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Abstract A total of 150 microsatellite markers developed
for common bean (Phaseolus vulgaris L..) were tested for
parental polymorphism and used to determine the posi-
tions of 100 genetic loci on an integrated genetic map of
the species. The value of these single-copy markers was
evident in their ability to link two existing RFLP-based
genetic maps with a base map developed for the
Mesoamerican x Andean population, DOR364 x
G19833. Two types of microsatellites were mapped,
based respectively on gene-coding and anonymous ge-
nomic-sequences. Gene-based microsatellites proved to
be less polymorphic (46.3%) than anonymous genomic
microsatellites (64.3%) between the parents of two inter-
genepool crosses. The majority of the microsatellites
produced single bands and detected single loci, however
four of the gene-based and three of the genomic
microsatellites produced consistent double or multiple
banding patterns and detected more than one locus.
Microsatellite loci were found on each of the 11
chromosomes of common bean, the number per chromo-
some ranging from 5 to 17 with an average of ten
microsatellites each. Total map length for the base map
was 1,720 cM and the average chromosome length was
156.4 cM, with an average distance between microsatel-
lite loci of 19.5 cM. The development of new microsatel-
lites from sequences in the Genbank database and the
implication of these results for genetic mapping, quanti-
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tative trait locus analysis and marker-assisted selection in
common bean are described.

Introduction

Microsatellites are polymerase chain reaction (PCR)-
based markers that have been developed for a wide range
of plant species, including many commercial crops. The
utility of microsatellites derives from the fact that they
detect length polymorphisms at genetic loci that have
simple sequence repeats (SSRs) and as a result are highly
variable (Morgante and Olivieri 1993; Powell et al. 1996).
Although the first simple sequence repeats were primarily
developed for temperate crops they have lately become
available for additional crops important in the tropics
(Mba et al. 2001; Temnykh et al. 2001). Among the grain
legumes, many of which are important to developing
countries for their nitrogen fixation capacity and valuable
source of proteins, microsatellite markers are now avail-
able for soybeans (Cregan et al. 1999b), chickpeas (Huttel
et al. 1999), cowpeas (Cheng et al. 2001), peanuts
(Hopkins et al. 1999) and common beans (Yu et al. 1999,
2000). However with the exception of soybeans the
number of microsatellites for most legume species
remains small, especially when compared to the grasses,
making it difficult to conduct whole-genome or fine-
mapping studies.

Microsatellite markers have been developed for plant
genomes from both non-coding and coding sequences
containing simple repeats (Brown et al. 1996; Temnykh et
al. 2001; Schloss et al. 2002). Various techniques exist for
discovering new microsatellite markers from the anony-
mous genomic sequence, all of which rely on the
availability of sequence information, DNA libraries and/
or enrichment procedures which increase the prevalence
of simple sequence repeats (SSRs) in genomic libraries
(Edwards et al. 1996). Microsatellite loci that are found
with these techniques can be referred to as genomic
microsatellites and are usually thought to be from non-
coding regions of the genome such as introns or inter-



genic spaces. SSRs have also been found at a predictable
frequency in gene-coding regions of higher eukaryotes
and recently many microsatellite markers have been
developed from expressed sequence tag (EST) database
entries or gene sequences (Temnykh et al. 2001; Eujay et
al. 2002; Thoquet et al. 2002). Microsatellite loci that are
found in gene-coding sequences can be referred to as gene
microsatellites.

Common bean is the most important food legume for
direct human consumption in the world (Schoonhoven
and Voysest 1991). The crop is a major product in
international commerce and is produced and consumed by
large numbers of the rural and urban poor in Latin
America and Africa (Singh 1999). Bean-breeding pro-
grams are well established in many developed and
developing countries and marker-assisted selection pro-
grams have been implemented for the crop (Kelly and
Miklas 1998). Furthermore, a tradition of genetic studies
in common bean has produced genetic maps that include
domestication genes and agronomic traits (Freyre et al.
1998; Gepts 1999). A genetic map of common bean based
entirely on microsatellites would be tremendously useful
for marker-assisted selection projects as well as further
genetic studies. To this end, we have developed a set of
genomic microsatellites from enriched libraries of com-
mon bean DNA (Gaitan-Solis et al. 2002) and have
implemented gene-based microsatellites from Yu et al.
(1999, 2000), and from additional searches for SSRs in
the Genbank sequence database.

Our principal objective in this study was to map the
genomic and gene-based microsatellites developed for
common bean in a single mapping population derived
from the cross DOR364 x G19833, and to integrate this
map with the genetic maps developed by Freyre et al.
(1998) and Vallejos et al. (1992). In this genetic-mapping
exercise we tested a total of 150 microsatellite markers
and located a set of 100 new loci on an integrated map of
the species. Given the different sources of the microsatel-
lites we compared the polymorphism rates of markers
derived from genes versus those derived from random
genomic sequences.

Materials and methods
Populations and DNA extraction

Two populations of recombinant inbred lines (RILs) of Phaseolus
vulgaris L. were used for this study: the first population was based
on the cross DOR364 x G19833 (and therefore will be referred to as
the DG population). DOR364, a small red-seeded variety developed
by CIAT (International Center for Tropical Agriculture) and
released in several countries of Central America (Costa Rica,
Honduras, El Salvador, Nicaragua) that belongs to the Mesoamer-
ican genepool of common bean. G19833, a CIAT Germplasm
accession with large, yellow and red-mottled seed, is a landrace
originally collected in Peru that belongs to the Andean genepool of
common bean. A total of 87 RILs were developed for this cross by
a modified single-seed descent from the F, to the Fy generation.
The plants within the Fy progeny row were bulked and used for
subsequent genetic analysis. The second population was based on
91 RILs from the cross BAT93 x JaloEEP558 (and will be referred
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to as the BJ population) whose development and origins are
described by Freyre et al. (1998). Total genomic DNA for each of
the recombinant inbred lines in both populations was isolated from
bulked leaf tissues of eight greenhouse-grown plants per line, using
a CTAB extraction method as described in Afanador and Hadley
(1993).

Source and development of markers

We used three sets of markers in this study: (1) genomic
microsatellites developed in this laboratory by Gaitdn-Solis et al.
(2002); (2) gene-coding microsatellites developed by Yu et al.
(1999, 2000), and (3) additional gene-coding and non-coding
microsatellites from searches for SSR-containing Phaseolus se-
quences deposited in the Genbank database before July 15, 2001
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=
Nucleotide). SSRs were found using the SSR identification tool
(SSRIT) that screens for all possible dimeric, trimeric and terameric
repeats (http://www.gramene.org/). Only sequences containing a
minimum of three tetra-nucleotide, four tri-nucleotide or five di-
nucleotide motif repeats were used for primer design. Primers were
designed using Primer 3.0 software (http://www.ge-
nome.wi.mit.edu/) to produce PCR amplification fragments that
were on average 150-bp long, and PCR primers with consistent
melting temperatures of 55°C or above and an average length of 20
nucleotides. Primer pairs were checked to make sure that they had
similar melting temperatures and did not suffer from palindromes
or end-pairing. Some of the primers developed by Yu et al. (2000)
were re-designed from the original Genbank sequences to have a
more consistent annealing temperature of 47°C and were named
with a bean microsatellite-database (BMd) designation. Newly
designed primer sequences and their Genbank entry source are
given in Table 1.

Microsatellite analysis

Polymorphisms between the mapping parents were determined on
parental survey gels. Standard microsatellite PCR conditions were
used throughout the parental survey, where markers were amplified
with a hot start of 92°C for 5 min; then 30 cycles of 92°C
denaturing for 1 min; 47°C annealing for 1 min and 72°C extension
for 2 min; followed by a 5-min final extension at 72°C. The PCR
reaction was carried out in a 20-ul final volume containing 50 ng of
genomic DNA, 0.1 uM of each of the forward and reverse primers,
10 mM of Tris-HCI (pH 7.2), 50 mM of KCl, 1.5 to 2.5 mM of
MgCl,, depending on the primer combination, 250 mM of total
dNTP and 1 unit of 7ag polymerase. Any primer pairs not
amplifying parental DNA under these conditions were not consid-
ered further. For mapping the same or similar PCR conditions were
used. After amplification, a volume of 5 wul of formamide,
containing 0.4% bromophenol blue and 0.25% w/v xylene cyanol
FF, was added to each PCR reaction and the mixture was denatured
at 92°C for 2 min. From two to four microliters of the mixture were
then loaded onto 4% denaturing polyacrylamide (29:1 acrylamide:
bis-acrylamide) gels that contained 5 M urea and 0.5 x TBE, and
run in Sequi-Gen GT electrophoresis units (Biorad, Hercules,
Calif., USA) at a constant power of 120 W. Detection of PCR
amplification products was via silver staining according to the
Manufacturer’s guide (Promega Inc., Madison, Wis., USA) with
some modifications, namely repeated use of the staining and
developing solutions through a re-circulating tank system. The sizes
of the parental alleles were estimated based on 10-bp and 25-bp
molecular-weight ladders.

Microsatellites that were polymorphic for the parents of either
of the two populations were then amplified on the recombinant
inbred line (RIL) individuals. To determine the genotypes of the
progenies, alleles were scored based on the parental bands that were
amplified as controls along with the RIL individuals. PCR products
for all the progeny were multiplexed by four repeated loadings of
the polyacrylamide gels. Size ladders, added with the first load,
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were used to confirm the allele sizes observed in the parental
survey.

Data analysis

Segregation distortion was measured with a chi-square test for an
expected 1:1 ratio and segregation data was used to place the
microsatellites on the established genetic maps for the DG (map
and population derived from the cross DOR364xG19833) and BJ
(map and population derived from the cross BAT9xJaloEEP558)
populations (Beebe et al. 1998; Freyre et al. 1998). The DG map
included 240 RFLP, RAPD, SCAR and AFLP markers described in
Beebe et al. (1998), while the BJ map contained 141 markers
(segregation data available http://agronomy.ucdavis.edu/gepts/
bjril7.htm) described in Freyre et al. (1998). The two maps were
linked by common RFLP markers with the map described by
Vallejos et al. (1992). Linkage analysis was conducted with the
Kosambi mapping function using the software application Map-
maker 2.0 for Windows (Lander et al. 1987). Linkage groups were
constructed with the ‘group’ command and a minimum LOD of 3.0,
and a maximum distance of 37.5 cM. A subset of markers with a
logarithmic of odd ratio (LOD) of 6.0 and a maximum distance of
15-cM were used to create the framework set. Additional markers
were placed to the most-likely interval with the ‘try’ command and
a minimum LOD of 2.0. Marker order determined by multipoint
analysis was confirmed with the ‘compare’ command using a
minimum LOD of 4.0.

Results

Source of microsatellite markers

A total of 150 common bean microsatellites were used in
this study. Of these, 81 were anonymous genomic or non-
coding microsatellites and 69 were gene-derived mi-
crosatellites. The genomic microsatellites included all 68
markers from an enriched library as described by Gaitdn-
Solis et al. (2002) and 13 newly developed non-coding
microsatellites from Genbank sequences (Table 1). The
gene-coding microsatellites included the 12 markers
described by Yu et al. (1999), 44 newly developed
markers designed for sequences obtained from database
searches of Phaseolus genes (Table 1) and an additional
13 Genbank-based microsatellites from Yu et al. (2000)
(PV-aaat001, PV-at005, PV-atccO01, PV-atcc002, PV-
atcc003, PV-atctO01, PV-cca002, PV-ccctOO1, PV-
cct001, PV-gat001, PV-tta001, PV-tttcO01 and VA-
ag001).

In the Genbank searches, SSRs were found in a range
of coding and non-coding sequences. A total of 632
Phaseolus sequences were downloaded from the database
of which 492 sequences represented partial or full-length
cDNAs, ESTs or genes from Phaseolus vulgaris, P.
lunatus, P. coccineus and P. acutifolius. A total of 130 of
these sequences were of multiple alleles of the small
subunit ribosomal RNA gene from different Phaseolus
species, none of which contained SSR motifs. Of the
remaining sequences, microsatellite markers were derived
from 54 P. vulgaris sequences and three P. coccineus
sequences. The di-nucleotide motif GA/CT was the most
common in these sequences (23%); while AT/TA (11%)
and GT/AC (7%) motifs were less common (Table 1). A

variety of tri-nucleotide repeats were found in these
sequences, of which the most common were CAA (9%),
TCC (7%) and GAT (7%). Some trinucleotide repeats in
gene sequences were associated with amino-acid repeats
in the corresponding protein; for example, the hydroxy-
proline rich glycoprotein contains a CCA repeat which
codes for proline. Among the 44 gene-based microsatel-
lites, simple sequence repeats were predominantly found
in open reading frames (ORF) (52%) or in 5" untranslated
regions (UTR) (36%), and less frequently in 3’ UTRs
(4%) or introns of genes (2%) (Table 1).

An additional 120 of the individual sequences searched
in this study represented genomic RFLP clones (from the
Bng series) that have been mapped in common bean by
Vallejos et al. (1992). Eleven of these sequences
contained SSRs (Table 1). Interestingly, five of the RFLP
clones that were positive for SSR sequences contained the
di-nucleotide AT repeat which was infrequent in the
coding sequences. In addition, two tri-nucleotide motifs
(ATT and AGC) which were uncommon in the coding
sequences described above were found in these non-
coding RFLP sequences. Two additional SSRs were
found in a RAPD clone isolated at CIAT (Genbank
AY298744) and in a CEN-like sequence (Genbank
AYO028711) (Table 1).

The highest number of repeats detected in the simple
sequence repeats was nine, while the average number of
repeats was 5.5 among all the microsatellites identified
(Table 1). Genomic microsatellites had a significantly
higher (P=0.02) average number of repeats than gene
microsatellites (6.2 versus 5.3) in an unpaired #-test. In
this study, di- and tri-nucleotide motif containing mi-
crosatellites did not have a significantly different average
number of repeats.

Polymorphism survey

All the microsatellite markers described above were
screened for amplification products and polymorphism in
the parents of the DG and BJ populations. Figure 1 shows
the amplification pattern of ten of the polymorphic
microsatellites on a subset of 24 recombinant inbred-line
progenies. No difference in band intensity between the
cDNA and genomic derived microsatellites was observed.
A majority of the microsatellites produced single bands
for the parents; however, four genic (BMd26, BMd28,
BMd54 and Pv-ag004) and three genomic microsatellites
(BM20, BM150 and BM205) produced double or multiple
banding-patterns (1.5 and 2.5% of the total, respectively).
In these cases, the different bands were interpreted as
separate loci. Twelve microsatellites, of which three were
genomic (BM161, BM180 and BMd40) and nine were
gene-derived (BMd24, BMd29, BMd34, PV-aaat001, PV-
tta001, PV-tttc001, PV-ctt002, PV-at005 and PV-at009),
did not amplify under our PCR conditions after two
attempts and were not investigated further.
Polymorphism rates for the DG and BJ populations
were 65.4 and 63.2% for the genomic microsatellites, and
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Fig. 1 Segregation pattern of
mapped bean microsatellites
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46.3 and 46.2% for the genic microsatellites, respectively.
Overall the percentage of polymorphism between the
parents of both populations was very similar: a total of 84
out of the 150 microsatellites tested for the parents of the
DG population were polymorphic (56.0%), while a total
of 68 out of the 122 microsatellites tested for the parents
of the BJ population were polymorphic (55.7%).

Genetic mapping of microsatellites

A total of 100 new microsatellite loci were placed on the
two genetic maps (78 on the DG population and 22 on the
BJ population) during this study (Fig. 2). To generate a
more reliable map for the DG population we removed any
RAPD or AFLP markers that did not fit at a LOD>2.5,
resulting in a map of with a total of 246 markers, of which
78 were microsatellites, 48 were RFLPs, 102 were
RAPDs and 18 were AFLPs. For the BJ population,
microsatellites were placed relative to 71 markers but
were shown at their position in the map presented by Yu
et al. (2000). Microsatellite loci were found on each of the
11 chromosomes of the species and each chromosome
was tagged with at least five or more microsatellites. Two
chromosomes, b02d and b04b, had a relatively greater
number of microsatellites placed on them, with 17 and 13
markers respectively; while the average number of
microsatellite loci per chromosome was ten. A total of
four microsatellite loci remained unlinked in the DG map
(BM158, BM187, BM202 and BM212); however addi-
tional mapping allowed BM158 to be placed on the BJ
map.

The total cumulative map length for the DG population
was 1,720 cM with an average chromosome length of
156.4 cM. The average distance between microsatellite
loci in this map was 19.5 cM; however, the distribution of
loci was variable and several large gaps between
microsatellites remained on the map. The actual distance

between microsatellites ranged from loci that were co-
segregating to those that were separated by over-100 cM
and many intervening AFLP, RFLP or RAPD markers (as
between Pv-ag3 and BMS53 on b01). The largest gaps
between microsatellite markers remained on chromo-
somes bOlh, b07a, bO8f and bl1j. Chromosomes b05e,
b08f and b09k had good coverage of microsatellite
markers at one end but not at the other end, while
chromosomes b02d, b03c and bO6g were sparsely covered
at both ends. On chromosome b10i only the lower half of
the linkage group contained microsatellites.

Among the markers that presented multiple bands,
duplicate loci could be mapped for BMd28 and BM205.
The two BMd28 loci could be mapped in the DG
population on the same chromosome (b05e) but at a
distance of 17 cM, while the two BM205 loci mapped to
separate chromosomes (BO7a and bllj). Two other
microsatellites, Pv-ag004 and BMd26, consistently pro-
duced two bands of which only one could be mapped in
either population. The two loci for Pv-ag004 co-segregate
in another mapping population (data not shown) and are
presumed to be very tightly linked (under 1 cM).
Meanwhile the markers BMd9, BMd15 and BMd16, the
three microsatellites aside from Pv-ag004 that were also
designed for related but different phytohemagglutinin
gene sequences, amplified single bands but were found to
co-segregate, indicating that this gene family clusters at a
single location in the genome on chromosome b04b.
Except for this example, the gene-based microsatellites
were better distributed than the genomic microsatellites.
Several clusters of genomic microsatellites were found on
every chromosome except bO6g and bO8f which were the
linkage groups with the fewest microsatellites on them.
The majority of the clustered markers were microsatel-
lites developed by Gaitan-Solis et al. (2002), including the
microsatellites BM197, BM181, BM98, GAT54 and
BM159 (on chromosome b03c), and BM150, BM201,
BM185 and BM210 (on chromosome b07a).



CMO
Bnposa,
5
X
Y 20
B
Pllagosy
" "
-‘5 "-
5 X
-—T— ROD1 " ",
" "
Ao By
" e Bng0s3
K123D b T Begtna
S Engi7t -, gl
=
= 2 e ", | Bng1ag . Brgls . Bpg122
Bog1T3 < 1 %rm-?“mﬂ &
Al gtz
——— worq o20105G 8ng227
+—— o132
w203 Daso
aos1 Bag130.,
1 A spe-angese
Dis62 Bng0od
WO3 2 Bng185
BM14E P3040a ™ Bng3g
D1315 Brg03s
BM157 E340. D1eo1n Bng142b - Bng0 48 - Bngds1
0163 f—— Bng072
R20.1 angres
To1.5 angoas=" " @ng130
X150 H
ROU1S :@ BMS3 - BM200
SCARBD
2050
Geoze
P101D
173.9 cM (@) Bmdss
cM
1 Bngoaz+, 0
~“—— 610010
kY 20

BMd1

-I-\
E o
- AG1 7
urmp S

AL Bngorz “Bngore’

Boglig

“—T— XIG

+—— Losan

T—1— HBIG

182.5 cM - — prsws0
b03c

Fig. 2 Comparative genetic

maps for the DOR364 x G19833

(chromosome designations bO1h through b11j) population relative
to two reference maps published by Freyre et al. (1998) (b0O1

through b11) and Vallejos et

al. (1992) (A through K). Microsatel-

lite markers (in bold) are shown as circles on the first two maps

BMd1T
BMd19
BMd4T

BM181

——— Bng4s,
——— Aat198G
~—— F6DBID

——1— DASa

Fr601D ",
gy 3
BMi64 "

T Bngld#-.,

D166 T e,

T A141D

22NN

§

g

i
[T

D1595 2

VIO120GAVI0I 21D
oS

02076

b02d

BMd1E

BMd16 - BMd9
PV-agl04
GC1o

Al4B2G

K1210

SCARZCD
BMd26

ADTED

G10DB1G
G122G

e
Bngo7r"

SW12700 .‘_‘__.--‘ B

PUctoor
Bng1o-

b04b

1369

cM

20

20

Brg224
Spd - AAIZ - AAI

103
Bng0s5 - Bng013

Cab?

Bng151

Bng160

based on current mapping results and those from Yu et al, 1999.
Dotted lines between all three maps indicate equivalent genetic
markers. Arrows indicate common RFLP markers between the two

reference maps



1370

o ey e g‘gr,’,ﬁ'\,_
",

&S

T H1IeG

- =T

T Pioen

173.1 cM O smazza

BM138
BMd20
T Hued
——— Bngtar
-—1— CM
—+—1—— ROF1h- AADT.2
~t—{—— Bng1939
- 5P6 ‘_‘V
— Phsp- Phso -
— w2
-— :&D’?O’v AMI3Z .
Hi4, -
[ ASi7e- 2.
BIME " Bng20s~
BMZ10 "Bo190 - ROETD
¥04.2- DOS.S
BMd40

b07

b05e

O s

cM

20

— Bng161

- Bgl6sh - Bng205h

20

—— Bng168a - Bngtet 4

—y %ﬂl
— 40 - Bng170
= Bograg 0

Bngn4z2

Esf2- 60 - Bng?35
|~ Pha
Bng153- Spe

162.7 cM BM208

Fig. 2 (continued)

b07a

Bng223- Bng14e
Brgz04- Bgzaz -

Bng203
B

I Bng2é
—— Bng50- Bngd!- BngloTa

47
Ea g’n‘ém-mr

BM211

[
g

3

1NN

£

e

&

i

ROS 38

D151
205 <=
D1505
— AMDS5.2
— ANDS5.3

— 7.3
[ AM175.2 - H11.1

——— ALott
e Brgo73 -
—t=—— AHD5.1

~_t— Bogo2?.,
O —emiro

T eepoce.,

0 Bmazs

ﬁ{ FO82G
BMd44

T M0

T ARDEISG

o

123 cM ~—— scarzap

b08f

cM

20

—T— Bng202- Bngi0d
| Bagi7a

|— Bngos?

t—— Bagl183. Bngdd <

— Bng183- Bng21s
{—— Bago2?
=t Bngl77
B mgm-
——— Bng088- Brgl46
= sqggos- Brgdes
— Bng225

—— Bng137
— Engoze

= Bng080b

cM

—t—— Bngi0Sa =

—— Bngp3r
—— Bng058 - Bng213
——— Bng038
——— Bng43 - Bng1dt

el Bng073 €=



cM
T Bngfie,
| AHITIDN,
—! — Pr026 %
{1 scarnac 4
T e,
O— BMi
P T ozsc
“—— Bngo24,
—t—t— U104
O emes
- Bng1a1
4 voas S Enotis: Brends: Enoi
D B 019 ; Got2
| AKDETG - -l B
41 oar '\ anzal?: gggos:-' angmr:f% <
el LN B B B
S Bagaae Sagarb
I~ Bngi02 2. Brg156 . Bng168h
A Bngos2a . Bnpoos
AT pvator . Por 7
=T A107.2 = Bng150
41— arse
T Dioss 2 —=— Bngo02
T ANT14 - 2030 K
o @ otz
S, o -—5_ BMea8
b09 =%
-0 smms
158.4 cM -5 — ewmasz
cMO
——— AND34D
@ ona 20
0 — Bmazs
) mmdsr.,
o,
[, '-.".,
BngO67 - Bng076 - Bngds2 . Bng112
u1e3 (@ — omazr T mig 2 :ﬂmp;it - ang'}gsa " Bnga08
< psas 1 “w. | |
——— Apirt | ot Bng091 . Bog09?
| — Bngozs
— Brirer
— Bngtds - Bng1ez
Brg187
— H1820 bl I m
41— angomo
-0 pvawor., T J
-‘"-._ 1
120.8 cM O e

Fig. 2 (continued)

Heterozygosity and segregation distortion

As co-dominant markers the microsatellites were useful
for uncovering the amount of residual heterozygosity
remaining in the RIL populations and for evaluating
segregation distortion occurring in the populations. The
majority of RI lines in both populations were homozygous
for most microsatellite loci; however, heterozygosity was
higher in the DG population (averaging 4.1% across all 78
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mapped microsatellites) than in the BJ population (aver-
aging 0.2% across all 22 mapped microsatellites). Mean-
while, significant segregation distortion (P<0.05 for chi-
square tests) was evident for 23% (18/78) of the
microsatellite loci in the DG population and for 9% (2/
22) in the BJ population. These tended to be in regions of
significant segregation distortion for other linked co-
dominant or dominant markers as well. Using a criterion
of finding more than one linked marker with significantly



1372

distorted segregation, distortion for the Andean alleles in
the DG population occurred on parts of chromosomes
bOl1h, b02d, B03c and bO0O8 (data not shown). The
Mesoamerican allele was predominant on regions of
chromosomes b05e, b09k, bl0i and bllj. In the BIJ
populations the Andean allele was more common than the
Mesoamerican allele for the microsatellite BM157, and
two RFLPs in the equivalent region in chromosome b01
as in the DG population.

Discussion

Due to their high to moderate polymorphism rates, co-
dominance and predominantly single-copy nature, the
genomic and gene-derived microsatellites were useful for
genetic mapping of the two common-bean populations,
and a total of 100 new microsatellite loci could be located
on the genetic map of common bean using these inter-
genepool populations (Fig. 2). These loci are integrated
with the 15 microsatellite markers previously mapped on
seven chromosomes on the BJ population (Yu et al.
2000). Therefore this study brings to a total of 115, the
microsatellite loci located on the common bean genetic
map, and provides coverage for every chromosome in the
genome with from five to 20 markers each.

The genomic distribution of microsatellite markers in
this study tended to be random; however, some large gaps
between microsatellites occurred and certain chromo-
somes contained more microsatellite loci than others. This
was probably not due to insufficient polymorphism since
many other markers occurred in the intervening intervals
between microsatellites. One exception to this may have
occurred in the middle of chromosome bO1h, a region that
suffers from low diversity in other crosses (unpublished
data, this laboratory) and is known to be associated with
the domestication syndrome (Koinange et al. 1996).
Additionally, many of the linkage-group ends were not
covered by microsatellite markers, perhaps reflecting a
bias against telomeres or a bias towards internal locations.

Greater clustering occurred with the genomic mi-
crosatellites developed from enriched libraries, but less so
for the new Genbank-derived genic or genomic mi-
crosatellites. In previous studies, gene-based microsatel-
lites generally do not cluster (Scott et al. 2000; Cordeiro
et al. 2001), while some genomic microsatellites espe-
cially those associated with retrotransposons do (Ramsay
et al. 1999). The non-random distribution of microsatel-
lites could also be due to bias for certain sequences that
occur during marker development, especially from en-
riched libraries. Clustering of microsatellites has been
observed for markers developed from genomic libraries in
several but not all crops (Areshchenkova and Ganal 1999;
Ramsay et al. 2000; Tang et al. 2002). In one case,
markers detecting long di-nucleotide repeats derived from
enriched libraries were clustered around centromeric
regions (Jones et al. 2002).

To fill present gaps in the common-bean genetic map,
it will be useful to saturate the map with additional

microsatellites. Techniques that target microsatellites to
certain regions (Cregan et al. 1999a), or that take
advantage of other SSR motifs that might be better
distributed in the genome (Jones et al. 2002), would be
useful to develop additional markers for this effort.

As single-locus markers, the microsatellites in this
study were specific to a given place in the genome and
this allowed them to be used for comparative mapping
across populations. A total of 14 microsatellites were
reciprocally mapped across both the DG and BJ popula-
tions, including four microsatellites mapped on the BJ
population by Yu et al. (2000) (Pv-cttO01, Pv-gaat001,
Pv-at003 and Pv-ag004) that were mapped in the DG
populations; four of the new microsatellites (BMdl,
BMd12, BM137 and BM210) that were mapped on both
the DG and the BJ population; and six additional BMd
microsatellite markers that were equivalent to Genbank
sequences mapped on the BJ population by Yu et al.
(2000) (BMd17=Pv-gccacc001, BMdI18=Pv-gaat002,
BMd1=Pv-at008, BMd15=Pv-atgc001, BMd16=Pv-
atgc002 and BMd20=Pvat006b) and that were placed on
the DG population (Fig. 2). This comparative mapping
showed the consistency of microsatellite location on both
populations: with all the microsatellites mapping to the
same individual chromosome and equivalent map loca-
tions in each of the populations. Relatively little map
expansion occurred with the inclusion of the microsatel-
lite markers in the DG map relative to the framework
RFLP and RAPD maps for this population.

Mapping in two populations was useful for placing
microsatellites that were monomorphic in one or the other
of the populations. Eleven BM and three BMd microsatel-
lites that could not be mapped in the DG population due
to monomorphism were mapped in the BJ population.
One microsatellite (Pv-ag003) that could not be mapped
on the BJ populations by Yu et al. (2000) due to
monomorphism was polymorphic for DOR364 and
G19833, and could be placed on the DG map on
chromosome 1. In contrast, the microsatellite Pv-at001,
listed as monomorphic however, mapped to chromosome
11 by Yu et al. (2000) and was mapped in the DG
population to chromosome 4. Meanwhile we mapped Pv-
ag001 to the equivalent location on chromosome 11
shown for Pv-at001 in Yu et al. (2000) possibly indicating
previous misidentification of this locus.

In combination with the RFLP markers, the co-mapped
microsatellites allowed us to link the DG map with those
of Freyre et al. (1998) and Vallejos et al. (1992).
Comparative mapping across all three genetic maps
allowed us to determine the identity and orientation of
each linkage group in comparison with the BJ and UF
maps, and to obtain a more-accurate position for each of
the microsatellites (Fig. 2). The number of links between
the DG and BJ maps was fewer than those between the
DG and UF maps due to the large number of RFLP clones
that were mapped in this second group of populations;
however, the microsatellites created more linkages across
the first group of populations: BJ and DG maps were
linked by a total of 20 jointly mapped markers consisting



of both five RFLP clones (D1595, D1831, Bng071,
Bng094 and Bng204), one biochemical marker (Phs) and
the 14 microsatellites described above (an average of 1.8
markers per chromosome). Meanwhile the DG and UF
maps were linked by a total of 38 jointly mapped RFLP-
or RFLP-derived markers (an average of 3.5 markers per
chromosome).

The synteny between maps as reflected by the map
order of jointly mapped markers was conserved except for
segments on chromosome 1 and chromosome 11 which
differed between the DG and UF maps. The synteny
between the DG and other two maps provides further
evidence that no major rearrangements have occurred in
the common-bean genome (Freyre et al. 1998).

Comparative mapping showed that segregation distor-
tion occurred in some equivalent positions in both the DG
and BJ genetic maps. Freyre et al. (1998) found prefer-
ential transmission of the Andean allele on chromosomes
1 and 3, and of the Mesoamerican allele on chromosomes
2,6, 7 and 10. In this study the prevalent allele came from
the same genepool for chromosomes 1, 3, 6 and 10 but
from different genepools for chromosome 2. The common
pattern of segregation distortion between the two genetic
maps probably reflects the location of genes for incom-
patibility or adaptation that influenced selection in both
populations. Given that both populations were developed
by single-seed descent from Mesoamerican x Andean
genepool-crosses (Beebe et al. 1998; Freyre et al. 1998),
the pattern of segregation distortion may reflect similar
selection histories. Patterns of segregation distortion
across multiple populations have previously been associ-
ated with sterility genes (Xu et al. 1997). Segregation
distortion in the DG population also occurred on
additional linkage groups to those identified by Freyre
et al. (1998), possibly reflecting some unique genes or
gene clusters that influenced selection in this population.

The majority of the microsatellites, mapped in both the
DG and BJ populations, produced single bands and
detected single loci; however, four of the gene-based and
three of the genomic microsatellites (6.0% and 3.7% of
the total, respectively) produced consistent multiple
banding pattern and some of these detected duplicate
loci. The placement of these loci across the genome for
the gene microsatellites, may reflect the distribution of
duplicated gene families. The majority of genomic
microsatellites tend to be single-copy in other organisms
as well (Jones et al. 2002).

Several other differences were also seen between
genomic and gene microsatellites. Gene microsatellites
proved to be less-polymorphic than genomic microsatel-
lites in both inter-genepool populations, although the
overall polymorphism rates were similar among the two
populations. Gene microsatellites have been seen to be
less-polymorphic than genomic microsatellites in other
crops as well (Cho et al. 2000; Schloss et al. 2002). Non-
amplification was more frequent in gene microsatellites
compared to genomic microsatellites, perhaps due to
intervening intron sequences which may not have been
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considered in the design of primer pairs from EST
sequences.

The current set of microsatellite markers described in
this study provides the basis for anchoring and aligning
genetic maps one to each other based solely on PCR-
based markers, something that previously was done with
single-copy RFLP markers or by tentatively associating
RAPD bands found in different populations. Therefore,
the microsatellites make ideal second-generation markers
for the whole genome-analysis important for gene tagging
and quantitative trait loci studies. The microsatellites
mapped during the course of this research will also be
invaluable for marker-assisted selection because they are
simple to analyze, specific for single genes of interest and
diagnostic in most crosses due to their high level of
polymorphism. The mapped microsatellites can also
provide a good set from which to chose markers for
studies of genetic diversity in common bean. They are
also amenable to the evaluation of a large number of fixed
or segregating individuals and to high throughput marker
analysis.
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