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Abstract Two plant-transformation-competent large-in-
sert binary clone bacterial artificial chromosome (hereafter
BIBAC) libraries were previously constructed for soybean
cv. Forrest, using BamHI or HindIII. However, they are
not well suited for clone-based genomic sequencing due to
their larger ratio of vector to insert size
(27.6 kbp:125 kbp). Therefore, we developed a larger-
insert bacterial artificial chromosome (BAC) library for
the genotype in a smaller vector (pECBAC1), using
EcoRI. The BAC library contains 38,400 clones; about
99.1% of the clones have inserts; the average insert size is
157 kbp; and the ratio of vector to insert size is much
smaller (7.5 kbp:157 kbp). Colony hybridization with
probes derived from several chloroplast and mitochondrial
genes showed that 0.89% and 0.45% of the clones were
derived from the chloroplast and mitochondrial genomes,
respectively. Considering these data, the library represents
5.4 haploid genomes of soybean. The library was
hybridized with six RFLP marker probes, 5S rDNA and
18S-5.8S-25S rDNA, respectively. Each RFLP marker
hybridized to about six clones, and the 5S and 18S-5.8S-
25S rDNA probes collectively hybridized to 402 BACs—
about 1.05% of the clones in the library. The BAC library
complements the existing soybean Forrest BIBAC
libraries by using different restriction enzymes and vector
systems. Together, the BAC and BIBAC libraries

encompass 13.2 haploid genomes, providing the most
comprehensive clone resource for a single soybean
genotype for public genome research. We show that the
BAC library has enhanced the development of the soybean
whole-genome physical map and use of three comple-
mentary BAC libraries improves genome physical map-
ping by fingerprint analysis of most of the clones of the
library. The rDNA-containing clones were also finger-
printed to evaluate the feasibility of constructing contig
maps of the rDNA regions. It was found that physical
maps for the rDNA regions could not be readily
constructed by fingerprint analysis, using one or two
restriction enzymes. Additional data to fingerprints and/or
different fingerprinting methods are needed to build contig
maps for such highly tandem repetitive regions and thus,
the physical map of the entire soybean genome.

Introduction

Large-insert bacterial artificial chromosome (BAC) li-
braries are crucial to physical map construction, genome
analysis, clone-based sequencing, and genomic sequence
finishing of large, complex genomes (Zhang et al. 1996b;
Tao et al. 2001; The International Human Genome
Mapping Consortium 2001; The International Human
Genome Sequencing Consortium 2001; Venter et al. 2001;
Zhang and Wu 2001; Chen et al. 2002; Gregory et al.
2002; Xu et al. 2003; Wu et al. 2004a). As the insert size
of the source library increases, the number of clones
needed for construction of a genome-wide physical map is
reduced proportionally (Zhang et al. 1996b). The physical
maps constructed from larger-insert libraries have in-
creased contig sizes and reduced gaps (Zhang et al. 1996b;
Gregory et al. 2002).

Clone-based physical maps have been proven to provide
essential platforms for advanced genome research (Chang
et al. 2001; Tao et al. 2001; The International Human
Genome Mapping Consortium 2001; Zhang and Wu 2001;
Gregory et al. 2002). Use of multiple complementary BAC
libraries constructed with different restriction enzymes can
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enhance physical map construction. The beneficial effects
may derive from the different GC contents of the
recognition sites of different restriction enzymes that
increase genome representation (Sun et al. 2003). The
complete genome representation of the source library is
key to development of whole-genome physical maps of
high genome coverage. The distribution of recognition
sites for a restriction enzyme is uneven among chromo-
somes and genomes (The Arabidopsis Genome Initiative
2000), so that the clones from some genomic regions
cannot be found in a BAC library constructed with a single
restriction enzyme. A physical map constructed from such
a library would have more and larger gaps.

The use of different vector systems for library
construction can further enhance the complementarity of
libraries because different origins of replication, cloning
sites, selectable markers, and insertion sites of different
cloning systems can affect cloning ability and insert
stability. The BAC libraries that are constructed in
transformation-competent binary vectors promise to
streamline use of the derived physical maps and genome
sequences (Hamilton et al. 1996; Liu et al. 1999). Direct
transformation with gene clusters will be important in
positional cloning of complex loci, determination of the
functions of clustered genes and related sequences, and
molecular breeding following genetic transformation.

Soybean, Glycine max (L.) Merr., is the world’s major
legume crop. For genome research of this important crop,
BAC or binary bacterial artificial chromosome (BIBAC)
libraries encompassing more than 35 haploid genomes
have been developed for several genotypes, including
Williams 82 (Marek and Shoemaker 1997), Faribault
(Danesh et al. 1998), PI 437654 (Tomkins et al. 1999),
Forrest (Meksem et al. 2000), and A3244 (Tomkins et al.
2000). However, no comprehensive libraries have been
constructed for any of the genotypes; all of them, except
for the Forrest libraries that were constructed with HindII
or BamHI in the bacterial P1-based vector pCLD04541,
were constructed from the partial digests of DNA with a
single restriction enzyme (either HindIII or EcoRI) in the
bacterial F factor-based vector pBeloBAC11 or its deriv-
ative pESBAC4. The average insert sizes of the libraries,
except for that of the Williams 82 library, all are smaller
than 150 kbp. Although these libraries have been proven
very useful for soybean genome research (Marek and
Shoemaker 1997; Danesh et al. 1998; Tomkins et al. 1999;
Meksem et al. 2000), they are not well suited for
comprehensive genome analysis of the species.

Here we describe a BAC library for soybean cv. Forrest.
The library has a larger insert size than any publicly
available soybean BAC libraries and complements the
existing Forrest BIBAC libraries. Therefore, the Forrest
BAC library, along with our existing Forrest BIBAC
libraries (Meksem et al. 2000), provides the most
comprehensive, large-insert clone resource of a single
genotype for extensive analysis of the soybean genome.
The library has been made available to the public (http://
hbz.tamu.edu) and used in the construction of a genome-

wide physical map of the soybean genome (reviewed in
Lightfoot et al. 2003a; Wu et al. 2004a).

Materials and methods

Plant materials and BAC cloning vector

The seeds of soybean cv. Forrest were provided and are
maintained in perpetuity by Southern Illinois University at
Carbondale, Ill., USA (Hnetkovsky et al. 1996; Lightfoot
et al. 2003b). Plants were grown in a greenhouse at 16 h
light, 8 h dark, and 25°C. Leaves were harvested from 2-
week-old seedlings, frozen immediately in liquid nitrogen,
and stored at −80°C before use. High-molecular weight
(HMW) DNA was prepared from nuclei as described by
Zhang et al. (1995) with the following modifications.
Chloroplasts and mitochondria were minimized by four
washes of the nuclei pellet. Nuclei were prepared from
50 g of frozen leaves and embedded in 6 ml of 0.5% (w/v)
low-melting-point (LMP) agarose plugs. After nuclei lysis,
the DNA concentration of the plugs was about
10 μg/100-μl plug.

The pECBAC1 vector (Frijters et al. 1997) was used in
the library construction. Vector DNA was isolated by the
alkaline lysis method, purified by cesium chloride gradient
centrifugation (Sambrook et al. 1989), digested completely
with EcoRI, and dephosphorylated with calf intestinal
alkaline phosphatase (Zhang 2000; Wu et al. 2004b; http://
hbz.tamu.edu). The digested vector DNAwas precipitated,
dissolved in TE (10 mM Tris.HCl, 1 mM EDTA, pH 8.0),
adjusted to 10 ng/μl, and stored at −20°C before use.

BAC library construction

The BAC library was constructed according to a procedure
developed in our laboratory (Zhang 2000; Wu et al.
2004b; http://hbz.tamu.edu). Before partial digestion,
HMW DNA embedded in LMP agarose plugs was
subjected to presize selection by PFGE (pulsed-field gel
electrophoresis) on a CHEF DRIII (Bio-Rad, USA) to
remove smaller fragments and substances that might
inhibit restriction enzyme activities. The presize selection
was conducted on a 1.0% (w/v) agarose gel at 4 V/cm,
11°C, 5-s pulse time for 8 h in 0.5× TBE (Sambrook et al.
1989). The plugs containing HMW DNA were then
collected, dialyzed against cold TE on ice for 3 h, one TE
change per hour, and used for partial digestion.

To determine the desirable condition for partial diges-
tion, each plug was cut into 12 slices approximately equal
in size and incubated in 1 ml reaction buffer [1× restriction
buffer (Gibco BRL, USA), 2 mM spermidine and 1 mM
DTT (Sigma, USA), and 0.2 mg/ml BSA (New England
Biolabs, USA)] on ice for 2 h, with one buffer change after
1 h. Four slices of the plug were transferred into a 1.5-ml
tube containing 100 μl fresh reaction buffer plus 0.2–10 U
EcoRI. The reaction mixture was incubated on ice for
another hour, then transferred into a 37°C water bath and
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incubated for 8 min. The reaction was stopped immedi-
ately by adding 1/10 (v/v) of 0.5 M EDTA (pH 8.0) and
analyzed on a 1.0% (w/v) agarose gel at 6 V/cm, 11°C,
and 50-s pulse time for 18 h in 0.5× TBE. The enzyme
concentration that generated fragments with a majority
ranging from 100 kbp to 350 kbp was selected for large-
scale partial digestion.

Large-scale partial digestion of HMW DNA for BAC
library construction was carried out using five plugs and
the EcoRI concentration determined above. The plug
slices containing partially digested DNAwere subjected to
first size selection on a 1.0% (w/v) agarose gel at 6 V/cm,
11°C, and 90-s pulse time for 18 h, followed by 4 V/cm,
11°C, and 5-s pulse time for 6 h in 0.5× TBE. The gel
fractions containing DNA fragments from 100 kbp to
150 kbp, 150 kbp to 300 kbp, and 300 kbp to 350 kbp
were excised. The DNA fragments were recovered from
the gel by electroelution in dialysis tubing (12,000–
14,000 Daltons molecular-weight exclusion, Gibco BRL),
using the CHEF DRIII at 6 V/cm, 11°C, and 30-s pulse
time for 4 h, followed by reversing the polarity of currency
for 90 s in 0.5× TBE. The DNAwas collected gently with
a wide-bore pipette tip and then subjected to second size
selection on a 1% (w/v) agarose gel at 4 V/cm, 11°C, and
5-s pulse time for 8 h in 0.5× TBE. The DNA from each
fraction was excised and recovered by electroelution as
above. The eluted DNA fragments were dialyzed in the
same tubing against 0.5× TE for 3 h at 4°C, with one TE
change per hour.

The DNA concentration was measured by electropho-
resis on a 0.8% (w/v) agarose gel and adjusted to 1–
2 ng/μl. Two hundred microliters of the DNA fragments
from each fraction were ligated into the cloning vector at a
molar ratio of 4 vector:1 insert DNA, using 10 U T4 DNA
ligase (Gibco BRL) at 16°C for 12 h.

Ligated DNA was transformed into Escherichia coli
strain ElectroMAX DH10B competent cells (Gibco BRL)
by electroporation, using a Cell Porator System (Gibco
BRL). The setting conditions were 350 V, 330 μF, low
ohms, and 4 KΩ with fast charge. Transformed cells were
transferred into 1 ml SOC medium and recovered at 37°C
for 1 h with gente shaking. Recombinant transformants
were selected on an LB agar (Gibco BRL) plate containing
12.5 mg/l chloramphenicol, 0.5 mM IPTG, and 50 μg/ml
X-gal. After a 32-h incubation at 37°C, white colonies
were randomly selected, and BAC DNA was isolated,
digested with NotI, and subjected to size analysis by PFGE
(Zhang et al. 1996a; Zhang 2000). The ligation that had a
transformation efficiency of 200 or more white colonies/μl
ligation and that generated clones with the largest inserts
was selected for library construction. White colonies were
manually arrayed as individual clones in 384-well micro-
titer plates containing 50 μl LB plus freezing broth with
12.5 mg/l chloramphenicol (Zhang et al. 1996a; Zhang
2000). After incubation at 37°C for 14 h, the microtiter
plates were stored at −80°C.

BAC library screening

A Biomek 2000 robotic workstation (Beckman, USA) was
used to double spot the BAC library onto 8 × 12-cm
Hybond N+ filters (Amersham-Pharmacia, USA) in 3 × 3
format, so that the high-density clone filters contained two
spots of each clone from four 384-well microtiter plates
(1,536 × 2 spots). The filters were processed according to
Zhang et al. (1996a) and Zhang (2000). Chloroplast and
mitochondrial DNA probes were generated from soybean
cv. Forrest total genomic DNA by PCR, using primers
specific for five chloroplast genes, ndhA, psbA, rbcL, petA,
and rpoB, and seven mitochondrial genes, atp6, atp9,
atpA, cox1, cox2, cox3, and nad4. The 5S rDNA used as a
probe was isolated from wheat DNA (Gerlach and Dyer
1980). The 18S-5.8S-25S rDNA probe was generated
from an Arabidopsis 18S-5.8S-25S rDNA-containing
BAC clone F1A18 (Mozo et al. 1998). Six soybean
RFLP markers, pA186, pA504, pA708, pA757, pB212,
and pK644, were purchased from Biogenetic Services Inc.
(Brookings, South Dakota, USA). All probes were labeled
with [32P]-dCTP by random priming. Colony hybridiza-
tion was carried out using standard procedures with a
washing condition of 1× SSC, 0.1% (w/v) SDS at 65°C
twice, 10 min each time, followed by 0.5× SSC, 0.1%
SDS at 65°C twice, 10 min each time (Sambrook et al.
1989).

BAC fingerprinting and contig assembly

BAC DNA was isolated and fingerprinted following
Chang et al. (2001) and Tao et al. (2001). The BAC
DNAwas digested with HindIII/HaeIII and end labeled at
the HindIII sites with [33P]-dATP and reverse transcrip-
tase. To test the feasibility of constructing contigs for the
rDNA regions, DNA of the rDNA-containing clones was
also digested with BamHI/HaeIII, or Sau3AI alone and
end labeled with [33P]-dATP and reverse transcriptase. The
reactions were subjected to electrophoresis on 3.5% (w/v)
denaturing polyacrylamide gels. The gels were dried onto
3-mm chromatography papers and used to expose X-ray
BioMax MR films (Kodak, USA).

The fingerprints on the films were scanned into image
files, using a UMAX Mirage D-16L scanner and edited
using Image 4.0 (Sulston et al. 1988; Soderlund et al.
1997). To reduce the influence of the relative lower
resolution (>1 base) of larger fragments (>773 bases) on
the sequencing gels, only the fragments ranging from 58
bases to 773 bases were used. The single band derived
from the BAC vector was deleted from the data files. The
clones that failed in fingerprinting, had no inserts, or
produced five or fewer bands were excluded during
fingerprint editing because they could not provide
sufficient information for contig assembly. Overlapping
clones were assembled into contigs, using the computer
program Fingerprinted Contig (FPC), version 4.7 (Soder-
lund et al. 2000). The automatic contigs were assembled
using a fixed tolerance of 2 and cutoffs between 1e-28 and
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1e-12, and the contigs were merged by using cutoffs
ranging from 1e-26 to 1e-15.

Results and discussion

BAC library construction and characterization

We constructed a BAC library for soybean cv. Forrest with
EcoRI-derived inserts in the F factor-based BAC vector
pECBAC1. This library complements our two BIBAC
libraries of the same genotype by using different restric-
tion enzymes and vector systems (Meksem et al. 2000).
The BAC library contains 38,400 clones arrayed in 100
384-well microtiter plates. A random sampling of 112
BACs from the library showed that the clones have an
average insert size of 157 kbp, with a range from 85 kbp to
320 kbp. Only one of the clones had no insert (0.9%,
Figs. 1, 2). The large-insert size and small ratio of vector:
insert size (7.5:157) of the BAC library makes it well
suited for clone-based genomic sequencing. Of the 112
BACs analyzed, 103 (92.0%) had no NotI site in their
inserts (one insert band on the gel), whereas eight (7.1%)
had one or more NotI sites (two or more insert bands).
Dicotyledonous plant genomes have a lower G/C content
and hence, fewer NotI sites than the monocotyledonous
plant genomes (Zhang et al. 1996a; Meksem et al. 2000;
Tao et al. 2002; Chang et al. 2003).

BAC libraries that were constructed with different
enzymes and have larger insert sizes have been used in
genome research (Zhang et al. 1996b; Tao et al. 2001; The
International Human Genome Mapping Consortium 2001;
The International Human Genome Sequencing Consor-
tium 2001; Venter et al. 2001; Zhang and Wu 2001; Chen
et al. 2002; Gregory et al. 2002). The Forrest EcoRI BAC
library constructed in this study, combined with the
existing HindIII and BamHI BIBAC libraries (Meksem
et al. 2000), collectively provides a total of 115,200
clones, equivalent to 13.2 haploid genomes, for a single
soybean genotype. These BAC and BIBAC libraries
should be sufficient for extensive analysis of the soybean
genome, including genome physical mapping (Chang et al.
2001; Tao et al. 2001; Wu et al. 2004a), BAC end
sequencing, clone-based genomic sequencing and func-
tional analysis of the genome sequences.

Genome origin of the BAC clones

Plants have three genomes: nuclear, chloroplast, and
mitochondrial. To estimate genome origin of the clones,
we screened the library with probes derived from five
chloroplast genes, ndhA, psbA, rbcL, petA, and rpoB, and
seven mitochondrial genes, atp6, atp9, atpA, cox1, cox2,
cox3, and nad4, respectively. A total of 341 and 174
positive clones were identified to contain chloroplast and
mitochondrial genomic sequences, respectively, suggest-
ing that approximately 0.89% and 0.45% of the clones in
the library originated from the chloroplast and mitochon-

drial genomes, respectively, and greater than 98% were
from the nuclear genome (Table 1). The low percentage of
organelle genome clones would facilitate use of the library
for nuclear genome analysis. Based on the soybean
haploid genome size estimate of 1,115 Mb (Arumuga-
nathan and Earle 1991), the BAC library represents 5.4-
fold haploid genome equivalents, theoretically providing
an over 99% probability of obtaining at least one clone,

Fig. 1 Bacterial artificial chromosomes (BACs) randomly selected
from the soybean cv. Forest BAC library constructed in the EcoRI
cloning site of the BAC vector pCEBAC1. White clones were
selected randomly and grown in LB medium with chloramphenicol
(12.5 mg/l) for 20 h at 37°C, and BAC DNAwas isolated according
to Zhang et al. (1996a) and Zhang (2000). Inserts of the clones were
excised by digestion with NotI and resolved on 1.0% (w/v) agarose
CHEF gels. The last lane from left is the λ ladder for molecular
weight marker and the remaining lanes are BACs randomly selected
from the library. The band appearing in all BAC lanes was from the
vector pECBAC1 and the remaining bands were from inserts. The
insert size of each clone was estimated by adding all insert band
sizes in each lane

Fig. 2 Insert size distribution of 112 clones randomly selected from
the soybean cv. Forrest EcoRI BAC library. The average insert size
of the library was estimated to be 157 kbp as in Fig. 1
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Table 1 Positive clones of the soybean EcoRI bacterial artificial chromosome (BAC) library identified by library screening with probes
derived from chloroplast genes, mitochondrial genes, RFLP markers, and rDNA

Chloroplast gene probes
01G20 19M12 33H06 52B04 64J11 72P13 77O14 81K05 84N05 89F04 94B10 98J07
03J13 19M17 33K02 52H05 64L23 73D11 77P15 81K08 85F23 89L16 94D18 98K22
04A20 20M09 33K19 52H08 65E21 73G02 77P18 81N09 85F24 89M14 94E07 98O01
04D14 20M10 33P12 52K07 66L21 73I02 78D13 81N12 85G16 89N04 94F12 98O10
04I17 21L04 36B21 52N24 68M15 73J03 78E13 82A18 85H01 89N18 94F16 98O13
04O21 22E18 37F04 53E08 69A17 73M13 78G23 82C01 85I22 90D01 94K01 98O20
05E08 23L02 37G07 53I19 69C02 74A03 78J12 82C06 85M15 91A13 94L08 99C05
05J04 24C12 38N16 53L12 69E02 74B13 78K07 82D17 85O14 91C24 94N13 99D13
05M02 24C18 39M19 53L24 69J22 74C23 78L14 82F17 85P03 91F13 95A07 99I13
06E11 24J24 41E24 53M19 69O04 74E17 78M04 82G14 86B03 91H06 95A21 99E20
06E14 24P23 46H10 55F11 70B01 74H16 79E20 82G16 86D18 91 M09 95A22 99G19
06F03 25B21 47D11 55N13 70E11 74I18 79G12 82I22 86G09 91P05 95A24 99G20
06L12 25E05 47H01 56C17 70G10 74J07 79I14 82N04 86O23 91P16 95E15 99K02
07C05 25G16 47P22 56C22 70H08 74K09 79O05 82O14 87E22 92A23 95G08 99M22
07I01 26E13 48C12 56D10 70I21 74 K12 80A05 82P17 87F23 92D16 95I02 99O14
07P02 26O13 49C08 56D20 70L19 74 K21 80B13 83A18 87 J06 92E22 95I16 99P05
08H05 27F16 49 J16 57B19 71H03 74 M08 80D10 83A21 87 N04 92G03 95 J10 100C24
09D02 27P20 50A13 58J21 71H07 75D12 80J20 83D12 87P07 92I13 95K01 100E17
10C08 28B06 50C07 58N13 71K07 75E06 80K11 83D22 87P16 92L20 95K04 100G18
10M04 28C15 50E14 58P12 71K14 75M06 80L19 83G14 88A02 92O21 96B14 100J10
14F20 28C17 50E15 60D22 71M05 75N19 80M14 83I04 88A09 92P08 96D08 100J21
15H05 28J14 50I23 60H20 71N13 76D13 80M21 83I21 88A14 93B01 96D11 100K10
16K20 29K21 50J22 60J24 71O01 76D17 80O13 84C24 88E22 93B23 96F22
17D09 29P24 50L23 62B18 72A15 76E17 80O15 84E09 88G12 93D16 96I17
17E02 30F17 50O22 63D04 72B19 76M14 80P21 84I18 88H16 93F03 97G10
17I08 30M04 51B01 63D22 72I16 77A15 81A10 84I19 88H24 93F22 98B12
18L19 31A09 51C04 63K02 72K23 77A17 81E21 84I20 88K13 93G12 98E04
19F10 31D06 51O01 64A11 72L22 77G16 81H14 84L04 88N06 93H05 98I16
19G07 33G10 51O24 64C20 72M06 77I23 81I07 84L15 89C08 93K16 98J06
Mitochondrial gene probes
01H12 09B02 17E08 22D03 30 N15 35C06 45A04 63B14 73P21 77O16 90 J19 98F22
01N03 09B03 17N04 23K06 31A01 35M01 45C07 63I04 74F13 78I15 91I01 98L01
01P11 09B04 17O04 23 N23 31B23 37G22 48H06 63K09 75G10 78J16 92F20 99K05
02G03 09B05 18H15 24B03 31B24 37M04 48L17 64A23 75I01 80F13 92 J11 100C23
02I03 09B06 18I04 25G16 31D04 37O16 50F10 65F13 75I15 81K08 92K12 100G10
03D04 09B07 18J14 26H22 31H06 38N23 50I05 65I04 75O06 83E20 92O07 100G11
03F16 09B08 18K04 26J21 31J21 39H07 52F02 66O22 75P13 83J08 93A18 100J20
04B05 09B09 20C18 26 M08 32D02 39M04 52F09 68D24 76 J15 83L07 93A21 100N23
04I05 09B10 20C19 26M21 32E18 42A03 52F14 68K15 76M14 84C06 93F22 100O16
05A08 09B11 20D19 27I06 33A24 42H19 54H13 69I23 77A07 85E11 93M19
05C23 09B12 20F10 29A17 33D21 42I19 55F04 71B14 77A08 86M10 94I06
06C03 09B13 20M17 29A18 33H08 42L04 55I12 72L22 77C09 86P04 94J17
07E22 09B14 20N24 29B24 34A13 43A23 56D16 73B13 77D23 87D15 96D13
07O21 09B15 21A18 30A06 35A08 43K09 57O06 73J20 77J07 88A02 96F03
08P18 16C20 21H03 30N14 35C03 44P19 61C12 73N17 77M11 89F04 97E04
RFLP marker probes
pA186 12C14 24A12 59J08 71M02
pA504 42F17 48A22 63H03 49N17 60E23 64H12 75115
pA708 22N05 41N07 44J07 54G20 56B13 63G21 64A17 76A16 77E03 78B05
pA757 11E16 18 K20 19G06 65K13 80C11
pB212 57B10 66G10 66G10 71L20
pK644 01H14 34L17 41M09 58017 58A20 71L20
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using a single-copy probe from the library (Zhang et al.
1996b; Wu et al. 2004b).

BAC library screening with RFLPs and rDNAs

To further characterize the library and facilitate its
applications for soybean genome research, we screened
the library with six RFLP markers selected from the
soybean molecular genetic linkage map (Cregan et al.
1999), 5S rDNA and 18S-5.8S-25S rDNA, respectively.
Screening of the library with the DNA markers identified
an average of six positive clones per marker, with a range
from 4 to 10 BACs (Table 1). Screening of the library with
the 5S and 18S-5.8S-25S rDNAs identified a total of 402
clones (Table 1), representing 1.05% of the library. The
percentage (1.05%) of rDNA clones was close to that
observed in the BIBAC library of Arabidopsis ecotype
Landsberg (1.86%, Chang et al. 2003), but dramatically
less than that observed in the large-insert BAC (12.4%,

Mozo et al. 1998) and YAC (15.1%, Creusot et al. 1995)
libraries of Arabidopsis ecotype Columbia. Cytological
analysis by fluorescent in situ hybridization showed that
rRNA genes in different plant genera (and even in
different species of a genus) exhibited variations in the
position and copy number of their repeat units (Shishido et
al. 2000). These variations are in sharp contrast to the
sequence homology of rDNA throughout plant species
(Eckenrode et al. 1985). In contrast to ploidy expectations,
the diploidized tetraploid soybean had only one 5S rDNA
locus and one 45S rDNA locus, whereas the common bean
(Phaseolis vulgaris L.), a diploid related member of the
same tribe (Phaseoleae), had two or more 5S rDNA loci
and two or more 45S rDNA loci (Shi et al. 1996). In
tobacco, the allotetraploid Nicotiana tabacum (SSTT) had
a reduced proportion of rRNA gene units per genome
(3.0×103 copies, 0.5% rDNA/1C), compared with its
diploid progenitors N. sylvestris [(SS) 8.1×103 copies,
2.6% rDNA/1C], and N. tomentosiformis [(TT) 2.8×103

copies, 1.1% rDNA/1C; Lim et al. 2000]. Moreover,

5S and 18S-5.8S-25S rDNA probes
01A05 07C14 15D03 22E25 28M09 35F13 43N17 53G09 60B24 66B24 75P12 89H17
01A11 07N24 15K11 23B02 28M23 35K24 43N18 53K23 60C03 66C03 76A11 90P03
01A19 07O01 16E04 23D02 28 N04 35L14 43O04 54A22 60C21 66C04 77A06 91B10
01H02 08C03 16G14 23M01 29A07 36C12 44E07 54H22 60G03 66C16 77H23 91C10
01H12 08F23 16L13 24A01 29B07 36G11 44 J24 54I06 60L16 66J19 78A24 91K15
01I10 08O17 17A11 24D17 29E06 36H10 44M10 54N16 61D05 669K23 78B06 91N24
01J06 09B13 17C06 24E25 29E15 36I12 45E08 54O01 61G06 66L21 78L04 92A12
02C10 09C18 17 K22 24G24 29F12 36 K23 45F17 55C20 61H18 66N01 78P23 92B15
02D04 09C24 17L17 24 J10 29H13 36L15 45N14 55H09 61J19 66P09 79M02 92C14
02D23 09J02 17M06 24J16 29J24 37L09 45O06 55J06 61L10 67D08 80A02 92K13
02E09 09K08 17M17 24M17 29K15 37M20 46E21 55M13 62A16 67E13 80F14 93I04
02G16 09M12 17N01 24P02 29N06 37N17 46L11 55O13 62E07 67F20 80G03 93M08
02I08 09N06 18B04 25A01 29N23 38A11 46P01 55P06 62J07 67G06 80I20 96A04
02L24 09N15 18F04 25H10 30I04 38E06 47A21 56E10 62 J08 68A04 81H07 96G02
02N23 09P16 18M22 25J14 30M08 38G07 47C16 56H02 62J16 68J08 82E24 96P06
02P08 10B23 18P13 25P13 30P21 38I16 47G03 56P11 62M15 68O06 82F11 97F05
03E15 10H15 19E17 26B21 31C01 38K06 47M04 57A18 62P10 68O13 82O12 97J05
03H18 11B04 19J05 26C22 31E23 39B11 47N18 57C22 63C12 68P01 83 N19 97L23
03K20 11D22 20A20 26 M17 31G11 39C06 48I01 57H22 63D10 69B22 84B03 98C11
03M11 11H09 20C23 27A23 31K12 39G10 48O11 57J04 63E19 69F13 84C03 98P13
03N18 11L18 20E02 27C23 31N10 39N18 48P24 57K01 63I22 69P23 84L05 99A01
04B07 11O15 20G13 27H21 31N14 40J17 49A07 57O11 63J22 70C14 85P17 99D17
04F07 12C14 20H12 27I01 32C10 40L01 49O05 58A03 63 N08 70L15 86G02 99H24
04F22 12H23 20I22 27L18 32H01 41D09 50A20 58A05 63O11 70P02 86K05 99N11
04O19 12K05 20J09 27M17 32I21 41E10 50M20 58D05 64D16 71A18 87E15 99P24
05C23 12K11 20K14 27M18 33E22 41H12 51F20 58P09 64I11 71G06 87F05 100F12
05D01 12L01 20L14 27O03 33 M10 41I18 51N05 58P22 64I17 71G21 87L23 100P01
05K17 12O08 20N06 27O19 34B16 41J22 51P09 59D12 64O09 73F23 88A01 100P03
05O01 13A17 20P03 28A18 34 J16 41P11 52D06 59D15 64P07 73H06 88F20
06B09 13C06 21C06 28A19 34J21 42M18 52D13 59E20 65D04 74A05 88G13
06C17 13F21 21F01 28E05 34P04 43B15 52G24 59G11 65H01 74G04 88H05
07A12 14F07 21K10 28J06 35C05 43B16 53A04 59N10 65H13 75A10 88I04
07C03 14I03 21L11 28K22 35D15 43J16 53E04 60B12 65 J16 75G03 88I22
07C13 14O23 21L15 28M08 35D21 43K20 53F05 60B22 65P16 75H16 89C01

Table 1 (continued)
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Shishido et al. (2000) reported that of diploid rice species,
Oryza sativa ssp. japonica (AA) had only one 18S-5.8S-
25S rDNA locus on chromosome 9, but O. sativa ssp.
indica (AA), in addition to the locus on chromosome 9,
had another 18S-5.8S-25S rDNA locus on chromosome
10, and both O. eichingeri (CC) and O. officinalis (CC)
had three 18S-5.8S-25S rDNA loci, located on chromo-
somes 4, 9, and 11, respectively. Thus, the significant
difference in the percentage of rDNA-containing BAC
clones may be mainly due to the different rDNA contents
in the nuclear genome rather than the consequence of the
restriction enzymes used for BAC library construction
(Mozo et al. 1998; Chang et al. 2003). EcoRI was used in
the construction of Arabidopsis ecotype Columbia CIC
YAC (Creusot et al. 1995) and IGF BAC (Mozo et al.
1998) and soybean Forrest BAC (this study) libraries,
whereas BamHI was used for the construction of
Arabidopsis ecotype Landsberg BIBAC library (Chang
et al. 2003).

Significance of multiple complementary libraries for
genome physical mapping

To test the significance of multiple complementary
libraries for genome physical mapping and facilitate

development of a whole-genome physical map of the
soybean genome, we fingerprinted 30,720 clones from the
BAC library, using a DNA sequencing gel-based restric-
tion method (Chang et al. 2001; Tao et al. 2001; Zhang
and Wu 2001; Fig. 3). After fingerprint editing, finger-
prints from 27,944 clones (4.05 × soybean haploid
genomes), with an average number of 39.12 bands per
BAC, were used for contig assembly (the fingerprint
database is available at http://hbz.tamu.edu). Overlapping
clones were assembled into contigs, using the FPC
program (Soderlund et al. 2000). We assembled the
overlapping BACs into contigs by two steps. We first
assembled automated contigs, manually edited every
automatic contig, and removed all questionable clones
and chimeric contigs to ensure that they were accurate.
Then we joined automatic contigs into larger contigs,
using lower stringency cutoff values. The contig pairs
were merged if their terminal clones shared ten or more
bands and their overall fingerprint patterns supported
joining (see Materials and methods). The results were
summarized in Table 2. Of the 27,944 fingerprinted
clones, 26,715 were assembled into 3,388 contigs, while
1,279 clones remained as singletons. These contigs
collectively consisted of 241,049 unique bands. If each
band represented 4.01 kbp (157 kb/39.12), the map
spanned 967 Mb in physical length. If they were
overlapped at about 30% (Ren et al. 2003; Wu et al.
2004a; http://hbz.tamu.edu), the contigs collectively
covered only about 677 Mb (60.7%) of the soybean
genome. If the contigs were not overlapped, they
collectively covered only 87% of the soybean genome.
In comparison, the 27,944 clones theoretically provide
98% coverage of the soybean genome (Zhang et al. 1996b;
Wu et al. 2004b). Therefore, the difference between
experimental and calculated genome coverage was about
11–39%. A BAC library constructed with a single
restriction enzyme, if it is used for genome physical
mapping, would result in a large number of true gaps in
the derived physical map due to absence of clones in the
library for some genomic regions. The fingerprinted
clones have been used in our whole-genome physical
mapping of the soybean genome (Wu et al. 2004a).

Fig. 3 An autoradiograph of soybean BAC fingerprints. From left
to right, lanes 1, 10, 19, 28, 37, 46, 55, 64, and 73 are λ/Sau3AI
DNA markers and the remaining lanes are soybean cv. Forrest
EcoRI BAC clones. BAC DNA was digested with HindIII and
HaeIII, labeled at the HindIII fragment ends with 33P-dATP, and
fractionated on a 3.5% (w/v) denaturing polyacrylamide gel. The
band appearing in all BAC lanes was derived from the pECBAC1
vector and was deleted during fingerprint editing. The bands within
the range between 58 bases and 773 bases were used for contig
assembly

Table 2 Contigs assembled from the clones selected from the
EcoRI Forest BAC library

BAC clones in FPC database 27,944
Number of singletons 1,279
Number of contigs 3,338
Contigs containing
>25 clones 44
10–25 clones 821
3–9 clones 2,123
Two clones 400
Unique bands of the contigs 241,049
Physical length of the contigs (in Mb) 967a

aEach fingerprint band was estimated to represent an average of
4.01 kb

1047



Figure 4 shows the complementarity of the BAC library to
the existing two Forrest BIBAC libraries to form a
supercontig from three contigs. These results illustrate the
essentiality of the BAC library constructed in this study
for comprehensive research of the soybean genome and
the significance of multiple complementary BAC/BIBAC
libraries constructed with different restriction enzymes for
development of a genome-wide physical map of high
genome coverage. Other planned uses of the BAC library
include refinement of the whole-genome physical map of
the soybean genome (Wu et al. 2004a) for large-scale
clone-based genome sequencing (unpublished), physical
map gap closure and genomic sequence finishing.

Construction of contig maps for the genomic regions
of rDNAs

Construction of contig maps for the genomic regions
abundant in tandem repeats such as rDNA has become a
headachy challenge, but it is essential for genome physical

map and sequence finishing. To test the feasibility of
constructing physical map contigs for the rDNA regions,
we fingerprinted all 402 positive BAC clones identified
with the 5S and 18S-5.8S-25S rDNA probes with HindIII/
HaeIII, BamHI/HaeIII, or Sau3AI alone, and then
assembled them into contigs, separately, by restriction
enzyme combinations used (Chang et al. 2001; Tao et al.
2001). Of the 402 rDNA positive BACs, 333 produced
only 2–4 bands in their fingerprints in spite of their large
inserts, providing insufficient information for contig
assembly. Only the remaining 69 clones could be
assembled into contigs, probably due to the rDNA locus-
flanking sequences of larger-insert clones and/or higher
sequence variation. The result indicates that construction
of physical map contigs for regions of the soybean genome
containing rDNA and other highly tandem repeats might
not be possible by restriction fingerprint analysis, using
HindIII/HaeIII, BamHI/HaeIII or Sau3AI alone. Different
techniques, different restriction enzymes and/or their
different combinations may be needed to construct contig
maps for these genomic regions by fingerprint analysis.

Fig. 4a, b Complementarity of the Forest BAC library to the
existing binary clone bacterial artificial chromosome libraries. The
three contigs of the Forest EcoRI BACs constructed in this study (a)
were merged into a single 2,123-kb contig in the soybean whole-

genome physical map, using all three libraries (Wu et al. 2004a; b).
The highlighted clones in b correspond to the clones of the contigs
shown in a. Asterisks indicate a parent clone that covers one or more
clones
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