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ABSTRACT. Understanding the genomic associations among disease resistance loci will facilitate breeding of multiple
disease resistant cultivars. We constructed a genetic linkage map in common bean (Phaseolus vulgaris L.) containing six
genes and nine quantitative trait loci (QTL) comprising resistance to one bacterial, three fungal, and two viral pathogens
of bean. The mapping population consisted of 79 F5:7 recombinant inbred lines (RILs) derived from a ‘Dorado’/XAN 176
hybridization. There were 147 randomly amplified polymorphic DNA (RAPD) markers, two sequence characterized
amplified region (SCAR) markers, one intersimple sequence repeat (ISSR) marker, two seedcoat color genes R and V,
the Asp gene conditioning seed brilliance, and two rust [Uromyces appendiculatus var. appendiculatus (Pers.:Pers) Unger]
resistance genes: one conditioning resistance to Races 53 and 54 and the other conditioning resistance to Race 108. These
markers mapped across eleven linkage groups, one linked triad, and seven linked pairs for an overall map length of 930
cM (Kosambi). Genes conditioning resistance to anthracnose (Co-2) [Colletotrichum lindemuthianum (Sacc. and Magnus)
Lams.-Scrib.], bean rust (Ur-5), and bean common mosaic virus (I  and bc-3) (BCMV) did not segregate in this population,
but were mapped by inference using linked RAPD and SCAR markers identified in other populations. Nine previously
reported quantitative trait loci (QTL) conditioning resistance to a variety of pathogens including common bacterial blight
[Xanthomonas campestris pv. phaseoli (Smith) Dye], ashy stem blight [Macrophomina phaseolina (Tassi) Goid.], and bean
golden mosaic virus (BGMV), were located across four linkage groups. Linkage among QTL for resistance to ashy stem
blight, BGMV, and common bacterial blight on linkage group B7 and ashy stem blight, BGMV, and rust resistance loci
on B4 will complicate breeding for combined resistance to all four pathogens in this population.

opment of multiple disease resistant cultivars is often compli-
cated by repulsion (trans) linkages among desired resistance
genes and QTL used to control different pathogens in a particular
production region (Kelly and Miklas, 1998). The development of
an integrated map of resistance loci is just beginning, however, as
many loci have yet to be mapped and the genomic relationships
among several mapped loci are still unknown; thus, a comprehen-
sive map of disease resistance loci in common bean remains a
primary goal of breeders.

Bean breeders have concentrated on constructing mapping
populations that segregate for many disease resistances, in hopes
of understanding genomic relationships among desired resis-
tance factors. Resistance genes for common bacterial blight
(Xanthomonas campestris pv. phaseoli), web blight [Thana-
tephorus cucumeris (Frank) Donk], and rust (Uromyces
appendiculatus var. appendiculatus) diseases limiting bean pro-
duction in the Dominican Republic were localized on a single
map (Jung et al., 1996). This paper describes how a single
population was used to detect linkages among mapped loci
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With recent advances in DNA marker technologies there has
been a corresponding influx of studies in common bean (Phaseo-
lus vulgaris) concerning genetic linkage maps (Adam-Blondon et
al., 1994; Gepts et al., 1993; Jung et al., 1996; Nodari et al., 1993a;
Vallejos et al., 1992), identification and characterization of
quantitative trait loci (QTL) conditioning disease resistance
(Ariyarathne et al., 1999; Jung et al., 1996; Nodari et al., 1993b),
and development of diagnostic markers for indirect selection of
monogenic resistance genes (Kelly and Miklas, 1998). Collec-
tively, this work is leading to integration of resistance loci into a
single core map for common bean (Freyre et al., 1998) with direct
implications for breeding resistant cultivars. For instance, devel-
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conditioning resistance to six major diseases of common bean,
one bacterial (common bacterial blight), three fungal [anthra-
cnose (Colletotrichum lindemuthianum), ashy stem blight
(Macrophomina phaseolina) and rust], and two viral [bean com-
mon mosaic virus (BCMV) and bean golden mosiac virus
(BGMV)]. Various combinations of these diseases reduce pro-
duction and seed quality of a fundamental food staple worldwide.
The linkage information obtained and its partial integration in the
core map will further facilitate development of multiple disease
resistant bean cultivars.

Materials and Methods

PLANT  MATERIALS . The mapping population consisted of 79
randomly derived F5:7 recombinant inbred lines (RILs) generated
by single-seed descent from a ‘Dorado’/XAN 176 hybridization.
Phenotypic characterization and QTL analysis of this mapping
population for response to common bacterial blight, ashy stem
blight, and bean golden mosaic virus was reported previously
(Miklas et al., 1996b, 1998). This cross is relatively narrow as
each parent developed by breeders at the International Center for
Tropical Agriculture (CIAT), Cali, Colombia, has a complex
pedigree dominated by progenitors from the Mesoamerican race
(CIAT, 1995). ‘Dorado’ (formerly DOR 364) (Honduras 46/
Negro 150/5/Honduras 46/Venezuela 54//Desarrural I/Cornell
49-242/4/Pompadour Checa/Turrialba 1/3/Porrillo Sintetico/
Honduras 46), a Honduran small red dry edible bean cultivar was
bred specifically for resistance to BGMV (Beebe, 1994). XAN
176 (Porrillo Sintetico/Compuesto Chimaltenango-2/4/22-G-4/
Gentry 21439//51052/Cornell 49-242/3/Negro/Jules), a black
dry edible bean breeding line was bred for resistance to common
bacterial blight (CIAT, 1995). ‘Dorado’ also has resistance to
rust, and XAN 176 has moderate resistance to ashy stem blight.

PCR MARKERS . The DNA sample, representing a line or parent,
was extracted from the leaf tissue of three plants macerated
together following the procedures of Miklas et al. (1996b). For
randomly amplified polymorphic DNA (RAPD) markers,
intersimple sequence repeat (ISSR) markers (González et al.,
1998), and sequence characterized amplified region (SCAR)
markers, the polymerase chain reaction (PCR) consisted of 25 µL
reactions containing two units of Stoffel fragment DNA poly-
merase (Perkin Elmer Cetus, Norwalk, Conn.), 1× Stoffel buffer,
5 mM MgCl2, 200 µM of each 2'-deoxynucleoside 5'-triphosophate,
0.2 µM (25 ng) primer for RAPD and ISSR markers vs. 12 to 17
ng of each primer pair for SCAR markers, and 25 ng template
DNA. The amplification profiles performed with a Perkin Elmer
480 DNA thermal cycler consisted of i) RAPD markers = 3 cycles
of 94 °C for 1 min, 35 °C for 1 min, and 72 °C for 2 min followed
by either 34 cycles of 94 °C for 1 min, 40 °C for 1 min, and 72 °C
for 2 min or 31 cycles of 94 °C for 10 s, 40 °C for 20 s, and 72 °C
for 2 min, followed by a 1-s autosegment extension for each cycle
and a final cycle extension at 72 °C for 5 min; ii) ISSR markers
= same as the shorter duration RAPD amplification profile above;
and iii) SCAR markers = profiles reported by Melotto et al. (1996)
and Melotto and Kelly (1998) were used. Amplified products
were separated on 1.4% agarose gels containing ethidium bro-
mide (0.5 µg·mL–1) for 5 h at 3 V·cm–1 constant voltage.

For RAPD markers, the parental DNA was amplified by 800
decamer primers obtained from Operon Technologies, Alameda,
Calif. For ISSR markers, the six primers (GACA)3GG,
(GACA)3AG, (GACAC)2, (GATA)4, (GAGA)4CG, and
(GAGA)4TG were used. All RAPD markers and ISSR markers

identified between the parents were assayed across the mapping
population.

MORPHOLOGICAL  MARKERS . The dominant V gene condition-
ing black seedcoat color and purple flower color was present in
XAN 176. The dominant Asp gene conditioning shiny seeds, and
the dominant R gene conditioning red seedcoat color were present
in ‘Dorado’. The rkd locus also conditions red seedcoat color.
Testcrosses (Bassett, 1998) indicate that the red seedcoat color of
the ‘Honduran Red’ market class is conditioned by a dominant
gene, most likely R (Bassett unpublished data); therefore, we
assumed that Dorado possessed R instead of rkd. The segregation
for V and Asp was evaluated across 78 of the 79 RILs as one RIL
had white seeds due to an outcross or seed mixture. Segregation
for R (red seedcoat color) and r (brown seedcoat color) could only
be determined for the 34 RILs with the recessive allele (v) at V.

L INKAGE  ANALYSIS  AND QTL  MAPPING. The Mapmaker/EXP 3.0
(Lander et al., 1987) computer program was used to obtain a
linkage map of the RAPD loci. A pairwise linkage analysis of the
RAPD data, imposing a minimum LOD of 3.8 and maximum
distance of 30 cM, was used to establish the linkage groups. The
markers within linkage groups were ordered with three-point and
multipoint LOD values of 3.0 and 2.5, respectively, using the
Order and Ripple commands. Centimorgan (cM) distances be-
tween linked loci were based upon recombination fractions using
the Kosambi (1944) mapping function.

For interval mapping QTL, a significant threshold of LOD 3.0
was applied within Mapmaker EXP 3.0/QTL 1.1 (Lander et al.,
1987; Lincoln et al., 1992). Additional QTL were assumed if,
while the position of a single QTL was fixed, any additional QTL
with a LOD increase of 3.0 above the fixed QTL was observed.
The phenotypic means of the RILs used for QTL mapping were
from the 1993 greenhouse experiments for common bacterial
blight reactions in the leaves (CBB-GH-leaf) and pods (CBB-
GH-pod) and a 1992 field trial (CBB-field) as reported by Miklas
et al. (1996b). The disease reaction means of the RILs for ashy
stem blight (ASB) and BGMV were obtained from 1993 field
trials (Miklas et al., 1996b, 1998).

Certain linkage groups of this map were partially integrated
with the core map either directly or indirectly through shared loci
with other maps.

RESISTANCE GENE MARKERS . To locate other disease resistance
traits on the map, the parental DNA was screened for 23 RAPD
and SCAR markers linked previously to 11 resistance genes as
listed by Kelly and Miklas (1998). Markers polymorphic between
‘Dorado’ and XAN 176 were assayed across the RIL mapping
population. If a marker was placed on the map, the parents were
challenged by an appropriate set of pathotypes for detection of the
corresponding linked resistance gene, except for anthracnose
where we lacked proper screening facilities and isolates. For
instance, we screened the parents against the NL-3 strain (Haley
et al., 1994b) of BCMV to detect the I gene (top necrosis reaction)
or the bc-3 gene (immune reaction), and against an array of bean
rust races 41, 44, 47, 49, 53, 54, 67, 73, and 108, able to detect
most rust resistance genes present across the 19 host differentials
of common bean (Stavely et al., 1989). If a resistance gene was
polymorphic between the parents, then its segregation across the
mapping population was determined.

Results and Discussion

L INKAGE  MAP. Of the 800 decamer primers screened, 712
amplified discernible DNA fragments in the parental lines ‘Dorado’
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and XAN 176. In total, 124 primers detected 165 RAPD markers
that were segregating in the mapping population. A relatively
high frequency (31%) of primers detected more than one RAPD
marker, and 10 RAPD markers were apparently codominant. The
average heterozygosity (4.8%) detected by these codominant
markers approached the 6% expected for an F5:7 RIL population
(Hallauer and Miranda, 1981). One ISSR marker (900 bp) was
detected by primer (GACAC)2.

In total, 155 loci were identified. They included 147 RAPD
markers (139 dominant and 8 codominant), two SCAR markers,
one ISSR marker, two seedcoat color genes R and V, the Asp gene
for seed brilliance, and two rust resistance genes: one condition-
ing resistance to Races 53 and 54 and the other conditioning
resistance to Race 108. They were assigned to 11 linkage groups
(US1 to US11), one linked triad (LT12), and seven linked pairs
(LP13 to LP19) (Fig. 1). The other 18 RAPD markers were
unlinked. For P. vulgaris,11 linkage groups would be expected
(2n = 22).

The overall map length was estimated at 930 cM, with an
average 6-cM distance between markers, which approximates the
1056 and 963 cM lengths for the Davis (Gepts et al., 1993) and
Florida (Vallejos et al., 1992) maps, respectively. Our map gave

nearly twice the genomic coverage as the Nebraska (545 cM; Jung
et al., 1996) map, even though both populations were based on
narrow crosses and had a similar number of mapped markers, 175
(75 plus 100 additional markers mapped subsequent to their
report, which did not significantly increase the length) for the
Nebraska map. Perhaps, complex pedigrees contributed to an
increased level of sequence diversity between our parental lines,
thus giving rise to a larger map. Still there was not enough
sequence diversity, as obtained in Middle American x Andean
gene pool crosses, to define clearly 11 complete linkage groups
or incorporate the numerous pairs and triads of linked markers
into linkage groups.

Two large linkage groups, US6 and US7, contained 43% of the
mapped loci, which is consistent with the Paris map (Adam-
Blondon et al., 1994), where the linkage groups P1 and P8
contained 42% of the mapped markers, and the Nebraska map,
where linkage groups 1 and 2 contained 45% of the mapped
markers. The Davis and Florida maps exhibit the same general
trend of a few linkage groups containing a large proportion of the
mapped markers. Interestingly, the marker saturation and length
of corresponding linkage groups varied between maps as D1 [39
(no. of markers on linkage group)/204 (no. of markers for the

Fig. 1. Genetic linkage map based on the segregation of 147 RAPD marker loci; one ISSR marker; two SCAR markers; three seedcoat traits R, V, and Asp; and two
rust resistance genes across 79 F5:7 recombinant inbred lines (‘Dorado’/XAN 176). The resistance genes Co-2, Ur-5, bc-3, and I were positioned based on linkage
to previously identified markers. The cumulative map distances are shown in Kosambi centimorgans. Markers followed by * or *** had distorted segregations from
the expected (1:1) at P < 0.05 or 0.001, respectively. CD signifies a codominant RAPD marker. Marker intervals containing major-effect QTL (LOD > 3.0) are
indicated by solid bars within the linkage groups. Corresponding linkage groups of the core map are in parentheses.
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entire map); 210 cM (length of linkage group] and P1 (35/150;
110 cM) had the highest proportion of mapped loci for the
respective Davis and Paris maps, whereas US1 contained fewer
mapped markers (9/155; 70 cM). Conversely, D6 (15/204 = 106
cM) and P6 (6/150 = 31 cM) had a lower proportion of mapped
markers than US6 (38/155 = 232 cM). Discrepancies in saturation
and length of corresponding linkage groups attests to the need for
integrating maps to obtain complete linkage groups.

Three markers deviated drastically (P < 0.001) from the 1:1
ratio expected for dominant markers in an F5:7 RIL population.
Two of these extremely distorted markers formed linkage pair
LP-15, and one was unlinked. Twenty-four other markers with
mildly distorted (0.05 > P > 0.01) segregation patterns were
dispersed across eight linkage groups and two linked pairs (Fig.
1). Of the markers exhibiting distorted segregation, 67% had a
higher than expected proportion of the XAN 176 allele. This
proportion of distortion among segregating markers (16%) is
within the 7% to 23% range reported for other maps (Adam-
Blondon et al., 1994; Jung et al., 1996; Nodari et al., 1993a;
Vallejos et al., 1992).

MAPPED RESISTANCE GENES AND QTL . Of the 23 RAPD and
SCAR markers linked previously to 11 resistance genes that we
screened (Kelly and Miklas, 1998), eight markers, representing
four resistance gene loci (Co-2, Ur-5, bc-3, and I) segregated in
our population (Fig. 1). The OQ41440 RAPD marker, linked to Co-
2 (Young and Kelly, 1996), mapped to an end of US1. The F10970

and I19460 RAPD markers (Haley et al., 1993) and SI19460 SCAR
(Melotto and Kelly, 1998) linked to Ur-5 were located on US8.
The SI19460 SCAR (Melotto and Kelly, 1998) mapped 3.7 cM
from the originating RAPD I19460 (Haley et al., 1994b). The
AD19690, S13660, and C20460 markers (Haley et al., 1994a; Johnson
et al., 1997), linked to bc-3, all mapped within 11.8 cM at one end
of US6. The W13690 RAPD (Haley et al., 1994b) and SW13690

SCAR (Melotto et al., 1996) markers, linked to the I gene,
mapped to the same location on LP-14.

Haley et al. (1994a) observed no recombination between
S13660 and AD19690 in an F2 population, whereas we observed a
spacing of 7.7 cM, perhaps because our recombinant inbred
mapping population, which had undergone more meioses, expe-
rienced a few crossover events between the marker loci (Burr and
Burr, 1991). The 2.0-cM distance between S13660 and C20460 was
similar to the 2.9-cM distance reported by Johnson et al. (1997),
and the placement of C20460 internal to S13660 at the end of the
linkage group was the same for both maps. The utility that other
RAPD markers, like AU171300 and P9700, may have as selectable
markers for the bc-3 gene warrants investigation in lieu of the
gene-pool specificity of the previously identified markers (Haley

et al., 1994a; Johnson et al., 1997; Miklas et al., 1996a).
The positions of Co-2, Ur-5, bc-3, and I on our linkage map can

only be inferred because they did not segregate, as neither parent
expressed bc-3 or Ur-5 and both parents expressed the I gene, and
reaction to anthracnose was not tested. However, the inferred
location of these resistance genes is reinforced by i) the placement
of Co-2, I and bc-3 toward the ends of linkage groups, which
coincides with their positions on other maps (Adam-Blondon et al.,
1994; Gepts et al., 1993; and Johnson et al., 1997); ii) the mapping
of multiple markers linked to an individual gene to the same
genomic region within a linkage group, as for bc-3 and Ur-5; and iii)
the RAPD and SCAR for the I gene mapped to the same position.

It is not uncommon for a RAPD marker tightly linked to a disease
resistance gene to be present in susceptible or lacking in resistant
germplasm (Miklas et al., 1996a), as observed herein for the bc-3,
Ur-5, and I gene RAPD markers. Although the SW13690 SCAR is
considered diagnostic for the I gene (Melotto et al., 1996), and is
even used in our breeding program as such, its absence in ‘Dorado’,
which has the I gene, should be duly noted.

Nine QTL with major affects (LOD > 3.0) on disease resistance
were identified (Table 1, Fig. 1). Four QTL conditioned resistance
to common bacterial blight: two on leaves (CBB-GH-leaf), one on
pods (CBB-GH-pod), and one on field reaction (CBB-field). Three
QTL conditioned field resistance to ashy stem blight. Lastly, two
QTL conditioned field resistance to BGMV.

Differential reactions of the parents to the nine rust races were not
attributable to any known genes. Two rust resistance genes derived
from ‘Dorado’ were observed to segregate in the RIL population
(Table 2, Fig. 1). The rust gene located on US1 conditioned a
combined hypersensitive and small pustule (2, 3 on a 1 to 6 scale;
Stavely, 1983) resistance reaction to races 53 and 54 and had
susceptible large pustule reactions 4, 5, or 6 to seven races. The rust
gene on US8 conditioned a combined hypersensitive and small
pustule reaction 2, 3 to race 108 and 4, 5, and 6 reactions to eight
races. This rust gene appears loosely linked with the Ur-5 (formerly
B-190; Kelly et al., 1996) rust resistance gene block shown to consist
of six tightly linked dominant genes in coupling (Stavely, 1984). To
determine whether these rust genes represent new loci or alleles of
existing rust resistance loci (Kelly et al., 1996) would require
allelism tests. The differential reaction of the gene on US1 most
resembles that of the Ur-3 gene, such that this should be the first test
of allelism for this particular locus. The rust resistance gene on US8
should first be tested for allelism with the Ur-4 and Ur-5 genes,
which occur on the same linkage group.

PARTIAL  MAP INTEGRATION . Sixty-seven percent of our map can
be integrated into previous maps, but only partially because in most
instances the integration is based on only one or two markers instead

Table 1. List of quantitative trait loci having pronounced effects (LOD >3.0) on disease resistance in an F5:7 RIL population (‘Dorado’/XAN 176).

Traitz QTL interval LOD score Linkage groupy R2

CBB-GH-leaf AP6820-G17540  20.5 US2 (B10) 73.0
AA19600-L6800 (with AP6 fixed) 4.8 US7 (B7) 7.6

CBB-GH-pod AJ1760-Q151000 6.3 US2 (B10) 52.4
CBB-field AA19600-L6800 3.9 US7 (B7) 36.5
ASB AH51300-AA19600 4.8 US7 (B7) 29.4

P15980-Q11980 (with AH5 fixed) 3.3 US4 13.8
W12700-F101000 (with AH5 fixed) 3.4 US8 (B4) 13.8

BGMV AS81560-AH16-CD 7.7 US7 (B7) 38.6
W12700-F101000 7.8 US8 (B4) 39.4

zASB = ashy stem blight, BGMV = bean golden mosaic virus, CBB = common bacterial blight, and GH = greenhouse.
yCorresponding linkage group of the consensus map in parenthesis.
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of the recommended two to three shared markers per linkage group.
The US1, US6, US7, and US9 linkage groups and linked pair LP-
14 containing the genes Co-2, bc-3 and V, Asp, R, and I, respectively,
correspond with the defined linkage groups B11, B6, B7, B8, and B2
of the core map (Adam-Blondon et al., 1994; Freyre et al., 1998;
Nodari et al., 1993a; Vallejos et al., 1992). The US2 and US8 linkage
groups correspond with B10 and B4 through resistance QTL shared
with other maps. The other five linkage groups, US3, US5, US8,
US10, and US11, have not been fully integrated with another map.

The partial integration of US1 with B11 is tenuous at best, as it
is based solely on the single marker OQ41440 linked with the Co-2
gene. US6 integrates with B6 via the shared bc-3-linked RAPD
markers (S13660, AD19690, and C20460) and V locus. US7 is partially
integrated with B7 through the shared Asp locus and a QTL for
common bacterial blight resistance, which maps internally to Asp
(toward the Phs locus) as it does in two other populations BAT 93/
Jalo EEP 558 (Nodari et al., 1993b) and BAC 6/HT 7719 (Ariyaranthe
et al., 1999; Jung et al., 1996). This QTL for common bacterial
blight derives from GN No. 1 sel 27 (Miklas et al., 2000). The
linked pair LP14 can be partially integrated with B2 of the core
map due to occurrence of I on linkage group D2 (Davis), P2
(Paris), and D (Florida) of previous maps. The US-9 linkage
group can be tenuously integrated with B8 of the core map due to
the presence of the R gene, which is tightly linked with the
previously mapped C locus for seedcoat color (Bassett, 1991).

A SCAR for the AP6820 marker (Miklas et al., 2000) on US2
mapped between the W10550 and BC4091250 SCAR markers (Jung
and Coyne, personal communication) on linkage group B10 in
another population BAC 6/HT 7719 (Ariyaranthe et al., 1999).
All three SCAR markers are associated with common bacterial
blight resistance, and the AP6820 SCAR has been useful for MAS
of common bacterial blight resistance in gamete and backcross
selection programs (Miklas et al., 2000). Both BAC 6 and the
XAN 176 parent of our population derive resistance to common
bacterial blight from GN No. 1 sel 27.

A SCAR (unpublished, available upon request) for the W12700

RAPD marker linked with BGMV resistance on US8 was present on
linkage group B4 (Beebe, personal communication) of the ‘Dorado’/
G19833 map (Beebe et al., 1998), where it was also associated with
BGMV resistance. The B4 linkage group of ‘Dorado’/G19833 has
been fully integrated into the core map. The W12700 SCAR occurs
between anchor RFLP markers Bng 71 and Bng 160 (Beebe, Blair,
and Pedraza, personal communication).

LINKAGES AMONG RESISTANCE GENES AND QTL . Three genomic
regions contained linked genes and/or QTL conditioning resistance
to different pathogens (Fig. 1). Rust and Co-2 genes were linked (9.6
cM) on US1 (B11). QTL conditioning resistance to common

bacterial blight, ashy stem blight, and BGMV were located within
34 cM on US7 (B7) in the same general region of Asp and presumed
location of Phs, where a QTL conditioning physiological resistance
to white mold [Sclerotinia sclerotiorum (Lib.) de Bary] was also
identified (Miklas et al., 1999). Nodari et al. (1993b) observed
resistance to common bacterial blight and Rhizobium Frank nodu-
lation, and Geffroy (1997) observed the Co-9 gene for resistance to
anthracnose in this same general region.

The unknown and Ur-5 rust-resistance genes and QTL condi-
tioning resistance to ashy stem blight and BGMV were located
within 25 cM on US8 (B4). The Ur-4 rust resistance gene also
resides on B4 (Gepts et al., 1993), although it segregates indepen-
dently from Ur-5 (Kelly et al., 1996). The QTL for resistance to
ashy stem blight and BGMV actually mapped to the same marker
interval, a result indicative of either a single locus having a
pleiotropic effect on resistance to multiple diseases or perhaps a
pair of closely linked genes. The latter explanation is most likely
because resistance to ashy stem blight derived from XAN 176
was negatively associated (r = –0.40, P < 0.01) with resistance to
BGMV derived from ‘Dorado’, which is supportive of two genes
closely linked in repulsion.

Could these regions on US7 and US8 represent initial visualiza-
tion of a cluster of genes conferring resistance to a diverse set of
pathogens as observed in other crops (reviewed by Michelmore and
Meyers, 1998) including soybean [Glycine max (L.) Merr.]
(Tamulonis et al., 1997) and lettuce (Lactuca sativa L) (Witsenboer
et al., 1995)? Generally, clusters of resistance genes are considered
to be formed from duplication events followed by mutation, diver-
gence, and genetic specificity for different pathogens (Staskawicz et
al., 1995). A slightly different mechanism, described by Meyers et
al. (1998) and Michelmore and Meyers (1998), emphasizing diver-
gence probably gave rise to the cluster of tightly linked resistance
genes that form the Ur-5 (Stavely, 1984) and Co-2 (Geffroy et al.,
1998) loci in common bean. Caution should be exercised when
interpreting the linkages among resistance loci in this study, how-
ever, as the small size of the ‘Dorado’/XAN 176 population leads to
a reduction in the precision of the location of a QTL or gene
(Melchinger et al., 1998).

From a breeder’s perspective, linkages among resistance loci
are beneficial when they derive from an individual parental line
(cis-configuration). When crossed with susceptible parents, these
resistances will be inherited as a single unit and likely remain
intact in subsequent progeny. When linked resistance genes are
donated by different parents (trans-configuration), recombina-
tion between the loci is necessary to obtain both resistances into
a single line. In the ‘Dorado’/XAN 176 population, recombina-
tion between disease resistance loci on US7 and US8 would be

Table 2. Comparison of differential rust reactions of two unknown rust resistance genes segregating in a ‘Dorado’/XAN 176 RIL population to known
rust resistance genes tested against nine rust races.

Rust race

Gene 41 44 47 49 53 54 67 73 108
Unknown (US1)z Sy S S S R R S S S
Unknown (US8) S S S S S S S S R
Ur-3 R S S S R R S S R
Ur-4 S R S R S S S R R
Ur-5 R R R S R R S R S
Ur-6 S S R S S S S R S
Ur-11 R R R R R R R R S
zThe unknown resistance genes are on linkage groups US1 and US8, respectively.
yRatings of S and R represent susceptible (grades 4, 5, and 6) and resistant (grades 1, 2, and 3) rust reactions, respectively.
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required to obtain lines with multiple disease resistance against
rust, common bacterial blight, ashy stem blight, and BGMV.
Thus, breeding multiple disease resistant cultivars is complicated
initially by these trans-linkages, and subsequently simplified
once the linked genes are recombined in cis-orientation. As
additional resistance genes and QTL are incorporated in the
common bean linkage map, it will become ever more useful as a
blueprint for breeding multiple disease resistant cultivars.
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