley et al. 2001; Brummell et al. 2003; 
Fukusaki et al. 2004; Ifuku et al. 2003). Results obtained 
from different transgenic plants showed variation in the 
degree of silencing for ToLCNDV-Potato, within and among 
the constructs tested. PTGS by hairpin loop construct was 
found to be the best method for controlling ToLCNDV-
Potato. There lies an important advantage of using hpRNA-
mediated silencing from the perspective of food safety, as no 
virus-derived mRNAs are accumulating in transgenic plants 
expressing hpRNA constructs thereby reducing the risk of 
recombination or complementation events. Moreover no 
viral protein is being produced in these plants circumvent-
ing any fears concerning allergic response to novel proteins.
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