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Abstract

Main conclusion Transgenic mustard plants (Brassica

juncea) expressing non-allergenic and biologically safe

RiD peptide show higher tolerance against Lipaphis

erysimi.

Rorippa indica defensin (RiD) has previously been repor-

ted as a novel insecticidal protein derived from a wild

crucifer Rorippa indica. RiD was found to have an effec-

tive insecticidal property against mustard aphid, Lipaphis

erysimi. In the present study, RiD was highly upregulated

in R. indica during aphid infestation initiating a defense

system mediated by jasmonic acid (JA), but not by salicylic

acid (SA)/abscisic acid (ABA). RiD has also been assessed

for biosafety according to the FAO/WHO guideline (al-

lergenicity of genetically modified foods; Food And

Agriculture Organisation of the United Nations, Rome,

Italy, 2001) and Codex Alimentarius Guideline (Guidelines

for the design and implementation of national regulatory

food safety assurance programme associated with the use

of veterinary drugs in food producing animals. Codex

Alimentarius Commission. GL, pp 71–2009, 2009). The

purified protein was used to sensitize BALB/c mice and

they showed normal histopathology of lung and no ele-

vated IgE level in their sera. As the protein was found to be

biologically safe and non-allergenic, it was used to develop

transgenic Brassica juncea plants with enhanced aphid

tolerance, which is one of the most important oilseed crops

and is mostly affected by the devastating pest—L. erysimi.

The transgene integration was monitored by Southern

hybridization, and the positive B. juncea lines were further

analyzed by Western blot, ELISA, immunohistolocaliza-

tion assays and in planta insect bioassay. Transgenic plants

expressing RiD conferred a higher level of tolerance

against L. erysimi. All these results demonstrated that RiD

is a novel, biologically safe, effective insecticidal agent and

B. juncea plants expressing RiD are important components

of integrated pest management.
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Abbreviations

JA Jasmonic acid

LC50 Lethal concentration causing 50% mortality of test

population

MeJA Methyl jasmonate

OVA Ovalbumin

RiD Rorippa indica defensin

SA Salicylic acid

Introduction

The yield and production of Brassica juncea are severely

affected by the devastating pest Lipaphis erysimi (Dutta

et al. 2005a; Bandopadhyay et al. 2013). The aphids suck
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phloem sap from the plants leading to nutrition deficiency

and subsequent wilting. They also help in transmitting

viruses during sap sucking, which hence causes various

diseases such as mosaics (Moran and Thompson 2001;

Moran et al. 2002). In spite of the conventional agricultural

practices, this particular pest reduces the yield of the crops

leading to huge financial loss to the farmers (Dutta et al.

2005a; Sarkar et al. 2016). Therefore, several attempts have

been undertaken to identify aphid-tolerant varieties from

the gene pool, but without any success. No resistant

genotype or R-genes have been found within the Brassica

germplasm against L. erysimi (Yadava and Singh 1999;

Dutta et al. 2005a; Bandopadhyay et al. 2013). This led to

the attempts in developing transgenic Brassica-carrying

genes for aphid tolerance from distant plant relatives. A

number of insecticidal agents like proteases (Rahbe et al.

2003) and lectins (Kanrar et al. 2002; Dutta et al. 2005a;

Mondal et al. 2006) have been used to develop transgenic

B. juncea lines which help in reducing aphid colonization.

But there is a need for new insecticidal agents to be dis-

covered due to behavioral reorientation of the insects and

induced resistance in due course of time (Das et al. 2013;

Sarkar et al. 2016). Lack of resistant genotypes against L.

erysimi led to the identification of a wild crucifer, Rorippa

indica, which was reported to be tolerant toward this pest

(Mandal and Sikdar 2003; Bandopadhyay et al. 2013). It

survives the pest attack even when there is heavy colo-

nization. A novel defensin peptide, Rorippa indica defen-

sin (RiD), derived from this plant was noted to be effective

against the mustard aphid, L. erysimi (Bandopadhyay et al.

2013; Sarkar et al. 2016).

Plant defensins are generally pathogenesis-related pro-

teins (PR-12) which are part of the innate immune response

against pests and pathogens (Sels et al. 2008). They are small

cysteine-rich peptides responsible for host defense. Some

plant defensins show potent insecticidal activities apart from

antifungal and bactericidal properties (Chen et al. 2002;

Melo et al. 2002), one ofwhich isBrD1, a defensin gene from

Brassica rapa that confers resistance toward brown plan-

thopper (Nilaparvata lugens) in transgenic rice (Choi et al.

2009). R. indica defensin (RiD), a peptide from the wild

crucifer, has been previously reported to have high insecti-

cidal activity against L. erysimi with an LC50 value of

9.099 ± 0.621 lg/mL. RiD is secreted into the apoplastic

region indicating its role in inhibiting nutrient uptake by

aphids, which occurs mainly via the extracellular route to

pierce through the cells (Sarkar et al. 2016).

Sap sucking by aphids also induces various signaling

mechanisms in plants mediated by hormonal cross talk

between different phytohormones such as jasmonic acid

(JA), salicylic acid (SA), abscisic acid (ABA) or ethylene

(ET) (Morkunas et al. 2011). Feeding and piercing damage

of plants by aphids or any phloem feeders triggers the

synthesis of jasmonates which in turn regulates the

expression of PR proteins and defense-related proteins

along with the biosynthesis of secondary metabolites

(Cooper and Goggin 2005). As a result, constitutive as well

as transient expression of jasmonate-regulated genes has

been seen to regulate plant defense (Manners et al. 1998;

Penninckx et al. 1998; Moran et al. 2002; Kusnierczyk

et al. 2011). Expression of plant defensins is also induced

by jasmonates as part of defense (Kiba et al. 2003; Tesfaye

et al. 2013). Thus, induction and overexpression of jas-

monate-related genes such as defensins which have insec-

ticidal properties might defend aphid colonization through

the development of transgenics.

The suitability of RiD as an effective insecticidal agent

against L. erysimi indicates that it can be a potent candidate

for integrated pest management. But there has always been

a myriad of concerns about the impact of transgenes for

food derived from genetically modified crops. It is there-

fore necessary to assess the transgene for allergenicity

before introducing it into a crop plant, especially when it is

derived from wild plants (Islam 2008; Ghosh et al. 2013).

According to the FAO/WHO guidelines (2001) and Codex

Alimentarius guidelines (2009), prediction of an allergen

requires extensive sequence homology search across

known databases of allergens and the identification of

motifs responsible for a specific allergen activity. The next

important strategy is to characterize the stability of the

protein, which includes thermal stability assays, pepsin

digestibility and allergenecity assessment of the recombi-

nant proteins using animal models (Nieuwenhuizen et al.

2006; Plundrich et al. 2015; Toomer et al. 2015).

In the aforesaid background, we assessed the risk factors

and allergenecity of RiD for transgenic application. As RiD

was found to be effective against L. erysimi and biologically

safe, we tried to develop transgenic B. juncea plants

expressing RiD to control aphid population on the said plant.

Materials and methods

Plant material, and insect and bacterial strains used

Brassica juncea cv. B-85 seeds were obtained from Ber-

hampur Pulse Research Station, West Bengal, India, and

used for plant transformation. Seeds of both Rorippa indica

(Hiern) and B. juncea were surface sterilized with 2%

sodium hypochlorite (NaOCl) solution. Plants were grown

in Soilrite (KEL, Bangalore, India) and kept in growth

chambers with a temperature of 25 ± 2 �C under a 16 h

photoperiodic white light of 3000 lx for the bioassays. The

mustard aphid, Lipaphis erysimi (Kalt.), was reared from

Madhyamgram experimental farm, Bose Institute, Kolkata,

according to Gavkare and Gupta (2013). DH5a strain of
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Escherichia coli and Agrobacterium AGL-1 cell line were

used for cloning and plant transformation purposes,

respectively.

Aphid bioassay

For the choice assay, an infested leaf with L. erysimi was

placed at the center of 60-day-old B. juncea and R. indica

plants kept in the same chamber and the plants were

observed for 7 days. The number of aphids on each plant

was calculated each day. Each experiment was carried out

in triplicate. The significance in aphid survivability in this

choice assay was analyzed by Student’s t test.

Treatment with phytohormones and qRT-PCR

of marker regulatory genes

Five groups consisting of R. indica and B. juncea plants

(60 days old each) were used for this experiment with three

replicates. Three groups were sprayed with methyl jasmonate

(MeJA) (100 lM), SA (100 lM), and ABA (100 lM),

respectively. The fourth group was infested with mustard

aphids (30 each) and the fifth group—plants with no treat-

ment—were taken as control. About 1 g of the young infested/

treated leaves of each plantwas harvested after 1 day forRNA

isolation by TRIzol (Invitrogen, Carlsbad, CA, USA) and

subsequent cDNA preparation using iScript cDNA synthesis

kit (Bio-Rad, Hercules, CA, USA). The experiment was done

in triplicate. A quantitative real-time PCR (qRT-PCR) anal-

ysis was carried out for the expression of defensin upon

exogenous hormone application as well as for the MeJA, SA

and ABA modulating genes upon aphid infestation. The pri-

mers used are given in Supplementary Table S1. Glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) was used as

an internal reference gene. The PCR efficiencies were eval-

uated by the standard curve method (Pfaffl 2001) using five

serial dilutions of cDNA samples for each primer pair. The

correlation coefficients (R2) and slopeswereobtained from the

standard curves and the PCR efficiency (E) for each primer

pair was calculated according to the equation, E = (10-1/

slope - 1). Primer pairs with amplification efficiency

0.96–1.00 were used. Differential gene expression data of

qRT-PCR were analyzed using 2-DDCT quantitation methods

(Livak and Schmittgen 2001) and the significant difference

was analyzed using Student’s t test.

Sequence homology and bioinformatics study of RiD

The full length coding sequence of Rorippa indica

defensin (RiD), 243 bp (GenBank accession—KP893333)

has been previously isolated and cloned from R. indica

(Sarkar et al. 2016). The allergenicity of the RiD protein

was analyzed by comparing the deduced amino acid

sequence with all available protein sequences in the

allergenic protein databases. The sequence of RiD was

searched against the following databases—Structural

Database of Allergenic Proteins (SDAP) (Ivanciuc et al.

2003), AllerTOP (Dimitrov et al. 2013) and Allergen

Online database (Goodman et al. 2016) with full FASTA

alignment on an 80 amino acid frame. A match of con-

tiguous 8 amino acid with a threshold sequence identity of

[35% was referred to be an allergen. Moreover, as

allergenicity also depends on specific epitopes (Lorenz

et al. 2015), the presence of IgE specific epitopes of RiD

was searched in the AlgPred database (Saha and Raghava

2006). Potential pepsin cleavage sites of RiD amino acid

were also analyzed in ExPASy PeptideCutter (Gasteiger

et al. 2005).

In vitro pepsin digestibility of RiD

Simulated gastric fluid (SGF) reaction buffer was prepared

(122.8 mg of NaCl to 59.2 mL of distilled water, pH to

1.2) with pepsin (Sigma-Aldrich, St. Louis, MO, USA) at a

concentration of 3.2 mg/mL (approximately, 3460 U

activity/mg). Purified RiD (Sarkar et al. 2016) was allowed

to incubate in SGF at a concentration of 0.50 mg/mL to

each reaction vial and the digestion was carried out at

37 �C for time periods of 0, 2, 5, 15, 30, 60 and 120 min.

Only RiD without pepsin was used in the control setup. The

reaction was stopped by adding 5 N NaOH. Each sample

was then analyzed in 12% SDS-PAGE followed by Wes-

tern blotting using anti-RiD antibody.

Thermal stability assay

CD analysis for monitoring the protein stability at different

temperatures

Far UV-CD (circular dichroism) was used to measure the

extent of secondary structural changes during different

temperature treatments using Jasco Corp. J-815 Circular

dichroism spectroscopy (CD) spectropolarimeter with a

temperature controller within a wavelength range of

190–260 nm and a scan rate of 100 nm/min. RiD with

concentration of approximately 0.2 mg/mL in PBS

(phosphate-buffered saline), pH 7.0, was taken in a quartz

cuvette with a 0.1-cm path length and was measured at

different temperatures in the range of 30–90 �C at

intervals of 10 �C. Spectra were obtained after cooling at

an average of ten scans on a degree ellipticity scale.
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Functional stability of RiD at different temperatures

Insecticidal activity of RiD against L. erysimi was studied

using artificial diet incubated at different temperatures

(30–90 �C). Nine lg/mL of RiD (LC50 value) was used in

each set and 25 �C was considered to be the control tem-

perature. The total mortality (P0) at each temperature-

treated diet was calculated according to the formula,

P0 = C ? P (1 - C), considering a population (P) which

would have survived in the absence of the insecticidal

agent and where C is the natural mortality without the

agent (Abbott 1925).

Targeted sera screening

Sera of ten allergic patients suffering from bronchial

asthma, allergic rhinitis and dermatitis (age 21–50 years)

were used for IgE-specific ELISA (enzyme-linked

immunosorbent assay) following the method described by

Ghosh et al. (2013). Sera were collected from an allergy

clinic (Sinha Patho Lab, Dhanbad, India). Smokers and

patients with chronic illness were excluded from this

study. This experiment was approved by the ethics com-

mittee of the institute. Sera of healthy individuals without

any history of allergenicity were used as the negative

control. U-bottom microtiter plates (Tarsons, Kolkata,

India) were used for this study. Each sample was mea-

sured thrice. The wells were coated with 50 lg of pure

RiD protein in PBS and incubated overnight at 4 �C
coated with a coating buffer (15 mM sodium carbonate,

35 mM sodium bicarbonate, 3 mM sodium azide; pH

9.6). The wells were next washed thrice (15 min each)

with PBST (PBS–Tween 20), pH 7.0 and blocked with

50 lL of 1% BSA (Sigma-Aldrich) in PBST for 3 h at

4 �C. The wells were again washed with PBST three

times and incubated with 50 lL of individual patient’s

sera diluted (1:5) with blocking solution (PBST–BSA) at

25 �C for 16 h. The wells were then incubated with

50 lL of monoclonal mouse anti-human IgE–alkaline

phosphatase conjugate (Sigma-Aldrich), diluted 1: 1000

times in blocking solution at 25 �C for 3 h following

washing with PBST. Finally, 50 lL of liquid substrate, p-

nitrophenyl phosphate (pNPP) system for ELISA (Sigma-

Aldrich) was added and incubated in the dark at room

temperature for 10–15 min for color development. The

reaction was stopped by adding 3 N NaOH. The absor-

bances of each well were measured at 405 nm with an

ELISA reader (POLARstar OPTIMA multidetection

microplate reader, BMG Labtech, Ortenberg, Germany).

The P/N value (ratio of average OD of individual patient

sera with respect to the control group) greater than 3.5 for

a particular serum was considered to be potentially IgE

reactive (Chakraborty et al. 2005; Ghosh et al. 2013).

Histological studies using BALB/c mice

Histological studies were carried out taking healthy 8- to

10-week-old female BALB/c mice (22 ± 2 g) following

the methods described by Ghosh et al. (2013). Standard

conditions of controlled temperature (22 ± 2 �C), humid-

ity (55 ± 16%) and a 12:12 h light:dark cycle were

maintained and the mice were fed with a commercially

available mannose-free pellet diet and water for 1 week for

acclimatization to laboratory conditions. The mice were

sensitized by the intraperitoneal (ip) route. Three groups

were made of five mice each. Group-I mice were sensitized

with 100 lL of PBS, group-II were sensitized with RiD

and group-III with ovalbumin (OVA, HiMedia, Mumbai,

India) (100 lg of protein in 100 lL PBS), by ip (in-

traperitoneal) route, once a day for 2 weeks. OVA is

considered to be a potent allergen and is thus used as a

positive control. On day 15, mice were killed for the col-

lection of lung and gut tissue. Blood from each mice was

collected in EDTA vials for further IgE estimation. The

Animal Ethics Committee of Bose Institute approved the

study protocol. The challenged mice were killed by cer-

vical dislocation. The lung tissues were removed from the

killed mice of each group, fixed immediately in 10%

neutral buffered formaldehyde (v/v) (0.1 M phosphate

buffer, pH 7.4) and embedded in paraffin. The tissues were

cut into 3–5 lm sections, deparaffinized with xylene and

graded ethanol, and stained with hematoxylin and eosin

(H&E). To determine any increased mucus production and

high concentration of carbohydrates or glycoproteins

(Hauber and Zabel 2009), the lungs sections were also

stained with periodic acid–Schiff (PAS) stain.

Histopathological assessment was done under a light

microscope and photographed using an in-line camera

(Leica Microsystem DN1000; Camera DFC450C).

IgE estimation in mice

Sera were collected from the blood samples of all the four

sets of mice and IgE levels were estimated according to the

method described by Proust et al. (2009) with some mod-

ifications. Wells of U-bottom microtiter plates (Tarsons)

were coated with the sera along with the coating buffer

(15 mM sodium carbonate, 35 mM sodium bicarbonate,

3 mM sodium azide; pH 9.6) overnight at 4 �C. Next day,
the wells were washed thrice (15 min each) with PBST, pH

7.0, and blocked with 50 lL of 1% bovine serum albumin

(BSA) (Sigma-Aldrich) in PBST for 3 h at 4 �C. The wells
were then washed again with PBST three times and incu-

bated with 50 lL of anti-mouse IgE secondary antibody,

HRP conjugate (Thermo Fisher Scientific, Waltham, MA,

USA) diluted 1:1000 times in blocking solution at 25 �C
for 3 h following washing with PBST. For color
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development, 100 lL of liquid substrate, OPD (o-

phenylenediamine dihydrochloride, Sigma-Aldrich) was

used. The absorbances of each well were measured at

450 nm with an ELISA reader (POLARstar OPTIMA

multidetection microplate reader, BMG Labtech). IgE from

each sera sample was measured in triplicate. The ratio of

average OD of individual sera with respect to the control

group was calculated where control was the average OD

values of the sera of all healthy mice.

Construction of plant transformation vector and B.

juncea transformation

The full length coding sequence of RiD (243 bp) amplified

using gene-specific primers containing BamHI and SacI

sites (underlined) (F-50 TTTTGGATCCATGGCTAAGT

TTGCT 30 and R-50AAAAGAGCTCTTAACATGGGAA
GTAAC 30) was introduced into the multiple cloning site

(MCS) of modified pBI221 vector digested with the said

restriction enzymes. The CaMV35S–RiD–NOS terminator

cassette was excised out from modified pBI221 vector and

was finally inserted into HindIII and EcoRI restriction sites

of pCAMBIA1301 plant transformation vector. The final

vector was named as pCAMBIA1301–CaMV35s–RiD.

Finally, the recombinant vector plasmid containing RiD

coding sequence was introduced into competent Agrobac-

terium tumefaciens AGL-1 cell line for plant transforma-

tion. pCAMBIA1301 vector not containing the coding

sequence of RiD was used to regenerate vector control

plants.

Agrobacterium-mediated B. juncea transformation was

carried out according to Dutta et al. (2005b) with few

modifications. The shootlets were regenerated in the pres-

ence of selection media containing 30 mg/L hygromycin

and subsequently transferred to root inducing media, RIM

(2 mg/L IBA) with 30 mg/L hygromycin. After well

development of roots, the plantlets were transferred to

Soilrite (KEL) for hardening. All cultures were maintained

in culture room at a temperature of 25 ± 2 �C under a

white light of 3000 lx for 16 h photoperiod. Another set of

plants was used without Agrobacterium transformation,

regenerated under similar condition in the absence of

selection media (hygromycin) and used as untransformed

control plants.

PCR analyses of the transgenics

Genomic DNA of all the putative transformants and

untransformed plants were isolated using the CTAB

method (Doyle and Doyle 1987). PCR analysis was carried

out using b-glucuronidase (GUS) and hygromycin-specific

primers (Supplementary Table S2).

b-Glucuronidase (GUS) analysis

The histochemical GUS assay of the leaves of the trans-

genic plants was carried out using 5-bromo-4-chloro-3-in-

dolyl-beta-D-glucuronide (X-gluc) (Duchefa Biochemie,

Haarlem, Netherlands) as a substrate, according to Jeffer-

son (1987).

Southern hybridization

Stable integration of RiD-containing gene cassette was

confirmed using Southern hybridization protocols of

Sambrook and Russell (2001). Genomic DNA (20 lg) of
each transformant as well as untransformed wild-type

plants was digested using HindIII and separated on 0.8%

agarose gel by electrophoresis. The gels were subsequently

blotted into positively charged nylon membrane (GE

Healthcare, Little Chalfont, UK). A 400 bp amplicon of

hptII gene radiolabeled with [a32P] dCTP using DecaLabel

DNA labeling kit (Fermentas, Thermo Fisher Scientific)

was used as a probe for hybridization. Following

hybridization, the membranes were washed and exposed to

a phosphor imager screen and finally developed using GE

Typhoon Phosphorimager.

Immunohistolocalization of RiD in transgenic B.

juncea plants

Transverse sections of leaves, stems and roots from both

transgenic and vector control plants were primarily incu-

bated in 10% (v/v) TCA (Sigma-Aldrich) at 4 �C for 1 h

followed by three to four times wash with ethanol:acetic

acid (3:1, v/v) for complete removal of chlorophyll. The

tissue sections were subsequently washed through a series

of graded ethanol to water (90, 70, 50, 30% (v/v),

respectively, each of 10–15 min duration) and then blocked

with 3% (w/v) BSA (Merck, Gernsheim, Germany) in

phosphate-buffered saline (PBS) at room temperature for

2 h. The tissue samples were then incubated with an anti-

RiD antibody (1:8000 dilution) dissolved in BSA overnight

at room temperature. After washing with 19 PBS, anti-

rabbit IgG–fluorescein isothiocyanate (FITC)-conjugated

secondary antibody (1:20,000 dilution) (Sigma-Aldrich)

was added to the sections and incubated for 1 h at room

temperature. Finally, the slides were examined with an

Axioscope Carl Zeiss inverted fluorescent microscope

using an excitation filter of 450–490 nm for FITC.

Segregation analysis of the transgene

T1 seeds from the self-pollinated T0 plants were collected

and allowed to germinate on 30 lg/mL hygromycin
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(Duchefa Biochemie). Depending on the number of viable

seeds, the segregation pattern of the RiD gene in progeny

plants was generated and validated by v2 test.

Western-blot analysis

Total soluble protein was isolated from each transgenic line

and vector control plants using 20 mM Tris–HCl (pH 7.5)

and 0.2 mM PMSF (phenylmethane sulfonyl fluoride)

(Sigma-Aldrich). The total soluble protein from R. indica

was considered as positive control. The isolated protein

from each sample was quantified by Bradford assay

(Bradford 1976). Forty micrograms of total soluble protein

from each plant sample were loaded onto 12% SDS-PAGE

gel and then transferred onto a positively charged Hybond

C membrane (GE Healthcare). Subsequently, the mem-

brane was probed with anti-RiD polyclonal primary anti-

body at 1:8000 dilution followed by anti-rabbit IgG–horse

radish peroxidase (HRP) conjugate (Sigma-Aldrich) at

1:20,000 dilutions. The presence or absence of bands was

detected using chemiluminescence ECL reagent (Pierce,

Thermo Fisher Scientific).

ELISA of total soluble protein

The quantification of the expression of RiD in the trans-

genic plants was done by ELISA. the wells of microtiter

plates (Tarsons) were coated with 50 lg total soluble

protein along with coating buffer (15 mM sodium car-

bonate, 35 mM sodium bicarbonate, 3 mM sodium azide;

pH 9.6). The wells were then blocked with BSA and

incubated with anti-RiD primary antibody at 1:8000 dilu-

tion followed by anti-rabbit IgG–horse radish peroxidase

(HRP) conjugate (Sigma-Aldrich) at 1:20,000 dilutions.

OPD (o-phenylenediamine dihydrochloride, Sigma-

Aldrich) was used as a substrate for color development and

the OD was recorded at 450 nm in a microtiter plate reader

(POLARstar OPTIMA multidetection microplate reader,

BMG Labtech).

In planta insect bioassay

The insecticidal activity of RiD in the transgenic plants was

analyzed by using in planta insect bioassay cages. Thirty

nymphs of L. erysimi of third instar stage were placed on

the leaf surface of the plants and the whole leaf was placed

inside a cage. Three cages were used for each plant. The

bioassay was performed in triplicate for each transgenic

line as well as vector control. The aphid survivability

within the cages was monitored at every interval of 24 h

for 7 days. The fecundity of aphids on the transgenic plants

in response to the expressed RiD was monitored by the

total number of nymphs produced on each plant at the end

of the bioassay experiment. One-way ANOVA followed by

Duncan’s multiple range tests (DMRT) were carried out to

compare the differences between the vector control and the

transgenic plants and P\ 0.05 was considered to be sta-

tistically significant.

Results

Aphid bioassay

A choice assay was conducted between B. juncea and R.

indica to understand the aphid behavior in the presence of

both. When given a choice, it was seen that aphids at first

were attracted to both the plants, but eventually the pop-

ulation on B. juncea increased with time (Supplementary

Fig. S1).

JA and not SA/ABA contributes to RiD-dependent

defense mechanism in R. indica

To determine the signaling hormone behind the expression

of RiD in R. indica, the plants were sprayed with MeJA,

SA and ABA individually. Another plant was infested with

aphids and a qRT-PCR was performed before and after

each treatment. RiD was seen to be highly expressed when

the plants were infested with aphids (33.5-fold) and even

more after MeJA treatment (82.12-fold), but not much after

the treatment with SA or ABA (Fig. 1a). We also quanti-

fied the induction of marker regulatory genes for each

signaling pathway (JA, SA and ABA) after aphid infesta-

tion using qRT-PCR. As shown in Fig. 1b, the levels of

defensin and JA-responsive genes—LOX3, LOX4, OPR1

and OPR2—were seen to be highly upregulated in response

to aphid infestation with 33.5-, 52.34-, 63.14-, 42.56- and

62.2-fold increase, respectively. ABA-responsive genes

(NCED1 and NCED2) were also seen to be upregulated

upon aphid infestation with 19.23- and 21.05-fold,

respectively. However, no SA-responsive genes were seen

to be induced upon aphid infestation (Fig. 1b).

Bioinformatic analyses

In silico analysis of transgenes is a preliminary step before

development of transgenics. According to FAO/WHO

(2001) and Codex Alimentarius Guideline (2009), a match

of minimum eight identical and contiguous amino acids

with a threshold value of 35% between the query protein

and the database of allergens is considered to be a possible

allergen. For RiD, no significant match was found in the

search for short contiguous sequences in the AllergenOn-

line database (Goodman et al. 2016), SDAP allergenic

database (Ivanciuc et al. 2003) and AllerTOP (Dimitrov
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et al. 2013). Search for IgE cross-reactive epitopes in RiD

using AlgPred database (Saha and Raghava 2006) also

showed that the amino acid sequence of RiD does not

contain any probable IgE binding epitope.

Pepsin digestion

After incubation of RiD in simulated gastric fluid (SGF),

the digestion profile of RiD was analyzed in 12% SDS-

PAGE stained with Coomassie Brilliant Blue, which

determined that RiD was completely digested within

2 min of treatment (Fig. 2a). RiD was also not

detectable in the corresponding immunoblot after 2 min

of digestion (Fig. 2b). In silico pepsin digestion using

ExPASy PeptideCutter also showed 19 cleavage sites in

RiD (Supplementary Table S3) corroborating the diges-

tion data.

Thermal stability assay

CD analysis

In the CD analysis, gradual change in the ellipticity was

observed with the increase in temperature. Temperature-

induced loss of structural integrity was evident at 50 �C.
After heating at 70 �C and onward, the negative ellipticity

(kmax) of RiD was completely lost, indicating complete loss

Fig. 1 RiD is a jasmonate-regulated gene. a Quantitative real-time

PCR analysis of R. indica defensin (RiD) under the aphid infestation

and application of exogenous MeJA, SA and ABA. b Real-time

expression analysis of JA marker genes (defensin, LOX3, LOX4,

OPR1, OPR2), ABA marker genes (NCED1, NCED2) and SA marker

genes (NPR1, PR1) in response to aphid infestation. Bars represent

standard error (SE) of three biological replicates (n = 3). The

significant changes, P B 0.01 (analyzed by Student’s t test), are

marked by asterisk

Fig. 2 Pepsin digestion and heat stability assay of RiD. a 12% SDS-

PAGE profile of SGF-treated RiD. Lane M molecular weight marker;

lane C RiD; lanes 0–120 RiD treated with SGF for 0, 2, 5, 15, 30, 60

and 120 min, respectively, and stained with Coomassie Brilliant Blue.

b Corresponding Western blot of the 12% SDS-PAGE using anti-RiD

antibody showing degradation of RiD in SGF. c CD spectra of RiD at

different temperatures recorded over wavelength 190–260 nm. d Ef-

fect of RiD as an insecticidal agent against L. erysimi at different

temperatures of 30, 50, 60, 70 and 90 �C for 30 min
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of secondary structural folds of RiD due to heat treatment

(Fig. 2c). Loss of structure suggests that the protein is not

stable at higher temperatures.

Functional activity

The insecticidal efficacy of RiD was also lost at 50 �C and

onward, indicating the possibility of disruption of the

insecticidal motif in the secondary structure (Fig. 2d).

IgE-specific ELISA

In targeted sera screening, significantly low IgE cross-reac-

tivity (P/N value = 0.56 ± 0.09–1.89 ± 0.21) was detec-

ted when RiD was used as probe. In contrast, in response to

OVA, a high IgE cross-reactivity was detected (P/N value

C3.5) using the sera from the allergic patients (Table 1).

Histopathological analysis in animal model

H&E staining

Hematoxylin and eosin (H&E) staining of lung section of

OVA-sensitized mice showed severe inflammation charac-

terized by hyperplasia of the inner lining of the bronchial

membranes. Extensive infiltration of eosinophils was seen in

the peribronchial tissues, whereas RiD-sensitized mice

showed normal bronchioles with no inflammation similar to

that of PBS-sensitized control mice (Fig. 3a, b). Degranu-

lation of mast cells was well observed in the mice sensitized

with OVA, but not in RiD/PBS-sensitized mice lungs.

PAS staining

Visible hyperplasia and high mucus accumulation was

observed in OVA-sensitized lung sections, but no such

morphology was observed in RiD/PBS-sensitized ones

(Fig. 3c).

IgE estimation in mice

Sera from each set of mice were collected for IgE level

estimation. Sera from mice sensitized with OVA were seen

to have elevated levels of IgE (4.15 ± 0.92) with respect to

control, whereas in mice sensitized with RiD no significant

level of IgE was detected as it was found in the case of

PBS-sensitized mice sera (Supplementary Table S4).

Development of Brassica juncea transgenic plants

expressing RiD

The chimeric plant transformation vector pCAMBIA1301–

CaMV35s–RiD (Fig. 4a) in Agrobacterium tumefaciens

AGL-1 strain was used to transform B. juncea B-85. A total

of 834 explants were transformed out of which only 62

putative Brassica transformants were successfully gener-

ated with hygromycin selection (30 mg/L). A representa-

tive image is shown in Supplementary Fig. S2a.

Screening for the stable integration and inheritance

of RiD

Putative T0 transformants were preliminary screened by

GUS and hptII-specific primers using PCR. An amplifica-

tion of 1009 bp of GUS (Supplementary Fig. S2b) and

1024 bp of hptII (Supplementary Fig. S2c) was identified

in RiD transformants, but not in the untransformed control

plants. Ten PCR-positive plants were screened by Southern

hybridization to check the presence of the transgene. All

the plants showed different banding patterns. P22 was a

double-copy insertion event and there was absence of any

band in plant P21 (Fig. 4b). All independently transformed

Table 1 IgE cross-reactivity of

RiD and OVA treated with sera

of allergic patients

Patient number Sex/age (years)a Symptoms Specific IgE

P/Nb value (RiD)

Specific IgE

P/Nb value (Ovalbumin)

1 F/27 AR 0.99 ± 0.08 3.98 ± 0.93

2 M/26 AR ? BA 1.23 ± 0.12 3.63 ± 0.85

3 F/42 AR 0.82 ± 0.09 3.86 ± 0.92

4 F/21 AR 1.35 ± 0.16 3.99 ± 0.75

5 F/32 BA 1.89 ± 0.21 3.62 ± 0.86

6 M/38 AR ? D 0.56 ± 0.09 3 32 ± 0.72

7 M/45 AR ? BA 0.84 ± 0 06 3.65 ± 0.65

8 F/47 BA 1.42 ± 0.26 3.42 ± 0.82

9 M/32 AR ? BA ? D 0.75 ± 0.17 3.49 ± 0.93

10 F/48 D 1.34 ± 0.31 3.72 ± 0.73

a M male, F female, AR allergic rhinitis, BA bronchial asthma, D dermatitis
b IgE-reactive proteins show P/N value[3.5
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Southern-positive plants were allowed to self-pollinate.

The seeds were subsequently grown into T1 generation

plants. Arbitrarily, five independent T1 transgenic lines

were chosen for downstream functional and expression

analysis. The integration of the transgene in plants of T1

transgenic lines was further confirmed using Southern-blot

hybridization. Figure 4c shows a representative blot of five

plants from the P5T1 line. The inheritance pattern of the

transgene was observed by growing the seeds from the self-

pollinated T0 plants as well as untransformed control plants

on a hygromycin (30 lg/mL) plate for 1 week (Supple-

mentary Fig. S2d). Segregation of the RiD transgene fol-

lowed the 3:1 Mendelian segregation pattern and the

observed ratio was validated using v2 test (Table 2). Fur-

ther analysis of the expression of the RiD transgene were

carried out using five lines of single-copy insertion events

(P5T1, P8T1, P12T1, P23T1, P45T1) corresponding to their

respective T0 events.

Expression of RiD in the transgenic lines

Preliminary expression of the transgene in the transgenic

lines was analyzed using histochemical GUS assay. Leaves

from the five T1 transgenic lines (P5T1-1, P8T1-10, P12T1-

6, P23T1-12, P45T1-4) as well as vector control plant

showed constitutive expression, whereas there was no

expression seen in the untransformed leaves (Fig. 5a).

Expression of RiD in the T1 transgenics was further vali-

dated by Western-blot analysis and ELISA using anti-RiD

antibody. Five T0 lines, namely P5, P8, P12, P23 and P45,

and their corresponding T1 transgenic plants (P5T1-1,

P8T1-10, P12T1-6, P23T1-12, P45T1-4) were subjected to

immunoblot assay. A band at *6 kDa was clearly

observed in Western-blot analyses which indicated the

presence of expressed RiD in the transgenics and not in the

vector control B. juncea (Fig. 5b, c). The quantitative

expression of RiD was analyzed by indirect ELISA. The

Fig. 3 a, b Hematoxylin and eosin (H&E) staining of all the treated

lung sections showing inflammation in the bronchioles of OVA-

sensitized mice. Arrows indicate degranulation of mast cells. c PAS

staining of lung sections of mice sensitized with PBS, OVA and RiD,

showing hyperplasia of goblet cells and mucus accumulation in OVA-

sensitized lung section. a–c Bars 100 lm
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expression levels ranged from 0.27 to 0.86% of total sol-

uble protein with the highest in P23T1-12 and lowest in

P5T1-1 and P45T1-4 (Fig. 5d). Inmmunohistofluoresence

localization of the expressed RiD was studied by treating

the transverse section of leaves, stem and root of the

transgenic plants as well as vector control plants with anti-

RiD primary antibody, followed by FITC-conjugated anti-

rabbit IgG. Constitutive expression of RiD was seen in the

transformed plant sections under fluorescence microscopy,

whereas no fluorescence, and hence no expression, was

observed in the vector control plant sections (Fig. 5e).

In planta insect bioassay of the transgenic lines

The insecticidal activity of T1 transgenic B. juncea lines

expressing RiD was assayed using bioassay cages

Fig. 4 a Diagrammatic representation of T-DNA cassette of plant

expression vector pCAMBIA1301–CaMV35s-RiD. CaMV35S cauli-

flower mosaic virus 35S promoter, CaMV35S poly-A tail cauliflower

mosaic virus 35S terminator, RiD Rorippa indica defensin, hptII

hygromycin phosphotransferase II, GUS b-glucuronidase, NOS ter-

minator nopaline synthase terminator; LB left border of T-DNA, RB

right border of T-DNA. b Southern-blot analysis of the HindIII

digested genomic DNA of ten T0 transgenic B. juncea plants.

c Southern-blot analysis of HindIII digested genomic DNA from

leaves of five T1 progenies of P5 Southern-positive plant showing

single-copy events. Amplified 1000 bp hpt gene from pCAM-

BIA1301 vector was used as positive control (lane 1) and HindIII

digested genomic DNA from untransformed control plants as negative

control (lane 2). Approximate DNA molecular weight markers are

indicated on the left of each blot

Table 2 Segregation analyses

of T1. transgenic B. juncea

plants derived from self-

pollinated T0 plants

Name of the plant Number of T1,

seeds tested

Hygromycin

sensitive

Hygromycin

resistant

Observed ratio v2 value p value

P5 22 6 16 2.6:1 0.470 0.4930

P8 16 5 11 2.2:1 0.330 0.5657

P12 14 4 10 2.5:1 0.095 0.7579

P23 12 4 8 2:1 0.440 0.5071

P45 15 4 11 2.7:1 0.573 0.4491
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infested with 30 L. erysimi in each cage (Supplementary

Fig. S2e). Survival of the aphid nymphs reduced to

19 ± 0.33 (mean ± SE) (36.67%) from 30 ± 0 (100%)

per control plant over the total bioassay period, whereas

decline of aphid population on the RiD expressing five

T1 transgenic lines varied from 10 ± 0.57 (66.67%) to

16 ± 0.57 (46.67%) at the end of the assay. The

fecundity of new nymphs was calculated for each

transgenic line. Transgenic lines P23T1 and P12T1

showed maximum reduction in insect survivability and

aphid fecundity after 7 days (Fig. 6a, b). The mean

number of surviving mustard aphids on the transgenic

and control plants were found to be statistically signifi-

cant (P\ 0.05) after 3 days.

Discussion

Combating L. erysimi for better production and yield of

mustard (Brassica juncea) has always been a concern.

Various insecticidal agents have been exploited through the

development of transgenic B. juncea plants to effectively

reduce aphid colonization (Kanrar et al. 2002; Rahbe et al.

2003; Dutta et al. 2005a; Mondal et al. 2006). As there is

no report available for a resistant genotype in the Brassica

germplasm, a wild crucifer, R. indica, was explored to

identify aphid-tolerant genes using cDNA AFLP analysis

(Bandopadhyay et al. 2013). A novel defensin gene (R.

indica defensin, RiD) was isolated from the aphid-tolerant

R. indica and the said protein was seen to affect the

Fig. 5 Detection of RiD expression in transgenic plants. a Histo-

chemical GUS staining of mature leaves from five T1 transgenic B.

juncea plants (P5T1-1, P8T1-10, P12T1-6, P23T1-12, P45T1-4) and

one vector control plant showing constitutive GUS expression in all,

but no expression in the un-transformed control leaf. b, c Western

blot using total soluble protein extract from the five T0 and their

corresponding T1 transgenic B. juncea lines expressing RiD. Total

soluble protein (40 lg) extracts from leaves of each of the five

independent T1 transgenic lines, aphid-infested R. indica plants (?ve

control) and vector control plant (negative control) were probed with

anti-RiD antibody showing a clear band at 6 kDa. d ELISA analysis

for quantitative estimation of RiD in total soluble protein in five T1

transgenic lines. Bars represent SE of three replicates and significant

expression was marked by asterisk (P B 0.05). e Immunohistofluo-

rescence assay of transgenic B. juncea plants. Representative image

of transverse sections of leaf, stem and root from both vector control

and transgenic line P5T1-1 incubated with anti-RiD primary antibody

and anti-rabbit IgG–FITC-conjugated secondary antibody. The accu-

mulation of RiD is clearly visible by the green fluorescence in the

transgenic plant sections, whereas the transverse sections from control

plant showed no green fluorescence. Bar 10 lm
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population growth of aphids significantly (Bandopadhyay

et al. 2013; Sarkar et al. 2016). Plant defensins have a

negative effect on phloem-feeding aphids (Kusnierczyk

et al. 2011) and are also widely reported to be a JA-re-

sponsive marker gene (Moran and Thompson 2001). Ara-

bidopsis PDF 1 is one of the known defensins which was

reported to be upregulated in response to Brevicoryne

brassicae (Kusnierczyk et al. 2011). Application of MeJA

has also been seen to induce defensins in tomato which

helps in the reduction of aphid population growth (Cooper

and Goggin 2005). On the contrary, in the Arabidopsis

thaliana–Myzus persicae model system, aphid feeding was

reported to induce the expression of SA-responsive marker

genes (Moran and Thompson 2001; De Vos et al. 2005). To

study the possible mode of regulation of RiD in the present

study, expression of JA/SA/ABA modulating genes along

with RiD was observed using qRT-PCR during aphid

infestation. Lipoxygenase (LOX3, LOX4) and 12-oxo-

phytodienoic acid reductase (OPR1 and OPR2) are the key

regulatory enzymes for the JA biosynthesis pathway (He

et al. 2002) which tend to increase in response to herbivory

(Arimura et al. 2000). In this study, significant upregulation

of RiD (by 33.5-fold) was seen upon aphid infestation and

even more (by 82.12-fold) upon exogenous application of

MeJA on R. indica (Fig. 1a). Upon aphid infestation, JA-

responsive genes were highly upregulated in R. indica.

LOX3 and LOX4 were induced by 52.34- and 63.14-fold,

respectively. OPR1 and OPR2 were upregulated by 42.56-

and 62.21-fold, respectively (Fig. 1b). The ABA-regula-

tory genes, NCED1 and NCED2 were also seen to be

upregulated during aphid infestation with 19.23- and 21.05-

fold, respectively (Fig. 1b). This may be a possibility

because ABA does not directly play any role, but helps to

maintain the physiological conditions of aphid-infested

plants (Zhu-Salzman et al. 2004). On the other hand,

expression of RiD was not significant in response to

exogenous application of ABA/SA (Fig. 1a). Furthermore,

the SA-responsive marker genes (PR1 and NPR1) were not

significantly expressed during or after aphid infestation

(Fig. 1b). All these results indicated that L. erysimi induces

the JA-regulatory pathway which in turn induces the

expression of RiD and hence mediates the defense response

in R. indica.

Moreover, as food allergenicity has become one of the

major concerns for food/food products derived through

genetic engineering, the safety evaluation of RiD was

necessary before transgenic application. From the present

study, it is evident that RiD has no sequence similarity with

any known allergen. In silico analysis also showed the

absence of significant IgE epitopes in RiD. As many pro-

tein structures which are stable and resistant toward

digestion act as a potent allergen (Astwood et al. 1996;

Apostolovic et al. 2016), another important assessment of

allergenic proteins is its stability in pepsin digestion

(Plundrich et al. 2015; Toomer et al. 2015; Hirano et al.

2016). RiD was seen to be digested within 2 min of

treatment with SGF (Fig. 2a, b), supporting the in silico

results (Supplementary Table S3). CD analysis showed that

the secondary structure of RiD starts to denature at 50 �C
and gets distorted at higher temperatures, rendering it heat

labile (Fig. 2c). The functional activity of RiD was also

disrupted at 50 �C and above, which was evident from the

loss of its insecticidal property as shown in Fig. 2d. As

allergens are important IgE-sensitizing agents, sera IgE

estimation is also considered to be the most advanced

approach to detect food allergens (Erwin et al. 2010;

Ogunlade et al. 2012). Allergenic proteins show high IgE

cross-reactivity with the sera specimens from the allergic

patients (Hauber and Zabel 2009; Hancock et al. 2012;

Goodman et al. 2013). In the present study, targeted sera-

specific ELISA from allergenic patients was conducted to

observe the IgE cross-reactivity with RiD protein. A sig-

nificantly low IgE cross-reactivity was seen using RiD as

probe compared to a very high cross-reactivity while using

Fig. 6 In planta insect bioassay. a Percentage survivability of aphids

on five T1 transgenic lines and on vector control plant. P23T1 and

P12T1 show the highest mortality of aphids of about 66.67%

reduction in aphid survivability. b Bar diagram showing fecundity

pattern of L. erysimi (mean number of nymphs produced per plant) on

vector control and the five T1 transgenic lines. Bars represent SE with

n = 3
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OVA (Table 1). This confirms that RiD does not have IgE-

specific epitope as suggested by the in silico analysis and

does not sensitize IgE in human sera.

Allergenicity assessment is incomplete without animal

model studies. BALB/c mice are the most widely used

animal models for allergenicity assessment for their high

similarity with humans with respect to many important

immunological mechanisms (Nieuwenhuizen et al. 2006;

Ghosh et al. 2013). Many allergens such as Anisakis

(Nieuwenhuizen et al. 2006), OVA (Hutson et al. 1988),

Ara h (Bernard et al. 2014; Apostolovic et al. 2016; Chen

et al. 2016) induce lung inflammation in mice models,

whereas x -HXTX-Hv1a (Hvt) from the Australian funnel

web spider Hadronyche versuta (Naeem et al. 2015),

mutated form of ASAL from Allium sativum (Ghosh et al.

2013), bacterial codA (Singh et al. 2006) and many more

have been studied for risk assessment and consequently

used as a transgene (Singh et al. 2006; Ghosh et al. 2016).

In the present study, three sets of five mice each were

sensitized with RiD, PBS (as negative control) and OVA

(as positive control), respectively. Lung histopathology

was studied in all the sets as it is considered to be one of

the most relevant approaches for studying allergenic

response in vivo (Koth et al. 2004; Brandenberger et al.

2014). The difference in the allergenic reaction in response

to OVA and RiD/PBS was well observed in the H&E and

PAS-stained lung sections (Fig. 3). An evident hyperplasia

of alveoli and mucus deposition was observed in the OVA-

treated lung sections, whereas no such observation was

found in the RiD/PBS-treated sections (Fig. 3). The sera of

each group of mice treated with OVA, RiD and PBS were

also analyzed for IgE levels. Elevated levels of IgE were

detected in OVA-treated sera (4.15 ± 0.92), but not in

RiD/PBS-treated sera (Supplementary Table S4). The

results from targeted sera screening as well as IgE detec-

tion in mice suggest that RiD is IgE-nonreactive and bio-

logically safe. Hence, RiD was finally utilized for the

development of transgenic B. juncea.

Previous studies report that transgenic plants expressing

various defensins showing insecticidal and protease activities

have been effective against different insects (Bloch and

Richardson 1991; Liu et al. 2006; Santos et al. 2010). In this

study, the full length coding sequence of RiD was success-

fully integrated into susceptible B. juncea cultivar B-85.

Initially, the presence/absence of the transgene was detected

via PCR analysis. Next, the PCR-positive plants were ana-

lyzed for single-copy transgene insertion through Southern-

blot analysis. Detailed molecular analyses in the T1 plants

established stable RiD integration in the transgenic plants.

Eight out of ten plants (P1, P5, P8, P12, P18, P23, P32 and

P45) were seen to have single-copy insertion in the T0 gen-

eration, whereas plant P22 was seen to have double-copy

insertion (Fig. 4b). As multiple-copy gene insertion leads to

gene silencing (Tang et al. 2007), transgenic plants with

single copy of transgene were preferred to those with multiple

copies and were used in further analyses. Furthermore, the

segregation of the transgene in T1 generation was analyzed

using v2 test and there was no significant difference between
the observed and expected Mendelian ratio (3:1) (Table 2).

The expression of RiD in the single-copy transgenic

plants was analyzed by GUS, Western-blot analysis and

ELISA. GUS expression analysis of the leaves from five T1

transgenic plants (P5T1-1, P8T1-10, P12T1-6, P23T1-12 and

P45T1-4) revealed the expression of GUS in all but not in the

untransformed control plant (Fig. 5a).Western-blot analysis

confirmed the expression of RiD in the five T1 transgenic

plants corresponding to the T0 lines, but not in the vector

control B. juncea plants (Fig. 5b, c). Quantitative expression

of RiD in the T1 transgenic lines was monitored using

ELISA. The expression level of RiD in different transfor-

mants varied from 0.27 to 0.86% of total soluble protein with

the highest in P23T1-12, followed by P12T1-6 and P8T1-10

(Fig. 5d). This difference suggests that the transgene might

have randomly integrated at different transcriptionally active

sites in the plant genome of each independent transgenic line.

Immunohistochemical analysis was also conducted to visu-

alize the expression of RiD in the T1 plant tissues. RiD was

seen to be strongly expressed in all the tissues indicating its

presence in leaves, stems as well as roots (Fig. 5e). Finally,

in planta bioassay results clearly indicated that the consti-

tutive expression of RiD in transgenic plants reduces the

insect population significantly varying from46.67 to 66.67%

(Fig. 6a). P23T1 and P12T1 both show maximum reduction

of aphid population up to 66.67%, followed byP8T1 showing

a reduction of 56.67%,which is comparable to the expression

level of RiD in Western blots (Fig. 5c) and ELISA (Fig. 5d)

in the said lines. This reduction of insect population was

much significant compared to other transgenic lines

expressing insecticidal agents such as wheat germ agglutinin

(WGA) with 55%mortality (Kanrar et al. 2002), ASALwith

89% (Dutta et al. 2005a), (E)-b-farnesene (Ebf) with 75%

(Verma et al. 2015), and GNA (snowdrop lectin gene) with

51–54% (Ramesh et al. 2004) reduction in aphid population.

The fecundity of aphids in RiD-expressing transgenic plants

was seen to vary between 18 and 45% compared to the

control plants (Fig. 6b). This was significantly lower com-

pared to 60–64 and 35–39% in case of 35SASAL- and

RSsASAL-expressing B. juncea plants, respectively (Dutta

et al. 2005a).

Conclusion

Collectively, the present study was an attempt to enhance

the aphid tolerance property in B. juncea by introducing a

novel insecticidal protein, RiD, through the development of
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transgenics. RiD, which is also a JA-marker gene is found

to be biologically safe and has been seen to effectively

reduce the aphid population in transgenic mustard plants up

to 66.67% and this can be well used to instigate sustainable

agricultural practices.
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