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ABSTRACT The development of a highly reliable physical
map with landmark sites spaced an average of 100 kbp apart
has been a central goal of the Human Genome Project. We
have approached the physical mapping ofhuman chromosome
11 with this goal as a primary target. We have focused on
strategies that would utilize yeast artificial chromosome
(YAC) technology, thus permitting long-range coverage of
hundreds of kilobases of genomic DNA, yet we sought to
minimize the ambiguities inherent in the use of this technol-
ogy, particularly the occurrence of chimeric genomic DNA
clones. This was achieved through the development of a
chromosome 11-specific YAC library from a human somatic
cell hybrid line that has retained chromosome 11 as its sole
human component. To maximize the efficiency of YAC contig
assembly and extension, we have employed an Alu-PCR-based
hybridization screening system. This system eliminates many
of the more costly and time-consuming steps associated with
sequence tagged site content mapping such as sequencing,
primer production, and hierarchical screening, resulting in
greater efficiency with increased throughput and reduced
cost. Using these approaches, we have achieved YAC coverage
for >90% of human chromosome 11, with an average inter-
marker distance of <100 kbp. Cytogenetic localization has
been determined for each contig by fluorescent in situ hybrid-
ization and/or sequence tagged site content. The YAC contigs
that we have generated should provide a robust framework to
move forward to sequence-ready templates for the sequencing
efforts of the Human Genome Project as well as more focused
positional cloning on chromosome 11.

High-fidelity physical maps of each chromosome will facilitate
the sequencing efforts of the Human Genome Project as well
as the identification and localization of human disease genes.
Construction of such maps has been simplified by recent
technological advances such as yeast artificial chromosome
(YAC) cloning and the widespread use of PCR-based screen-

ing systems for arrayed libraries (1). Application of these
methods has resulted in the construction of low-order physical
maps, in the form ofYAC contigs, for chromosome 21q (2) and
the euchromatic region of the Y chromosome (3). These
contigs were ordered and developed largely on the basis of
sequence tagged site (STS) content. Assembly of these contigs
was facilitated by prior knowledge of STS order across the
target regions, obtained, in the case of the 21q map, by a set
of well-characterized chromosome 21-specific somatic cell
hybrid mapping panels integrated with a dense set of ordered
genetic markers (2). Similarly, a large collection of naturally
occurring Y chromosome breaks, used in conjunction with a Y
chromosome-enriched YAC library, were vital to the rapid
development of the Y map (3). The production ofYAC contigs
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spanning other chromosomes or chromosome arms has proved
to be more difficult. The difficulties encountered with the
development of such maps can largely be attributed to (i) the
comparative lack of similar ordered mapping reagents avail-
able for other chromosomes, (ii) the relative inefficiency of
STS-content mapping, and (iii) the inherent physical and
technical limitations of whole genome YAC library screening
including their large size and high rate of chimerism. We
sought to directly address these limitations during the devel-
opment of a YAC contig-based physical map of chromosome
11. In an effort to minimize many of the ambiguities associated
with the screening of whole genome YAC libraries, we have
developed an arrayed chromosome 11-specific YAC library
from a somatic cell hybrid line that has retained chromosome
11 as its sole human component (4). The small size and
essentially nonchimeric nature of this library has accelerated
contig assembly and greatly increased the sensitivity of screen-
ing in comparison to that of whole genome libraries. In
addition, as an alternative to STS-content mapping, we have
employed an Alu-PCR-based hybridization system for the
assembly of large YAC clone contigs (5, 6). This system offers
several advantages over STS-content mapping with respect to
increased throughput, efficiency, and cost reduction (5, 6). As
a result, we have achieved YAC coverage for '130 Mbp, or
>90% of chromosome 11, with an average intermarker dis-
tance of < 100 kbp. Furthermore, since each of the 1824 clones
in the library has been sized and they are largely devoid of
chimeras, an accurate assessment of intermarker distance can
be estimated from these contigs.

MATERIALS AND METHODS
YAC Libraries. The 4X chromosome 11-specific YAC li-

brary was prepared from the Jl monochromosomal hybrid,
screened against hamster Cot-1 DNA to eliminate interspecies
chimeras, and arrayed into 19 96-well microtiter plates as
described (4). Each YAC has been assigned an address based
upon its location within a plate, row, and column. All 1824
clones have been sized by pulsed-field gel electrophoresis. The
average insert size is 350 kb. The CEPH mega YAC library was
constructed, arrayed, and characterized as described (7).
YAC Library Pooling Schemes and DNA Preparation. The

chromosome 11-specific YAC library was arranged into three
blocks of six microtiter plates each. Individual YACs from
within each block were grown to saturation and combined into
a series of pools corresponding to rows, columns, and "half-
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plates." Row, column and half-plate pools contained 24, 24,
and 48 individual YAC clones, respectively. High-purity DNAs
were prepared from each of the 182 pools in agarose plugs by
the lyticase/LiCl dodecyl sulfate method (7). The CEPH mega
YAC library was arranged into pools as described (7).
Alu-PCR Amplification of YAC DNAs. Alu-PCR amplifica-

tion from all templates was directed from the Alu S/Alu J,
Alu-end, and 47-23 primer sets (8). Alu-PCR amplification of
YAC DNA pools was performed in a 100-,ul reaction mixture
containing 10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM MgCl2,
200 ,uM each dNTP, and 2.5 units ofAmpliTaqDNA polymerase
(Perkin-Elmer). Alu-PCR amplifications from the Alu-end
primer were performed with 3.5 mM MgCl2. The thermocycling
parameters used were 94°C for 1 min, 58°C for 1 min, and 72°C
for 45 sec for 35 cycles followed by 72°C for 4 min.

Preparation and Screening ofAlu-PCR Hybridization Mem-
branes. YAC DNA pools were Alu-PCR amplified with each
individual Alu primer set. Alu-PCR amplification products
from each pool were visually inspected on ethidium bromide-
stained agarose gels and immobilized onto 8 x 12 cm nylon
membranes using a manual offset spotting device (John Kriet-
ler, Washington University machine shop, Washington Uni-
versity, St. Louis). Filters were processed by baking for 1-2 hr
at 80°C, denaturation in 0.4 M NaOH/0.5 M NaCl for 10 min,
and neutralization in 0.5 M Tris, pH 8.0/0.5 M NaCl for 5 min.
Alu-PCR product probes for hybridization were generated

STS

51

3

35
18

31

4
1

123
3

1
|12 31

3

11 2
3

p
15.5

15.3

>

.f; I

9| 181 7

4131 | 14|

10

331
5

36

3

| 88
21

5

2

31

312

8151
17

13.1

13.3

23.3

====
I 2525

q

from cosmid, phage, or YAC template DNAs as described
above. The entire set of PCR amplification products corre-
sponding to each template was ethanol precipitated and la-
beled by random priming. Probes were preannealed with an
equal volume of human placental DNA (10 ,ug/ml) and 0.3
volume of 1 M sodium phosphate (pH 8.0) for 2 hr at 65°C.
Nylon filters were prehybridized for 2-18 hr at 42°C in 5x
Denhardt's solution, 5 x SSC, 0.1% SDS, 50% formamide, and
salmon sperm DNA at 100 mg/ml. After overnight hybridiza-
tion at 42°C, filters were rinsed twice in 2x SSC at room
temperature for 5 min and then washed twice in 0.1x SSC/
0.5% SDS at 65°C for 30 min. Exposure times varied between
2 hr and 2 days.
STS Screening. The chromosome 11-specific YAC library

was screened for a total of 278 STSs. Established STSs were
obtained either through the Genome Data Base (Baltimore) or
as described in Smith et al. (9). In addition, several unique STSs
were generated from YAC insert ends (10). All PCR reactions
were done in a 15-,ul reaction volume using a Perkin-Elmer/
Cetus 9600 thermal cycler as described (9). All positives were
verified by PCR using DNA prepared from individual clones.

Fluorescent in Situ Hybridization (FISH) Mapping. FISH
analysis was performed as described (4).
Data Analysis and Contig Assembly. Contigs were assem-

bled using SEGMAP (10), an interactive graphical tool for
analyzing and displaying physical mapping data. The follow-
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FIG. 1. Approximately 500 YAC clones were localized to specific bins indicated by the vertical bars on chromosome 11 by STS content (Left)
and FISH (Right).
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ing nomenclature has been used: (i) YAC clones from the
chromosome-specific library have the prefix yRP followed by
the plate address, (ii) YAC clones from the CEPH mega
YAC collection have the prefix yMega followed by the plate
address, (iii)Alu-PCR probes have the prefixes ySJ (S/J), y47
(47-23), and y3 (Alu-end) followed by the plate address of
the YAC clone from which they were derived, (iv) STSs
derived from the YAC clone insert ends are designated yRP
or mega followed by the plate address with RE or LE for the
right or left end of the insert, respectively, and (v) STSs
derived from anonymous DNA sequences and genes have
nomenclature assigned to them by the Genome Data Base.

Restriction Map Analysis of Contigs. Restriction enzyme
digests of YAC DNAs prepared in agarose were carried out as

recommended by the supplier (New England BioLabs); sper-
midine was added (to a final concentration of 5 mM) to buffers
with >50 mM NaCl. Partial digests were achieved using serial
dilutions of the enzyme with incubations ranging from 30 min
to 4 hr. All reactions were allowed to equilibrate on ice for at
least 1 hr prior to incubation at the appropriate temperature.
Pulsed-field gel electrophoresis was carried out on the CHEF-
DRII system (Bio-Rad). The DNA samples were analyzed on

1% agarose gels in 0.5x TBE (lx TBE is 89 mM Tris-
borate/89 mM boric acid/2 mM EDTA, pH 8.0) at 200 V for
22 hr with ramping from 10 s to 50 s or 20 s to 60 s. Transfer
of pulsed-field gels to nylon membranes and hybridization
were as described (12). The membranes were sequentially
hybridized with three sets of probes: (i) 2.6-kb and 1.7-kb
fragments from pBR322 digested with BamHI and Pvu II,
which are homologous to the right and left arm of the pYAC4
vector, respectively; (ii) human Cot-1 DNA; or (iii) inter-Alu
probes generated from the individual YAC clones.

RESULTS

Generation of Inter-Alu PCR Product Hybridization Probes.
Inter-Alu PCR product hybridization probes were generated
from individual YAC clones using Alu-specific primers. Six
hundred fifty-four probes generated with primer S/J, 404
probes generated with primer 47-23, and 50 probes generated
with the Alu-end primer were utilized in the final phase of this
study. The low number of probes generated from the Alu-end
primers reflects the degree of contig assembly that was already
achieved by the time this primer set was used for hybridization
and not its failure to generate successful hybridizing probes.
Each YAC clone yielded from 4 to >10 PCR products when
visualized on 1.5% agarose/ethidium bromide gels irrespective
of the primer set. This includes YAC clones that had previously
been mapped to Giemsa dark bands. The products ranged in
size from <100 bp to >1 kb. Greater than 95% of the pooled
products proved to be successful as probes. Alu-PCR products
were also generated from a smaller set of chromosome 11-
specific phage and cosmid clones.
Approximately 1100 inter-Alu probes, generated from indi-

vidual YAC clones, were hybridized to filters stamped with
inter-Alu products generated with the corresponding primer
from YAC clone pools (see Materials and Methods). Screening
ambiguities were resolved by examining half-plate pools or by
Southern blot analysis of individual YAC clone inter-Alu PCR
fingerprints.
STS Content Mapping. YAC clones have been identified for

278 STSs representing 62 genes, 171 anonymous DNA seg-
ments, and 45 YAC clone insert ends. On average, each PCR
assay identified three or four individual YAC clones, as would
be expected with a fourfold library. However, the STSs
generally identified contigs previously assembled by Alu-PCR
product hybridization, and only two STSs successfully joined
separate contigs.

Contig Anchoring. Approximately 500 YAC clones (27% of
the library) have been localized to specific bands on chromo-

some 11 by FISH (Fig. 1). An additional 200 clones (11% of
the library) are anchored by virtue of containing a mapped STS
(Fig. 1) (ref. 9; Genome Data Base). As a result, every contig
contains at least one, and usually several, clones anchored by
FISH and/or STS content. The localization data is presented
both graphically and in a tabular (pter-qter) format (Figs. 2
and 3; WWW server URL, http://shows.med.buffalo.edu/
home.html).

Verification of Contigs. Over 85% of the 119 contigs as-
sembled by Alu-PCR product hybridization and STS content
have been verified by Southern blot analysis of Alu-PCR
fingerprints. These data have also served to confirm all single
YAC linkages as well as resolve ambiguities inherent in the
pooling scheme. Further verification of YAC contig integrity
has been provided by pulsed-field restriction mapping. YAC
clones comprising four contigs, chosen at random, have been
subjected to pulsed-field restriction analysis. As demonstrated
in Fig. 2, these restriction maps confirm contig integrity with
respect to relative order and extent of overlap between clones.
Data Analysis. Analysis of both the hybridization and STS

content data by SEGMAP has resulted in the assembly of 119
contigs ranging in size from 275 kb to 6100 kb and containing
from 2 to 97 YAC clones, respectively, with 61 singletons
(single YAC with at least one probe). An example of a map
generated by SEGMAP for contig ySJ-la2 is shown in Fig. 3.
SEGMAP utilizes the YAC clone size data, determined by
pulsed-field gradient analysis of each clone (depicted in pa-
rentheses below the clones), and also incorporates localization
information either directly above the clones, if the localization
was determined by FISH analysis, or above the STS contained
in the clones for assembling the contig maps. Restriction map
analysis of individual YAC clones making up the shortest tiling
path through the contig demonstrates that the relative order of
YAC clones, as well as intermarker distances predicted by
SEGMAP, are essentially correct (Fig. 2). Thus, while this
program was originally designed to analyze STS content data
defining single points, it is also capable of handling complex
mapping information generated by inter-Alu PCR product
probes, which may represent the entire length of a YAC clone.
The predicted size estimates of individual contigs are generally
within 10% of the actual size.
Chromosome 11 Data Base. The data base can be searched

using a YAC clone address or probe, and each of the corre-

sponding contigs can be graphically viewed. Contig maps and
tables containing all screened STSs and FISH localizations are
available and can be searched either directly for a particular
probe or YAC clone or in a pter-qter mode for regional
information (http://shows.med.buffalo.edu/home.html).

DISCUSSION
A central goal of the Human Genome Project has been the
development of a highly reliable physical map with landmark
sites spaced an average of 100 kbp apart. The rationale for this
goal is the ability to use such a map as a framework for the
development of sequence-ready genomic DNA clone sets as
well as the identification and cloning of human disease genes.
We have approached the physical mapping of human chro-
mosome 11 with this goal as a primary target. We focused on

strategies that would utilize YAC technology, thus permitting
long-range coverage of hundreds of kilobases of genomic
DNA, yet sought to minimize the ambiguities inherent in the
use of this technology, particularly the occurrence of chimeric
genomic DNA clones. To achieve this goal, we developed a
chromosome 11-specific YAC library from a human somatic
cell hybrid line that has retained chromosome 11 as its sole
human component (4). The reduced complexity and essentially
nonchimeric nature of this library has translated into signifi-
cantly increased efficiency and sensitivity of screening when
compared to that of whole genome libraries. At the same time,
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in an effort to maximize the efficiency of contig assembly and increased throughput and reduced cost (5, 6). Using these
extension, we employed an Alu-PCR-based hybridization approaches, we have assembled the 1824 clone chromosome
screening system (5, 6). This system eliminates many of the 11-specific YAC library into 119 contigs representing >90% of
more costly and time-consuming steps associated with STS- the chromosome with an average intermarker spacing of <100
content mapping such as sequencing, primer production, and kbp. Significantly, because the chromosome 11-specific YAC
hierarchical screening, resulting in greater efficiency with library is largely devoid of chimeric clones (4), sizing and
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restriction mapping information garnered from these YAC
contigs closely reflects that found in genomic DNAs (Fig. 2 and
data not shown).
The average size of the assembled contigs (-1 Mbp) is

somewhat smaller than would be predicted (1-2 Mbp) con-
sidering the number of inter-Alu probes (-1100) used to
assemble the contigs (13). This difference may be a conse-
quence of some degree of unevenness in the distribution ofAlu
elements in the genome (5, 6, 8). The density ofAlu elements
was clearly sufficient to support contig assembly by the Alu-
PCR-based hybridization. However, clustering of Alu probes
could lead to a significant degree of undetected overlap among
the contigs.
The localization information for each of the contigs suggests

the existence of several interesting structural features of
chromosome 11 including duplications, low-order repetitive
elements, chromosome-specific repetitive elements, and ho-
mologous regions on other chromosomes. Several YAC clones,
from the chromosome-specific library, consistently mapped to
two different regions on the chromosome by FISH analysis.
CEPH mega YAC clones covering the same area similarly
exhibit this dual localization. End clones and anonymous DNA
segments from one such chromosome 11-specific YAC were
sequenced, converted to STSs, and mapped by PCR on a
chromosome 11-specific somatic cell hybrid mapping panel.
These STSs mapped simultaneously to both the p and q arms
of chromosome 11, suggesting the presence of an intrachro-
mosomal duplication (data not shown). Approximately 10% of
the chromosome-specific YAC clones map to two or more
locations on chromosome 11, consistent with the presence of
low-copy number, chromosome-specific, repetitive elements as
has been suggested for chromosomes 5 and 7 (14, 15). Simi-
larly, 15% of the clones also detected specific loci on other
chromosomes, suggesting the presence of homologous regions
or low-order repetitive elements.
The general principles that we have exploited in the con-

struction of this physical map can easily be transferred to other
chromosomes or chromosomal arms. The YAC contigs pre-
sented here should provide a robust framework to move
forward to sequence-ready genomic templates as part of the
sequencing efforts of the Human Genome Project as well as
more focused positional cloning on chromosome 11.
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