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Abstract Transgenic rice with cleavable chimeric poly-
protein and single-protein gene constructs placed under the
control of single maize ubiquitin promoter were generated
by Agrobacterium tumefaciens-mediated transformation.
The polyprotein precursor consists of a leader peptide and
two different antimicrobial proteins (AMPs), Dm-AMP1
and Rs-AFP2, from the seeds of Dahlia merckii and
Raphanus sativus, respectively. These genes were linked
by a 16 amino acid Ib-AMP linker peptide region isolated
from the seeds of Impatiens balsamina. Average expression
of Dm-AMP1 and Rs-AFP2 was 8.35±0.56 and 8.1±0.6
2 g/mg of total soluble proteins in the leaf extracts of
transgenic plants. Plants transformed with polyprotein
construct showed significantly improved disease resistance
against Magnaporthe oryzae and Rhizoctonia solani by
90% and 79%, respectively, as compared to untransformed
plants. The plants transformed with polyprotein construct
were more resistant to M. oryzae compared to plants
transformed with control single-gene constructs of Dm-
AMP1 and Rs-AFP2. The chimeric polyprotein was
cleaved and present in equimolar concentration in trans-
genic rice and the individual AMPs were secreted into the

extracellular space. The results of in vitro, in planta, and
microscopic analyses suggest that chimeric polyprotein
expression has the potential to provide broad-spectrum
disease resistance in rice.
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Introduction

Rice is the staple food of over 50% of the world
population. Rice blast (Magnaporthe oryzae) and sheath
blight (Rhizoctonia solani) are among the most devasta-
ting fungal diseases that limit the productivity of rice (Ou
1985). Plants defend against antagonistic microorganisms
using an array of antimicrobial compounds (Broekaert et
al. 1995). Defensins are a class of evolutionarily and
structurally related small, highly basic, cysteine-rich
peptides, displaying a broad-spectrum antifungal activity
in vitro (Osborn et al. 1995; Thomma et al. 2002). Since,
defensins are the peptides with disulfide bridges; they
have to pass through endoplasmic reticulum before
secretion. It was shown that different plant defensins are
able to interact with different sphingolipids. Dahlia plant
defensin, Dm-AMP1 interacts with mannosylated sphin-
golipids, whereas the radish plant defensin Rs-AFP2
interacts with fungal glucosylceramides occurring in the
outer plasma membrane (Thevissen et al. 2004), leading to
increased K+ efflux and Ca2+ influx and change in
membrane potential (Osborn et al. 1995; Terras et al.
1992). Dm-AMP1 and Rs-AFP2 inhibited the growth of
M. oryzae and R. solani in vitro, at micromolar concen-
tration (Terras et al. 1995). Thus, co-expression of these
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antimicrobial proteins (AMPs) with different biochemical
targets is an attractive approach for developing durable
disease resistance against phytopathogens.

Conventionally, genetic engineering involves transfor-
mation of a crop plant with a single gene of interest (Ronald
1997; Zhang et al. 1998). However, in the context of
disease resistance, since pathogens are able to overcome
resistance to single genes in a short period, it is desirable to
pyramid more than one gene to provide durable resistance
(Mew et al. 1992). Availability of cloned disease resistance
(Song et al. 1995) or defense genes (Huang et al. 1997;
Velazhahan et al. 1998; Takakura et al. 2000; Osborn et al.
1995; Terras et al. 1995) and improved transformation tools
and strategies (Hiei et al. 1994; Christou 1997; Chen et al.
1998; Kim et al. 2003) have made it possible to pyramid
genes of disease resistance in crop plants. The capability of
rice genome to integrate, co-express, and inherit several
transgenes, without undergoing developmentally and repro-
ductively unfavorable phenotypic changes has also been
documented (Chen et al. 1998). The success of gene
pyramiding is largely dependent upon the selection of the
genotypes of the crop to be transformed and the genes to be
employed. The combination of genes encoding proteins
involved in pathogen recognition and/or subsequent activa-
tion of signaling pathways leading to defense responses
(Van Loon and Van Strien 1999) and those exhibiting direct
antimicrobial properties (Broglie et al. 1991; Yun et al.
1998) by virtue of their interaction with pathogen cell wall
and cell membrane can be expected to generate plants with
wide-spectrum resistance against pathogens.

Different strategies used to generate fungal disease
resistant rice plants, include the use of antimicrobial genes
or expression of plant disease signaling components (Lorito
et al. 1998; Cao et al. 1998; Datta et al. 1999). The
resistance obtained by a single gene is limited, as the degree
of enhanced resistance is low, thus necessitating the use of
various gene combinations (Jach et al. 1995). A number of
approaches have been used to introduce transgenes in rice
to get an adequate, durable, and broad-spectrum disease
resistance (Ye et al. 2000; Datta et al. 2002; Maruthasalam
et al. 2007). One of the major constraints in the co-
expression of transgenes is their uncoordinated expression,
even when the genes are physically linked (Maqbool and
Christou 1999). Moreover, the presence of multiple copies
of the same promoter within a transgenic plant often results
in transcriptional silencing of the transgenes (Matzke and
Matzke 1998). Present work provides an approach to
overcome these problems by introducing the sequences of
genes for different proteins in a single open reading frame
via short linkers; subsequently, the linker sequences are
cleaved into constituent protein units by host cell proteinase
while passing through the plant endomembrane system
(Francois et al. 2002).

A natural polyprotein Ib-AMP, present in the seeds of
Impatiens balsamina (Tailor et al. 1997), consists of a
leader peptide, followed by six 20-amino-acid-long mature
peptide domains, each flanked at either side by propeptide
domains ranging from 16 to 35 amino acids in length. In
the present study the fifth propeptide (16 amino acids) of
the Ib-AMP polyprotein was used. We transformed Pusa
basmati 1 (an elite indica rice variety, highly susceptible to
both blast and sheath blight) with tripartite gene construct
consisting of Dm-AMP1 with native signal peptide, 16-
amino-acid-linker peptide of the Ib-AMP precursor and Rs-
AFP2 gene to evaluate their expression, processing, and
ability to confer resistance against rice fungal pathogens.

Results

Characterization of transgenic rice lines

Plant transformation vector pUb1-DR-T was constructed for
co-expression of Dm-AMP1 and Rs-AFP2 in rice (Fig. 1a).
Dm-AMP1 (without termination codon) was translationally
fused with the Ib-AMP1 linker peptide, which was further
translationally fused with Rs-AFP2 coding region. In the
expression product of pUb1-DR-T polyprotein construct, 16-
amino-acid Ib-AMP propeptide is flanked on either side by
the mature protein domain of the Dm-AMP1 and Rs-AFP2
(50 and 51 amino acids, respectively). The expression
product has a leader peptide (28 amino acids) with amino
terminus derived from the Dm-AMP1 precursor. Single-gene
constructs pUb1-D-T and pUb1-R-T were made with Dm-
AMP1 leader peptide, in which the predicted expression
product consisted of the Dm-AMP1 (Jha et al. 2009) and Rs-
AFP2 mature proteins, respectively (Fig. 1a). Transgenic rice
plants expressing cleavable chimeric polyprotein and single-
gene constructs were generated via Agrobacterium-mediated
transformation, using hygromycin phosphotransferase gene
(hpt) as a plant selectable marker (Fig. 1a). A total of 150
scutellum-derived embryogenic calli were used as explants
for pUb1-DR-T construct, out of which 80 (53.33%)
hygromycin-resistant calli were obtained. Among these, 27
(33.75%) calli regenerated into whole plants and set seeds.

Twenty-seven pUbI-DR-T, 28 pUb1-D-T, and 28 pUb1-
R-T primary transformants (T0) were obtained and analyzed.
A 521-bp polymerase chain reaction (PCR)-amplified prod-
uct corresponding to the gene sequence encoding the
chimeric protein sequence was observed in all the 27
putative transformed plants and the positive control (pUbI-
DR-T plasmid), but was absent in the untransformed plants
(Fig. 1b). Subsequently, mature leaves of T2 transgenic lines
were collected and checked for transgene integration by
Southern blot analysis (Fig. 1c). Independent T2 transgenic
lines (pUbI-DR-T, pUbI-D-T, and pUbI-R-T) with single-
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integration event were analyzed for expression at the mRNA
level. Northern blot analysis using the coding region of
chimeric gene as a probe indicated the presence of transcripts
in leaves of lines transformed with pUbI-DR-T, pUbI-D-T, or
pUbI-R-T, but not in untransformed lines (Fig. 2a). A clear
difference in the size of mRNA in plants transformed with
the polyprotein construct as compared to plants transformed
with the single-protein gene construct could be observed.
Quantification of band intensity in the lines transformed with
pUbI-DR-T or with pUbI-D-T and pUbI-R-T indicated that

transcripts levels did not differ significantly among different
transgenic plants. The rice actin gene was taken as an
internal control (Fig. 2a). Leaves of T2 plants were analyzed
by Western blot to detect the presence of Dm-AMP1 and Rs-
AFP2. Previously, we have successfully generated transgenic
rice lines harboring gene for Rs-AFP2 (unpublished) and
Dm-AMP1 (Jha et al. 2009). Dm-T-32 and Rs-T-42 lines
showed highest expression of transgene product as well as
improved resistance against M. oryzae and R. solani.
Therefore, Dm-T-32 and Rs-T-42 lines were used as positive

Fig. 1 a Plant expression vector pUb-DR-T, pUb-D-T, and pUb-R-T.
pUb1 ubiquitin promoter, SP signal peptide, tNos 3′ untranslated
terminator region of the Agrobacterium tumefaciens nopaline synthase
gene, p35S CaMV35S promoter, hpt hygromycin phosphotransferase.
b Total genomic DNA extracted from transgenic plants was amplified
by PCR using specific primers for polyprotein (521-bp) coding region.
Lane 1 negative control (untransformed Pusa basmati 1); lane 2
positive control (pUbI-DR-T plasmid); lane 3, 5, and 6 plants
transformed with polyprotein gene construct; lane 4 1 kb ladder. c

Southern blot analysis of KpnI-digested genomic DNA from untrans-
formed and representative polyprotein-transformed transgenic plants
in T2 generation. Genomic DNA (10 µg) was digested with restriction
enzymes and blotted onto nitrocellulose membranes after electropho-
resis in a 0.8% agarose gel. The membrane was hybridized with 521-
bp polyprotein coding sequence; lane 1 1 kb Ladder; lane 2 DR-T-18;
lane 3 DR-T-2; lane 4 DR-T-14; lane 5 DR-T-11; lane 6 untrans-
formed negative control; lane 7 DR-T-6; lane 8 DR-T-17; lane 9 DR-
T-4; lane 10 DR-T-22.
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control in the experiment as and when required. Transformed
plants showed the expression of Dm-AMP1 and/or Rs-AFP2
proteins co-migrating with their respective positive controls
(Dm-T-32 and Rs-T-42), which was absent in the untrans-
formed control (Fig. 2b, c). The amount of AMPs in leaves
from the series of T2 rice plants transformed with pUbI-DR-
T construct was determined using enzyme-linked immuno-
sorbent assay (ELISA). Average expression of Dm-AMP1
and Rs-AFP2 was 8.33 and 8.07 µg/mg of total soluble
proteins in the leaf extracts of pUbI-DR-T transgenic lines
(Table 1). Whereas, the average expression levels of the
same transgene products were 4.96 and 4.93 µg/mg of total
soluble proteins in pUbI-D-T and pUbI-R-T plants, respec-
tively (Table 1). None of the transgenic lines showed any
obvious phenotypic changes compared with control plants
throughout the life cycle.

The expression of OsPR1a (gi: 9801265) gene has been
widely used as an indicator for induction of defense
responses against rice blast (Agrawal et al. 2001). To

explore a possible activation of the plant defense system in
the transgenic rice lines transformed with pUbI-DR-T,
pUbI-D-T, and pUbI-R-T construct, the expression of the
endogenous PR-1a gene was analyzed at the RNA level,
without challenging with the pathogen. The transcript for
PR-1a was not detectable in transgenic lines (Fig. 3), but as
expected, PR-1a transcripts were detected in M. oryzae-
infected control (Fig. 3).

Localization of the Dm-AMP1 and Rs-AFP2 protein in rice
tissue

Subcellular localization of Dm-AMP1 and Rs-AFP2 in
plants transformed with polyprotein gene construct was
analyzed immunohistochemically. Two controls were run
along with the test tissue samples from transgenic plants.
One of the two control tissues was from an untransformed
plant and was treated with both anti-Dm-AMP1/anti-Rs-
AFP2 antibodies and Fluorescein isothiocyanate (FITC)-

Fig. 2 a Northern blot analysis in leaves of transgenic T2 generation
lines transformed with constructs, pUb1-DR-T, pUb1-D-T, and pUb1-
R-T; lane 1 Dm-T-32, lane 2 Dm-T-14, lane 3 negative control
(untransformed Pusa basmati 1), lane 4 DR-T-4, lane 5 DR-T-22, lane
6 DR-T-6, lane 7 negative control (untransformed Pusa basmati 1),
lane 8 Rs-T-42, lane 9 Rs-T-24. About 20 µg/sample of total RNA
were separated in a formaldehyde/agarose gel, transferred onto nylon
membranes and hybridized to a non-radioactively labeled probe from
the coding region of chimeric polyprotein gene (Dm-AMP1+Rs-
AFP2). C Negative control (untransformed rice plants); pUb1-D-T rice
plants transformed with Dm-AMP1; pUb1-R-T Rice plants trans-
formed with Rs-AFP2; pUb1-DR-T rice plants transformed with the

polyprotein construct. Actin was used as internal control. rRNA bands
(28 and 18S) from an ethidium bromide-stained gel of the
corresponding RNA samples indicate equivalent loading of RNA. b
Immunodetection of Dm-AMP1 in transgenic rice lines transformed
with polyprotein construct; lane 1 pre-stained marker (CPM1); lane 2
DR-T-22; lane 3 DR-T-6; lane 4 DR-T-4; lane 5 DR-T-11; lane 6 Dm-
T-32 (positive control); lane 7 negative control (untransformed Pusa
basmati 1). c Immunodetection of Rs-AFP2 in transgenic rice lines
transformed with polyprotein construct; lane 1 DR-T-22; lane 2 DR-T-
6; lane 3 DR-T-4; lane 4 DR-T-11; lane 5 Rs-T-42 (positive control);
lane 6 negative control (untransformed Pusa basmati 1).
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conjugated goat anti-rabbit IgG antibody. The other control
tissue was from a transgenic plant and was exposed only to
the FITC-conjugated goat anti-rabbit IgG antibody, in the
absence of anti-Dm-AMP1/anti-Rs-AFP2 antibodies. Both,
Dm-AMP1 and Rs-AFP2 were observed in the apoplast of
leaves and roots of transformed rice, while cytoplasmic
content remained unlabelled (Fig. 4 (i and ii)).

Disease tolerance of transgenic rice

Resistance to M. oryzae was evaluated on T2 transgenic
lines (pUbI-DR-T, pUbI-D-T, pUbI-R-T) and the untrans-
formed control. All the transgenic lines showed significant
increase in resistance to blast infection. When transgenic
plants were challenged with M. oryzae, remarkable reduc-
tion in diseased leaf area (% DLA) was observed between
untransformed (69.68%), pUb1-DR-T (11.83%), pUb1-D-T
(13.49%), and pUb1-R-T (15.72%) transgenic lines at 5%
LSD (Fig. 5a and Table 1). Similarly, when transformed
plants (pUb1-DR-T, pUb1-DR-T, pUb1-DR-T) were chal-
lenged with R. solani, % infected plants were 18.66%,
21.49%, and 41.64%, respectively, compared to 66.33% of
untransformed control plants (Fig. 5b and Table 1).

Microscopic analysis was carried out to follow the
disease symptom development on inoculated leaves and
roots. Tissue sections of inoculated leaves were cleaned
with 6% KOH, stained with calcofluor white, and examined
under epifluorescence microscope. In the control leaves
infected with M. oryzae spores, extensive fungal coloniza-

Table 1 Expression Levels and Disease Rating of Transgenic Lines

Constructs Transgenic line Expression level (µg/mg of total protein) Disease rating

Dm-AMP1 Rs-AFP2 % DLA (M. oryzae) % infection (R. solani)

pUbI-DR-T

Untransformed 0.00 0.00 69.68 66.33

DR-T-11 7.40 7.20 14.38 25.00

DR-T-6 8.15 8.03 13.12 20.83

DR-T-4 8.60 8.40 13.00 14.58

DR-T-22 9.15 8.70 9.89 14.38

Average 8.33 8.08 12.59 18.69

pUb1-D-T

Untransformed 0.00 – 69.68 66.33

Dm-T-16 4.32 – 18.35 28.00

Dm-T-21 5.04 – 10.74 18.67

Dm-T-14 4.79 – 14.74 20.70

Dm-T-32 5.69 – 10.12 18.58

Average 4.96 – 13.48 21.49

pUb1-R-T

Untransformed – 0.00 69.68 66.33

Rs-T-31 – 4.50 25.64 48.85

Rs-T-26 – 4.80 15.17 43.08

Rs-T-24 – 5.20 11.73 38.23

Rs-T-42 – 5.29 11.01 36.38

Average – 4.95 15.89 41.64

SE 0.18 0.10 0.66 1.11

5%LSD 0.53 0.19 1.87 3.17

Levels of Dm-AMP1 and/or Rs-AFP2 in transgenic lines, Blast and sheath blight infection assay results (% DLA and % infection) were compared by
one-way analysis of variance (ANOVA). Means were compared using LSD5%. Design of experiment was completely randomized block design (CRD)

Fig. 3 Northern blot analysis of transgenic lines for the expression of
rice OsPR-1a gene. About 20 µg/sample of total RNA were separated
in a formaldehyde/agarose gel, transferred onto nylon membranes and
hybridized to a non-radioactively labeled PR1a probe; lane 1 control,
non-infected wild-type plants; lane 2 DR-T-6; lane 3 DR-T-4; lane 4
DR-T-11; lane 5 M. oryzae-infected untransformed Pusa basmati 1. b
rRNA bands (28 and 18S) from an ethidium bromide-stained gel of
the corresponding RNA samples indicate equivalent loading of RNA.
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tion was observed. In contrast, reduced fungal colonization
and growth inhibition were observed in the leaves of the
pUbI-DR-T line under same experimental conditions
(Fig. 6 (i and ii)).

Effects of total soluble protein from transgenic lines on
germinating conidia of M. oryzae were observed by
microscopy using calcofluor white. The fungal biomass
treated with total soluble protein from untransformed lines
showed uniform distribution of chitin and glucan and the

septa were also distinctly visible. However, fungal biomass
treated with total soluble protein from transgenic lines
showed densely stained bulbous structures at the tip of
mycelia, (Fig. 6 (i and ii)). Prolonged exposure led to
increased bulging of the balloon-like structure that appar-
ently ruptured, resulting in the release of cellular content
into the surrounding medium. Rs-AFP2 as well as
polyprotein showed hyper-branching and morphological
abnormalities in fungal mycelium (Fig. 6 (iii)).

Fig. 4 Immunolocalization of
Dm-AMP1 and Rs-AFP2 in
roots and leaves of transgenic
rice. Bar corresponds to 10 µm.
(i) Transverse sections were
prepared from root tissues of
RD-T-22 and control untrans-
formed Pusa basmati 1. a
Transverse sections of
transgenic plants treated with
anti-Dm-AMP1 and FITC-
conjugated goat anti-rabbit IgG.
b TS of transgenic plants treated
with anti-Rs-AFP2 and FITC-
conjugated goat anti-rabbit IgG.
c and d control untransformed
leaf tissue. (ii) Transverse sec-
tions were prepared from leaf
tissues of RD-T-22 and control
untransformed Pusa basmati 1; a
TS of transgenic plants treated
with anti-Dm-AMP1 and FITC-
conjugated goat anti-rabbit IgG;
b TS of transgenic plants treated
with anti-Rs-AFP2 and FITC-
conjugated goat anti-rabbit IgG.
c and d control untransformed
leaf tissue.
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Discussion

Co-expression of transgenes encoding antimicrobial pro-
teins (AMPs) with different biochemical targets is an
attractive approach to attain resistance against a broad
range of pathogens. Prerequisite for the co-expression is
stoichiometric and coordinated expression of two or more
proteins from a single transgenic locus. Achieving co-
expression of transgenes using conventional techniques
results into increased number of independently assorting
loci, inadequate expression levels, and problems due to
gene silencing. In this study, we constructed a chimeric
polyprotein containing Dm-AMP1 with native signal
peptide, 16-amino-acid-linker peptide of the Ib-AMP

precursor and Rs-AFP2 proteins driven by maize ubiquitin
promoter and expressed it in rice. Because of its small size,
the Ib-AMP precursor protein is an ideal system for
coordinated expression of multiple genes. Dm-AMP1 and
Rs-AFP2 show in vitro antifungal activity against several
agronomically important fungal pathogens at micromolar
concentration and have different biochemical targets that
are important for durable and broad-spectrum resistance
(Terras et al. 1995; Thevissen et al. 2004). Thus, Dm-
AMP1 and Rs-AFP2 were selected as the candidate genes
in the present study.

Expression of AMPs (with high content of disulfide
bonding) in the cytosol is not an option because it will not
lead to disulfide bond formation. Therefore, a secretory
signal peptide (28 amino acids) of Dm-AMP1 was used to
target the protein into the apoplastic region. The extracel-
lular localization of AMPs in transgenic plants was
confirmed by immunohistochemical methods using sections
prepared from leaves and roots of transgenic plants. Our
analysis suggested that the polyprotein signal sequence
from Dm-AMP1 was recognized by the signal recognition
machinery in rice and targeted both the constituent AMPs
(Dm-AMP1 and Rs-AFP2) to the apoplast. This indicates
that the processing of the polyprotein precursor encoded by
construct pUb1-DR-T occurs in at least two steps: first
removal of signal peptide as it occurs during the maturation
of native Dm-AMP1, followed by cleavage at the linker
peptide sequence. D’Hondt et al. (1993) isolated an aspartic
endoproteinase from the seed of Brassica napus that
cleaves between two consecutive acidic amino acids. The
protease (or group of proteases) responsible for the
cleavage of Ib-AMP1 proprotein is not known, it is possible
that the carboxy terminus of the linker peptide is cleaved by
an endoproteinase between two acidic amino acids, Glu and
Asp. A comparison of the amino acid sequence of the five
propeptides of the natural polyprotein precursor isolated
from I. balsamina (Tailor et al. 1997; Francois et al. 2002)
shows that linker peptides have the doublet Glu/Asp at their
carboxy-terminal end. It is possible that the cleavage of this
linker peptide in I. balsamina occurs between the acidic
doublet Glu/Asp. The linker peptide used in constructs
pUb1-DR-T contains this acidic doublet internally, which
might form a recognition sequence for a specific endopro-
teinase. The precise point of cleavage of the linker peptide
when expressed in rice plant cells remains to be deter-
mined. Since the initial interaction between the pathogen
and the host occurs in the extracellular space, apoplast
localization of the cystine rich AMPs was preferred.

Northern blot analysis showed a clear difference in size
of the mRNA in plants transformed with the polyprotein
construct as compared to plants transformed with the
single-protein construct. This size difference is due to the
polyprotein construct being transcribed into mRNA coding

Fig. 5 a In planta bioassay of M. oryzae (105 spores/ml) on
transgenic lines. Whole plant infection assay of untransformed control
and pUb1-D-T, pUb1-R-T, and pUb1-DR-T transgenic rice lines.
Infected leaf area was measured as % DLA (diseased leaf area) at
10 dpi. pUb1-DR-T means DR-T-11, DR-T-6, DR-T-4, and DR-T-22
lines; pUb1-D-T means Dm-T-14, Dm-T-16, Dm-T-21, and Dm-T-32;
pUb1-R-T means Rs-T-31, Rs-T-26, Rs-T-24, and Rs-T-42. b In planta
bioassay of transgenic lines with R. solani. The number of plants
showing disease symptoms was used as disease scoring system.
Whole plant infection assay of untransformed control and pUb1-D-T,
pUb1-R-T, and pUb1-DR-T transgenic rice lines 20 seeds, each from
untransformed plants and the transgenic lines were used for sheath
blight assay. pUb1-DR-T means DR-T-11, DR-T-6, DR-T-4, and DR-
T-22 lines; pUb1-D-T means Dm-T-14, Dm-T-16, Dm-T-21, and Dm-
T-32; pUb1-R-T means Rs-T-31, Rs-T-26, Rs-T-24, and Rs-T-42.
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for the leader peptide, Dm-AMP1, the linker peptide and
Rs-AFP2, whereas the single-protein construct is tran-
scribed as mRNA only, coding for the leader peptide and
Dm-AMP1 or Rs-AFP2.

Expression level of Dm-AMP1 and Rs-AFP2 in leaf
protein extracts of transgenic plants were analyzed by
indirect ELISA. The levels of Dm-AMP1 in transgenic
lines were in the range of 0.74% to 0.92% in polyprotein
construct whereas it was 0.43% to 0.57% in single-
protein construct (Dm-AMP1) plants. Similarly, the
levels for Rs-AFP2 in pUb1-DR-T plants and pUb1-R-
T plants were in the range of 0.72% to 0.87% and 0.45%
to 0.53%, respectively. Levels of Dm-AMP1 and Rs-
AFP2 in plants transformed with the polyprotein con-
struct pUb1-DR-T were not significantly different. West-
ern blot analysis using anti-Dm-AMP1 and anti-Rs-AFP2
antibodies revealed consistent cleavage efficiency of Ib-
AMP-linker, among individuals in different pUb-DR-T
plants. Since, a single ‘cleavage’ within a polyprotein
will result in discrete proteins in essentially equimolar

quantities, coordinated expression of the two genes was
observed in plants transformed with polyprotein con-
struct, pUb1-DR-T.

A striking observation from our experiments was ∼2-
fold higher expression of Dm-AMP1 and Rs-AFP2 in
pUb1-DR-T transformed lines as compared to plants trans-
formed with single-gene construct. Although, only four
transgenic lines were compared for each construct, which
might not be sufficient to resolve position effects from true
expression effects, but in all the polyprotein lines tested
higher levels of protein expression was observed as
compared to plants transformed with single-gene con-
structs. The fusion of a small peptide to another protein as
a way to enhance its expression level has been suggested in
the literature. Okamoto et al. (1998) describe enhanced
expression of the gene coding for the antimicrobial peptide
sarcotoxin IA by fusing translationally the coding sequence
of this gene to that of Escherichia coli GUS. Western blot
analysis of transgenic tobacco plants demonstrated that the
amounts of sarcotoxin IA present in the form of sarcotoxin

Fig. 6 (i) in vitro bioassay with total soluble protein (20 µg) from
DR-T-22 and untransformed Pusa basmati 1 plants; approximately,
103 spores of M. oryzae (100 μl) suspension were germinated on a
glass slide with 20 μg of total protein from leaf tissue of transgenic
plants. Growth inhibition was assayed after 24 h, in terms of percent
germination or altered morphology of hyphae as compared to the
control samples. The treated and untreated samples were fixed and
stained with 0.3 g/l calcofluor white examined under epifluorescence
microscope. a M. oryzae treated with total soluble protein from DR-T-
22 plant led to bulb formation at fungal hyphal tip. b M. oryzae treated
with total soluble protein from untransformed plants showed uniform
distribution of chitin and glucan and the septa were distinctly visible.
(ii) Disease response of transformed and untransformed rice leaves

challenged with M. oryzae spores. Twenty-one-day-old transgenic
lines and untransformed control plants were inoculated with M. oryzae
spores. Transverse sections of DR-T-22 transgenic lines and untrans-
formed control were prepared. The samples were stained with
calcofluor white. a Transverse sections of transgenic leaves with its
corresponding bright field image. b Untransformed control with its
corresponding bright field image. (iii) M. oryzae mycelia when treated
with total protein from leaf tissue of transgenic plants showed
abnormal morphology. Bar corresponds to 10 µm. a M. oryzae treated
with total soluble protein from DR-T-22 plants showed hyper-
branching; b M. oryzae treated with total soluble protein from
untransformed plants showed profuse growth.
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IA-GUS fusion proteins were considerably higher than in
tobacco plants transformed with the single sarcotoxin IA
peptide construct. The levels of mRNA accumulation did
not differ significantly between plants transformed with the
single protein and the fusion protein constructs, and
therefore it was suggested that sarcotoxin IA peptide was
protected from degradation when fused to GUS. We also
observed that the amount of Dm-AMP1- and Rs-AFP2-
specific mRNA in plants transformed with the double
protein construct (pUb1-DR-T) does not differ significantly
from the amount of Dm-AMP1and Rs-AFP2-specific
mRNA in plants transformed with the single-protein
construct (pUb1-D-T and pUb1-R-T). Protection from
degradation cannot explain the observed differences at the
protein level because the eventually released mature
proteins are almost identical. It is possible that, because of
the increased length of the mRNA in plants transformed
with the double protein construct, the mRNA becomes
more efficiently translated than in the case of the smaller
mRNA in plants transformed with the single-protein
construct, indicating that the polyprotein expression stra-
tegy might boost expression levels of small proteins.

Plant defensins fold into a small and compact β-barrel,
which is stabilized by four internal disulfide bridges.
Correct processing and expression of the peptide at high
levels in transgenic plants is important for in planta
antimicrobial activity. Our study showed that the constitu-
tive expression of the AMPs (Dm-AMP1 and Rs-AFP2)
was sufficient to inhibit the growth of M. oryzae and R.
solani. pUb1-DR-T plants showed significantly improved
disease resistance for M. oryzae and R. solani by 90% and
79%, respectively, as compared to untransformed plants.
Furthermore, reduction in infection with M. oryzae or R.
solani in pUb1-DR-T transformed plants was observed as
compared to pUb1-D-T or pUb1-R-T plants. Relatively
higher degree of resistance observed in pUb1-DR-T plants
than the plants transformed with single-protein constructs
might be by boosting the amount of antimicrobial proteins
produced rather than through any cooperative effect of two
different proteins. Furthermore, induction of pathogenesis-
related (PR1) gene expression was not observed in either of
the transgenic lines (pUb1-DR-T, pUb1-D-T, and pUb1-R-T),
suggesting that the transgene product itself is directly active
against the pathogens.

Constitutively expressed polyprotein genes in rice did
not appear to inhibit the germination of spores, but
inhibited M. oryzae hyphal proliferation at the infection
site. As observed, small lesions did not spread to form the
large lesions unlike in the control plants. We also observed
a consistent difference in the severity of tissue damage
between control and pUb1-DR-T transgenic plants, when
monitored for the development of disease symptoms
through microscopic analysis. Strong evidence of enhanced

resistance due to direct effect of the overexpressed AMPs
(Dm-AMP1 and Rs-AFP2) comes from growth anomalies
of the fungal hyphae on transgenic lines. We found
formation of bulbous structure at the hyphal tip, hyper-
branching of the hyphae and an apparent collapse of the
plasma membrane. Similar effects on fungal growth have
been reported for fungicides (Robson et al. 1989; Wiebe et
al. 1990), plant defensins (Terras et al. 1995), transgenic
plants overexpressing Ace-AMP1 (Patkar and Chattoo
2006), and Mj-AMP1 (Prasad et al. 2008). In vitro and in
vivo antifungal activities observed in pUb1-DR-T trans-
genic plants indicated that the Dm-AMP1 and Rs-AFP2
were correctly folded and processed in rice cells, resulting
in enhanced resistance to M. oryzae and R. solani. Thus, the
present investigation showed that co-expression of chimeric
polyprotein containing Dm-AMP1 with native signal
peptide; 16-amino acid-linker peptide of the Ib-AMP
precursor and Rs-AFP2 proteins were efficiently cleaved
into discrete biologically active proteins Dm-AMP1 and
Rs-AFP2, and confers disease resistance against M. oryzae
and R. solani.

Material and methods

Plasmid construction and rice transformation

Gene for chimeric polyprotein (Dm-AMP1 with native
signal peptide, 16-amino-acid-linker peptide of the Ib-AMP
precursor and Rs-AFP2 proteins) was amplified from the
plasmid pFAJ3105. The amplified product was further
cloned at BamHI site of pAHC17 under maize ubiquitin
(Ub1) promoter (Christensen and Quail 1996) to obtain
pUb1-DR. pUb1-DR was digested and cloned at HindIII
site in pCAMBIA-1305.2 to get pUb1-DR-T. Similarly, for
comparative purposes, individual gene constructs; pUb1-D-
T (Dm-AMP1) and pUb1-R-T (Rs-AFP2) were made.
Agrobacterium tumefaciens (strain LBA4404, pSB1), sep-
arately transformed with pUb1-DR-T, pUb1-D-T, and
pUb1-R-T, was used to transform rice (Pusa basmati 1)
calli (Hiei et al. 1994). Total DNA from various indepen-
dent transgenic lines was extracted (Dellaporta et al. 1983)
and screened by PCR.

Southern blot analysis

The genomic DNA (10 µg) from untransformed and
transgenic plants was digested with restriction enzymes
KpnI/SacI; electrophoresed on 0.8% agarose gel and blotted
onto nylon membrane (Hybond N+) (Amersham, Bucking-
hamshire, England). DNA was fixed on the membranes by
UV cross-linking (12×104 µJ/cm2) using UV cross-linker
(Spectrolinker, Spectronics Corporation, USA). Hybridisa-
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tion probe (521-bp chimeric gene) was labeled non-
radioactively using Gene Images AlkPhos Direct Labeling
and Detection System as per manufacturer’s instructions
(Amersham Biosciences, Hongkong).

Northern blot analysis

Total RNA was isolated from the leaves of transgenic and
control plants as described by Logeman et al. (1987).
RNA samples were subjected to formaldehyde containing
agarose gel electrophoresis and transferred to nylon
membrane (Hybond-N, Amersham, Buckinghamshire,
England). Hybridization was performed as described by
the supplier (Amersham, Buckinghamshire, England). The
fold difference in the levels of various transcripts detected
was measured using ImageQuant Version 2.0 for Windows
(ImageQuant, Molecular Dynamics, Amersham Bioscien-
ces, HongKong, China).

Raising antibodies against Rs-AFP2

Individual GST-fusions of Dm-AMP1 and Rs-AFP2 genes
were constructed in pEG(KT) vector (Mitchell et al. 1993)
and expressed in Saccharomyces cerevisiae strain, s288C.
Induction and purification of the fusion protein was carried
out as described by the supplier (Amersham, Buckingham-
shire, England). The purified fusion protein fraction was
used to raise polyclonal antibodies in rabbit. The antibody
titer was estimated by indirect enzyme-linked immunosor-
bent assay.

Western blot analysis

Total soluble proteins were extracted in 0.1 M phosphate-
buffered saline (PBS) from transgenic plants transformed
with pUb1-DR-T, pUb1-D-T, and pUb1-R-T construct. Total
soluble protein was estimated by Bradford method (Bradford
1976). Samples were heated for 10 min at 85 C and heat-
labile denatured proteins were removed by centrifugation at
12,000×g. Around 20 µg of total soluble proteins from each
sample were separated on 15% SDS-PAGE. Purified Dm-
AMP1 and Rs-AFP2 (50 ng) was used as a positive control,
and pre-stained marker, CPM1 (Cat no: 105305; Bangalore
genie Pvt Ltd, Banglore, India) for molecular weight
determination in respective blots. Immunoblots were deve-
loped separately with antibody raised against Dm-AMP1 and
Rs-AFP2, using the alkaline phosphatase detection method
(Bangalore Genei, Bangalore, India).

ELISA assay

Total soluble protein (20 µg) was extracted from leaf tissues
of pUb1-DR-T, pUb1-D-T, and pUb1-R-T transgenic lines

and was used as the antigen for indirect ELISA using
antibodies against Dm-AMP1 and/or Rs-AFP2. Known
concentrations (2–100 ng) of purified Dm-AMP1 and Rs-
AFP2 were used as standards to plot absorbance (405 nm)
versus concentration, to estimate the levels of Dm-AMP1
and Rs-AFP2 in transgenic rice lines. pUb1-DR-T means
DR-T-11, DR-T-6, DR-T-4, and DR-T-22 lines; pUb1-D-T
means Dm-T-14, Dm-T-16, Dm-T-21, and Dm-T-32; pUb1-
R-T means Rs-T-31, Rs-T-26, Rs-T-24, and Rs-T-42. Four
lines from each construct and four plants of each line were
taken into consideration for further characterization of
disease resistance. Average values were used for comparing
different transgenics unless mentioned.

Immunohistochemical localization

Young leaves and roots from transformed (DR-T-22) and
control plants were fixed and embedded in paraffin. Around
8-µm thick sections were prepared and processed for
immunological detection of Dm-AMP1 and Rs-AFP2
proteins in pUb1-DR-T plants. Anti-Dm-AMP1 or Anti-
Rs-AFP2 primary antibody (1:100 dilution) and FITC-
conjugated anti-rabbit IgG secondary antibody (Sigma
Chemical Co, St Louis, MO, USA) diluted to 1:20, were
used for immunological staining. The slides were observed
under an epifluorescence microscope (Nikon, Eclipse 80i,
Kanagawa, Japan) at ×200 and ×400 magnification. Control
slides were treated with non-immune rabbit serum and
FITC-conjugated goat anti-rabbit IgG.

Rice blast assay

Twenty-one-day-old transgenic lines (four plants of each
line) and untransformed control plants were inoculated with
1×105 spores per milliliter of M. oryzae and incubated in a
growth chamber maintained at 28 C and 90% relative
humidity. Blast disease development was monitored over a
period of 10-days post-inoculation (dpi) and the lesions
were scored using standard procedures (Bonman and
Mackill 1988).

Sheath blight assay

Mycelia were harvested by vortexing in fresh, sterile PDB
medium, mixed with sterile soil. Twenty-five seeds, each
from untransformed plants and four transgenic lines were
de-husked, surface sterilized, and placed on solid Mura-
shige and Skoog medium containing 3% sucrose (Jach et al.
1995). Seedlings were incubated for 3–4 weeks and then
transferred to uninoculated soil for a week. Four- to five-
week-old seedlings (20, each from untransformed and four
transgenic lines) were then transferred to inoculated soil
and infection was monitored.
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In vitro antifungal activity assay and microscopic studies

M. oryzae (isolate B157; IC9) was treated with either 20 μg
of total protein from leaf tissue of transgenic plants or 5 μg
of purified Dm-AMP1/Rs-AFP2, for all microscopic studies
unless otherwise stated. Approximately, 103 spores of M.
oryzae were allowed to germinate on a glass slide in the
presence or absence of Dm-AMP1 and Rs-AFP2. Growth
inhibition was assayed after 24 h, in terms of percent
germination or altered morphology of hyphae in compari-
son to the control samples. The treated and untreated
samples were air dried, fixed (10% formaldehyde, 5%
acetic acid, and 85% ethanol for 30 min at room
temperature) and washed thoroughly with water. The fixed
samples were stained with 0.3 g/l calcofluor white (Sigma-
Aldrich, USA) for 30 min at room temperature. Samples
were washed with 0.1 M PBS (pH 7.0) before resuspending
in the mounting medium. Glycerol was used as a mounting
agent for fluorescence microscopy. All samples were
examined at ×400 magnification under epifluorescence
microscope (Eclipse 80i, 40X, Nikon, Japan), equipped
with 100-W high-pressure mercury lamp (Osram HBO
103W/2 N), and filter set for calcofluor white (UV-2A,
Nikon, Japan).

Statistical analysis

Levels of Dm-AMP1 and/or Rs-AFP2 in transgenic lines,
Blast and sheath blight infection assay results (% DLA and %
infection) were compared by one-way analysis of variance
(ANOVA) using cropstat program developed by IRRI. Means
were compared using LSD5%. Design of experiment was
completely randomized block design (CRD).
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