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Summary

Necrotic strains of bean common mosaic potyviruses are becoming increasingly problematic in bean growing areas
of Africa and Europe. Pyramiding epistatic resistance genes provides the most effective long-term strategy for
disease control against all known strains of the virus. Indirect selection using tightly linked markers should facilitate
the breeding of desired epistatic resistance gene combinations. In common bean, the most effective strategy for
broad spectrum control of the bean common mosaic potyviruses is to combine I and bc-3 genes. We describe the
use of near-isogenic lines and segregating populations from different gene pools combined with bulked segregant
analysis to identify markers tightly linked with the recessive bc-3 gene that conditions resistance to all strains of
bean common mosaic necrosis virus. We identified a RAPD marker, OG6595, linked at 3.7 cM from the bc-3, and
the marker was used to confirm the location of bc-3 gene on bean linkage group B6. A codominant AFLP marker,
EACAMCGG-169/172 was identified and linked at 3.5 cM from the bc-3 and the AFLP and OG6595 markers flanked the
bc-3 gene. The AFLP marker was converted to the STS marker SEACAMCGG-134/137 which showed co-segregation
with the original AFLP marker. The 134 bp fragment associated with resistance was linked with the bc-3 gene
present in a diverse group of bean genotypes except in two kidney bean lines. The OG6595 marker mapped on B6
supported independence of bc-3 from the I gene located on B2, which provides the opportunity to readily combine
both genes in a single bean cultivar for broad spectrum resistance to bean common mosaic potyviruses.

Introduction

Bean Common Mosaic Virus (BCMV) and Bean Com-
mon Mosaic Necrosis Virus (BCMNV) are the most
common and destructive potyviruses known to in-
fect common bean (Phaseolus vulgaris L.) worldwide
(Drijfhout, 1978; McKern et al., 1992). Both viruses are
seedborne and transmitted by several aphid species in a
non-persistent manner (Drijfhout, 1978). These viruses
have been reported in common bean in many parts
of the world including Europe (Drijfhout, 1978; Sáiz
et al., 1995), U.S. (Kelly et al., 1983; Provvidenti et al.,
1984), Canada (Tu, 1986), Mexico (Flores-Estévez

et al., 2003) and Africa (Silbernagel et al., 1986; Spence
& Walkey, 1995; Sengooba et al., 1997; Njau & Lyimo,
2000). BCMNV likely evolved more recently in the
African continent (Spence & Walkey, 1995) and recom-
bination has been observed between strains of BCMV
and BCMNV (Silbernagel et al., 2001).

The most effective ways to prevent susceptible
bean plants from becoming infected with BCMV and
BCMNV is through the production of virus-free seed
stocks in geographic regions were the viruses do not
exist (Hart & Saettler, 1981) or through the use of
genetic resistance (Drijfhout, 1978). Among the meth-
ods available to prevent virus infection in common
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bean, genetic resistance is the most cost effective and
durable (Drijfhout, 1978; Kelly et al., 1995; Miklas
et al., 2000). In East Africa where BCMNV is found in
wild legumes (Sengooba et al., 1997; Spence & Walkey,
1995), the only effective way to control these viruses is
to plant resistant cultivars, otherwise susceptible bean
plants can become infected from alternate hosts, grow-
ing adjacent to bean fields (Coyne et al., 2003).

Dominant and recessive resistance genes condi-
tion resistance to BCMV and BCMNV in common
bean (Ali, 1950; Drijfhout, 1978, 1991). The domi-
nant inhibitory I gene (Ali, 1950) conditions a clas-
sic hypersensitive resistance response whereas the re-
cessive genes are constitutively expressed and act by
restricting virus replication or movement within the
plant (Kelly, 1997; Kelly et al., 1995, 2003). The
dominant form of resistance to BCMNV and BCMV
conferred by the I gene has been a source of re-
sistance against a wide range of BCMV strains for
the last half century (Kelly, 1997). However, in the
presence of temperature-insensitive necrotic-inducing
(TINI) strains of BCMNV, the I gene is a produc-
tion concern because the hypersensitive response re-
sults in vascular necrosis and death of infected plants
(Drijfhout, 1991). The presence of the I gene in bean
cultivars in Central and Eastern Africa where BCMNV
strains exist has been such a serious problem that
breeders in those regions select against the I gene
(Silbernagel et al., 1986). Since dominant and recessive
resistance genes have distinctly different mechanisms
of resistance, bean breeders can utilize gene pyramid-
ing as a strategy to enhance the durability of resistance
(Kelly et al., 1995). Plant death resulting from the sin-
gle I gene can be prevented by incorporating into new
cultivars a series of recessive genes that confer resis-
tance to the specific TINI strains of BCMNV (Kelly,
1997).

Recessive resistance genes have been demonstrated
to be effective and long lasting in controlling diseases
caused by viruses (Fraser, 1992; Johansen et al., 2001;
Harrison, 2002). While little is known about the nature
of resistance, two hypotheses could explain the role
of recessive genes in virus resistance (Revers et al.,
1999). The resistant host may lack a host function
essential for critical steps in viral pathogenicity, and
consequently the dominant allele encodes a host fac-
tor, which is required for the virus to replicate and/or
move in the susceptible host; or the susceptibility allele
encodes a dominant negative regulator of resistance.
These hypotheses may explain why virulence against
recessive resistance is rare since it is unlikely that a

virus could mutate to overcome a missing or defective
host function.

In common bean, three strain specific recessive loci
bc-1, bc-12; bc-2, bc-22; and bc-3 control resistance
to BCMV and BCMNV (Drijfhout, 1978, 1991). The
fourth recessive locus conditioning resistance is a strain
nonspecific bc-u gene that is necessary for the full ex-
pression of all strain specific recessive genes in the
absence of the I gene (Drijfhout, 1978). With the ex-
ception of the bc-2 locus, the other single recessive
resistance genes are functional in the presence of the I
gene (Kelly et al., 1995). Most of the resistance genes
have been mapped to independent loci on the bean in-
tegrated linkage map (Freyre et al., 1998): The I gene
maps to linkage group B2 (Freyre et al., 1998); the bc-
12 allele maps to B3 (Freyre et al., 1998; Kelly et al.,
2003; Miklas et al., 2000); the bc-u also resides on B3
due to its loose linkage with bc-1 locus (Strausbaugh
et al., 1999); and the bc-3 gene maps to B6 (Gepts,
1999; Kelly et al., 2003). Bean breeders have exploited
the independence of these resistance genes in the devel-
opment of cultivars with pyramided resistance as the
preferred strategy in breeding for durable resistance to
BCMV and BCMNV (Kelly et al., 1994).

Epistatic interactions occur between the different
resistance genes when bean plants are inoculated with
the NL 3 strain of BCMNV: bc-3 masks the effect of
the I, bc-22 and bc-12 genes; and bc-22 masks the bc-
12 gene (Kelly et al., 1995). Because of the epistatic
interaction between bc-3 and I, the effect of the I gene
cannot be detected phenotypically in the presence of
the bc-3 gene. The bc-3 gene confers resistance to all
known strains of BCMNV and BCMV in the presence
of the dominant I gene. In the presence of the reces-
sive i gene, bc-3 requires the presence of bc-u to be
fully expressed while bc-u is not required in the pres-
ence of the dominant I gene. Cultivars with I,bc-3 and
bc-u,bc-3 combinations are immune to all strains of
BCMV and BCMNV while i, bc-3 genotypes are resis-
tant to all strains of BCMNV but susceptible to some
strains of BCMV (Miklas et al., 1998). To develop com-
plete resistance to both potyviruses, bean breeders have
used indirect selection by deploying molecular mark-
ers linked to the I gene (Haley et al., 1994b; Melotto
et al., 1996) to identify the dominant I gene in the pres-
ence of the epistatic bc-3 gene as the desirable I, bc-3
combination cannot be distinguished from i, bc-3 geno-
types using direct inoculation with strains of BCMNV
(Kelly, 1997).

The introgression of recessive genes through tra-
ditional breeding is laborious and time consuming
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because of the need for progeny tests to identify geno-
types with the desired resistance genes. Moreover, the
epistatic interactions between resistance genes prevent
direct selection for useful hypostatic genes, and re-
quire testcrosses to identify many useful resistance
gene combinations. The use of indirect screening meth-
ods with molecular markers linked to the genes of in-
terest would facilitate the development of bean culti-
vars with recessive resistance to BCMV and BCMNV.
The recessive gene, bc-3, is particularly useful in ar-
eas of the world where BCMNV is prevalent since it
confers resistance to all known strains of BCMNV and
many strains of BCMV (Miklas et al., 1998). The use
of marker-assisted-selection (MAS) by breeders should
facilitate the transfer of the bc-3 gene into suscepti-
ble genotypes especially in those countries where TINI
strains of BCMNV are absent or unavailable for screen-
ing due to quarantine restrictions.

A number of RAPD markers: OAD19690 linked
(1.9 cM) in coupling and OS13660 linked (7.1 cM) in
repulsion to the bc-3 gene have been identified (Haley
et al., 1994a). In addition, Johnson et al. (1997) devel-
oped SCAR markers from the OC11350/420 (ROC11)
and OC20460 RAPD markers linked to the bc-3 gene to
improve their utilization. The use of these markers in
MAS, however, has been limited due to a lack of poly-
morphism and reproducibility across diverse genetic
backgrounds and gene pools of common bean (Kelly
et al., 2003). Direct screening with strains of BCMV
and BCMNV is still required to confirm the presence
of the bc-3 gene. To efficiently introgress the bc-3 gene
for resistance to BCMV and BCMNV into susceptible
bean cultivars, there is a need to identify more robust
DNA markers tightly linked to the bc-3 gene that will
demonstrate reproducibility across laboratories and be
functional in different genetic backgrounds. The ob-
jectives of this study were to use near-isogenic lines
(NILs), segregating populations and DNA from differ-
ent bean gene pools combined with the bulked seg-
regant analysis (BSA), to increase the opportunity of
finding new markers linked to bc-3 gene using both
RAPD and AFLP analyses.

Materials and methods

Mapping populations

Three mapping populations representing different gene
pools of common bean were used to screen for mark-
ers linked to the bc-3 gene. The Middle American gene

pool was represented by a F4:7 recombinant inbred line
(RIL) population derived from a cross between culti-
vars Bunsi with the I gene and Raven that carries the I,
bc-3 gene combination (Kelly et al., 1994). The RILs
were used to produce NILs that differed at the bc-3
locus, following a procedure outlined by Haley et al.
(1994c). The genotype of the NILs was verified by in-
oculation with the NL 3 strain of BCMNV. The Andean
population resulted from the cross between RWK10, a
large seeded Rwandan dry bean cultivar with the I gene
(ISAR, 2001) and USCR-7 a cranberry bean genotype
carrying the I and bc-3 gene combination (Miklas &
Kelly, 2002). The parental reaction was verified after
inoculation with the NL 3 strain of BCMNV. The F1

generation was selfed to produce F2 individuals that
segregated for the bc-3 gene but were fixed for the I
gene. Leaf samples for DNA extraction were collected
from each F2 plant from the RWK10/USCR-7 popu-
lation, and stored at −80 ◦C. Each F2 plant was self-
pollinated to produce F2:3 families that were inoculated
with the NL 3 strain of BCMNV to determine the geno-
type of the parental F2 plant. An average of 10 or more
seedlings from each F2:3 family were mechanically rub
inoculated with BCMNV following the methodology
described by Kelly et al. (1995). The third mapping
population was derived from the interracial cross be-
tween the breeding line BRB130 from CIAT, that car-
ries the I, bc-3 gene combination and breeding line
A25, derived from the Spanish cultivar Andecha, with
no known genes for resistance to BCMNV. F2 plants
were self-pollinated to produce 77 F2:3 families but no
direct screening for virus was conducted on the F2 in-
dividuals or F3 progeny. The genotype of F2 plants for
the presence of the SCAR marker ROC11 linked to the
bc-3 gene (Johnson et al., 1997), was determined af-
ter DNA collection and analysis of 10–12 plants of the
corresponding F2:3 families.

RAPD analysis

The search for RAPD markers linked to the bc-3 gene
was carried out by screening random decamer primers
(Operon Technologies, Alameda, CA and Integrated
DNA Technologies, Coralville, IA). DNA extractions
followed the mini-prep protocol of Afanador et al.
(1993). PCR profile and agarose gel-electrophoresis
conditions were similar to those of Haley et al. (1993),
and BSA (Michelmore et al., 1991) was conducted in
the RWK10/USCR-7 population using equimolar pools
of DNA from five resistant individuals and five sus-
ceptible individuals. Primers shown to be polymorphic



294

among Bunsi/Raven NILs were run on the parents
and the DNA bulks of homozygous F2 individuals in
the RWK10/USCR-7 population. Those primers that
showed polymorphism between parents and bulks were
subsequently tested on individual members of the bulks
before testing on the complete population. In addi-
tion, RAPD markers putatively linked to bc-3 were
tested for polymorphisms on the parental genotypes,
BAT 93 and Jalo EEP558 of the integrated bean map-
ping population (Freyre et al., 1998). BSA was car-
ried out in the A25/BRB130 population using equimo-
lar pools of DNA from five homozygous individuals
for positive and five homozygous individuals for nega-
tive amplification of the ROC11 marker. Those primers
that showed polymorphism between parents and bulks
were tested on the complete population. RAPD mark-
ers linked to ROC11 were tested for polymorphism in
the Bunsi/Raven, RWK10/USCR-7 and BAT 93/Jalo
EEP558 populations. The BAT 93/Jalo EEP558 popu-
lation (Freyre et al., 1998), used to map polymorphic
candidate markers to the integrated bean map, consisted
of 64 RILs.

AFLP analysis

The search for a marker linked to bc-3 gene was
conducted using AFLP analysis in combination with
the same bulks described for RAPD analysis and sil-
ver staining techniques (Promega Madison, WI). The
AFLP analysis followed previously described protocol
by Hazen et al. (2002) using EcoRI and MseI as re-
striction enzymes. The gels were scored for polymor-
phisms between both between parents and bulks. The
AFLP analysis was performed on the RWK10/USCR-
7 F2 mapping population and the Bunsi/Raven RIL
population.

Sequence-tagged site (STS) marker development

AFLP fragment(s) putatively linked to bc-3 were
cloned following procedure previously described by
Vallejo and Kelly (2002). A complete description of the
protocol used to develop STS markers is available at
www.css.msu.edu/bean. To confirm the conversion of
the AFLP into a STS marker, PCR reactions were per-
formed using the new primer combination on the par-
ents and bulks before testing the entire mapping popu-
lation. The optimal PCR amplification was conducted
in 30 µl reactions containing 30 ng of template DNA,
0.5 ng of each primer, 0.8 mM dNTP mix, 1 × PCR

buffer, 3.75 mM MgCl2, and 0.05 U Taq DNA poly-
merase (Invitrogen, Carsbad, CA). DNA amplification
was performed using Programmable Thermal Con-
troller (PTC)-100 thermal cycler (MJ Research Inc.,
Waltham, MA) and the PCR profile consisted of 94 ◦C
for 2 min, 25 cycles of 30 s at 94 ◦C, 1 min at 53 ◦C, and
1 min at 72 ◦C and the final extension of 5 min at 72 ◦C.
To separate the amplified products, the PCR products
were run on 6% polyacrylamide gels and visualized
with the silver staining method (Promega, Madison
WI).

Segregation analysis

A total of 77 F2 individuals from the A25/BRB130
population were screened for linkage between RAPD
markers and the ROC11 SCAR. A group of 92 F2 in-
dividuals from the RWK10/USCR-7 population were
originally screened for the putative RAPD, AFLP and
STS markers, but as some of the F2:3 families had less
than 10 plants, verifiable phenotypic data was not ade-
quate to confirm the F2 phenotype. Since resistance was
recessive, heterozygotes could still carry bc-3 allele but
exhibit a susceptible phenotype. Progeny sizes under 10
plants per family were not included in the linkage anal-
ysis as they were considered too small to adequately
separate between homozygous and heterozygous phe-
notypes. Heterozygous families of less than 10 plants,
however, were included in the analysis. Using this cri-
terion, only 58 F2 individuals were used to calculate
segregation ratios and the linkage between the differ-
ent markers and the disease reaction. The segregation
for both molecular and phenotypic data for the F2 and
F2:3 generations of RWK10/USCR-7 and A25/BRB130
populations were analyzed to verify their goodness of
fit with 1R:3S and 1rr:2Rr:1RR segregation ratios using
the χ2-test.

Linkage analysis

The linkage analysis between the markers (RAPD,
AFLP and STS) and the bc-3 gene or the ROC11
marker was performed using MAPMAKER 3.0 soft-
ware (Lander et al., 1987) with a minimum LOD of 3.0.
The recombination fraction was calculated using the
Kosambi function. The same MAPMAKER 3.0 soft-
ware was also used to map markers putatively linked
to the bc-3 gene on the integrated map using the BAT
93/Jalo EEP558 RIL population.
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Results

RAPD analysis

A total of 1009 random primers were screened on the
parents and the respective R and S bulks. One hun-
dred sixty-eight primers (16.6%) were polymorphic
between Bunsi and Raven and 115 primers (11.4%)
were polymorphic between RWK10 and USCR-7, but
none were polymorphic between the parents of both
mapping populations. Four other primers were poly-
morphic between parents and bulks in the Bunsi/Raven
population but none were linked to the bc-3 gene when
tested on the entire mapping population. A total of 580
random primers were screened on the parents and bulks
of the A25/BRB130 population. The RAPD markers
OG6595 and OI4775 were polymorphic and flanked the
ROC11 marker at distances of 5.7 cM and 6.2 cM, re-
spectively (Figure 1a). Based on the close linkage be-
tween the ROC11 marker and the bc-3 gene (Johnson
et al., 1997), OG6595 and OI4775 should flank the re-
sistance gene. The OI4775 marker was not polymor-
phic in the other mapping populations and was not
studied further. OG6595 was also polymorphic between
RWK10 and USCR-7 parents, and bulks and mapped
at 3.7 cM from the bc-3 gene in the RWK10/USCR-7
mapping population (Figure 1b). Segregation data was
supported by the χ2 value (0.45, p < 0.575) for 1:3
ratio (Table 1). The F2 results of the phenotypic screen-
ing were confirmed by the analysis of the F2:3 families
that showed a good fit (p < 0.375) to a segregation ra-
tio of 1:2:1 supporting the presence of single recessive
resistance gene (Table 1). The BAT/Jalo RIL mapping
population was also screened with OG6595 to determine
the marker location on the integrated bean linkage map.

The OG6595 marker mapped to linkage group B6 of the

Figure 1. Linkage maps of markers flanking the ROC11 SCAR
marker and the bc-3 gene on bean linkage group, B6; (a) Linkage map
of RAPD markers OG6595 and OI4775 flanking the ROC11 marker
(Johnson et al., 1997) in the A25/BRB130 population; (b) Link-
age map of RAPD marker OG6595 and AFLP marker EACAMCGG-
169/172 flanking the bc-3 gene in the RWK10/USCR-7 population.
Markers are shown on right side of figure and distances in cM are
shown on the left side of the figure.

Table 1. Chi-square analysis of observed ratios for bc-3 gene and
the AFLP marker EACAMCGG-169/172 and OG6595 RAPD marker
segregating for resistant (rr) and susceptible (R-) in F2 generation and
for homozygous resistant (rr), heterozygous susceptible (Rr), and
homozygous susceptible (RR) for F2:3 families in RWK10/USCR-7
population

Locus Expected Observed
tested Generation ratios ratios χ2 P

bc-3 F2 1:3 13:45 0.2 0.625

bc-3 F2:3 1:2:1 13:34:11 1.16 0.375

EACAMCGG F2 1:3 10:48 1.86 0.175

EACAMCGG F2:3 1:2:1 10:36:12 3.52 0.175

OG6595 F2 1:3 12:46 0.45 0.575

Resistant: rr = (bc-3, bc-3); Susceptible: R- (Bc-3, bc-3), RR (Bc-3,
Bc-3).

integrated bean map (Freyre et al., 1998) at 4.3 cM from
the previously mapped marker, ROC11 (Johnson et al.,
1997) linked to the bc-3 gene on B6. The map distance
(4.3 cM) between OG6595 and ROC11 in BAT/Jalo pop-
ulation approximated the linkage distance (3.7 cM) be-
tween OG6595 and bc-3 in the RWK10/USCR-7 popu-
lation (Figure 1b) and the linkage distance (5.7 cM)
between OG6595 and ROC11 in the A25/BRB130
population (Figure 1a). The DNA fragment corre-
sponding to RAPD OG6595 obtained from BRB130,
was purified, cloned, sequenced, and the SCAR
primers 5′- GTGCCTAACCGAGTTATCTAGAGT-3′

and 5′-GTGCCTAACCCTCCTAAATGACCT-3′ were
designed (the sequence corresponding to the RAPD
is underlined). These primers amplified a single DNA
fragment of the expected size (595 bp) in all materi-
als analyzed, but no polymorphisms were observed be-
tween genotypes under the most stringent conditions.
The sequence of the amplification product obtained
from A25 as template was determined and proved iden-
tical to the original fragment obtained from BRB130.
Attempts to produce a polymorphic SCAR marker of
the OG6595 RAPD marker were unsuccessful.

AFLP analysis

A total of 42 primer-pair combinations were screened
against parents and bulks in the RWK10/USCR-7 pop-
ulation. Twelve primer combinations (20.5%) gener-
ated at least one polymorphism between parents and
a total of 23 polymorphisms were generated. Out
of 12 primer combinations, 5 were polymorphic be-
tween both parents and bulks. When individual mem-
bers of the bulks were examined one co-dominant
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marker EACAMCGG-169/172 co-segregated with the dis-
ease reaction (Table 1). The co-segregating bands
were approximately 169/172 bp in size and the smaller
fragment was associated with resistance (p < 0.175;
Figure 1b). This AFLP marker was tested in the en-
tire mapping population but only 58 F2 individu-
als were used to calculate the linkage between the
EACAMCGG169/172 marker and the disease reaction. The
linkage analysis showed that EACAMCGG169/172 marker
was linked at 3.5 cM distance from the bc-3 gene and
was supported by the χ2 value (1.86, p < 0.175) for
1:3 ratio (Table 1). The AFLP and OG6595 markers
flanked the bc-3 gene (Figure 1b).

To facilitate scoring and reduce the costs as-
sociated with the AFLP analysis by eliminating
the digestion and ligation steps, the EACAMCGG-
169/172 marker was transformed into the STS
marker SEACAMCGG. The 169 bp fragment correspond-
ing with resistance phenotype was sequenced and
two primers combinations were designed to am-
plify codominant 134/137 bp fragments (Figure 2).
The smaller size of the fragments generated by the
STS marker compared to the AFLP marker was
due to the elimination of the sequence correspond-
ing to AFLP adapters used in designing primers.
The sequences of the primers synthesized were 5′-
CGGTCATACATTTATACAAAACC-3′ for the for-
ward primer and 5′-AGTTTGACAGGTGCAAGTCT-
3′ for the reverse primer. The SEACAMCGG-134/137
marker generated bands of the same pattern as the orig-
inal AFLP and resulted in the same number of recom-
binants. A diverse group of bean genotypes known to
carry the bc-3 gene in the kidney, pinto, black, cran-
berry, small red, and great northern commercial classes
representing the two gene pools of common bean were
tested for the presence of the SEACA/MCGG-134/137
marker (Table 2). The band linked to resistance was

Figure 2. PCR product obtained using the SEACAMCGG-134/137 STS marker; Arrows indicate 134 bp lower band associated with resistance;
137 bp upper band associated with susceptibility; Lane 1. 10 bp ladder; Lane 2. resistant parent (USCR-7); Lane 3. susceptible parent (RWR
10); Lane 4. resistant bulk; Lane 5. susceptible bulk; Lanes 6–11. F2 resistant individuals; Lanes 12–17. F2 heterozygote individuals; Lanes
18–24. F2 susceptible individuals.

Table 2. Survey of bean genotypes carrying bc-3 gene for presence
of SEACAMCGG-134/137 and OG6595 markers

Gene Bean Band RAPD
Genotypes poola class size (bp) OG6595

USCR-7 A Cranberry 134 +c

USCR-9 A Cranberry 134 +
USLK-2 A Light red kidney 137 +
USDK-4 A Dark red kidney 137 +
USWK-6 A White kidney 134 +
PR0066-6 MA Small red 134 +
I99530 MA Small red 134 +
I99532 MA Small red 134 +
Raven MA Black 134 +
B00108 MA Black 134 +
BDM-RMR-11 MA Pinto 134 +
BDM-RMR-16 MA Pinto 134 +
BDM-RMR-19 MA Pinto 134 +
G99750 MA Great northern 134 +
RWK10b A Large red stripe 137 −
Bunsib MA Navy 134 +
aA: Andean; MA: Middle America; 134 base pairs: Resistance band;
137 bp: Susceptibility band.
bSusceptible check cultivars, lacking the bc-3 gene.
c+: Presence; −: absence of the OG6595 marker.

present in all lines possessing bc-3, except in two kid-
ney lines USLK-2, USDK-4 and Bunsi (Table 2).

Discussion

NILs from the Middle American gene pool originating
from the Bunsi/Raven population were first used to find
a RAPD marker linked to bc-3 gene. The efficiency of
NILs for targeting RAPD markers linked to disease re-
sistance genes was suggested by Haley et al. (1994c)
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as a strategy to reduce the number of false positive
polymorphisms, and enhance the likelihood of finding
tighter linkages to the gene of interest. In this study,
primers that generated polymorphisms between NILs
in the Middle American gene pool were tested on par-
ents and bulks from the Andean gene pool. Combining
these two strategies with BSA, which reduces targeted
markers to a smaller region within the genome, was ex-
pected to facilitate and improve the finding of a more
robust marker linked to bc-3 gene. These strategies re-
duced the incidence of false positive bands since only
a small number of polymorphic primers between both
parents and bulks were observed compared to the num-
ber of primers tested. Only one RAPD marker OG6595,
however, proved to be linked with the bc-3 resistance
gene in the Andean population. This marker provided
the opportunity to reconfirm the map location of the
bc-3 gene on B6 (Kelly et al., 2003). Markers linked in
repulsion phase to other recessive genes such as the bc-
12 and bgm-1 genes conditioning resistance to BCMV
and BGMV, respectively have been reported in com-
mon bean (Miklas et al., 2000; Urrea et al., 1996) but
finding markers linked to a recessive resistance genes
in the host has proved challenging.

The genetic variability observed between parents
was higher between Bunsi and Raven (16.6%) than
between USCR-7 and RWK10 (11.4%). A similar in-
creased molecular variability in the Middle America
gene pool was also observed by Beebe et al. (2000,
2001), who concluded that a narrower genetic base ex-
isted in Andean gene pool. Greater genetic variabil-
ity was detected between USCR-7 and RWK10 geno-
types by the AFLP than by the RAPD analysis. In only
42 primer pair combinations 20.5% were polymorphic
between the Andean parents suggesting that this tech-
nique may be more powerful than RAPD in detecting
polymorphism among highly related genetic material.
The AFLP technique enabled us to find a codominant
marker tightly linked (3.5 cM) to bc-3 gene in a rela-
tively small population of 58 F2 plants. The codominant
nature of the AFLP and STS markers detected in this
study is particularly useful in breeding for the recessive
bc-3 gene. Codominant markers can help in the iden-
tification of heterozygous individuals at each genera-
tion, eliminating the number of generations required for
progeny testing. However it was not possible to visu-
alize the polymorphism generated by the SEACAMCGG-
134/137 marker on agarose gels. This is due to the
small 3 bp difference between fragments which cannot
be resolved as effectively on agarose gels as on poly-
acrylamide gels (Figure 2).

The fragment associated with the resistance phe-
notype generated by the SEACAMCGG-134/137 marker
was present in genotypes of pinto, cranberry, small red,
black, and great northern beans known to carry the bc-
3 gene (Table 2). This association suggests that the
marker could be useful for MAS in those distinct seed
classes. In kidney beans, the resistance-associated band
was present in USWK-6, but was absent in the resistant
USLK-2 and USDK-4 genotypes. These results sug-
gest that the marker should be tested in a larger num-
ber of kidney beans to ascertain its usefulness in this
class and that recombination could have occurred be-
tween the marker and the bc-3 gene during the repeated
backcrossing used to develop the resistant USLK-2 and
USDK-4 kidney bean lines with bc-3 (Miklas et al.,
2002). The SEACAMCGG-134/137 and OG6575 mark-
ers should facilitate marker-assisted breeding for bc-3
gene and hasten the development of BCMNV resistant
bean cultivars. Importantly these markers should offer
the unique opportunity to develop cultivars with the I
and bc-3 gene pyramid which is recognized to confer
resistance to all known strains of BCMV and BCMNV
in common bean.
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Flores-Estévez, N., J.A. Acosta-Gallegos & L. Silva-Rosales, 2003.
Bean common mosaic virus and bean common mosaic necrosis
virus in Mexico. Plant Dis 87: 21–25.

Fraser, R.S., 1992. The genetics of plant-virus interactions: Implica-
tions for plant breeding. Euphytica 63: 175–1992.

Freyre, R., P.W. Skroch, V. Geffroy, A.F. Adam-Blondon, A.
Shirmohamadali, W.C. Johnson, V. Llaca, R.O. Nodari, P.A.
Pereira, S.M. Tsai, J. Tohme, M. Dron, J. Nienhuis, C.E. Vallejos
& P. Gepts, 1998. Towards an integrated linkage map of common
bean. 4. Development of a core linkage map and alignment of
RFLP maps. Theor Appl Genet 97: 847–856.

Gepts, P., 1999. Development of an integrated linkage map. In: S.P.
Singh (Ed.), Development in plant breeding. Common bean im-
provement in the twenty-first century, pp. 53–91. Kluwer Aca-
demic Publisher, Dordrecht, The Netherlands.

Haley, S.D., P.N. Miklas, J.R. Stavely, J. Byrum & J.D. Kelly, 1993.
Identification of RAPD markers linked to a major rust resis-
tance gene block in common bean. Theor Appl Genet 86: 505–
512.

Haley, S.D., L. Afanador & J.D. Kelly, 1994a. Selection for mono-
genic pest traits with coupling and repulsion phase RAPD mark-
ers. Crop Sci 34: 1061–1066.

Haley, S.D., L. Afanador & J.D. Kelly, 1994b. Identification and
application of a random amplified polymorphic DNA marker for
the I gene (potyvirus resistance) in common bean. Phytopathology
84: 157–160.

Haley, S.D., L. Afanador & J.D. Kelly, 1994c. Heterogeneous inbred
populations are useful as sources of near-isogenic lines for RAPD
marker localization. Theor Appl Genet 88: 337–342.

Harrison, B.D., 2002. Virus variation in relation to resistance break-
ing in plants. Euphytica 124: 181–192.

Hart, L.P. & A.W. Saettler, 1981. Bean common mosaic virus. Michi-
gan State University, Extension Bulletin E-1561.

Hazen, S.P., P. Leroy & R.W. Ward, 2002. AFLP in Triticum aes-
tivum L.: Pattern of genetic diversity and genome distribution.
Euphytica 125: 89–102.

ISAR, Bean program, 2001. Activity review, August 2001. p 1–8.
http://www.isar.cgiar.org/Isarprog/Bean.htm

Johansen, I.E., O.S. Lund, C.K. Hjulsager & J. Laursen, 2001. Reces-
sive resistance in Pisum sativum and potyvirus pathotype resolved

in gene for cistron correspondence between host and virus. J Virol
75: 6609–6614.

Johnson, W.C., P. Guzman, D. Mandala, A.B.C. Mkandawire, S.
Temple, R.L. Gilbertson & P. Gepts, 1997. Molecular tagging of
bc-3 gene for introgression into Andean common bean. Crop Sci
37: 248–254.

Kelly, J.D., 1997. A review of varietal response to bean common
potyvirus in Phaseolus vulgaris. Plant Varieties Seeds 10: 1–6.

Kelly, J.D., A.W. Saettler & M.W. Adams, 1983. New necrotic strain
of bean common mosaic virus in Michigan. Annu Rep Bean Im-
prov Coop 26: 49–50.

Kelly, J.D., G.L. Hosfield, G.V. Varner, M.A. Uebersax, S.D. Haley
& J. Taylor, 1994. Registration of ‘Raven’ black bean. Crop Sci
34: 1406–1407.

Kelly, J.D., L. Afanador & S.D. Haley, 1995. Pyramiding genes for
resistance to bean common mosaic virus. Euphytica 82: 207–
212.

Kelly, J.D., P. Gepts, P.N. Miklas & D.P. Coyne, 2003.Tagging and
mapping of genes and QTL and molecular-marker assisted selec-
tion for traits of economic importance in bean and cowpea. Field
Crops Res 82: 135–154.

Lander, E.S., P. Green, J. Abrahamson, A. Barlow, M.J. Daly, S.E.
Lincoln & L. Newburg, 1987. MAPMAKER: An interactive com-
puting package for constructing primary genetic linkage maps of
experimental and natural populations. Genomics 1: 174–181.

McKern, N.M., G.I. Mink, O.W. Barnett, A. Mishra, L.A. Whittaker,
M.J. Silbernagel, C.W. Ward & D.D. Shukla, 1992. Isolates of
bean common mosaic virus comprising two distinct potyviruses.
Phytopathology 82: 923–928.

Melotto, M., L. Afanador & J.D. Kelly, 1996. Development of a
SCAR marker linked to the I gene in common bean. Genome 39:
1216–1219.

Michelmore, R.W., I. Paran & R.V. Kesseli, 1991. Identification of
marker linked to disease resistance genes by bulked segregant
analysis: A rapid method to detect markers in specific genomic
regions by using segregating populations. Proc Natl Acad Sci 88:
9828–9832.

Miklas, P.N., S. Lambert, G. Mink & M. Silbernagel, 1998. Many
beans with bc-3 resistance to BCMNV are susceptible to BCMV.
Annu Rep Bean Improv Coop. 41: 33–34.

Miklas, P.N., R.C. Larsen, R. Riley & J.D. Kelly, 2000. Potential
marker assisted selection for bc-12 resistance to bean common
mosaic potyvirus in common bean. Euphytica 116: 211–219.

Miklas, P.N., A.N. Hang, J.D. Kelly, C.A. Strausbaugh & R.L.
Forster, 2002. Registration of three kidney bean germplasm lines
resistant to bean common mosaic virus and necrosis potyviruses:
USLK-2 light red kidney, USDK-4 dark red kidney, and USWK-6
white kidney. Crop Sci 42: 674–675.

Miklas, P.N. & J.D. Kelly, 2002. Registration of two cranberry bean
germplasm lines resistant to bean common mosaic and necrosis
potyviruses: USCR-7 and USCR-9. Crop Sci 42: 673–674.

Njau, P.J.R. & H.F.J. Lyimo, 2000. Incidence of bean common mo-
saic virus and bean common mosaic necrosis virus in bean (Phase-
olus vulgaris L.) in the wild legumes seedlots in Tanzanian Seed.
Sci Technol 28: 85–92.

Provvidenti, R., M.J. Silbernagel & W.Y. Wang, 1984. Local epi-
demic of NL-8 strain of bean common mosaic virus in bean fields
of western New York. Plant Dis 68: 1092–1094.

Revers, F., O. Le Gall, T. Candresse & A.J. Maule, 1999. New ad-
vances in understanding the molecular biology of plant/potyvirus
interactions. Mol Plant-Microbe Interact 12: 367–376.



299
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