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Construction of an Ordered Cosmid Collection of the Escherichia
coli K-12 W3110 Chromosome
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A cosmid library of the Escherichia coli K-12 W3110 chromosome was constructed in which clones were
assigned to locations on the chromosome map by hybridization and genetic marker complementation tests.
Approximately 70% of the genome was represented by this library. The identified clones can be maintained in
the homologous system and would facilitate genetic studies of E. coli.

Escherichia coli is one of the best-investigated microor-
ganism in terms of gene structure and function, and more
than 1,000 genes have been identified and localized on the
circular chromosome map (2). Nevertheless, the number of
genes characterized corresponds to only about one-third of
the entire number estimated to be present on the E. coli
chromosome. To understand the whole genetic system of E.
coli, further isolation of genes with known genetic markers
as well as a systematic search for new genes would be
necessary. The first gene library of the E. coli chromosome
was constructed by Clarke and Carbon in 1975 (10). Since
then, the library has been screened to isolate clones which
complement a variety of mutations at known locations on the
genetic map. So far, about 300 clones have been mapped and
analyzed by using this library (2, 36). In the work described
in this paper, we attempted to construct an ordered cosmid
library of the E. coli chromosome in which clones are
assigned to their specific locations. The cloning vectors
cosmid pHC79 and its derivative pHC79EBE were adopted
for the following reasons: (i) DNA fragments as large as 40
kilobases can be inserted; (ii) the ,copy number is about five
when maintained as a hybrid plasmid (24), so that adverse
effects of increasing gene dosage would be relatively small;
and (iii) DNA can be introduced and maintained in a variety
of mutant cells for marker complementation analysis.
pHC79EBE has been constructed by replacement of the
EcoRI-BamHI region of pHC79 with a synthetic linker

5'AATTCGGATCCGAATTC
GCCTAGGCTTAAGCTAG5'

that creates a BamHI site between two EcoRI sites.
Two sets of genomic libraries were constructed by the

following procedures. High-molecular-weight DNA was ex-
tracted from E. coli W3110 (3) and partially digested with
either EcoRI or Sau3AI to various extents. A pool of the
EcoRI partial digests and a separate pool of the Sau3AI
digests were fractionated by sucrose density gradient cen-

trifugation, and DNA fractions of 35 to 45 kilobases were
pooled. EcoRI fragments were ligated to the EcoRI-digested
pHC79 DNA, and the Sau3AI fragments were ligated to the
BamHI-digested pHC79EBE. Ligated DNAs were packaged
into bacteriophage lambda capsids in vitro (23) and used to
transfect an E. coli recA strain, DH1 (29). Transformants
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which appeared on ampicillin-containing agar plates were
subjected to screening.
For screening of clones, the -dot hybridization procedure

involving isolated plasmid DNA was adopted to reduce the
background level in hybridization. Although the colony
hybridization method is generally used for this purpose, we
noted that nonspecific binding of probes to colonies often
made it difficult to distinguish the positive signals from the
negatives. Assuming that the genome size ofE. coli W3110 is
4,500 kilobases and that fragments of an average of 40
kilobases are cloned, a total of 458 independent clones are
necessary to cover 99% of the E. coli genome with minimal
overlaps (11). On the basis of this estimate, 800 random
clones obtained from EcoRI digests (EcoRI clones) and 500
clones obtained from Sau3AI digests (Sau3AI clones) were
suspended and grown in 20 ml of medium (L broth), from
which plasmid DNA was extracted by the alkaline extraction
method (5). Portions (about 300 ng) were blotted on nylon
membranes and hybridized to various probes by standard
procedures (31).
To locate the clones on the circular chromosome map,

chromosome walking was initiated from several known
points. Inserts were extracted from the pLC plasmids indi-
cated in Fig. 1, which had been screened from the Clarke-
Carbon collection (10). The DNA fragments were labeled
with 32p by nick translation and used as probes. After
hybridization with random gene libraries on nylon mem-
branes, each membrane was washed under stringent condi-
tions and exposed to X-ray films. Positive clones thus
identified were used as probes for the next walks. Linkage
between overlapping clones was confirmed by the method of
Coulson et al. (13). Plasmid DNAs to be compared were
digested with EcoRI, end labeled with 32p, and redigested
with the second enzyme, which recognizes a shorter se-
quence, e.g., HaeIII or HpaII. The resulting fragments were
resolved by polyacrylamide gel electrophoresis and detected
by autoradiography. The common terminal fragment(s)
should be observed on autoradiograms if given clones share
the common EcoRI recognition site(s). As a result of inten-
sive screening, we constructed 31 independent "islands," in
which constituent clones partially overlapped each other.

Correlation of these islands with the E. coli chromosome
map was carried out on the basis of the following three
criteria: (i) hybridization with NotI-generated fragments of
the whole chromosome, (ii) hybridization to the ordered
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FIG. 1. Location of the cosmid clones on the genetic map of E. coli. Mutations which were complemented by the cloned DNA and the
pLC plasmids which were used as the starting materials for chromosome walking are shown on the map from reference 2. The DNA regions
which hybridized to rRNA, lambda- phage DNA (15) and cloned terC segment (1) are also shown and referred to as rrn, rac, and terC,
respectively. E and S before the clone number stand for the EcoRI- and Sau3AI clone, respectively.
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gene library which had been constructed by using the lambda
phage vector (ordered lambda gene library) (28), and (iii)
complementation tests with known genetic markers. First,
the NotI digests of the W3110 DNA were resolved by
pulse-field gel electrophoresis (43). DNA was extracted from
each band, and hybridization with the cosmid libraries
described above was performed to confirm the linkage
between islands. Second, fragments from representative
clones in each island were labeled with 32p, and correlation
to the ordered lambda gene library was examined by hybrid-
ization. Most of the clones were localized on the map,
except for clones E332 and E2210, which occurred at ap-
proximately 55 to 56 min. The linkage of these clones has
been confirmed by both the end-labeling method and hybrid-
ization with NotI-generated fragments. However, the frag-
ments from these clones hybridized to the clones at 64.5 to
65.5 min of the ordered lambda gene library. Since both
libraries were constructed from the same strain, it is likely
that translocation of this region occurred during the passages
in different laboratories. By combining the two independent
sets of hybridization data with the Notl digests and ordered
lambda gene library, we located about 700 clones along the
circular chromosome map. To correlate this alignment with
actual gene locations, we tested the complementation ability
of genetic markers by using known chromosomal mutations.
Plasmid DNA from candidate clones was introduced into
competent cells of each mutant, and complementation was
assayed under conditions that favored detection of marked
changes of phenotype. Of 90 mutants tested, 70 were found
to convert the phenotypes to the wild type. Plasmid DNA
was prepared from each type of transformant, and marker
rescue was confirmed for 52 mutants (Table 1) by retrans-
formation.
By using the procedures described above, we assigned 325

independent clones to locations on the chromosome map.
The regions covered by these clones extend to about 70% of
the whole E. coli genome. Representative clones are shown
in Fig. 1. The DNA regions covered by each clone are
aligned under the genetic map scale. The distances between
the markers on the genetic map do not correspond to those
of the physical map (28, 43), so that the assignment of the bar
length, as well as terminal positions of each clone, is only
relative. The large inversion between rrnD (72.1 min) and
rrnE (91.5 min) has been reported to exist in W3110 (21).
Since we have also confirmed this inversion, the region is
placed in an inverted orientation on the map.

Despite intensive efforts, we were unable to cover the
entire chromosome. There are several possible reasons for
this difficulty. At the beginning of this study, we noted that
although most clones were stably maintained in the recA
strain, DH1, some clones were lost or partly deleted during
propagation even after the establishment of clones. Although
the copy number of pHC79 clones has been estimated to be
as low as five, increase of some target sequences or genes
which play key roles for regulation of cell growth might
result in harmful effects on the host. There is another
possibility, i.e., that recA-independent recombination is
involved in deletion, as has been suggested by other workers
(45). Another possibility is that the restriction sites used in
cloning are extremely unequally distributed. According to
the data from the ordered lambda gene library (28), EcoRI
generates many fragments too large to be packaged in a
lambda phage capsid. On the other hand, if the restriction
sites for the same enzyme occur frequently, it would be
difficult to generate fragments covering such regions even
under controlled digestion conditions.

TABLE 1. Bacterial strains

Relevant MapStrain
geoye

position Source or referencegenotype (min)
W3110 Wild type
DH1 recA
CBKO44 thrA 0
CBKO31 car 1
LC102 leuB 2

lacY 8
purE 12
his 44
argG 45
xyl 80

JE5440 hpt 3
E486 poIC 4
AB1157 proA 6
GIA37 argF 7
607plsA adk 11
AT1325 lip 15
KL235 serS 20

pit 77
NFB203 putA 23

pyrC 23
PLK1273 trpE 28
JP1112 pheS 38
K27 fadD 40
AB2880 shiA 43
JM477 ptsF 46
E101 nrdA 49
NK6073 purF 50
JE7094 dapA 53
IQ399 hisS 54
JC2915 cysC 59
AT713 lysA 61
JE5661 metC 65
PC3 dnaG 67
TG11 uxaA 68
CBK103 cysG 74
JE6889 asd 76
MFT1181 ftsE 76
RK1041 mtl 81
LC173 dnaA 83
TH16 ginA 87
JE6089 rha 88
PAS05 metA 91

malB 92
JGC155 ssb 92
PA3092 mel 93
CBKO90 pyrB 97
MP1 uxuB 98
PC2 dnaC 99
AT2459 serB 100

" N.I.G., National Institute of Genetics, Japan.

Laboratory collection
Laboratory collection
41
41

4
22
47
25
49
19
20

30

7
6
40
35
37
26
16
33
12
42
44
B. J. Bachmann
N.I.G.a
9
18
48
N.I.G.
38
27
32
46
W. Epstein

M. Schwarz
17
Y. Hirota
41
39
8
B. J. Bachmann

During hybridization analysis, we often encountered the
problem that even under highly stringent conditions, a DNA
region hybridized to a number of clones which spread all
over the genome. This false hybridization caused serious
problems, especially when neighboring clones were picked
up in walking experiments. We assume that this is due to the
short repeated sequences which were dispersed on the
chromosome.
During the past few years, projects aimed at construction

of ordered sets of DNA clones covering the entire genomes
of Caenorhabditis elegans (13), Saccharomyces cerevisiae
(34), and E. coli (14, 28) have been undertaken. In the last
case, complete coverage of the genome has been made by
using a lambda phage cloning system (28). Compared with
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virulent phage clones, those with plasmid vectors have the
advantage that DNA to be tested can be easily introduced
into host cells and subjected to genetic analysis, since a
variety of mutant cells are available. In this regard, the
cosmid libraries reported here could be useful in a study of
the genetic system of E. coli as well as providing a DNA
source for the search for new genes.

We are grateful to Y. Hotta for help in the preparation of the
manuscript.
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Education.
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