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Abstract Polygalacturonase-inhibiting proteins (PGIPs)
are leucine-rich repeat (LRR) proteins involved in plant
defence. Wheat pgip genes have been isolated from the B
(Tapgip1) and D (Tapgip2) genomes, and now we report
the identiWcation of pgip genes from the A genomes of wild
and cultivated wheats. By Southern blots and sequence
analysis of BAC clones we demonstrated that wheat con-
tains a single copy pgip gene per genome and the one from
the A genome, pgip3, is inactivated by the insertion of a
long terminal repeat copia retrotranspon within the fourth
LRR. We demonstrated also that this retrotransposon inser-
tion is present in Triticum urartu and all the polyploidy
wheats assayed, but is absent in T. monococcum (Tmpgip3),
suggesting that this insertion took place after the diver-
gence between T. monococcum and T. urartu, but before
the formation of the polyploid wheats. We identiWed also
two independent insertion events of new Class II transpos-
able elements, Vacuna, belonging to the Mutator superfam-
ily, that interrupted the Tdipgip1 gene of T. turgidum ssp.
dicoccoides. The occurrence of these transposons within

the coding region of Tdipgip1 facilitated the mapping of the
Pgip locus in the pericentric region of the short arm of
chromosome group 7. We speculate that the inactivation of
pgip genes are tolerated because of redundancy of PGIP
activities in the wheat genome.

Introduction

Polygalacturonase-inhibiting proteins (PGIPs) are plant cell
wall glycoproteins that inhibit fungal and insect endo-
polygalacturonases (PG) and modulate their activity favor-
ing the accumulation of oligogalacturonides able to induce
plant defence responses (De Lorenzo et al. 2001).

PGIP or PGIP-like proteins are also involved in Xower
development (Gamboa et al. 2001; Jang et al. 2003) and
possess anti-freezing properties (Worrall et al. 1998).

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 ten imperfect LRRs of
24 residues, each containing the consensus xxLxLxx motif
composed of hydrophobic structural 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
that have been characterized in a number of species (De
Lorenzo et al. 2001; D’Ovidio et al. 2004a). These analyses
demonstrated that the diVerent members of a Pgip family
can be quite divergent and can undergo a diVerent transcript
regulation during growth and development or following
biotic and abiotic stresses. The encoded products can pos-
sess diVerent inhibiting activities against fungal or insect
PGs and this capability can be aVected by single amino acid
substitutions and small insertions/deletions (indels) within
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the xxLxLxx motifs (Leckie et al. 1999; D’Ovidio et al.
2004b).

Recently, we characterized two expressed pgip genes
from Triticum aestivum (genome AABBDD), Tapgip1 and
Tapgip2, localized on the short arm of homeologous chro-
mosome group 7B and 7D, respectively, but no pgip ampli-
con or clear hybridization fragments from the A genome
were detected (Janni et al. 2006).

In order to investigate the reason for this absence,
whether due to gene loss or to a marked sequence rear-
rangement that strongly reduced the capability of the probe
to detect the target sequence, we characterized the pgip
genes from the A genome of wild and cultivated wheats.
We report also the map location of the pgip locus and the
identiWcation of Mutator transposable elements interrupting
the Tdipgip1 gene of T. turgidum ssp. dicoccoides.

Materials and methods

Plant materials

Seeds were surface sterilized by immersion in sodium
hypochlorite (0.5% v/v) for 30 min, and then rinsed thor-
oughly in sterile water. Plants were grown at 18–23°C with
a 14 h light period. Accessions were kindly provided by
National Small Grains Collection, USDA-ARS, Aberdeen,
ID, USA (PI), Istituto di Germoplasma, CNR, Bari, Italy
(MG), Zentralinstitut fur Genetik und KulturpXanzenfors-
chung, Gatersleben, Germany (AW and ATRI), Interna-
tional Center for Agricultural Research in the Dry Areas
(ICARDA) (ICWT), Istituto Sperimentale per la Cereali-
coltura, Lodi, Italy (ID) and researchers (see acknowledg-
ments). The original codes of the accessions are reported in
Table S1 in Electronic supplementary material and include
the following species: Triticum urartu (genome A); T.
monococcum (Am) (sspp. aegilopoides and monococcum);
T. turgidum (BA) (sspp. dicoccoides, durum, dicoccum,
turanicum, and carthlicum); T. timopheevii (GA) (sspp.
armeniacum and timopheevii); T. aestivum (BAD) (sspp.
aestivum, spelta, sphaerococcum, macha, compactum); T.
zhukovskyi (GAAm).

Chromosome assignment was carried out by using nulli-
tetrasomic and ditelosomic lines of T. aestivum cv. Chinese
Spring (Sears 1966).

DNA and RNA analyses

Genomic DNA was extracted from 0.15 g of green material
following the procedure reported Tai and Tanksley (1991).
Plasmid DNA was puriWed from recombinant bacterial
clones with the “NucleoBond® Plasmid PuriWcation Kit”
(Clontech, Mountain View, USA).

PCR reactions were performed using the RedTaq™
ReadyMix (Sigma-Aldrich, Milano, Italy) in a 50 �l Wnal
volume and following the manufacturer’s procedure.
AmpliWcation conditions were: 30 cycles at 94°C for 1 min,
65°C for 1 min, 72°C for 1 min and a Wnal step at 72°C for
5 min. Oligonucleotides used as primers were based on
Tapgip1, Tapgip2 and on the new reported Tapgip3 gene
and have the following sequences: (PGIPWH1F) 5�-ATGA
GCACTCCACCCTCGGCACAT; (PGIPWH1R) 5�-TTAT
TTCTTGCATGGATCTGGGAG; (PGIPWH4R) 5�-TAG
AGGTTGAGGACGAGAAGC; (PGIPWH5F) 5�-TGCCG
CAGGTTCGTTACAT; (PGIPWH10R) 5�-GGCGTCGTT
GCAAGTGAT; (PGIPWH11R) 5�-GGCGTCGTTGCAA
GTGTC; (PGIPWH12R) 5�-GGCGTCGTTGCAAGTGG;
(PGIPWH18F) 5�-AACCAAGATGGCATGATACC;
(PGIPWH21R) 5�-GTAAAAGTTGAGATCAAGGGG;
(PGIPWH5R) 5�-TGCCGCAGGTTCGTTACAT; the
speciWcity of the primers for Tapgip1 or Tapgip2 was pre-
viously reported (Janni et al. 2006) whereas that for Tap-
gip3 was veriWed in separate PCR experiments using, as a
control sample, the BAC clone containing this gene (data
not shown). The identity of the PCR product was also con-
Wrmed by direct nucleotide sequencing of the amplicon.

AmpliWed products were fractionated on 1.2% agarose
gel, recovered using the QIAquick PCR and QIAquick Gel
Extraction Kit (Qiagen srl, Milano, Italy) and directly sub-
jected to nucleotide sequencing.

Sequencing reactions were performed using the “ABI
PRISM dye terminator cycle sequencing ready reaction” kit
and DNA sequences were determined with the semiauto-
matic ABI PRISM 310 sequencer (Applied Biosystem,
Monza, Italy) and through the sequencing services at
MWG-Biotech AG (Ebersberg, Germany).

BLAST (McGinnis and Madden 2004) analyses were
performed on the triticeae repetitive (TREP) (http://wheat.
pw.usda.gov/ggpages/ITMI/Repeats/index.shtml) and
International Nucleotide Sequence Databases (http://www.
ncbi.nlm.nih.gov/) databases using the default parameters.
A self BLAST analysis was also performed with Blast 2
sequences (Tatusova and Madden 1999) at http://www.
ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi, using parame-
ters speciWed in the “Results” section.

Sequence analyses were performed using the DNAMAN
software (Lynnon Biosoft, QC, Canada) and sequence
alignment were also performed using Clustal W (EMBL-
EBI) with the default parameters. Distance matrices were
generated by DNAMAN program by using the Neighbor-
Joining (Saitou and Nei 1987) method.

A Bacterial ArtiWcial Chromosome library of Lang-
don#65 (T. turgidum ssp. durum) (Cenci et al. 2003) was
screened by PCR as previously reported (Cenci et al. 2004).

Southern blot analyses were performed as reported in
Janni et al. (2006) by using probes labeled with digoxigenin
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(Digoxigenin-11-uridine-5�-triphosphate, Roche Diagnos-
tics). Probes were the complete coding region of Tapgip1
or speciWc portion of the N- or the C-regions of Tapgip1.
Probes for the N- or the C-terminal portions were devel-
oped by PCR amplifying the Wrst 320 bp (1–320 bp) or the
Wnal 146 bp (869–1,014 bp). The speciWcity of the probes
was veriWed by Southern blot using as target DNA the
ampliWed products corresponding to the N-terminal
(320 bp) or C-terminal (146 bp) regions. No cross-hybrid-
ization between the two amplicons was observed (data not
shown).

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

RT-PCR experiments were performed by using the
QuantyTect® SYBR® Green RT-PCR (Qiagen) in a MyCy-
cler™ thermal cycler (Bio-Rad Life Science, Segrate,
Italy), as reported in Janni et al. (2006). Two negative con-
trols missing total RNA template or reverse transcriptase
were included in each experiment. Oligonucleotide primers
speciWc for pgip1 or pgip3 were those reported above.
AmpliWcation of the wheat actin gene (accession number
AB181991) was used as reference for transcript ampliWca-
tion and the primers used have the following sequence:
(TaACTINF) 5�-AAGAGTCGGTGAAGGGGACT and
(TaACTINR) 5�-TTCATACAGCAGGCAAGCAC.

Results

Searching for pgip sequences in the A genome of wild and 
cultivated wheat

In order to verify the presence of pgip sequences in the A-
genome of wheats, we performed Southern blot analysis of
genomic DNA from the wild wheat progenitor of the A
genome, T. urartu, and its close relative, T. monococcum.
The genomic DNA of the T. monococcum digested with
EcoRI and probed with Tapgip1 showed a single hybridiz-
ing fragment of 4.7 kbp, whereas the accessions PI428315
of T. urartu showed two faint hybridizing fragments of 2.9
and 3.7 kbp (Fig. 1, Table 1).

The presence of pgip hybridizing fragments in both T.
urartu and T. monococcum, prompted us to attempt the iso-
lation of the corresponding genes by performing PCR anal-
yses using the primer combination PGIPWH1F/
PGIPWH1R, spanning the complete coding region of both
Tapgip1 and Tapgip2 (Janni et al. 2006). By using these
primers we did not obtain amplicons from any of the 16
accessions of T. urartu analyzed. On the contrary, we
obtained a single amplicon of about 1 kbp from all acces-

sions of T. monococcum ssp. aegilopoides (ten accessions)
and T. monococcum ssp. monococcum (ten accessions). An
example of these results is reported in Fig. 2a, which
includes the genotypes analyzed also by Southern blot.

Direct nucleotide sequencing of the amplicon obtained
from the T. monococcum ssp. monococcum accession ID
1327 proved to be a Pgip gene. This gene, named Tmpgip1
(accession number AM180658), is 1,008 bp and, as the
majority of the pgip genes, does not contain introns The
product encoded by this gene is composed by 335 amino
acids and shows the peculiar PGIP features, including a sig-
nal peptide of 26 amino acids, the eight cysteine residues at
conserved positions, the ten LRRs, Wve putative glycosyla-
tion sites and about 95% of sequence identity to TaPGIP2
(data not shown).

Fig. 1 Hybridization patterns of Pgip sequences in wild and cultivated
wheat. Southern blotting of genomic DNA (10 �g) digested with
EcoRI and probed with Tapgip1 labeled with digoxigenin. 1 T. aes-
tivum cv. Chinese spring; 2 T. turgidum ssp. durum cv. Langdon; 3 T.
urartu PI428315; 4 T. monococcum PI 538722

Table 1 Genetic distances based on the nucleotide sequences of the 5�
and 3� LTRs interrupting pgip3

TU T. urartu, DIC T. turgidum ssp. dicoccoides MG4343, LDN T. tur-
gidum ssp. durum cv. Langdon, CS T. aestivum cv. Chinese spring,
TIM T. timopheevii

TU 0

DIC 0.018 0

LDN 0.024 0.024 0

CS 0.023 0.020 0.011 0

TIM 0.035 0.032 0.035 0.030 0
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The genomic DNA of T. urartu were subjected to PCR
analysis by using additional primer combinations devel-
oped from conserved regions along the coding region of
both Tapgip1 and Tapgip2. We tested six diVerent primer
combinations but only the primer combinations
PGIPWH1F/PGIPWH4R, spanning the Wrst 320 bp (from 1
to 320 bp of Tapgip1) and PGIPWH5F/PGIPWH1R, span-
ning the Wnal 146 bp (from 869 to 1,014 bp of Tapgip1)
produced speciWc amplicons (Fig. 2b). Sequence analysis
of these amplicons demonstrated an high sequence identity
(>90%) with Tapgip1 and Tapgip2.

To verify whether the characterized pgip sequences of T.
urartu were also present in the A genome of cultivated
wheats, we developed primers speciWc for the N-terminal
portion of the pgip sequence of T. urartu by comparing it
with the corresponding ones of Tapgip1 and Tapgip2. PCR
analysis on genomic DNA of T. aestivum cv. Chinese
Spring and its corresponding nulli-tetrasomic lines with the
primer pair PGIPWH1F/PGIPWH12R, spanning the Wrst
222 bp (from 1 to 222 bp) of the T. urartu pgip sequence,
produced a single amplicon, assigned to chromosome 7A
(Fig. 2c). Sequence analysis of this amplicon from T. aes-
tivum cv. Chinese Spring showed only a few nucleotide
substitutions with the corresponding region of T. urartu.
Taken together these results conWrm the existence of a pgip
gene in the A-genome of wheat.

IdentiWcation of durum wheat BAC clones 
containing pgip genes

On the basis of the above PCR results, we hypothesized
that the pgip gene from the A genome of T. urartu and
polyploid wheats contains structural features that prevents
the ampliWcation of the entire coding region. In order to
verify our hypothesis, we screened by PCR a Langdon#65

(T. turgidum ssp. durum) Bacterial ArtiWcial Chromosome
library (Cenci et al. 2003, 2004) by using the conserved
primer pair PGIPWH1F/PGIPWH1R, spanning the com-
plete coding region of wheat pgip genes, and the A-genome
speciWc primer pair PGIPWH1F/PGIPWH12R. The screen-
ing performed by using the primer pair PGIPWH1F/
PGIPWH1R identiWed the BAC clone BACLDN6526E20
(hereafter BAC26), whereas the primer combination
PGIPWH1F/PGIPWH12R identiWed the BAC clone BAC-
LDN65893O10 (hereafter BAC893).

The two selected BAC clones were subjected to PCR
analysis with the conserved primer pairs PGIPWH1F/
PGIPWH4R and PGIPWH1F/PGIPWH1R. By using the
former primer combination both clones produced the
expected fragment of 320 bp, whereas the latter one pro-
duced the expected 1 kbp amplicon only from the BAC26.
The BAC clone BAC893 did not produced any ampliWca-
tion product (data not shown).

We performed also PCR analysis on both BAC clones
using the primer pairs PGIPWH1F/PGIPWH10R (Janni
et al. 2006) and PGIPWH1F/PGIPWH12R speciWc for the
pgip genes from the B and A genomes, respectively, and
demonstrated that the BAC clones BAC893 and BAC26
harbor pgip genes from the A or B genomes, respectively
(data not shown).

The two BAC clones were also subjected to Southern
blot analysis, using Tapgip1 as probe. BAC26 showed the
expected 4.0 kb EcoRI fragment, whereas BAC893
revealed an hybridization fragment higher than 20 kbp.
Southern blot analysis of BAC893 using additional restric-
tion endonucleases that do not cut within the coding region
of Tapgip1 or Tapgip2, showed a single hybridization frag-
ment larger than 20 kbp (BclI, ApaI, NotI, PvuI, SacI, SpeI)
or two hybridization fragments (EcoRV, BamHI, HindIII,
StuI XbaI, XhoI). An example of these results is reported in
Fig. 3a.

In order to ascertain whether the BAC893 contains two
copies of the pgip gene or whether the two hybridization
bands derived from diVerent portion of a single copy pgip
gene, we performed Southern blot analysis using as probe
sequences speciWc for the N-terminal or the C-terminal
portion of the Tapgip1 coding region. The BAC26
showed the same hybridization fragment with the probe
speciWc for the N- or C-terminal portion, whereas the
BAC893 showed hybridization fragments of diVerent size
when hybridized with the two probes (Fig. 3). For exam-
ple, the probe speciWc for the N-terminal portion pro-
duced a single BamHI or HindIII hybridization fragments
of 6.4 or 10.0 kbp, respectively (Fig. 3b, lanes 2),
whereas the same Southern blot hybridized with the C-
terminal probe produced a single BamHI or HindIII
hybridization fragments of 7.3 and 11.0 kbp, respectively
(Fig. 3c, lanes 2).

Fig. 2 Agarose gels of pgip amplicons from the A genome. a 1.2%
agarose gel of PCR amplicons obtained using the primer pair
PGIPWH1F/PGIPWH1R spanning the complete coding region of pgip
genes. 1 T. aestivum cv. Chinese spring; 2 T. turgidum ssp. durum cv.
Langdon; 3 T. urartu PI 428315; 4 T. urartu MG 26992; 5 T. monococ-
cum PI 538722; 6 T. monococcum ID 1327. b 1.6% agarose gel of pgip
amplicons obtained from T. urartu PI 428315 with the primer pair
PGIPWH1F/PGIPWH4R (1), spanning about the Wrst 320 bp of the
coding region, and with PGIPWH5F/PGIPWH1R (2), spanning 146 bp
of the Wnal part of the coding region. c Chromosomal assignment of
Tapgip3. 1.6% agarose gel of PCR products obtained with the primer
pair PGIPWH1F/PGIPWH12R. The lack of ampliWcation product
indicates the speciWc chromosomal assignment. 1 T. aestivum cv. Chi-
nese spring; 2 N7AT7D; 3 N7BT7A; 4 N7DT7A
123
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These results conWrmed the hypothesis that only one
copy of pgip gene is present in the BAC893 and suggested
that the gene is interrupted by a large insert harboring sev-
eral restriction sites.

Both BAC clones were then subjected to direct nucleo-
tide sequencing. We found that the BAC26 contains a pgip
gene, named Tdpgip1 (accession number AM886139),
identical to Tapgip1, whereas the BAC893 contains a pgip
gene interrupted by an insertion at the beginning of the
fourth LRR. The putative coding region of this pgip gene,
named Tdpgip3 (accession number AM884190), shares
about 90% nucleotide sequence identity with Tdpgip1 and
contains a single bp deletion at position 292 bp, upstream
of the insertion site.

BLAST analysis of the partial sequence of the insertion
(750 and 786 bp of the 5� and 3� portions, respectively),
performed on the TREP database (http://wheat.pw.usda.
gov/ggpages/ITMI/Repeats/index.shtml) and on the Inter-
national Nucleotide Sequence Databases (http://www.ncbi.
nlm.nih.gov/blast/Blast.cgi) showed signiWcant similarity
only to the barley retrotransposon [long terminal repeat
(LTR), copia] Ikeros [AY853252 (3e-48) and 102J11-1
(1e-19)] and to an EST sequence of T. monococcum
[BQ803304 (90% identity)]. Detailed sequence comparison
with the Ikeros elements and analysis of the structural fea-
tures (primer binding site and poly-purine tract) indicated
that the retrotransposon element is oriented in the opposite

direction with respect to the coding region of Tdpgip3. The
size of the LTRs of this retrotransposon element are 373 bp
(5� LTR) and 367 bp (3� LTR) in the same orientation and
Xanked by a 5 bp duplicated target site (Fig. 4). The LTRs
share 92% sequence identity and the longer size of the 5�

LTR is due to two single bp indels and to four additional
base pairs at the end of the sequence that are absent in the
3� LTR.

RT-PCR on total RNA extracted from seedling of T. tur-
gidum cv. Svevo at two-leaf stage (Zadoks stage 12) was
carried out to verify if Tdpgip3 is transcriptionally active.
Analyses performed by using the primer combination
PGIPWH1F/PGIPWH12R speciWc for Tdpgip3 did not pro-
duced any ampliWcation product. On the contrary, the
primer combination PGIPWH1F/PGIPWH10R speciWc for
Tdpgip1 gave the expected amplicon of 219 bp (Fig. 5).

Incidence and variability of the retroelement interrupting 
Tdpgip3

In order to verify the occurrence of the copia retroelement
interrupting Tdpgip3 in the A genome of durum wheat Lan-
don#65, we analyzed by PCR a number of wild and poly-
ploidy wheat genotypes. To perform this analysis we
developed two primer pairs whose ampliWcation products
span the insertion site at both the 5� or 3� ends of the copia
retroelement. The primer pair PGIPWH1F/PGIPWH21R
ampliWed 850 bp spanning the N-terminal portion of the
Tdpgip3 and the complete 3� LTR of the copia retrotrans-
poson, whereas the primer pair PGIPWH18F/PGIPWH5R
ampliWed 823 bp spanning the complete 5� LTR and the C-
terminal portion of Tdpgip3. We performed this analysis in
a number of wheat species, speciWed in the “Materials and
methods”, and all genotypes but T. monococcum accessions
produced the expected amplicons of 850 and 823 bp (not
shown).

In order to assess the sequence conservation of this ret-
roelement, we sequenced both the above speciWed LTR
amplicons from T. urartu PI 428315 (Tupgip3, accession
number AM884191), T. turgidum ssp. dicoccoides
MG4343 (Tdipgip3, accession number AM884193), T. tim-
opheevii PI 221421 (Ttpgip3, accession number
AM884192), T. aestivum cv. Chinese Spring (Tapgip3,

Fig. 3 Hybridization patterns of BAC clones containing pgip genes.
Southern blots of BAC DNAs (1 �g) digested with EcoRI (E), BamHI
(B) and HindIII (H), and hybridized with probes corresponding to the
complete coding region (a) or speciWc for the N- (b) or C- (c) terminal
portions of Tapgip1. 1 BAC26; 2 BAC893

Fig. 4 Nucleotide comparison between the diVerent pgip3 genes at the
insertion site of the retroelements. The copia retrotransposons interrupt
the coding regions at the same position (at the beginning of the fourth
LRR) and show conserved sequence at the insertion site. LDN T. tur-

gidum ssp. durum cv. Langdon, TU T. urartu PI 428315, DIC T. turgi-
dum ssp. dicoccoides MG4343, TIM T. timopheevii PI 221421, CS T.
aestivum cv. Chinese Spring. In gray is the duplicated target site

    |     LRR pgip3  |       3’ LTR copia retroelement   5’  LTR     |    LRR pgip3  |
LDN  CTGACCAAGCTCGAAGTGATAGATCCTATGGATCGTGGT--//--GGTGGAGAGATCAACCTAATACAGAGAACTCACCCTCTCCTC 
TU   CTGACCAAGCTCGGAGTGATAGATCCTATGGATCGTGGT--//--GGTGGAGAGATCAACCTAATACAGAGAACTCACCCTCTCCTC 
DIC  CTGACCAAGCTCGGAGTGATAGATCCTATGGATCGTGGT--//--GGTGGTGAGATCAACCTAATACAGAGAACTCACCCTCTCCTC 
TIM  CTGACCAAGCTCGGAGTGATAGATCCTATGGATCGTGGT--//--GGTGGAGAGATCAACCTAATACAGAGAACTCACCCTCTCCTC 
CS   CTGACCAAGCTCGGAGTGATAGATCCTATGGATCGTGGT--//--GGTGGTGAGATCAACCTAATACAGAGAACTCACCCTCTCCTC 
    ************* *************************      ***** ************************************ 
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accession number AM884194). Nucleotide sequence com-
parison between the combined 5� and 3� LTRs of each of
these genotypes, including T. turgidum cv. Langdon,
showed reduced sequence polymorphism (>96.5% identity)
and that T. timopheevii has the most distant sequence
(Table 1). We have used the available LTR sequences to
estimate also the time of insertion using the synonymous
substitution rate of 1.3E¡8 which was proposed by Ma and
Bennetzen (2004). All estimations were consistent with an
insertion time of 1.9 million years ago (MYA).

Genetic mapping of the Pgip locus

In order to map the Pgip locus on the T. turgidum genome,
we explored the polymorphism between the parental tetra-
ploid genotypes T. turgidum ssp. durum cv. Messapia and
T. turgidum ssp. dicoccoides MG4343, the parental geno-
types of a recombinant inbred lines (RILs) mapping popu-
lation (Blanco et al. 2004). PCR performed with the primer
combination PGIPWH1F/PGIPWH1R on Messapia and
MG4343 produced amplicons of diVerent size, 1 and
1.5 kbp, respectively. The 65 RILs derived from Messapia
and MG4343 were ampliWed with the same primers combi-
nation and scored for the size of the ampliWed fragment.
The segregation data integrated on the durum wheat map
(Blanco et al. 2004) indicated that Pgip maps on the short
arm of chromosome 7B, 17.5 cM from the centromere
between XS13M50(330) and Xmgb105s [XS13M50(330)-
5.0-PGIP-11.7-Xmgb105s].

Characterization of the Tdipgip1 gene of T. turgidum ssp. 
dicoccoides MG4343

In order to characterize the origin of the larger size of the
pgip amplicon obtained from the accession MG4343, we

performed Southern blot analysis and a direct nucleotide
sequencing of the 1.5 kb amplicon. Southern blot analysis,
using Tapgip1 as probe, showed a single hybridization
fragment of about 4.5 kbp, in place of the 4.0 kbp of
durum and bread wheat (Fig. S3), whereas the nucleotide
sequence of the amplicon showed an almost perfect iden-
tity (only two synonymous and one non-synonymous
nucleotide substitutions) with Tapgip1, except for the
presence of a 463 bp insertion within the sixth LRR that
interrupts the coding region of this gene. This interrupted
gene was named Tdipgip1a (accession number
AM884195).

The nucleotide sequence of the insertion was submitted
to BLAST analysis with the TREP database but no signiW-
cant similarity were found. On the contrary, when the
BLAST analysis was performed at the International Nucle-
otide Sequence Databases (nr, est, gss and htgs) several sig-
niWcant similarity (E < 1e-3) were found (Table S2).

A self BLAST analysis [Blast 2 sequences, Tatusova and
Madden (1999)] showed also the insert sequence has palin-
dromic structure in the central region that can be extended
to the ends when less stringent parameter (match/mismatch
reward equal to 2/¡3 and 3/¡4) were used.

A perfect 10 bp repeat (GACCGAGTTC) Xanks the
insert, one repeat belonging to Tdipgip1a, the other belong-
ing to the insert.

Due to (1) the repetitive nature of the insert, (2) the pal-
indromic structure of its sequence and (3) the 10 bp repeat
at its ends (duplication of insertion site), it was concluded
that the insertion is a Class II transposable element, belong-
ing to the Mutator superfamily.

Since no similar sequences were found in the TREP
database, nor annotations were available for the other cop-
ies found in the sequence databases, the insert was consid-
ered as a new element and was called Vacuna.

Incidence and variability of the Vacuna element 
interrupting Tdipgip1

To verify the occurrence of the Vacuna element, we ana-
lyzed the pgip1 in the same diploid and polyploidy wheat
genotypes analyzed for the copia retrotransposon. The anal-
ysis was performed by using the primer pair PGIPWH1F/
PGIPWH1R and in all cases we obtained the amplicon of
the expected size (1 kbp), except in the accession PI466960
of T. turgidum ssp. dicoccoides that showed an amplicon of
1.5 kbp. Nucleotide sequence of this amplicon showed the
presence of an insertion at the beginning of the gene
(named Tdipgip1b, accession number AM884196), within
the region encoding the signal peptide. The nucleotide
sequence of the insert show a perfect 9 bp repeat (TCGTC-
CTCC) Xanking the insert, one repeat belonging to Tdip-
gip1b, the other one to the insert. Nucleotide sequence

Fig. 5 Transcript analysis of pgip genes in wheat plants. RT-PCR was
performed on total RNA using gene-speciWc primers and the ampliW-
cation products fractionated on 2% agarose gel. pgip3 RT-PCR with
primer pair PGIPWH1F/PGIPWH12R, speciWc for pgip3; pgip1 RT-
PCR with primer pair PGIPWH1F/PGIPWH10R, speciWc for pgip1;
actin RT-PCR with primer pair TaACTINF/TaACTINR, speciWc for a
wheat actin gene (control). M T. turgidum ssp. dicoccoides MG4343,
S T. turgidum ssp. durum cv. Svevo. Both pgip1 and pgip3 transcripts
are missing in T. turgidum ssp. dicoccoides MG4343, whereas only
pgip3 transcript is missing in T. turgidum ssp. durum cv. Svevo
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comparison of the insertion showed about 80% identity to
the Vacuna transposon and values ranging between 72 and
80% with the other sequences listed on Table S2 (Fig. 6).
Blast searches did not identify any additional sequence with
similarity values close or higher than those obtained with
the sequence listed on Table S2. On this basis, the align-
ment of all these elements was produced and the majority
consensus sequence derived (Fig. 6). Since the sequence
identity between the consensus and any element was
always higher than 80%, all these elements were classed in
the Vacuna family, as recommended by Wicker et al.
(2007).

Finally, we veriWed that Tdipgip1a is transcriptionally
inactive by performing RT-PCR on total RNA extracted
from seedling of the MG4343 accession. Moreover,
since this genotype possess the AABB genome, we fur-
ther veriWed that also its pgip3 was inactive. Because of
the conservation of the target regions, we performed the
RT-PCR by using the same gene-speciWc primers used
above. As expected, the analyses performed by using the
primer combinations PGIPWH1F/PGIPWH10R, spe-
ciWc for pgip1, or PGIPWH1F/PGIPWH12R, speciWc for
pgip3, did not produced any ampliWcation product
(Fig. 5).

Discussion

In this study, we have shown that the A-genome of culti-
vated wheat contains a pgip gene (pgip3) that is interrupted
by an LTR, copia retrotransposon insertion. Our results
showed also that this insertion is present in the pgip3 of T.
urartu (AA) and in all the polyploidy wheats assayed,
including T. turgidum (BBAA) and T. timopheevii
(GGAA), but is absent in the pgip3 of T. monococcum
(AmAm). On the basis of these results it was concluded that
the retrotransposon insertion took place after the diver-
gence between T. monococcum and T. urartu but before the
formation of the polyploid wheats, with an estimations of
the insertion time of 1.9 MYA. This Wnding is slightly
higher than the estimation of the divergence time for the
wheat A genomes of 0.5–1.5 MYA, when their date is re-
estimated with the 1.3 £ 10¡8 substitution rate (Wicker
et al. 2003) and represents an additional evidence that the A
genomes of T. turgidum, T. timopheevii and T. aestivum
derived from the A genome of T. urartu, as previously
reported (Dvorak et al. 1993).

Moreover, sequence comparison between the retrotrans-
posons conWrms previous indication that T. urartu genome
appears more similar to the A genomes of T. turgidum and

Fig. 6 Sequence alignment between Vacuna elements (without dupli-
cation of insertion site) interrupting Tdipgip1a (1), Tdipgip1b (2) and
those complete found in the databases: CT009585 and CT009588 (3),

AF509533 (4), AF509534 (5), and CW991740 (6); (C) represents the
derived majority consensus sequence

           10        20        30        40        50        60        70        80        90       100       110       120
130
  ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
C ggacgcagattttt-agagcayttgcacccaggccctgctatcctggctctccaatattgctttaagatctgtgcgagacaactaactttbtatatgaaatttt-ctcttttttgtttctctcatataga
1 gaatgcagattctg-tgagcttatgcacccgggcctcactatcctaacgctccattgttgctttgagatctgtgctacacaactaccttattacatggaatttt-ctcttttttgttcctctcatataaa
2 ggacgtggattttt-agagcatatgcatccaggccctgctatcctagctccccaatatcgctttaagatccgtgcggtacaactaagtttctatacaaaatttt-ctcttttttgcttctctcacataga
3 ggacgtggatttttttgaacatctgcacccgggcccagctatcctggctgtccaatattgctttaagatccgtgcaacacaactaactttctatatgaaatttt-ctcttttttgtttctctcacgtaga
4 tgacgcagatttgt-agagcacttgcacccaggccctgctattctgactctccaatattgctttaagatttgtgcaagtcaactaacttcttatatgaaatttt-cgctttttcgtttctctcatataga
5 ggaagcagattttt-agagcacttgcactctggccctgctatcctgactcttcaatattgctttaagatctgtgcgagaccactaacttcgtatatgaaatttt-ctcttttttgtctctctcatataga
6 ggacgcagattttt-agagcacttgcacccatgccttgctatccttgtcctccaatattgctttaagatctgtgcgagacaactaaatttgtatatgcattttttctctttttcgtttctctcatataga
          140       150       160       170       180       190       200       210       220       230       240       250

260
  ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

C acatgtcttgaacttcaaac-tttgcagcgcggcaaaactttctaactagaatgtgggataaaactttcagaattttttgtccgacataaatactaaaaatatagatttttt--aatcaaataaaactta
1 acatgtcttgaacttcaaac-tttgcagtacaacataactttgtaactagaatgtgagataaaactttcagatttttttgtccgacataaatatgaaaaata-agatttttt--aatcaaataaatctca
2 acatatcttgaagttggaacctatgcaggatggcaaagctttctaactagaatctaggataaatctttcagatttttttgtccgacgtaaatactaaaaatat-gatttttt--aatcaaaaaaaacgta
3 acatgtcttgaactcaaacc-tttgcagcgtggcaaaactttctttttagaatctaggataaatctttcagaattttttgtcaaacataaatatacaaaatat-gattttttt--atctagaaaatcata
4 atatgttatgaacttcacac-tttgcagcgcagcgaaacttactaactagaatgtgggataaaactttctgaatttttcgtccaacataaatactaaaaatatatatatatt--aatgaaatgaaactta
5 acacatcttgaacttcaaac-tttgcagcgcggcaaaacttactaaatagaatgtgggataaaactttcagcatttttcgtccgatgtaaatactaataata-agatttttttttatcaaataaaactta
6 acatgttttgaacttcaaac-tttgcagcgcagcaaaacttactaattataatgtgagataaaaatttcagaatttttcgtccaacataaatactaaaaa-atatatatatt--aatcaaataaaactta
          270       280       290       300       310       320       330       340       350       360       370       380
390
  ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
C ttttgtatatttatgttggacvaaaaaatctraaagatttatcctagattctaghtagaaagctttgctgtgctgcaaaggtttgaa--cttgaagac--------------------------------
1 ttttgtatatttatgttggaccaaaaaatctgtaagttttatcccacattctacatagaaagctttgttgtgctgcaaag--ttgaaagtacaaaaac--------------------------------
2 ttttgtatatttatgtttgacaaaaaaatctgtacgatttatcctagattctactcagaaagctttgtcacgccgcataggtttgaa--cttctagat--------------------------------
3 atttgtatatttatatttgataaaaaaatctgaaagatttatcctagattctagatagaaaactttgccatgctacaaacgtttgaa--cttcaaaac--------------------------------
4 ttttgtatatttatgttggacggaaaaatctaaaaaatttatcctagattctagctagaaagttttactgctctgcaaaggtttgaa--tttgaagac--------------------------------
5 ttttgtatatttatgttggac-gaaaaatctaa-ttttttatcctagattctagttagaaagctttactgttctgcaaaggtttgaa--cttgaacac--------------------------------
6 ttttttatatttatgttgggcggaaaaatctaaaaaaactatcctagattttagctagaaagctttactgttctgcaaaggttttaa--cttgaagactttactgttctgcaaaggttttaacttgaaga
          400       410       420       430       440       450       460       470       480       490       500
  ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.. 
C -atgttctatgtgagagaaacaaaaaaagagaaatgtacttgcacggatcttgatgcgaagaatggatggctagataagagagggcctgggtgcaggtgctctaaaatatattttcg
1 -atgttctatatgagagaaacaaaaaa-gagaaaattatttgcacgaatcctgatgc-aaaaatgagtggttggataag-gagtacccgggtgcataggctctaaaacatgttttcg
2 -atgttctatgtgggagaaacaaaaa-agagaaatgtacttgcacggatcttaaagcaaaaaatggatggctggat-agagagggcctggatgcatatgctctaaaatatattttcg
3 -atgttttatgtgagagaaacaaaaaaa-agaaatatgtttacatgaatcacgatgcgcagaatggatggctagata-gggaggacctgagtgcaggtgttctattatatgctttcg
4 -acgttctatgtgagag--agaaaaaaagagaaatgtacttacacggatcttgatgcgaagaatggatggctagataagag-ggacctgggtgctggtgctctaagatatattttca
5 -atgttttatgtgagagaaacaaaaaaagagaaatgtacttgcacggatcttgatgcgaagaatggatggctagataagag-gggcctgggtgcaggtgctctaaaatatattttcg
6 catgttct--gtgatagaaacaaaaaa-gagaaatgtacttgcacggatcttgatacgaagaatggatggctagataagaggg-gcctaggtgtaggtgctctaaaatatatttttg
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T. aestivum than the A genome of T. timopheevii (Khlestk-
ina and Salina 2001; Cenci and David, unpublished data).

Most plant species, especially those with a large
genome, such as wheat, contain a large quantities of trans-
posable elements. These sequences reside in the vast
expanses between genes but also within or near genes and
consequently can have a role in the evolution of gene struc-
ture and expression (for reviews see Wicker et al. 2007;
Feschotte et al. 2002). The LTRs of the retroelement found
within the fourth LRR of the pgip3 gene show a high
sequence identity (>70%) to the barley retrotransposon
(LTR, copia) Ikeros [AY853252 (3e-48) and 102J11-1 (1e-
19)]. The copia retrotransposons are major components of
all plant genomes and members of the Ikeros family have
been identiWed, so far, only in barley and rice (Ostonor1)
(Wicker and Keller 2007). Our Wnding extends the Ikeros
family to wheat and consequently represents an additional
evidence of the conservation of copia elements within the
Triticeae genomes.

Based on Southern blots and sequence analyses of
BAC26 and BAC893, wheat contains one copy of the pgip
gene per genome. In addition to the inactive Tapgip3
(genome A), T. aestivum contains the constitutively
expressed Tapgip1 (genome B) and Tapgip2 (genome D)
(Janni et al. 2006). These genes, including also the pgip3
of T. monococcum (AmAm), have a very high level of
sequence conservation (>92%), and their encoded proteins
show the typical structure composed of ten LRRs. Until
now, no pgip genes interrupted by transposons have been
reported, although insertion of copia retroelements into
the coding region of two LRR members of the rice Xa21
resistance gene family have been identiWed (Song et al.
1997; Wang et al. 1998). In these two cases, since the
insertions generated putative truncated proteins with new
functional features, it has been suggested that retrotrans-
posons can be important players for diversiWcation of this
gene family (Song et al. 1997; Wang et al. 1998). The
absence of pgip3 transcripts in wheat tissues indicates that
no truncated PGIP3 protein is produced. Nevertheless, the
retrotransposon insertion into pgip3 of T. urartu and its
conservation in the A genomes of polyploidy wheat spe-
cies indicates that the lack of this component does not
have a great impact on the Wtness of these genotypes. This
possibility might be related to the occurrence of PGIP
redundancy in wheat tissue. In fact, in addition to the con-
stitutively expressed Tapgip1 and Tapgip2, bread wheat
contains PG-inibiting proteins with N-terminal sequences
diVerent from the classical ones (Lin and Li 2002; Kemp
et al. 2003). A similar complex pattern of PG-inhibiting
proteins should be also expressed in T. urartu because, in
spite of the presence of only the inactive pgip3, its leaf
tissue shows PGIP activity (M. Di Giovanni and R.
D’Ovidio, unpublished data).

In addition to the retrotransposon insertion that inacti-
vated the pgip3 gene, we found a Class II transposable ele-
ment, that we named Vacuna, interrupting pgip1 in two
accessions of T. turgidum ssp. dicoccoides. The two trans-
posons represent new elements belonging to the Mutator
superfamily and since they interrupt the coding region of
Tdipgip1 in diVerent positions, it was concluded that they
originated by independent insertion events. This Wnding
and the occurrence of two additional insertion events of
Vacuna elements within the 3� Xanking region of linked
LRR genes of T. tauschii (AF509533 and AF509534) sug-
gests that Vacuna might move preferentially within short
distances, as showed for the Ac/Ds transposons (Bancroft
and Dean 1993; Keller et al. 1993).

The insertion of the Vacuna elements might be responsi-
ble for the transcriptional inactivation of the Tdipgip1
genes. As a result, the MG4343 and PI 466960 accessions
of T. turgidum ssp. dicoccoides do not have any functional
pgip gene possessing the typical structure, being also pgip3
silenced by the copia retrotransposon. However, both
accessions of T. turgidum ssp. dicoccoides possess PG-
inhibiting activity (C. Volpi and R. D’Ovidio, unpublished
data), possibly due, as already mentioned above, to PG-
inhibiting proteins with sequences diVerent from the classi-
cal one.

In conclusion, we demonstrated that the durum wheat
genome contains a single copy pgip gene per genome,
localized in the pericentric region of the short arm of chro-
mosome group 7. We showed, for the Wrst time to our
knowledge, that pgip genes experienced inactivation by
transposable elements. In particular, the inactivation of
pgip3 by a copia retrotransposon insertion is conserved in
the A genome of wheats since the divergence between T.
urartu and T. monococcum, whereas the inactivation of
Tdipgip1 by the new transposable elements Vacuna
occurred at least twice. We speculate that this inactivation
are tolerated because of redundancy of PGIP activities in
the wheat genome.
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