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Abstract The tropical spice crop ginger (Zingiber officinale
Roscoe) is highly susceptible to soft rot disease caused by
the necrotrophic oomycete Pythium aphanidermatum
(Edson) Fitzp. However, Zingiber zerumbet (L.) Smith, a
wild relative of ginger, is resistant to P. aphanidermatum
and has been proposed as a potential donor for soft rot
resistance to Z. officinale. We identified a member of the
pathogenesis-related protein group 5 (PR-5) gene family in
Z. zerumbet that is expressed constitutively but upregulated
in response to infection by P. aphanidermatum. Expression
of this gene was upregulated as early as 1.5 h post
inoculation (hpi) with the pathogen, peaked at 6 hpi,
declined by 9 hpi, and again peaked at 15 hpi before
declining at 48 hpi. A cDNA of this PR-5 gene, designated
as ZzPRS5, encodes a 226-amino-acid predicted protein with
a calculated p/ of 5.05. The N terminus of this protein
contains a 22-amino-acid signal peptide, suggesting that the
protein may show apoplastic accumulation like other acidic
PR-5 proteins. Phylogenetic analysis revealed high similarity
between ZzPRS5 and PR-5 proteins reported from other plant
species, especially from other Zingiberales. Molecular
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modeling of ZzPR5 protein revealed an acidic surface cleft,
a feature characteristic of glycoside hydrolases and antifungal
PR-5 proteins. In molecular docking studies, a linear
polymeric molecule of (1,3)-3-D-glucan, a major constituent
of the oomycete cell wall, fitted favorably into the surface
cleft of ZzPR5 and interacted with acidic amino acids known
to be involved in glucan hydrolysis, suggesting a potential
antioomycete activity for ZzPR5 protein. Elucidation of the
molecular mechanism of ZzPR5 may provide important
insight toward engineering soft rot resistance into the
obligatory asexual ginger.

Keywords Ginger - Necrotroph -
PR-5 - Pythium aphanidermatum - Soft rot -
Zingiber zerumbet

Abbreviations

hpi hours post inoculation

HR hypersensitive response

PR pathogenesis-related

qRT-PCR  quantitative real-time polymerase chain reaction

RACE rapid amplification of cDNA ends

RMSD root mean square deviation

ROS reactive oxygen species

TLP thaumatin-like protein

ZzPR5 Zingiber zerumbet pathogenesis-related
protein 5

Introduction

Ginger (Zingiber officinale Roscoe; Zingiberaceae) is an
important cash crop in tropical and subtropical countries,
the rhizome being widely used as a spice and in the
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pharmaceutical industry (Lawrence 1984). However, soft rot
disease caused by the soil-borne necrotrophic oomycete
Pythium aphanidermatum (Edson) Fitzp continues to devas-
tate much of the ginger crop. Zingiber zerumbet (L.) Smith, a
wild congener of ginger is resistant to P aphanidermatum
(Kavitha and Thomas 2008a). Defense transcriptome
profiling of Z. zerumbet following its inoculation with
P aphanidermatum provided strong evidence for tran-
scriptional reprogramming of several genes known to be
involved in host defense and signaling in other plants
(Kavitha and Thomas 2008b). Further studies suggested that
the resistance of Z. zerumbet against P. aphanidermatum is
likely to be governed by a mechanism involving production
of antimicrobial compounds that is independent of the
hypersensitive response (HR) (Kavitha and Thomas 2008c).
Even though the gene-for-gene model, which underlies
host defense against biotrophs, is known in considerable
detail, relatively little is understood about the components
of the basal defense mechanism that governs host defense
against necrotrophs (Gomez-Gomez 2004; Okubara and
Paulitz 2005; van Kan 2006). Mounting molecular evidence
strongly suggests that plants interact with biotrophic and
necrotrophic pathogens by using similar pathways but with
opposite outcomes (Glazebrook 2005; van Kan 2006;
Kliebenstein and Rowe 2008). For example, although HR
can prevent the spread of an invading biotroph, it is actually
beneficial to an invading necrotroph because it facilitates
pathogen ingress through dead tissue, leading to host
susceptibility (van Kan 2006; Kliebenstein and Rowe 2008).
Several lines of evidence suggest that the pathogenesis-
related (PR)-5 subfamily of proteins (also known as
thaumatin-like proteins [TLPs]) has a crucial role in host
defense against oomycetes and necrotrophic pathogens
(Vleeshouwers et al. 2000; van Loon et al. 2006;
Asselbergh et al. 2007). First, overexpression of PR-5
genes has been shown to enhance pathogen resistance in
plants (van Loon et al. 2006). Second, certain isoforms of
PR-5 have strong affinity and hydrolytic activity toward
(1,3)-p-D-glucans (Trudel et al. 1998; Grenier et al. 1999;
Osmond et al. 2001), the major cell-wall constituents of
most oomycetes (Latijnhouwers et al. 2003). Finally, high-
resolution crystal structures of PR-5 proteins revealed the
presence of a long, deep surface cleft, which is crucial to
their antifungal activities (Koiwa et al. 1999; Osmond et al.
2001; Leone et al. 2006; Ghosh and Chakrabarti 2008).
Because ginger is obligatorily asexual and all extant ginger
cultivars are uniformly susceptible to soft rot (Kavitha and
Thomas 2008a, b), a transgenic approach using alien genetic
resources seems the only plausible method to improve
Pythium resistance in ginger. Z. zerumbet is a potential
donor of soft rot resistance for the genetic improvement of
ginger (Kavitha and Thomas 2008a) and our laboratory is
engaged in characterizing the defense transcriptome of the

Z. zerumbet—P. aphanidermatum pathosystem. In the present
report, we have analyzed the expression pattern of a
P aphanidermatum-responsive PR-5 gene in Z. zerumbet,
cloned and characterized its cDNA, and discussed the likely
function of the protein encoded by this gene in governing
defense mechanisms in Z. zerumbet.

Materials and Methods

Pathogen Inoculation, RNA Isolation, and Quantitative
Real-Time PCR

A Z. zerumbet accession (accession number 2010-9), which
is immune to P. aphanidermatum (Kavitha and Thomas
2008a), was used for pathogen inoculation. Rhizomes
harvested from mature plants were sprouted in earthen pots
in red earth/sand/leaf compost and the pseudostems were
allowed to grow for 3 months before using them for
inoculation. The collar region of the pseudostems was
inoculated as described earlier (Kavitha and Thomas 2008a)
with a field isolate of P. aphanidermatum (RGCB P117)
obtained from the Indian Institute of Spices Research,
Kozhikode, Kerala, India.

RNA was isolated from Z. zerumbet according to Salzman
et al. (1999) at 1.5, 3, 6, 9, 12, 15, 24, and 48 h post
inoculation (hpi) with P aphanidermatum and just before
inoculation (0 hpi). Total RNA was treated with RNase-free
DNase I (Promega) to remove traces of genomic DNA, if
any.

cDNA was synthesized from 1ug of DNase I-treated
total RNA using a SMART™ cDNA synthesis and library
construction kit (BD Biosciences) and the reverse-
transcribed products were diluted tenfold. Primers that are
designed to the conserved regions of PR-5 genes reported
from other plant species and capable of amplifying a 50-bp
product were used for quantitative real-time polymerase
chain reaction (QRT-PCR). The qRT-PCR was set up in a
final volume of 20uL containing 10pul. SYBR Green PCR
Core Reagent (Applied Biosystems), 2pL diluted cDNA,
and 300 nM each of the designed primers (forward, 5'-
agcaccgtcgtcttcacctgceeeg-3'; reverse, 5'-ggcagaaggtga
cactgtagttgg-3"). The PCR conditions were as follows:
50°C for 2 min initially followed by 95°C for 10 min and
40 cycles of 95°C for 15 s and 60°C for 1 min in a real-time
PCR machine (ABI 7500). The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (forward, 5'-
ggaattgtggaaggtttgatgac-3'; reverse, 5'-tcgtccacctctc
cagtcctt-3') was used as an endogenous control. Two
biological replicates were analyzed at each time point with
three technical replicates for each biological sample. The
comparative Ct method was used for expression analysis,
which mathematically transforms the threshold cycle (Ct)
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into a relative expression level of the gene. The relative
expression level of the PR-5 gene was normalized with that
of the housekeeping genes. We set a threshold of twofold
induction of the PR-5 gene in P. aphanidermatum-inoculated
versus control (0 hpi) samples as being significant, after
other studies of transcript profiling (Chen et al. 2007).

Isolation of Full-Length cDNA

To isolate full-length PR-5 cDNA, we pooled the DNA-free
total RNA obtained from Z. zerumbet at four time points
between 6 and 15 hpi, and 1 pg pooled sample was used to
synthesize ¢cDNAs for 5’ and 3’ rapid amplification of
cDNA ends (RACE) using a SMART™ RACE cDNA
amplification kit (Clontech) following the manufacturer's
protocol, and the cDNA products were diluted 100-fold.
Oligonucleotide primers (PR51, 5'-gcectgctctgtttcttecttttec-3';
PR52, 5'-caagggcagaaggtgacactgtagt-3') designed to the
conserved regions of PR-5 genes cloned from other plant
species were used for amplifying the ¢cDNA ends. For 5'
RACE PCR, Universal Primer Mix A (UPM) provided with
the kit and PR51 were used; for 3’ RACE PCR, UPM and
PR52 were used. PCR amplification was programmed on a
Mastercycler eps (Eppendorf) with 25 cycles of 94°C for
30 s, 68°C for 30 s, and 72°C for 2 min. The RACE products
were fractionated on agarose gels, eluted (GFX PCR DNA
and Gel Band Purification Kit, Amersham Pharmacia),
cloned using the pGEM-T Easy Vector System (Promega),
and sequenced (ABI PRISM BigDye Terminator Cycle
Sequencing Ready Reaction Kit, Applied Biosystems) in an
ABI Prism 3730 genetic analyzer (Applied Biosystems).

Primers (forward, 5'-atcatggctacatcaaccaccgceg-3';
reverse, S5’'-aagggcagaaggtgacactgtagttggtt-3") were
designed based on sequence information of inserts from
multiple clones derived from 5’ and 3' RACE products and
were used to amplify the full-length cDNA of PR-5 gene
from Z. zerumbet using an Advantage 2 PCR Enzyme
System (Clontech) according to the manufacturer's instruc-
tions. The full-length amplicon was eluted, cloned, and
sequenced as described above. We designated the cDNA of
PR-5 gene cloned from Z. zerumbet as ZzPR5. Sequence
data from this article have been deposited at the National
Center for Biotechnology Information (NCBI) under
accession number FJ550342.

Sequence Analysis

Homology searches were performed with BLAST and
BLASTX algorithms to confirm sequence identity. Sequence
characteristics of the ZzPR5 product were assessed following
multiple alignment of deduced amino acid sequences of
ZzPR5 and the PR-5 genes from Hordeum vulgare
(AJ001268), Musa acuminata (1Z3Q), Thaumatococcus
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daniellii (1IRQW), and soybean P21 protein (P25096) using
CLUSTALW. Phylogenetic analysis was performed on
Z7zPRS5 and the PR-5 gene products of other plant species
identified following BLASTX analysis using the neighbor-
joining method implemented in the software MEGA version
4 (Tamura et al. 2007). Robustness of clustering was checked
by bootstrapping 1,000 replicates.

Molecular Modeling

The three-dimensional (3D) structure of ZzPRS was
generated using the software MODELLER. The aim of
our comparative modeling was to generate the most
probable structure of the ZzPRS5 protein through alignment
with template sequences that simultaneously satisfied
spatial restraints and local molecular geometry. A BLASTX
search of the Protein Databank demonstrated high sequence
identity (65%) between ZzPR5 and M. acuminata PR-5
protein (1Z3Q), and models of ZzPR5 protein were
constructed based on the crystal structure coordinates of
1Z3Q obtained at a resolution of 1.7 A resolution (Leone et
al. 2006). The structure generated for ZzPRS was improved
further by refinement of the loop conformations after
assessing the compatibility of its amino acid sequences
with the 1Z3Q structure using the Protein Health module in
Discovery Studio (DS Modeling 1.1; Accelrys, San Diego,
CA, USA). All simulation experiments were carried out
using a DELL PowerEdge T300 Workstation with Quad
Dual Intel Xeon 3.2 GHz processors.

Backbone conformation of the refined structure was
evaluated by inspection of the Psi/Phi angles in a
Ramachandran plot generated using the software
PROCHECK version 3.5 (Laskowski et al. 1993) and
comparing the Z score of ZzPRS5 and the template (123Q),
estimated using the software Prosa2003 (Sippl 1993).
Deviation of the modeled structure from the template was
assessed by computing root mean square deviation (RMSD)
values for positional differences between equivalent atoms
following the superposition of C, traces and backbone
atoms of the model onto the template. The protein structure
image of the model was illustrated using the software
PyMOL.

Docking Simulations Between (1,3)-3-D-Glucan
and ZzPR5

To examine the affinity between ZzPRS and (1,3)-f3-D-
glucan, we performed molecular docking experiments. The
ZzPR5 homology model was used as the template and
docking was carried out by introducing protein flexibility
into the docking protocol through the generation of an
ensemble of protein conformations using molecular
dynamic (MD) simulations performed in the Discovery
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Studio Simulation module (Discovery Studio, Accelrys).
Calculations were performed using the CHARMm Force-
Fields PARM22 and the polysaccharide-specific CHEAT9S
(Kouwizjer and Grootenhuis 1995), as implemented in
Discovery Studio. The simulation was performed for 500 ps
with a time step of 0.001 and the temperature set to 300 K.
The production type was set to NPT ensemble (constant
temperature and pressure dynamics) with a radius of
nonbonded interaction of 14.0A. For the estimation of
protein—ligand complexes, LigandFit score was employed
as a scoring function. Docking characteristics of ZzPR5—
(1,3)-p-pD-glucan complex was also examined using the
software AutoDock 4.1 (Morris et al. 1998).

Results
Expression Profile of the PR-5 Gene of Zingiber zerumbet

While investigating changes in expression of genes in
Z. zerumbet in response to P. aphanidermatum inoculation,
we identified a member of the PR-5 protein gene family
that was strongly induced following pathogen treatment.
Figure 1 shows the expression pattern for this PR-5 gene,
determined by qRT-PCR analysis, at different time points
following P. aphanidermatum inoculation. The gene was
found to be expressed constitutively in Z. zerumbet.
Upregulation of this gene was detected as early as 1.5 hpi
with P. aphanidermatum and the mRNA level was
significantly elevated (greater than twofold the basal level)
at 3 hpi. The qRT-PCR analysis recorded two expression
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Fig. 1 Time course of the expression levels of the PR-5 gene in Z.
zerumbet determined by qRT-PCR after P. aphanidermatum inocula-
tion. The relative expression is the mean of three technical replicates
and bars indicate the standard errors

maxima for this gene, one at 6 hpi and the other between 15
and 24 hpi, before declining at 48 hpi (Fig. 1).

Cloning and Sequence Analysis of ZzPR5

A full-length cDNA of the PR-5 gene of Z. zerumbet was
cloned using RACE PCR; the cDNA was designated as
ZzPR5. ZzPRS5 is 894 bp in length and has an open reading
frame of 680 nucleotides. A GenBank BLASTp search
revealed the conceptual gene product to have the highest
identity (65%) with the M. acuminata PR-5 protein
(accession number 1Z3Q). ZzPR5 encodes a precursor
protein of 226 amino acid residues with a predicted signal
peptide of 22 amino acid residues at the N terminus
(Fig. 2). The conceptual protein has an apparent molecular
weight of 57.5 kDa and a theoretical p/ of 5.05. Multiple
sequence alignment revealed 16 conserved cysteine resi-
dues (Fig. 2), which participate in eight disulfide bonds
characteristic of most PR-5 proteins (Campos et al. 2002).

BLASTp searches using ZzPRS5 sequences retrieved
altogether 30 PR-5 proteins (or TLPs) reported from
different plant species, and we examined the phylogenetic
relationship between ZzPR5 and these protein sequences.
The resulting tree is presented in Fig. 3. ZzPR5 was found
to be closest to PR-5 proteins isolated from two other
Zingiberales, M. acuminata (1Z3Q) and T. danielli (1 THW;
Fig. 3). High bootstrap values supported the robustness of
the clustering.

Molecular Modeling

The crystal structure of M. acuminata PR-5 (1Z3Q) was
used as template for homology modeling of ZzPR5. The 3D
models obtained for ZzPRS5 are shown in Fig. 4a, b. The
main chain conformations for 97.8% of the amino acid
residues were within the favored or allowed regions of the
Ramachandran plot. The G-factor values, indicating the
quality of covalent bond lengths and bond angles, were —0.86
for dihedrals and —0.25 for covalent bonds with an overall
value of —0.57. Superposition of the C,, atoms of the template
(1Z3Q) and target protein (ZzPRS5) gave a calculated RMSD
0f 0.083 A. Prosa2003 analysis yielded a Z score of —5.11 for
Z7zPR5 and —5.23 for the template (1Z3Q). Analysis of the
secondary structure revealed the presence of five x-helices,
14 (3-strands, and 28 turns in ZzPRS5.

Three distinct domains are evident in the 3D model of
ZzPRS (Fig. 4a). Domain I, which corresponds to the N
terminus of the protein, consists of two bundles of
antiparallel (3-sheet connected by loops to form a flattened
[3-sandwich. Domain II comprises a main «-helix associ-
ated with shorter helical segments, and domain III consists
of (3-strands linked by a loop. A prominent deep cleft that
transverses the protein surface is found at the interface of
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Fig. 2 Multiple sequence alignment of the deduced ZzPR5 protein
with PR-5 proteins from other taxa viz., M. acuminata (123Q_A), T.
danielli (1RQW), P21 protein from Glycine max (P25096), and H.

domains I and II (Fig. 4b). The side chains of residues
Argd9, Tyr76, Asn81, Glu85, Ser100, Vall02, Cysl45,
Thr146, Cys154, and Tyrl77 intrude into the cleft.
Calculation of the electrostatic potential of the ZzPRS5
model revealed the cleft to be highly acidic (Fig. 4b).

Molecular Docking Studies

We undertook docking simulations between ZzPRS5 and
polymeric (1,3)-3-D-glucan, the cell-wall constituent of
most oomycetes (Latijnhouwers et al. 2003), to investigate
the glucan binding properties and glucanase potential of the
former. Due to conformational constraints in accommodating
insoluble glucans in docking studies (Osmond et al. 2001), we
used a single chain consisting of five (1,3)-3-D-glucan units.
The model produced by Discovery Studio Simulation
predicts that eight amino acid residues, Arg49, Tyr76,
Glu85, Asp98, Ser100, Aspl43, Thr146, and Cysl154, are
involved in hydrogen bonding with the docked carbohydrate
(Fig. 5). Docking studies using AutoDock 4.1 predicted the
involvement of four of these residues (Tyr76, Glu85, Asp98,
and Ser100) in hydrogen bonding with the docked molecule
(data not shown). In the docked complex, (1,3)-p-D-glucan
passed through the acidic interdomain cleft of ZzPRS5 with
Glu85 and Asp98 on either side. The calculated distance
between the carboxylic oxygen atoms of the Glu85-Asp98
pair is 3.34A, which is well within the distance of 5A
required between the two catalytic residues for glucanase
activity (Zechel and Withers 2001).

@ Springer

vulgare (AJ001268). Asterisks indicate 16 conserved cysteine residues
and the arrow indicates the cleavage site between the signal peptide
and mature protein

Discussion

The PR-5 gene identified in Z. zerumbet was found to be
expressed constitutively. Constitutively expressed defense-
related genes have a vital role in the defense machinery of
plants because they help the host to block the pathogen at
the attempted point of penetration (Vleeshouwers et al.
2000; Zhang et al. 2007; Fung et al. 2008). For example,
Solanum tuberosum cultivars with very high constitutive
expression of PR genes, including PR-5, were resistant to
the oomycete pathogen Phytophthora infestans, whereas
cultivars with no or very low levels were susceptible
(Vleeshouwers et al. 2000). Similarly, quick and robust
induction of pathogenesis-related genes is another factor
deciding the host's effectiveness in suppressing an invading
pathogen (Pritsch et al. 2000; Ge et al. 2007). Thus, the
very early (3 hpi with P. aphanidermatum) and robust
(nearly 2.5-fold) accumulation of PR-5 transcripts further
indicates a crucial role for this gene in the P. aphanidermatum
resistance machinery of Z. zerumbet.

Induction of the PR-5 gene in Z. zerumbet following
P aphanidermatum inoculation is biphasic, and similar
expression profiles have been reported for other defense-
related genes (Alignan et al. 2006; Adhikari et al. 2007).
The early expression peak (3 to 6 hpi) could reflect a quick
reinforcement of defense machinery at the attempted site of
pathogen ingress, perhaps by sensing the physical force
exerted by the pathogen as hypothesized recently by
Hardham et al. (2008). The second expression peak (15 to
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Fig. 3 Phylogenetic relationship between ZzPRS5 protein (indicated by arrow) and 30 related proteins. Species of origin and accession number
(NCBI) of the sequences used are given at the end of each node. Bootstrap values >50% are indicated at branch points

24 hpi) is likely to be a result of a heightening of basal
defense governed by a signaling cascade.

Several lines of evidence suggest that HR and its
associated defense signaling, as well as PR-5 protein
accumulation—all common defense mechanisms against

Fig. 4 3D model of the ZzPR5
protein. a Ribbon representation a
showing the three domains:
green domain I, orange domain
11, and magenta domain III.
Structure obtained by energy
minimizing the average confor-
mation over the last 1,000 fs of a
MD simulation. b Molecular
surface showing electrostatic
potential on a scale that varies
from red to blue, representing
negative and positive potential,
respectively. The arrow indi-
cates the interdomain acidic cleft

Domain I1I

biotrophs (Glazebrook 2005)—actually increase the host's
vulnerability against necrotrophs (Glazebrook 2005; van Kan
2006; Kliebenstein and Rowe 2008). Because the resistance
mechanism in Z. zerumbet against P. aphanidermatum is
HR-independent (Kavitha and Thomas 2008c), a signaling
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Fig. 5 Interaction between ZzPRS5 protein and (1,3)-3-D-glucans in
the cleft region. Residues interacting with the docked molecules are
labeled. The red dots illustrate the hydrogen bonds

process which circumvents HR may have elicited the
secondary induction of this PR-5 gene.

The ZzPRS5 protein is acidic and possesses an N-terminal
signal peptide, suggesting that it accumulates in the
apoplast, as do other acidic PR-5 proteins (Thompson et
al. 2006). ZzPR5 also contains 16 conserved cysteine
residues (Campos et al. 2002) that form eight disulfide
bridges believed to confer on PR-5 proteins resistance to
proteases and pH-induced or heat-induced denaturation
(Breiteneder 2004).

Molecular modeling revealed that ZzPRS5 possesses the
3D folds and core structures that are conserved in other
PR-5 proteins (Koiwa et al. 1999; Osmond et al. 2001;
Thompson et al. 2006; Ghosh and Chakrabarti 2008).
ZzPRS possesses a prominent interdomain surface cleft, a
feature characteristic of most PR-5 proteins with antifungal
activity (Koiwa et al. 1999; Ghosh and Chakrabarti 2008)
and glycoside hydrolase enzymes (Osmond et al. 2001).
Indeed, many PR-5 proteins hydrolyze or at least bind
(1,3)-B-D-glucans (Trudel et al. 1998; Grenier et al. 1999;
Osmond et al. 2001), and this cleft is the candidate region
for (1,3)-3-D-glucan binding (Osmond et al. 2001; Ghosh
and Chakrabarti 2008). The level of affinity calculated in
silico between the cleft of a PR-5 protein and a (1,3)-3-D-
glucan molecule is a good predictor of the protein's [3-1,3-
glucanase activity and antifungal efficacy in vivo (Osmond
et al. 2001; Ghosh and Chakrabarti 2008). The high affinity
calculated in the docking studies and the favorable
orientation of the Glu—Asp pair in the docked complex, as
found in glucanases (Zechel and Withers 2001; Ghosh and
Chakrabarti 2008), signifies a hydrolytic potential for
ZzPR5 on (1,3)-3-D-glucans. PR-5 proteins are believed
to disrupt proper assembly of the fungal cell wall during
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hyphal extension by binding to nascent (1,3)-3-D-glucan
molecules (Osmond et al. 2001). Accumulation of ZzPRS
in the apoplast, inferred from its N-terminal signal peptide,
would allow the protein to engage the pathogen at its initial
site of penetration (Ellis et al. 2006) and where the invading
oomycetes secrete effector substances (Song et al. 2009).

PR-5 proteins have diverse functions, and thus the
regulation of different PR-5 genes also varies (Breiteneder
2004; van Loon et al. 2006). Similarly, the affinity of PR-5
proteins for carbohydrates varies between proteins (Trudel
et al. 1998; Grenier et al. 1999; Osmond et al. 2001), so
that different PR-5 isoforms have different antifungal
specificities, able to inhibit the growth of certain fungal
species but not others (Osmond et al. 2001). With the
premise that the nature and quantity of carbohydrate constit-
uents of cell walls vary from pathogen to pathogen, Osmond
et al. (2001) opined that plants might have coevolved
different PR-5 isoforms capable of inhibiting evolving
pathogen populations that have different cell-wall carbohy-
drate compositions. The ZzPR5 protein of Z. zerumbet
identified in this study likely possesses hydrolytic activity
against the (1,3)-3-D-glucans of P. aphanidermatum.

In conclusion, our study identified a potential component of
the basal defense of Z. zerumbet against P. aphanidermatum.
Elucidation of its molecular mechanism in governing
resistance of Z. zerumbet against P. aphanidermatum may
provide valuable insights for engineering soft rot resistance
into the obligatory asexual ginger.
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