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Abstract 
RNA interference (RNAi) approaches have provided novel avenues in genomic sequencing 

of plant parasitic nematodes (PPNs). It provides the opportunity to recognize prospective 

target genes and subsequently develop new resistant transgenic plants. dsRNA constructs 

targeting two different Meloidogyne incognita genes were evaluated to adjudge their 

efficiency in reducing infectivity of M.incognita in tobacco. Stable homozygous transgenic 

tobacco lines were engineered, i.e. RNAi-MiTP (expressing dsRNA of MiTP gene) and 

RNAi-MiRpn-7 (expressing dsRNA of MiRpn-7 gene). The number of knots/plants, number 

of females/knots, number of egg masses g-1 root wt. and number of eggs g-1 root wt. 

were reduced by83.6%, 76.9%, 51.6% and 59.5% in RNAi-MiTP lines and by 72.9%, 61.5%, 

40.9% and 50.1% RNAi-MiRpn-7 lines respectively in comparison to the empty vector 

control tobacco lines. The results from this study suggest that silencing of the MiTP and 

MiRpn-7 genes can significantly decrease the infective potential of this plant parasitic 

nematode and demonstrates a promising approach for producing broadened resistance 

in crops against PPNs. 
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1. INTRODUCTION 
Root knot nematodes (RKNs) i.e. Meloidogyne spp. 
are the most damaging of the agricultural pests 
(Abad et al. 2008; Elling 2013). They are sedentary 
parasitic nematodes and more than hundred species 
of this genus spread around the world are infecting 
almost every plant (Bakhetia et al. 2008; Chitwood 
2003). The common Meloidogyne species are 
M.incognita, M.hapla, M.arenaria and M.javanica 
(Atamian et al. 2012; Eisenback et al. 1985). These 

nematodes are the most harmful pests of agriculture 
which produce intensive crop damage and wreckful 
morphological symptoms (Chen et al. 2012). 
According to estimates, the world agriculture bears a 
heavy loss of 12.3% yield and $170 billion annually 
due to the infestation by the RKNs alone (Banerjee et 
al., 2017). 
In the recent years, many studies have been 
conducted and some nematode control approaches 
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have been used such as agricultural practices, 
nematicides and biological agents (Chandel et al., 
2010). Although the different control approaches 
were found to be effective at different level for 
nematode control, still each strategy has its own 
limitations. This created a need for a more holistic 
and sustainable strategy to be devised against the 
nematode infection. One such promising new 
strategy is RNA interference (RNAi) based nematode 
control, which has been extensively studied in free 
living nematode C.elegans (Kamath et al. 2003). RNAi 
is a post transcriptional gene silencing mechanism in 
which the siRNA (small interfering RNA) are 
generated from dsRNA (double stranded RNA) 
corresponding to the target gene through processing 
by Dicer (Fire et al. 1998). Following this, the siRNAs 
thus generated trigger the process of gene silencing 
by activating the RISC (RNA induced silencing 
complex) which identify and degenerate the target 
mRNA hence preventing the mRNA from translating 
into protein (Rosso et al. 2009). The RNAi approach 
could be effectively used to combat the nematode 
infection in agricultural crops by adopting a strategy 
known as HD RNAi (host delivered RNAi), in which the 
dsRNAs that corresponds to the target nematode 
gene/genes are expressed in the transgenic host 
plant (Tamilarasan et al. 2013). The process of RNA 
interference is initiated based upon the siRNA-mRNA 
(target) homology when the nematodes feed upon 
the transgenic host plant. The selection of the target 
genes is generally based on the physiological role 
they play in fundamental metabolic processes 
including reproduction, nutrition, locomotion, 
development, neurological process, recognition etc. 
The choice of the target gene/genes is the most 
crucial step in the process of HD RNAi, because it is 
important to avoid off target silencing (Fairbairn et 
al. 2007). The main paradigms for selecting an 
efficient target for HD RNAi are: (i) the sequence 
should be conserved so that silencing is nematode-
specific and (ii) the sequence should be 
homologically discreet enough so that they are 
present in different nematode species but should not 
be present in non-target organisms (Danchin et al. 
2013). A plethora of studies have been conducted 
successfully utilizing RNA interference for nematode 
control (Kumar et al. 2017; Dong et al. 2016; Niu et 
al. 2016; Dutta et al. 2015, Lourenco-Tessutti et al. 
2015; Dinh et al. 2014a, b; Jaouannet et al. 2013; 
Papolu et al. 2013; Xue et al. 2013). Variable results 
with different intensities of resistance against the 
RKNs have been established through various 
research groups, showing promising outcomes in 

further studies. A number gene targets have been 
exploited for RNAi in numerous plant systems like 
soybean, potato, tobacco, wheat, tomato and 
demonstrated with nematode genes of various 
metabolic processes like development, movement, 
parasitism etc. Kumar et al. (2017) successfully 
demonstrated the potential of HD RNAi for 
resistance against M.incognita in transgenic 
Arabidopsis plants which expressed the dsRNAs for 
the M.incognita splicing factor and integrase. These 
two genes were shown to be involved in the 
nematode development and severely affected the 
parasitic potential of the nematode. The engineered 
Arabidopsis plants showed significant reduction in 
the number of galls and females. 
In the present study, two genes of M.incognita viz. 
MiTP (Tyrosine phosphate) and MiRpn-7 have been 
evaluated in transgenic tobacco for assessing their 
resistance potential against M.incognita infection. 
Ibrahim et al. (2011) engineered transgenic soybean 
lines expressing dsRNA of tyrosine phosphate of 
M.incognita which exhibited significant resistance to 
the nematode. Similarly, Niu et al., (2012) displayed 
RNAi silencing of Rpn-7 gene in soybean displayed 
reduced parasitic infection. Still, these two genes 
have not yet been examined in tobacco for 
evaluating resistance against nematode infection 
using the HD RNAi method. The commercial 
significance and wide use of tobacco as a model plant 
in a number of studies encouraged us towards 
evaluating these genes in tobacco, which have so far 
been shown to effectively induce nematode 
resistance in soybean roots. Hence, this study was 
conducted to engineer and examine the stable 
transgenic tobacco lines RNAi-MiTP and RNAi-
MiRpn-7, expressing dsRNA of MiTP and MiRpn-7 
genes respectively, for their potential resistance 
against M.incognita infection. 
 
2. MATERIALS AND METHODS 
2.1 Nematode culture 
A pure culture of RKN M.incognita was maintained 
on tomato plants under green house conditions. M. 
incognitas were sequestered from the tomato plants 
growing in the laboratory field of Department of 
Molecular Biology and Genetic Engineering, College 
of Biotechnology, Sardar Vallabhbhai Patel University 
of Agriculture and Technology, Meerut. The singular 
egg masses were handpicked and were let to hatch 
separately. The female nematodes were collected 
and after washing them their perineum were 
intersected to correctly identify the species (Ebhad 
et al. 2013, Eisenback 2010). PCR assays using 
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sequence characterized amplified region (SCAR) 
primers were also used to correctly identify the 
nematode species (Adam et al. 2007). Once the 
correct species was identified and hatching of the 
corresponding egg masses, the stage 2 juveniles (J2) 
were maintained on tomato plants (Solanum 
lycopersicum Cv.Pusa Hybrid 4) in greenhouse. The 
tomato seeds were sown in vermicutile: sand 
mixture (ratio 1:1) and after 15 days these were 
inoculated with J2’s of the nematodes. For the 
purpose of the present study, egg masses were 
handpicked 6 weeks post infection (wpi), washed and 
thereafter left to hatch on wire-mesh laid on a petri 
plate having 15 ml of ddH2O at 27-300C. 
2.2 Scheming the RNAi vector 
For expressing dsRNA cassettes of the M.incognita 
genes in tobacco, a 400 bp fragment of the MiTP 
gene and a 408 bp fragment of the MiRpn-7 gene 
were amplified in both sense and antisense 
orientations using gene specific primers and were 
cloned in pRB7 vector (the destination vector) driven 
by tobacco root specific promoter TobRb7 for driving 
its expression in plants. The promoter was positioned 
upstream of the intron (from Arabidopsis thaliana) 
flanked by 2 MCSs (multiple cloning sites). 
2.3 Transferring the construct from E.coli to 
A.tumefaciens 
Up to this point the entire recounted work was 
accomplished in DH5-α strain of E.coli; the entire 
construct having both sense and antisense 
orientations of the GOI was maintained in the said 
bacterial strain adhering to the standard cloning 
protocols. However for transferring the expression 
cassette from bacterial cells to tobacco, the cassette 
was first transformed to A.tumefaciens and then 
from A.tumefaciens the cassette was finally 
transferred to the tobacco plants. The dsRNA 
cassette transfer was accomplished through 
“Triparental Mating” transformation (Adapted from 
Shaw, 1995). 
2.4Generation of transgenic tobacco expressing 
MiTP and MiRpn-7 gene 
Tobacco plants were transformed with MiTP and 
MiRpn-7 RNAi constructs (expressed in 
A.tumefaciens) using the Agrobacterium mediated 
gene transformation. T1 seeds were screened on 
antibiotic plate with MS medium supplemented with 
kanamycin (50μg/ml). Kanamycin-resistant tobacco 
plants were transferred to sterile vermicutile: sand 
mixture (ratio 1:1) and grown in green house 
conditions: a temperature of 27-30 0C temperature, 
a photoperiod of 16hour L/8hour D (L/D = Light 
period/Dark period) and a relative humidity of about 

75-80 %. The seeds from T2 generation were utilized 
for raising homozygous tobacco transgenic tobacco 
lines of T3 generation. The morphological characters 
of the transgenic tobacco lines viz. root, shoot and 
leaf morphologies were compared with those of the 
negative control tobacco lines assess any 
deviation/variation in the phenotypes which may 
accidentally alter/reduce PPN infection.  
2.5Nematode feeding assay 
For evaluating the transformed tobacco plants (RNAi 
lines), at least 4 weeks old PCR-confirmed plants 
were used for infecting with M.incognita. The plants 
were expelled from agar plates and agar was entirely 
removed by washing with ddH2O and thereafter they 
were transferred to sand: vermiculite (1:1) mixture 
contained in pots for 3 days. After this, the soil beside 
the roots was taken out and the roots and the roots 
were inoculated with ~2000 freshly hatched J2 
nematodes. The plants were nurtured by requisite 
watering for 6 weeks in the green house. 6wpi the 
plant roots were removed from soil and were washed 
with running water in order to analyze them further 
for estimating the response of transgenic as well wild 
type tobacco lines. The roots were dissected and the 
number of knots per plant, females per knot, egg 
masses per plant, eggs hatched per egg mass was 
carefully counted as a measure of nematode 
infection and the mean values were calculated from 
at least 30 tobacco plants per transgenic line. All the 
photographs were taken with a Nikon D300 digital 
camera attached to a stereomicroscope (SMZ-1000). 
2.6cDNA synthesis from RNAi female nematodes 
and expression analysis  
For finding out the efficiency and effectiveness of 
dsRNA expression (and resulting RNA interference) 
on M.incognita infection, females were separated 
out from transgenic as well as control plants by 
dissecting the roots. Considering that plants from 
RNAi plant lines have very less number of knots, all 
the knots were cut for picking out as much number 
of females as possibly feasible for isolating nematode 
RNA. The females were also collected from the roots 
of control plants in a similar manner. Total RNA was 
isolated from the isolated females using the RN Easy 
kit (Qiagen Cat. #74104) as per the prescribed 
protocol. cDNA synthesis was carried out High-
Capacity RNA-to-cDNATM Kit (Applied Biosystems Cat 
#4387406). The target sequence was amplified from 
cDNA by qRT PCR. Several cycles of amplification 
(~50) were carried out in PCR. The M.incognita actin 
gene (which is a constitutive gene) was used as a 
control for normalizing the transgene expression 
data. The PCR products were separated by agarose 
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gel electrophoresis and visualized using the Gel Doc 
UV- Transilluminator (Dnr Bio-Imaging Systems). 
3. RESULTS 
3.1 M.incognita feeding assay: Effects on 
resistance of host plants against nematode 
infection 
Roots in control tobacco plants show a considerably 
large number of knots per plant; on an average 140 
(±4) knots were present per control plant. The 
number of knots/plant were substantially reduced in 
the case of transgenic plants carrying dsRNA 
cassettes in contrast to the empty vector carrying 
control tobacco lines (as depicted in Figure 1). Only 
few (3 out of 30) RNAi-MiTP tobacco lines which 
were carrying dsRNA of Tyrosine phosphate gene of 
Meloidogyne incognita, had knots in their roots, but 
these knots were highly reduced in their number 
(~23 knots/plant) as compared to the control. It is 
also noteworthy that these knots were 
comparatively much smaller in size and quantity in 
comparison to the root-knots in control tobacco 
plants. Most of the RNAi-MiTP tobacco lines (i.e. the 
remaining 27 lines) did not develop any observable 
root-knots. Likewise, the RNAi-MiRpn-7 tobacco lines 
bearing dsRNA of Rpn-7 gene of Meloidogyne 
incognita upon examination showed root-knots 
present in just 9 lines out of total 30, while the 
remaining 21 lines did not develop any root-knot. 
Also the knot size was significantly smaller in 
comparison to those present on the control tobacco 
lines.  
While the number of females/knot in control plants 
was 13 (±4), the number was reduced to 3 (±1.3) in 
case of RNAi-MiTP lines and it was 5 (±2.4) 
females/knot in case of RNAi-MiRpn-7 tobacco lines. 
A similar significant reduction was observed in the 
number of egg masses per gram root weight and 
number of eggs per gram root weight between the 
control and RNAi tobacco lines carrying dsRNA 
cassettes. In conclusion, it was observed that in 
RNAi-MiTP tobacco lines (carrying M.incognita 
Tyrosine phosphate gene), the number of 
knots/plant, number of females/knot, number of egg 
masses g-1 root wt. and number of eggs g-1 root wt. 
were reduced by 83.6%, 76.9%, 51.6% and 59.5% 
respectively in comparison to the empty vector 
control tobacco lines. Similarly, in RNAi-MiRpn-7 
tobacco lines (carrying M.incognita Rpn-7 gene), the 
number of knots/plant, number of females/knot, 
number of egg masses g-1 root wt. and number of 
eggs g-1 root wt. were reduced by 72.9%, 61.5%, 
40.9% and 50.1% respectively in comparison to the 
empty vector control tobacco lines (Table 1). 

3.2 M.incognita feeding assay: Effects on 
nematode development 
With the intention to detect the effect of feeding of 
transgenic plants on the development of nematodes, 
a few knots from transgenic control as well as RNAi 
tobacco lines carrying either of the dsRNA cassettes 
were dissected for taking out M.incognita females. 
The shapes and sizes of 6wpi females were 
compared. It was found that the control tobacco 
lines bear M.incognita females displaying the 
peculiar saccate/tear-drop shape and dark color. 
While the shape of females isolated from RNAi 
tobacco lines (carrying dsRNA of either of the 
M.incognita genes) were disformed; the size of these 
females was small in comparison to those of control 
and were fusiform in shape. Also the gut granules 
(dark stained females) which are indicative of 
actively feeding RKN females were found to be 
present in females isolated from control plants. 
While the females isolated from the RNAi tobacco 
lines carrying dsRNA cassette of either of the GOI 
were transparent in appearance, signifying the 
absence of gut granules and active feeding in such 
females (Figure 2). The females isolated from the 
roots of RNAi-MiTP lines showed a 31.8% reduction, 
while those from RNAi-MiRpn-7 tobacco lines 
showed 62.6% reduction in size in comparison to the 
control (Table 2). Thus it can be concluded from the 
above observations that the M.incognita that fed on 
the roots of RNAi tobacco plants bearing dsRNA 
cassettes did not develop normally and faced 
difficulty in their proper development. Hence we can 
conclude with conviction that M.incognita 
development is severely impaired by the dsRNA of 
Tyrosine phosphate and/or Rpn-7 gene from 
M.incognita. 
3.3 Evaluating transgene expression in transgenic 
tobacco lines by RT-PCR 
The nematodes were picked from the roots of RNAi 
tobacco plants bearing dsRNA cassettes of Tyrosine 
phosphate/Rpn-7 genes of M.incognita and total 
RNA was extracted and then cDNA was synthesized 
from RNA. The synthesized M.incognita cDNA was 
then subjected to qRT-PCR. Even after several (~50) 
cycles of PCR amplifications, we could not amplify 
the Tyrosine phosphate transcript from the cDNA 
from the cDNA of nematodes isolated from RNAi-
MiTP lines, i.e. the RNAi tobacco plants bearing 
dsRNA of Tyrosine phosphate gene from M.incognita 
(Figure 3). Similarly, Rpn-7 transcript could not be 
amplified from cDNA of the nematodes isolated from 
RNAi-MiRpn-7 lines, i.e. the RNAi tobacco plants 
bearing dsRNA of Rpn-7 gene from M.incognita. 
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These findings clearly indicate that the dsRNA 
generated in the transgenic tobacco plants trigger 
RNAi mediated degradation of target mRNA in 
M.incognita; and as a consequence of the target 
transcript degradation, the M.incognita worms 
feeding on these transgenic plants bearing the 
dsRNA of the above genes did not show normal 

development. The resistance thus perceived in the 
transgenic tobacco plants was actually a 
consequence of RNAi mediated silencing of critical 
housekeeping genes of the nematode; they failed to 
develop normally on the roots of transgenic plants 
bearing the dsRNA cassettes. 

 
Table 1: Comparison of transgenic tobacco plants with negative control 

Tobacco Line 
No. of 
Replicates 

Number of 

Knots/plant Females/knot 
Egg masses g1- root 
wt. 

Eggs g1- root 
wt. 

Controla 30 140 ± 4 (30) 13 ± 4 38.4 ± 17.2 7240 ± 1256 

RNAi-MiTPb 30 
23 ± 3.2 (3) 
[-83.57%] 

3 ± 1.3 
[76.92%] 

18.6 ± 13.4 
[51.56%] 

2930 ± 657 
[59.53%] 

RNAi-MiRpn-
7c 

30 
 

38 ± 5.4 (9) 
[-72.86%] 

5 ± 2.4 
[61.54%] 

22.7 ± 15.3 
[40.88%] 

3610 ± 879 
[50.14%] 

 
The alphabets a,b,c marked as superscripts indicate 
the dsRNA treatment given to different transgenic 
tobacco lines. a = Root sinoculated with empty vector 
pRB7 as negative control, b = Roots inoculated with 
pRB7-MiTP dsRNA onstruct, c = Roots inoculated 
with pRB7-MiRpn-7 dsRNA construct. ~2000 freshly 
hatched J2 nematodes were used for infecting the 
transgenic tobacco lines (RNAi-MiTP and RNAi-Rpn-7 
lines) as well as empty vector control plants. The 
roots were observed under a stage microscope 6wpi 

for counting the number of knots. 30 replications per 
transgenic tobacco line were used for the analysis 
and data here show the mean ± SE values. The 
means, standard error of mean and statistically 
significant values were determined by 1way-ANOVA 
and Tukey HSD test at 5% level of significance. The 
figures in round brackets () represent the number of 
plants. The figures in square brackets [] represent the 
percentage change in comparison to control.

 
Table 2: Comparison of sizes M,incognita females isolated from transgenic tobacco lines and control 6wpi. 

Tobacco Line Diameter±SE (µm) Percentage change 

Control 289 ± 21.04  

RNAi-MiTP 197 ± 16.36 -31.8% 

RNAi-MiRpn-7 108 ±24.02 -62.6% 

Ten tobacco plants per line were used for analysis. 
The mean and statistically significant values were 

determined by 1way-ANOVA and Tukey HSD test at 
5% level of significance. 

 

 
Figure 1: Comparison of roots of transgenic tobacco plants with that of negative control (6wpi). 

 
The host delivered dsRNAs initiate RNA interference 
mediated gene silencing in Meloidogyneincognita. 
The figure (Scale bar: 1cm) shows 6 wpi roots of: A. 

Negative control (empty vector) tobacco plant, B. 
RNAi-MiTP (Tyrosine phosphate) tobacco plant, C. 
RNAi-MiRpn-7 tobacco plant. The arrows point 
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towards the knots acquired because of M.incognita 
infection. A single root-knot has been magnified for 
a clearer view shown in the inset (Scale bar: 2mm). 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: M.incognitafemales isolated from root-knots of. 
 

A. Negative control (empty vector) tobacco plant, B. RNAi-MiTP (Tyrosine phosphate) tobacco plant, C. RNAi-
MiRpn-7 tobacco plant. Scale bar: 300µm. 
 

 
Figure 3: RT-PCR amplification of target transcripts from cDNA of transgenic tobacco plants.  

 
Shown above the gel photograph: M = Molecular 
ladder, C = Negative control (empty vector), RNAi-
MiTP = Trangenic tobacco expressing Tyrosine 
phosphate gene from M.incognita, RNAi-MiRpn-7 = 
Trangenic tobacco expressing Rpn-7 gene from 
M.incognita. Shown on the gel: βA = β-Actin gene 
from M.incognita, TP = Tyrosine phosphate gene 
from M.incognita, Rpn-7 = Rpn-7 gene from 
M.incognita. 
 
4. DISCUSSION 
The RKNs are the most damaging of the crop pests 
and infest almost all vascular crops worldwide. Since 
the starting of the research on creating nematode 
resistant plants using RNAi began almost a decade 
ago, this technique has garnered quite a success to 
become a promising tool against the nematode 
menace. Luckily there have been a few studies in 
different plant systems which reported even upto 
90% reduction in nematode infection (Yadav et al. 
2006). The earlier studies targeted various genes 
such as kinase, transcription factors, secretory 

enzymes and metabolic genes. For the present study, 
two M.incognita genes (MiTP and MiRpn-7) were 
targeted through HD RNAi approach. Our transgenic 
tobacco lines (RNAi-MiTP and RNAi-MiRpn-7) 
showed significant reduction (43-84%) in the number 
of knots/plants, number of females/knot, number of 
egg masses g-1 root wt. and number of eggs g-1 root 
wt as compared to the control tobacco plants. 
Obviously, every plant system is unique in itself and 
show variable resistance to the pests and various 
other responses and variable interactions. 
Nevertheless, this study and other such studies 
contribute towards generating good target genes for 
HD RNAi. Such extensive knowledge on valuable 
candidate genes when brought forth through such 
studies would create a resourceful library of sorts 
and the cautious use of such candidates 
alone/combined holds promising results towards 
generating nematode resistant crop plants. Gene 
pyramiding utilizing MiTP and MiRpn-7 genes along 
with some other reported useful gene/s might 
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improve the resistance of crops to the nematodes in 
the field. 
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