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and identifies an active PGIP lacking an entire LRR repeat
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Abstract Polygalacturonase-inhibiting proteins (PGIPs)
are leucine-rich repeat (LRR) proteins involved in
plant defence. A number of PGIPs have been charac-
terized from dicot species, whereas only a few data are
available from monocots. Database searches and
genome-specific cloning strategies allowed the identifi-
cation of four rice (Oryza sativa L.) and two wheat
(Triticum aestivum L.) Pgip genes. The rice Pgip genes
(Ospgipl, Ospgip2, Ospgip3 and Ospgip4) are distrib-
uted over a 30 kbp region of the short arm of chromo-
some 5, whereas the wheat Pgip genes, Tapgipl and
Tapgip2, are localized on the short arm of chromosome
7B and 7D, respectively. Deduced amino acid
sequences show the typical LRR modular organization
and a conserved distribution of the eight cysteines at
the N- and C-terminal regions. Sequence comparison
suggests that monocot and dicot PGIPs form two sepa-
rate clusters sharing about 40% identity and shows that
this value is close to the extent of variability observed
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within each cluster. Gene-specific RT-PCR and bio-
chemical analyses demonstrate that both Ospgips and
Tapgips are expressed in the whole plant or in a tissue-
specific manner, and that OsPGIP1, lacking an entire
LRR repeat, is an active inhibitor of fungal polygalac-
turonases. This last finding can contribute to define the
molecular features of PG-PGIP interactions and high-
lights that the genetic events that can generate variabil-
ity at the Pgip locus are not only limited to substitutions
or small insertions/deletions, as so far reported, but can
also involve variation in the number of LRRs.

Introduction

Polygalacturonase-inhibiting proteins (PGIPs) are
plant cell wall glycoproteins that inhibit fungal endo-
polygalacturonases (PG) and modulate their activity
favouring the accumulation of elicitor-active oligoga-
lacturonides (De Lorenzo et al. 2001; Federici et al.
2006). PGIPs are induced by pathogen infection and a
number of stress-related signals (De Lorenzo et al.
2001). In Arabidopsis it has been also shown that the
up regulation of Atpgipl and Atpgip2 occurs through
separate signal transduction pathways (Ferrari et al.
2003). On the basis of their properties, PGIPs are con-
sidered typical defence proteins that are able to limit
the growth of those fungal pathogens producing PG
during tissue colonization. The involvement of PGIP in
limiting plant disease has been demonstrated in trans-
genic tomato, arabidopsis, tobacco and grape plants,
where over-expression of PGIP is correlated with a
reduction of symptoms caused by the fungal pathogen
Botrytis cinerea (Powell et al. 2000; Ferrari et al. 2003;
Manfredini et al. 2005; Aguero et al. 2005;).
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PGIPs, like the products of many resistance genes,
belong to the subclass of proteins containing leucine-
rich repeats (LRRs) of the extracytoplasmic type
(Jones and Jones 1997). They typically contain 10
imperfect LRRs of 24 residues, each containing the con-
sensus xxLxLxx motif composed of hydrophobic struc-
tural residues (L) and by non-conserved residues (X)
responsible for PG recognition (Di Matteo et al. 2003).

Plant genomes contain a small number of Pgip genes
and those of Arabidopsis thaliana (L.) Heynh. (Ferrari
et al. 2003), Brassica napus (Li et al. 2003), Phaseolus
vulgaris L. (D’Ovidio et al. 2004) and Glycine max (L.)
Merr (D’Ovidio et al. 2006) have been characterized.
These analyses demonstrated that the different members
of a Pgip family can be quite divergent and can undergo
a different transcript regulation during growth and
development or following biotic and abiotic stresses.
The encoded products can possess different inhibiting
activities against fungal or insect PGs and this capability
can be affected by single amino acid substitutions and
small insertions/deletions (indels) within the xxLxLxx
motifs (Leckie et al. 1999; D’Ovidio et al. 2004).

The role of PGIP in monocots has been poorly inves-
tigated and, until recently, PGIP activity has been char-
acterised only in pectin-rich species such as Allium cepa
(Favaron etal. 1993) and A. porrum (Favaron et al.
1997; Favaron 2001). Lately, PGIPs have been charac-
terized in wheat, although their N-terminal sequences
(Lin and Li 2002; Kemp et al. 2003) do not show any
similarity with the typical PGIP sequences determined
from purified proteins or deduced from gene sequences
(De Lorenzo et al. 2001). Moreover, a rice Pgip gene has
been reported to be involved in flower development
(Jang et al. 2003). The recent demonstration that PG is a
pathogenicity factor in Claviceps purpurea during the
infection of rye (Oeser et al. 2002) has reinforced the
interest for a defence role of PGIP also in monocots.

The objective of the present work was the identifica-
tion of Pgip genes in the monocots wheat and rice and
the analysis of their genome organization, expression
features and relationships with PGIPs from dicot spe-
cies. We determined also the inhibition activities of the
product encoded by one of the rice Pgip genes lacking
an entire LRR.

Materials and methods
Plant materials
Seeds were surface sterilized by immersion in sodium

hypochlorite (0.5% v/v) for 30 min, and then rinsed
thoroughly in sterile water. Rice and wheat plants were
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grown at 18-23°C with a 14 h light period with a light
intensity of 300 uE m~2s~!, while Nicotiana benthami-
ana plants were grown at 24°C with 16/8 h day/night
period at 100 pE m~2 s~! light intensity. Spike, leaf and
root tissues were collected from rice (Oryza sativa L.)
and wheat (Triticum aestivum L.) flowering plants,
except wheat roots that were collected from 7-day-old
seedlings.

Chromosome assignment was carried out by using
nulli-tetrasomic and ditelosomic lines of 7. aestivum cv.
Chinese Spring (Sears 1966) and D-genome-chromo-
some intervarietal substitution lines of T. durum cv.
Langdon (Joppa 1988).

DNA analyses and manipulation

Genomic DNA was extracted from 0.5g of green
material following the procedure reported by Tai and
Tanksley (1991).

PCR reactions for cloning Pgip genes were carried
out in a reaction volume of 50 ul with 50 ng of genomic
DNA, 2.5 units of FastStart High Fidelity PCR system
(Roche Diagnostics Monza, Italy), 1x Taq PCR buffer,
50 ng of each of the two primers and 100 pM of each
deoxyribonucleotide. PCR conditions were: 1 cycle at
95°C for 2 min, 30 cycles at 95°C for 30s, 60°C for
1 min, 72°C for 1 min, and a final step at 72°C for
5 min. Oligonucleotides used to isolate the complete
coding region of Pgip genes were synthesized on the
basis of nucleotide sequences available at data banks as
specified in the Results section, and have the following
sequences: (PGIPWHIF) 5'-ATGAGCACTCCACC
CTCGGCACAT and (PGIPWHIR) 5'-TTATTTCTT
GCATGGATCTGGGAG for both Tapgipl and Tap-
gip2; (OspgiplF) 5'-TGACTCGCTATTGCATGCG
and (Ospgip2R) 5'-TGGGAGCTTAATTGCAGGGA
for Ospgipl; (OsPGIP72F) 5'-ATACACGGCATTG
CATGCAC and (OsPGIP72R) 5'-CTTACACTCGT
TCTCCGTAC for Ospgip2; (OsPGIP63F) 5'-TAGA
AGAGAGGAAGCACGCA and (OsPGIP63R) 5'-G
TTGGTGGCCTGAGATAGGT for Ospgip3; (OsP-
GIP4_3F) 5'-TGTCGTGCACTTGTGTTCAA and
(OsPGIP4_3R) 5'-GCATTAGCTGGTTGCTTC for
Ospgip4.

Amplified products were fractionated on 1.2% aga-
rose gel, recovered using the GFX™ PCR DNA and
Gel Band Purification Kit (GE Healthcare, Cologno
Monzese, Italy) and cloned into pGEM-T Easy Vector
(Promega Italia Srl., Milano, Italy) or directly sub-
jected to nucleotide sequencing. Plasmid DNA was
purified from recombinant bacterial clones with the
NucleoBond® Plasmid Purification Kit (Clontech,
Mountain View, USA).
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Sequencing reactions were performed using the
“ABI PRISM dye terminator cycle sequencing ready
reaction” kit and DNA sequences were determined
with the semiautomatic ABI PRISM 310 sequencer
(Applied Biosystem, Monza, Italy). Nucleotide
sequences were also determined by the MWG-Biotech
AG (Ebersberg, Germany) and Invitrogen (San Giuli-
ano Milanese, Italy) Sequencing Services.

Sequence analyses were performed using the
DNAMAN software (Lynnon Biosoft, Quebec, Can-
ada) that uses ClustalW algorithm for multiple
sequence alignment (Thompson etal. 1994). The
parameters for sequence alignment were: a protein
gap open penalty of 10 and a protein gap extension
penalty of 0.1. However, the automatic multiple
sequence alignments has been improved by manual
editing based on the LRR modular organization of
PvPGIP2 (Di Matteo et al. 2003). Trees were gener-
ated by DNAMAN program by using both the
UPGMA (Sneath and Sokal 1973) and Neighbor-
Joining (Saitou and Nei 1987) methods. Bootstrap
values were based on 1,000 replications.

Blast searches (McGinnis and Madden, 2004) at
TIGR (http://www.tigr.org/tdb/tgi/plant.shtml) and at
the International Nucleotide Sequence Databases
(http://www.ncbi.nlm.nih.gov/) databases were per-
formed with programs tBlastn, tBlastx and Blastn
using default parameters.

Genomic DNA (10 pg) was digested with EcoRI
(Invitrogen) and fractionated on 1.2% agarose gel
using the conditions specified by the manufacturer.
Southern blot analyses were carried out using standard
conditions for specific target sequences (Sambrook
etal. 1989) by using as probe the complete coding
region of Tapgipl labelled with digoxigenin (Digoxige-
nin—11-uridine-5(-triphosphate, Roche Diagnostics)
following the procedure reported by D’Ovidio and
Anderson (1994).

PCR reactions for chromosomal assignment of
wheat Pgip genes were performed using the RedTaq™
ReadyMix (Sigma-Aldrich, Milano, Italy) in a 50 pl
final volume and following the manufacturer’s proce-
dure. Amplification conditions were: 32 cycles at 94°C
for 1 min, 65°C for 1 min, 72°C for 40 s and a final step
at 72°C for 5 min. Oligonucleotides used were those
specified for RT-PCR experiments (see below).

RNA extraction and RT-PCR

Total RNA was extracted using RNeasy Plant Mini kit
(Qiagen SpA, Milano, Italy) following the manufac-
turer’s procedure. Contaminating DNA was removed
using the DNA-free™ mix (Ambion Ltd., Huntingdon,

United Kingdom) and RNA concentration was deter-
mined spectrophotometrically.

RT-PCR experiments were performed by using the
QuantyTect® SYBR® Green RT-PCR (Qiagen) in a
MyCycler™ thermal cycler (Bio-Rad Life Science,
Segrate, Italy). Each RT-PCR was performed in a total
volume of 25 pl using 250 ng of total RNA and 50 ng of
each of the two primers. cDNA synthesis and amplifi-
cation conditions were: 30 min at 50°C for first-strand
cDNA synthesis; 15min at 95°C to inactivate the
reverse transcriptase; then, 40 cycles at 94°C for 155,
60°C for 30 s and 72°C for 30 s for cDNA amplification.
Two negative controls missing total RNA template or
reverse transcriptase were included in each experi-
ment. Oligonucleotide primers specific for each Tapgip
and Ospgip genes were:

(PGIPWHIF) 5'-ATGAGCACTCCACCCTCGGC
ACAT and (PGIPWHI10R) 5'-GGCGTCGTTGCAA
GTGAT for Tapgipl; (PGIPWHIF) 5'-ATGAGCAC
TCCACCCTCGGCACAT and (PGIPWHI11R) 5'-GG
CGTCGTTGCAAGTGTC for Tapgip2; (PGIPWHIF);
(OSPGIPSF) 5'-AGAAGGAGTGCAACGCCGGC
and (OSPGIP1_3R) 5'-GGTGGTGTCGTCGCAGGT
for Ospgipl; (OSPGIP2_F5) 5'-AGAAGGTGCAAT
GCCATGAG and (OSPGIP73_R4) 5'-GATGGTGA
GGTGGGTGAGGT for Ospgip2; (OSPGIP3F4) 5'-T
CATCAACCTCGCCATCACA and (OSPGIP64R7)
5'-CCTTGAAGAAGGTGATGTAC for Ospgip3;
(OSPGIP4_1F) 5'-TGCTCGTGTTCGTGGTGT and
(OSPGIP4_1R) 5'-ACTGGAAGTAGGACGCGTTG
for Ospgip4.

The specificity of the primers was assessed in sepa-
rate PCR experiments using, as a template, recombi-
nant plasmid DNA containing the appropriate Pgip
clone. PCR assays using up to 200 ng of plasmid DNA
confirmed that each oligonucleotide pair amplified spe-
cifically the correct Pgip gene (data not shown). The
identity of each PCR and RT-PCR product was con-
firmed by direct nucleotide sequencing of the ampli-
con. Amplification of 18S rRNA was used as reference
for transcript amplification. The 185 rRNA primers
used were conserved in both wheat and rice and have
the following sequence: (OS18SRNAF) 5'-ATGATA
ACTCGACGGATCGC and (OS18SRNAR) 5'-CTT
GGATGTGGTAGCCGTTT.

Fungal polygalacturonases (PGs), PGIP preparations
and enzymatic assays

The endo-PGs of Sclerotinia sclerotiorum isolate B-24
and F. graminearum isolate 3827 were kindly provided
by F. Favaron (University of Padova, Italy) while those
of Aspergillus niger, Fusarium moniliforme isolate
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FC10, and Botrytis cinerea strain B05-10 were kindly
provided by G. De Lorenzo (University of Rome,
Italy). Endo-PGs of S. sclerotiorum (Favaron et al.
1997), A. niger (Cervone et al. 1987), F. moniliforme
(Caprari et al. 1996) and F. graminearum (F. Favaron,
unpublished) were purified at homogeneity, while that
of B. cinerea (D’Ovidio et al. 2004) was purified from
culture filtrate.

Transient expression of OsPGIP1 and GmPGIP3
was performed on Nicotiana benthamiana plants by
using the potato virus X. The complete coding region
of both Ospgipl and Gmpgip3 genes were amplified by
PCR using sequence specific oligonucleotides including
the restriction site for Clal or Sall at the 5’ ends of the
forward or reverse primers, respectively. The amplified
fragments were double digested with Clal and Sall and
cloned into the pPVX201 expression vector. The plas-
mids obtained were used to inoculate N. benthamiana
plants using 30 pg of DNA/plant as described by Baul-
combe et al. (1995).

Transiently expressed PGIPs were extracted from
leaves of N. benthamiana plants infected with a single
PVX-Pgip construct or with the empty vector, as previ-
ously described (D’Ovidio et al. 2004). Protein concen-
tration was determined with the Coomassie plus-the
better Bradford assay kit (Pierce, Rockford, IL, USA).
SDS-PAGE and immunoblotting were performed as
previously described (Desiderio et al. 1997). Polyclonal
antibodies raised against PGIP purified from P. vulga-
ris pods (kindly provided by Prof. G. De Lorenzo, Uni-
versity of Rome ‘La Sapienza’, Italy) were used for
immunoblotting experiments.

Enzymatic activity of PGs was determined as an
increase in reducing end-groups over time. Reducing
end-groups were measured using the method of Mil-
ner and Avigad (1967), as slightly modified by Sella
et al. (2004) using p-galacuronic acid as a standard.
The incubation mixture contained 200 ul of 0.5%
polygalacturonic acid (PGA, from orange, Sigma; esti-
mated average degree of polymerization, DP = 37) in
100 mM sodium acetate, pH 4.7. After enzyme addi-
tion, the mixture was incubated at 30°C for 30 min.
One enzyme unit was defined as the amount of
enzyme required to release 1nmol per second of
reducing end groups (nkat). The same mixture con-
taining 0.018 nkat was used to assess the inhibitory
activity of PGIP. Relative inhibitory activities were
calculated as the ratio between the amount of protein
extract required to inhibit by 50% 0.018 nkat of the
specific PG at pH 4.7 and that required to inhibit by
50% 0.018 nkat of PGD of S. sclerotiorum, taken as a
standard. The assays were performed in triplicates and
repeated three times.
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Results

Isolation and characterization of rice and wheat Pgip
genes

To identify rice Pgip sequences we performed Blast
searches on the TIGR Rice EST database (http://www.
tigrblast.tigr.org/tgi/) and on the International Nucleo-
tide Sequence Databases (http:/www.ncbi.nlm.nih.
gov/) by using, in separate searches, the coding region
of a representative set of Pgip genes so far reported
(bean, soybean, pear, Arabidopsis, grape, tomato,
Brassica napus and Citrus sinensis). We identified four
different sequences on the BAC clone P0668H12
(accession number ACO084818) and two additional
sequences, OsFORI (Jang etal. 2003) and LOC_
Os09g31450, located on different regions of the rice
genome, showing a slightly divergent sequence from
the other four clustered genes. In particular, the puta-
tive mature coding region of the LOC_0Os09g31450
contains a higher number of cysteine codons (11
codons) with respect to the typical 8-9 codons so far
reported for all PGIP genes (De Lorenzo et al. 2001).

By performing similar Blast searches on the TIGR
Wheat EST database and on the International Nucleo-
tide Sequence Databases using the above mentioned
Pgip genes and the newly identified rice Pgip genes, we
found two overlapping ESTs (BJ280223 and BJ285213,
now included in the tentative contig TC30134), sharing
more than 60% identity with the rice Pgip genes.

In a recent database search (April 2006), it was con-
firmed that the selected rice and wheat sequences are
those showing the higher sequence similarity to Pgip
genes so far reported.

In order to investigate the genomic organization
and functional features of the selected Pgip
sequences and their encoded products, we isolated
and sequenced the corresponding genes from the rice
cv. Roma and the hexaploid wheat cv. Chinese
Spring. For the rice Pgip sequences we limited our
analysis to the four genes clustered on the BAC
clone P0O668H12, because OsFORI has been already
characterized (Jang etal. 2003) and the LOC_
0s09g31450, as specified above, is a more divergent
sequence.

Each rice and wheat Pgip gene was amplified by
PCR using specific primers spanning the complete cod-
ing region.

The Pgip genes isolated from the rice cv. Roma,
named Ospgipl, Ospgip2, Ospgip3 and Ospgip4 con-
tained open reading frames (ORFs) of 927, 1,029,
1,020 and 1,050 bp, respectively. These genes were
identical to the corresponding Pgip genes from which
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the primers were derived, except Ospgip2 that showed
two non-synonymous substitutions.

The encoded products of the four sequences show
the typical PGIP topology with a putative signal pep-
tide (Fig. 1a) and an LRR domain (Fig. 1c) flanked by
short N- and C- terminal regions (Fig. 1b , d, respec-
tively). The signal peptides vary between 17 (OsP-
GIP1), 22 (OsPGIP2), 21 (OsPGIP3) and 25
(OsPGIP4) amino acids (predicted by SignalP,
www.expasy.org) and they should direct the mature
protein into the apoplast (predicted by PSORT,
www.expasy.org). OsPGIP2, OsPGIP3 and OSPGIP4
contain ten LRR modules, whereas OsPGIP1 pos-
sesses only nine LRR because the seventh LRR is
missing (Fig. 1). The consensus sequence of the LRR
region is identical in all four genes (xxL(D/N)LSxNx-
LxGxIPxxLxxLxxL) and matches precisely the
extracytoplasmic LRR consensus sequence of resis-
tance genes (Jones and Jones 1997). Additional differ-
ences between the four mature OsPGIPs reside in the
number of cysteine residues and predicted glycosyla-
tion sites. Besides the conserved eight cysteines resi-
dues, OsPGIP2, OsPGIP3 and OsPGIP4 contain an
extra cysteine at corresponding positions in the C-ter-
minal region (Fig. 1). The predicted glycosylation sites
are 4,10, 7 and 5 in OsPGIP1, OsPGIP2, OsPGIP3 and
OSPGIP4, respectively (Fig. 1). Only three of these
potential glycosylation sites are in corresponding posi-
tions in all four proteins and one of them, located in
the last LRR, is conserved also in the bean PGIPs
(D’Ovidio et al. 2004). OsPGIP1, OsPGIP2, OsPGIP3
and OsPGIP4 have a calculated pI of 6.6, 4.6, 5.7 and
7.8, respectively. These values, except that of OsP-
GIP4, are much lower than that observed in PGIPs of
dicot species that have p/ values around 8.0 and 9.0.

The wheat Pgip gene was amplified from the geno-
mic DNA of cv. Chinese Spring using the primers

Fig. 1 Sequence organization and variability of OsPGIPs. De-
duced amino acid sequences of rice PGIPs (OsPGIP1-4) are di-
vided in four regions (a, b, ¢ and d) and aligned. Numbering is
referred to the OsPGIP1 sequence and starts from the first resi-
due of the mature protein as predicted by SignalP, www.exp-
asy.org. Regions are on the basis of crystallographic analysis of
the bean PvPGIP2 (Di Matteo et al. 2003) and represent the sig-
nal peptide (a), the N-terminal region (b), the modular LRR re-
gion (c¢) and the C-terminal region (d). The xxLxLxx region is
boxed. Empty spaces indicate gaps. Cysteine residues are in bold,
putative glycosylation sites are underlined and in italics. The con-
sensus sequence of the LRR region is: xxL(D/N)LSxNxXxLxGx-
IPxxLxxLxxL, where L is an aliphatic residues L, I, M, V, F and x
indicates any residue. Where single residues are shown these
comprise more than 50% of the residues at this position. Where
two residues are shown, the two residues together comprise more
than 50% of the residues at that position, with the upper of the
two being more frequent
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PGIPWHI1F/PGIPWHI1R and the single amplicon
obtained, named Tapgipl, contained an ORF of
1,011 bp that showed only a single synonymous nucleo-
tide substitution when compared with TC30134. The
protein encoded by this gene possesses the typical
PGIP structure including a putative signal peptide
(Fig.2a) and the characteristic 10 LRR modules
(Fig. 2c) flanked by conserved N- and C- terminal
regions (Fig.2b and d, respectively). The most likely
cleavage site of the signal peptide is between position
26 and 27 (predicted by SignalP, www.expasy.org)
and the resulting mature protein may be directed into
the vacuole (90%) or in the apoplast (82%) (pre-
dicted by PSORT, www.expasy.org). Similarly to the
rice OsPGIPs, the consensus sequence of the LRR
matches precisely the extracytoplasmic LRR consen-
sus sequence of resistance genes (Jones and Jones
1997) and contains the typical eight cysteine residues
at conserved positions: four at N-terminus, one in the
tenth LRR and three at the C-terminus (Fig. 2). The
protein should be also glycosylated since five Asn-
Xaa-Ser/Thr sequons are present and that in the last
LRR is also conserved in the rice PGIPs. Like the
rice OsPGIPs the calculated pl of the mature TaP-
GIP1 differs greatly from those of dicot PGIPs, being
6.05.

Chromosomal localization of rice and wheat Pgip
genes

As described above, Ospgipl, Ospgip2, Ospgip3 and
Ospgip4 are clustered on the same BAC clone
PO668H12. This clone has been assigned to the short
arm of chromosome 5 and the four Pgip genes are dis-
tributed over a 30 kbp region at distances varying from
2.8 kbp (Ospgipl and Ospgip2) in one direction, and
16.6 kbp (Ospgipl and Ospgip3) and 24.2 kbp (Osp-
gipl and Ospgip4) in the opposite direction.

Since the large wheat genome has not been
sequenced yet, the genomic organization of the wheat
Pgip genes has been examined by Southern blot analy-
sis using the Tapgipl as probe. Two main hybridizing
fragments of about 3.7 and 4.0 kbp were detected on
genomic DNA of T. aestivum cv. Chinese Spring
digested with EcoRI (Fig. 3a). The same analysis per-
formed on genomic DNA of T. durum cultivar Lang-
don identified only a main EcoRI hybridizing fragment
of 4.0 kbp (Fig. 3a).

In order to identify the chromosomal localization
of these hybridizing fragments, we performed South-
ern blot analysis of genomic DNA of both nulli-tetra-
somic lines of T. aestivum cv. Chinese Spring and of
the D-genome substitution lines of 7. durum cv.
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Fig. 2 Sequence organization and variability of TaPGIPs. De-
duced amino acid sequence of wheat PGIPs are divided in regions
and aligned. Numbering is referred to the TaPGIP1 sequence and
starts from the first residue of the mature protein as predicted by
SignalP, www.expasy.org. Regions are on the basis of crystallo-
graphic analysis of the bean PvPGIP2 (Di Matteo et al. 2003). See
legend of Fig. 1

Langdon. These analyses demonstrated that the
3.7 kbp and 4.0 kbp EcoRI fragments were localized
on chromosome 7D and 7B, respectively (Fig. 3b).
The chromosomal localization of the Pgip hybridizing
fragments was further defined by Southern blot analy-
ses on genomic DNA of ditelosomic lines of 7. aes-
tivum cv. Chinese Spring. Based on these analyses the
3.7 and 4.0 kbp EcoRI fragments were assigned to the
short arm of chromosome 7D and 7B, respectively
(Fig. 3C).



Theor Appl Genet (2006) 113:1233-1245

1239

Kb

-4.0
-3.7

C

Fig. 3 Chromosomal localization of wheat Pgip genes. Southern
blotting of genomic DNA (10 png) digested with EcoRI and
probed with Tapgipl. T. aestivum cv. Chinese spring (1, 5) and its
ditelosomic lines lacking chromosome arms 7BS (6) and 7DS (7);
T. durum cv. Langdon (2) and its D-substitution lines of chromo-
somes 7A (3) and 7B (4). The lack of hybridization fragment indi-
cates the specific chromosomal assignment. The presence in both
Langdon substitution lines of the 3.7 kbp fragment indicates its
localization on chromosome 7D

Isolation of Pgip gene homeologs in wheat

In order to isolate wheat Pgip gene homeologs, we
used a strategy based on PCR amplification of genomic
DNA of nulli-tetrasomic (NT) lines of T. aestivum cv.
Chinese Spring. On the basis of the chromosomal
assignment described above, we amplified separately
the genomic DNA of N7BT7A and N7DT7A by using
PGIPWHI1F/PGIPWHIR primers and the resulting
amplicons were subjected to direct nucleotide sequenc-
ing. The nucleotide sequence of the amplicon obtained
from N7DT7A was identical to Tapgipl, whereas that
from the N7BT7A showed a few differences consisting
of single substitutions and two short deletions in the N-
terminal part of the coding region. This novel wheat
Pgip sequence, named Tapgip2, contains an ORF of
999 bp and the deduced protein of 333 amino acids
contains a signal peptide (23 residues) and the charac-
teristic 10 LRRs flanked by conserved N- and C- termi-
nal regions. Similarly to what predicted for TaPGIP1,
the mature TaPGIP2 may be directed into the vacuole
(90%) or, with a lower probability, into the apoplast
(38%) (Predicted by PSORT, www.expasy.org). Like
TaPGIP1, TaPGIP2 contains the typical eight-cysteine
residues at conserved positions, five putative glycosyla-
tion sites (Fig. 2) and a calculated pI of 6.25.

To further verify the genome origin of Tapgipl and
Tapgip2, we developed the gene-specific primer pairs
PGIPWHI1F/PGIPWHI10R, specific for Tapgipl, and
PGIPWHI1F/PGIPWHI11R, specific for Tapgip2. PCR
amplifications using these primers on genomic DNAs
of nulli-tetrasomic lines of homeologous group 7

chromosomes of 7. aestivum cv. Chinese Spring dem-
onstrated that Tapgipl and Tapgip2 are located on
chromosome 7B and 7D, respectively (Fig. 4).

Transcript analysis of wheat and rice Pgip genes

Since only sequences corresponding to Ospgipl and Tap-
gipl were present in the EST databases, we verified by
RT-PCR analysis whether the expression of the identi-
fied wheat and rice Pgip genes occurs in plant tissues dur-
ing normal plant growth and development. In addition to
the previously mentioned primers specific for Tapgipl
and Tapgip2, we developed gene-specific primers for
each of the four Ospgips and used them to amplify total
RNA extracted from roots, leaves and spikes. The ampli-
fication of wheat RNAs showed that Tapgipl and Tap-
gip2 were expressed in roots, leaves and spikes.
Conversely, when the analysis was performed on rice
RNAs, only Ospgipl and to a lesser extent Ospgip4 were
clearly expressed in roots, leaves and flowering spikes.
Ospgip3 was slightly expressed in all three tissues and
Ospgip2 was expressed only in roots (Fig. 5).

Sequence variability of wheat and rice PGIPs

Sequence alignment of the deduced mature protein
and subsequent cluster analyses showed that wheat
PGIPs group separately from OsPGIPs, and share an
average sequence identity of 55%. The wheat PGIPs
share a very high sequence identity (88% ) whereas the
OsPGIPs are separated into two distinct sub-groups
formed by the pairs OsPGIP1/OsPGIP2 (60% identity)
and OsPGIP3/OsPGIP4 (79% identity), sharing only
56% of sequence identity (Fig. 6). Sequence analysis
showed also that OsFOR1 and LOC_0Os(09g31450
form a cluster separated from OsPGIPs and wheat
PGIPs and shares with them 43% sequence identity
(Fig. 6). A similar clustering result has been obtained
in Neighbor-Joining trees generated from the same

1234

5678

bp
219

213

Fig. 4 Chromosomal assignment of Tapgipl and Tapgip2. Aga-
rose gel of 1.6% PCR products obtained with the primer pair
PGIPWHIF/PGIPWHI0R specific for Tapgipl (lanes 5-8) or
with the primer pair PGIPWHI1F/PGIPWH11R specific for Tap-
gip2 (lanes 1-4). The lack of amplification product indicates the
specific chromosomal assignment. 1,5 7. aestivum cv. Chinese
spring; 2, 6 N7AT7B; 3,7 N7BT7A; 4,8 NTDT7A
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Ospgip] e  Tapgip] [

Ospgip? IR ... > F
ipgip2 m
Ospgip3 R
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Fig. 5 Differential expression of Pgip genes in different tissues of
rice and wheat plants. RT-PCR was performed on total RNA us-
ing gene-specific primers and the amplification products fraction-
ated on 2% agarose gel. Amplicon sizes were: Ospgipl,137 bp;
Ospgip2, 315 bp; Ospgip3, 102 bp; Ospgip4, 106 BP; Tapgipl,
219 bp; Tapgip2, 213 bp; 18SRNA (18S), 180 bp. S spikes, L
leaves, R roots

multiple sequence alignment (data not shown),
although the TaPGIP and OsPGIP clusters have boot-
strap values <55.

In order to ascertain the distribution of sequence
variation along these proteins, sequence comparison
was also performed between the different regions of
wheat or rice PGIPs. Regions were based on the crys-
tallographic analysis of the bean PvPGIP2 (Di Matteo
etal. 2003) and included the N-terminal portion
(region B), the LRR region with and without the xxLx-
Lxx motifs (region C and region C-out, respectively),
the portion corresponding to the xxLxLxx motifs with
and without the conserved hydrophobic residues
(xxLxLxx and xx(L)x(L)xx regions, respectively), and
the C-terminal portion (region D). This analysis
revealed an alternating pattern of variable and con-
served sites among the different regions of TaPGIP1
and TaPGIP2 (S1). In particular, the xxLxLxx region
showed a more pronounced variation as compared to
the B, D and C regions. For example, the xx(L)x(L)xx
regions share 70% of sequence identity in contrast with
the 93% of identity of the C-out regions (S1). The
same analysis performed between the rice PGIPs
showed a more uniform variation between the different
regions, except for the pair OsPGIP3/OsPGIP4 where
the xx(L)x(L)xx region, similar to what observed
between TaPGIP1 and TaPGIP2, showed a stronger
variability (62.7%) as compared to the C-out region
(81.9%)(S2).

Monocot and dicot PGIPs possess a similar extent of
sequence variability

Sequence comparison, at both nucleotide and amino
acid levels, between all known PGIP sequences showed
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Fig. 6 UPGMA tree showing the relationships between the ma-
ture proteins of PGIPs from monocots and a representative num-
ber of PGIPs from dicots. Species origin and accession number in
parenthesis. Numbers at branch points represent average identi-
ties. Dicots: AdPGIP1 (Actinidia deliciosa, Z49063); AtPGIP1,
AtPGIP2 (Arabidopsis thaliana, AF229249, AF229250); BnP-
GIP1, BnPGIP2, (Brassica napus, AF529691, AF529693); CsP-
GIP1 (Citrus sinensis, Y08618); EgPGIP1 (Eucalyptus grandis,
AF159167); GmPGIP1, GmPGIP2, GmPGIP3, GmPGIP4 (Gly-
cine max, AJ972660 to AJ972663); LePGIP1 (Lycopersicon escu-
lentum, 1.26529); PcPGIP1 (Pyrus communis, 1.09264); PvPGIP1,
PvPGIP2, PvPGIP3, PvPGIP4 (Phaseolus vulgaris, AJ786408 to
AJ786411); VVPGIP1 (Vitis vinifera, AF499451). Monocots: TaP-
GIP1, TaPGIP2 (Triticum aestivum, this paper, AM180656,
AM180657); OsPGIP1, OsPGIP2, OsPGIP3, OsPGIP4 (Oryza
sativa, this paper, AM180652 to AM180655); OsFOR1 (Oriza sa-
tiva, AF466357); Os09¢31 (Oriza sativa, the LOC_Os09g31450
sequence is located on the clone OSJNBb0052C07 with accession
number AC108762)
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that TaPGIPs and OsPGIP form a cluster separated
from the dicot PGIPs (Fig. 6). The range of sequence
identity between the two groups varies between 47 and
61% at nucleotide level, and 33 and 47% at protein
level. For example, TaPGIP1 showed the lowest and
highest protein sequence identity with the soybean
GmPGIP1 (35%) and pear PcPGIP1 (42%), respec-
tively, whereas OsPGIP1 shared 36% of identity with
the soybean GmPGIP2 and 47% of identity with
tomato LePGIP1. This range of sequence identity is
close to the extent of variability observed within each of
the two groups. For example, PGIPs from bean and
soybean share a protein sequence identity of 42-49%
with most PGIP sequences from other dicot species
(Fig. 6), whereas wheat and rice PGIPs possess a
sequence identity within the range 42-54%. The clus-
tering results reported in Fig. 6 were also confirmed
with the Neighbor Joining method using the same mul-
tiple sequence alignment (data not shown). In this anal-
ysis the bootstrap values of the major groups (monocot
PGIPs, dicot PGIPs excluding legumes and legume
PGIPs) have bootstrap values >99.

OsPGIP1 is an effective inhibitor of fungal PGs

Since the most striking variation observed in the
deduced products of the rice and wheat Pgip genes was
the lack of the entire seventh LRR in OsPGIP1
(Fig. 1), and since this type of variation has not been
observed in the PGIPs so far reported, we analyzed the
inhibitor activities of this protein against different fun-
gal PGs. The expression of Ospgipl was performed in
Nicotiana benthamiana using a vector based on potato
virus X (PVX; Baulcombe et al. 1995). Western blot-
ting analyses using an antibody raised against the bean
PGIP showed the presence of a strong hybridizing
bands of the expected size in the total protein extract
of N. benthamiana plants inoculated with PVX-Osp-
gipl, while no hybridising band was detected in
extracts prepared from control plants (inoculated with
the empty vector) (Fig. 7).

Fig. 7 Western blot analysis T 2

of total protein extract (10 pg) kDa
of N. benthamiana plants per-
formed using an antibody
raised against the PGIP from 45
P. vulgaris. Lane 1 OsPGIP1,

lane 2 PVX201 (empty vector)

The same protein extract was then used to test the
activity of OsPGIP1 against five PGs from fungal
pathogens (Table 1). As positive control of the assays
we have used the soybean GmPGIP3, known to have a
wide spectrum of inhibitor activities against fungal PGs
(D’Ovidio et al. 2006).

Either total protein extract (<1 pg) from N. benth-
amiana plants infected with PVX-Gmpgip3 or PVX-
Ospgipl was able to inhibit completely the different
PGs used, except that of F. moniliforme that was not
affected by the latter sample (Table 1). On the con-
trary, total protein extract (up to 1 pg) from N. benth-
amiana plants infected with the empty vector (PVX-
201) did not affect the activity of the PGs used, except
that of B. cinerea, that was inhibited to a maximum of
20% with 1 pg of protein extract. In this case, the inhi-
bition value was subtracted from that obtained with the
PVX-pgip samples. Control samples heated at 100°C
for 10 min did not affect the activity of none of the PG
tested.

As shown in Table 1, the inhibitor activity of OsP-
GIP1 varies between the analysed PGs and is mostly
effective against the PGb of S. sclerotiorum. Comparison
between OsPGIP1 and the very efficient GmPGIP3
showed that OsPGIP1 is less effective in inhibiting the
PGs of F. moniliforme, A. niger and B. cinerea, but is
more active against the purified PG of F. graminearum.

Discussion

Similarly to dicot plant species, wheat and rice
genomes contain a few Pgip genes and, as in the
majority of species so far analyzed, they are not inter-
rupted by introns. The rice Pgip genes are located on

Table 1 Relative inhibitory activities* of OsPGIP1 and the soy-
bean GmPGIP3

PG OsPGIP1 GmPGIP3
Sclerotinia sclerotiorum 1.0+ 0.11 1.0 £0.11
Fusarium moniliforme () 1.1 £0.20
Fusarium graminearum 1.4 +0.21 1.9 +£0.22
Aspergillus niger 32+0.20 0.7 £0.16
Botrytis cinerea 1.7£0.21 1.2 £0.22
Values indicate  the average of three separate

experiments + standard deviation. Total protein extracts from N.
benthamiana plants inoculated with a single PVX-Pgip construct
or the empty vector (PVX) were used. The symbol co indicates no
inhibition with up to 6 pg of total protein extract

 Relative inhibitory activities were calculated as the ratio be-
tween the amount of protein extract required to inhibit by 50%
0.018 nkat of the indicated PG at pH 4.7 and that required to in-
hibit by 50% 0.018 nkat of PGb of S. sclerotiorum
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chromosome 5, clustered on a short genomic region
spanning 30 kbp. A clustered organization of Pgip
genes has been reported also in Arabidopsis, where
Atpgipl and Atpgip2 are located 507 bp apart on
chromosome 5 (Ferrari et al. 2003); in bean, where
the four Pgip genes (Pvpgipl, Pvpgip2, Pvpgip3 and
Pvpgip4) are distributed over a 50 Kkbp region
(D’Ovidio et al. 2004) and in soybean where Gmp-
gipl and Gmpgip2 are about 3 kbp apart (D’Ovidio
et al. 2006). Moreover, two additional soybean mem-
bers (Gmpgip3 and Gmpgip4) have been identified in
a BAC clone harbouring a 60 kbp insert (D’Ovidio
et al. 2006), and Bnpgip3 and Bnpgip4 are tandemly
arrayed in Brassica napus cv. Westar (Li et al. 2003).

Despite their cluster organization, additional Pgip
genes can be found at different genome locations. In
rice, OsFORI, a more divergent Pgip gene involved in
flower development, is located on chromosome 7 (Jang
et al. 2003) and in B. napus line DH12075, Bnpgipl and
Bnpgip2 are located on separate chromosomal regions
(Li et al. 2003).

Genomic organization of Pgip genes in wheat has
been analyzed by Southern blot analyses of genomic
DNA of aneuploid lines and the two main EcoRI
hybridizing fragments of about 4.0 and 3.7 kbp, have
been assigned to the short arm of chromosome 7B and
7D, respectively. Accordingly, gene-specific PCR anal-
yses assigned Tapgipl and Tapgip2 to the short arm of
chromosome 7B and 7D, respectively.

The lack of Pgip hybridizing fragments from the A
genome of both 7. durum cv. Langdon and T. aestivum
cv. Chinese Spring can be due to gene loss or to a
marked sequence rearrangement that could strongly
reduce the capability of the probe to detect the target
sequence. Several studies have shown that polyploidi-
zation can have many consequences on gene expres-
sion and genome organization (Adams and Wendel
2005). In wheat, a number of deletion events have been
reported to occur at the polyploid level (Akhunov
etal. 2003) and, by using newly synthesized wheat
allotetraploids, it has been also shown that gene loss
and gene silencing occur immediately upon allopoly-
ploid formation (Kashkush et al. 2002). Activation of
retro-transposons has been also reported to occur dur-
ing allotetraploid formation in wheat (Kashkush et al.
2003) and the insertion of a Wis-2 retroelement has
been identified within the coding region of the Ay high
molecular weight glutenin subunit gene (Harberd et al.
1987). On this basis, the analysis of Pgip genes in the
A-genome progenitor, Triticum urartu, and in other
wild wheat relatives should shed light on the genomic
events responsible for the lack of PGIP hybridizing
fragments in the A-genome of durum and bread wheat.
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Comparative mapping studies have shown that
homoeologous group 7 chromosomes of wheat shares
large blocks of synteny with the rice chromosomes 6
and 8 (Kurata et al. 1994; Sorrells et al. 2003; Hossain
etal. 2004). These studies revealed also that these
blocks of synteny are broken by a few sequences
located on different rice chromosomes (for a map
figure see http://www.tigr.org/tdb/synteny/wheat/figu-
review_desc.shtml). The finding that Pgip genes are
located on the short arms of both rice chromosome 5
and wheat chromosomes 7 contributes to define better
the extent of the region and the type of sequences
interrupting the synteny between the wheat homoeolo-
gous group 7 chromosomes and the rice chromosomes
6 and 8.

The deduced proteins from both rice and wheat
Pgip genes show the typical LRR modular organiza-
tion flanked by non repetitive N- and C-terminal
regions and a conserved number and distribution of
cysteine residues, as reported for PGIPs from dicot
species. Despite the conservation of these structural
features, the overall amino acid sequence identity
between monocot (wheat and rice) and dicot PGIPs
can reach values as low as 34%, as between OsPGIP3
and the soybean GmPGIP2. This low value of
sequence identity, however, is not surprising if we con-
sider that legume and other dicot PGIPs share an aver-
age sequence identity of 45%.

As is observed in bean (D’Ovidio et al. 2004) and
soybean (D’Ovidio et al. 2006) PGIPs, sequence varia-
tion between TaPGIP1 and TaPGIP2 is distributed
along the entire sequence, but it is more pronounced
within the xxLxLxx region. This observation is particu-
larly evident when considering the high value of
sequence identity between their C-out regions (93%)
and the significant lower value shared between their
xx(L)x(L)xx regions (70%). On the basis of the pro-
posed role of ligand recognition for the xxLxLxx
region, the higher sequence variation within this region
might be indicative of a functional diversification of the
two products. As proposed by Di Matteo et al. (2003),
a stable interaction between PG and PGIP likely
requires a network of multiple and relatively weak con-
tacts and only one or very few strong contacts that
“lock” the complex. These limited numbers of locking
contacts may be different in different PGIP-PG inter-
actions and involve non-conserved residues within or
close the xxLxLxx region.

The same sequence comparison performed between
the rice PGIPs showed a more uniform variation along
the sequences. Only the comparison between OsPGIP3
and OsPGIP4 showed an increase of sequence variation
within the xxLxLxx region. The C-out regions of these
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proteins share 82% of sequence identity in contrast
with the 62% of identity between their xx(L)x(L)xx
regions. Whether the OsPGIPs represent redundant or
diversified functional products has to be verified experi-
mentally; however, their low degree of overall identity
(about 54%) suggests that functional diversification
could have been achieved through multiple changes
along the entire sequence. It is also possible that the
high sequence variation between members reflects a
different physiological role in planta, including the pos-
sibility to interact with a different ligand molecule. The
recent reports on the capabilities of PvPGIP2 to inter-
act with pectins (Mattei B. personal communication)
and the effect of OsFORI, a rice protein possessing PG
inhibiting capabilities, on the formation and/or mainte-
nance of floral organ primordia (Jang et al. 2003) sup-
port this possibility.

A first evidence of a functional diversification of
Ospgip genes derives from their different regulation
during plant growth and development. Our transcript
analysis demonstrated that Ospgipl and Ospgip4 are
clearly expressed in spikes, leaves and roots, whereas
Ospgip3 is weakly expressed in all three tissues and
Ospgip2 is expressed only in roots. Similar to Ospgipl
and Ospgip4, both Tapgip genes accumulate at compa-
rable levels in spikes, leaves and roots. A constitutive
or a more specific expression of the different members
of a Pgip family has been already reported in dicot spe-
cies. In bean, Pvpgip2, Pvpgip3, Pvpgip4 are expressed
in 5-day-old seedlings, whereas Pvpgipl is expressed
only following a wounding stress (D’Ovidio et al.
2004). Similarly, the soybean Gmpgipl, Gmpgip3,
Gmpgip4 are expressed in 7-day-old seedlings, whereas
Gmpgip2 is expressed only following Sclerotinia sclero-
tiorum infection (D’Ovidio et al. 2006). In Brassica
napus, Bnpgipl is more strongly expressed than Bnp-
gip2 in flower buds, but both of them are expressed at
similar levels in roots, open flowers and stems, and are
not expressed in leaf blade (Li et al. 2003). In Arabid-
opsis, Atpgipl and Atpgip2 are up regulated coordi-
nately in response to Botrytis cinerea infection, but
through separate signal transduction pathways. More-
over, Atpgipl, but not Atpgip2 transcripts, accumulate
in seedlings following a cold treatment (Ferrari et al.
2003).

PGIPs are glycosylated proteins (Mattei et al. 2001)
and, accordingly, the deduced proteins encoded by
both Tapgips and Ospgips possess a few putative glyco-
sylation sites. These are variable in number and distri-
bution between the different PGIP members and only
the one within the tenth LRR was conserved in both
wheat, rice and in the majority of PGIPs from dicot
species. In spite of this evident conservation, however,

this site has been found not occupied by any polysac-
charide in the bean PGIP2 (Mattei et al. 2001).

A clear difference between monocot and dicot
PGIPs is represented by the values of their calculated
pls. Whether this feature is maintained in the native
proteins has to be proven experimentally, however,
both wheat and rice PGIPs, except OsPGIP4, have cal-
culated pls ranging between 4.7 (OsPGIP2) and 6.6
(OsPGIP1) that are much lower than those observed in
dicot PGIPs, showing pI values >8.0.

As previously mentioned, rice and wheat PGIPs
show the characteristic LRR modular organization
composed by 10 imperfect repeats of about 24 amino
acids. This feature is conserved in all Pgip gene prod-
ucts so far characterized (De Lorenzo et al. 2001) but
now we report, for the first time, the occurrence of a
Pgip gene encoding a product with nine LRRs. We
have already reported that gene duplication and subse-
quent diversification, by substitutions or short dele-
tions, could have played an important role in the
evolution of the bean Pgip family (D’Ovidio et al.
2004). The finding of nine LRRs in OsPGIP1 demon-
strates that deletion events can be also responsible for
generating variation in the LRR copy number of a Pgip
gene. We do not know the molecular mechanism
responsible for this variation, but unequal crossing-
over or slippage during replication is a likely process.
The repetitive structure of the LRR region (about 50%
average nucleotide identity between all nine repeats of
Ospgipl and 63% nucleotide identity between repeats
3 and 4) should facilitate the occurrence of such pro-
cesses leading to expansion and contraction of the
LRR copy number, as already reported for some resis-
tance genes, such as the RPP5 in Arabidopsis (Parker
et al. 1997), the M in flax (Anderson et al. 1997) and
the Cf-2/Cf5 gene family in tomato (Dixon et al. 1998).

By sequence comparison and inhibition assays we
demonstrated that OsPGIP1 lacks the entire seventh
LRR and is an active inhibitor of fungal PGs. Compar-
ison between the inhibitory activities of OsPGIP1 and
those of the very efficient soybean GmPGIP3 showed
that OsPGIP1 is less effective to inhibit the PGs of A.
niger and B. cinerea but is more active against a puri-
fied PG of F. graminearum. The finding that OsPGIP1
is inactive against the PG of F. moniliforme is not sur-
prising since this PG is resistant to most PGIP inhibi-
tors, except PvPGIP2 and GmPGIP3 (D’Ovidio et. al.
2004, 2006; Sella et al. 2004).

In addition to the specific contribution that OsPGIP1
can exert in controlling the activity of fungal PGs, these
results are of particular interest to define the molecular
features of PG-PGIP interaction because they demon-
strate that ten LRRs are not essential for the inhibitory
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activity of PGIP and that the lack of the entire seventh
LRR does not cause the loss of activity against fungal
PGs.
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