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Abstract Plant defensins are small (45 to 54 amino acids)
positively charged antimicrobial peptides produced by the plant
species, which can inhibit the growth of a broad range of fungi
at micro-molar concentrations. These basic peptides share a
common characteristic three-dimensional folding pattern with
one «-helix and three {3-sheets that are stabilized by eight
disulfide-linked cysteine residues. Instead of using two
single-gene constructs, it is beneficial when two effective genes
are made into a single fusion gene with one promoter and
terminator. In this approach, we have linked two plant
defensins namely Trigonella foenum-graecum defensin 2
(Tfgd2) and Raphanus sativus antifungal protein 2 (RsAFP2)
genes by a linker peptide sequence (occurring in the seeds of
Impatiens balsamina) and made into a single-fusion gene
construct. We used pET-32a+ vector system to express
Tfgd2-RsAFP2 fusion gene with hexahistidine tag in
Escherichia coli BL21 (DE3) pLysS cells. Induction of these
cells with 1 mM IPTG achieved expression of the fusion
protein. The solubilized Hisg-tagged recombinant fusion pro-
tein was purified by immobilized-metal (Ni*") affinity column
chromatography. The final yield of the fusion protein was
500 ng/uL. This method produced biologically active recom-
binant Hise-tagged fusion protein, which exhibited potent anti-
fungal action towards the plant pathogenic fungi (Botrytis
cinerea, Fusarium moniliforme, Fusarium oxysporum,
Phaeoisariopsis personata and Rhizoctonia solani along with
an oomycete pathogen Phytophthora parasitica var
nicotianae) at lower concentrations under in vitro conditions.
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This strategy of combining activity of two defensin genes into a
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Keywords Tfgd2-RsAFP2 - Fusion protein - Linker peptide -
E. coli - Antifungal activity

Introduction

Defensins are superfamily of antimicrobial peptides (AMPs),
which are found in all living organisms. These are most studied
among the plant AMPs (Thomma et al. 2002; Lay and
Anderson 2005; Carvalho and Gomes 2009; Stotz et al.
2009) and are involved in innate immunity. Innate immunity
is a much more widespread ancient defense strategy involving
the production of AMPs (Boman 1995).

Plant defensins are typically highly basic proteins of small
molecular weight (<10 kDa) with an even number of cysteine
residues (typically 4, 6, or 8) that stabilize the protein structure
through formation of disulfide bridges and provide structural
and thermodynamic stability to the protein (Hancock and
Lehrer 1998; Lay and Anderson 2005; Benko-Iseppon et al.
2010). They have been isolated from all parts of the plants
including seeds, pods, fruits, flower parts, leaves, tubers, roots,
and stems (Thomma et al. 2002; Lay and Anderson 2005;
Wong et al. 2007; Carvalho and Gomes 2009). Most of the
plant defensins isolated are seed derived and have been char-
acterized at the molecular, biochemical and structural levels
(Terras et al. 1993; Osborn et al. 1995; Thomma et al. 2002;
Lay and Anderson 2005; Song et al. 2005).

They are structurally related to insect defensins (Broekaert
et al. 1995) and even more to the antifungal insect peptide
drosomycin (Landon et al. 1997). Among defensins of differ-
ent plant species, homology in amino acid sequences is rather
low except for the conservatively located cysteine residues. At
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the same time, similarity in primary structure among families
is considerably higher than it is between defensins of plants
belonging to different families (Odintsova et al. 2007). De-
spite differences in the amino acid sequence, there is a simi-
larity in three-dimensional structures of these proteins repre-
sented by one o-helix and three 3-strands.

Plant defensins are secretory proteins which are produced as
precursors with an endoplasmic reticulum signal sequence and a
mature defensin domain (Broekaert et al 1997). Majority of
these proteins display antimicrobial activity against a broad
range of fungi (Broekaert et al. 1995; Thomma et al. 2002;
Lay and Anderson 2005; Wong et al. 2007; Vijayan et al.
2008). Apart from antimicrobial activity, plant defensins have
also been shown to have other biological activities like an -
amylase inhibitor (Bloch and Richardson 1991; Pelegrini et al.
2008), protease inhibitor (Wijaya et al. 2000; Melo et al. 2002;
Zhang and Falla 2009), 12 protein translation inhibitor (Mendez
et al. 1990, 1996; Chen et al. 2005), growth inhibitor of roots of
parasitic plants (Zelicourt et al. 2007), ion channel blockers
(Kushmerick et al. 1998; Spelbrink et al. 2004) and mediation
of metal tolerance (Mirouze et al. 2006). These diverse biolog-
ical activities displayed by the plant defensins are believed to be
caused by high variation in primary sequences (Thomma et al.
2002; Lay and Anderson 2005; Carvalho and Gomes 2009).

The exact mechanism of action of plant defensins is not
completely understood, but there is evidence that plant defensins
interact with sphingolipids on fungal cell membrane and inte-
grate into the phospholipid bilayer of the membrane, resulting in
the permeabilization and membrane destabilization (Thevissen
et al. 2003, 2004). It was recently demonstrated that plant
defensins can also be internalized into the cytoplasm and be
involved in specific interactions with intracellular targets (Lobo
et al. 2007; Van der Weerden et al. 2008). With these proteins,
fungal inhibition occurs through the mechanism of ion efflux.

Most of the bacterially expressed plant defensins were
shown to be active as antifungal peptides (Xu and Reddy
1997; Park et al. 2002; Olli and Kirti 2006; Hui et al. 2007,
Olli et al. 2007; Solis et al. 2007; Vijayan et al. 2008).

Tfgd2 and RsAFP2 are potent antifungal proteins which
belong to the family of small AMPs. Antifungal activity of
Tfgd2 was tested in vitro against Rhizoctonia solani and Fu-
sarium moniliforme fungal pathogens (Olli et al. 2007). Sim-
ilarly, RsAFP2 was also reported as an efficient antifungal
protein (Terras et al. 1995; Parashina et al. 2000; Li et al. 2011).

The present study deals with recombinant expression of
Tfgd2 and RsAFP2 defensins (linked with each other by a linker
peptide sequence from the seeds of Impatiens balsamina) as a
single-fusion protein in Escherichia coli systems, with the aim
to study their combinational role in exhibiting antifungal activity
against Botrytis cinerea, F. moniliforme, Fusarium oxysporum,
Phaeoisariopsis personata and R. solani fungal pathogens
along with an oomycete pathogen, Phytophthora parasitica
var nicotianae under in vitro conditions.

@ Springer

Materials and methods

Construction of fusion gene (Tfgd2-RsAFP2) expression
vector

Fusion gene (Tfgd2-RsAFP2; GenBank accession number
KF498667) construct is made up of Tfgd?2 (Trigonella foenum-
graecum defensin 2; GenBank accession number AY227192)
and RsAFP2 (Raphanus sativus antifungal protein 2; GenBank
accession number U18556) genes, which are linked with each
other by a linker peptide sequence, which is fourth internal
propeptide from naturally occurring IbAMP polyprotein precur-
sor from the seeds of I balsamina. The complete open reading
frame sequence coding for the 7fgd2 was amplified by PCR with
Tfgd2 -specific forward primer (5"GGGGGTACCATGGAGA
AGAAATCACTAGCT 3') and reverse primer along with linker
peptide sequence (5'GTCTTGTGGCGTCGCCACCTCG
TCTGCTGCGTTGCTACATCTTTTAGTACACCAGCA 3"
using cDNA sequence of Tfgd2 as a template with the following
conditions. Initial denaturation was performed at 94 °C for 4 min
followed by 29 cycles at 94 °C for 1 min (denaturation), 55 °C
for 45 s (annealing) and 72 °C for 2 min (extension). Final
extension was carried out at 72 °C for 10 min resulted in the
amplification of 255 bp PCR product of 7fgd?2 along with linker
peptide. In a similar way, Rs4AFP2 was amplified by PCR with
RsAFP2 forward primer along with linker peptide sequence
(5AGCAACGCAGCAGACGAGGTGGCGACGCCACAAG
ACATGGCTAAGTTTGCTTCTATC 3') and reverse primer
(STTAACAAGGGAAATAACAGATACA 3') using cDNA se-
quence of RsAFP2 as a template with the following conditions.
Initial denaturation was performed at 94 °C for 4 min followed
by 29 cycles at 94 °C for 1 min (denaturation), 59.7 °C for 45 s
(annealing) and 72 °C for 2 min (extension). Final extension was
carried out at 72 °C for 10 min resulted in the amplification of
279 bp PCR product of RsAFP2 along with linker peptide.
Followed by another PCR using first and second PCR amplified
products as templates with 7fgd2 forward and RsAFP2 reverse
primers using the following cycling conditions; 94 °C for 4 min
initial denaturation followed by 29 cycles at 94 °C for 1 min
(denaturation), 54.5 °C for 50 s annealing and 72 °C for 2 min
(extension). Final extension was conducted at 72 °C for 15 min
resulted in the amplification of 500 bp fusion gene with
Tfgd2 and RsAFP2 genes with intervening linker peptide
sequence.

This 500-bp fusion gene was cloned in pTZ57R/T vector
and clones were screened by double digestion with Kpn1 and
BamHI enzymes. Fusion gene positive clones were finally
confirmed by commercial sequencing. Later, this gene was
released from pTZ57R/T vector by double digestion with
Kpnl and BamHI enzymes and cloned at the same sites of
the T7 polymerase expression vector pET-32a+ vector
(Novagen, USA) and transformed into BL21 (DE3) pLysS
E. coli cells.
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Overexpression and purification of Hisg-tagged recombinant
fusion protein (Tfgd2-RsAFP2) in E. coli

E. coli BL21 (DE3) pLysS cells carrying the fusion gene were
cultured overnight at 37 °C in 5 mL of Luria-Bertani (LB)
medium under vigorous agitation (200 rpm). This pre-
inoculum suspension was then used to inoculate 500 mL of
fresh LB selection medium, which was agitated till O.D.600
reached 0.6-0.8. Thereafter, an aliquot of noninduced cells
was collected and reserved as a control. Expression of Hisg-
tagged fusion protein was induced in the remaining portion of
cells by addition of IPTG to a final concentration of 1 mM.
The cells were cultivated at 37 °C for 4 h in the induction
medium (i.e., LB selective medium plus IPTG) and afterwards
induced cells were pelleted by centrifugation at 5,000 rpm for
10 min at 4 °C.

The pellet was initially washed with fresh 1x PBS buffer.
Following that, the first lysis (prolysis) buffer (300 mM NaCl,
50 mM NaHPO,, 10 mM imidazole, 15 % glycerol and 0.1 %
SDS) was added and mixed homogeneously. Subsequently,
cells were lysed by sonication at 6x pulse for 5 min at 4 °C
(every 20-s pulse, a 10-s interval was given). After, obtained
lysate was centrifuged at 12,000 rpm for 20 min to remove the
debris. The supernatant was mixed with the second lysis
buffer (300 mM NaCl, 50 mM NaHPO,4 and 10 mM imidaz-
ole) along with 2 mL Ni-NTA (Qiagen, Germany) and the
volume was made up to 50 mL/L culture of cells and mixed on
arocker at 60 rpm for 1 h at4 °C. The supernatant mixture was
loaded on to the column (Sigma-Aldrich, USA) and the flow-
through was collected at the rate of 0.5 mL/min, which was
maintained till the end. Finally, the column was washed with
10 vol. of wash buffer (300 mM NaCl, 50 mM NaHPOy,
20 mM imidazole and 15 % glycerol). The recombinant fusion
protein was eluted with elution buffer (300 mM NaCl, 50 mM
NaHPO,4 and 250 mM imidazole), according to the manufac-
turer's instructions (Qiagen, Germany). Purified protein con-
centrations were measured according to Bradford's (1976)
method. Later, protein samples were resolved on 12 % SDS-
polyacrylamide gels according to the method of Laemlli
(1970). After electrophoresis, the gel was stained with
Coomassie brilliant blue.

Fungal growth inhibition bioassays

The purified recombinant fusion protein (Tfgd2-RsAFP2) was
analyzed for its ability to inhibit the in vitro growth of plant
pathogenic fungi along with an oomycete pathogen
P, parasitica var nicotianae. The fungal pathogens used for
the tests were B. cinerea, F. moniliforme, F. oxysporum,
R. solani and P. personata. These were obtained from the
Directorate of Oilseeds Research, Hyderabad, India; Central
Tobacco Research Institute, Rajahmundry, India; and Univer-
sity of Agricultural Sciences, Dharwad and Bangalore, India.

Antifungal activity of recombinant fusion protein was tested
by both microspectrophotometry and in vitro plate assay
methods. Different concentrations of purified fusion protein
were prepared by diluting 10 uL of purified protein and
pipetted into a 96-well microtitre plate well containing
90 uL of the test fungal spore suspension (~2.5x 10* spores/
mL) in potato dextrose broth and placed in an incubator at
28 °C. Antifungal activity of individual protein concentration
was tested and this experiment was conducted in three repli-
cates. Germination and growth of fungal spores were observed
microscopically and optical density (OD) was measured with
microplate reader at a wavelength of 595 nm after inoculation
for 30 min and 48 h. Control samples were analyzed similarly
except that the protein was not added. Growth inhibition
values lower than 10 % was not considered as significant
(growth inhibition is defined as the ratio of corrected absor-
bance of the control at 595 nm minus the corrected absorbance
of the test sample at 595 nm divided by the corrected absor-
bance of the control at 595 nm). The corrected absorbance is
defined as the absorbance at 48 h minus that at 30 min. ICsq is
defined as the concentration of protein, at which 50 % growth
inhibition was reached.

Percent inhibition of fungal growth on the plate has been
estimated as area of mycelial growth in the absence of anti-
fungal protein minus area of mycelial growth in the presence
of antifungal protein/area of mycelial growth in the absence of
antifungal protein x 100.

A graph plotting the percent inhibition of fungal growth
against the concentration of protein tested was used to deter-
mine the ICs, value of fusion protein for different pathogens,
i.e., the concentration of protein used to produce 50 % growth
inhibition.

For the in vitro plate assay, a piece of agar containing
fungal mycelium was inoculated at the center of the potato
dextrose agar (Himedia, India) plate with 25 mL of the medi-
um and incubated at 28 °C. When the mycelia reached 6 cm in
diameter, four sterile Whatman no. 1 filter paper discs (1 cm
diameter) were placed on the plate at equal distance from the
center. Purified recombinant fusion protein was added at
various concentrations (ranging from 10 to 40 pg/uL) at the
center of the discs on the plate. The elution buffer was used as
a control. The plates were incubated at 28 °C and were
observed periodically till the mycelial growth covered the
control discs.

For P. personata conidia germination assay, conidia were
collected from infected leaves of diseased plants and were
diluted to 50,000 conidia/mL. Different concentrations of
purified recombinant fusion protein were taken into cavity
slides. As a control, elution buffer was taken as mentioned
earlier. Equal concentrations of conidia (50,000 conidia/mL)
were added to both control and recombinant protein contain-
ing cavity slides. They were observed under microscope after
48 h to check conidia germination
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Results
Cloning of fusion gene (Tfgd2-RsAFP2) coding sequence

Tfgd2 and RsAFP2 genes were amplified separately by using
their specific forward and reverse primers in two individual
PCR reactions as represented in Fig. 1a. Finally, third PCR
was conducted by using the mixture of the first two PCR
reactions amplified products as templates along with Tfgd?2?
forward and RsAFP2 reverse primers, resulted in the amplifi-
cation of 500 bp fusion gene (GenBank accession number
KF498667) containing Tfgd2 and RsAFP2 genes with inter-
vening linker peptide sequence as represented in Fig. 1b. This
gene was cloned in pTZ57R/T-vector by T/A cloning and
confirmed by double digestion with Kpnl and BamHI en-
zymes (Supplementary Fig. 1). Finally, gene sequence of the
fusion gene was confirmed by commercial sequencing
(Fig. 2).

Furthermore, this gene was released from pTZ57R/
T-vector by Kpnl and BamHI double digestion and cloned
at the same sites in pET-32a+ expression vector, which con-
tains an inbuilt His¢-tag sequence, resulted into a Hise-tagged
recombinant fusion protein coding sequence (pET/Tfgd2-
RsAFP2 construct; Supplementary Fig. 2). The expected size
of the Hisg-tagged recombinant fusion protein is 35 kDa,
calculated from deduced amino acid sequence (ExPASY
Protein Parameters Tools Analysis, Wilkins et al. 1999).
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Fig. 1 Construction of fusion gene (Tfgd2-RsAFP2) construct. a PCR
amplification of 7fgd2 and RsAFP2 genes. Red arrow in lanes A and B
represent Tfgd2 amplification; blue arrow in lanes C and D represents
RsAFP2 amplification, Lane M represents 1 kb ladder. b PCR amplifi-
cation of the fusion gene. Lanes E and F represent fusion gene amplifi-
cation; Lane M represents Lambda Eco RI+Hin dIII double-digest marker
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1 atggagaagaaatcactagctggcttgtgcttoctcottectegtt
M E K K 5 L A G UL CTF UL F L V
46 ctctttgttgcacaagaaattgtggtgactgaagccaaaacttgt
L F VA Q E I VV TEW ABIZ KT C
91 gagaatttggctgataaatacaggggaccatgcttcagtggctgt
E NL A D K Y R G P CF 8 G C
136 gacactcattgcacaaccaaagaacacgcagttagcggcaggtge
D T H CT T KEH AV 5 G R C
181 agggatgactttcgctgctggtgtactaaaagatgtagcaacgeca
R D D FRCWOCTHKRTGCS N A
226 gcagacgaggtggcgacgccacaagacatggctaagtttgettet
A D EV A TUP QD M A KTF A S5
271 atcattgtccttctcttegttgetcttgtegtttttgetgettte
I I v L L F V ALV V F A AF
316 gaagaaccaacaatggtggaagcacagaagttgtgtcagaggeca
E E P T V EA Q KL C Q R P
361 agtgggacatggtcaggagtctgtggaaataataacgcatgcaag
S 6 T W 8 GV C G N NNUBAC K
406 aatcagtgcattcgacttgagaaagcacgacatgggtcttgcaac
N @ C I R L E KA R H G 8 C N
451 tatgtcttcccagctcacaagtgtatctgttatttecccttgttaa 495
¥ Vv F P A H KCTI CYUFZPOC ®

Fig. 2 Nucleotide and deduced amino acid sequences of the fusion gene
(Tfgd2-RsAFP2). Sequences of 7fgd2 and RsAFP2 genes were represented
in black with intervening linker peptide sequence indicated in red. Starting
codons for both the genes were represented in green . There is no terminating
codon for Tfgd2 and RsAFP2 terminating codon was represented in purple

Bacterial expression and purification of His¢-tagged
recombinant fusion protein (Tfgd2-RsAFP2)

The hexahistidine (Hisg)-tagged recombinant fusion protein
made up of two defensins namely Tfgd2 and RsAFP2 with
intervening 12 amino acid linker peptide was overexpressed in
E. coli heterologous system by using pET-32a+ expression
system. This overexpressed fusion protein was purified by
immobilized-metal (Ni*") affinity chromatography (IMAC).
To obtain information about the solubility of Hiss-tagged
recombinant fusion protein produced in E. coli, this was
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Fig. 3 Induction of recombinant fusion protein (Tfgd2-RsAFP2) with
1 mM IPTG at different time intervals. BL21 (DE3) pLysS cells
transformed with pET-32a+vector harboring fusion gene were grown up
t0 0.6-0.8 OD and induced with 1 mM IPTG. After harvesting cells, total
protein was extracted with PBS and analyzed on 12 % SDS-PAGE. Lane
A, no detectable protein in 0 h; lanes B, C, D and E, concentration of
protein was increased gradually in subsequent intervals of time with IPTG
induction that led to expression of 35 kDa fusion protein. Lanes A, 0 h
without IPTG induction; B, 1 h with IPTG induction; C, 2 h with IPTG
induction; D, 3 h with IPTG induction; £, 10 h with IPTG induction; and
M, medium range protein marker
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Fig. 4 Western blot of recombinant fusion protein (Tfgd2-RsAFP2)
induced at different time intervals with anti His-tagged rabbit antibody
and detected with Penta His-HRP antibody (Qiagen,GmbH). Lanes 4,0 h
without IPTG induction; B, after 1 h of IPTG induction; C, after 2 h of
IPTG induction; D, after 3 h of induction with IPTG; and E, positive
control for anti His-tag antibodies

expressed in BL21 (DE3) pLysS E. coli cells carrying the pET-
32a+-fusion-gene construct with 1 mM IPTG induction. Total
cell protein fraction was retrieved from both noninduced and
induced bacterial cells lysed under native conditions. The ma-
jority of the probable Hisg-tagged recombinant fusion protein
was present within the soluble protein fraction. Then, soluble
protein fractions from induced protein fractions were separated
by centrifugation. Equal amounts of different protein fractions
like 0 h without IPTG induction and 1, 2, 3 and 10 h with 1 mM
IPTG induction were analyzed on 12 % SDS-PAGE (Fig. 3). A
protein presenting a mass around the predicted molecular
weight of the Hisg-tagged recombinant fusion protein, 35 kDa
was present in high amounts within the induced total protein
fraction as compared with the noninduced total protein fraction

Fig.5 Invitro antifungal assay of
recombinant fusion protein
showing inhibition of the
myecelial growth of different plant
pathogenic fungi after 48 h of
inoculation. a B. cinerea, b F.
moniliforme, ¢ F. oxysporum,
discs C and 1-3, negative control
(elution buffer)}—10, 25 and

40 pg/mL concentrations of
recombinant hisg-tagged fusion
protein, respectively. d R. solani;
discs C and 1-3, negative control
(elution buffer)—10, 40 and

25 pg/mL of fusion protein
concentrations

(Fig. 3). By silver staining of the protein gels, it was confirmed
that low quantity of the His¢-tagged recombinant fusion protein
was present in flow through and wash but most of the protein
was found in the elute (Supplementary Fig. 3, lanes D and E).
Based on these findings, large-scale expression and purification
of Hisg-tagged recombinant fusion protein was conducted by
incubation of E. coli culture at 37° C for 4 h of expression with
1 mM IPTG induction. This method resulted in the production
of substantial quantities of soluble Hise-tagged recombinant
fusion protein, which was purified by immobilized metal affin-
ity chromatography. Two of the IMAC eluates revealed that
obtained protein was 100 % pure as evident by the presence of
one single band with SDS-PAGE analysis (Supplementary
Fig. 3). This purified protein was confirmed by western blotting
using anti his-tagged rabbit antibodies (Fig. 4). This approach
yielded high quality, pure, soluble and denatured His¢-tagged
recombinant fusion protein (500 ng/ulL) from 500 mL of in-
duced E. coli culture.

In vitro antifungal activity of Hiss-tagged recombinant fusion
protein (Tfgd2-RsAFP2)

The antifungal activity of the purified His¢-tagged recombinant
fusion protein was determined by in vitro growth inhibition of
the following fungi viz., B. cinerea, F. moniliforme, F.
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Fig. 6 P, personata conidia germination pattern between control and test
sample with recombinant fusion protein after 48 h of inoculation. A
marked difference is noticeable in the germination pattern of P. personata
conidia in control (elution buffer) and test (40 pg/mL of fusion protein)

oxysporum , P. personata and R. solani along with an oomycete
pathogen P. parasitica var. nicotianae. The tested concentra-
tions of Hisg-tagged recombinant fusion protein were 10, 25
and 40 pg/mL respectively. Elution buffer was used as a
negative control. The highest concentration checked to obtain
the maximum inhibitory effect of the recombinant fusion pro-
tein against the above said fungi was 40 pg/mL. Most of the
tested pathogens appeared to be more sensitive with increased
concentrations of the fusion protein (Figs. 5 and 6; Supplemen-
tary Fig. 4).

The growth of fungal pathogens was inhibited at very lower
concentration of the fusion protein (10 pg/mL) and moderately
higher concentrations (40 pg/mL) were needed to inhibit
the growth of other pathogens. Antifungal activity of the fusion
protein was identified at ICsy value less than 10 pg/mL
with fungal pathogens like B. cinerea, F. moniliforme,
E oxysporum and P. personata (Table 1). With R. solani, its
ICs value was determined as 20 pg/mL and at that concentra-
tion, it showed detrimental effect on the spread of R. solani
mycelium and efficiently arrested its growth (Fig. 5d). Out of
all the tested fungal pathogens, P. personata appeared to be the
most sensitive with this protein. There were different zones of
inhibition in the tested fungal pathogens depending upon

cavity slides. Maximum number of conidia were germinated in the
control sample; where as in the case of test sample with fusion protein,
their germination was completely arrested, indicating the effective anti-
fungal nature of the fusion protein

concentration of the fusion protein used in Petri plate fungal
assay but at 40 pg/mL concentration, a clear zone of inhibition
was observed in all the tested fungal pathogens, i.e., B. cinerea,
E moniliforme, F. oxysporum, R. solani (Fig. 5) and in an
oomycete pathogen P. parasitica var nicotianae (Supplemen-
tary Fig. 4). These results prove that fusion protein directly
inhibits the growth of tested pathogens in a dose and concen-
tration dependent manner.

Discussion

Plant defensins are highly potent AMPs produced by the plant
to protect itself against the pathogen attack. Hence, character-
ization of efficient defensins from different sources is an emerg-
ing tool in biotechnology to protect plants against a broad range
of phytopathogens (Osusky et al. 2000; Punja 2001).

Many defensins have been purified from the plants in a
native condition. The demonstration of antifungal activity of
the defenisn protein predicted from a gene sequence requires its
in vivo (cell system or in planta) expression and purification
from a heterologous systems (Campos et al. 2008; Kovaleva
et al. 2011; De Beer and Vivier 2011).

Table 1 In vitro antifungal activity assay of the recombinant fusion protein (Tfgd2-RsAFP2) at varying concentrations by using spores/conidia of
certain plant pathogenic fungi (percent inhibition at different concentrations of the recombinant fusion protein (in micrograms per milliliter))

Serial no. Fungi 10 25 40 1Cs0” (ug/mL)
1 Botrytis cinerea 57.14+1.3 74.08+2.1 97.65+0.4 <10
2 Fusarium moniliforme 58.00+0.3 72.03£0.4 95.45+0.2 <10
3 Fusarium oxysporum 60.15£1.0 82.05+1.7 96.08+0.5 <10
4 Phaeoisariopsis personata 65.00£3.5 76.07£3.4 96.08+1.6 <10

The ICs value for Rhizoctonia solani (20 pg/mL) was determined by plotting the graph for percentage of growth inhibition vs. concentration of the

protein used in the in vitro plate assay. Values represent mean+SD, n=3

# Concentration of the protein required to inhibit 50 % of the growth (ICs() after 48 h of incubation. This was calculated from the dose-response curves

(percentage growth inhibition vs. protein concentration)
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In this work, we report the successful expression, purification
and antifungal activity of the Hisg-tagged recombinant fusion
protein (Tfgd2-RsAFP2) obtained by linking two individual
defensins, i.e., Tfgd2 and RsAFP2 respectively with linker pep-
tide. E. coli system has been used to produce numerous amounts
of recombinant proteins because of easy handling, inexpensive
media and large-scale production (Makrides 1996). Therefore,
we opted E. coli expressing system to successfully produce high
amounts of active recombinant fusion protein.

Xu and Reddy found that bacteria failed to produce
Arabidopsis PR-5 protein's preprotein because its N terminus
affected E. coli growth. Similarly, under the same conditions
when the Trichosanthes kirilowii defensin (TDEF1) gene with
its signal peptide-coding region was inserted into pET-32a+
vector, recombinant protein was not induced. Therefore, the
partial TDEF'1 cDNA corresponding to the mature peptide was
inserted into the expression vector and TDEFI was produced
as the recombinant protein in E. coli without the N-terminal
signal. However, the antifungal activity of the expressed pro-
tein was very low, requiring a dose up to 250 pg/mL of TDEF1
to have an effect on F. oxysporum (Hui et al. 2007). In another
case, Tephrosia villosa defensin 1 (TvD1) expressed in E. coli
along with its signal peptide exerted significant antifungal
activity after purification (Vijayan et al. 2008). Based on these
studies, we have expressed our fusion gene (Tfgd2-RsAFP2)
with its signal peptide in E. coli and purified efficiently as
recombinant fusion protein to determine its antifungal activity
against selected plant pathogens.

To express the fusion protein in E. coli, the 500-bp fusion
gene encoding sequence from pTZ57R/T plasmid was isolat-
ed and cloned into pET-32a+expression vector and was
transformed into E. coli BL21 (DE3) pLysS cells. The condi-
tions herein established to overexpress this protein in E. coli
(induction with 1 mM IPTG and incubation at 37 °C for 4 h)
led to expression of the protein in soluble form.

The antimicrobial activity of the recombinant fusion protein
was tested in vitro by using several plant pathogens. This to our
knowledge is a first report of expressing antifungal recombinant
fusion protein (made up of two defensins) in bacteria and not
reported earlier.

The antifungal activity assay has shown that 40 pg/mL
concentration of recombinant fusion protein was sufficient to
form an inhibitory zone for all the tested fungi under in vitro
conditions. It was 100 and 150 pg/mL for Tfgd1l and Tfgd2
defensins respectively from 7. foenum-graecum against R.
solani and F. moniliforme fungi (Olli and Kirti 2006; Olli
et al. 2007). Some PR proteins like chitinases from sorghum
and wheat expressed in E. coli required higher concentrations
like 300 pg/mL to inhibit the growth of different fungal species,
viz., Alternaria sp., Fusarium sp., B. cinerea, R. solani,
Colletotrichum falcatum, Pestalotia theae and Sarocladium
oryzae (Kirubakaran and Sakthivel 2007; Singh et al. 2007).
TvD1 defensin from Tephrosia villosa showed inhibitory zone

for P, parasitica t. sp. nicotiana, F. moniliforme, B. cinerea and
R. solani pathogens at 100 pg/mL concentration (Vijayan et al.
2008). A defensin from seeds of Phaseolus vulgaris (L.), PvD1
exhibited antifungal activity and caused membrane perme-
abilization in the filamentous fungi like F. oxysporum , F. solani,
F lateritium and in yeast strains like Candida parapsilosis,
Pichia membranifaciens , Candida tropicalis, Candida albicans,
Kluyveromyces marxiannus and Saccharomyces cerevisiae at a
concentration of 100 pg/mL (Mello et al. 2011).

To investigate the effect of recombinant fusion protein on
fungal conidia germination, we have tested this protein with P,
personata fungal pathogen. The conidia of P. personata
failed to germinate at 40 pg/mL concentration of the fusion
protein, whereas Tfgd1 and Tfgd2 defensin proteins required
100,150 pg/mL concentrations to inhibit the germination of
conidia (Olli and Kirti 2006; Olli et al. 2007).

However, 50 % inhibitory effect was observed in the case of
B. cinerea, F. moniliforme, F. oxysporum and P. personata
fungal pathogens at <10 pg/mL concentration of the fusion
protein, whereas with R. solani the same effect was observed
at 20 pg/mL concentration and at higher concentrations inhibi-
tion of mycelial growth was distinctly observed. Antifungal
action of this protein was intensely associated with targeted
fungus. The concentration at which the fungal growth was
inhibited by the fusion protein was not constant and varied with
fungal pathogens under consideration.

As fusion protein (Tfgd2-RsAFP2) displays potent antimi-
crobial activity at lower concentrations (10 and 20 pg/mL)
against economically important plant pathogenic fungi and
oomycetes, it represents a novel antifungal protein with prom-
ising utility for biotechnological applications.
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