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Abstract Single nucleotide polymorphism (SNP) detec-
tion has become a marker system of choice, because of the
high abundance of source polymorphisms and the ease with
which allele calls are automated. Various technologies
exist for the evaluation of SNP loci and previously we
validated two medium throughput technologies. In this
study, our goal was to utilize a 768 feature, Illumina
GoldenGate assay for common bean (Phaseolus vulgaris
L.) developed from conserved legume gene sequences and
to use the new technology for (1) the evaluation of parental
polymorphisms in a mini-core set of common bean
accessions and (2) the analysis of genetic diversity in the
crop. A total of 736 SNPs were scored on 236 diverse
common bean genotypes with the GoldenGate array.
Missing data and heterozygosity levels were low and 94 %
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of the SNPs were scorable. With the evaluation of the
parental polymorphism genotypes, we estimated the utility
of the SNP markers in mapping for inter-genepool and
intra-genepool populations, the latter being of lower
polymorphism than the former. When we performed the
diversity analysis with the diverse genotypes, we found
Ilumina GoldenGate SNPs to provide equivalent evalua-
tions as previous gene-based SNP markers, but less fine-
distinctions than with previous microsatellite marker
analysis. We did find, however, that the gene-based SNPs
in the GoldenGate array had some utility in race structure
analysis despite the low polymorphism. Furthermore the
SNPs detected high heterozygosity in wild accessions
which was probably a reflection of ascertainment bias. The
Ilumina SNPs were shown to be effective in distinguishing
between the genepools, and therefore were most useful in
saturation of inter-genepool genetic maps. The implications
of these results for breeding in common bean are discussed
as well as the advantages and disadvantages of the Gold-
enGate system for SNP detection.

Introduction

Single nucleotide polymorphism (SNP) markers are con-
sidered ideal for genetic mapping and diversity assessment
in crop plants due to their high abundance and relatively
even distribution across the genome (Chagné et al. 2007).
In addition, various technologies exist for the evaluation
of SNP loci and many of these are easy to automate for
allele calling and data collection. Among these techniques,
the Illumina GoldenGate assay has proven to be high
throughput and useful for genetic fingerprinting (Hyten
et al. 2008; Yan et al. 2010; Zhao et al. 2010). The
GoldenGate detection system is based on allele-specific
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primers and fluorescent dye signal detection that are stan-
dardized for a specific set of SNPs. The multiplexing
capacity of the assay comes from the use of locus-specific
oligonucleotides combined with [IlumiCode beads used for
recognition of each SNP (Oliphant et al. 2002). Sequence
variants are discovered through sequencing project and
then SNP markers are developed for ideal single nucleotide
polymorphisms that are located in regions where the
sequence allows for a functional assay. The GoldenGate
assay has been developed for several legume crops
including large sets for soybean (Hyten et al. 2008, 2010)
and cowpea (Muchero et al. 2009) and smaller assays for
other species.

Common bean (Phaseolus vulgaris L.) is an important
crop that is native to the New World, and has become the
most widely consumed legume for direct human con-
sumption (Broughton et al. 2003). The species is a true
diploid (n = 11) with a rapid growth cycle (60-120 days
generally) and a small genome (650 Mb) that has been
used in many studies of nitrogen fixation, low soil fertility
adaptation and nutritional quality. The genome structure of
common bean serves as a model for the more complicated
structure of the soybean genome (Galeano et al. 2009b;
McConnell et al. 2010) and should be closely related to
cowpea and other tropical legume species genomes. Poly-
morphism in common bean is high due to the two separate
genepool (Andean and Mesoamerican) subdivisions it has
as a crop based on its multiple centers of origin (Gepts
et al. 2008).

Current SNP sets in common bean include 94 from
variable sources tested with the Kaspar assay by Cortés
et al. (2011), approximately 300 based on genes sequenced
from BAT93 and JaloEEP558 by McConnell et al. (2010)
evaluated by cleaved amplified product assays and 827
based on genomic fragments of the same two genotypes
obtained by reduced representation in Hyten et al. (2010).
Only the last of these has been converted to a GoldenGate
assay but the full set of sequences and array are not yet
published. Meanwhile the SNPs from Cortés et al. (2011)
are available in a flexible single-locus assay, but have not
been converted to a multi-locus assay. Aside from this, we
also have developed the SSCP detection system and a Eco-
tilling based assay for SNP detection with the enzyme
CELI (Galeano et al. 2009a, b), but neither of the SNP sets
tested in those studies are available as GoldenGate assays.

The objective of this research was to develop an Illu-
mina GoldenGate assay based on tentative orthologous
gene (TOG) sequences from the legumes and to use the
technology for fingerprinting in common bean. The TOG
markers were developed as part of a cross-legume marker
project using amplicons of BAT93 and Jalo EEP558, and
the resulting GoldenGate SNP set that was developed
consisted of 768 individual gene-based markers. For the
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genotyping and diversity analysis, we evaluated both a
mini-core panel of common bean genotypes used by Cortés
et al. (2011) to determine polymorphism levels in the crop
and wild relatives as well as a validation set from Blair
et al. (2009) of diverse common beans with known cultivar
race assignments. We then compared and contrasted the
various SNP detection systems available for common bean.

Materials and methods
Plant material

We used two sets of genotypes for this study. The first set
consisted in a mini-core panel of 50 genotypes representing
parents of genetic mapping populations as described in
Blair et al. (2006a), and genotypes tested for Kaspar SNP
discovery in Cortés et al. (2011) as listed in Table 1. The
trait characteristics for these genotypes included disease
resistance to common bacterial blight caused by Xantho-
monas anopodis pv. phaseoli (VAX series), to angular leaf
spot caused by Phaeoisariopsis griseola (MAR series),
anthracnose caused by Colletotrichum lindemuthianum and
bean golden yellow mosaic virus (DOR series), insect
resistance to Apion godmani and Thrips palmi, abiotic
stress tolerance to aluminum toxic soils (MAM series),
high heat (G122 and IJR), drought conditions (SEA series)
and low phosphorous soils, extremes of seed micronutrient
content, variation in growth habit or good architecture
(A series), as well as yield and its components (released
varieties such as AFR298, CALIMA and G series
landraces).

Included in the mini-core germplasm set for diversity
evaluation were G19833 and BAT93 that have been chosen
for full genome sequencing as well as a range of com-
mercial seed classes that vary greatly in seed color and
size. Finally, three wild bean accessions from Argentina
(G19892), Colombia (G24404) and Mexico (G24390) were
included in the study. The first two wild accessions rep-
resented Andean accessions while the last wild accession
represented the Mesoamerican genepool, although the
Colombian wild bean was fairly diverse (Blair et al.
2006b). In total, 20 genotypes were from the Andean
genepool and 30 were from the Mesoamerican genepool.

In addition to the mini-core collection, a second set of
genotypes were selected from those evaluated by Blair
et al. (2009). These were used as a validation set and
included a total of 186 genotypes, of which 80 were from
the Andean genepool and 106 were from the Mesoameri-
can genepool. The identities of these genotypes are listed in
Supplemental Table 1, while the genepool identities of the
mini-core, parental combinations and distribution between
Andean and Mesoamerican genepools have been described
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Table 1 Common bean genotypes used for assessment of SNP Table 1 continued
diversity and their accession number, phaseolin status, race and gene .
pool identity, origin and growth habit Genotype Ph  Genepool Race Status Origin GH
Genotype Ph  Genepool Race Status Origin GH VAX1 NA Mesoamerican NA  Cultiv CIAT I
i VAX3 NA Mesoamerican NA  Cultiv CIAT I
Cultivated Andean VAX6 S Mesoamerican M Cultiv CIAT I
AFR298 NA Andean NA  Cultiv CIAT I . .
) Wild accessions
BRBI9I T Andean NG Cultiv - CIAT I G19892 T  Andean NA  Wild Argentina IV
CAL96 NA ~ Andean NA Cult%v CIAT ! G24390 M Mesoamerican NA  Wild  Mexico v
CALI143 NA ~ Andean NA - Cultiv CIAT ! G24404 H  Mesoamerican NA  Wild  Colombia IV
G122 NA Andean NA  Cultiv India 1
G4494 T Andean p Cultiv Colombia 1 Ph Phaseolin type, Races: D—J Durango-Jalisco, G Guatemala, NG Nueva
(Calima) Granada, P Peru, M Mesoamerica, GH Growth habitat as described in
. . “Materials and methods”, NA not applicable
G4523 NA Andean NA  Cultiv Colombia I
G5273 T Andean NG  Cultiv Mexico I
G19833 H Andean P Cultiv  Peru 111 . . ,
) in Blair et al. (2006a) and Cortés et al. (2011). Each
G19839 T Andean P Cultiv  Peru it . .
. ) genotype was grown from seed in a greenhouse to obtain
G21078 T Andean P Cultiv  Argentina IV trifoliate leaf ti for DNA tracti
ng trifoli i r xtraction.
G21242 C Andean NA  Cultiv Colombia IV young olate feal fissue 1o extractio
G21657 C Andean P Cultiv  Bulgaria I lumina SNP
IJR T Andean NG  Cultiv Jamaica 1 umina assays
JaloEEP558 T Andean NG  Cultiv Brazil it he d ) f the 768-f, GoldenG
Montcalm  NA  Andean NA  Culiv USA I The development of the 768-feature Golden gte assay was
Radical T  Andean P Culiv Colombia 1 performed for common bean as part of a project for com-
Cerinza parative crop legume genomics based on tentative orthol-
SEQ1027 T  Andean NG Cultiv CIAT I ogous groups (TOGs) (Penmetsa et al. in preparation). This
Cultivated Meso assay monitors bi-allelic single nucleotide polymorphisms
A55 NA Mesoamerican NA  Cultiv CIAT i in low copy conserved orthologous loci based on these
BAT93 S Mesoamerican M Cultiv CIAT Il TOG genes identified through the databases for legume
BAT477 S Mesoamerican M Cultiv CIAT Il indices at the Dana Farber Cancer Institute. SNPs for the
BATS31 S Mesoamerican M Cultiv CIAT i common bean makers were discovered by Sanger re-
DOR364 S Mesoamerican M Cultiv El II sequencing and alignment comparisons of a total of 1,440
Salvador TOG amplicons form one Andean genotype (JaloEEP558)
DOR390 Mesoamerican M Cultiv CIAT I and one Mesoamerican genotype (BAT93). Polymorphisms
DOR476 S Mesoamerican M Cultiv CIAT I were identified by sequence alignment of the two genotype
G685 Sb  Mesoamerican G Cultiv  Guatemala IV sequences. The target sequences were a set of primarily
G855 Sb Mesoamerican J Culiv Mexico IV single copy orthologous genes, whose orthology was
G2333 §  Mesoamerican G Cultiv Mexico IV inferred initially from legume EST data (i.e., the tran-
G3513 S Mesoamerican M Cultiv. Mexico I scriptomes of Medicago truncatula, Lotus japonicus and
G4825 B Mesoamer@n M Culgv Brazil . 1 Glycine max), and subsequently based on conserved gen-
G773 S Mesoamer@n M CUI?V COIO.mbla 1 ome location in a multi-species comparative genetic anal-
G11350 S Mesoamer%can M Cult?v MGXTCO I ySiS (Penmetsa et al. in preparation).
G11360 S Mesoamerican J Cultiv Mexico 1V SNPs that were used in the common bean assay are
1451 Mes i M 1ti A v . .
G14519 S esoamerican Cultiv - US listed in Supplemental Table 2, and were selected based on
G21212 B Mesoamerican M Cultiv.  Colombia 1I . . .
the default design criteria found in the software program
ICA Pijao B Mesoamerican M Cultiv Colombia II . .
IAMAPA S Mosoamerican M Cultiv Mexico I Assay Design Tool from Illumina and were converted to
the 768 Illumina GoldenGate genotyping assay useful for
MAM38 S Mesoamerican D Cultiv  CIAT I . .
. i common bean. For genotyping, total genomic DNA was
MARI1 S Mesoamerican M Cultiv  CIAT 1I . .
SEAS s M i b Cultiv CIAT I extracted for all the genotypes discussed above with a
€soamerican ultiv .
SEALS s M ) b Culiiv CIAT I CTAB method from Afanador et al. (1993). DNA quanti-
€soamerican ultrv . .
) ) fication was with a Hoefer DyNA Quant 2000 fluorometer
SEA21 S Mesoamerican M Cultiv CIAT I . .
) ) and 200 ng/pl concentration of DNA was provided to the
SEL1309 S Mesoamerican M Cultiv CIAT I UC-Davis G i Cent h the T1I .
-Davi nomi nter r min T
TioCanela S Mesoamerican M Cultiv EAP 1T avis benomic Lenter where the Tiu a assays were

carried out. Protocols for the GoldenGate SNP analysis
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assay are available at the DNA Technologies Core facility
(http://dnatech.genomecenter.ucdavis.edu/).

Data analysis

Allele calls were curated using the Illumina Beadstudio
software package (Illumina, San Diego, CA, USA). To
minimize the confounding effects of technical error, all
SNP calls with monomorphism between the parents,
unexpected parental alleles or high levels of missing data
(20 % or more) were excluded from further analysis. Data
from a total of 32 features were eliminated due to mono-
morphism in the parents, high levels of missing data, or
excessive number of heterozygotes that would not be
expected in pure lines of an inbreeding crop such as
common bean. This resulted in a final data set of 736 SNPs
for the genotypes evaluated. We included features from the
array that had lower than 10 % missing data in some
genotypes as they were still informative for other geno-
types. Heterozygous calls were considered to be neither of
the alleles for the sake of data analysis. We realize that in
some bean genotypes heterozygosity may still exist espe-
cially in the breeding lines, but could not use this data
effectively in the diversity analysis.

Allele assignments and frequencies for the common
bean accessions were used to calculate the polymorphic
information content (PIC) for each SNP marker using
PowerMarker v. 3.25 (Liu and Muse 2005). In addition,
Nei’s Genetic Diversity (Nei 1978), observed heterozy-
gosity (H,) and maximum allele frequency were calculated
for each SNP marker with the same program. Minimum
allele frequencies for each SNP were calculated from
maximum allele frequencies for the marker given that the
SNPs were bi-allelic. Finally, as part of the diversity
analysis, STRUCTURE v. 2 software (Pritchard et al.
2000) was used to determine genotype assignments to sub-
populations. This involved varying the K (population
number) values from 1 to 10 and running an “admixture
model”, with 50,000 burn-ins and 100,000 iterations,
optimal K value was taken to be the one with the highest
Ln P(D) values as described by Evano et al. (2005). In
addition, neighbor joining trees were constructed for the
mini-core and validation germplasm sets with the software
program Darwin v. 5.0 software (Perrier et al. 2003).

Results
SNP marker discovery and detection
Out of the full GoldenGate set of 768 SNPs, a total of 736

SNPs gave high quality reads when the genomic DNA from
the mini-core panel was tested as shown by the bitmap in
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Fig. 1. This amounted to 95.8 % success rate on a per
marker basis. Several SNPs (3.33 % of total) still detected
heterozygotes, which were not to be expected for the
inbred genotypes used in the study. A total of 1,129 data
points were heterozygous in the selected SNPs out of the
full set of 33,856 data points. Missing data (or null alleles)
were prevalent in some markers more than others and in
wild genotypes more than cultivate genotypes, but overall
consisted in only 908 marker x genotype combinations
(2.68 % of total). Missing data or heterozygotes were far
less common when evaluating the parental genotypes used
in each assay plate (BAT93 and Jalo EEP558) as these
were control genotypes used in each assay plate.

Characterization of SNP markers

A large number of SNP markers were found to be infor-
mative and observed heterozygosity was generally low.
Figure 2 shows the distribution of observed heterozygosity
in the 768 SNP markers, showing that the vast majority
ranged from O to 0.1 in frequency with an average fre-
quency of only 0.04 %. In addition, only 25 SNPs had
higher frequencies than 0.2 while among these 12 SNPs
had higher frequencies than 0.35. The low heterozygosity
in the diversity panel would be expected for an inbreeding
species such as common bean. High heterozygosity for a
SNP of over 0.35 often represents poor allele calling in the
GoldenGate assay, so these 12 SNP markers were elimi-
nated for further analysis. Monomorphic markers detected
with the genetic diversity and PIC analysis were found for
11 out of the 768 SNPs, amounting to only 1.4 % and these
were also eliminated along with 9 markers having over
50 % missing data.

Figure 3 shows the distribution of genetic diversity
(Nei’s) and polymorphism information content (PIC) val-
ues for the SNP markers. The maximum genetic diversity
value was 0.5 found for 9 out of the 768 SNP markers,
while the maximum PIC value was 0.375 found for the
same number of SNP markers. However, a set of 39 and 44
SNPs had genetic diversity or PIC values lower than 0.2,
respectively. Finally, the average genetic diversity across
all 768 SNPs was 0.423, while the average PIC value for
the same set was 0.328. Although we worked mainly with
genetic diversity and PIC values, because these are com-
parable between marker types we also report minor allele
frequency (MAF) values. We found that in general the
major allele represented the Mesoamerican genepool as
associated with the control genotype BAT93, while the
minor allele represented the Andean genepool as associated
with the control genotype Jalo EEP558. Figure 4 shows the
allele frequencies chart.

Correspondence between MAF and PIC values was high
with a correlation coefficient of r = 0.924 (P = 0.000).
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Likewise, the correlations were highly significant (P =
0.000) between genetic diversity and MAF (r = 0.924) or
PIC (r = 0.995) values. In general, there were no incon-
sistencies between the rankings according to genetic

H, value

diversity, MAF or PIC values. For example, the SNPs with
the MAF values of zero (TOG894080_1, TOG894192_1,
TOG894755_2, TOG897670_2, TOG898533_1, TOGSE9
9640_1, TOG901050_1 TOG902834_1, TOG906490_2,
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TOGY906490_2, and TOG917884_1) also had PIC values of
Zero.

As mentioned above, a total of 9 SNPs (TOG897017_1,
TOG898007_1, TOG899751_1, TOG900987_2, TOG90
2611_1, TOG903813_1, TOG905303_1, TOG906575_1
and TOG929402_1) had the maximum PIC value of 0.375,
although the theoretical maximum according to the formula
of Anderson et al. (1993) would be 0.5 for a bi-allelic
marker. A total of 127 other SNPs had close to the highest
observed PIC values of more than 0.370. Meanwhile, the
TOGs with the highest MAF values were the same as listed
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above for the PIC values with the highest theoretical value
of 0.5 for bi-allelic markers reached for all 9 SNPs.

A repeatability test was undertaken with the two control
genotypes discussed above which were used on every OPA
plate that was analyzed. In total, BAT93 and Jalo EEP558
were repeated four times across the experiments, twice
on each plate. In general, differences were between
plates rather than between duplicates on a plate. Switched
alleles, missing data or heterozygous loci were infrequent.
BAT93 had 7 switched alleles (0.9 %), 10 missing data
point differences (1.3 %) and 16 heterozygous versus
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Table 2 Genotypes evaluated in duplicate Illumina GoldenGate OPA assays and the number of A and B alleles, missing data, successful calls

and percentage successful SNPs

Genotype and genepool® A (Meso) B (Andean) Missing data Missing B Missing A Total ~ No. of successful % successful
count  SNPs SNP

BAT477 (M) 1,246 187 25 1 0 1,433 716 98.22
BATS81 (M) 1,180 262 16 0 0 1,442 721 98.9
DOR364 (M) 1,259 177 22 1 1 1,436 716 98.22
DOR476 (M) 1,261 178 19 1 0 1,439 719 98.63
G2333 (M) 1,098 317 43 2 1 1,415 705 96.71
VAX1 (M) 1,239 197 22 5 1 1,436 712 97.67
AFR298 (A) 48 1,408 2 0 0 1,456 728 99.86
CALIMA (A) 74 1,373 11 0 1 1,447 723 99.18
G19833 (A) 130 1,312 16 0 2 1,442 719 98.63
G19839 (A) 124 1,317 17 0 1 1,441 720 98.77

? Genotype identification for Mesoamerican (Meso) and Andean alleles A and B, respectively, with situation of dominant markers (missing the

A or B allele) indicated for the number of SNPs tested

called allele differences (2.1 %). Jalo EEP558 had similar
numbers with 0.9, 0.8 and 1.7 % in these categories,
respectively.

Apart from the two controls above, ten other genotypes
were repeated twice in the SNP analysis across two assay
plates to measure repeatability of the assay in genotypes
different from those used to obtain the SNPs (Table 2). In
this test, the GoldenGate assays were found to be very
repeatable with no discrepancies in allele calls found for
any of the genotypes in any of the duplicate pairs. The
Mesoamerican control genotypes had a slightly higher
number of missing data in the assay compared to the
control Andean genotypes. The average rate of successful
allele calls in the control Andean genotypes was 99.11 %
while for control Mesoamerican genotypes it was 98.06 %,
a small but consistent difference (unpaired ¢ test,
P < 0.01).

Relationships between accessions

The dendogram built with the results of the GoldenGate
assay run on the minicore diversity panel showed a large
genetic distance between genepools and relatively small
genetic distances within genepools (Fig. 5). The wild
genotypes G24404 and G24390 were located in between
the two genepools, with the Colombian wild (G24404)
slightly closer to the Andean genepool group and the
Mexican wild (G24390) slightly closer to the Mesoameri-
can genepool group.

Despite the small intra-genepool genetic distances, the
relationships of the genotypes within each genepool were
accurate based on biological considerations, race mor-
phology and previous classifications based on SSR diver-
sity analysis (Blair et al. 2006a, 2009). Among the Andean
genepool individuals, Jalo EEP558 anchored the group as

the most distinct as would be expected since it was used to
define which alleles were Andean. Nueva Granada race
genotypes, AFR298, G122 and IJR shared the same branch
with Jalo EEP558. Meanwhile, the advanced bush bean
lines or varieties BRB191, Calima (G4494), Cerinza and
SEQ1027 were slightly more distant from the control
genotype. G21078 grouped close to these genotypes fol-
lowed by another branch that diverged to the two Peru race
genotypes, G19833 and G19839, which were closely
related to each other. Finally, further down the dendogram
were branches to G21657, Montcalm and G21242.

The Mesoamerican genotypes had a similar level of
genetic diversity as the Andean genotypes, although some
genotypes had long branch lengths from the main dendo-
gram axis. After the wild Mexican accession, the first
genotype to branch off was G685, a Guatemala race
genotype, followed by the cluster of G855, G2333 and
G11360, a group of climbing beans from Central America.
After this G14519 was found, followed by the advanced
lines SEA15 and SEAS, then a branch to BAT477 and
MARI1 and another branch to BAT881 and SEA21. The
inter-specific (P. vulgaris x P. acutifolius) line SEL1309
was found on a long branch from the last two genotypes.
After this, one cluster was found with G3513, G11530 and
G21212; and another cluster with G4825, VAX1, VAX3
and VAXG6, these last three being CBB-resistant advanced
lines. At the end of the dendogram were BAT93 and
MAM38 on one branch, followed by the black beans
DOR390, G5883 and Jamapa and then the small red beans
DOR364, DOR476 and Tio Canela. The inset next to the
dendogram shows the results from SSR marker analysis of
the mini-core by Blair et al. (2006a), and it is interesting
that both with SSRs and with the SNPs analyzed here, we
found the separation of black seeded versus red-seeded
subgroups for race Mesoamerica.
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Andean

Mesoamerican

Fig. 5 Neighbour joining dendogram for 50 common bean genotypes
with tree generated from genetic distance matrix for mini-core
common bean genotypes used in this study and 768 single nucleotide
polymorphism (SNP) markers from the GoldenGate assay. Germ-
plasm identification and classification in a is according to Andean and
Mesoamerican genepools in contrasting light (orange) and dark (blue)

The genetic diversity, MAF and PIC values were much
lower when considering the Andean and Mesoamerican
genepools separately, which indicates the low polymor-
phism of the SNPs within genepools. The average genetic
diversity and PIC values were 0.119 and 0.103, respec-
tively, for the Andean genotypes alone and 0.194 and
0.162, respectively, for the Mesoamerican genepool
genotypes alone. Meanwhile, the average MAF values
were 0.078 and 0.135 for the Andean and Mesoamerican
genepools, respectively.

Inter- and intra-genepool polymorphism levels

Polymorphism analysis was based on the studies of Blair
et al. (2006a) and Cortés et al. (2011), where we were
interested in specific parental combinations represented by
the minicore genotypes. These included crosses within
genepools (intra-genepool crosses) and between genepools

@ Springer

Andean T

Mesoamerican

Durango
Mesoamerica
Jalisco
Guatemala
Peru

Nueva Granada

ik

lines. Meanwhile b shows the identification by races as given in the
colored legend. The race name abbreviations are: D Durango,
J Jalisco, M Mesoamerica, NG Nueva Granada, P Peru. Arrows in
both subfigures indicate wild accessions, with all others being
cultivars. NA not appropriate to classify as with wild accessions (color
figure online)

(inter-genepool crosses) as described in Table 3. The latter
crosses were represented by Andean x Mesoamerican,
which had much higher polymorphism than the within
Andean or within Mesoamerican crosses. Considering that
JaloEEP558 and BAT93 were the basis for the SNP
markers, we considered their alleles to represent Andean
and Mesoamerican genotypic classes, respectively, for the
identification of polymorphisms in the other inter-genepool
combinations. Therefore, the BAT93 x Jalo EEP558
combination had the highest polymorphism levels observed
with the SNPs. Apart from this cross, high polymorphism
of 76.5-81 % was found for the inter-genepool crosses
DOR364 x G19833, BRB191 x MAM38 and G5273 x
MAM38. Analysis of the other crosses was instructive due
to notable differences between inter- and intra-genepool
crosses. For example, two additional inter-genepool crosses
in the first part of Table 3, G855 x BRB191 and G2333 x
G19839, had approximately 65 % polymorphism; while



Theor Appl Genet (2013) 126:535-548

543

Table 3 Level of
polymorphism in parental

Parental combination

Type of cross

SNP markers (736)

combinations across or within Female parental ~ Male parental No. of poly % poly
Mesoamerican (M) and Andean
(A) gene pools for the 786 SNP Blair et al. (2006a, b)  BAT93 JaloEEP558 M(m) x A(ng) 707 96.1
markers used in the study BATS81 G21212 M(@m) x M(m) 122 16.8
BRB191 MAM38 A(ng) x M(d) 568 77.2
DOR390 G19892 M(m) x A(w) 502 68.2
DOR364 G19833 M(m) x A(p) 563 76.5
DOR364 BAT477 M(m) x M(m) 60 8.6
DOR364 G3513 M(m) x M(m) 74 10.1
DOR476 SEL1309 M(m) x M(m) 188 25.5
Cerinza G24404 A(p) x A(w) 37 5.0
Cerinza G24390 A(p) x M(w) 248 33.7
G855 BRBI191 M(j) x A(ng) 473 64.2
G2333 G19839 M(g) x A(p) 484 65.8
G5273 MAM38 A(ng) x M(d) 596 81.0
G11360 G11350 M(j) x M(m) 159 21.6
G21657 G21078 A(p) x A(p) 21 2.9
G21078 G21242 A(p) x A(na) 242 329
G14519 G4825 M(m) x M(m) 113 15.5
. Land VAX6 MARI M(m) x M(m) 98 133
nter-genepool and inter-race )
combinations indicated by Cortés et al. (2011) AS55 G122 M x A 478 64.9
abbreviations, where A Andean, SEAS CAL96 M x A 532 722
M Mesoamerican. Genepools SEA15 CAL96 M x A 525 713
followed by an additional letter SEAS CALI143 M x A 519 70.5
in parenthesis where d Durango, '
¢ Guatemala, j Jalisco, SEA15 CAL143 M x A 507 68.9
m Mesoamerica, ng Nueva SEAS BRB191 M x A 532 72.3
Granada, p Peru race, w wild SEAI15 BRB191 M x A 521 70.8

accession

the intra-genepool combinations were variable but much
lower (from 3 to 30 %).

A greater number of Mesoamerican x Mesoamerican
(M x M) crosses were analyzed than Andean x Andean
(A x A) crosses. Among the M x M crosses, DOR364 x
BAT477 had the lowest polymorphism (5.0 %) and
DOR476 x SEL1309 (25.5 %) had the highest. Among the
A x A crosses, the inter-racial cross G21078 x G21242,
where one parent was from race Nueva Granada and one
from race Peru, had higher polymorphism (32.9 %) than
the intra-racial cross G21078 x G21657, where both par-
ents were from race Peru and polymorphism was very low
(2.9 %).

Finally for the cultivated x wild crosses, the A x M
combination of Cerinza x G24390 had intermediate to low
polymorphism (33.7 %). However, the cultivated x wild,
inter-genepool combination DOR390 x G19892 has
higher polymorphism (68.2 %). Since this raised the
question if some inter-genepool crosses might be lower in
polymorphism, we analyzed an additional set of combi-
nations evaluated by Cortés et al. (2011). The second part

of Table 3 shows that the polymorphism was between 64.9
and 72.2 % for seven parental combinations of interest
for drought and heat tolerance breeding, a narrow range
that confirms high polymorphism for inter-genepool
combinations.

Analysis of the validation germplasm set

Since original SSR analysis by Blair et al. (2006a) found
the mini-core to detect more diversity in Andean genotypes
than in Mesoamerican genotypes, but later SSR analysis by
Blair et al. (2009) found even diversity in the two gene-
pools, we were interested in extending the SNP analysis of
the minicore into a larger validation set. With this in mind,
two plates of additional genotypes (186 entries) were
evaluated with the same GoldenGate assay used for the
mini-core and produced a dataset of nearly 150,000 data-
points. Control genotypes were used twice per plate and
consisted in the same Andean and Mesoamerican control
genotypes. There were slightly more Mesoamerican
genotypes than Andean genotypes in the analysis to reflect
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the predominance of the former genepool among bush
beans. Climbing beans, in which Andean genotypes pre-
dominate, were not analyzed as the purpose of this extra
genotyping was to distinguish bush beans only. For that
reason a set of advanced lines were also included.

Results of the validation germplasm set of 186 geno-
types, showed that the SNP assay was effective at sepa-
rating Andean and Mesoamerican genotypes as predicted
in the mini-core set. Population structure analysis at K = 2
confirmed the clear separation of the genepools, which was
the best K value based on an Evanno’s test (Fig. 6). To a
certain extent, the SNP assay was also useful at separating

the Mesoamerican racial groups Durango—Jalisco and
Mesoamerica, which were identified at K = 3 and in sep-
aration the Andean races Nueva Granada and Peru, which
were identified at K = 4, although these K values were not
ideal when defined by statistical test. SSR analysis from
Blair et al. (2009) defined these groups with higher preci-
sion. In the SNP study, advanced lines did show mixture of
the races within each genepool as would be expected since

they are the products of plant breeding programs. The

dendogram for these genotypes showed the tight clustering

of the genotypes within each respective genepool, con-
firming the results of the population structure analysis.
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Fig. 6 Population structure and diversity analysis for 186 genotypes
in the common bean validation genrmplasm set. Subfigures showing
a results of Evanno’s test; b results of 100,000 iterations of
STRUCTURE software with K values from K =2 to K = 4 with
sub-populations as indicated in Blair et al. (2009) and shown with
lettering below the graph; Abbreviations used include: AC Andean
Controls, DJ Durango-Jalisco group, MC Mesoamerican controls,
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NG Nueva Granada race. All other races (race Mesoamerica and race
Peru) are fully designated as are the subgroups of race Mesoamerica
and race Nueva Granada in and c¢ results of neighbor joining
dendogram construction showing divisions of Andean and Meso-
american genotypes and respective races as defined in previous
subfigure and indicated in different colors (color figure online)
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Discussion

In this study, we implemented a multi-locus platform for
SNP marker analysis for diversity assessment in common
bean based on the GoldenGate assay. We evaluated two
diverse germplasm sets based on a mini-core of cultivars,
advanced lines and wild accessions that have been used to
create genetic or breeding populations as described in Blair
et al. (2006a) and Cortés et al. (2011) as well as a validation
set evaluated for SNPs in drought candidate genes by Cortés
et al. (2012). As distinct from those studies we evaluated the
distribution of genetic diversity and minimum allele fre-
quency values for a large number of SNP loci at a time
giving a new picture of gene-based diversity in the crop.
Similar to the previous studies, we found that the Andean
and Mesoamerican genepools are very distinct. Overall, we
found the GoldenGate assay to be a useful genetic tool for
rapid analysis of parental combinations, germplasm studies
or for evaluation of association panels. However, SNP
markers both in this study and those of Cortés et al. (2011,
2012) detected lower polymorphism compared to SSR
markers analyzed by Blair et al. (2006a, 2009).

We evaluated PIC values in the mini-core set as a
parameter to compare SNP markers to the previous studies
using SNP and SSR markers. In this case, we found that the
PIC values of the TOG markers used in this GoldenGate
assay were lower than for other gene-based and genomic
SNP markers (PIC values of 0.436 and 0.440, respectively)
used in Kaspar SNP analysis by Cortés et al. (2011). The
TOG markers were based on conserved legume sequences
and therefore a slightly lower average PIC value of 0.328
was not out of the ordinary. Some studies using full core
collections or large germplasm sets use low frequency
alleles as a reason for eliminating SNPs from consider-
ation, but we did not do this since we were interested in all
the genes analyzed. In any case, average minor allele fre-
quency was high at 0.336 (theoretical maximum 0.5).

In a SNP study using the Illumina GoldenGate assay in
garden pea, Pisum sativum, a similar average minor allele
frequency was found. (Deulvot et al. 2010), showing that in
most germplasm sets if they are selected to be compre-
hensive do not have an excess of rare alleles. However, in
an analysis of maize diversity, Yan et al. (2009) found that
minor allele frequency was continuously distributed in two
sets of inbreds from different regions, but that many SNPs
were rare so they eliminated these SNPs for the purpose of
estimating kinship. This appears not to be a great problem
for SNPs in common bean as long as both genepools are
evaluated. However, for association mapping within each
genepool the extent of rare alleles should be carefully
considered for common bean.

Ascertainment bias is often a problem with SNP markers
where the sequence of the genotypes used to develop the

assay influences the correct evaluation of alleles in other
genotypes. We must take into account that the use of cer-
tain control genotypes for the development of our Gold-
enGate assay may have influenced the detection of SNPs
and in some cases their allele calling. The fact that BAT93
is an advanced breeding line with some history of intro-
gression breeding makes it likely that some of the SNPs
discovered could be atypical of the Mesoamerican gene-
pool that it represents. Similarly, Jalo EEP558 is a landrace
from a secondary center of diversity (Brazil) rather than
from the primary center of diversity for the Andean
genepool, and therefore may also have atypical alleles for
certain SNPs. Finally, since both control genotypes were
from the cultivated genepool, in many cases SNPs from
BAT93 and Jalo EEP558 were not functional in the wild
genotypes used in the diversity panel, especially G24390
(Mexican Mesoamerican) and G24404 (Colombian wild)
which are more divergent than G19892 (Argentinean
Andean). G24404 was found to be a very distinct wild
accession in SSR diversity studies (Blair et al. 2006a) and
in advanced backcrossing (Blair et al. 2006b), while both
G24390 and G24404 were found to be distinct in our
previous SNP diversity study (Cortés et al. 2011).

Returning to the garden pea study of Deulvot et al.
(2010), ascertainment bias was less of a problem in wild
germplasm evaluation with SNPs developed from cultivar
sequences than in seen here with common bean. Other
studies in agricultural crops with GoldenGate SNPs gen-
erally have mainly considered cultivated germplasm rather
than wild relatives (Yan et al. 2010; Zhao et al. 2010). The
results for common bean indicate that re-sequencing will
probably be needed for the development of SNP markers
that are functional in wider germplasm sets, especially
outside cultivated groups. In any case, re-sequencing
especially with low-cost next-generation technology will
be useful for SNP validation in each genepool of common
bean, anyway.

Apart from the results for the wild accessions, the
diversity assessment showed similar results to SNP anal-
ysis by Cortés et al. (2011). In both studies, the genetic
distance between the cultivated Andean and Mesoamerican
genepools was much greater than within either group of
cultivars separately. However, some evidence for differ-
ences between common bean races as defined by Singh
et al. (1991) was observed, especially for race Guatemala
and race Jalisco versus the two Mesoamerica race sub-
groups in the Mesoamerican genepool, and race Nueva
Granada versus race Peru in the Andean genepool. In
contrast to the results of Cortés et al. (2011) and Blair et al.
(2006a), the genetic diversity in the Mesoamerican gene-
pool was slightly larger than within the Andean genepool.
This is perhaps due to the difference in markers analyzed.
Contrasting results have been obtained by various authors
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for the comparative diversity levels found in each genepool
(Benchimol et al. 2007; Blair et al. 2009; Cortés et al.
2011; Kwak and Gepts 2009). While SSR markers tend to
find high diversity in each genepool and similar diversity
levels, SNP markers or sequence-based analysis finds lower
diversity and a tendency for higher diversity in the Meso-
american genepool. The validation set in the present study
was biased toward a greater number of Mesoamerican
genotypes which had slightly higher diversity.

Race assignments in the validation set seemed to show
the value of SNPs within genepool analysis, but the level of
polymorphism among Andean races or among Mesomeri-
can races was low and within genepool population structure
could not be confirmed with an Evanno’s test. Similarly,
polymorphism levels among pairs of mini-core genotypes in
this study were correlated with whether the comparison was
across genepools or races. For example, SNP polymorphism
was very low in parental comparisons from the same race
within the Andean genepool, intermediate or low for par-
ents from different races within the Andean or Mesoamer-
ican genepool, but high for crosses between genepools.
These results agree with those of Cortés et al. (2011), who
found above 65 % average SNP polymorphism for inter-
genepool comparisons, but 10 and 25 % for intra-genepool
comparisons in Andean and Mesoamerican genepools,
respectively. Within either genepool, the intra-race combi-
nations appear to show lower average polymorphism than
the inter-race combinations.

It was notable that the Mesoamerican alleles were over-
represented with 18,063 data points, while the Andean
alleles were under-represented with 13,785 data points.
When we consider that in the mini-core diversity panel, 18
of the genotypes were Andean and 29 were Mesoamerican
and we found that on a per genotype basis the Andean allele
was slightly more frequent than the Mesoamerican allele.
This may represent introgression of the Andean allele into the
Mesoamerican genepool. All of these assumptions depend on
the genepool purity of the control genotypes, BAT93 and Jalo
EEP558 so this must be taken into account when evaluating
the results.

Overall the utility of the new SNP markers was highest in
inter-genepool comparisons especially for source genotypes
used to develop the Illumina set (BAT93 and Jalo EEP558).
Indeed the polymorphism for these two genotypes was
above 90 % as would be expected since the SNP discovery
process was based on these genotypes. Crosses based on
genotypes that had similar origins as the control genotypes
were the next most polymorphic. Surprisingly this included
crosses with MAM38, which is a diverse Mesoamerican
advanced line which includes various diverse parents in its
pedigree. In the evaluation by Cortés et al. (2011), the most
polymorphic cross evaluated with 94 SNP markers was
DOR364 x G19833 (Mesoamerican x Peru races), which
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had an average level of polymorphism of 86.2 %, followed
by other combinations between cultivated Mesoamerican
and Andean beans. In that study, wild x cultivated crosses
were of similar polymorphism as inter-genepool crosses.
Differences between the two analyses could be due to the
different sources of the SNPs, where in Cortés et al. (2011)
these were from a wide range of sources.

The functional SNP markers in our GoldenGate assay
were equivalent in number to the only other GoldenGate
assay prepared for common bean by Hyten et al. (2010).
There, a total of 827 genomic SNPs were functional and
technologically successful out of 1,050 that were assayed
(79 %). In comparison to our study, 736 SNPs were suc-
cessful out of 768 that were assayed (96 %). These dif-
ferences were perhaps due to the source of the SNPs used
in our study based on conserved legume gene sequences
versus the source used in Hyten et al. (2010), which was a
multi-tier genomic DNA representation library based on a
454 next-generation sequencing run.

The high success rate observed with the TOG-based
markers in the GoldenGate assay is comparable to evalu-
ations in Pisum sativum, where re-sequencing was used to
create a 384 SNP set evaluated with the Beadexpress
platform from Illumina and success rate was over 92 %
(Deulvot et al. 2010). Finally, reproducibility of the present
GoldenGate assay was also very good due to the high
quality of the SNPs. All the allele calls were in agreement
between duplicates and the most widespread genotyping
error was between a parental allele versus a heterozygous
call. This is a low prevalence of errors, which is typical of
other studies using GoldenGate assays as well (Yan et al.
2009). Comparisons of SNP technologies can now be made
with this assay versus other technologies.

Other technological options for SNP analysis include
Tagman-based applications such as Kaspar and other oli-
gonucleotide applications such as single-base extension
assays. In terms of failure rate, the GoldenGate assay had
missing data at a similar rate (2.7 %) as the Kaspar analysis
(2.5 %) of Cortés et al. (2011). Cost comparisons would be
slightly higher for the Kbiosciences Kaspar assay com-
pared to the Illumina GoldenGate assay per datapoint, but
lower per genotype due to the flexibility in the number of
SNPs evaluated per genotype. The requirement of Gold-
enGate is to evaluate a full array of SNPs at a time and
therefore targeted SNP genotyping as for genetic map
construction would be better done on a Kaspar platform
after polymorphism evaluation on either system. The
GoldenGate assay would be ideal for large diverse germ-
plasm sets, for example in association mapping studies
(Blair et al. 2009). For this kind of analysis, gene-based
SNPs would be ideal.

In summary, we developed an Illumina GoldenGate
assay of 768 SNP markers for common bean from
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conserved legume genes and applied this to genomics tool
to genotyping and diversity analysis of a mini-core germ-
plasm set. Parental comparisons made in this study were
representative of the types of parental combinations used in
common bean genetics research, and show the value of the
recently developed SNPs for efficient genetic analysis of
common bean especially for inter-genepool crosses and
between genepool comparisons of cultivars. Therefore, we
have shown that conserved gene sequences are useful in
uncovering polymorphisms in common bean, which is
useful for defining polymorphisms found in introgressions
from one genepool to another. The true advantage of these
markers is that they form cross-comparable markers
between the multiple grain legumes which is important for
synteny mapping and for having fixed landmarks at even
distances within the genomes of various legumes including
less-well studied orphan crops.

A final conclusion is that although gene-based SNPs are
not ideal for intra-genepool or intra-race crosses where
SSRs are more informative, they are useful for any com-
bination of inter-genepool parents. The low mutation rate
of gene-based SNPs allows us to be assured that the same
transition or transversion event does not occur at the same
nucleotide position, allowing confident analysis of alleles
and haplotypes in diversity studies. Furthermore, the
probability that the same allele at the inter-genepool level
comes from a common ancestor (identity by descent) is
high. This makes the high-throughput GoldenGate assay a
good platform for genetic analysis of breeding line pedi-
grees. In conclusion, the development of the GoldenGate
assay for common bean will facilitate various genetic
analyses to be carried out on the crop.
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