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Abstraet Anthracnose, caused by the fungus Colletotri-
chum lindemuthianum, 1s a severe disease of common bean
(Phaseolus vulgaris 1..) controlled, in Europe, by a single
dominant gene, Are. Four pairs of near-isogenic lines
(NILs) were constructed, in which the Are gene was intro-
gressed into different genetic backgrounds. These pairs of
NILs were used to search for DNA markers linked to the
resistance gene. Nine molecular markers, five RAPDs and
four RFLPs, were found to discriminate between the re-
sistant and the susceptible members of these NILs. A back-
cross progeny of 120 individuals was analysed to map these
markers in relation to the Are locus. Five out of the nine
markers were shown to be linked to the Are gene within a
distance of 12.0 ¢cM. The most tightly linked, a RAPD
marker, was used to generate a pair of primers that specif-
ically amplify this RAPD (sequence characterized ampli-
fied region, SCAR).
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Introduction

Anthracnose is considered to be one of the most severe dis-
eases of common bean (Phaseolus vulgaris) in the tropi-
cal areas of Latin America and Eastern Africa where this
staple crop constitutes one of the major sources of protein
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(Lenné 1992). Anthracnose is caused by Colletotrichum
lindemuthianum, a specialized hemibiotrophic fungus
(Pastor-Corrales and Tu 1989). Fourteen different races of
this fungus were identified by screening a set of differen-
tial cultivars (Menezes and Dianese 1988). The existence
of at least seven dominant and independent resistance loci
in common bean, allowing resistance to different races of
the fungus, was demonstrated by genetic analysis (Beebe
and Pastor-Corrales 1991). These data, together with a
strict race/cultivar specificity, strongly suggest a gene-for-
gene interaction between C. lindemuthianum and P. vul-
garis. The lack of sexuality in this fungus, however, has
hindered any study of the inheritance of avirulence in the
pathogen.

In Europe (Fouilloux 1979) and North America (Park
et al. 1987), anthracnose is controlled by a single domi-
nant gene called Are (Mastenbroek 1960). Interestingly,
the Are gene has not been overcome in these areas for 30
years whereas it has never controlled the disease in tropi-
cal areas (Pastor-Corrales and Tu 1989).

Breeding resistant varieties to anthracnose still repre-
sents a major effort and a long-term investment (Beckmann
and Soller 1983). Marker-assisted breeding will certainly
provide a major improvement for seed companies. This
technique presents major advantages. For example, the use
of tightly-linked genetic markers flanking the gene to be
introgressed should considerably accelerate the breeding
process (Young and Tanksley 1989). When resistance
genes are to be introduced in susceptible inbred lines,
marker-based techniques avoid cumbersome pathogenic-
ity tests.

The development of molecular markers has enhanced
the development of saturated genetic maps for major crops
(Tanksley et al. 1989; Michelmore et al. 1992; Gardiner et
al. 1993) including common bean (Vallejos et al. 1992;
Adam et al. 1993; Nodari et al. 1993 a). In addition, the
use of different types of randomly-dispersed molecular
markers (RAPD, RFLP, STS, SCARs) (Michelmore et al.
1992; Paran and Michelmore 1993; Williams et al. 1993)
in combination with appropriate genetic material (di-hap-
loids, bulks of F, individuals, near-isogenic lines or NILs,
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aneuploids) has favored the saturation of genetic regions
near particular genetic loci (Beckmann and Soller 1983;
Tanksley et al. 1989; Michelmore et al. 1992). These ex-
perimental approaches are also a prerequisite to clone
genes of agronomic interest, such as resistance genes, for
use with genome walking strategies (Debener et al. 1991;
Martin et al. 1991; Michelmore et al. 1992).

In this paper, we present the identification of several
molecular markers linked to the Are resistance gene from
common bean. Four pairs of near-isogenic lines (NILs)
were used to screen for polymorphic DNA markers puta-
tively linked to Are. The markers (RAPD and RFLP) re-
vealing polymorphisms for one or more of the four pairs
were used to check for linkage to the Are gene using a back-
cross progeny. A SCAR marker was developed from a
RAPD marker close to the Are gene.

Materials and methods
Plant and fungal material

Four pairs of NILs, ‘CocoR/S’, ‘EyR/S’, ‘P12R/S’ and ‘SWR/S’,
carrying the Are gene in four different genetic backgrounds (‘Coco’,
‘Barly-wax’, ‘Processor’ and ‘Slender-White’, respectively) were
used. The Are gene was introduced from ‘Cornell49242’ into the Pro-
cessor genetic background. During the construction of the P12 NILs,
back cross steps were used as parental sources for the construction
of the other pairs of NILs (EyR/S, CocoR/S, SWR/S). P12 NILs were
the products of 12 backcrosses and 14 selfings. The Are gene was in-
troduced from P12 BC3 in the SW NILs. Nine backcrosses by Slen-
der-White and 12 selfing steps were involved in obtaining the SWR/S
pair. In the Coco NILs, the donor parent of the Are gene was P12
BC7. Consecutively, five backcrosses by Coco and 13 selfings were
carried out. The Ey lines were derived from a cross between SW BC2
and Early-Wax, one backcross by Early-wax, followed by 22 self-
ings. At each selfing step, progeny tests were performed in order to
select heterozygotes at the Are locus (Are, are). Finally, the resistant
(Are, Are) and susceptible (are, are) isolines of each pair were de-
rived from these heterozygotes (Fouilloux and Bannerot 1977). Af-
ter all these steps, both members (resistant/susceptible) of each pair
of NILs were phenotypically indistinguishable. Monospore cultures
of C. lindemuthianum racel were used to check for the presence of
Are. The Are gene was present in each of the resistant members of
the NILs and absent in the corresponding susceptible isolines (Fouil-
loux et Bannerot 1977; Mahé et al. 1993).

Abackeross progeny (BC1) of 120 individuals was obtained from
a cross between ‘EO,’ and ‘Corel’ (recurrent parent). EO, possess-
es the Are resistance gene (introgressed from Cornell 49242} and
Corel is susceptible. Plants were grown in a greenhouse under con-
trolled conditions as described by Gantet et al. (1991). A single spore
isolate of C. lindemuthianum race 1 was provided by F. Legrand and
I. Tailler (Laboratoire de Cryptogamie, Université d’Orsay, France).
Tt corresponds to race o, previously described by Charrier and Banne-
rot (1970). Culture of the fungus and in-vitro tests of pathogenicity
on leaves were performed on the backcross progeny as described by
Gantet et al. (1991).

DNA extraction, RFLP and RAPD analysis

Isolation of total DNA was as described by Dellaporta et al. (1983)
with the addition of a CsCl density-gradient step. For RFLP analy-
sis, bean DNA was digested by EcoRI and HindIII restriction en-
zymes according to the manufacturer (GIBCO BRL, Gaithersburg,
Md., USA). The DNA fragments were separated on 0.8% (w/v)
agarose gels in Tris-Borate EDTA (TBE) buffer (Maniatis et al. 1989)
and blotted onto Positive™ nylon membranes (Appligéne, Illkirch,
France) by a modified alkaline procedure (Reed and Man 1985). Af-

ter depurination, gels were incubated for 45 min in 0.4 N NaOH and
then sprayed with 20X SSC during the vacuum transfer. Sources of
RFLP probes were random low-copy-number sequences from a bean
genomic library of Mbol fragments inserted into a pBluescript ITsk
vector (Stratagene Cloning Systems, La Jolla, Calif., USA). Inserts
were obtained by a PCR procedure. E. coli clones were grown on
Petri dishes of 2XTY-agar medium (Maniatis et al. 1989). A single
colony was transferred into a sample tube containing 50 ul of PCR
buffer and was overlayed with one drop of mineral oil. The PCR buf-
fer composition was: 1X enzyme buffer (Appligéne), 50 WM of each
dNTP, 0.1 uM of each primer and one unit of 7ag polymerase
(Appligene). One of the primers was the M 13 sequencing primer and
the other was derived from the M13 reverse sequence primer
(5" GGAAACAGCTATGACCATG 3"). Amplification was per-
formed in a Braun thermocycler {Braun Diessel Biotech GmbH, Mel-
sungen, Germany) programmed for 35 cycles of 1 min at 94 °C,
1 min and 30 s at 45 °C, and 2 min at 72 °C. Probes were labeled by
primer extension with random hexanucleotide primers (Maniatis et
al. 1989). Prehybridization and hybridizations were performed at
62 °C in a solution containing 7% SDS, 250 mM phosphate buffer
(pH 7.2) and 1 mM EDTA (Church and Gilbert 1984). Three wash-
ing steps of 30 min each were performed at 55 °C in a solution con-
taining 40 mM phosphate buffer (pH 7.2) and 1% SDS. X OMAT-
AR Kodak films (Rochester, N.Y., USA) were then exposed to the
filters for 3—4 days at —80 °C with an intensifying screen. RAPD
analyses were carried out with 10-mer primers (Operon Technolo-
gies Inc., Alameda, USA) according to the procedure of Operon, ex-
cept that two units of 7ag DNA polymerase (Appligéne) were used
in each sample. In this case, the thermocycler was programmed as
follows: 5 min at 92 °C and 35 steps of 1 min at 92 °C, 1 min at ei-
ther 35 °Cor42 °C (depending on primer), and 1 minat72 °C. Prod-
ucts were analysed on 1.4% agarose gels in TBE and revealed by
ethidium bromide staining.

SCAR analysis

An individual band corresponding to a marker to be cloned was pur-
ified on a 5% acrylamide gel in 1X TAE (Maniatis et al. 1989). Af-
ter ethidium-bromide staining, the band was excised and purified as
described by Maniatis et al. (1989). A sample of this purified frag-
ment was re-amplified using RAPD-PCR conditions as above, ex-
cept that the primer concentration was reduced by two-fold. Filling
and phosphorylation of the fragment termini were performed using
the Klenow fragment of E. coli and T, DNA kinase according to Ma-
niatis et al. (1989). After purification by chromatography on a Seph-
arose® column (Pharmacia, Uppsala, Sweden), it was blunt-end Ii-
gated into the Smal site of a pBluescript plasmid. The Rec-E. coli
strain DH50, was transformed (Maniatis et al. 1989). Four clones
were selected and tested as probes to detect polymorphism between
the four pairs of NILs (on Southern blots of amplification products).

Double-stranded se%uencing of the cloned PCR product was car-
ried out (T7Sequencing™ kit, Pharmacia) by the dideoxychain-ter-
mination method using the T7 and KS primers. Two specific oligo-
nucleotides were then synthesized. Their sequences contain the
RAPD primer at the 5’ termini followed by the 14 adjacent nucleo-
tides (Table 1). These two 24-bp oligonucleotides were used in a PCR
procedure which was performed as described by Paran and Michel-
more (1993) except that the annealing temperature of the PCR reac-
tion was 65 °C. Synthetic oligonucleotides and Taqg polymerase were
supplied by Appligéne.

Table 1 Sequence of the two 24-mer oligonucleotide primers de-
rived from the sequence of RoH20

Locus Primers  Sequence®
RoH20  SCH20-1 YGGGAGACATCCATCAGACAACTCCY
SCH20-2 “GGGAGACATCTTCATTTGATATGC?

2 The underlined sequence represents the initial RAPD primer (H20
from Operon Technologies Inc.)



Linkage analysis

The suspected linkage between genetic markers and the segregation
ratio (1:1 for a single locus) were checked using the GeneLink soft-
ware (X. Montagutelli, Institut Pasteur, France) which performs chi-
square analysis (P=0.01). Marker order and map distances were es-
timated using MapMaker version 1.0 (Lander et al. 1987). RAPD
markers were first ordered with a LOD score equal to, or above, three.
RFLP markers were then introduced with a LOD score equal to, or
above, two. Recombination fractions were transformed by the Ko-
sambi map function to estimate the map distance (Kosambi 1944).

Results
Establishment of a genetic linkage group around Are

In addition to the number of successive backcrosses and
selfings, the excellent phenotypic homogeneity of the four
pairs of NILs suggested that they should also be very ho-
mogeneous at the genomic level. Thus, any polymorphic
genetic marker should be linked to the introgressed Are
gene. However, as some introgressions may occur without
phenotypic effects, this should be verified afterwards The
isogenicity of these four pairs of NILs was analysed with
RFLP and RAPD techniques. One-hundred and thirty-
seven probes were tested on DNA blots of the four pairs
of NILs. Out of 234 probe x enzyme combinations only
four RFLPs were observed (Mahé et al. 1993). These four
probes differentiated the two members of the SW pair of
NILs but not the members of the three other pairs. Because
few polymorphisms were provided through RFLP analy-
sis, a search for RAPD markers was undertaken. In our ex-
perience, this technique reveals on average two markers
per primer in the case of bean (Adam et al. 1993). Further
RAPD analysis was carried out on SW NILs and the par-
ents of the backcross progeny (EO,, Corel). Only the
RAPDs identified between the SW isolines were subse-
quently used to test the three other pairs of NILs. Two-hun-
dred and thirty-eight primers were tested. Five RAPDs
were detected by comparing SW/S and SW/R. They were
also informative between EO, and Corel. Because of the
direction of the backcross, only dominant and codominant
genetic markers for EO, could be scored. Only one of these
five RAPDs, RoH20, was polymorphic between the resist-
ant and susceptible members of the two other pairs of NILs
(Ey and Coco, Fig. 1 A). Neither the RFLP probes nor the
RAPD primers tested were informative for the P12 NILs.
These data further demonstrate the high isogenicity level
of these lines.

The linkage of these nine markers to the Are locus was
analysed in a backcross progeny. RAPD analysis was car-
ried out with 120 individuals and RFLP analysis was done
with 72 individuals. Four markers (two RAPDs and two
RFLPs) were unlinked to the Are gene. Thus, the final link-
age group near Are contains five of the nine markers re-
vealed by the NILs analysis (Fig. 2). As expected, RoH20,
the polymorphic marker for three pairs of NILs, is the most
tightly linked to Are (0.5 cM). Its orientation with respect
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Fig. 1A, B Identification of a RAPD marker linked to the Are gene.
A Amplification products of the four pairs of near-isogenic lines (Co-
coR/S,EyR/S, P12R/S and SWR/S) using the primer H20. The mark-
er discriminating resistant (R) and susceptible (S) lines, RoH20, is
indicated by an arrow. B Hybridization of a Southern blot contain-
ing the amplification products of the NILs shown in A, with the
cloned RoH20 used as a probe (the arrow indicates the 450 bp frag-
ment)

0.5 wemm ARE / RoH20

8.2

0.9/07/1.3 w L RoE14/ RoE15-b / P2027
2.0
—4— P4118

Fig. 2 The Are linkage group. “Ro” represents RAPD markers. The
name of the Operon primer follows this prefix. Several products can
be amplified with each primer. The “b” of RoE15-b indicates a spe-
cific element (850 bp) of the amplification fragments produced with
the primer E15. “P” stands for RFLP markers. The fragment length
of RoE14 is 1 800 bp. P2027 hybridized to a 2600-bp fragment on
HindIlI digestions whereas P4018 hybridized to a 3100-bp fragment
on EcoRI digestions. Map distances, on the left, are in centiMorgans.
They have been estimated using the Kosambi map function. Large
bars indicate that the relative order of the loci could not be deter-
mined. In this case, 0.9 cM corresponds to the map distance between
RoE14 and RoE15-b; 0.7 ¢M stands for the map distance between
RoE15-band P2027; 1.3 cM is the map distance between RoE14 and
P2027

to Are could not be determined with a minimum LOD score
of two. The four other markers were located on the same
side of the Are locus, dipersed through a distance of 12 ¢cM.
Surprisingly, the four unlinked markers to Are are tightly
linked together and map to another linkage group (data not
shown). As these latter markers revealed polymorphism
only between the two members of SW NILs, it is unrealis-
tic to assume that they represent a genomic region epis-
tatic to the resistance gene. This independent introgression
event might rather be the consequence of outcrossing dur-
ing SW NILs breeding or, by chance, of introgression of a
genomic region without obvious phenotypic effect.
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Converting the RoOH20 RAPD marker
into a SCAR marker

RoH20 is a dominant marker (450-bp amplified fragment)
discriminating EO, from Corel (Fig. 3 A). In order to sta-
bilize this amplification product, a SCAR was produced.
The polymorphic band RoH20 was cloned as described in
Materials and methods. When used as a probe, this clone
revealed a fragment of 450-bp only in the resistant mem-
bers of three pairs of NILs (Coco, Ey, SW) as expected
from the RAPD RoH20 data (Fig. 1 B). P12/R did not show
this fragment, which suggested that the introgressed region
is smaller in P12/R than in the other resistant genotypes
(Coco/R, SW/R, Ey/R). An additional band (550-bp) was
present in all samples. This might represent another am-
plified locus conserved in all members of these four pairs
of NILs. Preliminary data from hybridization of EO, and
Corel genomic DNA blots suggest that RoH20 corresponds
to a moderately-repeated sequence (data not shown).

The cloned fragment was sequenced from both ends.
The sequence did not reveal any palindromic structure ex-
cept for the termini (10-bp) which correspond exactly to
the RAPD primers used in the original amplification ex-
periments. A computer analysis did not reveal any open
reading frame or any homology with any previously de-
scribed sequence in the data banks [Genebank(R) and
EMBL data libraries]. Specific primers of 24-mer, coded
SCH20-1 and SCH20-2, corresponding to both ends of the
insert, including the primer sequence H20, were synthe-
sized (Table 1). Both were more than 50% GC and did not
possess any palindromic sequence.

SCH20-1 and SCH20-2 when used as primers did am-
plify a 450-bp fragment both in the EO, and Corel culti-
vars, suggesting that the polymorphism observed with the
H20 primer was caused by a mismatch in one of the two
primer-targeted sequences. As described by Paran and Mi-
chelmore (1993) 24-mer primers allow stabilization of the
annealing of complementary sequences presenting a mis-
match. This is not the case for 10-bp RAPD primers. Re-
striction digests were carried out directly on the amplifi-
cation products to recover polymorphisms. Eleven restric-
tion enzymes (4-bp cutters) were tested. An informative
polymorphism (136-bp, Fig. 3 B) was observed with a
Ddel digest.

Both RAPD (Fig. 3 A) and SCAR (Fig. 3 B) analysis of
the progeny (120 individuals) provided identical conclu-
sions, further demonstrating that the observed polymor-
phisms with the two techniques correspond effectively to

Fig. 3A, B Parents and representative individuals of the
backcross progeny (R for resistant and S for susceptible)
were scored either for the RAPD marker RoH20 (A) or
for the corresponding SCAR marker SCH20 (B). The
RAPD (450-bp) and SCAR (136-bp) markers are indica-
ted by arrows. An additional amplified fragment contrib-
uted by Corel is indicated by a star (260 bp)

the same locus. The SCAR was much easier to score than
the RAPD (Fig. 3).

An additional polymorphic band (260 bp) emerged
from the Ddel analysis (Fig. 3 B). Itis present in Corel and
absent in EO,. As shown in Fig. 3, this polymorphism is
not informative for the analysis of backcross progeny.
SCH20 will also be useful in F2 progenies analysis, as it
is a co-dominant marker.

Discussion

NILs are considered useful biological tools when search-
ing for genetic markers, such as molecular markers, linked
to an introgressed locus. The theoretical mean proportion
of donor genome retained in the 11 chromosomes (assumed
to all have the same length, 100 cM) after t generations of
backeross breeding without selection was calculated for
each pair (Stam and Zeven 1981; Muehlbauer et al. 1988,
1991). This proportion is 0.043 for Coco/R, 0.285 for Ey/R,
0.014 for P12/R, and 0.019 for SW/R. Among 117 tested
probes in the RFLP analysis, approximately five probes
should have detected polymorphism between CocoS/R, 33
between EyS/R, one between P12S/R, and two between
SWS/R. These results might represent overestimations be-
cause they did not consider any selection process during
the breeding programs (Muehlbauer et al. 1988). Obvi-
ously, classical selection on phenotypic characters did en-
hance the recovery of non-targeted regions, at least for
Coco and Ey NILs. The difficulty in predicting the size of
the introgressed region is in agreement with the observa-
tions of Young and Tanksley (1989). They showed that,
under classical selection, variations in the size of the in-
trogressed fragment around the Tm2 resistance gene were
very large. In the present case, the classical backcross
scheme provided better levels of isogenicity than expected,
except for SW NILs in which a region independent from
Are was introgressed. The number of additional selfings
(between 12 and 22) stabilized the non-selected loci; very
few polymorphisms were observed with the analysis of
several hundred putative loci (Mahé et al. 1993; present
data).

Young and Tanksley (1989) also demonstrated that
marker-assisted breeding during backcross programs could
largely reduce both the number of required steps and the
length of introgressed fragments. Additional molecular
markers flanking Are will be sought and then used to test




the advantage of using linked markers in marker-assisted
breeding (Young and Tanksley 1989; Hospital and al.
1992). Distances between markers in this region will also
be re-estimated using a set of recombinant inbred lines de-
rived from a cross between EQ, and Corel (Bannerot, un-
published results). Because RAPD technology might lead
to irreproducibility among laboratories, it was decided to
convert the RAPD marker linked to Are, in this case
RoH20, into a Sequence Characterized Amplified Region.
The advantages of SCAR over RAPD were largely dis-
cussed by Paran and Michelmore (1993). In the present
case, SCH20 could be employed for the localisation of the
Are region on the bean genetic map (Vallejos et al. 1992;
Gepts 1993; Gepts et al. 1993). SCAR markers can also
provide useful information related to the sequence organ-
ization at a RAPD locus. SCAR markers will certainly be
very useful for any laboratory interested in marker-assisted
breeding.

The Are gene is important because it represents one of
the major genetic sources of resistance towards anthra-
cnose in the non-tropical areas where common bean is
grown (Fouilloux 1979; Park et al. 1987; Pastor-Corrales
and Tu 1989). Additional progenies and molecular mark-
ers will be used to saturate this region before initiating a
genome walk towards the Are gene. This work is in
progress for other genes conferring pathogen resistance in
plants (Debener et al. 1991; Martin et al. 1993). The mo-
lecular characterization of these loci will be of major inter-
est for the understanding of the mechanisms underlying
specific pathogen resistance in plants (Debener et al. 1991;
Michelmore et al. 1992). Other genes conferring resistance
to other bean discases are also being mapped, such as a ma-
jor gene for bean rust resistance (Haley et al. 1993} and
QTLs explaining a part of common blight resistance (No-
dari et al. 1993 b). When a common bean unified map is
established, it will be of interest to know whether, as in
many other cases (Pryor 1987), these genes, and others in-
volvedin specific resistance to bean diseases, are clustered.
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