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INTRODUCTION

Although linear chromosomal DNAs of fungi and protozoa
(up to about 10 megabases [Mb] in size) (10, 23, 35) are

fractionated by pulsed-field gel electrophoresis (PFG; 28),
circular bacterial chromosomal DNAs (1 to 20 Mb) are not.
Thus, methods were developed that use agarose as a protec-
tive matrix (32) to purify intact bacterial chromosomes that
were enzymatically convertible to linear molecules. The first
application was the construction of a complete low-resolu-
tion NotI restriction map of the Escherichia coli chromo-
some (31). Recently some Sfil and some AvrII sites were

added to this map (8a).
The genetic map and the wealth of knowledge available for

E. coli aided the construction of a physical map, but the
methods developed are general and allow physical-map
construction for virtually any organism. These methods
yielded the first complete restriction map of a eucaryotic
genome (Schizosaccharomyces pombe, 15 Mb in size [10])
and are being used to construct a map of the smallest human
chromosome (50 Mb in size) (C. L. Smith et al., unpublished
data). Here we describe the application of this new technol-
ogy to mapping small genomes and how such maps can be
used to locate genes on the chromosomes. Some approaches
are limited to organisms, like E. coli, for which much
sequence and genetic-mapping data are available. However,
large-DNA techniques should soon provide physical maps
and their applications for a wide number of microorganisms.
This article is intended to explain how to start using the new
technologies. Other articles contain more complete descrip-
tions of our methods (29, 32, 34) and PFG theory (5) and a

detailed analysis of PFG parameters (4, 19-21).

PFG AND LARGE-DNA TECHNOLOGY

Principles and practice of PFG. DNA molecules of <20
kilobases (kb) are fractionated by conventional electropho-
resis in matrixes such as agarose because they are sieved as

they move. DNA molecules of >20 kb all move through
agarose at the same speed because they are not sieved.
Fractionation of DNA by PFG occurs because the speed at
which a DNA molecule can change direction is size depen-
dent. Larger molecules change direction more slowly than
smaller ones. In PFG, DNA molecules are forced to change
direction by exposure to alternating electrical fields. The
time each field is on is called the pulse time. It is the major,
and usually the only, variable adjusted in typical experi-
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ments. In PFG experiments a pulse time is chosen so that a

particular DNA size class spends most of each pulse chang-
ing direction (i.e., involved in a size-dependent process)
rather than moving. Hence, separation is based on retarding
the net movement of DNA molecules through gels, which
explains the requirement for long run times.

Since the first description of PFG (28), many variations
have been described which, unfortunately, have been given
different names. They all work on the same principle. The
major differences are how the electrical fields are alternated,
the angle of the DNA direction changes, and the shape of the
electrical fields. These differences affect the straightness and
resolution of the lanes of fractionated DNA. Straight lanes
may be obtained with any PFG apparatus (5) by suitable
adjustment of electrode positions and running parameters,
but methods that yield straight lanes cause a loss in resolu-
tion. Most physical-mapping experiments are helped more
by maximum resolution than by straight lanes (8a, 16, 31).
All of our experiments use a Pharmacia-LKB Pulsaphor
apparatus that maximizes resolution and spreads DNA sam-

ples over 15 cm of gel.
The usual PFG running conditions are comparable to

those used for ordinary electrophoresis (32). The pulse time,
ranging from 1 to 100 s, is usually the only variable for DNA
molecules of less than 1 Mb. Typical run times are 40 h. For
DNAs larger than 1 Mb, lower field strengths, e.g., 3 V/cm,
are used to minimize shear damage, pulse times range up to
1.5 h, and run times range up to 6 days. Note that changes in
any PFG parameters may affect mobility and resolution
markedly (20, 21). We recommend starting PFG work with
Saccharomyces cerevisiae chromosomal DNAs. These sam-

ples are extremely simple and inexpensive to make (32), the
chromosome sizes are known (20), and the PFG results are

easy to interpret.
Preparation of chromosomal DNA. Intact chromosomal

DNAs are prepared in agarose blocks, called inserts (usually
0.1 ml), to protect them from shear damage (29, 32, 34).
These samples are extremely easy to prepare and can be
used for conventional recombinant-DNA procedures if pre-
cautions are taken to prevent loss of small fragments. For
new organisms the amount of cells per insert should be
determined empirically. For E. coli, 108 cells yields about 0.7
,g of DNA; usually one-sixth of an insert, at a DNA
concentration of 0.5 ,ugl0.1 ml, is loaded per gel lane. New
bacterial samples should be made at 0.1 to 2.5 ,ug per insert,
and the amount of DNA loaded per gel lane should be
adjusted by taking different slices of the insert.
Our original chromosome purification procedure used

cells incubated for 1 h in medium containing chlorampheni-
col before harvesting, which synchronizes DNA replication
forks at the origin, since ongoing rounds of DNA replication
are completed but no new rounds initiate (22). This align-
ment is not necessary, but it is preferred because it ensures
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equal yields of DNA from all regions of the genome. Other-
wise, DNA near the replication terminus may be underrep-
resented (33).
DNA purification involves distributing a suspension of live

cells in 0.5% low-gelling-temperature molten agarose into a
mold, which upon cooling forms inserts of 2 by 5 by 10 mm.
The inserts are pushed out of the mold and incubated
overnight in EC (32) lysis solution. The bacterial inserts, or
inserts made from any organism, are then incubated for 2
days in ESP (32) solution, which removes all protein and
other materials bound to DNA. For restriction enzyme
digests, inserts are (i) rinsed in buffer, (ii) incubated with
restriction enzymes for 2 to 4 h, and (iii) treated again with
ESP to remove restriction enzymes from the DNA before an
appropriate slice of the insert is loaded into a PFG well.
Large DNA molecules are exquisitely sensitive to contam-

inating nucleases and metals. These samples must always be
nuclease free during handling. All solutions should be auto-
claved or filter sterilized. No metal of any kind should be
used to handle any DNA sample. The insert samples can be
manipulated with an alcohol flame-sterilized glass rod and
sliced with a glass cover slip.
DNA-agarose preparations can have several problems.

Many agarose batches contain contaminants that interfere
with in situ enzymatic manipulations of DNA. Seakem (FMC)
now sells insert grade agarose (InCert) and GTG agarose (a
low endoosmosis agarose), which test free of enzymatic
inhibitors. In general, a good batch of agarose will allow use
of a wide variety of restriction enzymes and DNA-modifying
enzymes. DNA can diffuse out of agarose. This is especially
bothersome with pieces under 20 kb. Storing the samples in a
minimal volume of liquid largely circumvents this problem.
Small fragments can be recovered from the supernatant and
melted insert sample by treatment with agarase.

The E. coli procedure has been also used for mycobac-
teria, salmonellae, legionellae, mycoplasmas, bacilli, archae-
bacteria, and many other microorganisms. Sometimes it is
necessary to modify the procedure slightly. For instance, the
salt concentration in EC lysis is lowered for use with
halophilic organisms (27). In our experience, the reported
shorter protocols have hindered PFG experiments by yield-
ing lower-quality DNA preparations. We recommend prac-
ticing by purifying E. coli K-12 DNA and digesting it with
NotI. Ethidium bromide staining of a PFG separation will
allow assessment of the DNA preparation, digestion, and
fractionation procedures (Fig. 1A).

GETTING STARTED

Sample concentration and restriction enzymes. In principle,
the construction of genomic and plasmid restriction maps is
the same, except that the former involves DNA molecules
100 times larger. The major variables in applying PFG to new
organisms are determining the appropriate amount of DNA
to load onto a gel and identifying restriction enzymes that
will produce a small number of genomic restriction frag-
ments. The best PFG results are obtained with the smallest
amounts of DNA. The amount to use must be determined
empirically because for a new organism, one does not know
a priori the genome size, the number of genomes per cell, or

the density of restriction sites. Thus, the first experiments
with a new organism should involve both a DNA titration
and a survey of various restriction enzymes.

The only two available restriction enzymes with 8-base-
pair recognition sequences, NotI and Sfil (Table 1) should
cut a random sequence of 50% GC content every 64 kb.
Since Sfi does not cleave DNA within a specific sequence

FIG. 1. Simple PFG analysis of small genomes. (A) E. coli chro-
mosomal DNA cut with the restriction enzyme Notl (lane 3) and
fractionated by PFG along with S. cerevisiae chromosomal DNAs
(lane 1) and annealed X phage DNA (lane 2). (B) Randomly broken
full-sized linear E. coli chromosomal DNA (lane 3) was fractionated
along with chromosomal DNAs from S. cerevisiae (lane 1) and S.
pombe (lane 2). The S. pombe chromosomal DNAs are 3.5, 4.7, and
5.7 Mb in size (10). Pulse times for PFG fractionation were 25 s (10
V/cm) (A) or 3,600 s (3 V/cm) (B) for 48 h or 6 days, respectively (32).

(Table 1), Sfi1 ends cannot be easily cloned, and the inter-
pretation of Sfi1 digests is complicated by the very different
cleavage kinetics observed at different sites. NotI and Sfil
are not useful for GC-rich genomes; DraI, AseI (Smith et al.,
unpublished observations), and SspI (Table 1) may be used
instead for such genomes.
Large fragments may sometimes be generated by other

enzymes with 6-base recognition sequences. For some ge-
nomes it is effective to use EagI or BglI, which recognize the
inner six base pairs of the Notl and SfiI restriction sites,
respectively. Restriction enzyme sites containing the stop
codon, TAG, appear very infrequently on the E. coli chro-
mosome (8a). Of all enzymes tested, AvrII cleaves the E. coli
genome into the fewest fragments. Although restriction
enzymes recognizing other general transcription or transla-
tion regulatory sequences have not proven useful with E.
coli, they may be useful with other organisms. Screening a
wide variety of common enzymes against Halobacterium
species revealed the usefulness of BamHI (27). The obvious
candidates listed in Table 1 or inferred from GC content

TABLE 1. Restriction enzymes useful for PFG experimentsa
Recognition
sequenceb

Notl . GC/GGCCGC
SfiI . GGCCNNN/NGGCC
DraI . TTT/AAA
Asel . ATT/AAT

SspI'..AAT/ATT
Avrll .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ... C/CT-A GG
XbaI . T/CT£A.A
SpeI . A/CT£IAT
NheI . G/CTALC

RsrII..CG/G(A)CCG
T

Other restriction enzymes which may be useful are those containing the
stop codon TGA (BspHI) or TAA (AfllI and HpaI), the start codon ATG (Nsil
and SphI), or a TATA sequence (SspI and EcoRV).

b Cutting sites are indicated by a slash. Biologically significant sequences
are underlined. N, Any nucleotide.

' Many lots of Sspl and Avrll are too contaminated with nonspecific
nucleases to be useful for genomic mapping.
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estimates should be tested first, but if necessary, a large
variety of enzymes can be screened.

Determination of approximate GC content and genome size.
The first PFG experiments will also characterize the chro-
mosomal GC content. The average fragment size produced
by cutting with a particular restriction enzyme is only an
approximate measure of the GC content or dinucleotide
frequency (8a, 28a, 31). Hence, the average size offragments
produced by a variety of enzymes allows only an estimate of
the GC content.
Genomic size is determined by totalling restriction frag-

ment sizes with several enzymes (8a, 16, 31). The number of
fragments in unresolved multiplets may be resolved by
varying pulse times or by densitometric quantitation. The
lowest possible amounts of DNA should be loaded for
correct sizing. The size discrepancy reported by various
workers for Mycoplasma genomes (3, 24, 40) is probably due
to overloading of the bacterial or size standard DNA samples
and to the use of a reverse-field apparatus (field inversion gel
electrophoresis [FIGE], see below).

Small fragments are difficult to detect because (i) they
readily diffuse out of agarose and (ii) ethidium bromide
staining is proportional to size. They can be detected by
autoradiography of end-labeled genomic restriction frag-
ments fractionated by short-pulse-time PFG or by conven-
tional electrophoresis. DNA end labeling, in agarose, is
effective with polynucleotide kinase or the Klenow fragment
of DNA polymerase I (32).
DNA fragments smaller than 1 Mb can be sized by

comparison with annealed bacteriophage K size standards
(50-kb monomer; 20). Finer size standards of less than 200
kb may be prepared by annealing P2 (30-kb monomer) or P4
(11.2-kb monomer) bacteriophage DNAs (20). S. cerevisiae
chromosomal DNAs are useful as additional size markers
(20). Molecules larger than 1 Mb may be sized by compari-
son with the three S. pombe chromosomes (Fig. 1) or the
multiple chromosomes of other yeasts (S. Ringquist, J. B.
Fan, and C. L. Smith, submitted for publication).

Circular bacterial chromosomal DNAs must be linearized
before they can be sized directly by PFG (Fig. 1). This can
be done by cleavage at a single site or by brief exposure to
gamma irradiation, DNase I, or a restriction enzyme (38).
For random cleavages a titration is done to maximize the
fraction of chromosomes with a single double-strand break.
By Poisson statistics, this will only be about one third of the
molecules. Many DNA preparations contain enough ran-
domly broken molecules so that no further breakage is
necessary. The titration experiments will also confirm the
presumed circular chromosome topology.
New cutting methods. A variety of proposed methods have

the potential to cut small genomes once. However, DNA
methylation-restriction enzyme combination strategies have
not yet worked reliably on large DNA molecules (39).
Chemical cleavage reactions (36) and methylation protection
strategies (15) have not yet been tested with genomic DNAs.
A variety of site-specific recombination enzymes may prove
useful in the future. For instance, in vivo induction of
bacteriophage A terminase cuts a chromosomal A cos site
(Smith, unpublished observations), but this enzyme has not
yet been tried in vitro. The use of bacterial chromosomal
DNA substrates in restriction enzyme searches may uncover
other enzymes undetected with small DNA substrates.

Detection of extrachromosomal elements. PFG of uncut
genomic DNA with very short pulse times (0.5 to 10 s) will
reveal the presence of extrachromosomal elements which
may or may not be circular (13). Linear and circular DNAs

respond differently to pulse times (12, 18, 19). For instance,
the size of a circular DNA will appear to depend on pulse
time if its mobility is compared with those of linear size
standards. Hence, the topology of an extrachromosomal
element may be determined by comparing its PFG mobility
with those of linear or circular size standards at different
pulse times. Alternatively, the circularity of DNA may be
confirmed by converting it to a linear molecule or by PFG
with fields that are 1800 apart (FIGE; 7).

It is thought that relaxed circular DNAs larger than about
15 kb do not migrate in agarose because they get impaled on
the agarose like a ring on a spear. Such DNAs will move in
agarose when pulsed fields that are 1800 apart are used. In
FIGE, DNA molecules move forward and backward; net
mobility requires uneven pulsing, e.g., a forward pulses
longer than the reverse pulse. Such movement apparently
frees entrapped circular molecules, which supports the im-
palement model (18). FIGE mobility is not a monotonic
function of DNA size (9). Hence, FIGE should not be used
for sizing DNA.

CHROMOSOMAL RESTRICTION MAP
CONSTRUCTION AND GENE MAPPING

Random clones as hybridization probes. The original, low-
resolution, E. coli K-12 restriction map was constructed by
using genetically mapped, cloned genes as hybridization
probes to PFG-fractionated complete and partial NotI di-
gests of chromosomal DNA (31). Since randomly chosen
probes are not likely to span rare restriction sites, they will
hybridize to an unknown location on a single large restriction
fragment in a total digest (Fig. 2A). In a partial digest such
probes will hybridize to a series of fragments that extends in
both directions from the total digestion fragment (Fig. 2C)
unless the probe is from a chromosome end (Fig. 2D). In a
circular genome, the latter might be generated by a very rare

naturally occurring or engineered restriction site. In partial-
digest experiments, the difference in band sizes gives the
physical distance between the rare cutting sites. For small
genomes, ten probes should allow enough overlap in the
digestion pattern to permit the construction of a map.
Most microorganisms do not have a large number of

genetically mapped cloned genes available. Instead, hybrid-
ization probes can be chosen randomly from a species-
specific library or even from cloned genes of other organ-
isms. For instance, the use of conserved sequences like
rDNAs will reveal the number of genes and their chromo-
somal distribution (27).
DNA fragments as hybridization probes. A large fragment

(or a clone from it) generated by one enzyme can be used as
a hybridization probe to identify overlapping large fragments
generated by a second enzyme (Fig. 2B; 17). Probing a

partial genomic digest, generated with the same or a different
enzyme, allows several adjacent fragments to be identified
(Fig. 2C and D). This approach circumvents problems asso-
ciated with clustering of rare cutting sites as in the Hae-
mophilus influenzae Rd genome (17). Hybridization of re-
peated sequences (e.g., rDNA genes or insertion elements)
to nonadjacent chromosomal fragments can be eliminated by
preannealing the probe or by blocking DNA on a membrane
with the specific sequence or with sheared chromosomal
sequences.
Two-dimensional PFG was used to construct a physical

map of the 1-Mb Mycoplasma mobile genome (3). Chromo-
somal DNA digested either partially or completely by one
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FIG. 2. Strategies for constructing low-resolution genomic re-
striction maps; probes (Fli), restriction fragments ( ), and DNA
bands (in) are indicated. In a complete genomic digest (A) most
probes will hybridize to a single large restriction fragment; linking
probes (B) will hybridize to two adjacent large genomic restriction
fragments. In partial digests (C) a probe will hybridize to a series of
bands that extend bidirec tionally from the smallest fragment
containing the homologous sequence; adjacent halves of a linking
clone will detect some coincidental bands. Hybridization with
probes from chromosome ends (D) will identify fragments extending
unidirectionally.

restriction enzyme was fractionated in the first dimension
with PFG. DNA in a thin slice or a slab of a gel lane was
digested in situ to completion with the same enzyme or with
a second enzyme, respectively, and a second dimensional
analysis was done by PFG or conventional electrophoresis.
Common double-digestion products signal overlap of ge-
nomic fragments generated by different enzymes, while
complete-digest products identify the restriction fragment
constituents of individual partial-digest fragments. Applica-
tion of this approach to larger genomes containing more, and
sometimes overlapping, fragments may require hybridiza-
tion.

Linking clones as hybridization probes. Linking libraries
are composed of clones having rare restriction enzyme sites.
A linking clone used as a hybridization probe will identify
two adjacent genomic fragments (Fig. 2B). Linking probes
are particularly useful in the analysis of partial digests. Each
half of a linking probe will identify a different set of restric-
tion fragments. Several different restriction maps may be
consistent with each set of data, but the true restriction map
must be consistent with both sets (Fig. 2C).

Preparation of linking libraries is not yet routine (29, 34).
One approach is to cut a circular, plasmid or X, genomic
library made with one enzyme with a second, infrequently
cutting restriction enzyme and to ligate a selectable marker
into those few clones that are cut. The linking clones can
then be selected for after transformation into an appropriate
host strain. Circular X libraries are created by ligating the X
cos ends together intramolecularly, at a low DNA concen-
tration. Linking-library approaches are less likely to miss
small fragments since each rare restriction site has an equal
probability of being cloned. In contrast, random approaches
favor selection of clones from large fragments.

Protocols. Many hybridization procedures work success-
fully with PFG. The major trick appears to be the use of UV
irradiation, rather than HCI treatment, for DNA nicking
before transfer from the gel to a membrane (32). DNA
fragments (or clones from fragments) used as hybridization

probes can be labeled by using the oligonucleotide-primed
labeling procedure directly in agarose, although the specific
activity may be slightly lower. High-specific-activity probes
are needed to compensate for the small amounts of DNA
that are loaded and recovered from agarose. Fragments may
be recovered from agarose by various standard procedures,
such as agarase treatment, electroelution by PFG, or stan-
dard electrophoresis. Alternatively, DNA bands may be cut
out of agarose and freeze-thawed several times in the pres-
ence of phenol, and then the DNA may be recovered from
the supernatant fraction after centrifugation. These proce-
dures will shear the fragments, unless special precautions
are taken. For many applications, including labeling, this
will not matter. However, libraries are most conveniently
made from large fragments by in situ restriction enzyme
digestion in agarose to prevent shear damage. DNA frag-
ments needed for any subsequent purposes should be ex-
posed to the least possible amount of UV irradiation during
gel photography (6).

Physical mapping of transposon insertions. Transposon TnS
(in its IS50 sequences) and plasmid F+ both have Notl sites
(33). Thus, the location of these genetic elements in the
chromosome is marked by NotI sites, and these elements are
linking clones for strains which contain them. Their approx-
imate chromosomal location is revealed by comparing the
ethidium bromide-stained DNA fragment patterns of iso-
genic strains with and without the element. The sum of the
two new NotI fragments should equal the size of the parental
fragment. The precise localization of the Tn5 insertion
requires that the polarity of the two new fragments be
determined by using a clone from one end of the parental
fragment as a hybridization probe.

Use of transposons in restriction map construction. Many
organisms without well-developed genetic systems have
biologically interesting genes mutated via Tn5 insertions or
linked to nearby TnS insertions. These insertions can be
used to construct physical maps and to align them with
genetic maps. When TnS is hybridized to DNA partially
digested with Notl, a series of fragments will be detected
that extends bidirectionally from the TnS insertion. Of
course, TnS is not useful for all organisms. Some GC-rich
genomes may already have too many NotI restriction sites.
The transposon IS5, which has an AvrII site (Condemine and
Smith, in press), is potentially useful in some cases, while in
others, construction of appropriate transposons may be
required.
Recombination of rare restriction sites into the chromo-

some. Cloned genes can be genetically mapped by introduc-
ing selectable markers into the homologous chromosome
region by recombination. Chromosomal integration of circu-
lar plasmids is promoted by growing cells in low-phosphate
medium (25), by plasmid incompatibility displacement of a
resident plasmid (26), by transforming a plasmid into polA
cells (11), or by transforming a linear fragment or plasmid
into recBC sbcB cells (2).
Recombination can mark a gene location for PFG detec-

tion. Integration of a circular plasmid into the chromosome
results in a gene duplication that increases the size of the
restriction fragment containing it. In E. coli, precise gene
mapping can be done by using a plasmid containing a NotI
restriction site (30). This introduces a new NotI site at or, in
the case of an essential gene, nearby a gene. Precise mapping
requires determining the polarity of the two new NotI
fragments as described above. These experiments will deter-
mine the direction of transcription on the chromosome if the
direction on the plasmid is known.

0
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Identification of the DNA replication origin and terminus.
Simple PFG experiments can identify the chromosomal
DNA replication origin and terminus and track a replication
fork moving along the chromosome in synchronously grow-
ing cells (22). Replication can be synchronized by inhibiting
protein synthesis since initiation but not elongation requires
de novo protein synthesis. When the block in protein syn-
thesis is removed, DNA synthesis initiates from the replica-
tion origin and proceeds synchronously around the chromo-
some for at least one round of DNA replication. Large
restriction fragments containing the synchronized replica-
tion forks can be identified by pulse-labeling with ["'C]
thymidine. The first fragment labeled after reinitiation con-
tains the origin, whereas the last fragment labeled after
shutdown or reinitiation contains the terminus. Such exper-
iments can also tentatively order the fragments between the
origin and the terminus.

COMBINING COMPUTATIONAL AND PHYSICAL
MAPPING APPROACHES

DNA data bases. About 17% of the E. coli chromosome is
available for analysis through the DNA sequence data bases.
Faster DNA-sequencing strategies may soon provide the
missing E. coli sequences. Genes then can be localized by
sequence alignment since only a small amount of sequence
(<20 base pairs) should serve as a unique fingerprint for
most chromosomal loci. In some cases, physical methods
will still be required to confirm chromosomal location.

High-resolution restriction maps. High-resolution genomic
restriction maps, like that of Kohara et al. (14), can also be
used to assign gene location. For instance, a cloned gene
may be located on a NotI fragment by hybridization or
genetically mapped to a region. The fine restriction map of
the clone of interest then can be aligned with a high-
resolution genomic restriction map by a simple manual
method (1) or by computational methods eventually. Alter-
natively, the clone of interest can be hybridized to a subset
of an overlapping genomic library (14, 37) which covers the
identified region. Cloned genes can also be mapped by
hybridization to an entire library directly. However, routine
scanning of least several hundred clones is not yet available.

INTEGRATED APPROACHES TO FINE
GENOMIC MAPPING

Top-down genomic sequencing strategies. Various inte-
grated approaches may be used to obtain genomic restriction
maps, overlapping libraries, and, eventually, complete ge-
nomic sequences. The easiest task, the construction of
low-resolution restriction maps by using PFG, can serve as a
basis for top-down integrated genomic mapping and se-
quencing projects. In contrast, the bottom-up restriction
mapping (14) and sequencing (8) approaches currently are
technically difficult. However, these latter approaches are
assisted by large-DNA technology.

High-resolution restriction maps. High-resolution genomic
restriction maps can be made by hybridizing half of a linking
clone to genomic DNA totally digested with the correspond-
ing rare cutter and partially digested with a restriction
enzyme which cuts frequently. In such experiments frag-
ments are identified that extend in one direction from the
rare cutting site. The best PFG experiments will resolve
fragments that differ by 1% in size. Restriction site clusters
closer than this are indistinguishable, so construction of finer
maps will require an overlapping library.

Overlapping genomic libraries. Kohara et al. (14) con-
structed a complete overlapping A library of E. coli by
fingerprinting clones with eight restriction enzymes. Re-
cently, Tabaka et al. (37) constructed a partially complete E.
coli cosmid library by integrating several physical and ge-
netic approaches. Specific clones were identified by hybrid-
ization to known genes and were used as probes in chromo-
some-walking experiments to identify sets of contiguous
overlapping clones called contigs. Correlation of the contigs
with specific chromosomal regions was confirmed by hybrid-
izations to mapped genes and to NotI restriction fragments
and by genetic complementation of mutations. Wenzel and
Herrman (40) have constructed a complete overlapping
cosmid library of the small Mycoplasma pneumoniae ge-
nome by using a fast chromosome-walking vector to expand
contigs.
Large-DNA techniques can increase the efficiency of

clone sorting. For instance, large fragments can be used as
hybridization probes to sort clones. Clone banks can be
made directly from large fragments. Large fragments can
also be used to span chromosomal regions containing uncon-
nected contigs.
Complete sequencing of small genomes. Automatic se-

quencing devices allow massive amounts of DNA sequence
to be generated daily, provided DNA samples are available.
Automated DNA preparation should eventually be possible.
Church (8) is using a multiplex strategy to sequence the E.
coli and Salmonella typhimurium chromosomes. In this
strategy, chromosome libraries are constructed, simulta-
neously, in multiple vectors. A multiplex library is con-
structed by pooling a clone from each of the libraries.
Sequencing reactions are performed with each pool; the
products are fractionated on a DNA-sequencing gel and then
transferred to a nylon membrane. Since each vector has
unique sequences on each side of the cloning site, blots,
containing different pools, can be hybridized en masse to an
oligonucleotide specific for one of these sequences. The set
of blots can be successively reprobed with oligonucleotides
recognizing different unique vector sequences. Hence, labor
is conserved in the sequencing reactions, in gel running and
blotting, and in hybridization.
The identification of the most efficient sequencing ap-

proach awaits evaluation of experimental results. At
present, a genomic-sequencing project for any microorgan-
ism requires a major long-term commitment, while in the
near future the effort involved may be substantially reduced.
Thus, such efforts seem a bit premature unless they are used
to develop new technologies or are needed to answer a
specific biological question.

PROSPECTUS
Megabase polymorphisms detected in single PFG experi-

ments revealed relationships between Legionella (A. Marra,
H. Shuman, and C. L. Smith, unpublished results), Halo-
bacterium (29), Mycobacterium (W. Jacobs, B. Bloom, and
C. L. Smith, unpublished results) and E. coli (22, 33) iso-
lates. However, technology needs to be developed to sim-
plify map construction by using maps that already exist for
related organisms.
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