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Abstract Sclerotinia stem rot caused by Sclerotinia
sclerotiorum is one of the major fungal diseases of Brassica
napus L. To develop resistance against this fungal disease, the
defensin gene from Raphanus sativus and chimeric chit42
from Trichoderma atroviride with a C-terminal fused
chitin-binding domain from Serratia marcescens were
co-expressed in canola via Agrobacterium-mediated transfor-
mation. Twenty transformants were confirmed to carry the
two transgenes as detected by polymerase chain reaction
(PCR), with 4.8 % transformation efficiency. The chitinase
activity of PCR-positive transgenic plants were measured in
the presence of colloidal chitin, and five transgenic lines
showing the highest chitinase activity were selected for
checking the copy number of the transgenes through
Southern blot hybridisation. Two plants carried a single copy
of the transgenes, while the remainder carried either two or
three copies of the transgenes. The antifungal activity of two
transgenic lines that carried a single copy of the transgenes
(T4 and T10) was studied by a radial diffusion assay. It was
observed that the constitutive expression of these transgenes
in the T4 and T10 transgenic lines suppressed the growth of
S. sclerotiorum by 49 % and 47 %, respectively. The two
transgenic lines were then let to self-pollinate to produce the
T2 generation. Greenhouse bioassays were performed on the
transgenic T2 young leaves by challenging with

S. sclerotiorum and the results revealed that the expression
of defensin and chimeric chitinase from a heterologous source
in canola demonstrated enhanced resistance against sclerotinia
stem rot disease.
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Introduction

Sclerotinia stem rot caused by Sclerotinia sclerotiorum is
one of the most important diseases of canola (Brassica
napus L.). This ascomycete fungus is distributed worldwide
and significantly reduces the yield and quality of some im-
portant crops, including canola (Kirkegaard et al. 2006).
Genetic engineering as a promising method for the effective
control of plant diseases has the advantage of incorporating
genes which produce resistance proteins from any species to
any crop (van der Biezen 2001). Among the antifungal pro-
teins, pathogenesis-related (PR) proteins such as defensins
and chitinases are well known to provide resistance to fungal
infection in various plants (Thomma et al. 2002).

Defensins are a class of evolutionarily and structurally
related small (45 to 54 amino acids), low-molecular-weight
(5 kDa), highly basic and cysteine-rich peptides (Thomma
et al. 2002). They have been detected in different organs
of plants, such as leaves, flowers, pods, seeds and tubers
(Wong and Ng 2005). They cause permeabilisation of fun-
gal membranes, leading to the inhibition of fungal growth
without having any concomitant of toxicity to either mam-
malian or plant (Thomma et al. 2002). Different plant
defensins exhibit inhibitory activity against a broad range
of fungal pathogens; for example, the inhibitory activity of
Tfgd1 from Trigonella foenum-graecum against
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Rhizoctonia solani (Olli and Kirti 2006), PgD5 from Picea
glauca against R. solani (Picart et al. 2012) and Rs-AFP2
from Raphanus sativus against Alternaria longipes,
Magnaporthe oryzae and R. solani (Terras et al. 1995;
Jha and Chattoo 2010).

Chitinases are low-molecular-weight PR proteins that
are often extracellular, acid-soluble and protease-
resistant (Graham and Sticklen 1994). They catalyse
the hydrolysis of b-1,4 linkages of N-acetyl-D D-
glucosamine chitin polymer of fungal mycelial walls
into N-acetyl glucosamine oligomers and, consequently,
result in the cell wall degradation and death of patho-
genic fungi. They are found in bacteria, fungi, insects
and higher plants (Kramer and Muthukrishnan 1997). In
particular, chitinase-encoding genes from Trichoderma
species have received considerable attention, as they
have much higher antifungal capacities than the corre-
sponding plant genes (Lorito et al. 1998). The antifun-
gal activity of different chitinases from Trichoderma
species has been demonstrated before; for example, the
antifungal activity of chit33 from T. harzianum against
R. solani (Limón et al. 1995; de las Mercedes Dana
et al. 2006), chit42 from T. harzianum against
Alternaria alternata, A. solani, Botrytis cinerea and
R. solani (Lorito et al. 1998; de las Mercedes Dana
et al. 2006) and a chitinase gene from T. virens against
R. solani (Kumar et al. 2009).

Genes encoding defensins and chitinases were sepa-
rately overexpressed in different crops, including tobac-
co (Saitoh et al. 2001), potato (Khan et al. 2008), rice
(Jha et al. 2009; Jha and Chattoo 2010), wheat (Li et al.
2011) and cotton (Ganesan et al. 2009; Tohidfar et al.
2005), which resulted in enhanced tolerance of transgen-
ic plants to fungal pathogens.

There have been certain evidences suggesting that the
co-expression of more than one gene which exhibits
different modes of action induced synergistic enhance-
ment of disease resistance against fungal pathogens in
different transgenic plants (Kim et al. 2003; Liu et al.
2004; Ntui et al. 2011; Chhikara et al. 2012; Khan et al.
2014).

Here, we present the co-expression of Rs-AFP1 from
R. sativus that suppresses fungal growth (Terras et al.
1995) and chimeric chit42 from T. atroviride, which is
expected to play a key role in biocontrol activities
against phytopathogenic fungi (Limón et al. 2004), with
a C-terminal fused chitin-binding domain from Serratia
marcescens that facilitates chitinase binding (Hardt and
Laine 2004) against S. sclerotiorum in B. napus. The
novelty of this study is to introduce different fungal
pathogen-resistant genes in canola to create new resis-
tance sources and is likely to reduce dependence on
chemical fungicides.

Materials and methods

Enzymes and chemicals

All chemicals, culture media, plant growth regulators
and antibiotics were purchased from Merck (Darmstadt,
Germany) and Sigma (USA) at the highest purity avail-
able, unless stated otherwise. Restriction enzymes and
other DNA-modifying enzymes were obtained from
Roche (Applied Science GmbH, Mannheim, Germany)
and Fermentas (Burlington, Canada).

Plant material, microorganisms and growth conditions

Canola (B. napus) R line Hyola 308, was used as the receptor,
which was kindly provided by the Oilseed Research and
Development Co., Tehran, Iran. Sclerotinia sclerotiorum was
kindly provided by H. Afshari-Azad, Iranian Research
Institute of Plant Protection, Tehran, Iran. The fungal strain
was grown on potato dextrose agar (PDA) medium (potatoes,
infusion 200 g/L, dextrose 20 g/L and agar 15 g/L) at 22 °C for
24 h and potato dextrose broth (PDB) medium used for liquid
culturing of the fungal mycelia (Ayers et al. 1976).
Escherichia coliDH5αwas used in all molecular experiments
and A. tumefaciens strain LBA4404 was used for the plant
transformation procedure. Bacteria were grown in Luria–
Bertani (LB) medium (Bacto Tryptone 10 g/L, Bacto Yeast
Extract 5 g/L, NaCl 10 g/L) at appropriate temperatures (37 °C
for E. coli and 28 °C for A. tumefaciens) with shaking
(150 rpm). Media were supplemented, when required, with
ampicillin and kanamycin (Sigma, 100 and 50 μg/mL),
respectively.

Plasmid construction

Plasmid pJETMZ1 (containing chimeric chit42 from
T. atroviride with a C-terminal fused chitin-binding domain
from S. marcescens) was digested with EcoRI restriction
enzyme and subsequently ligated into the homologous site
in plasmid pBINZP1 (containing Rs-AMP1 cDNA from
R. sativus). The recombinant plasmid pBINZP2 contains,
within the T-DNA region, the neomycin phosphotransferase
II (nptII) gene as a selectable marker that is a
kanamycin-resistant gene for plant selection; Rs-AMP1
and chimeric chit4 genes. The nptII gene is regulated by
the nopaline synthase (NOS) promoter and terminator; the
Rs-AMP1 and the chimeric chit42 are regulated by the cau-
liflower mosaic virus 35S promoters (CaMV 35S) and ter-
minated by the NOS terminators (Fig. 1). The recombinant
plasmid was then mobilised into Agrobacterium by the
freeze–thaw method.
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Preparation of the explants and bacterial strain
for transformation

Seeds were surface sterilised by treating with 70% ethanol for
2 min and 0.1 % (v/v) sodium hypochlorite for 10 min, and
rinsed three times with sterile distilled water. The seeds were
then germinated on 1/2 × Murashige and Skoog (MS;
Murashige and Skoog 1962) medium and incubated in the
presence of light for 5 days. After germination, the cotyledon-
ary petioles were cut and placed on the MS solid mediumwith
3.5 mg/L benzylaminopurine (BAP) for pre-culture. After
2 days, the explants were used for transformation. Single col-
onies of the A. tumefaciens-harbouring strain were grown in
the LB medium supplemented with 50 mg/L kanamycin and
allowed to grow overnight at 28 °C with constant shaking
(180 rpm) to mid-log phase. The bacterial culture was then
transferred to a fresh medium and cultivated till OD600=0.4
with liquid medium. The bacterial cells were collected by
centrifugation (6000 rpm for 5 min) and re-suspended in 1/2
× MS medium for the subsequent inoculation step.

Canola transformation and selection procedure

The explants were immersed in the bacterial suspension for
5 min with constant shaking and placed on sterile filter paper
to remove the excessive moisture and then placed on the MS
solid medium with 3.5 mg/L BAP in Petri dishes for
co-cultivation at 25 °C for 3 days in the dark. After co-culti-
vation, the explants were washed with the sterile water con-
taining 200 mg/L cephatoxime to inhibit the growth of
A. tumefaciens attached to the explants and then transferred
to the MS solid medium with 3.5 mg/L BAP, 8 mg/L kana-
mycin and 200 mg/L cephatoxime. After shoot initiation, the
explants were transferred to MS solid medium with 15 mg/L
of kanamycin and 200 mg/L of cephatoxime. The regenerated
shoots (about 3 cm in length) were excised from the explants
and transferred to MS solid medium with 2 mg/L of
3-indolebutyric acid (IBA) and 200 mg/L of cephatoxime
for rooting. All the above media contained 3 % (w/v) sucrose
and 8 g/L agar. The pH of the media was adjusted to 5.6–5.8
prior to the addition of agar and autoclaving at 121 °C for
20 min. All the explants were cultured at 25±2 °C and 16 h
of day time with a light intensity of 2000 lux.

PCR analysis of the transgenic canola

The leaf material from the transgenic and non-transgenic ca-
nola was harvested, lyophilised and ground into a fine powder
for the extraction of genomic DNA. Polymerase chain reac-
tion (PCR) amplification was used for initial evidence of the
presence of transgene in the putative transgenic plants. DNA
fragments containing the defensin and chimeric chitinase
genes were amplified by PCR using the genomic DNA and
RDeff/NOSR primers for amplifying defensin and chit42F4/
NOSR primers for amplifying chimeric chitinase (Table 1).
PCR was carried out as follows: an initial denaturation at
94 °C for 15 min, followed by 40 cycles of denaturation at
94 °C for 1 min, annealing at 58 °C for 1 min, extension at
72 °C for 1 min and a final extension at 72 °C for 10 min. The
resulting PCR products were separated by electrophoresis on
1 % (w/v) agarose gel.

Chitinase activity assay

Young leaves from putative transgenic lines as well as un-
transformed canola plants were frozen in liquid nitrogen
and ground to fine powder. The soluble proteins were then
extracted in 50 mM of sodium acetate buffer (pH 7.0). In
this assay, chitinase activity was generally measured in the
reaction mixture (total 500 mL) containing colloidal chitin
as a substrate (3.8 mg) and the crude of enzymes from
transgenic plants (20 μg/mL). The reaction was performed
at 37 °C for 1 h and then centrifuged at 6000 rpm for
5 min. The supernatant was boiled with 100 μL of potas-
sium tetra borate buffer for 3 min. Then, 3 mL of DMAB
reagent [10 g of dimethylaminobenzaldehyde in 100 mL of
glycial acetic acid (87.5 % v/v) and 10 N chloridric acid
(12.5 % v/v)] was added to the reaction, incubated at 37 °C
for 20 min and the amount of N-acetylglucosamine
(GLcNAc) produced in the supernatant was determined by
the method described by Zeilinger et al. (1999), using
GLcNAc as a standard. One unit of enzyme activity was
defined as the amount of enzyme that catalyses the release
of 1 μmol GLcNAc in 60 min at 37 °C. The assay for each
sample was performed three times. The total soluble protein
concentration was measured according to Bradford (1976),
using bovine serum albumin (BSA) as a standard.

Fig. 1 Schematic representation of the T-DNA region of plasmid
pBINZP2. The position of recognition sites of restriction enzymes is
indicated. RB right border; LB left border; CaMV35S-P cauliflower

mosaic virus 35S promoter; NOS-P and NOS-T nopaline synthase
promote r and te rmina to r, r e spec t ive ly ; np t I I neomycin
phosphotransferase II
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Southern blot analysis

Genomic DNA was extracted from fresh leaves of putative
transgenic plants and untransformed control plants by the
cetyltrimethylammonium bromide (CTAB) method. PCR-
positive plants and untransformed control plants were
analysed by Southern blot analysis to confirm the integration
of the introduced genes. Genomic DNA (20 μg) was digested
with HindIII (Fig. 1). The digested genomic DNAs were
fractioned on 0.8 % (w/v) agarose gels, transferred onto a
nylon membrane (Amersham Hybond NTM+; Amersham
International plc, Amersham, UK) and hybridised to the
Dig-dUTP labelled CaMV35S promoter probe. A partial in-
ternal fragment (631 bp in size) was obtained from PCR am-
plification by using CaMV35SF/CaMV35SR primers
(Table 1) and plasmid pBINZP2 containing the CaMV35S
promoter as a template, which was subjected to DIG DNA
labelling (Roche Applied Science GmbH, Mannheim,
Germany) and used as a probe in hybridisation experiments.

SYTOX Green uptake assay

The ability of defensin gene in transgenic canola to cause
plasma membrane permeabilisation was measured by the
uptake of SYTOX Green (Invitrogen Corp., Carlsbad,
CA, USA). An agar disc (5 mm in diameter) of
S. sclerotiorum, which was derived from the fungi in an
actively growing state supplemented with 750 μL half-
strength PDB, 5 mM MgCl2 and equal aliquots (45–
50 μg) of the crude protein plants, extracted with 50 mM
Tris-HCl (pH 8.8), from transgenic plants was incubated at
28 °C with shaking (100 rpm) for 24 h. Crude protein from
non-transgenic canola plant was used as a control. After
incubation, the samples were washed with 0.1 M
Tris-HCl (pH 8) and stained with 0.2 μM SYTOX Green
at 28 °C for 6 h, with periodic agitation. Images were
captured with a fluorescence microscope (Zeiss, Germany)
using an excitation wavelength of 460–490 nm.

Radial diffusion assay

An agar d isc (5 mm in diameter ) conta in ing
S. sclerotiorum, which was derived from the fungi in an
actively growing state, previously cultured on PDA, was
placed at the centre of Petri dishes (100×15 mm) contain-
ing 25 mL PDA. The plates were then incubated at
28 °C. After incubation for 48 h, wells were subsequently
punched into the agar at a distance of 1 cm away from
the rim of the mycelia colony. Equal aliquots (45–50 μg)
of the crude protein, extracted with 50 mM Tris-HCl
(pH 8.8), from transgenic plants containing defensin and
chimeric chitinase were added to the wells. Crude protein
from non-transgenic canola plant was used as a control.
The plates were incubated for a further 24 h, after which
the inhibition of hyphal extension around the crude protein
was observed. The inhibition rate (%) was calculated as
follows: [(the distance between the control hyphal edges to
the centre − the distance between the treated hyphal edges
to the centre)/the distance between the control hyphal
edges to the centre in the control] × 100 %. The assay
for each sample was performed three times.

Progeny segregation

Segregation of the transgenes in the canola progeny was
evaluated from the expression of the kanamycin resis-
tance gene. A number of 50–60 seeds of the T2 trans-
genic lines were cultured on MS solid medium with
30 mg/L kanamycin for 10 days. The green seedlings
were considered resistant, whereas non-germinated/pur-
ple seedlings were considered sensitive. The events hav-
ing only green seedlings were considered as homozy-
gous plants, whereas the events having non-germinated
or purple seedlings besides green seedlings were consid-
ered as hemizygous plants. Also, the events having only
non-germinated or purple seedlings were considered as
non-transgenic plants.

Table 1 Oligonucleotides
(primers) used in polymerase
chain reaction (PCR) and
Southern blot analysis

Name Oligonucleotides sequence

RDeff 5′-GCTCTAGAATGGCTAAGTTTGCGTCCATCATC-3′

RDefr 5′-GGAGCTCTTAACAAGGAAAGTAGCAGATACAC-3′

35S 5′-GCGAACAGTTCATACAGAGTCT-3′

NOS-R 5′-GTGAAGCTTCCCGATCTAGTAACAT-3′

CaMV35SF 5′-GGACTAACTGCATCAAGAACACAG-3′

CaMV35SR 5′-GAAGGATAGTGGGATTGTGCGTC-3′

chit42F4 5′-CGTTCCCGCAAGCAAGATCG-3′

virGf 5′-ATGATTGTACATCCTTCACG-3′

virGr 5′-TGCTGTTTTTATCAGTTGAG-3′
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Greenhouse assay for resistance to S. sclerotiorum

The bioassay was based on the inoculation of leaves on
30-day-old intact plants. For this purpose, a fully expanded
leaf of normal colour and shape was selected from each plant
and marked for inoculation. The inoculation site for each se-
lected leaf was the first one-third from the leaf tip. Leaves
were inoculated with 4-mm-diameter agar plugs containing
hyphal of S. sclerotiorum which had been transferred from
the margins of 3-day-old cultures. The mycelium-containing
surface of the plugs was laid on the adaxial side of leaves.
Plugs of 1/4 × PDA without the fungal mycelium were used
on the control plants. All pots were immediately covered with
transparent plastic bags to keep the humidity high. The exper-
iment was established in the evening to provide dark condi-
tions in the greenhouse. A completely randomised experimen-
tal design with three replications was used. Infection progress
was measured as the diameter of necrotic areas at the inocu-
lation points after 72 h of incubation.

Statistical analysis

Statistical differences were assessed based on analysis of var-
iance (ANOVA) using SPSS (version 15, USA). Differences
were considered significant at a probability level of p<0.05.

Results

Transformation, selection and regeneration of transgenic
plants

In order to construct a double expression vector harbouring
defensin and chimeric chitinase genes, the complete

expression cassette of chimeric chit42 gene from the
pJETMZ1 plasmid was subcloned into the EcoRI site, down-
stream of the complete expression cassette of the defensin
gene in the pBINZP1 plasmid. The recombinant plasmid
(pBINZP2) was then mobilised into the A. tumefaciens
(LBA4404) and, subsequently, was transformed to the cotyle-
donary petioles of the B. napus, R line Hyola 308. A total of
230 plantlets from 410 co-cultured explants (56 %) showed
regeneration on selectionmedium containing 8mg/L kanamy-
cin and as much as 39 % (89 out of 230) of plantlets remained
green on selection medium containing 15 mg/L kanamycin. A
number of 71 elongated shoots were successfully rooted and
then transferred to the soil and let flower and set seeds under
the greenhouse conditions (Fig. 2).

Molecular analysis of the transgenic plants

The kanamycin-resistant plants were initially screened by
PCR for the presence of defining and chimeric chitinase
genes. Twenty putative transgenic lines showed amplification
of a 500-bp fragment for Rs-AMP1 and a 900-bp fragment for
chimeric chit42 using appropriate primers (Fig. 3). The suc-
cessful introduction of these genes was calculated as 4.8 %
transformation efficiency. No amplification was detected in
wild-type plants. A set of virG primers (Table 1) was used
for the detection of Agrobacterium contamination if there
were any that might have escaped the selection. PCR of trans-
genic plants DNAwith virG primers showed no band (data not
shown).

Chitinase activity assay

The chitinase activity from leaf tissues of all PCR-positive
transgenic plants was measured in the presence of colloidal

Fig. 2 Production of transgenic
canola plants harbouring Rs-
AFP1 and chimeric chit42 genes.
a Co-cultivated cotyledonary
petioles with Agrobacterium
tumefaciens harbouring
pBINZP2. b Regenerated shoots
in the medium containing 8 mg/L
kanamycin. c Plantlet with
elongated shoot and induced
roots. d Acclimated plantlet in
non-aseptic environment. e, f
Putative transgenic plant with
flowers and pods in the
greenhouse
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chitin. The specific enzyme activity of transgenic lines varied
from 6.228±0.38 to 0.63±0.23 U/μg (pne unit of enzyme
activity was defined as the amount of enzyme that catalyses
the release of 1 μmol GLcNAc in 60 min at 37 °C). Five
transgenic lines showing the highest chitinase activity, T20
(6.228 ± 0.38 U/μg), T4 (5.527 ± 0.36 U/μg), T10 (4.798
± 0.074 U/μg), T2 (4.404 ± 0.22 U/μg) and T15 (3.976
±0.19 U/μg), were selected for checking the copy number
of transgenes through Southern blot hybridisation.

Southern blot analysis

Integration and the copy number of transgenes in five PCR-
positive plants with the highest chitinase activity (T20, T4,
T10, T2 and T15) were defined through Southern blot
hybridisation. Genomic DNA prepared from the mentioned
transgenic lines were digested with HindIII. The results of
Southern blot hybridisation with the CaMV35S promoter
probe indicated that two of the five tested plants had only
one copy (T4 and T10), and the rest of the plants had more
than one copy, including two copies (T2 and T15) and three
copies (T20) (Fig. 4). Also, no hybridisation signal occurred
in the non-transgenic control plants. The lines with only one
copy of inserted T-DNAwere selected for further analyses.

Radial diffusion assay

The antifungal activity of expressed defensin and chimeric
chitinase in single copy transgenic lines in the T0 generation
were examined through a radial diffusion assay. The growth
inhibition ability of the extracted proteins from leaves of the
T4 and T10 transgenic lines were tested on the actively grow-
ing S. sclerotiorum, a phytopathogenic fungus. The results
indicated that the crude protein from T4 and T10 showed
remarkable inhibition against hyphal growth of fungus com-
pared to wild-type plant. The growth inhibition rate of trans-
genic lines T4 and T10 were obtained as 49 % and 47 %,
respectively (Fig. 5).

SYTOX Green uptake assay

The ability of defensin gene in transgenic lines (T4 and T10)
to cause plasma membrane permeabi l i sa t ion of
S. sclerotiorum was measured by the SYTOX Green uptake
assay. This study showed that the total protein from T4 and

Fig. 4 Southern blot analysis of HindIII-digested genomic DNA from
representative pBINZP2-transformed plants (PCR-positive plants having
the highest enzyme activity) in the T0 generation; lane 1 transgenic line
T4; lane 2 transgenic line T20; lane 3 transgenic line T2; lane 4
transgenic line T10; lane 5 transgenic line T15; C+ positive control
(pBINZP2 plasmid); WT wild-type plant (negative control); M
molecular marker

Fig. 3 a Polymerase chain reaction (PCR) analysis of genomic DNA
from putative pBINZP2-transformed plants in the T0 generation using
Rdeff/NOSR primers; lanes 1–20 transformed plants; C+ positive
control (pBINZP2 plasmid); WT wild-type plant (negative control); M
molecular marker. b PCR analysis of genomic DNA from putative

pBINZP2-transformed plants in the T0 generation using chit42F4f/
NOSR primers; lanes 1–20 transformed plants; C+ positive control
(pBINZP2 plasmid); WT wild-type plant (negative control); M
molecular marker

Fig. 5 Inhibitory activity of total protein from transgenic plants
harbouring pBINZP2 toward Sclerotinia sclerotiorum; T4 total protein
from transgenic line T4; T10 total protein from transgenic line T10; WT
total protein from wild-type plant; Buff extraction buffer
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T10 induced fungal membrane permeability and uptake of
SYTOX Green, but the total protein from wild-type plant
did not change the fugal plasma membrane permeability
and, so, no uptake of SYTOX Green occurred (Fig. 6).

Greenhouse assay for resistance to S. sclerotiorum

Transgenic lines (T4 and T10) were permitted for self-
pollination to produce the T1 and T2 generations. T2 seeds
were then cultured onmedium containing 30mg/L kanamycin
to select homozygous plants. The events having 100 % green
seedlings were considered as homozygous plants, which were
transferred to the soil to evaluate the reaction of intact plants to
S. sclerotiorum. After 72 h of inoculation, all leaves showed
symptoms of necrosis and grey-coloured lesions. The lesions
had a mostly necrotic soft and ovoid-shaped expansion. The
results revealed that there was a remarkable difference be-
tween transgenic lines and wild-type plant with respect to
lesion size (Fig. 7). The lesion diameter for T4, T10 and
wild-type plants were measured as 8.85 ± 1.17 mm, 9.53
±1.15 mm and 23.4±1.12 mm, respectively.

Discussion

Genetic engineering as an important and alternative approach
in the control of fungal pathogens has facilitated the integra-
tion of beneficial genes into plants. There are several reports
on enhanced resistance against fungal pathogens by transgenic
crop plants expressing defensins and chitinases either alone or

in combination with other genes, e.g. expression of a defensin
from R. sativus (Rs-AFP2) in wheat against F. graminearum
and R. cerealis (Li et al. 2011), a defensin fromDahlia merckii
(Dm-AMP1) and Rs-AFP2 separately in rice against
Magnaporthe oryzae and R. solani (Jha et al. 2009; Jha and
Chattoo 2010), bean chitinase in cotton against V. dahlia
(Tohidfar et al. 2005), co-expression of a barley class II
chitinase and type I ribosome inactivating protein in
B. juncea against A. brassicae (Chhikara et al. 2012),
pyramiding chitinase from Streptomyces griseus strain and
defensin from Wasabia japonica in potato against
F. oxysporum and A. solani (Khan et al. 2014).

In this study, a binary expression vector carrying defensin
and chimeric chit42 (pBINZP2) was introduced to B. napus
via the Agrobacterium-mediated method. The putative trans-
genic plants were initially screened by PCR for the presence of
the two transgenes with 4.8 % transformation efficiency,
which is similar to that also reported in B. napus (Liu et al.
2011; Wang et al. 2005) and other Brassica species, B. rapa
and B. juncea (Cho et al. 2001; Das et al. 2006).

The chitinase activity of chimeric chit42 in all PCR-
positive transgenic plants were measured in the presence of
colloidal chitin and showed a range from 0.63±0.23 U/μg to
6.228±0.38 U/μg, which might be due to the site effects of
integration, gene silencing, the extent of methylation in the
transgene loci and the inherent mechanisms of plants against
foreign DNA invasion and expression (Srivastava et al. 1996;
Demeke et al. 1999; Alvarez et al. 2000; De Buck et al. 2004).

Five transgenic lines showing the highest enzyme activity
were selected for checking the copy number of transgenes

Fig. 6 SYTOX Green uptake
assay of S. sclerotiorum hyphae in
the presence of total protein from
transgenic plants harbouring
pBINZP2.aWhite light images. b
Fluorescent images; T4 fungal
hyphae after treatment with total
protein from transgenic line T4;
T10 fungal hyphae after treatment
with total protein from transgenic
line T10; WT fungal hyphae after
treatment with total protein from
wild-type plant; scale bar = 20μm

Fig. 7 Greenhouse assay for
resistance to S. sclerotiorum in the
T2 generation. a Transgenic line
T4. b Transgenic line T10. c
Wild-type plant
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through Southern blot hybridisation. According to the results,
the genes were integrated into all of the selected PCR-positive
plants. In addition, two transgenic lines (T4 and T10) had one
copy of the transgene. Southern analysis showed a dissimilar
banding pattern, indicating that the transgenic plants originat-
ed from independent transformation events. As an increased
copy number has often been associated with transgene silenc-
ing (Finnegan and McElroy 1994), the lines with only one
copy of the inserted T-DNAwere selected for further assays.

In order to check the antifungal ability of Rs-AFP1 and
chimeric chit42, the extracted protein from single copy trans-
genic lines (T4 and T10) were evaluated by a radial diffusion
assay. The results showed that the constitutive expression of
these genes was sufficient to inhibit the growth of
S. sclerotiorum as compared to non-transformed plants. The
results of several in vitro inhibition assays also revealed that
defensins and chitinases exhibited inhibitory activity against a
broad range of fungal pathogens (Tohidfar et al. 2005; Jha
et al. 2009; Jha and Chattoo 2010; Picart et al. 2012;
Chhikara et al. 2012).

Further evidence for enhanced resistance in transgenic lines
comes from the SYTOX Green uptake assay. SYTOX Green
is a high affinity nucleic acid stain that fluoresces upon nucleic
acid binding and penetrates cells with compromised plasma
membranes (Broekaert et al. 1995;Matsuzaki et al. 1997). The
results from the SYTOX Green uptake assay in the current
study confirmed the ability of extracted proteins from trans-
genic lines (T4 and T10) to permeate the fugal pathogen plas-
ma membrane. The use of SYTOX Green staining in the
membrane permeabilising action of plant defensins has been
reported previously, including the study of Nicotiana alata
defensin on F. oxysporum (van der Weerden et al. 2008),
Medicago sativa defensin on F. graminearum (Sagaram
et al. 2011) and Picea glauca defensin on B. cinerea,
F. oxysporum and V. dahliae (Picart et al. 2012).

Transgenic lines (T4 and T10) were then let to self-
pollinate to produce the T2 generation. The greenhouse assay
was performed on the homozygous plants by challenging with
S. sclerotiorum. The results revealed that overexpression of
these genes in transgenic canola improved resistance to this
fungal pathogen, as compared to that of untransformed plants.
Similar reports on enhanced resistance against fungal patho-
gen in greenhouse texts by transgenic plants expressing
defensins and chitinases either alone or in combination with
other proteins have been documented (Schaefer et al. 2005;
Tohidfar et al. 2005; Jha et al. 2009; Portieles et al. 2010;
Chhikara et al. 2012; Huang et al. 2013).

In conclusion, the results of the current study indicate that
the simultaneous deployment of different fungal
pathogen-resistant genes, Rs-AFP1 and chimeric chit42, en-
hances resistance against sclerotinia stem rot disease in cano-
la, and is likely to reduce the costs, heath risks and environ-
mental concerns of using chemical fungicides. These

transgenic lines (T4 and T10) demonstrate a promising poten-
tial for the development of a variety of canola lines with en-
hanced resistance against S. sclerotiorum and they may also
provide a potential germplasm source for enhanced resistance
to some other important fungal pathogens.
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