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analysis of arrays of samples or analysis of complex
Conventional genome mapping and sequencing involves the mixtures of samples. Obviously, these approaches cre-

analysis and processing of individual samples and pieces of ate an increase in experimental efficiency by increasing
experimental data. Although these methods work, it is quite the speed at which data accumulate. Some of the ap-
clear that more efficient and less expensive methods are proaches use comparative information (map or se-
needed. Our top down physical mapping experiments have fo- quence data on mixtures of samples or differences
cused on the parallel processing of information from multiple among these samples) to construct the primary infor-
samples at one time. This approach has aided the construction mation itself (map or sequence data on individual sam-
of genomic restriction maps and allowed us to assess the degree ples or species).
of large-scale conservation across wide regions of the human

In recognition of the considerable increase in effi-
genome. The principles of parallel processing were applied in

ciency of parallel processing methods, many fundingtop down experiments that ordered an overlapping cosmid library
and scientific organizations have focused on developingfrom the 14-Mb Schizosaccharomyces pombe genome. This ap-
genomic resources that can be utilized by multiple sci-proach produced an eight-fold increase in efficiency in clone
entists simultaneously. Such resources provide accessordering over similar efforts. Recently, we have developed an
not only to primary material but also to primary infor-enhanced sequencing by hybridization protocol that allows DNA
mation about such material.sequence information to be collected on a large number of sam-

This review focuses on describing how parallel pro-ples at once. Our current research focuses on applying parallel
cessing methods have been applied in our past genomicprocessing principles to make genome-wide comparisons be-
mapping, library ordering, and DNA sequencing exper-tween pairs of samples for analyzing disease states. q 1996

Academic Press, Inc. iments. Also described are several comparative meth-
ods that use parallel processes to evaluate and identify
DNA and RNA differences between pairs of samples.

In the past, genomic mapping and DNA sequencing
methods focused on analyzing single samples one at a DESCRIPTION OF THE METHOD
time. The complexity (e.g., single-copy DNA size) of
the sample that could be analyzed was limited by the

It is quite obvious that parallel processing of genomicanalytical method. In such experiments, information
samples potentially greatly increases the efficiency ofcollected in series on different samples was compared
experiments. What is not obvious is what the best wayafter the primary data were obtained. Now, a number
is to apply these principles to particular experiments,of techniques that allow the parallel processing of mul-
even though, amazingly, there is a limited repertoiretiple samples of the same complexity have been devel-
of techniques that are used to analyze and manipulateoped. Examples of parallel processing are simultaneous
nucleic acids. The available techniques include direct
DNA sequencing (e.g., single-base determinations), hy-

1 To whom correspondence should be addressed. Telephone: (617) bridization analysis (multiple-base determinations),
353-8500. Fax: (617) 353-8501. E-mail: clsmith@darwin.bu.edu. electrophoretic analysis (e.g., size and conformational2 Current address: Howard Hughes Medical Institute, Third and

determinations), and amplification (e.g., using theParnassus Avenue, Room U-426, San Francisco, California 94143-
0724. polymerase chain reaction (PCR)).
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137PARALLEL PROCESSING IN GENOME MAPPING AND SEQUENCING

In most of these experiments, there is a probe and a coli strains containing genetically characterized rear-
rangements. For instance, in one experiment seventarget. Parallel processing uses pools of probes, pools

of targets, or pools of both. This allows a number of data NotI fragments were assigned by comparing the re-
striction fragment pattern of E. coli strains containingpoints to be collected simultaneously. The particular

implementation is dependent on technical or analytical the 50-kb l bacteriophage genome integrated into dif-
ferent genomic regions.limitations or both. Some implementations use a hier-

archical approach. The first tier experiments begin The E. coli effort was quickly followed by the con-
struction of a genomic restriction map for the humanwith very large pools, which are then subsequently bro-

ken down into smaller and smaller pools. If possible, histocompatibility locus (5). The publication of this map
was shortly followed by the publication of a number ofit is also useful to take advantage of efficient methods

like binomial sieving pooling to reduce the number of maps for this region in several DNA samples by others.
Differences were readily apparent among these maps.pools and to allow particular traits to be assigned to

particular pool members. Initially, it was not clear whether the differences in the
maps were due to actual DNA polymorphisms. Hence,
we subsequently examined (6) the physical structure
of this region in a larger number of samples. TheseRESULTS AND DISCUSSION
experiments showed that some megabase polymor-
phisms existed, but also that some differences that oth-

Genomic Restriction Mapping ers had attributed to megabase polymorphisms could
perhaps be traced to experimental artifacts such asGenomic restriction mapping involves cleaving geno-

mic DNA with a restriction enzyme into a manageable those described in Doggett et al. (7) and also to differ-
ences in size standards used in particular studies (fornumber of megabase fragments. The fragments are

fractionated by size using pulsed-field gel electrophore- a discussion see 8).
Even in these early mapping experiments, our effortssis (PFG; 1, 2) and ordered by hybridization experi-

ments with cloned DNA sequences. In many cases, have focused on taking advantage of comparative infor-
mation. Specifically, most of our work used one enzymeother mapping experiments have already located a

cloned DNA sequence to a particular chromosomal re- and multiple samples. Many of these experiments used
the restriction enzyme NotI. This enzyme has been agion with some degree of accuracy. Genomic restriction

mapping focuses on linking neighboring restriction fairly consistent focus because it produces the largest
average-sized fragments from quite a few genomes, in-fragments in this region. Neighboring fragments are

identified using a variety of hybridization experiments. cluding the human genome. The NotI sites in mamma-
lian genomes are further distinguished from other re-These include the use of linking clones as hybridization

probes. These clones span restriction enzyme cleavage striction enzymes that produce large fragments
because most sites are either totally methylated or to-sites, thus identifying adjacent fragments (3).

In many genomic mapping experiments, a single- tally unmethylated. This appears to arise from the fact
that most of the NotI sites are located in unmethylatedcopy sequence is used as a hybridization probe to DNA

digested to completion with one or more enzymes or CpG-rich islands that are found preferentially at the
5* end of genes (9).partially digested with a single enzyme. In the former

case, the map is constructed by determining the over- An approach we have called ‘‘polymorphism link-up’’
was used quite extensively for the construction of alaps between fragments from different enzymes. In the

latter case, a ladder of fragments is identified; the dif- chromosome 21 NotI restriction map (8). Here, neigh-
boring NotI fragments were identified by analyzing theference in size between the fragments gives the dis-

tance between the restriction sites. We have combined NotI polymorphisms present in a set of DNA samples
(Fig. 1). For instance, if a NotI site is absent in one cellthese methods with another that we currently favor.

The latter method uses a single complete enzyme digest line and present in another, a hybridization probe (A)
located near one end of the fragment will detect a smallof multiple DNAs. The analysis takes advantage of the

differences and similarities in the samples to deter- fragment of size X in the latter cell line and a large
fragment of size Z in the former cell line. Another hy-mine overlaps (see below).

A simple implementation of this was used in the con- bridization probe (B) located at the other end of frag-
ment Z will detect a fragment of size Y (which is equalstruction of a NotI genomic restriction map for the 4.7-

Mb Escherichia coli genome (4). This enzyme cleaved to the size difference between X and Z) in samples that
contain fragment Y. Both probes will detect fragmentthe E. coli genome into approximately 22 fragments

that were clearly visible by direct ethidium bromide Z wherever the NotI site is missing. Such an analysis
of the large restriction fragment polymorphisms helpsstaining. Initially, a large number of NotI restriction

fragments were regionally assigned by simply compar- in the map construction by showing that probes A and
B are in fact in the same region and do not coinciden-ing the pattern of NotI restriction fragments from E.
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138 SMITH ET AL.

tally detect a similar-sized fragment Z in some cell lines charomyces pombe genome (10). In these experiments
a Ç1700-cosmid clone library for this 14-Mb genomeand unrelated fragments X and Y in other cell lines.

The polymorphism link-up approach was combined was ordered by 61 hybridization experiments. This re-
search represented an eight-fold increase in efficiencywith hybridization analysis of complete and partial

NotI digests with single-copy sequences, de novo iso- over previous efforts to order overlapping cosmid clones
by other groups.lated linking and telomere clones, and human-specific

repetitive sequences to construct what must be one of The top down hybridization experimental approach
that we used on S. pombe is schematized in Fig. 2.the largest low-resolution genomic mapping datasets.

The chromosome 21q NotI map was created by ordering The first three hybridization experiments used PFG-
purified chromosomal DNA to assign cosmids to one60 distinct NotI restriction fragments (totaling 43 Mb),

80 DNA markers, and 11 chromosomal breakpoints in of the three S. pombe chromosomes. The second tier
hybridization experiments assigned the clones to chro-nine different cell lines containing an unselected sam-

ple of chromosomes (8). The map revealed a remarkable mosomal regions. In these experiments, the hybridiza-
tion probes were PFG-purified large genomic restric-large-scale conservation of the human chromosome 21q

arm. All hybridization probes were present in all sam- tion fragments. The number of experiments was
minimized by pooling one restriction fragment fromples and no large-scale insertions, deletions, or rear-

rangements were detected. each of the three chromosomes for each hybridization
experiment. The fact that the chromosomal assignmentPreservation of chromosome structure might be ex-

pected in diploid human cells, perhaps by mechanisms was known in advance from other experiments meant
that regional assignments on specific chromosomesthat involved chromosome pairing during cell division.

However, our study revealed that the large-scale struc- could be done in parallel.
Next, the clones were hybridized en masse to pools ofture of human chromosome 21q was preserved in cell

lines that included monosomic rodent human hybrids probes randomly distributed along the genome. These
pools were generated by cleaving genomic DNA with acontaining single copies of chromosome 21. It is not

clear what forces would preserve large-scale chromo- restriction enzyme containing 4- or 6-bp recognition
sites. The fragments were separated by size electropho-some structure in human or monosomic hybrid cell

lines, especially in hybrid cell lines containing single retically and collected into fractions by cutting the gel
lanes into a set of slices. The DNA contained in eachchromosomes copies such as those used in this study.

A single map made using a single DNA source is piece was used as a hybridization probe.
The hybridization probes used in the first and seconduseful for a number of applications. However, it is also

quite clear that the usefulness of maps increases as tier experiments were considerably larger than the
cloned sequences. The hybridization probes used in thetheir structure in a population is known. Such informa-

tive comparative information is inherently provided in third tier of experiments were similar in size or smaller
than the cloned sequences. This meant that clones thatsome of the approaches described above.
showed coincident hybridization patterns in the first

Clone Library Ordering and second tier experiments need not overlap. Clones
that were coincident in some or most third tier hybrid-The utility of parallel processing in ordering genomic
ization experiments were most likely overlapping, solibraries was recently demonstrated for the Schizosac-

FIG. 1. An example of polymorphism link-up in which a set of
seven DNAs from different sources are studied simultaneously. A FIG. 2. Efficient ordering of genomic libraries by parallel finger-

printing of regionally assigned, overlapping clones. Three successivehypothetical case is shown where a single restriction site is polymor-
phic so that it is cut in some cell lines, giving fragments X and Y, sets of probings are used to narrow down the location of large num-

bers of probes and provide information on probe overlap.and not cut in others, giving fragment Z (see text for details).
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long as they had previously been shown to be contained shortest continuous sequence that contains all the se-
quences detected and does not contain any specific se-within the same region.
quences that were tested for and not detected.

DNA Sequencing Different 8- to 9-nt sequences anneal to their comple-
mentary sequences at significantly different tempera-Conventional gel-based DNA sequencing methods in

widespread use today focus on analyzing single sam- tures. Thus, hybridization experiments must be done
over a range of temperatures to distinguish matchedples at one time. Usually, comparative studies are done

after the DNA sequence is obtained. These comparative from mismatched sequences. Even so, discrimination of
matched from some mismatched sequences is difficult,studies have led to a large number of biological in-

sights. More recently, several groups have focused on especially when end mismatches occur. In many cases
the difference in hybridization signal intensity betweendeveloped DNA sequencing methods that take advan-

tage of parallel processing principles. matched and end-mismatched 8- to 9-nt sequences is
only a factor of two, and in some cases there is noChurch and Kieffer-Higgins (11) described a parallel

process DNA sequencing method that they called ‘‘mul- discrimination. Hence, these experiments cannot be
done under a single set of experimental conditions.tiplexing.’’ In this method, 20 different vectors are used

for cloning. The vectors are distinguishable because the Recently, an enhanced method of SBH was described
by us (18). This method, called positional SBH, readsDNA sequence on both sides of the cloning site in each

vector is unique. One clone from each library is pooled; sequence only at the end of a duplex (Fig. 3). In this
method probe sequences consist of a duplex region andthe resulting mixture is connected to a mixture of se-

quencing ladders that is fractionated on a polyacryl- a 5- to 6-nt single-stranded overhang. Stacking interac-
tions between the perfectly matched duplex probe se-amide gel. Thus, the number of rate-limiting size frac-

tionation steps needed is minimized. The fractionated quences and the hybridized target sequences provide
for enhanced discrimination between matched and mis-DNA is transferred to a membrane. Then, 16 consecu-

tive hybridizations are performed on the same mem- matched sequences. Additional, enzymatic enhance-
ments increased the discrimination between matchedbrane. Each hybridization is done with a probe corre-

sponding to one of the unique sequences surrounding and mismatched sequences. In one format, DNA liga-
tion was used to covalently link the matched target toone of the cloning sites of one of the vectors.

An alternative method for conservation of effort in the probe sequence. In another format, the 5-nt probe
sequence was used to prime a DNA polymerase reac-DNA sequencing projects involves the use of short mod-

ular primers in primer walking approaches (12–15). tion. In a model system, the hybridization intensity
difference between matched and end-mismatched se-Here, short probes (primers) can be used in parallel on

a large number of targets to build up a set of stacked quences varied between 20 and 100 under a single set
of experimental conditions. This method also providesprimers of sufficient length to prime DNA sequencing

reactions. The shortness of the individual primers, 6 a powerful sequence-specific capture protocol for input
into other sequencing or DNA analysis procedures (seent in the initial implementations, precludes their indi-

vidual use in the DNA sequencing reaction. below).
Sequencing by hybridization (SBH; 16, 17) is another

Differential Display/Comparative Genome Hybridizationalternative method that not only analyzes samples in
parallel but also uses the information collected in par- Traditional experiments focus on analyzing the ex-

pression of single genes one at a time. An alternativeallel to reconstruct the sequences. There are two for-
mats used in SBH approaches. In one format, format approach focuses on developing expression profiles of

cells. For instance, it is possible to use conventionalI, different (unknown) target sequences are immobi-
lized in arrays (16). The arrays are interrogated with sequencing methods to sequence large numbers of

cDNAs from a single cell type. A comparison of theoligonucleotide probes of known sequence. Thus, each
experiment collects bits of sequence information about expression profiles of appropriate pairs of samples

highlights differences between them. This approacha number of different samples. For de novo sequencing
efforts, it is particularly powerful to build up the pri- identifies known and unknown mRNAs (e.g., cDNAs)

and provides comparative information about their rela-mary sequence by analyzing similar samples at the
same time, e.g., different alleles of the same gene. In tive levels in different cells. This method does not effi-

ciently sample genes that are expressed at low levels.a second format, format II, arrays of oligonucleotide
probes of known sequences are immobilized (17). The This cDNA profiling method evaluates the behavior of

several thousand genes in a typical sample. Note thatprobe arrays are used to interrogate single samples one
at a time. In these approaches, the probe sequences are it is estimated that there are 50,000–100,000 genes in

the human genome. Current sequencing costs do not8–9 nt. The sequence is reconstructed by attempting
to determine the minimum tiling path between the pos- allow this type of information to be collected in parallel

on a large number of samples. Instead a number ofitive probe signals. The minimum tiling path is the

/ m4819$119b 03-04-96 07:55:28 metha AP: Methods



140 SMITH ET AL.

techniques have been developed to highlight the differ- variable composition to amplify the unknown se-
quences. Welsh and McClelland (20) used a two-stepences between pairs of samples.

One alternative to direct DNA sequencing is a PCR amplification method. In the first step, a single
PCR primer was used in two low-stringency (low tem-method that has been called differential display. This

method depends on randomly primed PCR to amplify perature) PCR cycles. The low stringency allows imper-
fectly matched primers to initiate DNA synthesis. Theunknown DNA sequences in pairs of samples. The PCR

reaction serves to test for the presence of multiple, un- primers, now located on the ends of the products of the
first two PCR cycles, serve as tags for subsequent high-known sequences and to reduce the complexity of the

genome to a level that can be analyzed. The multiple stringency PCR cycles.
In practice, these methods have not been very repro-PCR products produced from different samples are

compared after size fractionation by electrophoresis. ducible even among researchers in the same labora-
tory. Thus, a number of improved protocols have beenThis method has been applied to analyzing genomic

DNA and mRNA. developed. Some protocols simply ligate tags onto re-
striction fragments (21, 22). Other approaches use par-The differential display method uses arbitrary PCR

primers to amplify DNAs (or RNAs) of unknown se- tially or completely degenerate primers for PCR ampli-
fication (23, 24). These methods often produce unevenquence. Williams et al. (19) used a pool of primers of

FIG. 3. Enzyme-enhanced sequencing by hybridization. A probe with a five-base 3* single-stranded overhang is used to capture a target.
The fidelity of the capture can be enhanced in two ways. DNA ligase can be used to check that correct base pairing has occurred at the 3 *
end of the target. A cold wash removes targets that have not been ligated. DNA polymerase I extension can be used to check that correct
base pairing has occurred at the 3 * end of the probe. The polymerase will incorporate label only if it is presented with a template–primer
complex with correct terminal base pairing. In practice, both proofreading methods can be combined in a single protocol.
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DNA amplifications and products unrelated to the tar- to the human eye, rhodamine is red, and the combina-
tion is yellow. Thus, regions of the genome that are theget sequence, by the formation of primer dimers. One

method, tagged PCR (T-PCR; 25) developed by us uses same in the two different probe sets will appear yellow,
while regions deleted in one probe will take on the colora two-step PCR protocol. The first two rounds of PCR

are done with a chimeric primer consisting of a 5*- of the other; regions amplified in only one probe set
will show that color, predominantly because of the moreconstant and a 3 *-variable region. The products of

these two rounds of PCR have the constant (‘‘tagged’’) efficient kinetics of hybridization at higher probe con-
centrations. CGH has proven to be extraordinarily use-sequence at their ends. The chimeric primer is re-

moved, and subsequent PCR cycles are done with prim- ful in providing a rapid overview of DNA rearrange-
ments in various types of tumor cells (30, 31).ers complementary only to the constant or tag se-

quence. CGH provides positional information about genomic
sequences, but it does not provide the sequences them-The principles of randomly primed PCR have been

applied to analyzing cellular RNA transcripts en masse selves. However, once regions containing known candi-
date genes are targeted, these candidate sequences are(26–29). The PCR products are fractionated by size so

that they can be displayed simultaneously. This available for further testing. When no such candidate
genes are available, further laborious conventional po-method has been called differential display because the

transcripts from many samples can be analyzed in par- sitional cloning experiments are necessary. The great
power of CGH is that the entire genome is scanned atallel on a single gel. Ito et al. (29) have published two

protocols that appear to be quite robust for differential once, and attention is focused on just those regions
where significant differences in DNA content occur.display. In these protocols, randomly primed PCR is

used to add the fluorescently labeled PCR primer. The
Subtractive Hybridizationpatterns of PCR products are compared by fraction-

ation on a high-resolution polyacrylamide gel using an Subtractive hybridization methods select DNAs that
are present in one sample and absent in another sam-automatic DNA sequencer. The results are recorded

and analyzed electronically. This use of an automatic ple. Subtractive methods not only provide a means of
isolating sequences present in only one of a pair ofDNA sequencer allowed for high-throughput automatic

analysis of multiple samples. samples, but they also provide a means of analyzing
sequences that are present at very low levels. Sub-Comparative genome hybridization (CGH; 30) allows

whole genome comparisons. However, CGH is cur- tractive hybridization was used some time ago to iso-
late the gene involved in Duchenne muscular dystro-rently a rather low (10–30 Mb)-resolution method. In

CGH, DNA from two different cell types is amplified phy (32). The original method, as well as a number of
derivative methods developed since then, were quiteas uniformly as possible, using randomly primed PCR

methods, so that the products are differentially labeled. difficult to use. A very efficient, genomic subtraction
scheme has recently been described by Sverdlov andOne DNA probe is labeled with biotin and the other

DNA probe is labeled with digoxigenin. Metaphase several of his former co-workers (33–40). The DNA
sample that is missing the sequence of interest, i.e.,chromosomes from normal cell lines are used as targets

for fluorescence in situ hybridization (FISH) experi- the target DNA, is called the driver DNA. The sample
that contains the target sequence is called the tracerments, employing equal amounts of the differentially

labeled DNA probes simultaneously. After hybridiza- DNA. In addition to the target DNA, the tracer DNA
contains all sequences that are present in the drivertion, the two DNA probes are differentially stained, the

first with fluorescein-conjugated avidin (or streptavi- DNA. One round of subtraction will increase the rela-
tive amount of sequence unique to the target (i.e., ab-din) and the second with rhodamine-conjugated anti-

digoxigenin. Unlabeled, highly repetitive human DNA, sent in the driver) by the ratio of the starting concentra-
tions of target and driver. A second round ofi.e., C0t Å 1 DNA, is used as a competitor to prevent

the FISH images from being overwhelmed by the more subtraction will give a purification proportional to the
cube of this ratio (33). The improved procedure de-efficient hybridization of high-copy-number repeats.

The resulting pattern of simultaneous hybridization of scribed below addresses problems encountered in the
original protocols.the two probe sets is examined by quantitative fluores-

cence microscopy. Simultaneous hybridization of DNA The goal of subtraction is to enrich the amount of
the target DNA in a tagged tracer sample. This is donefrom the same cell labeled with two different fluoro-

phores serves as a control to compensate for inherent in several ways. The first step of subtraction involves
hybridization of the tagged tracer DNA to a large ex-experimental variation in different regions of the ge-

nome. cess of biotinylated, differentially tagged driver DNA.
The two DNA samples are denatured, and the singleA two-color assay allows sequences differentially

present, or absent, in a pair of samples to be high- strands are mixed together, usually at a driver:tracer
ratio of 100:1 (mole:mole). The presence of excess driverlighted. For example, fluorescein florescence is green
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means that a tracer sequence is much more likely to markers developed by Weissenbach and colleagues (45)
facilitates mapping, since all experiments are done us-find its driver complement than its tracer complement.

Both the double-stranded hybrid molecules (driver:- ing a single set of PCR conditions. Not all markers
need to be tested against all slices. Instead, intelligenttracer) and the double-stranded driver molecules will

have biotin located at one or two ends, respectively. The pooling of the slices is used to minimize the PCR experi-
ments. A similar approach has been used to analyzebiotin is used to capture these molecules on streptavi-

din-coated magnetic microbeads. Then beads are re- YAC libraries (46). Alternatively, if the DNA source is
a monosomic hybrid cell line, then inter-Alu PCR (47)moved along with the bound biotinylated DNA mole-

cules. The tracer DNA remaining in the supernatant can be used to amplify and fingerprint the human DNA
contained in each gel slice.is amplified using primers specific for the tags of the

tracer DNA. The presence of specific tracer tags allows We are developing the use of such slices as targets
in a modified CGH approach with higher resolutionthe tracer DNA to be amplified in the absence of ampli-

fication of the driver sequences. The PCR-amplified and simpler image analysis. Digestion of total human
DNA with NotI and fractionation by PFG slices canproduct is then subjected to additional rounds of sub-

traction until material of the desired purity is obtained. divide the entire human genome into 150 fractions. The
DNA in each fraction could be cleaved into smallerThe time needed for hybridization depends on the

concentration of the DNA samples. A high concentra- pieces using a second restriction enzyme and subjected
to a second size fractionation. If the second fraction-tion of driver DNA allows hybridization to occur within

a reasonable period of time (e.g., usually overnight). ation were divided into 10 slices, the entire human
genome would then be divided into 1500 fractions hav-The concentration of specific DNA sequences is also

increased by reducing the complexity of the sample. ing on average about 2-Mb resolution (obviously, the
genomic DNA could theoretically be divided into anyThis can be done by focusing on cDNA libraries and

hence only on expressed sequences (estimated to repre- number of fractions). These samples could be arrayed
and used as targets and/or probes in two-color CGHsent about 5–10% of the entire haploid human genome,

of 31 109 bp). The complexity is also reduced by typical experiments. The 2-Mb complexity samples are equiva-
lent to large genomic clones. In contrast to large clones,PCR reaction conditions. For instance, conventional

PCR preferentially amplifies small fragments. Multiple such arrays represent unrearranged genomic samples,
and they can be relatively easily generated from multi-tag sequences added to the ends of the genomic DNA

sequences allow for PCR amplification and subtraction ple samples.
The DNA contained in each of the gel slice fractionsof different subsets of the genome.

One subtraction protocol has the potential to be ap- will most likely have to be analyzed after PCR amplifi-
cation, since current high-resolution electrophoreticplied to the entire genome in a single set of experi-

ments. In this procedure, two genomic DNA samples, fractionations require the use of small amounts of sam-
ple. For instance, the DNA contained in a gel slice couldcut with the same restriction enzyme, are mixed and

fractioned by size electrophoretically (41, 42). This en- be amplified by T-PCR (25). The T-PCR products can
be used as targets for hybridization or as templateshances subtraction because each subtraction is per-

formed on DNA contained within one gel slice. This is for additional PCR reactions with different proteins.
Hybridization analysis of such samples is simplifiedvery similar to coincidence cloning methods that have

been described that clone only those sequences that are because of the possibility of using higher concentra-
tions of DNA than in conventional directly blotted PFG-present in two samples (43).
fractionated genomic DNA.

Other ongoing experiments are using sequence-spe-
cific capture methods to compare different subsets of

CONCLUDING REMARKS the genome. These build on methods developed by us
and others to purify single-stranded and double-
stranded sequences containing specific sequences fromSome of our recent experiments have focused on fur-

ther improving the efficiency of comparative genomic complex samples (48–53). The first method we devel-
oped (48–50) captured homopurine–homopyrimidineprocedures. Recent genomic mapping experiments on

chromosome 20 have focused on using PCR or PCR- stretches by taking advantage of the fact that these
sequences from triplex structures at low pH. Hence,enhanced hybridization methods to analyze gel slices

containing electrophoretically fractionated NotI re- an immobilized single-stranded probe can be used to
capture simple repeat sequences in duplex DNA. Re-striction fragments (44; Bukanov et al., unpublished

results). In this approach, gel slices containing DNA cently, we have applied these methods to making li-
braries enriched in tandemly repeating trinucleotideare analyzed directly using PCR primers specific for

single-copy sequences such as those used in genetic sequences (triplet repeats).
Expansion in triplet repeat sequences has been asso-mapping experiments. Use of the single set of genetic
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