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Abstract Common bean (Phaseolus vulgaris L.) is a legume
that is an important source of dietary protein in developing
countries throughout the world. Utilizing the G19833 BAC
library for P vulgaris from Clemson University, 89,017
BAC-end sequences were generated giving 62,588,675 base
pairs of genomic sequence covering approximately 9.54% of
the genome. Analysis of these sequences in combination
with 1,404 shotgun sequences from the cultivar Bat7
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revealed that approximately 49.2% of the genome contains
repetitive sequence and 29.3% is genic. Compared to other
legume BAC-end sequencing projects, it appears that P
vulgaris has higher predicted levels of repetitive sequence,
but this may be due to a more intense identification strategy
combining both similarity-based matches as well as de novo
identification of repeats. In addition, fingerprints for 41,717
BACs were obtained and assembled into a draft physical
map consisting of 1,183 clone contigs and 6,385 singletons
with ~9x coverage of the genome.

Keywords BAC-end sequence - Phaseolus vulgaris -
Physical map

Introduction

Common bean (Phaseolus vulgaris L.) is a major legume crop
with over 23 million metric tones produced per year [9] and is
a major source of calories and dietary proteins in many
developing countries throughout the world. In addition,
common beans are high in fiber, a trait that is associated with
hypocholesterolemic properties [13, 23]. The Phaseoleae, of
which P, vulgaris is a member, contain 75% of the consumed
legumes [9]. Although much of the breeding in common bean
has focused on stable yields, many research programs are now
working to increase yield as well as creating stress-tolerant,
disease-resistant and high-quality beans.

DNA sequences are available for many crops, including
full genome sequences of Arabidopsis [3], rice [20, 42], and
most recently, poplar [38] and grapevine [19]. However,
apart from the ongoing genome projects for Medicago
truncatula, Lotus japonicus and Glycine max [24, 41], there
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is comparatively little sequence data from other legumes,
including common bean. Recently, over 2,000 tentative
consensus (TC)-contig sequences and more than 5,000
singleton sequences were described from ESTs generated
for common bean by Ramirez et al. [35].

P vulgaris is a member of the Phaseoloid/Millettioid
clade of legumes. This clade is well adapted to tropical
climates [14] and contains soybean, cowpea and pigeon
pea. Among these, only soybean is being sequenced [24].
In contrast, among the Hologalegina clade or cool-season
legume, M. truncatula and L. japonicus are currently being
sequenced. Between the cool-season and warm-season
legumes limited synteny has been observed [10]. However,
the extent of synteny among the tropical legumes, P
vulgaris, Vigna radiata and soybean is quite extensive [8,
26, 32]. EST-based analyses and sequencing of homeolo-
gous regions in soybean have shown extensive retention of
duplication within the soybean genome [36]. Most genetic
markers in P. vulgaris are single-copy whereas, in contrast,
most markers in soybean exist in 2—-3 copies [21, 31, 39].
An examination of phylogenetic relationships between
soybean and M. truncatula showed that all legumes likely
shared an ancient duplication approximately 50 million
years ago [14, 34], prior to the divergence of soybean and
P. vulgaris approximately 19 million years [26]. The close
relationship between soybean and common bean and the
small size and relative simplicity of the P. vulgaris genome
indicate that this species could be used as a reference model
to study the dynamics of genome evolution and as an
additional resource for gene discovery in soybean.

We report here the construction of a genome-wide,
BAC-based physical map of the Phaseolus vulgaris
genome. This map was developed using the HICF BAC-
fingerprinting method [28] with BAC clones from G19833,
a Peruvian landrace with low soil phosphate tolerance and
high nutritional quality and has been used for genetic map
development [7]. In addition, 89,017 BAC-end sequences
were generated from the G19833 library and characterized
for their repetitive DNA and gene content. These results
were combined and compared with 1,404 shotgun sequen-
ces from BAT7, a cultivar from the Mesoamerican gene
pool that was domesticated separately from the G19833
gene pool to give a first glimpse into the organization of the
P, vulgaris genome.

Materials and Methods
BAC Fingerprinting
A 55,296 clone BAC library constructed from HindIIl

digested and size selected Phaseolus vulgaris cultivar
G19833 genomic DNA was obtained from the Clemson

University Genomics Institute. The BAC clones were
fingerprinted using the high information content finger-
printing (HICF) method and SNaPshot reagents as de-
scribed by Luo et al. [28] and modified as described by
Kim et al. [25]. Briefly, DNA from the first 125, 384-well
BAC clone plates from the Pv_GBa P vulgaris BAC
library (48,000 clones) was extracted by a modified alkaline
lysis protocol adapted for high throughput genome analysis
[25]. BAC DNA was digested with BamHI, EcoRI, Xbal,
Xhol and Haelll. The four first enzymes produce cohesive
termini that were labeled with fluorochrome tagged ddGTP,
ddATP, ddCTP and ddTTP respectively; while the last
enzyme produces blunt ends with a four-base cutter.
Chromatograms were processed with GeneMapper v4.0
(Applied Biosystems, CA) to generate trace fingerprint size
files. These files were submitted into an “in house” quality
control pipeline that filtered and removed fingerprints based
upon cross contamination (by close position in 96 and 384
well formats), empty clones, or clones with less than 25 or
more than 179 bands.

BAC-end Sequencing

BAC-end sequences (BES) were generated using the
identical BAC DNA preparations used for fingerprinting
with the universal primers T7 (5° TAA TAC GAC TCA
CTA TAG GG 3’) and M13 reverse (5 CAG GAA ACA
GCT ATG ACC 3°) following the methods of Ammiraju et
al. [2] and Kim et al. [25] at the Arizona Genomics
Institute. Sequences were processed with Phred [16, 17]
and LUCY software [11] and deposited in Genbank under
the accession numbers EI415689-EI504705.

Shotgun Sequencing

Approximately five grams of frozen leaf was ground with
liquid nitrogen, then extracted with CTAB at 65°C for 1h
and further purified by chloroform:isoamylalcohol (24:1)
extraction. Genomic DNA was precipitated with isopropy-
lalcohol, looped-out with a glass hook and washed with
70% ethanol. Genomic DNA was then air dryed and
dissolved in 500 pl TE with 1 pl of RNaseA (10 mg/ml).
The sample was incubated at 37°C for 30 min and 65°C for
30 min. DNA was again extracted with phenol followed by
phenol:chloroform. DNA was precipitated with one-tenth a
volume of 3 M acetic acid and two volumes of 100%
ethanol. The DNA was hooked-out and washed with 70%
ethanol as above and redissolved in a suitable volume of TE
buffer.

Genomic DNA was sheared (Genemachines Hydroshear)
and treated with Mungbean nuclease (USB) at 30°C for
30 min. The sample was purified by QIAquick PCR
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Table 1 Phaseolus vulgaris BAC-end and shotgun sequence profile

BAC-end Shotgun Combined
Number of clones 96,000 1,536 97,536
sequenced
Number of sequencing 89,017 1,404 90,421
reactions®
Sequencing success 93 91 93
rate (%)
Average read length (bp) 703 970 707
Total sequence length (bp) 62,588,675 1,362,051 63,950,726
Representation of ~9.54% ~0.20% ~9.75%
genome (%)
Sequence composition (%)
Protein-coding 239 16.6 -
Transposon/ 49.2 17.6° -
retrotransposon
Microsatellites 0.32 0.44 -

#Successful reactions after quality control steps were performed
®This value is an underestimation. RepeatMasker with only the
soybean, Medicago and Lotus sequences was used to identify repeats.
This library was used to generate the Phaseolus de novo Repeat-
Masker library then combined to identify repeats in the BAC-end
sequences

purification Kit and the eluted DNA was treated with
Shrimp Alkaline Phosphatase (USB) at 37°C for 1h and
then 65°C for 10 min. DNA was blunted with dATP and
GoTaq DNA polymerase (Promega) at 72°C for 30 min.
DNA fragments (3—5 kb) were then size selected on an
agarose gel and eluted using a QIAGEN Gel Extraction Kit.
The DNA fragments were ligated into the pCR4-TOPO
vector (Invitrogen) and transformed into TOP10 competent
cell by electroporation. Sanger sequencing and sequence
processing was performed using standard protocols at the
Purdue Genomics Facility, Purdue University, West Lafay-
ette, IN. All shotgun sequences were deposited in Genbank
under accession numbers DX572374-DX573827.

FPC Assembly of HICF Fingerprints

Size files containing the fingerprint bands of each clone
were assembled with Fingerprint Contig (FPC) software
version 8.5.2 ([37], http://www.agcol.arizona.edu/). Initial
assembly was performed using a tolerance value 4 and
cutoff of 1e > and gel length of 17,000. Questionable
clones (Q clones) were removed with the DQer function in
three steps increasing the cutoff, allowing a maximum of
15% of Q clones per contig. The resulting contigs were
auto-merged based on the comparison of all termini clones
at a lower cutoff (le ") and 61 bands from the ends. The
same parameters were used for the evaluation of clones
(singletons) that did not overlap with any contigs with the
initial settings. This same assembly pipeline was success-
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fully used for the HICF physical map of maize [33, 40] and
the wild rice species Oryza punctata [25].

Chloroplast contamination was tracked by BLAST of the
P vulgaris BES to the P vulgaris organelle genome
sequence (GenBank NC 009259) and using the FPC BSS
function [15]. The result of these analyses is considered as a
Phase I physical map of the Phaseolus vulgaris genome.

Analysis of BAC-end and Shotgun Sequences

Analysis of repetitive sequences in the BESs was done
using a repeat database constructed from the P. vulgaris
shotgun sequences. This database was constructed using a
de novo approach with RECON [5] and annotated using the
All Plant repeat database at TIGR (http://www.tigr.org/tdb/
e2kl/plant.repeats/). Two rounds of annotation were done
with BLASTN [1]; the first round at e=10—4 and the
second at e=10—-2. A vast majority of the repeats remained
unannotated using these criteria. As such, they are labeled
as ‘Phaseolus novel repeats. A custom legume specific
repeat library for Repeat Masker (http://www.repeatmasker.
org/) was generated using the annotated P. vulgaris repeat
database described above a database of Medicago trunca-
tula full-length LTR retrotransposons, constructed using
LTR STRUCT [30], Glycine max (http://www.tigr.org/tigr-
scripts/e2k1/rpStat.cgi?’DB=Glycine), Medicago truncatula
(http://www.tigr.org/tigr-scripts/e2k 1/rpStat.cgi?’DB=Medi
cago) and Lotus japonicus (http://www.tigr.org/tigr-scripts/
e2kl1/rpStat.cgi?’DB=Lotus) repeat databases at TIGR. This

Table 2 Repetitive sequence composition of BAC-end sequences

Repetitive element Total base % total % of total
class pairs BES repetitive
Low complexity 1118486 1.79 3.63
Simple repeats 197801 0.32 0.64
Calypso 93703 0.15 0.30
Copia 296258 0.47 0.96
Gypsy 1701291 2.72 5.53
Other LTR-like 3741178 5.99 12.2
elements
CACTA 116204 0.19 0.38
Ribosomal 146394 0.23 0.48
Centromeric 104700 0.17 0.34
Telomeric 3040 0.00 0.01
Unclassified DNA 210109 0.34 0.68
transposon
Unclassified 154921 0.25 0.50
retrotransposon
Phaseolus novel 22907805 36.7 74.4
Others 509 0.00 0.00
Total Repetitive 30,792,399 493 100
Sequence
Total BAC-end 62,588,675
sequence
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Fig. 1 GO classification of shotgun (a) and BAC-end Phaseolus (b) sequences. GO classifications were based upon the biological process class
of an associate GO term with an alpha score of at least 0.6 and an ontology level of 3 from Blast2Go [12]
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library was then used to mask repetitive sequences found in
the BAC-end sequences using RepeatMasker version open-
3.1.5, default mode, with BLASTP version 2.0MP-WashU
as the search engine. The masked sequences were then
categorized into different classes of repetitive elements. All
of this data is available at http://phaseolus.genomics.
purdue.edu/data/index.shtml.

Annotation of potential genic sequences from the BAC-
end sequences was accomplished by using the Repeat-
Masker masked BAC-end sequences as a query to the
NCBI non-redundant database with BLASTX [1]. An e-
value cutoff of 1e—6 was initially used. The BLAST output
was parsed in an XML format and loaded into Blast2Go for
mapping each blast-based high-identity match to an
associated GO annotation term [12]. Pie-charts were
generated based upon the biological process class of an
associate GO term with an alpha score of at least 0.6 and an
ontology depth level of 3.

Results and Discussion
Analysis of BAC-end and Shotgun Sequences

The Phaseolus vulgaris cv. G19833 BAC library PV_GBa
was obtained from CUGI (http://www.genome.clemson.
edu) and contains 55,296 clones with an average insert
size of 145 kb. Taking into consideration the estimated
genome size of P. vulgaris is approximately 637 to 675 Mb
[4, 6] for an average of 656 Mb, the library has an
estimated coverage of 12.2 haploid genome equivalents,

Fig. 2 The distribution of 600

thereby providing an excellent substrate for the generation
of a whole genome physical map.

A total of 96,000 BAC-end sequence (BES) reads were
attempted and resulted in a total of 89,071 (96%) successful
sequences with an average high-quality read length of
619 bp. This figure represents almost 62.6 Mb, approxi-
mately ~9.54% of the estimated size of the P vulgaris
genome. Distribution of forward and reverse BES displayed
a 1:1 ratio (44,236 F: 44,781 R). From those clones, 42,553
have both forward and reverse reads available (89% of the
sequenced clones). 40,527 BAC-end sequenced clones have
fingerprints assembled in the physical map.

Analysis of the BAC-end sequences using a custom
Repeat Masker library found that ~30.8 Mb or 49.3% of
sequences contained repetitive elements (Table 1). The P.
vulgaris novel class is the most abundant type of element
that masked 36.65% of the total BESs. LTR retrotranspo-
sons were the second most abundant class of repetitive
elements masking 9.58% of BESs; Within this class, Ty-3
gypsy were the most frequent (2.72%), followed by Ty-1
copia, calypso and other unidentified LTRs (Table 2). Of
the total repetitive fraction, 74.03% were considered novel
P vulgaris repeats which could not be annotated using our
criteria (see methods and materials). When the repeat
masker library was comprised of only the G. max, M.
truncatula and L. japonicus repeats and excluded the novel
P, vulgaris repeats, only 15.31% of the bases in the BAC-
end sequences were masked (as compared to 47.05%).
Similarly, when the G. max, M. truncatula and L. japonicus
repeats were used to mask the P vulgaris Bat7 shot-gun
sequences, only 16.63% were masked. Thus, a high
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proportion of repetitive sequences in P. vulgaris have little
or no similarity to other legume sequences in the Fabaceae
family, suggesting the presence of a large number of P
vulgaris-specific repetitive sequences.

Repeat-masked BAC-end sequences and masked shot-
gun sequences were putatively annotated with BLASTX
searches against the NCBI non-redundant database and
functionally classified using Blast2Go. Of the 89,071 total
masked BAC-end sequences analyzed, 21,302 had blast
hits and 10,321 were assigned to GO categories. Similarly,
of the 1,404 total masked shotgun sequences, 324 had blast
hits and 233 were assigned to GO categories. All of the
classifications are shown in Fig. 1. The largest categories in
both the BAC-end sequence and shotgun sequence analysis

Fig. 3 Fingerprints as show in
FPC for P. vulgaris contig 730.
Each clone identifiers as from

o

FPC is above the fingerprint.

The scale reads in base pairs for

fragment size. Clone a0028B01

is highlighted blue to show the

matching fragments (in red) as -2800

found in the other clones within

this contig
4200
HB00
H8E00
HL0B00
L2800
-LdB00
L5800
L1 8800

T‘-‘_“"\

were cellular process, metabolic process, response to
stimulus and localization. This is not surprising since these
classes comprise both housekeeping genes as well as gene
families generally involved in transcription and cellular
communication, two of the largest functional gene catego-
ries found in Arabidopsis [3].

When compared to the overall sequence composition of
other legume BAC-end sequencing analyses, P. vulgaris
appears to have a much higher percentage of repetitive
sequence (49.3%) than the 8.5% identified for Trifolium
repens L., white clover [18], or the estimated 33.5% for
soybean [29]. The striking disparity between P. vulgaris and
white clover is almost certainly because the white clover
BES analysis used only sequence-similarity based methods
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instead of a combination of de novo repetitive sequence
prediction and sequence-similarity based identification.

BAC Fingerprinting and Assembly of the Physical Map

We obtained a total of 41,717 SNaPshot fingerprints [25,
28] out of 48,000 attempted reactions from the G19883 P.
vulgaris BAC library for a success rate of 86%. This figure
satisfies the quality standard for the technique [25].
Fingerprinting failures were primarily due to either empty
clones (8%) or cross-contaminations (4%). The remaining
failures were mainly due to the low quality of the labeling
reaction. On average, the P. vulgaris BAC clones displayed
101 bands, and clones at the extremes of the distribution
were eliminated from analyses. Clones with more than 180
bands were eliminated because of the possibility of
chimeras, and clones with fewer than 25 bands were
eliminated because they had very small inserts.

Assembly of the Phase I P. vulgaris physical map was
done using FPC version 8.5.2 [37]. This initial assembly
contained 41,717 clones where 34,264 (83% of the total)
assembled into 1,183 contigs with the remaining 6,385
clones existing as singletons. Figure 2 depicts the frequency
of the distribution of the number clones per contig. These
results show a highly skewed distribution in favor of less
populated contigs. In fact, 90% of the contigs contained

Fig. 4 Analysis of the chloro-
plast contig from Phaseolus. a

less than 80 clones, with ~44% of the contigs comprised of
fewer than 10 clones. This distribution is consistent with a
stringent build that provides fewer clone misassembles and
clone conflicts that require further manual editing. FPC
clone contig 730 (Fig. 3) contains 14 BACs and is shown as
a representative image of the fingerprints in an average
BAC contig.

The average genome size of Pvulgaris is ~656 Mb and
with an insert size of ~145 kb and 40,749 good clones were
included in the assembly, then the haploid genome
equivalent is estimated to be ~9X. The average number of
consensus band units (CB units) per clone was 101, where
one consensus band is estimated to be approximately
1200 bp. Given that there are 374,410 bands total for all
contigs, then the estimated length of the map is 449,292 kb,
quite smaller than the estimated genome size. This suggests
that the CB unit estimate is underestimated given that it has
not been experimentally validated. Traditionally, CB units
are determined by dividing the average size of sequenced
BACs by the average number of fingerprinted bands (for
those BACs). However, since no BACs from P. vulgaris
G19833 have been sequenced, the CB unit is an estimate
and may be skewed.

Contig 1 in the current FPC build (Fig. 4a) contains the
largest number of clones, 968, and is highly stacked with
555 buried clones indicating a high level of overlapping
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among the clones. This pattern is indicative of clone
grouping as the result of BACs containing the chloroplast
genome. BAC-end sequences from these clones show high
BLAST-based sequence similarity to the organelle genome
sequence (DQ886273; [22]), an observation that is in
agreement with the alignment of the consensus Cap3
sequence contigs to the P vulgaris chloroplast genome
(Fig. 4b). This FPC contig covers 285Cb units (an
estimated 342,000 bp) and was marked as a “dead contig”
in FPC to avoid possible confusion in future editions of the
physical map.

A WebFPC version of this initial assembly is available at
http://phaseolus.genomics.purdue.edu/WebAGCoL/Phaseolus/
WebFPC/. In addition, through the Phaseolus vulgaris
genomics website (http:/phaseolus.genomics.purdue.edu),
users may submit sequences for overgo design and hybrid-
ization to the PV_GBa BAC library filters. All of these
markers will be added to the physical map as new builds are
assembled. Collaborative efforts are currently underway to
map EST-based genetic markers to the physical map as an
integrated genetic and physical map. The construction of a
physical map in P. vulgaris presents an excellent genomic tool
for positional gene cloning. In addition, the coverage
presented by this initial build provides the P. vulgaris research
community with an excellent resource for eventual sequenc-
ing of the genome, either by a clone-by-clone approach or
whole genome shotgun.
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