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ABSTRACT 
 
We report a genome-wide, bacterial artificial chromosome (BAC) and plant-
transformation-competent binary large-insert plasmid clone (hereafter BIBAC)-
based physical map of the soybean genome. The map was constructed from 78,001 
clones from five soybean BAC and BIBAC libraries representing 9.6 haploid 
genomes and three cultivars. The map consisted of 2,905 BAC/BIBAC contigs, and 
was estimated to span 1,408 Mb in physical length. The physical length is about 293 
Mb greater than the expected 1,115-Mb genome size of the species, indicating that 
most, if not all, of the contigs remain overlapped. We evaluated the reliability of the 
map contigs using different contig assembly strategies, independent contig building 
methods, DNA marker screening results of the BACs and BIBACs and different 
fingerprinting methods, and the results showed that the map was assembled 
properly. Furthermore, we have integrated 781 of the contigs spanning 663 Mbp 
(59.5%) of the soybean genome into the existing soybean composite genetic map 
using 273 SSR and 115 RFLP markers. This map represents the first genome-wide, 
BAC/BIBAC-based physical map of soybean and will provide a powerful platform 
for many areas of soybean genome research, including large-scale genome 
sequencing, target marker development, gene mapping, and gene and quantitative 
trait locus (QTL) cloning. The inclusion of BIBACs in the map will further 
streamline the utility of the map for positional cloning of genes and QTLs, and 
functional analysis of soybean genomic sequences. 
 
[The supplemental material on the clone fingerprint database and contigs of the physical 
map is available online at http://hbz.tamu.edu. The following individuals kindly provided 
reagents, samples or unpublished information as indicated in the paper: R. Shoemaker, N. 
D. Young, Z. Xu, and Y.-L. Chang.] 
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INTRODUCTION 
 
Soybean, Glycine max (L.) Merr., is the world’s top legume crop and foremost source of 
edible plant oil and proteins. To develop tools essential for continued genetic 
improvement of the crop, DNA marker-based genetic linkage maps have been developed 
(e.g., Lark et al. 1993; Shoemaker and Specht 1995; Iqbal et al., 2001; Keim et al. 1997; 
Cregan et al. 1999; http://soybase.agron.iastate.edu), 93 genes and more than 900 
quantitative trait loci (QTLs) of agronomic importance have been mapped with the 
genetic maps (http://soybase.agron.iastate.edu), several large- insert bacterial artificial 
chromosome (BAC) and plant-transformation-competent binary plasmid clone (hereafter 
BIBAC) libraries have been constructed (Marek and Shoemaker 1997; Danesh et al. 
1998; Salimath and Bhattacharyya 1999; Meksem et al. 2000), and a large collection of 
expressed sequence tags (ESTs) have been generated (Shoemaker et al. 2002; 
http://soybean.ccgb.umn.edu). However, further advances, such as development of DNA 
markers for a genomic region of interest for fine mapping of genes and QTLs, isolation of 
clones containing a gene and/or QTL of interest for positional cloning, large-scale 
mapping of developed ESTs, and large-scale genome sequencing, are limited due to the 
shortage of essential and powerful infrastructure. 
 

Genome-wide integrated physical and genetic maps have provided powerful tools 
and infrastructure for advanced genomics research. They are not only crucial for large-
scale genome sequencing (Hodgkin et al. 1995; Adams et al. 2000; Arabidopsis Genome 
Initiative 2000; International Human Genome Sequencing Consortium 2001), but also 
provide powerful platforms essential for many other aspects of genome research, 
including targeted DNA marker development, efficient  positional cloning, and high-
throughput EST mapping (Zhang and Wu 2001). Whole-genome physical maps have 
been constructed for Caenorhabditis elegans (Coulson et al. 1986; Hodgkin et al. 1995), 
Arabidopsis thaliana (Marra et al. 1999; Mozo et al. 1999; Chang et al. 2001), 
Drosophila melanogaster (Hoskins et al. 2000), human (International Human Genome 
Mapping Consortium 2001), rice  (Oryza sativa) (Tao et al. 2001; Chen et al. 2002), and 
mouse (Mus musculus) (Gregory et al. 2002). However, no genome-wide physical map 
has been developed for soybean.  

 
Several approaches have been developed to construct whole-genome physical 

maps with large- insert BAC and BIBAC clones (Gregory et al. 1997; Marra et al. 1997; 
Zhang and Wing 1997; Tao and Zhang 1998; Ding et al. 1999; Zhang and Wu 2001). We 
helped pioneer the strategies and technologies of whole-genome physical mapping from 
BAC and BIBAC clones by restriction fingerprint analysis on DNA sequencing gels 
(Zhang and Wing 1997; Tao and Zhang 1998). The DNA sequencing gel-based 
fingerprinting method (Coulson et al. 1986; Gregory et al. 1997; Zhang and Wing 1997; 
Tao and Zhang 1998; Ding et al. 1999; Zhang and  Wu 2001) not only has a significantly 
higher resolution (= one nucleotide) than that of the agarose gel-based method (10 – 500 
bp; Marra et al. 1997; Zhang and Wu 2001), but is also economical and highly amenable 
to analysis by automated DNA sequencers (Gregory et al. 1997; Ding et al. 1999; Z. Xu, 
Y.-L. Chang, K. Ding and H.-B. Zhang, unpublished) and to high throughput 

technologies (Zhang and Wu 2001; Z. Xu, Y.-L. Chang, K. Ding and H.-B. Zhang, 



                                                                                                                                 Wu et al. 

 - 4 - 

unpublished; Z. Xu, S. Sun and H.-B. Zhang, unpublished). Using these techniques and 
strategies, we previously developed a BAC/BIBAC-based integrated physical and genetic 
map of Arabidopsis (Chang et al. 2001) and a whole-genome BAC-based physical map of 
O. sativa ssp. indica rice (Tao et al. 2001).  

 
Soybean has a genome size of 1115 Mb/1C (Arumuganathan and Earle 1991), and 

approximately 40 - 60% of its genome is repetitive sequence and heterochromatic  
(Goldberg 1978; Gurley et al. 1979; Singh and Hymowitz 1988). Although the genome of 
soybean is smaller in size than the genomes of human and mouse, for which BAC-based 
physical maps have been developed (International Human Genome Mapping Consortium 
2001; Gregory et al. 2002), development of a genome-wide physical map of the soybean 
genome is more difficult. Soybean is a recently diploidized tetraploid (last duplication 
only 8 MYA) and has an average of 2.55 duplicated segments with as many as six copies 
per gene (Shoemaker et al. 1996).  

 
Efforts were made to develop a regional, BAC-based physical map of the soybean 

genome using the soybean cv. Williams 82 and cv. Faribault BAC libraries. However, the 
map only covered approximately 20% of the soybean genome (Marek et al. 2001).  Here 
we report a genome-wide, BAC and BIBAC-based physical map of the soybean genome. 
This map was constructed from 78,001 (representing 9.6 haploid genomes) clones from 
five large- insert BAC and BIBAC libraries of three soybean cultivars, Forrest, Williams 
82 and Faribault, using the high-resolution and high-throughput DNA sequencing gel-
based fingerprinting method (Zhang and Wing 1997; Chang et al. 2001; Tao et al. 2001). 
We have also integrated 781 physical map contigs spanning 663 Mb (59.5%) of the 
soybean genome into the existing soybean composite genetic linkage map by screening 
the Forrest BAC/BIBAC libraries with 22 DNA markers and fingerprinting the positive 
BAC clones identified from the Williams 82 and Faribault BAC libraries with 366 DNA 
markers (Marek et al. 2001). The results have further confirmed the nature of the ancient 
tetraploid origin of soybean and demonstrated that it is feasible to integrate the physical 
map with the genetic linkage map using genetically mapped DNA markers. The 
reliability of the physical map was verified using several different approaches. The results 
indicate that the physical map will provide a readily used framework for advanced 
genomics research of soybean and related legume species.  

 
RESULTS 
 
Source DNA Libraries and Fingerprinting 
 
Our previous studies showed that the actual genome coverage of a large- insert BAC 
library constructed from a single enzyme partial digestion was about 15% lower than the 
theoretical genome coverage of the library because of the uneven distribution of the 
enzyme recognition sites in the genome (Tao et al., 2001; Zhang and Wu, 2001). 
Therefore, it is preferable to use BAC libraries constructed with different enzymes to 
develop a whole-genome physical map of high genome coverage. Furthermore, given that 
it is difficult to sub-clone the entire insert of a large- insert BAC into a plant-
transformation-competent binary vector for plant transformation (Zhang and Wu 2001), 
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the incorporation of large- insert plant-transformation-competent BIBACs will further 
enhance the utility of the physical map for positional cloning and experimental 
determination of the functions of every segment of the genome. To develop the whole-
genome physical map of soybean, we used one BAC (C. Wu and H.-B. Zhang, 
unpublished; http://hbz.tamu.edu) and two BIBAC (Meksem et al., 2000; 
http://hbz.tamu.edu) libraries constructed from the partial digests of soybean cv. Forrest 
DNA with Eco RI, Bam HI and Hind III, respectively. Each of the Eco RI BAC and Bam 
HI and Hind III BIBAC libraries consists of 38,400 clones and has an average insert size 
of 157, 125 and 125 kb, respectively. We also included the other two existing soybean 
BAC libraries, which were constructed from soybean cv. Williams 82 (Marek and 
Shoemaker, 1997) and cv. Faribault (Danesh et al., 1998), respectively. The Williams 82 
library was constructed with Hind III and has an average insert size of 150 kb, and the 
Faribault library was constructed with Eco RI and has an average insert size of 120 kb. 
The two libraries were screened with 389 SSR markers and 223 RFLP markers, 
respectively, to construct the regional physical map of the soybean genome (Marek et al., 
2001). Inclusion of the positive clones of 267 SSR and 105 RFLP markers in this study 
will allow not only the integration of the regional physical map with the genome-wide 
physical map developed in this study, but also the integration of the whole-genome 
physical map with the existing genetic linkage composite map (Cregan et al., 1999; 
http://soybase.agron.iastate.edu/). 

 
We fingerprinted a total of 84,946 BACs and BIBACs from the five BAC and 

BIBAC libraries (Table 1) on 1,332 autoradiographs using the DNA sequencing gel-
based restriction fingerprinting method (Zhang and Wing, 1997; Chang et al., 2001; Tao 
et al., 2001). The autoradiographs of the BAC and BIBAC fingerprints were scanned into 
image files and edited with the Image program of the FPC package (Sulston et al., 1988; 
Soderlund et al., 1997). Fingerprints for a total of 78,001 clones were successfully 
obtained, edited and created into FPC database, whereas a total of 6,945 clones (8.18%) 
were deleted because they either failed in fingerprinting, had no inserts or had inserts that 
only gave four or fewer bands. Of the 78,001 clones representing 9.580x genome 
equivalents, the clones equivalent to 3.052x, 2.262x, 4.030x, 0.121x, and 0.115x haploid 
genomes of soybean were from the Forrest Hind III BIBAC library, the Forrest Bam HI 
BIBAC library, the Forrest Eco RI BAC library, the Faribault Hind III BAC library, and 
the Williams 82 Eco RI BAC library, respectively. To minimize the influence of the 
lower (> 1 base) resolution fingerprint bands of higher-molecular-weight at the top 
portion of the autoradiographs on the accuracy of physical map contig assembly, we used 
only the bands between 58 and 773 bases for the soybean physical map assembly. 
Consequently, an average band number of 27.63 for the Forrest Hind III BIBACs, 23.43 
for the Forrest Bam HI BIBACs, 39.12 for the Forrest Eco RI BACs, 28.46 for the 
Faribault Hind III BACs, and 32.03 for the Williams 82 Eco RI BACs (Table 1) was used 
in the physical map assembly of the soybean genome.  
 
Physical Map Contig Assembly and Manual Editing  
 
The FPC database of 78,001 BAC and BIBAC fingerprints were subjected to overlap 
analysis using the computer program FPC 4.7 (Soderlund et al., 2000). The FPC program 
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assembled 4,792 overlapping BAC/BIBAC contigs using the variable cutoffs ranging 
from 1e-30 to 1e-10 and a fixed tolerance of 2, whereas 4,933 clones remained as 
singletons (Table 2). The physical length of the automated contigs was estimated to be 
1481.5 Mb, based on 364,908 unique bands with each being equivalent to 4.06 bp (Table 
2). The total physical length of the contigs is obviously larger than the estimated 1115-
Mb genome size of soybean (Arumuganathan and Earle, 1991), indicating that most, if 
not all, of the contigs were expected to overlap adjacent contigs even though the overlaps 
were not detected under the conditions used, and/or that the genome size of soybean was 
underestimated.  

 
To verify and extend the contigs, we manually edited each of them using two 

methods. First, we manually checked every contig and disassembled potential chimeric 
contigs that ware apparently not overlapped according to the clone fingerprint patterns, or 
that apparently conflicted with either DNA marker data or the existing soybean BAC 
contig data (Marek et al., 2001). Then all questionable contigs were split or killed. 
Second, to identify potential junctions between contigs, we searched the entire FPC 
fingerprint database for matches to the terminal clone fingerprints of every contig using 
the End Extension function of the FPC program with the cutoffs ranging from 1e-28 to 
1e-10. We merged the contig pairs if their terminal clones shared 10 or more bands and 
their overall fingerprint patterns supported the junction. We also coalesced the contig 
pairs if they hybridized with two or more neighboring DNA markers and could be 
merged into a single contig using the cutoff values between 1e-15 and 1e-10. As a result, 
the total number of contigs of the physical map was reduced to 2,905, with 4,954 clones 
(6.35%) remaining as singletons (Table 2). The 2,905 contigs consisted of 346,884 
unique bands, collectively spanning 1,408 Mb in physical length. The longest contig 
(ctg127) contained 319 clones, encompassing1,345 unique bands and spanning 5.5 Mb in 
physical length. The fingerprint database of all 78,001 BACs and BIBACs and all contigs 
of the soybean physical map are posted at http://hbz.tamu.edu and made available to the 
public.  Figure 1 shows an example of the contigs of the physical map and the 
distribution of the BACs and BIBACs from the five soybean libraries within the contig. 
 
Integration of the Soybean Physical Map with the Existing Soybean Genetic Map 
 
To test the feasibility of anchoring the physical map contigs to the existing soybean 
composite genetic map (Cregan et al., 1999; http://soybase.agron.iastate.edu/), to further 
verify the reliability of the contigs and to increase the utility of the soybean physical map, 
we anchored a number of the contigs of the physical map to the 20 molecular linkage 
groups (MLGs) of the soybean genetic map (Cregan et al., 1999; 
http://soybase.agron.iastate.edu/). We screened the Forrest Eco RI BAC or Hind III 
BIBAC libraries by colony filter hybridization with 7 RFLP markers and 15 SSR 
markers. From one to ten positive clones for each probe were identified (Table 3). The 
results obtained from SSR markers were further confirmed by PCR-based BAC library 
screening (http://www.siu.edu/~pbgc/DataBase/datap1.htm). All of the seven RFLP 
markers were shown to be multiple-copy in the soybean haploid genome by Southern 
analysis (also see http://soybase.agron.iastate.edu/), and the positive clones identified 
with each of these DNA markers were located to multiple contigs. In the case of the SSR 
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markers, the positive BACs identified by each of eight of the 15 SSR markers were 
observed in a single contig. The positive clones of each of the remaining 7 SSR markers 
(47%) were observed in two or more contigs, consistent with the agarose gel analysis 
result of their PCR products indicating that they have multiple loci in the genome.  

 
We also integrated the regional physical map data of soybean (Marek et al., 2001) 

into the whole-genome physical map constructed in this study. Using the method 
described above, we fingerprinted the 2,002 positive clones from the Williams 82 and 
Faribault BAC libraries identified using 267 SSR and 105 RFLP DNA markers (Marek et 
al., 2001). After editing, fingerprint data were successfully obtained from 1,851 of the 
2,002 BACs, which contained 264 SSRs and 102 RFLPs. We then integrated the BAC 
fingerprint database with our whole-genome BAC fingerprint database and used the 
combined data for whole-genome physical map contig assembly.   

 
The efforts of Forrest BAC and BIBAC library screening with the addition of the 

positive BACs of the Williams 82 and Faribault libraries allowed 781 contigs of the 
physical map to be integrated with the 20 MLGs of the exiting soybean genetic map 
(Cregan et al. 1999; http://soybase.agron.iastate.edu/). The 781 contigs encompassed 
163,400 unique bands, covering approximately 663 Mb (59.5%) of the 1115-Mb soybean 
genome. Of the 388 markers (115 RFLPs and 273 SSRs) used in the integration, 26, 28, 
10, 9, 5, 28, 34, 4, 8, 22, 29, 36, 24, 5, 25, 24, 9, 6, 11, 24, and 21 were from MLGs A1, 
A2, B1, B2, C1, C2, D1a+Q, D1b+W, D2, E, F, G, H, I, J, K, L, M, N, O, and unlinked 
group, respectively (Figure 2). The positive BACs of each of all 115 RFLP markers, 
except for one (A469), were located to two or more contigs because they have multiple 
loci in the soybean genome (Marek et al. 2001), whereas the positive clones of each of 82 
of the 273 SSR markers (30.0%) were located to a single contig, suggesting a single locus 
in the soybean genome if a contig is assumed to represent one locus. Therefore, the 83 
contigs of the single- locus markers (1 RFLP and 82 SSRs) were unambiguously anchored 
to the soybean genetic map. In addition, 16 contigs were hybridized with two or more 
neighboring markers and thus were also unambiguously anchored to the soybean genetic 
map.  The exact positions of the remaining contigs will be refined as additional anchor 
markers are integrated into the map.  
 
Physical Map Contig Reliability 
 
We evaluated the reliability of the soybean physical map contigs using several 
approaches. First, we compared contig assembly using two different strategies. We 
assembled the physical map contigs using individual stepwise cutoff values between 1e-
30 and 1e-10 and using the cutoff values 1e-25, 1e-20, 1e-15, and 1e-10, respectively. In 
the latter contig assembly strategy, the contigs that were obviously chimeric were 
disassembled and reassembled using higher stringency cutoff values. One thousand 
contigs were randomly selected from the contigs generated by these two strategies and 
compared. The result showed that 99.1% of the automated contigs were completely 
consistent in both clone content and order. In our second approach, we assembled 
separate contigs from the clones of the individual Forrest Bam HI, the Forrest Eco RI, the 
Forrest Hind III, and the Williams 82/Faribault libraries. We randomly selected 100 
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contigs of the clones from each of the three Forrest libraries and all 389 contigs of the 
Williams 82/Faribault libraries, and compared them with their corresponding contigs 
from the physical map. Ninety-three percent (93%), 97%, 96% and 96% of the contigs 
were shown to be in complete agreement in both clone content and order. For our third 
approach, we compared 141 RFLP-anchored contigs constructed independently by 
digesting the marker-positive BACs with a restriction enzyme, followed by Southern 
hybridization with relevant DNA markers (Marek et al., 2001) against the corresponding 
contigs of the physical map constructed in this study. One hundred twenty-five of the 141 
contigs (88.7%) were shown to be completely consistent in both clone content and order. 
For our fourth approach, we randomly selected ten contigs of the physical map, 
fingerprinted using a different method with two sets of different enzymes and then re-
assembled the contigs. As a result, the fingerprints of the BACs from each contig were 
very similar, and the same contig was re-assembled (not shown). Finally, we checked the 
positions of the positive clones of each of the single- locus DNA markers in the physical 
map. The result showed that the positive clones of every single- locus DNA marker 
located to the corresponding region of a single contig (e.g., see Table 3), indicating that 
the contigs are properly assembled. 
 
DISCUSSION 
 
We have successfully fingerprinted 78,0001 clones from five soybean BAC and BIBAC 
libraries representing a 9.6-fold haploid genome redundancy, created FPC database for 
the clone fingerprints and constructed a genome-wide physical map of the soybean 
genome. The map consists of 2,905 contigs, estimated to span 1,408 Mb. The total 
physical length of the contigs is approximately 293 Mb (26.3%) greater than the 1115-
Mb genome size of soybean genome (Arumuganathan and Earle, 1991). This indicates 
that most, if not all, of the contigs overlap adjacent contigs although the overlaps could 
not detected under the conditions used, and/or that the genome size of soybean was 
underestimated. According to our (Chang et al., 2001; Tao et al., 2001) and other (Marra 

et al., 1999; International Human Genome Mapping Consortium, 2001; Chen et al., 2002; 
Gregory et al., 2002) previously reported physical mapping results, the failure to detect 
overlaps between some contigs is likely to be the main cause of the discrepancy between 
the total physical length of the contigs and the estimated soybean genome size. Therefore, 
the physical map contigs could further be merged, and the map could further refined if 
additional DNA markers are used to anchor the contigs to the soybean genetic map.  The 
contigs as well as the clone content and order within the contigs have been confirmed by 
using different contig assembly strategies, independent contig building methods, different 
fingerprinting methods, and DNA marker screening results of the BACs and BIBACs 
(see Table 3). These results consistently indicated that the contigs of the soybean physical 
map were properly assembled and thus, are suitable for different aspects of advanced 
genome research of soybean and related species. 

 
This study represents the first report of development of a genome-wide physical 

map of the soybean genome. The physical map not only has provided a platform for 
large-scale genome sequencing, but also is suitable for effective positional cloning, large-
scale EST mapping and comparative genome analysis of soybean and related legume 
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species. For clone-by-clone shotgun genome sequencing, the physical map has provided 
an essential, readily usable platform. Minimally overlapping clone tiling paths 
representing any region of the soybean genome can be directly selected from the 
constructed contigs. Alternatively, they can also be constructed by electronic 
chromosome walking using the FPC database generated in this study and the FPC Hitting 
Tool provided (http://hbz.tamu.edu). The minimally overlapping clone paths are essential 
not only for large-scale clone-by-clone genome sequencing, but also for target marker 
development, large-scale EST mapping and positional cloning. For whole-genome 
shotgun sequencing, the physical map has provided a framework for whole-genome 
sequence map assembly if the ends of BACs and BIBACs of the physical map are 
sequenced and used as sequence tagged sites (STSs) for sequence contig anchoring. 
Furthermore, the BIBACs of the physical map have streamlined the positional cloning, 
genomic sequence functional analysis and gene/QTL engineering by Agrobacterium-
mediated genetic transformation (Clemente et al., 2000; Donaldson and Simmonds, 
2000). Moreover, the U.S. Legume Genomics Initiative had planned to develop a core set 
of at least 1,000 sequence tagged sites (STSs) that are universal among all legume species 
(http://129.186.26.94/Legume_Initiative/LegGenomicsPaper10Oct01.html). These 
markers can be used to integrate the physical and genetic maps between soybean, M. 
truncatula and Lotus japonicus, the two model legume species whose genomes are being 
sequenced. The sequence information obtained from M. truncatula and L. japonicus thus 
could be utilized for soybean genomics. As has been done between the mouse and human 
genomes (Gregory et al., 2002), the soybean physical map can also be used to construct 
genome-wide comparative physical maps between soybean and the legume model 
species. High-resolution comparative physical maps will reveal the regions of colinearity 
and rearrangement and will greatly facilitate map-based cloning of agronomically 
important genes and QTLs in the legume species. 

 
This study has further confirmed the nature of the ancient tetraploid origin of the 

soybean genome. In this study, 781 of the 2,905 contigs were integrated with the existing 
genetic map (Cregan et al., 1999) using 388 DNA markers. Each DNA marker 
corresponds to an average of 2.0 contigs, with a maximum of 10 contigs per DNA 
marker. This result is consistent with the average of 2.5 duplicated segments and as many 
as six copies per gene previously estimated by Shoemaker et al. (1996), thus supporting 
the hypothesis that the soybean genome is an ancient tetraploid. 

 
The ancient tetraploid nature of the soybean genome has complicated the 

integration of the physical map contigs with the soybean genetic map (Fig. 2). However, 
the results obtained here demonstrated that it is feasible to properly integrate the physical 
map contigs to the existing genetic map and develop a robust integrated physical and 
genetic map of the soybean genome. First, about 30% of the SSR markers each were 
shown to anchor only one contig, indicating a single locus for the contig in the soybean 
genome. Therefore, the contigs containing such SSR markers can be unambiguously 
anchored to the soybean genetic map. Second, as shown in Figure 2, quite a few of the 
contigs each contained two or more neighboring DNA markers mapped to the genetic 
map and thus were also unambiguously anchored to the soybean genetic map even 
though the DNA markers are multiple-copy in the soybean haploid genome. Therefore, 
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screening the BACs and BIBACs of the physical map with additional DNA markers, 
either single-locus or multi- locus, will result in rapidly and unambiguously anchoring the 
contigs of the physical map to the genetic map, coalescing the neighboring contigs and 
drastically reducing the total number of contigs representing the physical map. In this 
regard, the overlaps between the neighboring contigs, despite being not detected under 
the conditions used for genome-wide map contig assembly, will provide useful 
information for contig merging. In return, the coalescence of the contigs will further 
verify the accuracy of the map contigs. 

 
This study demonstrated that it is feasible to construct a genome-wide, BAC and 

BIBAC-based physical map of a large, ancient or allopolyploid genome using the high-
resolution and high-throughput DNA sequencing gel-based fingerprinting method (Zhang 
and Wing, 1997; Tao and Zhang, 1998; Chang et al., 2001; Tao et al., 2001; Zhang and 
Wu, 2001). We found from this study that the bottleneck to the construction of a genome-
wide, robust integrated physical and genetic integrated map of a large, complex genome 
is not technical, but of a shortage in funding. The soybean contig map was developed at a 
total cost of about $800,000 ($440,000 direct cost) in six scientis t-years. If sufficient 
funding was available, an additional 2,000 DNA markers from the soybean composite 
genetic map would be used as probes to screen the BACs and BIBACs of the physical 
map, most, if not all, of the contigs would be anchored to the soybean genetic map, and 
the map would be significantly enhanced. 

 
METHODS 
 
Source BAC and BIBAC Libraries and DNA Probes 
 
The two BIBAC (Meksem et al., 2000) and one BAC (C. Wu and H.-B. Zhang, 
unpublished)  libraries of soybean cv. Forrest and the BAC libraries of soybean cv. 
Williams 82 (Marek and Shoemaker, 1997) and cv. Faribault (Danesh et al., 1998) were 

used to develop the BAC and BIBAC-based physical map of the soybean genome. The 
two Forrest BIBAC libraries were constructed in the Bam HI and Hind III sites of 
pCLD04541, respectively, a binary vector that was designed for Agrobacterium-mediated 
transformation in plants (Jones et al., 1992; Tao and Zhang, 1998). The Forrest BAC 
library was constructed in the Eco RI site of the vector pECBAC1 (Frijters et al., 1997), a 
derivative of pBeloBAC 11 (Kim et al., 1996). The Williams 82 BAC library was 
constructed in the Hind III site of the vector pBeloBAC11, having an average insert size 
of 150 kb (Marek and Shoemaker, 1997), and the Faribault BAC library was constructed 
in the Eco RI site of the vector pECSBAC4 (Frijters et al., 1997), having an average 
insert size of 120 kb (Danesh et al., 1998). These libraries, constructed from the partial 
digests of soybean nuclear DNA with three restriction enzymes (Hind III, Bam HI and 
Eco RI) in two different vector systems (bacterial F-factor based – pBeloBAC 11, 
pECBAC1 and pECBAC4, and bacterial P1 plasmid-based – pCLD04541), are 
complementary in genome coverage and thus would greatly facilitate development of the 
physical map.  The small sizes (about 7.5 kb) of the BAC library vectors, pBeloBAC 11 
(Kim et al., 1996), pECBAC1 and pECBAC4 (Frijters et al., 1997), will facilitate the 
utility of the physical map for clone-by-clone-based shotgun genome sequencing. The 
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transformability of the pCLD04541 BIBACs in plants will facilitate the utility of the 
physical map in the positional cloning of genes and QTLs important to agriculture, 
functional analysis of soybean genomic sequences, and gene/QTL engineering by genetic 
transformation. These libraries are permanently maintained in 384-well microplates and 
are publicly available at the GENEfinder Genomic Resources (http://hbz.tamu.edu).  

 
The DNA marker probes were selected from the soybean composite genetic map 

(Cregan et al., 1999; http://soybase.agron.iastate.edu/). RFLP probes were purchased 
from Biogenetic Services, Inc. (Brookings, South Dakota). The inserts of the probe 
clones were isolated, purified on agarose gels and used as probes. SSR probes were 
generated by PCR amplification of the Forrest genomic DNA with the SSR primer pairs 
obtained from the Soybase (http://soybase.agron.iastate.edu/). The PCR products of the 
SSR primers were analyzed and purified on agarose gels. Seven hundred thirty-two 
RFLP-positive and 1270 SSR-positive BAC clones were selected from the Williams 82 
(860 BACs) and Faribault (1142 BACs) BAC libraries (Marek et al., 2001).  
 
BAC and BIBAC Fingerprinting and Contig Assembly 
 
BAC and BIBAC DNA were isolated and fingerprinted according to Chang et al. (2001) 
and Tao et al. (2001). Briefly, BAC or BIBAC clones maintained in a 384-well 
microplate were inoculated in four 96-deep well plates containing 1 ml LB medium plus 
12.5 µg/ml (w/v) chloramphenicol for BACs or 15 µg/ml (w/v) tetracycline for BIBACs 
and grown at 37°C with shaking at 250 rpm overnight. BAC or BIBAC DNA was 
isolated and purified in the 96-deep well plates and then in 12-microtube strips using a 
modified alkaline lysis method (Tao et al., 2001). The DNA was double-digested with 
Hind III and Hae III, end- labeled with [33P] dATP using reverse transcriptase at 37°C for 
2 h, and then subjected to 3.5% (w/v) polyacrylamide DNA sequencing gel 
electrophoresis at 85 W for 100 min. The gel was dried and autoradiographed.  

 
The fingerprints on the autoradiographs were scanned into image files using a 

UMAX Mirage D-16L scanner and edited using Image 4.0 of the FPC package 
(Soderlund et al., 1997). To reduce the influence of the relatively lower resolution bands 
(>1 base) of larger fragments (>773 bases) at the top portion of a gel on the accurate 
contig assembly, only the fragments ranging from 58 to 773 bases were used for contig 
assembly. There was no vector-derived band of the BIBAC clones present in the 
fingerprint fragment range, and the vector bands derived from the BAC clones were 
manually removed from the data files. The clones that failed in fingerprinting, had no 

inserts, or produced four or fewer bands were excluded during fingerprint editing because 
the number of bands per fingerprint was insufficient to be included for contig assembly. 
Consequently,  78,001 clones equivalent to 9.580 x soybean haploid  genomes were used to 
assemble the physical map contigs.  

 
To select the tolerance and cutoff values that were suitable for physical map 

contig assembly of the soybean genome, we first assembled BAC/BIBACs contigs using 
different tolerance and cutoff values using the FPC program version 4.7 (Soderlund et al., 
2000) and then analyzed the contigs containing the RFLP and SSR positive clones, 
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especially the positive clones of single- locus SSR markers (a single band on a 3.0% 
Metaphor agarose gel). We assumed that if the contigs were properly assembled, the 
positive clones of a single- locus DNA marker should be assembled to the same region of 
a contig. Using this criterion, we conducted a series of tests and finally, tolerance = 2 and 
variable cutoff values between 1e-30 and 1e-10 were selected for the physical map contig 
assembly. 

 
The BAC/BIBAC contigs of the soybean genome physical map were assembled 

as follows. We first assembled automated contigs under the above criteria and manually 
edited every automated contig to ensure that they were accurate. Then we joined 
automated contigs into larger contigs using lower stringency cutoff values ranging 
between 1e-28 - 1e-10. The contig pairs were merged if their terminal clones shared 10 or 
more bands and their overall fingerprint patterns supported joining. We also coalesced 
the contig pairs if they were anchored to the genetic map (Cregan et al., 1999) by two or 
more neighboring DNA markers and formed a single contig under the cutoff values 
between 1e-15 and 1e-10. 
 
BAC and BIBAC Library Screening and Integration of DNA Marker-containing 
BACs 
 
The soybean BAC and BIBAC libraries or the clones of the physical map contigs were 
double-spotted on Hybond N + membrane (Amersham, Piscataway, NJ) in a 3 x 3 format 
using the Biomek 2000 robotic workstation (Beckman, Fullerton,  CA). The high-density 
colony filters were prepared according to Zhang et al. (1996). The probes were labeled 
with [32P]dCTP and the colony hybridization was performed according to Zhang et al. 
(1996). The filters were washed three times in 0.1% SDS, 0.5x SSC at 65°C, 30 min each 
wash. 

 
The positive BAC clones of the Williams 82 and Faribault BAC libraries 

identified with 264 SSR and 102 RFLP markers (Marek et al., 2001) were sucessfully 
fingerprinted, edited, and assembled into contigs along with the Forrest BACs and 
BIBACs as above. The purposes of this experiment were to integrate the contigs of the 
Williams 82 and Faribault BAC clones into the genome-wide BAC/BIBAC physical map 
of the soybean genome under construction and to anchor the BAC/BIBAC contigs that 
contained the Williams 82 and/or Faribault BACs to the soybean composite genetic map 
(Cregan et al., 1999; http://soybase.agron.iastate.edu/). 
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Table 1 BACs and BIBACs fingerprinted and used for the soybean physical map.

No. of          Average              No. of                Average   Redundancy
Libraries Cloning site                 clones insert size clones                  no. of                Genome 

fingerprinted (kbp)             after edited             bands                equivalent

Forrest
BIBAC-H Hin d III 30,720                         125   27,221 27.63                 3.052 x
BIBAC-B Bam HI 21,504                         125 20,181                  23.43                 2.262 x
BAC-E                           Eco RI                     30,720                          157 28,620 39.12                 4.030 x 
Faribault
BAC Eco RI 1,142* 120                   1,125                  28.46 0.121 x
Williams 82
BAC Hin d III 860*                        150 854                  32.03                 0.115 x

Combined libraries 84,946             78,001                                           9.580 x

*The BACs were identified with 267 SSR markers and 105 RFLP markers by the laboratories of R. Shoemaker, Iowa State

University and N. Young, University of Minnesota (Marek et al. 2001) from  the soybean cv. Williams 82 (Marek and 

Shoemaker 1997) and cv. Faribault (Danesh et al. 1998) BAC libraries. The distribution of the markers in the soybean 

genetic map (Cregan et al. 1999) were from Marek et al. (2001).

Table 2 Status of the soybean physical map before and after manual 

editing.

Automatic  Manually edited

Date                                                            Jan. 2002      Aug. 2002          
Number of clones in FPC database 78,001             78,001
Number of singletons 4,933               4,954  
Number of contigs 4,792               2,905
Contigs containing:

> 200 clones 0                    6
101 – 200 clones 0                   88

51 – 100 clones 21                 321
26 – 50 clones                                       1,176           504
10 – 25 clones 1,606                920
3 – 9 clones                                       1,777       850
2 clones 212           216

Unique bands of the contigs 364,570         346,884
Physical length of the contigs in Mb              1,480*          1,408*
DNA markers in the contigs                               0                  388 

*Each fingerprint band was estimated to represent an average of 

4.06 kb. It was estimated by the average insert size of all BAC and 

BIBAC clones divided by the average number of bands per clone 

used for the map contig assembly. 
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Table 3 BACs and BIBACs identified with RFLP and SSR markers and their locations in the
soybean physical map.

S: Singleton; MLG: molecular linkage group; a: the DNA markers are multiple-copy in the soybean
haploid genome as indicated by Southern analysis; and  b: the DNA markers are single-copy in the 
soybean haploid genome as indicated by agarose gel analysis. The copy numbers of the remaining
markers were not estimated. 
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Figure 2 BAC/BIBAC contigs of the soybean physical map anchored by DNA markers 
to the existing soybean composite genetic map (http://soybase.agron.iastate.edu/; Cregan 
et al., 1999). The soybean genetic map consists of 20 molecular linkage groups (MLGs). 
The DNA markers used are listed in the middle column, positions (cM) of the markers in 
the linkage group in the left column and anchored contig(s) in the right column of each 
molecular linkage group. The letter “s” indicates singleton. Note that the contigs shown 
in rectangles were hybridized with two or more neighboring DNA markers, and one 
(A469) RFLP and 82 SSR markers each were hybridized to only one contig. These 
contigs were unambiguously anchored to the genetic map, whereas the exact positions of 
the remaining contigs remain to be further refined as additional markers are used to 
anchor the map contigs. The names of the DNA markers were after Cregan et al. (1999) 
and http://soybase.agron.iastate.edu/, the markers prefixed with “Satt”, “Sat” or “Sct” 
representing SSR markers and the remaining markers being RFLP markers. The markers 
suffixed with “_1, _2, or _3” indicate that they reside at two or more loci in the soybean 
genome. 
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Figure 2 – continued (2/7)
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Figure 2 – continued (2/7)
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Figure 2 – continued (3/7)
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Figure 2 – continued (3/7)
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Figure 2 – continued (4/7)
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Figure 2 – continued (4/7)
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Figure 2 – continued (5/7)
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Figure 2 – continued (5/7)
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709 1424 1569
1721 1841
164 194 2400
1614 238 596 
714 227 604 705 1610
736
179 1734
1753 136 231 501 844 
107 258
1295 5
453 292 2563
453 254 2164
122 265
636 88 145 405 753 1412 1858
238
294 472 18 48 130 389 2017
1205
104 56 927 2283
960 2205 2511 1183
67 1168 2011 
307 343 1677
390 248 1332
1408 714 720 
s
410 79 
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70.8
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63.6
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cM     Marker          Contigs
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cM     Marker          Contigs

1055 501
1018
547 677 847 2442
1247
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697
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62 384 660 1172 1673
1604 367
1260 397 1018 2561
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411
428 690
426 502 2453
411 341 396
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463 1705
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21 330 1945
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184.6
175.6
169.4
164.8
145.1
144.3
126.1
122.2
120
86.9
85.8
82.2
73.6
72.8
72.8
71.9
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69.7
64.6
35.8
20.3
17.9
4.3

Figure 2 – continued (6/7)
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Figure 2 – continued (6/7)
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28 246 1237 786 1517
1210
1677 709 1347 2360 960 1242
2053
66 914
77 610 349 1569 2269
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K385_1    
A489_1    
A071_1    
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A023_1    
A450_2
A106_1    
A264_1    

138.3
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MLG  L
cM     Marker          Contigs

MLG  M
cM     Marker        Contigs

779 1619 28 216 959 2000
1030 321 999 437
526 770 555
400 914 1859
247 899
462 899 128 521 999

A504_1      
A064_1      
K227_1      
A715_1      
K024_1      
A226_1      

164.9
154.5
151.8
101.3
100.5
100.5

MLG  N
cM     Marker        Contigs
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1359 1300 1797 181 353 556 709
122 517 769 829
934
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cM     Marker             Contigs

1691
1314
450  672
237
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0

Figure 2 – continued (7/7)

1163 201 
778 1993 2134
491 1914 1285
28 246 1237 786 1517
1210
1677 709 1347 2360 960 1242
2053
66 914
77 610 349 1569 2269

A802_2    
K385_1    
A489_1    
A071_1    
B046_1    
A023_1    
A450_2
A106_1    
A264_1    

138.3
128.5
110.5
57.6
56.7
45.1
34
34
33.3

MLG  L
cM     Marker          Contigs

1163 201 
778 1993 2134
491 1914 1285
28 246 1237 786 1517
1210
1677 709 1347 2360 960 1242
2053
66 914
77 610 349 1569 2269

1163 201 
778 1993 2134
491 1914 1285
28 246 1237 786 1517
1210
1677 709 1347 2360 960 1242
2053
66 914
77 610 349 1569 2269

A802_2    
K385_1    
A489_1    
A071_1    
B046_1    
A023_1    
A450_2
A106_1    
A264_1    

A802_2    
K385_1    
A489_1    
A071_1    
B046_1    
A023_1    
A450_2
A106_1    
A264_1    

138.3
128.5
110.5
57.6
56.7
45.1
34
34
33.3

138.3
128.5
110.5
57.6
56.7
45.1
34
34
33.3

MLG  L
cM     Marker          Contigs

MLG  M
cM     Marker        Contigs

779 1619 28 216 959 2000
1030 321 999 437
526 770 555
400 914 1859
247 899
462 899 128 521 999

A504_1      
A064_1      
K227_1      
A715_1      
K024_1      
A226_1      

164.9
154.5
151.8
101.3
100.5
100.5

MLG  M
cM     Marker        Contigs

779 1619 28 216 959 2000
1030 321 999 437
526 770 555
400 914 1859
247 899
462 899 128 521 999

A504_1      
A064_1      
K227_1      
A715_1      
K024_1      
A226_1      

164.9
154.5
151.8
101.3
100.5
100.5

779 1619 28 216 959 2000
1030 321 999 437
526 770 555
400 914 1859
247 899
462 899 128 521 999

A504_1      
A064_1      
K227_1      
A715_1      
K024_1      
A226_1      

164.9
154.5
151.8
101.3
100.5
100.5

779 1619 28 216 959 2000
1030 321 999 437
526 770 555
400 914 1859
247 899
462 899 128 521 999

A504_1      
A064_1      
K227_1      
A715_1      
K024_1      
A226_1      

164.9
154.5
151.8
101.3
100.5
100.5

MLG  N
cM     Marker        Contigs

336 2045
1359 1300 1797 181 353 556 709
122 517 769 829
934
333 533
245
1164
166
1278 1749 2436
360 1749 2436
621 1292 114 521 

A802_1     
K494_1     
Satt410    
Sat_091    
Satt237    
Sat_033    
Satt125    
Satt485    
Satt393    
Satt584    
Satt009    

137
128.2
118.5
95.5
90.1
54.8
43.7
36.3
36.3
35.4
17.2

MLG  N
cM     Marker        Contigs

336 2045
1359 1300 1797 181 353 556 709
122 517 769 829
934
333 533
245
1164
166
1278 1749 2436
360 1749 2436
621 1292 114 521 

336 2045
1359 1300 1797 181 353 556 709
122 517 769 829
934
333 533
245
1164
166
1278 1749 2436
360 1749 2436
621 1292 114 521 

A802_1     
K494_1     
Satt410    
Sat_091    
Satt237    
Sat_033    
Satt125    
Satt485    
Satt393    
Satt584    
Satt009    

137
128.2
118.5
95.5
90.1
54.8
43.7
36.3
36.3
35.4
17.2

MLG  O
cM     Marker             Contigs

1691
1314
450  672
237
770 170 324 526 1466 1594
361 454 598 615 1901
1088 148 1149
1 119 274 363 670 883 1597
363 555 1247 1887
81 146 280 1492
146 404 2338
672 135 359 
103 479 506 1606
72 2430
614
730 1300 2327 224
506 291 1606
896
308 77 119 123 202 496 748 945 1569
308 162 218 479 587 925
1273
974
s
807 519 

Satt243   
Satt153   
B157_1
Satt581   
A878_1    
Satt477   
Satt478   
Satt345   
Satt173   
Satt473   
Satt262   
Satt585   
Satt479   
Satt188   
Satt608
Satt550   
Satt466   
Satt094   
Satt633
Satt576   
Satt420   
Satt492   
Satt358   
Sat_132

155.1
153.3
132
125
104.6
103.8
81.7
78
78
69.2
69.2
68.4
68.4
68.4
68
67.5
67.5
66.7
65.8
65.1
60.5
12.6
2.4
0

MLG  O
cM     Marker             Contigs

1691
1314
450  672
237
770 170 324 526 1466 1594
361 454 598 615 1901
1088 148 1149
1 119 274 363 670 883 1597
363 555 1247 1887
81 146 280 1492
146 404 2338
672 135 359 
103 479 506 1606
72 2430
614
730 1300 2327 224
506 291 1606
896
308 77 119 123 202 496 748 945 1569
308 162 218 479 587 925
1273
974
s
807 519 

1691
1314
450  672
237
770 170 324 526 1466 1594
361 454 598 615 1901
1088 148 1149
1 119 274 363 670 883 1597
363 555 1247 1887
81 146 280 1492
146 404 2338
672 135 359 
103 479 506 1606
72 2430
614
730 1300 2327 224
506 291 1606
896
308 77 119 123 202 496 748 945 1569
308 162 218 479 587 925
1273
974
s
807 519 

Satt243   
Satt153   
B157_1
Satt581   
A878_1    
Satt477   
Satt478   
Satt345   
Satt173   
Satt473   
Satt262   
Satt585   
Satt479   
Satt188   
Satt608
Satt550   
Satt466   
Satt094   
Satt633
Satt576   
Satt420   
Satt492   
Satt358   
Sat_132

Satt243   
Satt153   
B157_1
Satt581   
A878_1    
Satt477   
Satt478   
Satt345   
Satt173   
Satt473   
Satt262   
Satt585   
Satt479   
Satt188   
Satt608
Satt550   
Satt466   
Satt094   
Satt633
Satt576   
Satt420   
Satt492   
Satt358   
Sat_132

155.1
153.3
132
125
104.6
103.8
81.7
78
78
69.2
69.2
68.4
68.4
68.4
68
67.5
67.5
66.7
65.8
65.1
60.5
12.6
2.4
0

155.1
153.3
132
125
104.6
103.8
81.7
78
78
69.2
69.2
68.4
68.4
68.4
68
67.5
67.5
66.7
65.8
65.1
60.5
12.6
2.4
0

Figure 2 – continued (7/7)


