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Abstract. Polygalacturonase-inhibiting protein (PGIP)
is a cell wall protein which inhibits fungal endopoly-
galacturonases. A small gene family encodes PGIP in
the genome of common bean, as indicated by Southern-
blot experiments performed at high-stringency con-
ditions. Southern-blot analysis of DNA extracted from
different cultivars of Phaseolus vulgaris and from
Phaseolus coccineus showed length polymorphism of
the hybridizing restriction fragments. The cytological
localization of the PGIP genes was determined in
polytene chromosomes of the P. vulgaris embryo sus-
pensor cells. In-situ hybridization experiments using
the cloned PGIP gene revealed labelling over a single
region of the pericentromeric heterochromatin of chro-
mosome pair X, next to the euchromatin, suggesting
that PGIP gene family may be clustered in one chro-
mosomal region.
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Introduction

Fungal endopolygalacturonases (EC 2.3.1.15) have im-
portant functions during the early stages of plant
pathogenesis. These enzymes hydrolyze the homogal-
acturonan of the plant cell wall, thereby assisting in the
colonization of plant tissues and providing nourish-
ment for the fungus (reviewed by Hahn et al. 1989). All
dicots thus far examined contain a cell-wall-associated
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protein (PGIP) which specifically inhibits fungal en-
dopolygalacturonases (Cervone et al. 1986; Salvi et al.
1990). In-vitro experiments have shown that, in the
presence of PGIP, the ability of fungal endopolygalac-
turonase to hydrolyze polygalacturonic acid is reduced
while the existence in the reaction mixture of
oligogalacturonides with a degree of polymerization
between 10 and 14 is strongly prolonged (Cervone
et al. 1989). These oligogalacturonides are able to elicit
plant defence responses, including phytoalexin accu-
mulation: (Jin and West 1984; Nothnagel et al. 1983;
Hahn et al. 1989) and lignification (Nothnagel et al.
1983). Thus, it appears that plants have evolved the
production of PGIP as a mechanism to regulate the
activity of pathogen-produced enzymes, thereby in-
crease the production of elicitor-active oligogalac-
turonides. Recently, the gene encoding PGIP of
Phaseolus vulgaris has been cloned and characterized
(Toubart et al. 1992). Evidence has been obtained that
the expression of PGIP is induced by elicitor treat-
ment, wounding, and infection, indicating that PGIP
can be an important factor for plant resistance to
phytopatho-genic fungi (Bergmann et al., manuscript
in preparation).

This paper reports on the genomic organization of
the PGIP genes in the P. vulgaris genome and their
cytological localization in the polytene chromosomes
of embryo suspensor ceils.

Materials and methods

DN A extraction

Total DNA preparations were obtained by grinding 40-50 g of
leaves of different cultivars of P. vulgaris and of P. coccineus to a
fine powder, with liquid nitrogen in a mortar. The powder was
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transferred to a beaker containing 100ml of extraction buffer
(50mM Tris HCI, pH 7.8, containing 8 M urea, 20mM EDTA,
100 mM NaCl and 2%, sarkosyl) and shaken gently for 10 min at
room temperature. The slurry was added to an equal volume of
phenol-chloroform-isoamyl alcohol (25:24:1, v/v/v), swirling
gently for 5 min before centrifuging at 9,000 g at room tempera-
ture. The aqueous phase was added to 60 ml of isopropanol,
gently mixed and kept at room temperature for 10 min. The
precipitate was then recovered by centrifugation, washed with
70% ethanol, and air dried. The residue was dissolved in 10 ml of
10mM Tris HCI, pH 8.0, containing 1mM EDTA and 0.1%
sarkosyl. The resulting DNA was further purified by two cycles
of ultracentrifugation at 33,000 g for 15 h in a CsCI-EtBr gradi-
ent. The DNA in 1.2 ml of CsCI-EtBr was extracted six times with
an equal volume of water-saturated n-butanol, diluted 1:3 with
water, brought to 0.3 M Na Acetate, pH 5.2, and precipitated
with 2 vol of 100% ethanol. The yield of high-molecular-weight
DNA was approximately 500 ug per g fresh tissue.

Southern blotting, hybridization and determination
of the gene copy number

DNA was transferred after gel electrophoresis onto Hybond-N
filters (Amersham), using the capillary blotting procedure of
Southern (1975).

High-stringency hybridization conditions were as described
(D*Ovidio et al. 1990) using 100 pg/ml of calf thymus DNA as a
carrier. Blots were washed twice in 6 x SSPE and 0.1% SDS at
room temperature for 5 min, once in 1 x SSPE and 0.1%, SDS at
65 °C for 30 min. The final wash was in 0.1 x SSPE and 0.1%;
SDS at 65 °C for 20 min.

Hybridization probes were prepared by random oligonucleo-
tide priming (Feinberg and Vogelstein 1983; Hodgson and Fisk
1987) of a PCR-amplified 1026-bp fragment including the
region from nt 1 through nt 1026 of the PGIP gene (Toubart
et al. 1992).

As astandard, a recombinant plasmid (pPT-2) containing the
PGIP gene (Toubart et al. 1992) was used. The amount of pPT-2
DNA that corresponded to a single-copy gene in a Phaseolus
haploid genome [C=1.85pg, as determined by Ayonoadu
(1974)] was calculated. Relative to the applied amount of total
DNA of Phaseolus (20 ug), the samples of the recombinant
pPT-2 DNA loaded on the gel corresponded to 1, 5 and 10
copies of PGIP genes per haploid genome. pPT-2 DNA was
added to sheared calf thymus DNA, electrophoresed, blotted
and probed along with the Phaseolus genomic DNA, previously
digested with different restriction enzymes ( EcoRI, HindIII and
Avall).

In-situ hybridization

A PCR-amplified 758-bp fragment, corresponding to the region
from nt 126 to nt 884 of the PGIP gene was labelled by the
nick-translation method (Rigby et al. 1977), using *H-dATP and
3H-dCTP (Amersham). The specific activity was 9.1 x 10° cpm/ug.
Embryo suspensor cells from P. vulgaris seeds, fixed in
ethanol/acetic acid 3:1 (v/v), were squashed in a drop of 45%
acetic acid after treatment with a 5% aqueous solution of pec-
tinase (Sigma) for 30 min at 37 °C and in-situ hybridization was
performed according to Macgregor and Mizuno (1976). Chro-
mosomal DNA was denatured in 0.07 N NaOH for 3 min at
room temperature and the >H-labelled DNA probe was hybrid-
ized at a concentration of 1pg/ml. After incubation, unbound
DNA was removed by stringent washings including hot SSC and
trichloroacetic acid (Hennen et al. 1975). The slides were then
covered with Ilford L4 emulsion and developed after exposure
times ranging from 1 to 3 months. i

Results

The organization of the PGIP sequences in the bean
genome was analyzed by Southern-blot analysis.
Genomic DNA extracted from P. vulgaris L. cv Pinto
was cut with the EcoRI restriction enzyme, which does
not cut within the PGIP gene, and HindIII and Avall
enzymes, which cut within the 1026-bp gene fragment
used as a probe.

The probe hybridized at high stringency with five
EcoRI fragments (8.4 kb, 6.8 kb, 5.7 kb, 5.5 kb and 3.6
kb). By comparing the intensity of each hybridization
signal with those of copy standards, it was estimated
that 4-5 copies per haploid genome corresponded to
two of the EcoRI fragments (6.8 and 5.7 kb), 2—3 copies
corresponded to the 3.6-kb EcoRI fragment, and one
copy to the other fragments. Digestion with HindIII
and Awall still produced multiple hybridizing restric-
tion fragments, some of which were present in more
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Fig. 1. Southern-blot analysis of genomic DNA (20 pg/lane)
from Phaseolus vulgaris cv Pinto digested with different restric-
tion enzymes and probed with a labeled 1026-bp fragment
corresponding to the coding region of the bean PGIP gene.
Appropriate amounts of pPT-2 DNA (see Material and
methods) were electrophoresed as copy standards. 4, EcoRI;
B, HindIIlI; C, Avall; D, one copy per haploid genome; E, five
copies per haploid genome; F, ten copies per haploid genome.
Marker sizes are'in bp



than one copy, confirming the existence of multiple
copies of the PGIP genes in the bean genome (Fig. 1).

The genomic organization of the PGIP genes in
several cultivars of P. vulgaris and in P. coccineus was
also analyzed. Multiple hybridizing restriction frag-
ments were present in all cultivars of P. vulgaris, while a
single fragment was observed in P. coccineus. Length
polymorphism of the hybridizing restriction fragments
was also observed (Fig. 2).

In-situ hybridization of PGIP on polytene chromo-
somes of P. vulgaris embryo suspensors showed label-
ling over one single region of the pericentromeric
heterochromatin of a metacentric chromosome, at the
boundary between condensed and decondensed
chromatin (Fig. 3).

The idiogram of P. vulgaris polytene chromosomes
that resembles the P. coccineus set (our analysis and
personal communication from Nagl) and the distribu-
tion of heterochromatin according to Nagl (1967) are
reported in Fig. 4. On the basis of the absence of any
intercalary bands and the occurrence of smaller blocks
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Fig. 2. Southern-blot analysis of genomic DNA (20 pg/lane)
from Phaseolus coccineus and from different cultivars of P.
vulgaris digested with EcoRI and probed as described in Fig. 1.
1, P. coccineus; 2—10, P. vulgaris; 2, Great Northern; 3, Pinto;
4, Cannellino; 5, Brown Bean; 6, Borlotto; 7, Cannelloni; 8, St.
Fiacre; 9, Marconi; 10, Red Kidney
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Fig. 3. In-situ hybridization of PGIP on an embryo suspensor
cell of P. vulgaris. Chromosome X. Giemsa, x 900
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Fig. 4. Idiogram of polytene chromosomes of Phaseolus émbryo
suspensor cells. Dashed segments, distribution of hetero-
chromatin (Nagl 1967)

of heterochromatin in the pericentromeric regions, in
comparison with the metacentric chromosome pair XI,
it is possible to state that the PGIP genes are localized
on chromosome pair X.

Discussion

A small family of PGIP genes is present in the genome
of P. vulgaris, as indicated by Southern-blot hybridiz-
ation carried out at high-stringency conditions. It can-
not be decided whether the sequences hybridizing less
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strongly represented genes that were highly homo-
logous to the isolated PGIP gene and present at a
smaller copy number or whether they were genes that
had diverged. Western-blot analysis of proteins extrac-
ted from bean hypocotyls, probed with an antibody
specific to PGIP, revealed the presence of at least three
different reacting polypeptides (C. Bergmann, personal
communication). The detection of only one species of
mRNA by Northern-blotting analysis (Toubart et al.
1992) may indicate that only one gene is expressed
under the conditions examined or that different PGIP
genes have the same-size transcript. It remains to be
investigated whether different species of mRNA coding
for PGIP are developmentally and differentially ex-
pressed in different tissues of P. vulgaris and whether
undetected isoforms of PGIP are present in this species.
The PGIP purification procedure utilized to obtain the
protein so far characterized employs a Sepharose-
Aspergillus niger polygalacturonase affinity column
that may not be able to bind all PGIP isoforms
(Cervone et al. 1987).

In Phaseolus the occurrence of an embryo suspen-
sor with highly polytene chromosomes (Nagl 1974)
represents a suitable system for determining the
cytological localization of sequences present at low
copy number in the chromosome complement of a
mitotic cell. The cytological hybridization of the
PGIP-specific probe demonstrated only one labelling
site over a single region of the pericentromeric hetero-
chromatin of chromosome pair X, at the boundary
between condensed and decondensed chromatin (Fig,
3). Consequently, we conclude that either the PGIP
gene family is clustered in that region or else that PGIP
genes localized in other chromosomal regions are not
detectable under our experimental conditions. At pres-
ent, it is impossible to relate the PGIP genes to other
markers on chromosome X, because the correspon-
dence between the linkage groups of the available
molecular marker-based map (Vallgjos et al. 1992) and
chromosome localization has not yet been determined.
We have shown that polymorphism in restriction frag-
ment length exists for the PGIP genes among different
cultivars of P. vulgaris. Thus, it should now be possible,
using a segregation analysis, to associate the PGIP
genes to one of the characterized linkage groups.

To our knowledge, this paper is the first report on
the cytological localization of a plant gene coding for a
protein in a heterochromatic region and it is worth
noting that this protein is involved in plant response to
stress. The localization of a functional gene in the
heterochromatin is not surprising (Devlin et al. 1990;
Pardue and Henning 1990; and references therein).
Some data in the literature demonstrate that transcrip-
tionally active genes reside preferentially at the border
of euchromatin and heterochromatin (Hutchinson and
Weintraub 1985; Kost et al. 1991). Moreover, Forino

et al. (1992) recently demonstrated that in Phaseolus
polytene chromosomes, no difference exists between
euchromatic and heterochromatic regions as regards
their transcriptional activity. These authors suggested
that many functional genes are present in the hetero-
chromatin of Phaseolus and that RNA synthesis is
independent of chromatin condensation, in agreement
with the observations of Nagl (1979). In Drosophila
salivary gland nuclei, polytene chromosomes have
been shown to be anchored to the nuclear envelope’s
inner surface through telomeres and centromeres and
several unique heterochromatic regions within each
chromosome (Newport and Forbes 1987). Hadwiger
(1988) speculated that “dominant Mendelian traits
with a potential for disease resistance could be ....
Iocated near the nuclear circumference and .. .. can be
influenced directly or indirectly by elicitors released by
the pathogen”, thus generating in a short time the
pleiotropic gene response observed in the defence reac-
tion. Other genes, in addition to PGIP, may reside in
chromosomal regions potentially able to interact with
the nuclear envelope. Indeed, in wheat, traits for dis-
ease resistance have, on the basis of their linkage in
segregation ratios of progeny exhibiting the resistant
phenotype, been mapped to loci scattered over differ-
ent chromosomes, with some loci mapping indistin-
guishably from the centromere (McIntosh 1983). Fur-
ther investigations on the chromosomal localization of
defence genes other than PGIP and on changes of plant
nuclear structure following challenge by a fungal
pathogen are required to evaluate the influence of
chromosomal and nuclear structural features on the
regulation of these genes.
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