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Chromosomal DNA from a uropathogenic strain of Escherichia coli was
partially digested with the restriction enzyme EcoRI. The partial digests were
ligated into a cosmid containing an ampicillin-resistant determinant and packaged
into K phage particles. An ampicillin-resistant transductant of E. coli HB101 was
found to possess mannose-resistant hemagglutinating activity associated with a
50-kilobase-pair plasmid. Subcloning of the mannose-resistant fimbrial genes
revealed that the genetic determinants were encoded by a 6.9-kilobase-pair DNA
fragment of a recombinant plasmid. Chimeric plasmids smaller in size were unable
to transform E. coli to fimbrial production. Physical maps of the recombinant
plasmids were prepared showing restriction endonuclease sites within the inserted
DNA fragments. The hemagglutinating activities of the wild-type strain and of the
recombinant derivative were compared. Both strains agglutinated human erythro-
cytes in the presence of D-mannose to the same degree and also failed to produce
fimbriae after incubation at 18°C. Also, both strains were agglutinated by
antifimbrial serum at a high titer, whereas no such activity was observed when a
strain of E. coli which did not possess a plasmid was used.

Strains of Escherichia coli associated with
urinary tract infections are frequently found to
possess fimbriae which mediate adherence to
uroepithelial cells (16, 26) and agglutination of
human erythrocytes in the presence of D-man-
nose (11, 18). These fimbriae, responsible for
mannose-resistant (MR) hemagglutination (HA),
are believed to contribute towards the virulence
of uropathogenic E. coli by facilitating coloniza-
tion of the urinary tract, leading to infection.
Purified, cell-free fimbrial antigen has been
shown to cause MR HA and to adhere to epithe-
lial cells of the urinary tract (22).

Unlike the fimbrial antigens K88, K99, CFA/I,
and CFA/II, which mediate adherence of entero-
toxigenic E. coli to the gastrointestinal tracts of
animals and humans (8, 10, 15, 23) and are
genetically determined by plasmids, those of
uropathogenic E. coli strains are chromosomally
determined (13). Using a clinical isolate of E.
coli (04, K6), Hull and co-workers (13) con-
structed a recombinant plasmid encoding for
MR fimbriae. Strains of E. coli possessing this
plasmid were shown to agglutinate human eryth-
rocytes and to be strongly fimbriate.
The use of recombinant DNA techniques

should facilitate analysis of the control of
expression of surface antigens associated with
virulence in E. coli. This report describes the

cloning of the chromosomal DNA region encod-
ing for the synthesis of MR fimbriae from a
urinary isolate of E. coli belonging to serogroup
06. Physical analysis of this DNA fragment is
presented, and the expression of fimbriae by a
strain of E. coli possessing hybrid plasmids is
analyzed.

MATERIAL AND METHODS
Bacterial strains, culture conditions, and HA tests. E.

coli IA2 (06, H-) is a clinical isolate obtained as a
pure culture from a urine specimen of a female patient
presenting with symptoms of an acute urinary tract
infection. E. coli HB101 (2) was used in all transforma-
tion experiments and was rendered competent by the
procedure of Morrison (21).

Unless otherwise stated, bacteria were grown in L
broth or on Luria agar plates (20) for 18 to 24 h at 37°C.
Media were supplemented with antibiotics at the fol-
lowing concentrations (in micrograms per milliliter):
ampicillin, 100; chloramphenicol, 25 (200 for plasmid
amplification); tetracycline, 20.
HA tests were performed as previously described

with 3% (vol/vol) suspensions of human (group A) and
guinea pig erythrocytes (9). To test for MR HA, the
erythrocytes were suspended in phosphate-buffered
saline containing 2% (wt/vol) D-mannose. The HA titer
of suspensions was determined by the micro-HA pro-
cedure of Jones and Rutter (15).

Buffers and reagents. TE buffer consisted of 10 mM
Tris (pH 8.0) and 1 mM EDTA. Electrophoretic analy-
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ses of restriction endonuclease digests were performed
in 0.8% agarose gels in 40 mM Tris-5 mM sodium
acetate (pH 7.9)-lmM EDTA buffer. Endonuclease
digests were performed under conditions recommend-
ed by the manufacturer, and ligations were done in
ligase buffer containing 50 mM Tris-hydrochloride (pH
7.8), 10 mM MgCl2, 20 mM dithiothreitol, 1 mM ATP,
and 50 ,ug of bovine serum albumin per ml.

Restriction endonucleases used in this study were

obtained from New England Biolabs and Bethesda
Research Laboratories, Inc. T4 DNA ligase was a

product of New England Biolabs. Lysozyme and all
antibiotics were purchased from Sigma Chemical Co.

Restriction endonuclease mapping. Restriction analy-
ses of plasmids were performed with digestions of 0.5
,ug of DNA in 25-,ul volumes. After electrophoresis,
the sizes of digested DNA fragments were determined
by comparison with A DNA digested with the restric-
tion enzyme HindIII. The locations of restriction
endonuclease sites were determined by analysis of
single, double, or triple digestions of recombinant
plasmids (25).

Preparation of DNA. Chromosomal DNA was pre-

pared by the method of Stauffer et al. (25).
Plasmid DNA was purified by sodium dodecyl sul-

fate lysis of amplified cells (6), followed by ethidium
bromide-cesium chloride equilibrium density gradient
centrifugation (12, 24). Analysis of transformants for
the presence of plasmid DNA was performed by
isolating small quantities of DNA by the technique of
Cameron and co-workers (3) as modified by Williams
et al. (27). DNA was stored in TE buffer at 4°C.
Cosmid cloning technique. The packaging of cosmid

DNA containing inserted chromosomal DNA frag-
ments into A phage particles was a modification of the
procedure described by Meyerowitz et al. (19). The
cosmid pMF7 was supplied by Michael G. Feiss and
was constructed from plasmid pBR322 and A DNA
isolated from Charon strain 3A. The cosmid possesses
an Ampr determinant and the region encoding the cos

cleavage site. E. coli IA2 chromosomal DNA was

partially digested with the restriction enzyme EcoRI.
The conditions of this partial digestion were adjusted
so that the fragments of chromosomal DNA produced
were approximately the size of A DNA when the
electrophoretic mobilities of the two DNA samples
were compared by using a 0.2% agarose gel. Ligation
of the partial digests (6.5-[.g samples) to the EcoRI-
digested cosmid (7.2 jig) was achieved by suspending
the 95% ethanol-precipitated DNA in 60 ,ul of ligase
buffer, adding 6 ,ul of 1-mg/ml T4 DNA ligase, and
incubating overnight at 14°C. In vitro X packaging was

performed with 4-pI volumes of ligation mixture, and
bacteria possessing recombinant DNA molecules were

selected by plating on Luria agar containing ampicillin.
Electron microscopy. Bacterial suspensions were

washed in sterile distilled water, and 1 drop of suspen-
sion was placed on a carbon-coated copper grid.
Excess fluid was removed with a piece of filter paper,
and the bacteria were stained for 30 s with phospho-
tungstic acid. Bacteria were then examined with a

JOEL transmission electron microscope.

RESULTS

Cloning of genetic determinants encoding for
MR fimbriae. Chromosomal DNA of E. coli IA2

was partially digested with the restriction endo-
nuclease EcoRI, and the fragments were ligated
into the single EcoRI site of the Ampr cosmid
pMF7. The A in vitro packaging protocol de-
scribed above was used to obtain transductants
possessing cosmid DNA with inserted fragments
of IA2 DNA. Of 148 Ampr transductants tested,
one exhibited the HA reaction, and this clone
was found to possess a plasmid (designated
pIAl) consisting of approximately 50 kilobase
pairs (kb). The plasmid from this strain trans-
formed E. coli HB101 to Ampr and HA activity
with 100% cotransfer of the two properties. The
size of pIAl falls within the predicted range for
the A packaging procedure (DNA that is 75 to
105% of the size of native A DNA is packaged by
this method).

Subcloning of the fimbrial genes. Digestion of
pIAl with the restriction enzyme BamHI re-
vealed three recognition sites for the enzyme.
To reduce the size of the initial 46-kb insert,
pIAl was digested with BamHI, and the result-
ing fragments were ligated into the single BamHI
site of the cloning vehicle pACYC184 (4), result-
ing in insertional inactivation of the tetracycline
resistance gene. The DNA was used to trans-
form a non-hemagglutinating E. coli HB101
strain with selection for Cmr Tcs transformants
which were subsequently tested for HA activity.
One such transformant possessed a plasmid
(pDC1) which had deleted two BamHI frag-
ments and had an estimated size of 16.3 kb. A
physical restriction enzyme map of this plasmid
is shown in Fig. 1. Next, plasmid pDC1 was
digested with restriction endonuclease ClaI, and
the 8.3-kb fragment (Fig. 1) was ligated into the
ClaI site of a second pACYC184 plasmid mole-
cule. The DNA was used to transform a nonfim-
briate E. coli strain with selection for Cmr
transformants. One Cmr Tcs HA' transformant
contained a plasmid, designated pDC5, which
was 12.3 kb in size (Fig. 2) and which had lost
3.9 kb of inserted DNA of pDC1 (Fig. 1). Plas-
mid pDC5 contained a 300-base-pair repeat as a
consequence of the subcloning procedure but
remained as a stable plasmid in all transformants
and throughout these studies. The stability of
this plasmid is presumably due to the recA
phenotype of E. coli HB101.

Identification of the DNA fragment required
for expression of fimbriae. Figure 3 shows the
results of subcloning DNA fragments of pDC5
into the cloning vehicle pBR322 (1). Neither
fragment 1 nor fragment 2 of the HindIII digest
of pDC5 possesses sufficient information to pro-
duce functional fimbriae. Ampr Tcs Cms trans-
formants containing plasmid A were detected by
digestion of plasmid from these strains at the
BglII site, and those containing plasmid B were
detected by digestion at the SacII site (plasmid
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FIG. 1. Physical map of plasmid pDC1 showing
restriction endonuclease sites. The plasmid was found
to be 16.3 kb in size with an inserted DNA fragment of
12.3 kb. Thick line represents pACYC184 DNA.

pDC5, from which fragments 1 and 2 were
derived, possesses only one BglII and one SacII
site on the inserted DNA fragment [Fig. 2]). The
absence of fimbriae on transformants possessing

FIG. 2. Restriction enzyme map of pDC5 showing
8.3-kb inserted DNA fragment. This plasmid was
derived from pDC1 by loss of the 4-kb ClaI BamHI
insert.

plasmid A or B was determined by negative HA
activity and by electron microscopy.

Similarly, a BamHI + BglII double digest of
pDC5 with subsequent ligations of DNA frag-
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FIG. 3. Schematic diagram of the construction of plasmids which produce non-hemagglutinating, nonfim-
briate transformants. Plasmids A, B, and C were derived from pDC5 and used to estimate the total size of
inserted DNA necessary for fimbrial expression.
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ment 3 into the BamHI site of pBR322 resulted
in Ampr TcS Cms transformants which were
nonfimbriate and non-hemagglutinating (Fig. 3).
However, digestion of pDC5 by restriction en-
zyme SacII and ligation of the resultant 7.4-kb
fragment into the SacII site of pACYC184 re-
sulted in the formation of a plasmid designated
pDC6 which could transform E. coli HB101 to
HA activity.
Thus, the genetic elements determining the

production of fimbriae in E. coli IA2 reside upon
a DNA fragment which has a maximum size of
6.9 kb (4.5 megadaltons). This fragment spans

the region from the SacII site to the BamHI site
of pDC5 (Fig. 2).

Expression of fimbriae by an E. coli strain
possessing a recombinant plasmid. E. coli SC802
was derived from strain HB101 by transforma-
tion with purified plasmid pDC5. Throughout
these studies, strain HB101 never exhibited HA
activity and was found to be nonfimbriate,
whereas SC802 was strongly hemagglutinating
and produced many fimbriae (Fig. 4). Table 1
shows the results of a comparison between the
recombinant derivative SC802 and the wild-type
E. coli strain IA2. Both strains were agglutinated

FIG. 4. Electron micrographs of E. coli HB101 before (A) and after (B) transformation with pDC5.
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TABLE 1. Serological and HA properties of wild-
type and plasmid-containing E. coli strains

Agglutination titer MR HA MR HA at:
Strain vs anti-fimbrial titer'

serum 37°C 180C

HB101 <4 - -
SC802 320 1.73 x 108 + -
IA2 256 1.07 x 108 + -

a Number of bacteria per milliliter required to pro-
duce visible HA.

by IA2 antifimbrial serum which all nonfimbrial
agglutinins had been removed by absorption
with nonfimbrial phenotypes of IA2 produced by
incubation at 180C (5). In contrast, E. coli
HB101 showed no reactivity with this immune
serum. Also, no significant difference in the
number of bacteria required to produce a visible
HA reaction was observed between the wild-
type strain and the recombinant derivative.

In common with most other strains of E. coli
possessing fimbriae responsible for MR HA, E.
coli IA2 does not produce fimbriae when grown
at 18°C (7). Even though the gene(s) determining
fimbrial production is carried in a multicopy
plasmid vehicle, E. coli SC802 exhibited similar
loss of HA activity at this low incubation tem-
perature (Table 1). In both cases, the bacterial
strains appeared to be nonfimbriate when exam-
ined by electron microscopy.

DISCUSSION
The objective of this study was to clone the

genetic elements encoding for MR fimbriae from
a clinical isolate of E. coli. Because these deter-
minants have not been mapped on the E. coli
chromosome, the in vitro X packaging procedure
was utilized for the construction of the initial
recombinant plasmids. This method ensured
that relatively large DNA fragments amounting
to approximately 1% of the E. coli chromosome
were selected for during incorporation of the
DNA into the phage head. Further subcloning of
DNA fragments by conventional procedures re-
sulted in a smaller plasmid possessing the rele-
vant genetic information. This fragment was 7.9
kb in size and possessed all of the genes neces-
sary for fimbrial production and expression.
Recently, Kehoe and co-workers have shown
that the DNA encoding the plasmid-borne K88
fimbrial antigen consists of at least four cistrons
(17). It is tempting to speculate that the number
of distinct genes required for the expression of
functional fimbriae in E. coli IA2 is also more
than one and consists of an operon-like system.
This is especially true since, in this study, small
fragments of DNA were shown to not possess a
full complement of genetic information for fim-
brial expression. However, such a speculation

would be premature since it has not been deter-
mined in the studies described in this paper
whether nonessential sequences of DNA are
contained on the plasmid pDC5. I propose to
investigate this possibility by more accurately
mapping the genes with the transposable ele-
ment TnS. Analysis of such insertional mutants
(and deletion mutants) in a minicell-producing
strain of E. coli (17) should provide more infor-
mation. The results of this study strongly sug-
gest that the structural gene encoding for the
fimbrial protein is found on the recombinant
plasmid pDC5. However, it is possible that the
plasmid may be complementing a mutant acces-
sory gene located on the E. coli HB101 chromo-
some. The minicell assay will also be useful in
identifying the location of the structural gene on
the recombinant plasmids.

Hull et al. (13) have described the cosmid
cloning of genes encoding MR fimbriae from a
urinary isolate of E. coli belonging to serogroup
04. Antiserum raised against the fimbriae of this
urinary isolate did not react with the fimbriae
produced by the recombinant strain E. coli
SC802 (S. Normark, personal communication).
Therefore, these two serological types of pili
may represent the products of two distinct
genes. Recent observations have shown that MR
fimbrial antigens of urinary isolates are serologi-
cally diverse (5, 14) and, therefore, comparison
of DNA homology between these two chromo-
somal DNA fragments should prove useful.
Also, the observation that some pathogenic
strains of E. coli produce a nonfimbrial hemag-
glutinin (7; V. L. Sheladia, D. J. Evans, Jr., and
F. J. de la Cabada, Abstr. Annu. Meet. Am.
Soc. Microbiol. 1982, B73, p. 30) suggests that a
number of distinct genetic determinants for ad-
herence factors may be found on the E. coli
genome.

E. coli HB101 possessing a recombinant plas-
mid encoding for fimbrial synthesis and expres-
sion possessed HA activity identical to that of
the wild-type strain. In neither strain was the
MR HA reaction observed, nor were the strains
found to be fimbriate when they were grown at
18°C. It is unclear from these studies whether
the absence of HA represents control of the
fimbrial genes at the molecular level or simply a
change in the characteristics of the E. coli mem-
brane at lower incubation temperatures.
A further characterization of plasmid pDC1

and its derivatives should be useful in under-
standing the mechanism by which the fimbrial
genes are regulated. A physical map of the
genetic determinants will facilitate isolation of
pure DNA fragments, and these fragments will
be used to perform DNA sequence analyses.
Also, the use of in vitro transcription-translation
studies with these DNA fragments will facilitate
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analysis of the mechanism of fimbrial synthesis.
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