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The functional role of rice (Oryza sativa) germin-like protein1 (OsGLP1) was elucidated through develop-
ment of transgenic plants involving endogenous gene silencing in rice and heterologous gene expression
in tobacco. Usually, the single copy OsGLP1 gene in rice plant was found to be expressed predominantly
in green vegetative tissues. The transgenic rice lines showed significant reduction in endogenous OsGLP1
expression due to 26 nt siRNA-mediated gene silencing, displayed semi-dwarfism and were affected seri-
ously by fungal diseases, compared to the untransformed plant. Structural homology modeling predicted
a superoxide dismutase (SOD) domain in OsGLP1 protein which upon over-expression in transgenic
tobacco plant clearly documented SOD activity. Our observations on the maintenance of cell dimension,
cell wall-associated localization particularly in the sub-epidermal tissues and the SOD activity of OsGLP1
could explain its functional role in regulation of plant height and disease resistance in rice plant.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Germin-like proteins (GLPs) constitute a diverse family of ubiq-
uitous plant glycoproteins [1,2]. Most of the pre-proteins of GLPs
contain the signal peptide sequence helping them to be exported
from the cell and the mature GLPs possess at least one or two puta-
tive N-glycosylation sites at conserved positions and metal ion
binding sites [1,3]. An important feature of the germins and GLP-
related proteins is the presence of a motif derived from the cupin
superfamily [2,4]. All proteins of the cupin superfamily contain a
signature domain consisting of six b-strands within a conserved
b-barrel structure. Comparing the amino acid sequences of differ-
ent GLPs with the barley oxalate oxidase whose crystal structure
has been determined, it has been observed that the cupin motifs
of most of the GLPs contain three highly conserved histidines
and one glutamate residue involved in binding a metal ion for ac-
tive site [4,5].

The germins and GLPs have spatial and temporal expression in
different plant species and are involved in diverse functions [6–10].
They may have single or combination of enzymatic activities, such
as oxalate oxidase, superoxide dismutase (SOD) and ADP glucose
pyrophosphatase/phosphodiesterase; act as structural protein or
help in signal transduction by their receptor function [1,2]. Many
GLPs have manganese-containing SOD activity [3,10]. A GLP from
wheat leaf apoplast was found to having an inhibitory role to
serine protease [11]. It has been proposed that GLPs function to
ll rights reserved.
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protect the plants from the effects of oxidative stresses induced
by abiotic or biotic factors [2,4].

Thus, considering various reports it is clear that GLPs have
broad range of diversity in occurrence, expression and activity;
and unique functions in specific plant system. Although, thorough
investigations have not been carried out about the role of rice GLPs,
in a recent study it has been reported that GLP family members
function as a complex QTL conferring broad-spectrum disease
resistance [12]. Moreover, an in silico study revealed the presence
of several regulatory elements in a rice GLP promoter [13]. The
objective of the present study was to clone and characterize the ger-
min-like protein1 (OsGLP1) gene from an indica rice (Oryza sativa)
cultivar; and to understand the functional role of OsGLP1 through
development of transgenic plants for endogenous gene silencing
in rice and heterologous gene expression in tobacco.

2. Materials and methods

2.1. Plant cultivars

The local cultivars of rice (O. sativa subsp. indica) and tobacco
(Nicotiana tabacum) were used in the present study. All the
untransformed and transgenic lines were grown in contained
growth chamber and natural field condition for different analyzes.

2.2. Cloning of OsGLP1 gene from rice

The coding DNA sequence (CDS) of OsGLP1 gene was RT-PCR
amplified from the leaf cDNA sample of Badshahbhog rice cultivar
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by using two primers based on the available sequences in the Gen-
Bank (AF032975 and AB015593). The forward primer, 50-TAC-
GGATCCATGGCCAAGGCAGTGATGAT-30 and the reverse primer,
50-TAATAAGCTTAACCGCTACCGCCGAGG-30 were used, having an
incorporated BamHI (bold) and HindIII (bold) site, respectively.
The PCR amplified product (�642 bp) was cloned into pUC18 vec-
tor and transformed into Escherichia coli DH10B (GIBCO BRL) cells
[14]. The positive clones were screened by restriction digestion
and confirmed by sequence analysis followed by bioinformatics
study.

2.3. Preparation of constructs for OsGLP1 gene silencing and over-
expression

The preparation of gene constructs has been described in
Supplementary information.

2.4. Development of OsGLP1 down-regulated transgenic rice lines and
OsGLP1 over-expressed transformed tobacco plant

The Agrobacterium tumefaciens strain EHA105 harboring the
gene silencing construct was used to transform the rice calli fol-
lowing reported protocol [15]. For over-expression of OsGLP1 in to-
bacco, A. tumefaciens strain LBA4404 harboring the OsGLP1 over-
expression construct was used for tobacco leaf disk transformation
[16]. Putative transformants from both of the events were selected
in hygromycin containing media. The selected plantlets were
screened through PCR, confirmed by Southern hybridizations in
T0, T1 and T2 generation and analyzed by Northern hybridization
and Western blotting.

2.5. Southern and Northern hybridization of untransformed rice plant

For Southern hybridization, 10 lg of undigested and different
restriction digested DNA samples from untransformed rice were
size-fractionated on 0.8% agarose gel with molecular weight mar-
ker. For Northern blotting, total RNA samples (30 lg) from root,
stem, leaf, developing endosperm, husk and mature endosperm tis-
sues were electrophoresed on 1.2% agarose-denaturing (formalde-
hyde) gel along with the RNA ladder marker. Transfer of nucleic
acids onto nylon membrane and hybridizations with [a-32P] dCTP
labeled OsGLP1 CDS-specific probe (642 bp) were performed fol-
lowing standard techniques [14].

2.6. siRNA detection in transgenic rice lines

Total RNA samples (30 lg) from the leaf of the untransformed
and different transgenic lines were electrophoresed on 20% dena-
turing polyacrylamide gel. The presence of siRNA specific to
OsGLP1 was detected following a reported procedure [17]. Three
oligonucleotides, two OsGLP1 gene specific of 29 and 27 nt and an-
other arbitrary sequence of 28 nt, were included in the same gel as
markers. After electrophoresis, transfer onto nylon membrane and
hybridization were performed as mentioned above.

2.7. Protein extraction and electrophoresis

Total protein from leaf tissues of the untransformed plant and
different transgenic lines were isolated using extraction buffer
[20 mM Tris–Cl (pH 8.0), 100 mM NaCl, 10 mM PMSF, 0.1% Tri-
ton � 100 with or without 2 mM b-mercaptoethanol] followed by
centrifugation at 12,000�g for 10 min at 4 �C. After quantification
by Bradford method, electrophoresis of the protein samples was
performed under semi-native and denaturing 12% polyacrylamide
gel.
2.8. Production of polyclonal antibody and Western blotting

The OsGLP1 gene was expressed in BL21 cells via pT7-7 vector by
inducing with 0.5 mM IPTG at 25 �C. The induced protein sample
was subjected to SDS-12% PAGE and the over-expressed OsGLP1
band was electro-eluted for production of polyclonal antibody in
rabbit. After purification the serum was used in immunoblot. For
Western blotting, total leaf protein samples were subjected to
SDS-12% PAGE and transferred onto nitrocellulose membrane. The
anti-OsGLP1 antibody was used as primary antibody and protein
A-conjugated horseradish peroxidase was used as secondary anti-
body. The immunoblot was developed using the HPO color develop-
ment kit (Bio-Rad).

2.9. Superoxide dismutase assay

In-gel SOD activity on semi-native polyacrylamide gel was per-
formed following reported protocol [3], with minor modification in
positive staining method. After illuminating the gel for 55 min, it
was soaked in deionized water overnight.

2.10. Light microscopy and immunolocalization

Longitudinal stem sections of 0.1–0.2 mm thick and 0.5 cm long
were collected from the immediate upper portion of the first node
from 45 days old rice plants. Sections were immediately placed in
20% glycerol containing deionized water and finally observed under
bright field with 40�magnifications by Leica MPS 60 microscope.

The cross-sections (0.1–0.2 mm thick) of stem were collected
from the immediate upper portion of the first node from 21 days
old rice plants. After fixing in PBS containing 4% formaldehyde,
the sections were dechlorophyllized in 1:1 methanol and acetic
acid followed by blocking in PBS containing 0.3% BSA. Following
washing with 1� PBS, the samples were incubated with the anti-
OsGLP1 as primary antibody and FITC (fluorescein isothiocyanate)
conjugated anti-rabbit antibody as secondary antibody. After
washing, the sections were observed under fluorescence micro-
scope (Leica MPS 60). The control sections were incubated with
pre-immune sera instead of the primary antibody keeping other
conditions same.

2.11. Modeling of OsGLP1 using barley oxalate oxidase

The structural model of mature OsGLP1 protein, excluding the
signal peptide sequence, was performed by first approach mode
in Swiss-model (http://swissmodel.expasy.org/workspace/index.
php?func=modelling_simple1). The model was analyzed and figure
was generated using PyMOL.

3. Results

3.1. Predominant expression of single copy OsGLP1 gene in green
vegetative tissues

A 642 bp CDS of OsGLP1 was cloned from an indica rice cultivar
and sequence analysis revealed 100% nucleotide identity with the
gene in rice genome of public database. The CDS of OsGLP1 was
predicted (by ExPASy PortParam) to produce a polypeptide of
214 amino acids with a molecular weight of �21.8 kDa. Similar
to many other GLPs, the OsGLP1 possessed a signal peptide se-
quence of 24 amino acids (predicted by SignalP 3.0) and one puta-
tive N-glycosylation site (NTS) at 63 amino acid position (predicted
by NetNGlyc 1.0 Server).

Southern hybridization of the rice genome using OsGLP1-spe-
cific probe revealed a single band signal with BamHI, EcoRI and
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Fig. 1. Genomic organization and tissue specific expression of OsGLP1 in untrans-
formed rice. (A) Southern blot of undigested (un), BamHI (b), EcoRI (e), HindIII (h)
and PstI (p) digested genomic DNA samples of rice along with EcoRI + HindIII
digested lambda DNA as marker. (B) Northern blot of RNA samples from root (r),
stem (s), leaf (l), developing endosperm (de), husk (h) and mature endosperm (me)
along with RNA ladder marker (Fermentas). Lower panel shows the loading control
using rice actin probe.

Fig. 2. siRNA-mediated down-regulation of OsGLP1 in transgenic rice lines. (A) The
electrophoresis and ethidium bromide staining (Gel). Lanes 1 and 2, two olignucleotides
lane Un and Tr1-3, RNA from untransformed and three transgenic lines, respectively. (B)
(Gel) and OsGLP1-specific polypeptides were detected by immunoblotting (Blot). Lane L, u
0441 (Fermentas). Lane Un, Tr1, Tr2 and Tr3 represent leaf protein samples (40 lg) fro
loading control using anti-beta actin antibody as standard.
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HindIII digested genomic DNA samples, but in the PstI digested
sample two bands at �0.82 kb and �2.2 kb (Fig. 1A) were found
due to one internal PstI restriction site. The results indicated the
presence of a unique sequence of OsGLP1 gene in this rice cultivar.
Tissue specific expression pattern by Northern hybridization docu-
mented high level expression of OsGLP1-specific transcript of
�1900 bases in the stem and leaf tissues but no such expressions
were detected in root, developing endosperm, husk and mature
endosperm (Fig. 1B).

3.2. siRNA-mediated down-regulation of endogenous OsGLP1 gene in
transgenic rice lines

To elucidate the role of OsGLP1 in rice plant it was down-regu-
lated by hair-pin RNA-mediated gene silencing approach. The
transgenic rice lines developed with the gene silencing construct
(Fig. S1A) were confirmed by Southern hybridization in T1 as well
as in T2 generation (data not shown). To verify further, they were
examined for the presence of, if any, OsGLP1-specific siRNA which
is the basis of post-transcriptional RNA interference strategy used
in this study. The OsGLP1-specific siRNA band of �26 nt was de-
tected in the Northern blot of all the transgenic lines tested but
not in the untransformed plant (Fig. 2A Blot). Additionally, the
two OsGLP1 CDS-specific oligonucleotides (29 nt and 27 nt) used
as markers in the same gel (Fig. 2A Gel) were found to be hybrid-
ized at their respective positions (Fig. 2A Blot). To check for any
nonspecific hybridization, one arbitrary oligonucleotide (28 nt)
was used in the same RNA gel (Fig. 2A Gel, lane 3) and found to
produce no signal (Fig. 2A Blot, lane 3).
OsGLP1-specific siRNA detection by Northern hybridization (Blot) following gel
(29 and 28 nt) specific to OsGLP1 gene; lane 3, an arbitrary oligonucleotide of 27 nt;
Protein samples from leaf tissue were visualized by Coomassie blue staining of gel
ntransformed control (20 lg protein); lane M, protein molecular weight marker SM

m untransformed plant, transgenic lines 1–3, respectively. Lower panel shows the
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In Western blot of rice protein samples, two major bands of
�22 and �24 kDa were detected in untransformed plant
(Fig. 2B Blot1), whereas the expressions of these OsGLP1-spe-
cific proteins were found to be drastically reduced in the trans-
genic lines (Fig. 2B Blot2). Sequencing data revealed that the
two immuno-detected bands were of OsGLP1 origin. Thus, the
results together confirmed the down-regulation of the OsGLP1
protein by siRNA-mediated gene silencing in the transgenic
lines.

3.3. Semi-dwarfism and disease susceptibility of the transgenic rice
lines

Interestingly, all of these OsGLP1 down-regulated transgenic
rice lines were found to display semi-dwarf phenotype in T2 gener-
ation compared to the tall untransformed rice cultivar (Fig. 3A).
When these plants were grown under irrigated condition in a re-
gion prone to infestations by the fungal diseases, e.g. sheath blight
and blast; the transgenic lines were found to be more susceptible
to both of these biotic stresses (Fig. 3B). The leaf sheath portions
and leaves of all the transgenic lines became heavily infected by
sheath blight and blast fungi, respectively, compared to very little
infestation in the untransformed rice (Fig. 3B (a–h)). Upon matu-
rity, the transgenic panicles contained predominantly chaffy-
grains in contrast to mostly well-filled grains in untransformed
panicle (Fig. 3B (i–l)).
Fig. 3. Morphological differences between untransformed and transgenic rice lines with r
of OsGLP1 protein (D). (A) Semi-dwarf phenotype of transgenic lines. (B) Susceptibility o
and different transgenic lines (b–d). Blast infection in untransformed (e) and different tr
lines (j–l). (C) Light microscopy of longitudinal stem sections of rice. (D) Immunolocal
transverse stem sections. In micrographs bars indicate 10 lm; SE, sub-epidermis; VB, va
3.4. Alteration of cell dimension in transgenic lines by cell wall
associated OsGLP1

To understand the semi-dwarf phenotype of the transgenic
plant at the cell anatomy level, longitudinal stem sections of the
transgenic and control plants were analyzed under bright field
microscope. The transgenic cells were found to be more shorter
with a lower length:breadth ratio compared to the control
(Fig. 3C). To examine the histological location of the OsGLP1 pro-
tein, it was immuno-detected in situ under fluorescence micros-
copy in the cross sections of rice stem. In the control plant, the
OsGLP1 protein was present at higher level in the sub-epidermal
cells but faintly in the vascular bundle (Fig. 3D). Moreover, this
protein was predominantly localized in the cell wall region rather
than being intracellular. However, the transgenic plant showed a
lower level of OsGLP1 localized in the sub-epidermal cells along
with the significant changes in cellular anatomy (Fig. 3D). The stem
sections probed with pre-immunized serum lacking OsGLP1 anti-
bodies gave no fluorescent signal under similar microscopic obser-
vation, as expected (data not shown).

3.5. Presence of SOD structural domain in OsGLP1 and documentation
of its SOD activity

To understand whether OsGLP1 possesses any domain for puta-
tive SOD activity, homology modeling of mature OsGLP1 protein,
espect to plant height (A), disease infestation (B), cell dimension (C) and localization
f transgenic lines to fungal diseases. Sheath blight infestation in untransformed (a)

ansgenic leaves (f–h). Affected panicle in untransformed (i) and different transgenic
ization using OsGLP1 polyclonal antisera and FITC labeled anti-rabbit antibody on
scular bundle.
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excluding the signal peptide sequence was performed using barley
oxalate oxidase as template (pdb 2ET1). The model of OsGLP1 pre-
dicted an active site composed of three histidines (His104, His106,
His151) and one glutamate residue (Glu111) responsible for metal
ion binding and SOD activity. The active site, analogous to barley
oxalate oxidase, is protected within the jellyroll b-barrel structure
comprised of 9 b-strands (Fig. 4A).

To examine the SOD function of OsGLP1, the total leaf protein
sample from untransformed rice plant were subjected to in-gel
SOD activity staining, where three major SOD-active bands were
detected at �47, 38 and 35 kDa regions (Fig. 4B SOD gel). Interest-
ingly, the same protein sample immuno-detected the �35 kDa
band as OsGLP1-specific protein (Fig. 4B Immunoblot) indicating
the OsGLP1 may possess SOD activity. For further confirmation,
the full length OsGLP1 CDS was expressed transgenically in tobac-
co plant using an over-expression gene construct (Fig. S1B). It was
observed that along with several endogenous bands, the transgenic
tobacco possesses another distinct SOD-active band which is
Fig. 4. Structure prediction of OsGLP1 and its SOD activity. (A) Modeling of OsGLP1
protein. The amino acids-His104, His151, His106 and Glu111 responsible for SOD
domain are highlighted. (B) In-gel SOD activity and immunoblot of rice leaf protein
(RL) under semi-native condition run along with Fermentas molecular weight
marker (M). White and black arrows indicate OsGLP1-specific SOD-active and
immuno-detected bands, respectively. (C) In-gel SOD activity of untransformed rice
(RL), untransformed tobacco (UnT) and transgenic tobacco (TrT) leaf protein
samples under semi-native condition. White and black arrows indicate OsGLP1-
specific SOD-active bands in rice and tobacco samples, respectively. (D) Immuno-
blot detection of the heterologously expressed OsGLP1 protein in tobacco leaf
sample under complete denaturing (lane 1) and semi-native (lane 2) conditions.
Solid and hollow arrows indicate heterologous expression of OsGLP1 protein in
dimeric and monomeric forms, respectively.
absent in untransformed tobacco plant (Fig. 4C). Immunoblot anal-
ysis confirmed that the additional SOD-active band in the trans-
formed tobacco leaf sample was due to the heterologous
expression of OsGLP1 (Fig. 4D lane 2). Moreover, under complete
denaturing condition the transgenic tobacco plant showed two
major OsGLP1-specific protein bands (Fig. 4D lane 1), similar to
the situation in untransformed rice plant (Fig. 2B Blot1, lane L). It
was noticed that the over-expressed OsGLP1-specific SOD-active
band in the transformed tobacco was slightly smaller in size
(�33 kDa) compared to that (�35 kDa) in rice. Taken together,
these results undoubtedly documented that the OsGLP1 indeed
possesses SOD activity.

4. Discussion

Although, several studies have been reported regarding various
functions of GLPs, a group of highly conserved proteins in different
plant systems, no thorough investigation has been carried out in
rice, the most important cereal crop of the world. In the present
study, the OsGLP1 gene from an indica rice cultivar has been cloned
and its physiological as well as enzymatic functions have been elu-
cidated through development of transgenic plants both by endog-
enous gene silencing in rice and heterologous gene expression in
tobacco.

The single copy OsGLP1 gene in untransformed rice is usually
expressed abundantly in green vegetative tissues, i.e. in leaf and
stem but this transcript was not detectable in root, developing
endosperm, husk and mature endosperm (Fig. 1). This observation
is someway analogous in barley, where HvGLP1 mRNA shows high
and low level expressions in young and older leaves, respectively,
but not in root tissues [6]. Although the CDS of OsGLP1 is 642 bp,
the size of the transcript detected in this study is �1900 bases,
which is close to one EST sequence (1829 bases) of this gene re-
ported in the databank (CT842946).

The endogenous OsGLP1 gene expression in rice has been
down-regulated by using siRNA-mediated gene silencing (Fig. 2).
The OsGLP1 gene specific probe detected the siRNA band of
�26 nt in the transgenic lines tested but none in the control plant
(Fig. 2A). Previously, it has been reported that during post-tran-
scriptional gene silencing in plant system induced by virus and
transgene, both shorter (�21 nt) and longer (�26 nt) classes of siR-
NAs were found to have a role in gene silencing [18]. However, in
our transgenic rice lines siRNA of �21 nt has not been found. It is
possible that the size and functional diversity of siRNAs in plants
is due to the multiplicity of DCL enzymes, which are Dicer-homo-
logues [18]. A very recent study has predicted 41 members of GLP-
related genes in rice genome and only 3 (loci Os08g35750,
Os05g10830 and Os11g33110) are closely related to OsGLP1
(Os08g35760) belonging to GER2 subfamily based on barley
HvGER proteins [12]. The possible off-target effect of siRNA-medi-
ated gene silencing in this study has been analyzed by sequence
alignment at nucleotide level showing insignificant homology
among the OsGLP1-related genes (Fig. S2).

In the leaf protein sample of untransformed rice, the OsGLP1 is
highly expressed and exhibits two major polypeptide bands of �22
and 24 kDa under complete denaturing condition (Fig. 2B Blot1,
lane L). The different sizes of polypeptide bands may perhaps be
due to differential glycosylation of OsGLP1 protein as observed in
other cases for PsGER1 and AlGLP [3,7]. In the transgenic rice lines,
the OsGLP1 protein expression has been significantly decreased
compared to the untransformed plant (Fig. 2B Blot2) and the minor
differences in expression level among the transgenic lines may be
due to the variable degree of gene silencing.

Our study reveals that the OsGLP1 down-regulated transgenic
rice lines are semi-dwarf and significantly affected by two fungal
diseases, i.e. sheath blight and blast in contrast to the tall and
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relatively resistant untransformed plants (Fig. 3A and B). The cell
morphology is also found to be different in transgenic lines
(Fig. 3C) and this may have direct correlation to the semi-dwarf
phenotype (Fig. 3A). The present study documents that the OsGLP1
is a cell wall associated protein in rice and is normally localized at
higher level in the sub-epidermal cells but its abundance has been
drastically minimized in the transgenic rice lines (Fig. 3D). This
could be one of the reasons for susceptibility of the OsGLP1
down-regulated rice lines to fungal stresses, because the sub-epi-
dermal cells constitute the major barrier tissues for natural pest
and pathogen attack. Various earlier studies have shown that dif-
ferent GLPs are associated with the cell walls [2,8] and possess
structural role in relation to cross linking of the cell wall after path-
ogen attack [19]. A very recent study in rice involving RNAi-medi-
ated gene silencing by using a conserved region from 12 members
of GLP gene family has identified a QTL that confers broad-spec-
trum disease resistance [12].

Analyzing the data of homology modeling with barley oxalate
oxidase, a putative SOD domain was predicted in OsGLP1
(Fig. 4A). The expressions of OsGLP1 in native host (rice) and het-
erologous host (tobacco) clearly show its SOD enzyme activity
(Fig. 4B–D). Comparing the immunoblot and the SOD assay of rice
and tobacco protein samples under semi-native condition, it is in-
ferred that the OsGLP1 possesses SOD activity in its dimeric form,
i.e. �35 kDa in rice and �33 kDa in tobacco. This is in contrast to
several studies that reported SOD-active GLPs are either tetrameric
or higher molecular forms as described earlier [3,10]. Unlike the
over-expressed AlGLP that shows higher molecular mass in trans-
genic tobacco plant [7], the heterologously expressed OsGLP1 dis-
plays slightly lower electrophoretic mobility, possibly because of
differential glycosylation or proteolytic cleavage. Earlier literatures
demonstrated that SOD activity has direct correlation with disease
resistance [19,20].

5. Conclusion

To our knowledge this is the first report to demonstrate the de-
tailed characterization of the OsGLP1 gene which, being present as
a single copy in the rice genome, is expressed predominantly in
green vegetative tissues. The down-regulation of endogenous
OsGLP1 in an indica rice cultivar and over-expression in heterolo-
gous tobacco plant has established important physiological and
biochemical role of this protein. The prominent function of OsGLP1
includes maintenance of cell dimension, association with cell wall
and SOD enzyme activity attributing towards regulation of plant
height and disease resistance.
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