Pulsed-field gel electrophoresis analysis
of the phaseolin locus region in Phaseolus
vulgaris
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Abstract: Phaseolin is the major seed storage protein of common bean (Phaseolus vulgaris L.). It is encoded by
a small multigene family of 6-9 genes that are clustered in a single complex locus (Phs). We have constructed a
long-range restriction map of the phaseolin genomic region, including the Phs locus and two flanking marker
loci, 0 1 8 6 1 and Bng060. Using a combination of high molecular weight DNA isolation, one- and twodimensional pulsed-field gel electrophoresis of single and double restriction digests followed by Southern
hybridization, and PCR analysis of individual fragments, we found that: ( i ) the maximum size of the Phs locus is
190 kb, ( i i ) the Phs locus may have increased in size during the evolution of P. vulguris, ( i i i ) the genomic
region marked by D1861-Phs-Bng060 spans 5 cM, which corresponds to a maximum of 1.9 Mb, and ( i v ) the
Phs locus could be oriented with respect to the two adjacent markers. Further progress in determining the gene
arrangement in the Phs locus will require cloning and analysis of large DNA fragments containing phaseolin
genes via BAC libraries.
Key words: multigene family, physical distance, genome mapping, seed protein.

RCsumC : La phaskoline est la principale protkine de rkserve chez le haricot (Phaseolus vulgaris L.). Elle est
codie par une petite famille de multigknes qui compte 6-9 gknes tous groupks en un seul locus complexe (Phs).
Une carte de restriction a longue distance de la rkgion du locus de la phaskoline a it6 produite. Cette rkgion
comprend le locus Phs ainsi que deux marqueurs adjacents, Dl861 et Bng060. Pour rkaliser cette analyse, les
auteurs ont employ6 une combinaison de diverses techniques et approches dont : l'isolation d'ADN de haut poids
molkculaire, l'klectrophorkse en champs pulsks uni- et bi-dimensionnels de digestions enzymatiques simples et
doubles suivies d'hybridations Southern et, finalement, l'analyse de fragments individuels par amplification
PCR. Ces travaux ont permis de montrer : ( i ) que la taille maximale du locus Phs est de 190 kb, ( i i ) que la taille
du locus Phs peut s'etre accrue au cours de I'kvolution du P. vulguris, ( i i i ) que la rkgion qui comprend
D1861-Phs-Bng060 mesure 5 cM ce qui correspond tout au plus a 1,9 Mb ef ( i v ) que le locus Phs a pu etre
orient6 par rapport aux deux marqueurs adjacents. Des ktudes plus dktaillkes de I'organisation des gknes au
niveau du locus Phs exigeront le clonage et I'analyse de grands fragments d'ADN contenant les gknes de la
phaskoline grice a des banques BAC.
Mots cle's : famille de multigknes, distance physique, cartographie des gknomes, protkines de rkserve.
[Traduit par la Rkdaction]

Introduction
Phaseolin is the major seed storage protein of common bean,
as it accounts for 30-50% of total seed nitrogen (Ma and
Bliss 1978). A substantial amount of information has been
gained at the molecular level about the organization and
expression of phaseolin, based principally on analyses of
the "T" phaseolin (Bustos et al. 1989; Casey and Domoney
1987; Chee et al. 1986; Cramer et al. 1985, 1987; Murray and
Kennard 1984; Sengupta et al. 1985; van Santen and Spritz
1987). According to reassociation kinetics experiments,
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genomic and cDNA clone analysis, and Southern blotting,
phaseolin is encoded by a small multigene family of 6-9
members (Talbot et al. 1984). Two-dimensional electrophoresis resolved 5-8 different polypeptides (Hall et al.
1984; Talbot et al. 1984). Phaseolin genes are approximately
2000 base pairs (bp) long and contain 6 exons and 5 introns
(Anthony et al. 1990; Slightom et al. 1983, 1985). Two subfamilies, a and p, have been identified on the basis of the
presence of tandem direct repeats. In Phaseolus vulgaris
cv. Tendergreen, which carries the "T" phaseolin, the major
difference between the a and P phaseolin type genes is the
presence or absence, respectively, of three direct repeats.
The direct repeats are 21, 15, and 27 bp long and are located
in the third intron and the fourth and sixth exons, respectively.
In Z? vulgaris cv. Sanilac, which carries the "S" phaseolin,
the a and p phaseolin type genes contain or lack, respectively, the 21- and 27-bp tandem direct repeats. "I" phaseolin
genes, the presumed ancestral phaseolin genes found in Z? vulgaris accession G21245, are all P-phaseolin genes, as they
lack any of the tandem direct repeats (Kami et al. 1995).
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Little is known about aspects related to the chromosomal
organization and size of the phaseolin locus (Phs). All
phaseolin-related sequences are tightly linked genetically
in a single complex locus ( P h s ) o n linkage g r o u p D 7 ;
recombination has not been observed among phaseolin
genes in crosses between varieties (Brown et al. 198 1 ;
Bliss and Brown 1982; Koenig and Gepts 1989; Nodari
e t a l . 1 9 9 3 ~ ) P. h a s e o l i n h a s b e e n m a p p e d by in s i t u
hybridization to a single site on chromosome 3 in Phaseo1u.s
coccineus (Schumann et al. 1990). However, the various
members of the gene family are physically separated by
at least 13-20 kilobases (kb), as lambda phage genomic
libraries have not yielded clones with two or more phaseolin
sequences (Hall et al. 1984).
T h e goal of the research reported here, was to gain
additional information on the organization of the phaseolin
locus. Specifically, we wanted to determine the maximum
size of the locus and how it has evolved during the evolution of the species. We also wanted to determine the
relationship between genetic and physical distance in a
genomic region marked by P h s and two flanking markers
and to orient P h s with respect to these two loci.

Materials and methods
Plant material
Phaseolus vulgaris cv. Tendergreen, derived from Andean domesticates and with a "T" type phaseolin pattern, was used for most
of the pulsed-field gel electrophoresis (PFGE) analysis, because
most of the information regarding phaseolin genes at the cDNA
and genomic levels has been gathered in this variety (e.g., Talbot
et al. 1984; Slightom et al. 1985). An F2 population, generated
from the cross between the Mesoamerican breeding line BAT93
and the Andean landrace Jalo EEP558 (Nodari et al. 1992),
was used to map markers around Phs. This population was chosen for its high level of polymorphism (Nodari et al. 1992).

Segregation analysis for genetic mapping
Genetic mapping of restriction fragment length polymorphisms
(RFLPs) linked to Phs was performed according to Nodari et al.
( 1 9 9 3 ~ )Markers
.
were derived from three independently established maps (Adam-Blondon et al. 1994; Nodari et al. 1993a;
Vallejos et al. 1992). Membranes containing restriction enzyme
digested DNA from individual plants of the F2 population were
subjected to Southern hybridization with the marker probe, as
.
analysis
described previously (Nodari et al. 1 9 9 3 ~ )Segregation
was performed with the program MAPMAKER version 1.9 (Lander
et al. 1987) as described in Nodari et al. ( 1 9 9 3 ~ ) .

High molecular weight DNA isolation and restriction
digestion
High molecular weight DNA was extracted from etiolated
leaves according to the method of Creusot et al. (1992), although
the extraction buffer was modified (10 mM sodium citrate,
50 mM Na,EDTA, 600 mM mannitol, 0.1% (wlv) Triton X-100,
0.1% (w/v) BSA, 0.5% P-mercaptoethanol, pH 6.0). Restriction
endonuclease digestion for DNA samples imbibed in agarose
plugs was performed according to Ganal and Tanksley (1989)
and Creusot et al. (1992).

Pulsed-field electrophoresis using contour-clamped
homogeneous electric field (CHEF) twodimensional electrophoresis and Southern
hybridization
Pulsed-field gel electrophoresis was carried out according
to published protocols (Anand and Southern 1990) using a

CHEF-DRII Unit (Bio-Rad). One percent PFGE-grade agarose
(United States Biochemicals) in 0.5X TBE (45 mM Tris-borate,
I mM EDTA, pH 8.0) was usually used as the matrix. The gel
was run at 14°C. Switching times and total running times for
separating specific ranges of fragment sizes were set according
to van Daelen and Zabel (1992). For routine separations
(200-2000 kb), we used a two-stage procedure, with 60 s as the
initial switching time for 15 h, followed by 9 h at 90 s at
200 V. For 40-600-kb optimal resolution, we used a one-stage
procedure, with a ramped pulse of from 20 to 50 s over 26 h at
200 V. The molecular weight standards were yeast chromosomes
(long range), lambda concatamers (long-medium range), and
lambda concatamers digested with Xbul (short-medium range).
Southern hybridization was performed as described previously
(Sambrook et al. 1989).

Probes and labeling
For the detection of the phaseolin gene family, two different
probes were used, both obtained from the same a-phaseolin
cDNA isolated from P. vulgaris cv. Sanilac (Kami and Gepts
1994). The first probe was a 1500-kb Sall fragment, containing
the whole cDNA fragment, isolated from its pUCl9 vector.
The second was a 900-bp PCR product obtained by combining
the upstream primer for the 15-bp tandem direct repeat PCR
test with the downstream primer for the 27-bp tandem direct
repeat PCR test (see below and Kami et al. 1995). For the
detection of markers tlanking Phs, Dl861 and Bng060, inserts
were isolated by digestion of the vector with Pstl, separated
by low melting point agarose electrophoresis, and excised from
the gel. After equilibration in P-agarose buffer (United States
Biochemicals), inserts were subjected to P-Agarase digestion,
following the protocol recommended by the manufacturer
(United States Biochemicals). The random priming method
(Feinberg and Vogelstein 1983) was used for labeling DNA
fragments (20-30 ng) to be used as probes.

PCR characterization of excised fragments
Fragments of interest were recovered by excising them from
low melting point agarose gels at the distance determined by
preparative Southern hybridization. Excised fragments were
washed several times in TE (10 mM Tris-HCI, 1 mM EDTA,
pH 8.0), then equilibrated in P-Agarase I buffer (United States
Biochemicals). Fragments were melted at 65"C, transferred to
a 37°C water bath, and incubated for 6-7 h in the presence of
P-Agarase I according to the manufacturer's protocol (United
States Biochemicals). The digested gel sample was extracted
once with phenol and once with chloroform - isoamyl alcohol 24: 1. It was then precipitated with ethanol, and resuspended
in 10 FL TE buffer. DNA concentration was estimated with a
dedicated tluorometer. DNA (10 ng) was subjected to PCR as
described by Kami et al. (1995). Two sets of primers were
used. The first set amplified the third intron and part of the
fourth exon, containing the 2 1 - and 15-bp tandem direct repeats,
respectively. The second set amplified part of the sixth exon,
containing the 27-bp tandem direct repeat (Kami et al. 1995).

Results and discussion
Fine mapping of the phaseolin genomic region
RFLP markers from three sources (Adam-Blondon et al.
1994; Nodari et al. 1992; Vallejos et al. 1992) were mapped
in the same population described by Nodari et al. (1992,
1993a), consisting of 7 5 F, plants derived from the cross
BAT93 X Jalo EEP558. The two nearest markers flanking
P h s were D l 8 6 1 and Bng060, located at 1.9 and 3 c M ,
respectively (Fig. 1 ).

Genome, Vol. 39, 1996
Fig. 1. Phaseolin genomic region on linkage group D7.
Genetic distances are in centimorgans. Linkage was
calculated from segregation data obtained in the BAT93 X
Jalo EEP558 F, segregating population as described in
Nodari et al. ( 1992, 1 9 9 3 ~ )The
.
map includes RFLPs from
three different genomic libraries (D markers, Gepts et al.
1993; Bng markers, Vallejos et al. 1992; P marker, AdamBlondon et al. 1994) and the chalcone isomerase gene
(ChI, originally isolated by Mehdy and Lamb 1987).
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Table 1. Size of fragments hybridizing to a
phaseolin probe after restriction digestion
with several enzymes.
Restriction enzyme

Fragment size (kb)

BsaHI
BssH 11
EagI
MluI
Nor1
NruI
NspV
Pin A1
Psp 1406
SacII
Sall
SfiI
SmaI
SnaBI
"The symbol ">" before an estimate means that
the size of the fragment was larger than the
resolution limit with the CHEF parameters used.

PI090
Size of the phaseolin locus
Digestions of high molecular weight genomic DNA from
P. vulgaris cv. Tendergreen were performed using rarecutting restriction enzymes, comprising 8-bp cutters and
methylation-sensitive 6-bp cutters with a CpG or CpXpG
sequence in the recognition site (Siedler and Graner 1991).
Table 1 lists the endonucleases producing single fragments
hybridizing to the phaseolin probe and the sizes of the
fragments. SalI digestions gave the smallest single phaseolin
fragment of about 190 kb. This result suggested that all
the phaseolin genes were contained in a genomic region
of at most 190 kb. This is consistent with the estimates
of the number of genes and minimum separation between
genes observed in P. vulgaris cv. Tendergreen (Hall et al.
1984; Slightom et al. 1983, 1985). The long range restriction
map (see next section) provides further evidence for a single unduplicated SalI fragment.
Enzymes recognizing single fragments in the range of
300-500 kb were further used in double digestions to generate a restriction map. These enzymes included MluI
(300 kb), SmaI (450 kb), and SacII (350 kb). Neither SmaI
nor SacII appeared to cut in the SalI fragment containing
Phs. SalI restriction sites were further mapped using the
BglI endonuclease (Fig. 2). BglI recognized 5-6 sites internal to Phs (not shown). Only one of these BglI sites was
mapped, because it provided information on the orientation
of one of the outer genes of the phaseolin gene array. One
of the two external Bgn fragments recognized by the phaseolin probe extended beyond the 190-kb SalI fragment. This
fragment was 150 kb long, most of it (140 kb) extending
beyond the SalI site (Fig. 2). The MluI-BglI double digestion reduced the 150-kb BglI fragment to a 100-kb fragment
hybridizing to phaseolin, whereas SmaI digestions cut the

same fragment to an even shorter length of 75 kb hybridizing to phaseolin. The SalI phaseolin fragment was located
asymmetrically in the large, 450-kb SmaI fragment, facilitating the orientation of the locus in the linkage group, as
described subsequently.
In plants, storage proteins are usually encoded by multigene families, but the organization and distribution of
those genes in the genome is highly diverse. Legumins in
pea, for example, are encoded by many genes showing
high differentiation into subgroups and cluster in several loci
(Turner et al. 1993). Storage proteins in other plants seem
to be encoded by clustered gene families with a low degree
of differentiation. The patatin storage protein in potato
tubers is encoded by 10-15 genes separated by at least
15-20 kb in a single locus of a maximum of 1.4 Mb (Twell
and Ooms 1988; Ganal et al. 1991).
The identification of the "I" phaseolin, the presumed
ancestral phaseolin sequence in common bean (Kami et al.
1995), provides the starting point for more detailed studies
on the evolution of the organization of Phs within l? vulgaris.
A first characteristic of this evolution is the apparent
increase in size of the locus from 160 to 190 kb (data not
shown). Additional PFGE experiments, possibly combined
with tests distinguishing individual phaseolin genes (including the PCR test for tandem repeats used here), should
allow us to gain further insights into how the locus has
expanded in size.

Physical distances to flanking markers
Restriction digestions with enzymes generating very large
(>330 kb) fragments containing phaseolin sequences were
used to establish a restriction map to the flanking genetic
markers Dl861 and Bng060 and to orient the locus in the
D7 linkage group. These enzymes included NotI, SfiI,
BssHII, EagI, SmaI, and SacII. Probes for the loci Dl861
and Bng060 are both single-copy sequences of less than
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Fig. 2. Long-range restriction map of the phaseolin region. Bg, BglI; Bs, BssHII;
E, EagI; M, MluI; N, NotI; Ns, NspV; Sc, SacII; Sf, SfiI; S1, SalI; Sm, SmaI; X, XhoI.
The dark area represents the genomic area occupied by Phs; the hatched areas on the left
and right of Phs are the approximate locations of Bng060 and 01861.
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1000 bp. Probes for phaseolin and the D l 8 6 1 marker,
located 1.9 cM from Phs (Fig. l ) , hybridized to the same
680-kb EagI and 720-kb BssHII fragments (Fig. 3). In
double digestion with BssHII and EagI, the two probes
hybridized to a single 560-kb fragment (Fig. 3). The marker
Bng060, 3 cM from Phs in the opposite direction from
Dl861 (Fig. l ) , hybridized to different EagI and BssHII
fragments. However, a double digestion between NotI and
S ' I gave fragments of identical sizes (1300 kb) for Bng060
and the fragment hybridizing for phaseolin (Fig. 3). Dl861
hybridized to a different NotI-S'I fragment, approximately
600 kb long. Bng060 did not hybridize to the same SmaI,
MluI, SacII, or SalI phaseolin fragments and must be
located at more than 650 kb from Phs in the opposite
direction of 01861. Thus, according to this restriction
map, marker Dl861 is located 175-370 kb from the beginning of Phs. On the other side of Phs, Bng060 is located at
250-850 kb from the beginning of Phs (Fig. 2). The three
markers are contained in a single NotI fragment of approximately 1900 kb (Fig. 3).
Correlations between physical and genetic distances
indicate that recombination in the phaseolin region is comparable to the average for the whole P. vulgaris genome.
The t? vulgaris genetic map covers approximately 1250 cM
(Gepts et al. 1993). The t? vulgaris haploid genome contains
7 X lo8 bp, giving an average relationship between physical
and genetic distance of 560 kb/cM. The estimate for the
D1861-Phs region is 192-290 kb/cM and for the
Phs-Bng060 region is 160-283 kb/cM. This is 1.9-3.0
and 1.6-3.8 times, respectively, higher than the average
calculated over the entire genome. If Phs is not considered
in the calculations, the estimates are higher, about 2.8-6 and
2-6 times higher for the D1861-Phs and Bng060-Phs
intervals, respectively. However, a 3-4-fold variation in
recombination frequency falls well within the range
observed in R vulgaris (Paredes and Gepts 1995).
Although no work has previously been performed to
correlate physical and genetic distances in P. vulgaris,
research in other plant systems suggests that our results
fall within the range of variation for recombination observed
for other plants. In tomato, the overall relationship between
physical and genetic distance is estimated at 750 kb/cM
(somewhat higher than the average for P. vulgaris).
Nevertheless, the correspondence between genetic and
physical distance in tomato can vary from region to region
by as much as 100 times. For example, in the Tm2a region,

0

0

8

$2

6i0

5

which maps close to the centromere of chromosome 9 in a
heterochromatic region, the estimate is 4000 kb/cM (Ganal
et al. 1989). Conversely, the tomato RFLP markers TG105
and TG26, 4.1 cM apart distal to the centromere, are located
at less than 175 kb from each other (that is, 43 kb/cM or
less; Segal et al. 1992). More recently, Wing et al. (1994)
estimated the relationship between the physical and genetic
distance between TG523 and RPD158, flanking the jointless gene in tomato, to be about 200 kb/cM, similar to our
estimates for the phaseolin region.
CpG and CpXpG islands, also called HTF (HpaII tiny
fragment) islands (Bird 1986; Cheung et al. 1992;
Gruenbaum et al. 1981) were evident at both sides of the
190-kb SalI fragment containing all the phaseolin genes.
They were detected by a high incidence of restriction sites
for endonucleases recognizing unmethylated CpG or CpXpG
sequences (Fig. 2). In mammals, it is estimated that 75% of
all the SacII, BssHII, and EagI sites and 90% of all the
NotI sites are located in HTF islands (Lindsay and Bird
1987). In plants, as in mammals, CpG islands are generally
associated with the 5' ends of genes (Gardiner-Garden and
Frommer 1992). Consequently, the presence of regions of
high incidence of CpGs and CpXpGs in the restriction
map of the phaseolin region, including those flanking the
SalI fragment, may be indicative of genes expressed in
leaves. Although genes controlling interactions between
beans and bacteria (Xanthomonas and Rhizobium) have
been mapped to the phaseolin region (Nodari et al. 1993b),
it is premature to conclude that these genes would be
located close to these HTF islands.

Internal map of Phs
An internal restriction map of Phs was established following digestion with the restriction enzymes SaZI, MluI, BstBI,
and XhoI (Fig. 2). BstBI was later replaced by its isoschizomer, NspV, which produced fewer artifactual fragments. In addition, digestion with BglI, followed by
hybridization with a 5'-specific phaseolin probe or with
a full length phaseolin probe, was used to establish the
orientation of individual phaseolin genes. Data available
prior to this study suggested that all phaseolin sequences,
not only from R vulgaris but also from Phaseolus lunatus,
have an internal BglI site located between the 15-bp (fourth
exon) and 27-bp (sixth exon) tandem direct repeats (Kami
and Gepts 1994; J. Kami and P. Gepts, unpublished results).
This was further verified by PCR analysis of genomic

Genome, Vol. 39, 1996
Fig. 3. Determination of the physical distances from Phs to the flanking genetic markers.
(A) Sequential Southern hybridization to phaseolin and Bng060 probes. (B) Sequential
Southern hybridization to phaseolin and Dl861 probes. Restriction digestions: lane: 1 ,
EugI; 2, EugI+NspV; 3, BssHII; 4, BssHII+NspV partial digestion; 5, SacII+B.s.sHII;
6, SacII+NotI; 7, SacII+SfiI; 8, NotI; 9, NotI+SfiI; 10, S ' I . The arrows in panel A
indicate the coincident band between phaseolin- and Bng060-probe hybridizations.
Arrows in panel B indicate coincident bands between phaseolin- and D1861-probe
hybridizations. The position of yeast chromosomes, used as molecular weight standards,
is shown on the left.
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DNA that was either undigested or digested with BglI.
PCR amplification of uncut DNA from P. vulgaris using the
upstream and downstream primers of the 15-bp and the
27-bp diagnostic tests, respectively (Kami et al. 1995),
yielded fragments approximately 900 bp long (not shown).
However, BglI-digested P. vulgaris DNA did not yield any
amplification product using the same set of primers, as
predicted if all the phaseolin-related sequences had a BglI
site between the sequences recognized by the two primers
(not shown).
The BglI-digestion pattern in P. vulgaris cv. Tendergreen
consisted of four intense fragments and three fragments
with a reduced intensity after hybridization with a 1500-bp
(nearly full length) phaseolin cDNA probe. A radiolabeled
900-bp probe generated by PCR amplification of most of
the 3' half of the phaseolin genes (see previous paragraph)
recognized only the four intense fragments, but not the
three faint fragments, suggesting that the intense fragments

5

6

7

8 9 1 0

comprise most of the phaseolin genes and that the faint
ones are located at the 3' end of these genes (not shown).
NspV (Fig. 4) and BglI (not shown) phaseolin restriction
fragments were separated by PFGE and subjected individually to PCR analysis. PCR products for the 15-bp tandem
direct repeat diagnostic test in P. vulgaris cv. Tendergreen
were of three different sizes, 250, 265, and 286 bp (Kami
et al. 1995). The smallest and the medium-sized fragments
corresponded to P- (absence of the 15-bp tandem direct
repeat in exon 4) and a - (presence of the 15-bp tandem
direct repeat in exon 4) phaseolin genes, respectively. The
largest amplified fragment corresponds to an a gene with
an additional 21-bp tandem direct repeat in intron 3 (Kami
et al. 1995).
The large (150 kb) NspV restriction fragment, expected
to contain the majority of the phaseolin-related sequences
(Fig. 2), contained both a-phaseolin (with the third intron
2 1 -bp tandem direct repeat) and P-phaseolin genes (Fig. 4).
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Fig. 4. PCR analysis of individual NspV restriction
fragments recognized by a phaseolin probe. Top panel:
Southern hybridization of P. vulgaris high molecular
weight DNA digested with NspV and hybridized to a
phaseolin probe. Lower panels: PCR diagnosis for the
15- and 27-bp tandem direct repeats of the phaseolin
genes (Kami et al. 1995) performed in DNA isolated from
agarose gels at the positions expected for the two NspV
bands shown in the top panel. The patterns in the leftmost
lane of the two lower panels are PCR products from
P. vulgaris cv. Tendergreen genomic DNA as controls.

Fig. 5. Two-dimensional analysis of phaseolin NspVNcoI double digests. Upper panel: first dimension PFGE
separation of NspV-digested high molecular weight DNA.
Lower left and right panels: second-dimension PFGE
separation following digestion with NcoI; NspV-NcoI
double digest fragments are indicated with an arrow.
Lower central panel: one-dimensional PFGE separation of
high molecular weight DNA following NcoI digestion as
control. Numbers indicate molecular weight standards in
kilobases.
NspV

NspV

A

B

15- and 21-bp
tandem direct
repeat assay

;a*,P

a

P

a

*--

111,

t

Ncol

assay

The small (25 kb) NspV fragment contained only one or
more a genes without the 21-bp tandem direct repeat
(Fig. 4). The largest BglI fragment, mapped by double
restriction digestion to the small NspV fragment towards
marker Bng060, also showed the presence of the 5 ' end
of a short a gene (i.e., without the third intron 21-bp
repeat; not shown). Most of the phaseolin genes in the
large NspV fragments did not appear to contain the 27-bp
tandem direct repeat (Fig. 4). These observations indicate
that the phaseolin gene closest to the Bng060 marker is
an a-phaseolin gene lacking the third intron 21-bp tandem
direct repeat (Fig. 2). The orientation of this gene is with
the 5 ' end towards the Bng060 marker.
In order to gain additional information about individual
genes at Phs, we used two-dimensional agarose gel electrophoresis techniques with NspV-NcoI (Fig. 5) and
BglI-NcoI (not shown) double restriction digestions.
Phaseolin genes have no internal NspV site (see above)
or NcoI sites, although one NcoI fragment is located 2.5 kb
upstream of the transcription initiation point, as deduced
from genomic sequences (Hall et al. 1984). Based on the
two-dimensional analysis, all phaseolin genes were included
in NcoI fragments of four different sizes (Fig. 5). Double
digestions using NcoI and BglI showed that all the NcoI
phaseolin fragments contained one internal BglI site located

close to the 3' end of the coding sequence of the individual
phaseolin sequences (not shown). The data obtained from
one- and two-dimensional gel electrophoresis and PCR
amplifications are consistent with several possible gene
arrangements within Phs. Resolution of these ambiguities
in gene arrangements will require cloning of the entire
Phs into large-fragment libraries, such as BAC (bacterial
artificial chromosome) libraries, followed by restriction
mapping of the clones and hybridization to phaseolin
probes.
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