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Regional approach to large-scale map physical map construction. 

Following the positional cloning model, most centers employed sequence tagged site(STS)1

landmark-content maps to identify regional markers suitable for isolating clones.  Once identified, regional 

clones were characterized by either STS-content alone or in conjunction with restriction enzyme digest 

fingerprinting methods and assembled into contigs.  As an example, the availability of a high-quality, high-

resolution yeast artificial chromosome (YAC)2 STS-content map of chromosome 73 made it a logical first 

target for the Washington University Genome Sequencing Center (WUGSC) human genome sequencing pilot 

project.  In early 1996 the WUGSC began experimenting with an STS-driven clone identification paradigm 

using collective markers from approximately one megabase intervals simultaneously for clone 

identification.  Initially, clones from a Genome Systems BAC library (Human BAC Release I; 

http://www.incyte.com/reagents/index.shtml) and from the early California Technical Institute BAC library 

(http://informa.bio.caltech.edu/Bac_info.html) were identified by the PCR using specific STSs in the 

laboratory of Eric Green, (NHGRI) and the well locations of STS-positive clones were communicated to the 

mapping group at the WUGSC.  Simultaneously, methods for high-throughput hybridization-based BAC filter 

screening were developed at the WUGSC (J. McPherson).  The general approach involved screening genomic 

BAC and PAC libraries by hybridization using overgo probes4 to identify clones corresponding to specific STS 

markers. Overgo probes are made by filling in the single-stranded overhangs of two overlapping 

oligonucleotides using radiolabeled nucleotides and Klenow polymerase.  Typically, two 24mers overlapping 

by 8 bp were used to generate a radiolabeled double-stranded 40mer.  Overgo probes were arranged in 

three-dimensional arrays with 6 probes on each axis (6x6x6=216 probes each).  A five directional pooling 

strategy allowed resolution of 80-90% of all markers with only 30 hybridizations.  To date, greater than 25,000 

human and mouse markers have been associated with BACs using this probe type at the WUGSC (J. 

McPherson).  These efforts targeted the Genome Systems BAC library and the RPCI-4 and RPCI-5 PAC libraries 
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constructed by P. de Jong (http://www.chori.org/bacpac/).  Evolution of the BAC filter screening method 

resulted in a procedure capable of simultaneous multiplex hybridization of 36 overgo4 probes at a rate of 450

markers weekly.  Once identified, BAC clones were retrieved from 384-well glycerol stocks and colony 

purified by re-streaking on agar plates.  Individual colonies were cultured and DNA purified in 96-well 

format.  DNA was digested with HindIII, the resulting restriction products resolved by agarose gel 

electrophoresis and analyzed using the FPC fingerprint assembly software package5,6.  Subsequent efforts 

utilizing this strategy focused on chromosomes 2 and Y. 

Whole Genome BAC map 

To generate fingerprint maps of the Caenorhabditis briggsae and Arabidopsis thaliana genomes, we 

had evolved the capacity to produce weekly approximately 2,000 BAC fingerprints with a team of six 

technicians.  Each gel analyzed consisted of 40 BACs and 11 standard “marker” DNA lanes.  We calculated that 

to achieve our aim of 300,000 human BAC fingerprints using this gel technology would require 7,500 

gels.  We devised a tandem 121-lane agarose gel format, allowing the simultaneous electrophoresis of 50 

standard “marker” DNA lanes and of 192 BAC restriction digests, thereby reducing the number of gels 

required.  This system, with the increased density of fingerprint information on the gels, would produce the 

target 300,000 fingerprints in only 1,600 gels.  We verified that the new agarose gel format produced 

accurate fingerprints by comparing fragment sizes between clones prepped and digested in duplicate and 

by fingerprinting previously sequenced clones and comparing the in silico digests of the sequence to the 

agarose gel fingerprints as shown in Figures 1a and 1b, respectively.  With these and other improvements in 

the fingerprinting technology, and with addition of staff, throughput rose from 2,000 fingerprints weekly to a 

high of more than 20,000 weekly, the latter number representing approximately one human genome 

equivalent of fingerprinted DNA produced each week.  The majority of the clones fingerprinted were from 3 

libraries, RPCI-11, RPCI-13 and CT-C/D1.  The fingerprint characteristics of the clones from these libraries are 

listed in Table 1. 

Manipulation of fingerprint data 

Due to considerable variability in the mobility of small fragments and that these small fragments were 
inconsistently identified during subsequent gel image analysis.  Hence, fragments smaller than 600 base 
pairs (corresponding to a an Image mobility value greater than 3590) were removed prior to assembly.  In 
addition, because of the difficulty in determining multiplets (cases where more than one fragment is located 
at nearly the same position on the gel), all fragments within mobilities of 8 were collapsed to only a single 



band in the resulting fingerprint.  This “sanitizing” process resulted in assemblies of increased 
reliability.  Assembly parameters were determined empirically by changing various build parameters to 
obtain assemblies and then evaluating them for consistency using other mapping data associated with 
clones in the assembly (primarily radiation hybrid (RH) chromosomal localization data from the Stanford 
Human Genome Center (SHGC; D.R. Cox)).  After assembly of the fingerprints with each set of parameters, the 
number of chimeric assemblies was detected by the presence of conflicting map information affixed to 
clones in the assembly.  Optimal assembly parameters minimizing both the total number of assemblies and 
the number of chimeric assemblies are given in Table 2.  Incremental assemblies of the fingerprints 
accumulated throughout the project are shown in Figure 2. 

Using the FPC parameter values listed in Table 2, an automated assembly of the 283,287 clones 

resulted in 7,133 assemblies that contained 93% of all fingerprints in the database (December 1999).  The 

remaining unincorporated clones (i.e. singletons) were excluded as they contained fewer than the 3 

fragments specified as the minimum number required for assembly (min band = 3) or contained fewer than 

the total of 6 fragments that were empirically determined necessary for automated assembly under these 

conditions.  Although the initial automated assemblies produced when using the FPC parameter values in 

Table 2 were generally reliable with respect to the “binning” of related clones, determination of the correct 

relative order of the clones within the assemblies remained a manual task. 

Achieving map continuity by manual editing of assemblies 

The initial goals of the manual assembly editing were to refine the relative ordering of the clones within 
contigs, to identify joins between contigs and to disassemble larger chimeric contigs.  This process involved 
first editing the fingerprint assemblies, using the tools encapsulated in FPC, to ensure that every clone within 
a contig was properly situated with respect to its most highly related neighbors.  A detailed discussion of the 
manual editing process can be found in Marra et al., 1999.7 Briefly, this was determined by minimizing the 
“Sulston” score8 (a statistical measure of the of coincidental overlap)  between adjacent clones and 
inspecting the fingerprint data extracted from the original gel image.  Redundant clones contributing no 
unique fragment data to the assembly were also “buried” under their parent clones to simplify the contig 
view if this had not already been done in the automated process.  During this manual inspection, additional 
clones were incorporated into the contig from the remaining pool of previously unassembled clones and 
newly fingerprinted clones that were not yet part of any assembly.  Once the clone order had been 
established within each contig, clones at the extreme ends of each contig were used to query the FPC 
database at a reduced required fingerprint overlap stringency from that used to perform the initial 
assembly.  In this way, potential joins between contigs were identified.  Fingerprints of clones involved in 
potential joins were visually inspected to confirm that all restriction fragments were logically consistent and 
the joins were made if appropriate.  The results of this editing activity are illustrated in Table 3.  The most 
notable effect of the intensive editing effort was the nearly 5-fold reduction of total assemblies.  The large 
increase in the number of singletons was due to the continued addition of new clones to the database 
without a total assembly being performed.  Clones from the singleton pool were only manually incorporated 
into assemblies as needed to extend the ends of the contigs.  As a rule, clones from the singleton pool were 
not incorporated into the interior of contigs where additional redundancy was not needed. 

Integration of map data with the BAC contig database 

The main purpose of generating a whole genome BAC contig map was to coordinate activities of the larger 
sequencing groups by making the FPC database available and to specifically select clones to feed the human 
sequencing capacities of the WUGSC, the Whitehead Institute for Biomedical Research (WIBR) and the 
Stanford Genome and Technology Center (SGTC).  An essential component of the working draft strategy was 
that the selected clones for these centers be restricted as much as possible to chromosomes 2, 4, 7, 8, 11, 15, 



17,18 and Y.  Early on, mapped BACs were identified primarily from the hybridization of 13,695 overgo 
probes generated from sequences mapped to these chromosomes.  These consisted predominantly of 
selected markers from the CEPH Généthon genetic map9, the GeneMap’99 genome-wide RH map 
(http://www.ncbi.nlm.nih.gov/genemap/).10-12 and from plasmid library sequences prepared from flow-sorted 
chromosomes (Sanger Centre, unpublished data).  The 13,695 markers identified 96,283 unique clones, 
providing many anchor points for the assembled contigs.  As the BAC assemblies enlarged and the 
fingerprint resource gained popularity as a tool for coordinating large-scale sequencing efforts, markers 
across the genome were sought to anchor all contigs.  The remainder of the genome was to be sequenced by 
other members of the International Sequencing Consortium;13 however, it was realized that the WG BAC map 
would also be a useful resource for other centers.  To enhance the utility of the map to all centers, as many 
markers as possible were integrated into the FPC database, resulting in the chromosomal localization of most 
BAC contigs.  Because the RPCI-11 library was being used for many genome initiatives there was a wealth of 
marker information available.  A significant source of such information came from the inclusion of 
chromosomal assignment data for 9,018 STS derived from BAC end sequences (D.R. Cox, unpublished 
data).  Although greater than 15% of the available BAC end sequences of the RPCI-11 library are apparently 
mislabeled with respect to the correct BAC name14, the number of accurately mapped BAC ends facilitated 
the correct chromosomal assignment of contigs by considering the consistent trend of these data for a given 
contig.  As the working draft sequence accumulated, known markers were readily identified utilizing 
electronic PCR (ePCR; a program that searches sequence for STS by identifying the associated primer 
sequences in the correct orientation and with correct spacing),15 which identifies primers and these data 
provided for inclusion in the FPC database (G. Schuler, NCBI).  The combined ePCR and hybridized data sets 
contained 69,507 markers, including 1,659 polymorphic markers from the Généthon genetic map.  In 
addition, chromosomal assignment and integration of cytogenetic map positions were achieved by 
identification of 3,412 BACs mapped by fluorescence in situ hybridization (FISH) data as described in an 
accompanying manuscript. 

The GeneMap’99 map was chosen for the purpose of anchoring and ordering contigs as it has a 

substantial marker set (> 50,000), is well-integrated with the Généthon genetic map and provides local 

ordering at <1 Mb resolution.  It was also the most widely known genome map at that time.  To ensure that 

markers assigned to BACs provided consistent localizations, single markers associated with clones in multiple 

contigs were not used for contig placement.  For each contig, all chromosome assignment data associated 

with its clones were tallied and the contig was assigned to the chromosome with the majority of supportive 

data.  Each chromosomal assignment datum was given equal weight with the exception of FISH data, which 

was considered the strongest evidence for placement.  A clone could have more than one piece of 

supportive datum.  For example, a clone with one chromosome 7 STS marker, chromosome 7 FISH data and 

BAC end sequence RH data for chromosome 2 would contribute two supportive data points for contig 

assignment to chromosome 7 and one for chromosome 2. In the case of a tie in the cumulative data for the 

contig, no initial chromosomal assignment was made. 

Once a chromosomal assignment was made, the majority of contigs could be further localized to the 

median RH map position of all markers associated with the contig and assigned to that chromosome.  To 

determine the median map position of a contig: 1. Each clone was allowed only one map position.  This was 

the median position of all markers associated with that clone; 2. Markers that are likely outliers were 



removed.  A contig may have outliers if the map distance covered by the contig is greater than expected for a 

contig with the given number of clones.  The outlier markers likely represent local mapping errors; 3. The 

median position was taken from the markers that remain. 

The orientation of the contig with respect to the map was determined next.  The marker content of 

accessioned sequences associated with the clones from the contig was determined by ePCR.  Those markers 

found on one of five maps were examined (Généthon genetic map, Marshfield genetic map16, WIBR YAC STS-

content (http://carbon.wi.mit.edu:8000/cgi-bin/contig/phys_map), GeneMap’99, SHGC G3 RH map 

(http://www-shgc.stanford.edu/Mapping/rh/index.html), NCBI framework map 

(http://www.ncbi.nlm.nih.gov/genome/guide/)) and all mapped markers were then compared with their 

adjacent neighboring markers to determine if the order of markers within a contig for any given map were 

ascending or descending with respect to that map.  Contigs were flipped as needed to orient them with 

respect to the majority consensus of all maps examined. 

Lastly, finished map data provided by other groups for several chromosomes was 

examined.  Although the contigs ordered by the methods above were largely consistent with these data, a 

few manual adjustments were made to more accurately reflect these well-characterized maps.  The maps 

considered at this stage were for chromosomes 14 (Genoscope, J. Weissenbach)17, 19 (Lawrence Livermore 

National Laboratory, http://www-bio.llnl.gov/bbrp/genome/html/chrom_map.html), X (Sanger Centre, D. 

Bentley) and a 20 Mb segment of chromosome 15 (University of Washington, L. Rowen).  Telomeric contigs 

were identified and positioned where possible.  The data for the telomeric contigs is discussed in a separate 

manuscript in this issue of Nature.18

Automated clone selection for sequencing 

To maximize the amount of sequence produced while still ensuring the integrity of the clones 

selected, seed clones were chosen from contigs consisting of at least eight clones by finding the largest clone 

in each contig that had no more than 2 bands that were not confirmed by neighboring clones.  Two 

fragments in each clone were assumed to be the insert-vector junction fragments as HindIII was used to 

generate fingerprints from this BAC library constructed using a partial EcoRI restriction digest.  Once selected, 

each seed clone was compared to in silico digests of all of the human clones in GenBank to identify any 

http://www.ncbi.nlm.nih.gov/genome/guide/


clones that may overlap previously generated sequence.  If clones were found to excessively overlap an 

existing sequence by a Sulston score of <3x10-6, or if the overlap suggested localization to a chromosome 

other than those specifically targeted, then the seed clone was discarded.  Based on the estimated sizes of 

the chromosomes and the number of seed clones selected from contigs localized to each chromosome, it 

was determined whether each chromosome had been seeded to a point of saturation at approximately one 

contig per 500 kb.  When this point was reached, seed clones were no longer chosen from that chromosome 

and these nucleation points were extended to avoid excessive gaps when completing the sequence 

map.  Since the fingerprint database was growing weekly and all data were not yet incorporated into existing 

contigs, a set of tools was developed that allowed extension from seed clones by identifying overlapping 

fingerprints in the rest of the database independent of contig assembly.  Once manually ordered contigs 

became available, the automated clone selection tools attempted to walk in a minimal tiling path, except in 

cases where a clone chosen for a walk overlapped heavily with another sequenced clone.  In this case, a 

bridging clone with significant overlap to both neighbors was chosen to complete the coverage.  For 

choosing gap-spanning clones and for choosing minimal tiling paths, BAC end data, when available and 

consistent, were used in conjunction with fingerprint data.  To complete the working draft, the end of each 

contig was extended where possible using fingerprint analysis, even if the degree of overlap was higher than 

our allowed degree of overlap for automated clone selection (25%). Clones were automatically selected from 

the ends of contigs when at least 30 kb of new sequence data would likely be obtained. 

Throughout the clone selection process for the working draft, a central registry was maintained at 

the NCBI to track clones being sequenced by all groups in the consortium.  Incorrect clone names and the 

depth of clone coverage for any given region limited the usefulness of this registry but it did provide a means 

for examining maps for conflicts.  In addition, the first set of 96 sequence reads for any clone was used to 

check for overlap with known sequences.  Initially, a clone was discarded at this stage if greater than 25% of 

sequences matched another clone.  This overlap cutoff was increased as the working draft accumulated to 

allow for gap-spanning clones to enter the pipeline.  Even with all these efforts, redundancy within the 

working draft sequence is higher than the <20% that was targeted; however, this redundancy in fact may 

have benefits for analysis of sequence variation within the genome. 

Mapping of accessioned sequences.



For the placement of each accessioned sequence, in silico digests of each sequence were used to 

query the FPC human BAC database.  If the FPC database fingerprint with the highest restriction fragment 

similarity to the in silico digest corresponded to the clone referenced in the associated GenBank record, then 

the accessioned sequence was mapped to this position; however, if it corresponded to a different clone than 

that referenced in the GenBank record, additional information was used to position this sequence as 

accurately as possible.  In many cases, the highest matching fingerprint was associated with a clone 

overlapping with, or completely redundant to, the referenced clone.  This could occur when working draft 

sequence was used as all restriction fragments may not be adequately represented in the assembled 

sequence and thus would be absent from the in silico digest.  In these cases, the accessioned sequence was 

positioned with respect to the GenBank referenced clone.  In a third scenario, the highest matching 

fingerprint was associated with a clone mapping independently of that referenced in the GenBank record.  If 

the in silico digest match to the fingerprint was sufficiently stringent (Sulston score <1x10-9) then the 

accessioned sequence was mapped to the matching position.  If the match was less stringent, then two 

pieces of additional information were required to confirm this placement.  Additional information considered 

was the alignment of BAC end sequences to the accessioned sequence.  If the majority of these BAC end 

alignments represented clones overlapping with the matching clone, then the accessioned sequence was 

placed in that position on the map.  At the time of last analysis, there were 302,351 BAC end sequences that 

could be aligned to 32,235 HTGS human sequences.  Of these alignments, 83,219 of them were from clones 

contained in the WG BAC map and confirmed or contributed to accessioned sequence 

placement.  Additional evidence for placement of the sequence came from examining believed sequence 

overlaps with neighboring sequenced clones.  The believed overlaps were generated by an all-against-all 

sequence comparison of all accessioned sequences (G. Schuler and J. Kent).  The believed overlaps were 

ranked as either strong (includes additional supporting data such as paired BAC end linkages) or weak 

(sequence overlap alone) and were weighted accordingly in this consideration. 
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Figure 1: Assays of fingerprint reproducibility and fingerprint accuracy. 

Figure 1a: Verification of fingerprint reproducibility. 

Figure 1b: Verification of fingerprint accuracy. 



Shown in Figure 1a is a comparison of clone fingerprints, generated in duplicate, in which each point 

represents a restriction fragment compared between duplicates.  Shown in Figure 1b are fingerprint-derived 

restriction fragment sizes compared to computer-derived “in silico” virtual digests predicted from DNA 

sequence data.  Restriction fragments were considered identical if their sizes (base pairs) were within 2% of 

each other. 

Table 1:  Fingerprint characterization of the major clone classes used.* 

Library Clones Ave. insert (kb)

(std. dev.; median) 

Ave. number of bands

(std. dev.; median) 
RPCI-11 265,619 167.7 (21.1; 167.4) 41.8 (7.9; 42) 
RPCI-13 50,202 151.5 (27.9; 156.6) 38.6 (9.5; 40) 
CTC-C/D1 49,349 123.4(29.1; 120.5) 30.9 (8.6; 30) 

*Only clones with an estimated insert size greater than 50 kb and less than 300 kb were included to minimize 

the effect of fingerprinting artifacts. 

Table 2:  Optimal FPC parameters used for fingerprint assembly. 

FPC Parameter Value 
tolerance 7 
cutoff 3x10-12 
automated bury 0.10 
use CpM no 
min bands 3 
best of 10 

Figure 2:  Incremental assemblies of the BAC fingerprints. 



At the various points indicated, the database of BAC fingerprints was assembled into contigs using the FPC 

software suite.  Assembly parameters are as in Table 2.  The figure key indicates the range of the number of 

clones per contigs in each group considered (contigs containing 10-15 clones, 3-9 clones, two clones and 

remaining clones with no match to another clone or “singletons”. 

Table 3: Status of FPC database after automated assembly and manual editing. 

Automated assembly Manually edited database 
Date December, 1999 September, 2000 
BAC clones in FPC 283,287 372,264 
Number of assemblies 7,133 1,447 
Clones in assemblies 264,555 295,828 
Number of singletons* 11,022 76,436 
Assemblies containing:    
>25 clones 2,652 912 
10-25 clones 1,720 260 
3 – 9 clones 1,886 204 
2 clones 875 71 

* clones not incorporated into any assembly; see text. 


