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A Bacterial Artificial Chromosome Library
for Sequencing the Complete Human Genome
Kazutoyo Osoegawa,1 Aaron G. Mammoser, Chenyan Wu,2 Eirik Frengen,3

Changjiang Zeng, Joseph J. Catanese,1,2 and Pieter J. de Jong1,2,4

Department of Cancer Genetics, Roswell Park Cancer Institute, Buffalo, New York 14263, USA

A 30-fold redundant human bacterial artificial chromosome (BAC) library with a large average insert size (178
kb) has been constructed to provide the intermediate substrate for the international genome sequencing effort.
The DNA was obtained from a single anonymous volunteer, whose identity was protected through a
double-blind donor selection protocol. DNA fragments were generated by partial digestion with EcoRI (library
segments 1–4: 24-fold) and MboI (segment 5: sixfold) and cloned into the pBACe3.6 and pTARBAC1 vectors,
respectively. The quality of the library was assessed by extensive analysis of 169 clones for rearrangements and
artifacts. Eighteen BACs (11%) revealed minor insert rearrangements, and none was chimeric. This BAC library,
designated as “RPCI-11,” has been used widely as the central resource for insert-end sequencing, clone
fingerprinting, high-throughput sequence analysis and as a source of mapped clones for diagnostic and
functional studies.

The sequence data described in this paper have been submitted to the GenBank data library under accession
nos. AQ936150–AQ936491.]

The main goal of the publicly funded human genome
project is to completely determine the human genomic
DNA sequence. Five large centers in the United States
and the United Kingdom (the G5 group) along with
three smaller centers in France, Germany, and Japan
(the G8 group) are the major contributors to the se-
quencing effort. The initial draft version of the human
DNA sequence was completed on June 26, 2000, and a
high-quality version will become accessible by 2003.
The human genome project presents unique ethical
and political requirements with respect to the source
DNA for library construction, because never before has
an individual’s genetic blueprint been deciphered
completely. One or more volunteers were required to
donate their DNA for the sequencing effort. Donor re-
cruitment must comply with regulations (Botkin and
Gut 1996; Marshall 1996) to protect the individual’s
interests and requires informed consent. In addition, it
is preferable to obtain the first human genome se-
quence with the focus on the composition of genes
across the prototypical human genome rather than ex-
ploring the diversity of genes across the human popu-
lation. With only a few donors contributing to the pro-
totype of the human genome, it is likely that the pro-
totype will not be equally derived from all ethnic or

social groups. To avoid a willful bias with respect to
representatives from one group or another, a double-
blind donor selection protocol was desirable and was
formulated in compliance with the stated policies of
the funding agencies (see http://www.nhgri.nih.
gov:80/Grant_info/Funding/Statements/RFA/
human_subjects.html).

Large-insert genomic DNA libraries in bacteria,
such as bacterial artificial chromosome (BAC; Shizuya
et al. 1992) and P1-derived artificial chromosome
(PAC; Ioannou et al. 1994) libraries, provide a way to
divide the complexity of the human genome into a
composite of large DNA segments of reduced complex-
ity. Ideally, BAC libraries should completely represent
the genome without cloning artifacts or rearrange-
ments and should be provided in an addressable for-
mat with clones physically separated. Libraries arrayed
in microtiter dishes provide the opportunity for many
researchers around the world to accumulate and use
information on particular clones (Green and Olson
1990; Nizetic et al. 1991; Evans et al. 1992; Cohen et al.
1993; Marra et al. 1997; Zhao et al. 2000), thus permit-
ting resource sharing through central repositories. BAC
libraries are used as a source of substrates for shotgun
sequencing projects, to create a database of end se-
quences (Mahairas et al. 1999; Zhao 2000; Zhao et al.
2000) and restriction fingerprints for building overlap-
ping clone sets (contigs; Marra et al. 1997, 1999). BACs
also provide scaffolding information for mapping se-
quence contigs to localized genomic regions by using a
direct genomic shotgun sequencing approach (Adams
et al. 2000; Hoskins et al. 2000). The BAC library (RPCI-
11) described in this manuscript represents one of the
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first libraries constructed in compliance with the poli-
cies of the U.S. funding agencies for DNA sequence
resources and has been used to a larger extent than any
other library. A detailed characterization of the RPCI-
11 BAC library has not been reported, although its use
in clone end sequencing, fingerprinting, and complete
chromosome sequencing has been described (Dunham
et al. 1999; Mahairas et al. 1999; Hattori et al. 2000;
Soderlund et al. 2000; Zhao et al. 2000; McPherson et
al. 2001).

To definitively determine that clones contain a
single cloned fragment and thus are nonchimeric, both
ends of the BAC inserts were independently mapped
by screening against other clones within a very redun-
dant clone contig spanning 1.5 Mb of human chromo-
some 14. The rationale is that if the BAC is chimeric,
the ends will be from different genomic regions. To
examine the level of rearrangements within clones, the
contig was interrogated with ∼300 markers for incon-
sistent map results. In addition, all the BACs in the
contig also were fingerprinted using high-resolution
restriction fragment pattern analysis. This article estab-
lishes that chimeric clones containing multiple unre-
lated genomic DNA segments are essentially absent (at
or below the 1% level) and that minor rearrangements
can occur in ∼10% of the clones under normal growth
conditions.

RESULTS

Donor Selection
Several years ago, the National Center for Human Ge-
nome Research (NCHGR, now the National Human
Genome Research Institute, NHGRI) and the U.S. De-
partment of Energy (DOE) formulated their policy on
the inclusion of human volunteers for the Human
Genome Project (HGP; Marshall 1996; http://www.
nhgri.nih.gov:80/Grant_info/Funding/Statements/
RFA/human_subjects.html). A central element of the
policy was the need to protect the private information
of the participants through a double-blind procedure
such that the donors remain anonymous and their
privacy will be protected to the maximum extent. Al-
though it is possible to prepare BAC libraries from a
mixture of DNA samples derived from many volun-
teers, this was not perceived desirable at the time.
ixing many samples would lead to problems resolving
the DNA sequence for difficult genomic regions. How-
ever, DNA sequencing of a single volunteer might be
unethical and might prove to be politically unwise.
Use of a single volunteer might raise the interest and
curiosity of the public and the press to discover the
identity of the donor and thus complicate efforts to
protect the person’s identity and privacy. Moreover,
a procedure using a limited number of donors would
have raised questions about perceived preferences with

respect to the ethnicity, social group, or gender of
the single donor. In view of these considerations, the
policy was formulated to sequence the human genome
from a composite of ∼10 BAC clone resources each
contributing ∼10% of the donor’s DNA to the final
genome sequence at the completion of the HGP.
The RPCI-11 BAC library was the first large insert clone
collection to be prepared under the NCHGR/DOE
policy.

Briefly, donors were recruited after a request for
volunteers was advertised in a local newspaper, The
Buffalo News, on Sunday, March 23, 1997. The first 10
male and 10 female volunteers replying by phone were
invited to make an appointment with the genetic
counselors at the Roswell Park Cancer Institute (RPCI)
to give informed consent and provide a 50-mL blood
sample. The informed consent form did not include
any identifying information except for the signature of
the blood donor. The blood samples were simply iden-
tified by arbitrary numbers and by gender. From 20
samples, one male and one female sample were se-
lected at random within the cloning laboratory. The
samples were used for establishing EBV-transformed
cells and for extracting high molecular weight DNA to
be embedded in agarose. The genetic counselors were
not involved in the final sample selection and were not
made aware of the outcome. The consent forms have
been placed in sealed envelopes and stored in a locked
cabinet only accessible to the genetic counselors at
RPCI. The male DNA sample was used to construct the
first library (RPCI-11), and the female sample was used
to prepare the second library (RPCI-13, not described).
Unfortunately, the attempt to prepare EBV-
transformed cells for the RPCI-11 donor failed. As a
consequence of the double-blind donor selection pro-
cedure, it was impossible to obtain a second sample
from the same male donor for a second attempt to
establish transformed cells.

BAC Library Construction and Characteristics
The new human BAC library was constructed using
optimized cloning procedures (Osoegawa et al. 1998).

The goal was to generate a sufficient number of
clones to provide at least 20-fold redundant represen-
tation of the human genome, thus ensuring nearly
complete presence of all clonable sequences. The first
set of ∼440,000 clones was prepared from human DNA
fragmented by partial digestion using EcoRI and EcoRI
methylase. A total of three partial digestions and size
fractionations were performed, and five eluted DNA
fractions were used for construction of the EcoRI library
portion (Table 1A). Reliance on a combination of these
enzymes might result in a biased genome representa-
tion because of the putative presence of preferential
digestion or methylation sites or because of simple se-
quence regions with an aberrant incidence of the re-
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striction sites. Therefore, an additional 106,000 BAC
clones were prepared from the same donor DNA by
partial digestion with MboI. Two DNA fractions derived
from two partial digestions and size fractionations
were used for construction of the MboI library part
(Table 1A). All clones were arrayed into 384-well dishes
by using a colony-picking robot, and the arrayed li-
brary was organized for logistical reasons into five seg-
ments, comprising a total of 1440 microtiter dishes, as
summarized in Table 1B. The pBACe3.6 vector (Fren-
gen et al. 1999) was used to construct the EcoRI library
section (segments 1–4) and the pTARBAC1 vector
(Zeng et al. 2001) was used for the MboI library (seg-
ment 5). The pTARBAC1 vector is derived from
pBACe3.6 by insertion of the yeast centromeric ele-
ment, CEN6, and the yeast-selectable marker His3.
BAC clones in the pTARBAC1 vector can be deleted
through digestion with restriction enzymes, which do
not cut into the vector sequence. The linearized de-
leted BACs have a complete vector sequence on a
single fragment and include the adjacent vector-insert

junctions. Such deletion clones can be repaired to full
size through homologous recombination with human
genomic DNA during cotransformation into yeast
spheroplasts, an approach that has been designated as
transformation associated recombination (TAR) clon-
ing (Larionov et al. 1996). High-density replica filters
were prepared to screen the library as described previ-
ously (Osoegawa et al. 2000). One hundred forty-three
nonrecombinant clones in the entire library contain-
ing the intact vector were identified and distinguished
from insert containing clones by colony hybridization
by using the vector as a probe. Nonrecombinant clones
contain the high copy number pUC replicon, lacking
in the recombinant clones, thus resulting in a much
higher hybridization signal of vector sequences. While
analyzing BAC clones by using pulsed-field gel electro-
phoresis to determine the average insert size, we ob-
served noninsert clones containing a small deleted vec-
tor fragment consistent with sucrose resistance. The
ratio of noninsert clones was estimated to be 1.7%,
0.5%, 1.0%, 1.0%, and 0.0% in each segment, respec-

Table 1A. The RPCI-11 Human Male BAC Library

Partial
digestion

Fraction
identity Plate no.

Average
insert

size (kb)

EcoRI
(segments 1–4)

M1B001E F6 1–280 163
M1B004E F5 281–791 174
M1B003E F5 792–1068 184
M1B001E F5 1069–1107 197
M1B004E F6 1108–1152 154

MboI
(segment 5)

M1B003Mb F4 1153–1329 192
M1B002Mb F4 1330–1440 192

DNA source: Anonymous male donor.
Cloning vector: pBACe3.6 (segments 1–4) and pTARBAC1 (segment 5).
The average insert size of each fraction was determined by analyzing 120 clones using CHEF or FIGE apparatus after digestion with
NotI restriction enzyme prior to the colony picking stage. The increase in average insert size for the later transformations reflects
improvements in cloning skills while generating the library. Colonies from each fraction were picked and arrayed into 384-well plates
by the order indicated in Table 1A. The libraries were organized into five segments as indicated in Table 1B.

Table 1B.

Segment
Cloning
enzyme

Total
clones

Plate
no.

Non-insert
clones (%)

Insert size
(kb)

Genomic
redundancy

1 EcoRI 108,499 1–288 1.7 163 5.4
2 EcoRI 109,496 289–576 0.5 168 5.6
3 EcoRI 109,657 577–864 1.0 181 6.0
4 EcoRI 109,382 865–1152 1.0 183 6.1
5 MboI 106,763 1153–1440 0.0 195 6.3
Total 543,797 1440 0.8 178 29.4

The “Total clones” column represents total wells after empty wells were subtracted [288 � 384–(empty wells)] in each segment.
Average insert sizes in this table were estimated by analyzing 483 clones from segment one, 246 from segment two, 299 from
segment three, 308 from segment four, and 212 from segment five. These clones were randomly picked from each fraction to
correspond to their ratio within each segment, for example segment three comprises 75% of its clones from fraction M1B004E F5 and
25% from fraction M1B003E F5. Non-insert clones were observed as a single band that is smaller than the normal vector size on the
gel. No non-recombinants containing the deleted vector fragment have been found among 212 clones analyzed from segment five.
The genomic redundancy was estimated using 3300 Mb as the genome size.
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tively (Table 1). The average insert size for the BACs is
163, 168, 181, 183, and 195 kb with a standard devia-
tion of 28.2, 25.3, 43.6, 39.8, and 30.5 for segments
1–5, respectively (Table 1, Fig. 1). The increase in aver-
age insert size for the later segments reflects improve-
ments in cloning skills while generating the library.
The distribution of insert sizes is shown in Figure 1.
The entire library contains 29.4 human genome
equivalents, assuming the size of the human genome
size to be 3.3 gigabase.

�-Satellite Clones
Approximately 10% of the human genome consists of
large repeat blocks of �-satellite sequences centered
around the centromeres (Tyler-Smith and Willard
1993). These repeat blocks include the 340-bp EcoRI
dimeric satellite sequence and the 680-bp EcoRI te-
trameric repeat (Baldini et al. 1989, 1990), whereas on
average EcoRI sites occur at a much lower incidence in
the rest of the genome at 3–4-kb intervals. Because
EcoRI was used to fragment the human genome in
preparation for the bulk of the BAC library, it is con-
ceivable that nonoptimal fragmentation of the ge-
nome might have resulted in over- or underrepresen-
tation of alphoid elements. To examine the presence of
these tandem repeat elements, we screened the first 48
microtiter dishes (18,432 clones) of the library (seg-

ment 1) by colony hybridization using a probe con-
taining alphoid repeats. Only 1.1% (209) of the BAC
clones were positive, indicating that these sequences
are underrepresented. Thirty-seven �-satellite-contain-
ing clones were analyzed by fingerprinting and pulsed-
field gel electrophoresis after digestion with EcoRI or
NotI (Fig. 2). Surprisingly, all but six of the BAC clones
had a distinct unique insert size as revealed after NotI
digestion and pulsed-field gel electrophoresis (Fig. 2A).
The absence of a smear of multiple fragments and the
absence of minor NotI bands indicate relative stability
of the �-satellite repeat blocks in BACs. None of the
BAC clones contained the 340-bp EcoRI repeat ele-
ments.

Eighteen clones contained the EcoRI repeat regions
with periodicities of 680 bp and larger, observed as
high-intensity bands after digestion with EcoRI (indi-
cated with an arrow in Fig. 2B). The remaining 19
clones showed random EcoRI digestion patterns indi-
cating the absence of large stretches of �-satellite se-
quence with an EcoRI site in these BACs. To analyze the
stability of the cloned alphoid repeat blocks, we
streaked all clones to single colonies, and 10 subclones
for each of the original 37 clones were analyzed by
fingerprinting. For 15 of the 37 clones, all of the 10
subclones revealed identical patterns by dual analysis
of EcoRI fingerprinting and NotI restriction analysis

Figure 1 Size distribution of the RPCI-11 library. A total of 483, 246, 299, 308, and 212 clones from each of segments 1–5 was picked
randomly and analyzed with a CHEF apparatus after NotI digestion. The horizontal axis refers to the size range of insert DNA, and the
vertical axis indicates percentage of clones corresponding to each size range. Purple, pink, yellow, blue, and green bars correspond to
segment 1, 2, 3, 4, and 5, respectively.
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(not shown). Rearrangements occurred in 10%–50% of
the subcolonies for 22 of the 37 clones, shown either in
the fingerprints or after pulsed-field analysis. These re-
sults indicate that the relative stability is high for the

BAC clones containing highly
repetitive elements in this li-
brary.

Marker Screening Results
The library, consisting of five
segments, has 29.4 human ge-
nome equivalents as calculated
from the average insert size and
the total number of clones
(Table 1). To examine the ge-
nomic representation for spe-
cific sequences, we screened the
library via colony hybridization
with 45 different probes. Over-
lapping oligonucleotide probes
(“overgos”; McPherson 1999)
were designed from an arbitrary
set of chromosome 5, 19, and
21 markers. The hybridization
positive clones were confirmed
using restriction enzyme finger-
printing and Southern hybrid-
ization. The screening results
are summarized in Table 2. A
total of 1076 clones from the
EcoRI library and 272 clones
from the MboI library were
identified using the 45 unique
probes. These results indicate
the average genome redun-
dancy of the library to be 23.9
per marker with a standard de-
viation of 6.56 for EcoRI library
section and 6.0 per marker with
a standard deviation of 3.04 for
MboI section. The combined ge-
nomic representation (29.9)
from EcoRI and MboI library
segments is in close agreement
with the expected genome
equivalents (29.4).

A High-Resolution
BAC/STS-Content Map
Ideally, BAC clones should rep-
resent random, unbiased clon-
ing of the human genome and
should retain the insert frag-
ment without cloning artifacts,
such as chimeras and rearrange-
ments. To explore the genomic

fidelity and integrity of the BACs, we arbitrarily chose
a 1.5-Mb region from chromosome 14q24.3 for a de-
tailed characterization of all clones and examination of
the fidelity of the cloning process. The region has been

Figure 2 Analysis of BAC clones containing �-satellite sequence. Thirty-seven �-satellite posi-
tive BAC clones were isolated and digested with NotI or EcoRI. (A) The NotI-digested DNA was
separated using CHEF with the Low Range PFG Marker loaded on both sides, and the sizes of the
markers are indicated with arrows. (B) The EcoRI-digested DNA was fractionated with standard
agarose gel electrophoresis with the 1-kb DNA ladder (outside) and the � DNA/HindIII fragments
(inside) loaded on both sides. Vector bands that are indicated by arrows are observed at 8.8 kb
in both panels. False-positive clones that contain intact vector are shown in lanes 5 and 39 in
both panels. Stronger intensity of the vector bands is due to the high copy number of plasmid
derived from pUC19-stuffer fragment. A variety of EcoRI repetitive blocks are observed in B and
indicated with vertical arrows.

The BAC Library for Sequencing the Human Genome

Genome Research 487
www.genome.org

 Cold Spring Harbor Laboratory Press on June 3, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


used previously to characterize the RPCI-1, -3, -4, -5,
and -6 human PAC libraries (C. Wu, B. Zhao, C. Chen,
J.J. Catanese, P. Ioannou and P.J. de Jong, unpubl.). A
high-resolution PAC/STS-content map provided the
markers to isolate all corresponding BAC clones and
additional new markers were generated after determi-
nation of all the insert-end sequences. All BAC end
sequences have been deposited in GenBank under ac-
cession nos. AQ936150–AQ936491. The new BAC con-
tig contains 121 clones and 48 clones derived from the
EcoRI and MboI library sections, respectively. For high-
resolution comparison of the BACs, 121 STS markers
from BAC ends and 168 pre-existing STS markers,
mostly derived from PAC clone ends, were mapped to
the BAC clones in the contig. Because most of the
markers were designed from BAC and PAC ends, it was
possible to determine a definitive linear order for all
markers (Fig. 3) by using SEGMAP, an STS-content
mapping program (Green and Green 1991). Note that
the 168 pre-existing markers are not shown in Figure 3.

Chimeric Clone Levels
Chimeric clones are one of the problems encountered
in constructing an accurate physical map and in deter-
mining the genomic sequence. A priori, it is presumed
that chimeric BACs are generated under different con-
ditions from chimeric YAC clones. Although chimeric
YACs can originate from a coligation linking unrelated
genomic fragments, most chimeric YACs result from
homologous recombination between incomplete YACs
immediately after transformation into yeast sphero-
plasts (Green et al. 1991; Haldi et al. 1994; Wada et al.
1994).

Recombination and transformation of multiple
large DNA fragments are expected to occur at much
lower levels in Escherichia coli as compared with yeast,
hence leaving coligation as the most plausible mecha-
nism for creating chimeric BACs. Moreover, recombi-
nant BAC clones are created by ligation with genomic
DNA fragments that have been purified using the im-
proved double size fractionation procedure with
pulsed-field gel electrophoresis (Osoegawa et al. 1998).
At the molecular level, it thus is most likely that two
unrelated large fragments coligate and then connect
with a vector fragment. However, such chimeras will
have double the insert size and will transform E. coli at
very low efficiency because of the strong size bias in E.
coli transformation. It thus is postulated that chime-
ras—if found at all in the BAC system—will be rare and
will be derived from one small and one large fragment.
Such unbalanced chimeras will be difficult to detect by
fluorescent in situ hybridization (FISH), which fre-
quently is used to detect YAC chimeras. Thus, a differ-
ent approach was implemented to identify chimeric
clones by mapping of the opposite insert-end se-
quences for many clones, either through conventional

wet-laboratory screening approaches or through
BLAST searches against sequences in GenBank. All 169
BACs from the 1.5-Mb contig were analyzed to deter-
mine if both insert ends mapped to other clones from
this validated contig. Overgo probes were designed
from the BAC end sequences for the EcoRI library to
generate new markers. For 58 clones, both end probes
were unique and were used for the hybridization
screening. All were found to map to overlapping clones
thus proving that 58 of 58 clones consisted of a single
contiguous genome segment. Independent of the
marker screening, 338 insert-end sequences from the
169 BACs have been used to search GenBank with the
BLASTN program (Altschul et al. 1990). GenBank con-
tains the draft sequences for the region sequenced
from our earlier PAC contig. Through the GenBank
searches, an additional 109 clones were determined to
be nonchimeric by using the BLAST searches either
alone or in combination with the probe screening re-
sults. It was not possible to determine the status of the
remaining two clones as either chimeric or nonchi-
meric because of the poor quality of end sequences.
Thus, 167 of 167 clones with informative ends con-
tained a single contiguous genome segment, indicating
that chimerism within the BAC library is low (1%) or
does not occur at all. The similar result was reported
that only one chimeric clone was found of 113 clones
during the course of characterization of mouse BAC/
PAC libraries (Osoegawa et al. 2000).

Clone Rearrangements
Traditionally, comparison of fingerprinting patterns
from overnight cultures versus serial cultures have
been used to examine the stability of BAC and PAC
inserts (Shizuya et al. 1992; Ioannou et al. 1994; Woo
et al. 1994; Cai et al. 1995; Woon et al. 1998). This is a
simple method used to determine if BAC and PAC
clones are maintained without major rearrangements
after many cell generations. However, BAC clones are
not routinely used as sequencing templates after an
excessive number of generations obtained through se-
rial culturing. It thus appears more important to deter-
mine whether BAC clones have subtle rearrangements
after more typical growth conditions. The goal is to
show clonal integrity and fidelity of the BAC clones for
use as sequencing templates. If a rearrangement oc-
curred during the bacterial transformation or shortly
thereafter, then independently obtained overlapping
clones would end up with inconsistent genomic struc-
tures. Therefore, the 169 overlapping BACs from the
1.5-Mb contig were compared by pulsed-field gel elec-
trophoresis, high-resolution STS-content mapping (Re-
nault et al. 1997), and fingerprinting (Marra et al.
1997). Five parallel subcolonies from each BAC were
analyzed by pulsed-field gel electrophoresis to exclude
the occurrence of major rearrangements or clonal con-
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tamination. Although most (92.3%) of the clones re-
vealed identical subcolonies, 13 clones of 169 showed
multiple insert sizes indicating either clonal contami-
nation or DNA rearrangements. Contaminating clones
are not expected to map to the same contig area and
can be identified because they are predicted to be nega-
tive for all the contig markers. Unlike the previously
discussed �-satellite clones, all major size inconsisten-
cies between the subcolonies resulted from clonal con-
tamination. For high-resolution comparison of the
BACs, 121 STS markers from BAC ends and 168 STS
markers derived mainly from PAC clone ends were
mapped to the BAC clones in the contig (Fig. 3). A
clone deletion may be indicated by negative screening
results from hybridization or PCR for one or more in-
ternal markers, whereas all the flanking markers cor-
rectly identify the particular clone. The average marker
spacing is 5.2 kb based on an approximate 1.5-Mb con-
tig size. No inconsistent results were found for any of
the clones by using all of the 289 markers in colony
hybridization and PCR analyses. This indicates the ab-
sence of small deletions spanning more than one
marker interval. However, it was not possible to ex-
clude potential deletions occurring between markers.
To increase the sensitivity of the screening for rear-
ranged clones, fingerprinting analysis (Marra et al.
1997) has been applied to detect small rearrangements
within the resolving power of the agarose gel electro-
phoresis and computer software. The fingerprinting
analysis also may identify chimeric clones as inconsis-
tent fragment patterns (Osoegawa et al. 2000). Finger-
printing was performed in duplicate using the EcoRI
restriction fragment patterns from two single-colony
isolates for each clone. Clonal instability may be de-
tected as heterogeneity in the duplicate fingerprints.
Rearrangements also may be detected as inconsistent
fragment patterns by comparing different clones from
the same contig. BAC clones from the MboI library part
were prepared using MboI partially digested DNA and
do not have any vector-derived EcoRI sites.

Consequently, the EcoRI fingerprints of overlap-
ping clones from the MboI library segment always have
at least one clone-specific fragment not found in any of
the overlapping clones. This fragment measures in ex-
cess of 10.6 kb, consisting of the complete vector and
variable-size insert-end sequences. BACs from the
EcoRI library part always have an identical vector EcoRI
fragment of 8.8 kb, smaller than 10.6 kb because dif-
ferent vectors were used. Sixteen small rearrangements
were detected within the contig as heterogeneity be-
tween duplicate subcolonies (Fig. 4). These rearrange-
ments are defined by single fragment differences be-
tween the restriction fingerprints of the related sub-
colonies, with fragment sizes (or fragment size
differences) between 200 bp and 10 kb. Two possible
fingerprint inconsistencies were found within clones

by comparing them with all their corresponding over-
lapping clones. These clone-specific fragments were
each found in single clones within a 30-fold redundant
contig, hence suggesting that they do not represent
polymorphic differences within the diploid genome of
the donor. In summary, small rearrangements were ob-
served in 18 of 169 clones as a result of alterations to a
single genomic fragment during or after the cloning
process.

Randomness of EcoRI and MboI Partial Digestion
The optimal library size for complete representation of
the human genome depends on statistical consider-
ations but also on the randomness of the BAC cloning
process. The randomness of cloning can be affected by
two factors: the restriction cutting of the genome, and
possible sequence-content bias in creating a viable bac-
terial colony. To test the randomness of the original
restriction digest, we compared and analyzed all insert-
end sequences for the 169 clones in the 1.5-Mb contig
for evidence of repeated use of the same cut sites
within independent clones. Specifically, it would be of
interest to reveal sites preferentially cleaved. Such sites
would more likely turn up at the end of cloned frag-
ments and could possibly cause gaps in contig maps.
One way to analyze preferential cutting is to search for
independent cloning events sharing the same restric-
tion site at the insert end at an incidence in excess of
statistical expectation. The likelihood of independent
clones with a shared insert end can be predicted by the
Poisson equation [P (X = k) = e�µµk/k!]. In this case,
the Poisson variable (µ) is the number of BAC ends per
EcoRI or MboI site. The incidence of the identical BAC
ends is represented by k where k = 2 for duplicate, k = 3
for triplicate and k = 4 for quadruplicate sharing of the
same BAC insert-end sequence. The average GC base
composition of the human genome is 42% (Shapira
1976) and, from this, average sizes of EcoRI and MboI
restriction fragments are calculated at 3.2 kb and 270
bp, respectively. Therefore, a 1.5-Mb contig with 121
and 48 BACs from the EcoRI and MboI library sections
contains 469 and 5556 possible EcoRI and MboI cutting
sites, respectively. This translates into 0.258 BAC ends
per EcoRI site and 0.0086 BAC ends per MboI site
(µ = 0.2580 and µ = 0.0086). In addition, a survey of
the high-throughput genomic (HTG) sequence data-
base (Ouellette and Boguski 1997) as of December 26,
2000 revealed that there are 65 small gaps in the ge-
nomic sequence between marker 1035K4-S and
1011L1-T (Fig. 3). The total length of the sequence be-
tween these markers was 1,629,088 bp, the GC base
composition is 43.7%, and 403 EcoRI sites and 4553
MboI sites were found in the sequence. This translates
to 0.300 BAC ends per EcoRI site and 0.0105 BAC ends
per MboI site, if all the EcoRI and MboI sites were found.
Table 3 shows the results for shared clone ends in the
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Figure 3 A 1.5-Mb BAC contig map localized on chromosome 14q24.3. A total of 169 BAC clones were identified from the RPCI-11
BAC library. The contig has been assembled according to the hybridization results using SEGMAP. The deduced markers are depicted with
a black circle along the top, and each short horizontal line with black circles represents a BAC clone. Combination of the plate number
and well position represents the clone name from the RPCI-11 library. For example, 1035K4 is found in plate 1035 at well position K4.
The markers derived from the T7 or SP6 vector end are condensed as �T or �S after the clone name. The size of each clone is indicated
in kilobases in parentheses. Markers have arbitrarily been assigned even spacing for diagrammatic purposes, and the length of the
horizontal lines does not accurately represent the insert size. Only 121 markers derived from BAC ends are shown in this figure. Note that
seven markers (between 289P13-S and 466E15-T) are overlapping in two contiguous figures. BACs derived from MboI library section
(segment 5) are shown in red.
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EcoRI and MboI library segments as compared with the
expected values. As a result, the incidence of identical
BAC ends is 1.4–1.5-fold, 2.2–2.9-fold and 5–7.7-fold
higher for EcoRI for duplicate, triplicate, and quadru-
plicate events and 4–4.9-fold for MboI for duplicate
than the anticipated numbers. Two clones (1234F15
and 1174G20) from different plates in the MboI library
have identical sequences at both ends and thus are
likely derived from a single transformation event re-
sulting in two colonies through cell duplication.
Therefore, a 4–4.9-fold higher than expected rate does
not reflect preferential MboI cutting sites. Four addi-
tional clones (123I8, 140F20, 1266P7, and 1266P8)
were identified as members in this contig. These clones
are identical with 123G8, 140E19, and 1266J7, respec-
tively.

Because these clones were contained in the same
plates, they likely resulted from an arraying error by

the picking robot. The ratio of the duplicated clones by
cell duplication and the robotic error would be esti-
mated to be 2.9% (five of 173 clones). In addition to
possible cloning bias due to preferential cutting of
some restriction sites, it is conceivable that the sucrose
positive selection system has resulted in some bias. For
instance, it is possible that some of the human insert
sequences have fortuitous E. coli promoter-like se-
quences positioned close to the open reading frame of
the SacB gene in the vector. This might result in ex-
pression of the SacB gene with a resulting sucrose sen-
sitivity and nonviability of the clones. In fact, ∼20%
additional true recombinant clones can be generated if
sucrose selection is avoided (data not shown). Sucrose
selection nevertheless is preferred because it signifi-
cantly reduces the background of nonrecombinant
clones. It is presumed that the bias caused by the su-
crose selection is more or less random and does not

Figure 3 (Continued)
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make genomic regions unclonable. No instances of
contig gaps due to a nonrandom distribution of fortu-
itous bacterial promoter elements in human DNA are
known.

DISCUSSION
During recent years, bacterial artificial chromosome li-
braries have become a central reagent for physical
mapping and sequencing of complex genomes. Al-
though six to 10 large insert libraries including PACs,
BACs and cosmids have been used for the publicly
funded human genome project, a survey of the HTG
sequence database (Ouellette and Boguski 1997) as of
July 8, 2000 revealed that ∼80% of the large insert
clones are from the RPCI-11 BAC library. Among the
reasons for the disproportionate usage are the consis-
tent high-average insert sizes as well as the timely and
widespread dissemination of copies of the RPCI-11 col-
lection. The consistency in insert sizes and library qual-
ity is a direct consequence of the improved cloning
procedures we introduced (Osoegawa et al. 1998). This
and other aspects of library quality are consistent with
the characterization described in this article. The pref-
erential use of one library over others has important
consequences. It permits the accumulation of overlap-
ping data sets for the same clones and thus provides a
real opportunity for the development of a reference
library of the human genome. For instance, only two
human BAC libraries, the CalTech D library (http://
www.tree.caltech.edu/lib_status.html) and RPCI-11
were used for sequencing the insert ends to provide
sequence information on the BAC clones (Mahairas et
al. 1999; Zhao et al. 2000). BAC end sequencing was
introduced as a tool for virtual library screening to
search for BACs overlapping with large sequence con-
tigs and to use these BACs as sources to expand the
contiguous sequence. Because of the option to use in-
sert-end sequences to connect existing sequence data
with clones, the term STC for sequence tag connectors
was introduced (Venter et al. 1996). The database of
BAC end sequences also provides a way for selecting
unrelated clones not yet present in the fraction of the
genome already being sequenced. Such unrelated
clones thus could serve as nucleation points for new
sequence contigs. Finally, the two sequenced ends of
large insert clones provide a mechanism to determine
relative map location for sequence contigs derived
from whole-genome shotgun sequencing (WGS). This
application, designated as genome scaffolding (Adams
et al. 2000; Hoskins et al. 2000), requires the availabil-
ity of a reference library with BAC end sequence infor-
mation accumulated for many clones. Relative BAC
mapping information deduced from direct or virtual
screening can be combined with map information
based on fingerprinted BAC clones, to either expand
the contigs or provide a means to check data sets for

Figure 4 This picture shows clonal heterogeneity that is de-
rived from the same clone. (M) Marker lane that contains a mix-
ture of two commercially available markers as described in Meth-
ods. The DNAs shown in lanes A and B were isolated from differ-
ent single colonies that are derived from the same clone. (Arrows)
Inconsistent EcoRI fragments between the clones. Some of the
marker sizes are indicated. The fingerprints show rearrangements
that took place during cell duplication.

Osoegawa et al.

492 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 3, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


mutual compatibility. Although such data can be ob-
tained on a case-by-case basis for clones picked out by
screening, it is more economical and consistent to ob-
tain fingerprints for most of the clones in the BAC
library under precisely defined conditions and prefer-
ably within the same laboratory. This has, in fact, been
performed only for 270,000 clones of the RPCI-11 BAC
library at Washington University (McPherson et al.
2001; http://genome.wustl.edu/gsc/human/human_
database.shtml). Additional mapping information has
been accumulated for the same reference library
through marker screening and chromosome walking
procedures (Dunham et al. 1999; Hattori et al. 2000).

For instance, several research efforts have aimed at iso-
lating a subset of characterized BAC clones, which are
mapped to well-defined, regularly spaced locations
along the human genome. Such clone sets will be ap-
plied as diagnostic clone collections for characterizing
chromosomal rearrangements through in situ hybrid-
ization procedures for cancer applications (Strausberg
et al. 1997; Cheung et al. 2001; The Cancer Genome
Anatomy Project [CGAP, http://www.ncbi.nlm.nih.
gov/ncicgap/]) or to define inborn deletion syndromes
(Shapira 1998; Developmental Genome Anatomy
Project [DGAP, http://dgap.harvard.edu]). The mapped
clones can be used not only as hybridization probes

Table 2. Screening the Libraries Using Various Single Locus Markers

Chromosome 5 Chromosome 19

Markers Locus

No. of positives

Markers Locus

No. of positives

Segment
1–4

Segment
5

Segment
1–4

Segment
5

D5S417 5.5 cM 27 11 D19S221 35.5 cM 22 2
D5S406 10.7 cM 26 9 D19S411 31 10
D5S635 13.8 cM 26 7 D19S425 58.7 cM 21 9
D5S676 15.6 cM 28 7 D19S220 61.4 cM 18 2
D5S1986 44.5 cM 37 3 D19S422 62.5 cM 14 8
D5S426 51.6 cM 25 5 D19S219 69.9 cM 21 3
D5S634 59.9 cM 34 5 D19S412 69.9 cM 22 5
D5S2076 62.5 cM 21 5 D19S596 77.6 cM 16 6
D5S407 65.0 cM 24 13 D19S214 106.1 cM 21 8
D5S491 67.2 cM 25 8

D5S2028 69.0 cM 31 5 Chromosome21

D5S2029 92.5 cM 25 10 Markers No. of positives

D5S456 109.3 cM 24 2 D21S1904 0.0 cM 23 7
D5S505 111.6 cM 24 2 D21S1911 0.1 cM 28 3
D5S2065 121.7 cM 20 10 D21S262 32.6 cM 26 6
D5S657 130.1 cM 27 4 D21S1252 38.7 cM 13 2
D5S2017 144.8 cM 23 7 D21S1893 48.1 cM 27 10
D5S2090 149.9 cM 31 5 D21S1260 51.6 cM 22 3
D5S673 155.5 cM 16 2
D5S487 157.6 cM 18 8 Average number

D5S412 161.0 cM 29 5 23.9 6.0
D5S403 162.2 cM 15 13
D5S2066 164.9 cM 17 4 Standard deviation

D5S2032 168.5 cM 46 9 6.56 3.04
D5S672 85.5 cM 24 3
D5S413 150.0 cM 15 2
D5S496 172.6 cM 24 6
D5S2030 190.9 cM 12 7
D5S1987 21.9 cM 31 5
D5S1991 25.9 cM 26 6

A total of 45 markers (30 from chromosome 5, 9 from chromosome 19, and 6 from chromosome 21) have been used to screen the
RPCI-11 library. The average genome representation of EcoRI and MboI segments was determined to be 23.9 and 6.0 based on the
screening results. Standard deviation from the average number of positive clones for EcoRI and MboI segments were estimated to be
6.56 and 3.04, respectively. Overall genome redundancy has been estimated at 23.1-fold for EcoRI library part and 6.3-fold for MboI
based on the average insert size and the number of clones. The locus column indicates the human chromosome location from the top
of each chromosome linkage group.
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but also as hybridization templates on glass slide arrays
for comparative genomic hybridization (CGH; Pinkel
et al. 1998). In addition, BACs can be used as a source
of “reproducible” PCR fragments by using primers to
highly repeated dispersed sequence elements such as
the Alu repeat sequence. Such PCR fragments are a rich
source of haplotype-specific polymorphisms, and pro-
cedures have been developed to determine the haplo-
type information for large genomic regions by arraying
the BAC-derived Alu-PCR fragments on high-density
glass arrays (Cheung et al. 1998). In addition, the frac-
tion of clones in the pTARBAC vector (segment 5 only)
may provide a means to reisolate the same genomic
segments from other human haplotypes and possibly
from other primates through transformation-
associated recombination cloning in yeast (Zeng et al.
2001). The abundant use of the same BAC library for
many data sets has ensured that this clone collection
will not only serve as a transient tool for the sequenc-
ing of the human genome, but will continue its use as
a reference set of well-characterized clones for func-
tional research in cell-based expression studies, for cre-
ating phenotypes in mice through human BAC trans-
genes (Antoch et al. 1997; Yang et al. 1997, 1999;
Probst et al. 1998) and for use in diagnostic applica-
tions (Schmitt et al. 1998; Marinescu et al. 1999;
Orsetti et al. 1999). Precise sequence information was
available for 18,688 RPCI-11 BAC clones on July 8,
2000, which represent nearly 80% of the human ge-
nome and were used for shotgun sequencing projects.
The availability of this sequenced set of BAC clones
permits the design of gene modification strategies to
support research questions that can be addressed
through BAC transfection assays and BAC transgenic
animals.

METHODS

Library Construction
Leukocytes were isolated from a single male anonymous do-
nor. Agarose blocks containing high molecular weight DNA

were prepared as described previously (Osoegawa et al. 1999).
The pBACe3.6 (Frengen et al. 1999) and pTARBAC1 vectors
(Zeng et al. 2001) were used to clone EcoRI- and MboI- par-
tially digested DNA. High molecular weight DNA was size-
fractionated with a CHEF apparatus (BioRad) and the size-
fractionated DNA was eluted by an electroelution procedure
(Osoegawa et al. 1998). The ligation product was transformed
into electrocompetent E. coli DH10B cells (ElectroMAX
DH10B; Life Technologies). The detailed protocol for con-
struction of a BAC library was described previously (Osoegawa
et al. 1998, 1999). High-density replica filters were prepared as
described previously (Osoegawa et al. 2000).

Insert Size Analysis
A total of 483 clones from segment 1, 246 from segment 2,
299 from segment 3, 308 from segment 4, and 212 from seg-
ment 5 were picked by taking different size fractionations and
transformations into consideration (Table 1A). These clones
were incubated in LB medium containing 20 µg/mL chloram-
phenicol. BAC DNA was purified using an automated plasmid
isolation machine (AutoGen 740; Integrated Separation Sys-
tems). DNA was analyzed after digestion with NotI (New En-
gland Biolabs) by using a CHEF or a FIGE (BioRad) as described
previously (Osoegawa et al. 1998). The insert sizes were deter-
mined using an Alpha Innotech IS1000 digital imager. Low
Range PFG Marker (New England Biolabs) containing a mix-
ture of � DNA-HindIII fragments and � concatemers was used
as marker DNA for size determination.

�-Satellite Clones
�-Satellite DNA was amplified using primer 1: 5�-GGTTCAACT
CTGTGAG-3�, and primer 2: 5�-CACTCTTTTTGTAGAATC
TG-3�;. The PCR was performed using 10 ng human genomic
DNA as a template with 0.15 µM of each primer, 250 µM
dNTPs, 1 � PCR buffer (Boehringer-Mannheim), and 0.4
units Taq DNA polymerase (Boehringer-Mannheim) in a 10-
µL reaction volume. The amplification was performed at 94°C
for 1 min and 94°C for 15 sec, 58°C for 15 sec, 72°C for 20 sec,
5 cycles, then followed with 94°C for 15 sec, 56°C for 15 sec,
72°C for 20 sec, 30 cycles, and 72°C for 1 min in the GeneAmp
PCR system 9600 (Perkin-Elmer Cetus). The PCR product was
purified from agarose gel electrophoresis and labeled with
�-32P dCTP (3000 Ci/mmol; Amersham) by using the PCR
incorporation procedure (Osoegawa et al. 2000). The hybrid-
ization was performed with low-density (six plates per mem-
brane) and high-density (48 plates per membrane) filters. To

Table 3. Numbers of Incidences of Clones with Shared Insert Ends within the 1.5 Mb BAC Contig

BACs sharing
the same end

EcoRI library section MboI library section

A B C A B C

2 24.1 26.9 37 0.41 0.5 0 (2)
3 2.1 2.7 6 1.1 � 10�3 1.7 � 10�3 0
4 0.13 0.2 1 0 0 0

The expected numbers of events that two, three, or four clones share the same end within the 1.5 Mb contig were calculated using
the formula 2 � expected frequency (P) � number of expected restriction sites. “A” columns show the numbers calculated based on
a 42% GC content for the entire genome. “B” columns show the number of incidences based on the actual numbers of EcoRI and MboI
restriction sites within the BAC contig region as found in GenBank. “C” columns show the empirical numbers found by comparing
the end-sequences of the BAC clones within the contig. For the MboI library only two occurrences were found of duplicate sharing of
ends. Because these two instances were from the same two clones, they reflect a clonal duplication prior to colony picking and not
an independent sharing of the same insert end.
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accurately determine the position of the positive clones, we
mixed a low concentration of 32P-labeled vector DNA in the
hybridization to visualize every clone in the grid. The positive
clones were analyzed with CHEF and conventional agarose gel
electrophoresis after digestion with NotI and EcoRI, respec-
tively. The Low Range PFG Marker was used as marker DNA
for CHEF and the 1-kb DNA ladder (Life Technologies), and �

DNA-HindIII fragments (Life Technologies) were loaded on
both sides of the gel for standard electrophoresis.

Screening the Library
A total of 45 STS markers specific for chromosomes 5, 19, and
21 were selected. Thirty markers were derived from chromo-
some 5, nine markers from chromosome 19, and six markers
from chromosome 21. Overlapping oligonucleotide (overgo;
McPherson 1999) probes have been designed based on the
publicly available marker sequence. The hybridization proce-
dure was described previously (Osoegawa et al. 2000).

Contig Construction and Fingerprinting Analysis
A 3.5-Mb PAC contig map has been constructed previously on
chromosome 14q24.3 (C. Wu, B. Zhao, C. Chen, J.J. Catanese,
P. Ioannou, and P.J. deJong, unpubl.). A region of 1.5 Mb that
was defined by 205 STS markers from this PAC contig was
selected to construct a BAC contig from the RPCI-11 library.
Hybridization, overgo probe design, STS-content mapping,
and fingerprinting have been described previously (Osoegawa
et al. 2000). BACs for the 1.5-Mb region were identified by
hybridization screening of high-density colony membranes
by using a minimal set of nine PAC clones. The putatively
positive clones then were rearrayed to prepare a sublibrary
enriched for the region. To establish the STS-content map for
all the clones in the BAC contig, we followed two approaches.
BAC end sequences were used to design overgo probes, which
were hybridized against the high-density replica filters from
the sublibrary. In addition, 168 of the previous 205 STS mark-
ers were mapped to the BAC contig by using PCR. The com-
posite of hybridization and PCR data was analyzed using the
SEGMAP V. 3.49 software (Green and Green 1991) to establish
the STS-content map. All the contig clones also were analyzed
by fingerprinting (Marra et al. 1997). A mixture of Analytical
Marker DNA, Wide Range Ladder (Promega), and Marker V
(Roche Molecular Biochemicals) was loaded in marker lanes
for the fingerprinting (Fig. 4).
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