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Type 1 fimbriae, expressed by most Escherichia coli strains, are thought to attach to human uroepithelium
as an initial step in the pathogenesis of urinary tract infections (UTI). Numerous reports using both in vitro
and murine models support this role for type 1 fimbriae in colonization. Unfortunately, only a limited number
of studies have directly examined the expression of fimbriae in vivo. To determine whether type 1 fimbrial genes
are transcribed during an acute UTI, we employed a modification of an established method. The orientation
(ON or OFF) of the invertible promoter element, which drives transcription of type 1 fimbrial genes, was
determined by PCR amplification using primers that flank the invertible element, followed by SraBI digestion.
The orientation of the type 1 fimbrial switch was determined under three experimental conditions. First, E. coli
strains from different clinical sources (acute pyelonephritis patients, cystitis patients, and fecal controls) were
tested under different in vitro culture conditions (agar versus broth; aerated versus static). The genes in the
more-virulent strains (those causing acute pyelonephritis) demonstrated a resistance, in aerated broth, to
switching from OFF to ON, while those in fecal strains readily switched from OFF to ON. Second, bladder and
kidney tissue from CBA mice transurethrally inoculated with E. coli CFT073 (an established murine model of
ascending UTI) was assayed. The switches directly amplified from infected bladder and Kkidney tissues were
estimated to be 33 and 39% ON, respectively, by using a standard curve. Finally, bacteria present in urine
samples collected from women with cystitis were tested for type 1 fimbria switch orientation. For all 11 cases,
an average of only 4% of the switches in the bacteria in the urine were ON. In 7 of the 11 cases, we found that
all of the visible type 1 fimbrial switches were in the OFF position (upper limit of detection of assay, 98% OFF).
Strains recovered from these urine samples, however, were shown after culture in vitro to be capable of
switching the fimbrial gene to the ON position and expressing mannose-sensitive hemagglutinin. The results
from experimental infections and cases of cystitis in women suggest that type 1 fimbrial genes are transcribed
both in the bladder and in the kidney. However, those bacteria found in the urine and not attached to the

uroepithelium are not transcriptionally active for type 1 fimbrial genes.

Adherence of uropathogenic Escherichia coli to the uroepi-
thelium is traditionally described as the first step in the patho-
genesis of urinary tract infection (UTI) (19). Attachment per-
mits bacteria to resist mechanical elimination created by the
flow of urine and turnover of epithelium and is mediated by the
interaction of a variety of adhesins on the surface of bacteria
with their specific ligands found on host uroepithelial cells
(44). Because more than 80% of all cases of UTI are caused by
E. coli (43, 46), it is important to understand the molecular
mechanisms involved in the pathogenesis of these infections.
The elucidation of these steps in the pathogenesis of E. coli
UTT has been and will be useful in the development of vaccines
targeting this species (24, 30, 36).

Type 1 fimbriae, the most common adhesin expressed by E.
coli, binds to mannose moieties found on host glycoproteins,
including Tamm-Horsfall protein (8, 37). Nearly all E. coli
strains possess type 1 fimbrial genes (synonymous designations,
pil and fim) and are capable of producing the adhesin. A role
for type 1 fimbriae in virulence has been supported by numer-
ous studies (5, 6, 14, 22, 26, 41, 47), some of which used animal
models to demonstrate that strains expressing type 1 fimbriae
can infect the mouse bladder with greater efficiency than
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strains deficient in these adhesins (1, 2, 15, 16, 19, 42). While
over the last 2 decades emphasis has been placed on P fimbriae
as the critical adhesins in UTI (7), these and other investiga-
tions have also provided evidence for the importance of type 1
fimbriae as a virulence factor in UTL

Type 1 fimbrial genes undergo phase variation, which allows
for switching between fimbriated and nonfimbriated states (9).
A ¢’° consensus promoter, upstream of fimA, which encodes
the major type 1 fimbrial structural subunit resides on an in-
vertible element that is flanked by inverted repeats. fimB and
fimE encode recombinases that are responsible for switching
the orientation of an invertible element within the boundaries
of inverted repeats and placing a promoter either in a position
to drive transcription of fimA4 (ON) or in the opposite orien-
tation, which prevents fimA transcription (OFF). The position
of this promoter element can be used as a means to predict
whether transcription of fim genes is active and whether sub-
sequent surface expression of the type 1 fimbria can be ex-
pected. We modified (48) a well-established restriction frag-
ment digestion technique (1, 23) to PCR amplify the promoter
region for the type 1 fimbria gene cluster from genomic DNA
of E. coli strains and digest this fragment by using restriction
endonuclease SnaBI. The asymmetric location of the cleavage
site within the invertible element allowed us to approximate,
based on fragment size and band intensity, the percentage of
bacteria predicted to be transcriptionally active with respect to
type 1 fimbrial genes.
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In an effort to assess the transcriptional status of E. coli
strains infecting the urinary tract, we measured the orientation
of the invertible promoter element in the chromsome of bac-
teria infecting tissue of experimentally infected mice and from
bacteria directly isolated from the urine of women with the
clinical symptoms of cystitis. While some of the switches were
ON and some were OFF in promoters from the bladders and
kidneys of experimentally infected mice, we found that the
switch was primarily in the OFF position in the urine of women
with acute cystitis. These experiments demonstrated that type
1 fimbrial genes are transcribed by E. coli within the uroepi-
thelium but that those bacteria found in the urine are not
transcriptionally active for type 1 fimbrial genes.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. coli strains were chosen from an
established strain library (20). Three collections of E. coli strains have been
established by culturing isolates from humans with appropriate clinical syn-
dromes. The first collection consists of 61 isolates from urine or blood of patients
(41 women and 20 men) who were admitted to the University of Maryland
Medical Systems with acute pyelonephritis (bacteriuria of =10° CFU/ml, pyuria,
fever, and no other source of infection) (31). The second collection is of 38
isolates from the urine of women with cystitis. Isolates were kindly provided by
A. Stapleton (University of Washington) and B. Foxman (University of Michigan
[10]). The third collection is of 28 control strains composed of E. coli from the
feces of healthy women (20 to 50 years old) who had not had a symptomatic UTI
or known bacteriuria within the previous 6 months and who had not experienced
diarrhea or received antibiotics within the preceding 1 month. All of the strains
came from epidiemiologically distinct episodes of bacteriuria or from fecal flora.
No two strains were cultured from the same patient or volunteer.

Each strain was grown both on agar plates and in liquid culture medium. For
evaluation on solid medium, individual strains were streaked onto Luria agar
plates and incubated at 37°C for 18 h. For each strain studied, one isolated colony
was selected and used for DNA extraction. For aerated broth culture, strains
were inoculated into Luria broth (100 ml) and incubated at 37°C for 18 h with
aeration (200 rpm/min). For static broth culture, bacteria were passaged three
times for 48 h each passage in Luria broth at 37°C with no shaking. Bacteria were
harvested by centrifugation (10,000 X g; 5 min; 4°C) from 2 ml of culture. The
supernatant was discarded, and the bacterial pellet was used for DNA extraction.

For measurement of the effect of aliphatic amino acids on the position of the
invertible element in a population of bacteria, strains were cultured in MOPS
(morpholinepropanesulfonic acid) minimal liquid medium in the presence or
absence of aliphatic amino acids (alanine, isoleucine, leucine, or valine) (11).

Murine model of ascending UTI. Female (20- to 22-g, 6- to 8-week-old) CBA
mice were anesthetized with methoxyflurane and inoculated with 107 CFU of E.
coli CFT073 through a sterile polyethylene catheter inserted through the urethra
into the bladder as described previously (32). After 2 days, mice were sacrificed
by administration of a lethal dose of methyoxyflurane. From each mouse, urine
was collected and immediately frozen and the bladder and both kidneys were
removed aseptically and immediately immersed in ice-cold 50% ethanol and held
at 4°C for PCR template preparation.

Human urine samples. A total of 11 women (18 to 29 years old) who volun-
tarily attended a student health clinic at the University of Maryland College Park
with complaints of symptoms consistent with cystitis were diagnosed as having a
UTI caused by E. coli as determined by (i) the presence of >10° CFU of E.
coli/ml, with a single type of bacterium isolated; (ii) pyuria; and (iii) appropriate
symptoms. Clean-catch urine samples (2 to 30 ml) collected from these patients
were held at —20°C for up to 4 weeks and then were transported to University
of Maryland Baltimore on ice. Specimens were then thawed, aliquoted, and
stored at —80°C until used. All identification of the infecting bacterial species
was determined at University of Maryland College Park University Health Cen-
ter. All specimens were provided without patient identifiers. Frozen samples
were thawed on ice, and bacteria were recovered by centrifugation (10,000 X g;
10 min; 4°C) and washed one time in phosphate-buffered saline, pH 7.4 (per liter,
8 g of NaCl, 0.2 g of KCl, 1.44 g of Na,HPO,, and 0.24 g of KH,PO,). Bacterial
pellets were used directly for DNA extraction.

Preparation of DNA template. Bacteria were harvested from urine samples
and from overnight culture by centrifugation (10,000 X g; 10 min; 4°C) and were
resuspended in digestion buffer (50 mM Tris [pH 8.5], 1 mM EDTA, 0.5%
Tween 20) containing proteinase K (200 pg/ml). Samples were incubated for 1 h
at 55°C, followed by deactivation of proteinase K for 10 min at 96°C. For mouse
samples, tissues were removed from 50% ethanol and homogenized in a glass
grinder. Homogenate was digested with proteinase K as described above. DNA
was purified for PCR amplification for all samples by ethanol precipitation or by
using a Qiagen DNA purification kit.

PCR amplification and restriction enzyme digestion. The nucleotide sequence
for E. coli type 1 fimbrial genes was obtained from GenBank (accession no.
Z37500) (25). Oligonucleotide primers were designed to flank the 314-bp invert-
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ible element, which contains the promoter element upstream of the fimA struc-
tural gene. Primers were synthesized by the phosphorimidite method on an
automated DNA synthesizer (model 380B; Applied Biosystems). The sequence
for the upstream primer (primer 1, Fig. 1A) was 5'GTTGTTCTGTCGGCTCT
GTC3’, and that for the downstream primer (primer 2, Fig. 1A) was 5’AGTA
ATGCTGCTCGTTTGC3'. Genomic DNA (0.1 to 1 pg) was amplified in a
reaction mix consisting of 50 pM each primer; 100 pM (each) dATP, dGTP,
dCTP, and dTTP; 1.5 mM MgCl,; 1 U of Tag polymerase (Boehringer Mann-
heim Corp.); and 1X reaction buffer (10 mM Tris-HCI [pH 9.0], 50 mM KClI,
0.1% Triton X-100). Reactions were carried out in a Minicycler (model PTC-
150-16; MJ Research, Inc.) thermocycler, programmed for 30 cycles of denatur-
ing at 94°C for 45 s, annealing at 65°C for 30 s, and extension at 72°C for 45 s.
The reaction product is predicted to be a 601-bp fragment. Amplified product (8
wl, approximately 0.1 wg) was digested with SnaBI (New England Biolabs), which
cuts the fragment asymmetrically at one location to reveal the orientation of the
promoter element (the ON orientation is indicated by fragments of 403 and 198
bp, and the OFF orientation is indicated by fragments of 440 and 161 bp) (Fig.
1A). Digested products were electrophoresed on 2% agarose or 6% polyacryl-
amide gels, stained with ethidium bromide, and visualized by UV illumination.

Densitometric analysis (sensitivity of assay). For E. coli strains cultured in
vitro or present in urine or tissue of infected animals or humans, there is a ratio
of the number of bacteria with the type 1 switch in the ON orientation to the
number in the OFF orientation. When the DNA from these bacteria are pooled
and PCR amplified, digested with restriction endonucleases, and electropho-
resed, a certain ratio of band intensity (ON/OFF ratio) is also evident. To
determine the sensitivity of this assay (i.e., the lowest level of detection of ON
versus OFF and OFF versus ON switches), we prepared template from plasmids
pPM36 and pPM34, which have the invertible element locked in either the ON
or OFF position, respectively (kindly provided by Ian Blomfield, Bowman Gray
School of Medicine [27]). These templates, mixed such that the fraction of
template in the ON orientation varied from 0.001 to 1,000 (0.1 to 99.9%), were
used for PCR amplification, restriction enzyme digestion, and agarose gel elec-
trophoresis. The intensities of the bands representing ON switches and those
representing OFF switches were quantitated by using densitometric software
(The Eagle Sight Software, version 3.0; Stratagene) on a gel documentation
system (Stratagene). This calibration allowed us to determine quantitatively what
percentages of the template were in the ON and OFF orientations, when ana-
lyzing bacteria sampled from UTIs. As well, the lower limit of detection was also
determined.

RESULTS

Sensitivity of the invertible switch PCR assay. The invertible
switch assay measures the percent of the bacterial population
that has the fimA promoter in the ON or OFF orientation. To
quantitate the switch orientation and determine the lower limit
of detection, we prepared mixtures (0.1 to 99.9% of each
plasmid) of plasmids pPM34 and pPM36, which carry the in-
vertible promoter element locked in the OFF or ON positions,
respectively, as templates for the PCR assay (Fig. 1B). When
equal amounts of each template were present (50% ON),
equal amounts of the respective products were amplified.
When one orientation represented as little as 2% of the tem-
plate, a product was still identifiable by an observer or by
densitometry (Fig. 1B). However, when one orientation repre-
sented 1% or less, a product was not reproducibly visualized
(data not shown). Thus, lack of bands in one orientation indi-
cates that <2% of the template (i.e., bacterial population) is in
that orientation. To establish a standard curve, the gel was
recorded as a digital image and the band intensities were
measured by densitometry. A standard curve was prepared
from these data, with which values for the percent of switches
that are ON in a given bacterial population could be estimated
(Fig. 1C).

Type 1 fimbria invertible element orientation in fecal, cys-
titis, and pyelonephritis strains of E. coli cultured in vitro. In
our first experiments, we cultured strains of E. coli isolated
from the feces of healthy adult women or from patients with
cystitis or acute pyelonephritis, on both Luria agar plates (18 h)
and in aerated Luria broth (18 h) and determined the orien-
tation of the type 1 fimbria promoter element (Fig. 2). Analysis
of six fecal strains revealed that these strains can readily switch
the orientation of the invertible element with changing culture
conditions. Five of six strains demonstrated a higher percent-
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FIG. 1. Sensitivity of the fim invertible switch assay. (A) Two primers were used to PCR amplify a 601-bp fragment carrying the fim invertible element. When this
element is digested with SnaBI, the two possible orientations can be differentiated. The switch in the OFF position yields fragments of 403 and 198 bp; the switch in
the ON position yields fragments of 440 and 161 bp. IR, inverted repeat. (B) The lower limit of detection of the type 1 fimbria invertible switch in a given orientation
(either ON or OFF) was determined. Template DNA (plasmids pPM36 and pPM34, which have the invertible element locked in either the ON or OFF position,
respectively) was mixed in various ratios, PCR amplified, digested with SnaBI, and electrophoresed on a 2% agarose gel. The ratio of DNA is given as the percentage
of template DNA in the ON orientation (e.g., 1:50 = 2%). (C) To establish a standard curve, the data in panel B were subjected to densitometry and are presented
as the proportion of pixels in the bands representing switches in the ON position to the total pixels in the bands representing switches in the ON and OFF positions.
The formula for the best-fit curve is as follows: y = 0.79% + 6.93; the correlation coefficient, , is 0.98.

age of switches in the ON position when cultured under con-
ditions that favored the expression of type 1 fimbriae (40% ON
after growth in aerated broth versus 11% ON on agar plates).
For cystitis strains, these bacterial strains showed a decreased
switching potential when bacteria cultured in aerated broth
(29% ON) and on agar plates (8% ON) were compared. Four
of seven strains showed a higher percentage of switches in the
ON position when grown in aerated broth. For pyelonephritis
strains, the inability to switch from the OFF position to the ON
position was more pronounced. No visible ON bands were
observed in four of seven strains when grown on agar plates
and three of seven strains when grown in aerated broth. Only
two of six strains showed a significant (greater-than-twofold)
increase in the percentage of switches in the ON position when
cultures grown on agar plates and in aerated broth were com-
pared. In addition, the percentage of switches in the ON po-
sition averaged only 2% for agar conditions and 8% for aer-
ated broth cultures of the seven strains, values that were
significantly less than those of fecal and cystitis strains (P <
0.001).

A subset of the strains from the previous experiments were
also grown in the presence or absence of aliphatic amino acids
(alanine, isolecuine, leucine, and valine) to observe the effect
on promoter switching. It has been shown that aliphatic amino
acids stimulate the switching of the type 1 fimbrial promoter,

probably through the action of Irp (11). Strains that were non-
resistant to switching, such as EFC7 and EFC8, demonstrated
some sensitivity to switching induced by aliphatic amino acids.
Pyelonephritis strain CFT073 also demonstrated sensitivity to
aliphatic amino acid-induced switching. However other pyelo-
nephritis strains, CFT097 and CFT330, were shown to be re-
sistant to switching induced by the aliphatic amino acids (data
not shown). It is difficult therefore to conclude that resistance
to switching could be uniformly overcome by the action of /rp.

In vivo phase variation of type 1 fimbrial genes in a CBA
mouse model of ascending UTIL. To determine the switch po-
sition of an E. coli strain during an acute experimental UTL E.
coli CFT073, a pyelonephritis strain (32), was transurethrally
inoculated into the bladders of CBA mice. After 2 days, ani-
mals were sacrificed and the bladder and kidneys of each
mouse were isolated and used to isolate total DNA prepara-
tions for use in PCR amplification. Successful amplification
was achieved from the tissue of three of five infected mice (Fig.
3). In all samples, the E. coli population had the switch both in
the ON and OFF positions. The switches in the two bladder
samples averaged 33% ON, and those in the three kidney
samples averaged 39% ON. Mouse urine from three different
mice inoculated with CFT073 was collected, and the type 1
fimbrial promoter switch position of the bacteria present was
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FIG. 2. Orientation of the type 1 fimbria invertible switch in fecal, cystitis, and pyelonephritis strains of E. coli after in vitro culture. E. coli strains isolated from
the feces of healthy adult women (Fecal Isolates) or strains recovered from the urine of women with cystitis (Cystitis Isolates) or acute pyelonephritis (Pyelonephritis
Isolates) were cultured on Luria agar plates (P) or in aerated (shaken at 200 rpm) Luria broth (A). Strain designations are given along the top of each gel. The switch
orientation was determined as described in Materials and Methods. Restriction fragments corresponding to switches in the ON and OFF positions are described in the

legend to Fig. 1.

assayed. All three samples had the switch predominantly in the
OFF position.

The inoculum was prepared by culture on L agar. When an
inoculum was prepared in this manner it was found that the
invertible element within the bacterial population was almost
exclusively in the OFF position (data not shown).

In vivo phase variation of type 1 fimbrial genes in human
urine samples. In an attempt to correlate the animal model
studies with human UTIs, we measured the orientation of the
type 1 fimbrial switch directly from the urine collected (and
flash frozen) from women attending a student health clinic
with complaints consistent with the diagnosis of cystitis. In
each of the 11 cases, duplicate urine samples were used to
confirm E. coli bacteriuria (>10° CFU of E. coli/ml of urine).
Urine samples from 11 women with E. coli bacteriuria, evalu-
ated for type 1 fimbria switch position (Fig. 4), revealed that
these bacteria primarily had their switch in the OFF position.
For all 11 cases, bacteria in the urine averaged only 4% ON. In
7 of the 11 cases, we found that all of the visible type 1 fimbrial
switches were in the OFF position (upper limit of detection of
assay, >98% OFF). In the remaining 4 cases, the position of
the promoter element for type 1 fimbriae averaged only 9%
ON. These results are uniform and show that the majority of E.
coli bacteria expelled in the urine are not transcriptionally
active with respect to expression of type 1 fimbriae.

Analysis of E. coli strains isolated from urine samples. Since
the invertible switch from the E. coli strains infecting the urine

of women with cystitis was found overwhelmingly to be in the
OFF position, we questioned whether these strains were capa-
ble of turning on transcription of the fim: genes. That is, were
these bacteria capable of expressing type 1 fimbriae or were
these genes permanently locked in the OFF position? We
examined two of these strains, BC18 and BC28, by culturing
them in Luria broth without shaking (static conditions). Sam-
ples were taken from the pellicle (top surface, in which type 1
fimbria synthesis is most favored) and the middle and bottom
of the culture tubes. Both of these strains were shown to have
the ability to switch the promoter element to the ON position
under these conditions (Fig. 5). Indeed, the switches in the
three BC18 samples averaged 49% ON (as compared to <2%
ON in urine) and the BC28 samples revealed the majority of
the switch to be in the ON orientation (69% ON), as compared
to <2% ON in urine. In addition, suspensions of both of these
strains used for template preparation were also capable of
causing mannose-sensitive hemagglutination of guinea pig
erythrocytes (Fig. 5), a phenotype of type 1 fimbriated bacteria.
The hemagglutination strength of a single cystitis strain,
CYS38, was also assayed for two different populations, one
having nearly 100% of the promoters in the ON position (cul-
tured by static passage) and the other with nearly 100% of the
promoters in the OFF position (cultured on agar). The bacte-
rial population with promoters in the ON position demon-
strated strong mannose-sensitive hemagglutination. The bac-
terial population with promoters in the OFF position
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FIG. 3. Type 1 fimbria promoter orientation of E. coli infecting the bladders
and kidneys of transurethrally infected CBA mice. CBA mice (n = 5) were
transurethrally inoculated with 107 CFU of E. coli CFT073. After 2 days, mice
were sacrificed and the bladder and kidneys from each animal were aseptically
removed and placed immediately in ice-cold isopropanol. Total DNA was iso-
lated from infected tissue and used for PCR determination of switch orientation.
PCR products were obtained from the infected tissue of three of five mice. The
first three samples (from the left and right kidneys and the bladder of one mouse)
were run on a 2% agarose gel; the last two samples (from the bladder of one
mouse and the kidney of another mouse) were run on a 6% polyacrylamide gel.
All samples that yielded PCR products are shown.

demonstrated little or no mannose-sensitive hemagglutination.
Therefore, while E. coli strains isolated from the urine of
women with cystitis have the capability of expressing type 1
fimbriae, in general, they do not appear to actively transcribe
type 1 fimbrial genes when present in the urine.

DISCUSSION

We have examined for the first time, the orientation of the
transcription-regulating invertible element that controls ex-
pression of type 1 fimbrial genes in E. coli during active UTIs
in mice and humans. While most E. coli strains are capable of
undergoing phase variation between a transcriptionally active
and inactive state by inversion of a promoter-containing ele-
ment, bacterial strains isolated from more severe UTISs, that is,
acute pyelonephritis, are recalcitrant to switching the invertible
element to the ON position when cultured in vitro. However,
the switch directly amplified from infected bladder and kidney
tissue from experimentally infected mice was estimated at 33%
ON and 39% ON, respectively, indicating that the genes are
transcribed in vivo. In contrast, bacteria collected from the
urine of women with cystitis were found to be 96% transcrip-
tionally inactive, as indicated by the invertible element being

OFF

ON

ON
OFF
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primarily in the OFF position; the urine samples from exper-
imentally infected mice corroborated this finding.

Perhaps there is a simple explanation for the latter findings.
Bacteria collected directly from urine samples from women
with cystitis and subjected to PCR amplification of the switch
revealed that the switch was almost always OFF and thus that
the fim gene cluster was transcriptionally inactive. Quantita-
tion of the assay indicates that only 4% of these bacteria are
transcriptionally active. If we accept that adherence is required
for colonization, bacteria not expressing fimbriae may not be
adherent and thus may be subject to elimination in the next
urination. There are, however, some complications to this
logic. Uroepithelial cells bearing adherent bacteria and previ-
ously adherent bacteria whose fimbrial attachments have been
sheared would also be present in urine and would have been
included in the PCR amplification and would have given a
positive ON signal. These bacteria may, however, represent a
minority of bacteria present and thus not be detected. In ad-
dition, there would be a delay from the time that a switch
inverted to the OFF position until expression of fim genes
ceased and a further delay from the time fimbriae were assem-
bled on the surface until all such structures were turned over or
sheared from the surface. Likewise, bacteria that had just
turned on transcription could be afimbriate until gene expres-
sion and fimbrial assembly occurred. Therefore, one would
expect bacteria expelled in the urine to be more representative
of the total population than the first simple explanation im-
plies. That is, all bacteria in the urine probably do not simply
represent “losers” that are nonadherent and thus washed out
of the urinary tract. This premise is supported by immunoflu-
orescence studies by Pere and colleagues (34, 38), who showed
that 5 out of 20 urine specimens from young girls with UTI
contained bacteria that reacted with type 1 fimbria antiserum
(the proportion of stained bacteria in each specimen, however,
was not given for this antiserum).

We could also conclude that type 1 fimbriae play no role in
UTI; however, there is substantial evidence that this adhesin
contributes significantly to certain stages of infection. First,
immunological approaches have suggested that type 1 fimbriae
are involved in colonization of the urinary tract. Antiserum
raised against fimbriae from type 1-fimbriated strains, admin-
istered passively or raised by direct immunization, protected
rats from colonization by transurethrally introduced E. coli
(45). Similarly, hydbridoma antibodies directed against type 1
fimbriae administered intraperitoneally prevented colonization
by E. coli instilled into the bladder (1). Recently, a FimH-FimC
(adhesin-chaperon) complex was used to vaccinate mice (24);
significant protection was afforded by the vaccine against ho-

OFF
ON

ON
OFF

FIG. 4. Type 1 fimbria promoter orientation of E. coli recovered from the urine of women with cystitis. Urine samples, collected from women attending a student
health clinic with complaints consistent with the clinical symptoms of cystitis, were frozen immediately. Significant E. coli bacteriuria (>10° CFU of E. coli/ml of urine)
was verified in the clinical laboratory, with duplicate urine samples. DNA template prepared from the frozen urine samples was used to determine the orientation of
the invertible element. Sample numbers are given along the top of the gel. The positions of the invertible element were determined as described in the legend to Fig.

1.
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FIG. 5. Promoter orientation in two E. coli strains, isolated from urine samples of women with cystitis, grown under conditions favoring expression of type 1 fimbria.
E. coli BC18 and BC28, for which promoter orientation was determined (Fig. 4), were cultured from the urine of women with cystitis. These strains were cultured
statically (no shaking) in Luria broth for three passages of 48 h each, and the promoter orientation of each strain was determined. Samples of bacteria for PCR template
preparation were taken from the pellicle at the top surface of the culture (1), the center of the culture (2), and the bottom of the culture tube (3). Suspensions of bacteria
from these cultures were used for mannose-sensitive hemagglutination (MSHA) of a 3% suspension of guinea pig erythrocytes. A plus sign indicates a positive

hemagglutination reaction.

mologous challenge, suggesting that type 1 fimbriae are pro-
duced by strains attempting to colonize the urinary tract. Sec-
ondly, genetic evidence supports a role for type 1 fimbriae in
UTI. Adhesin-negative mutants constructed by mutation of
adhesin genes fimH (5) or pilE (21) were recovered in signif-
icantly lower numbers than parent strains after transurethral
challenge of mice and rats, respectively. Another group (18)
also demonstrated that adherence mutants defective in their
ability to agglutinate Candida albicans (a phenotypic assay for
mannose-sensitive agglutination) were unable to adhere to
mouse bladder epithelial cells or infect mouse bladders. Third,
direct observation supports a role for type 1 fimbriae. Three-
fourths of bacterial isolates collected from the urine of women
with UTI were shown to be able to produce type 1 fimbriae
(42). In experimental infections, when piliated or nonpiliated
variants were inoculated into the bladders of mice, the type 1
piliated organisms established infection more readily (16). The
urine of these mice, however, often showed no growth, and
when organisms were cultured, they revealed only 30% of the
colonies to be hemagglutinating, suggesting that urine may not
necessarily reflect the bacteriologic status of the bladder mu-
cosa (35). This is supported by our studies, in which isolates
from urine predict very low transcription of fim genes whereas
bladder and kidney samples predict significant fim transcrip-
tion. Finally, evidence for the contribution of type 1 fimbriae to
UTI was provided by the use of inhibitors that specifically
block attachment of type 1 fimbriae to its mannosylated recep-
tor. Levels of bacteriuria (CFU of bacteria per milliliter of
urine) in experimentally infected rats and mice were lower
when the inoculum included p-mannose (29) or a-D-mannopy-
ranoside (2); p-glucose did not exert this effect. This story,
however, is complicated by the fact that low-molecular-weight
manno-oligosaccharides have been identified in the urine as
natural inhibitors of lectin binding (37). Collectively, these
experiments strongly suggest that at least initial attachment of
bacteria to uroepithelium by type 1 fimbriae is important to
establish infection.

Additional studies support a role for type 1 fimbriae in the
bladder rather than in the kidney. Mice challenged transure-
thrally with a mixture of type 1-fimbriated and P-fimbriated
bacteria revealed that the type 1-fimbriated bacteria predom-
inated in the bladder while the P-fimbriated bacteria predom-
inated in the kidney (13, 14). Other studies have also sup-
ported this result (16, 17). Bacteria that remained attached to
the bladder epithelium were type 1 fimbriated, while those
washed out in the urine were not (16). Although we provide
only limited data (five observations based on three mice), the
levels of fim transcription do not appear to be significantly

different in the bladders and kidneys of experimentally infected
mice.

Interestingly in our studies, the more virulent strains (those
causing pyelonephritis and cystitis) appeared to be more resis-
tant in vitro than fecal strains to turning the invertible element
to the ON position. The position of the invertible element was
assayed for each strain after in vitro culture on both solid agar
plates and in broth under aerated conditions. Fecal strains
showed the most plasticity in the ability to switch the invertible
element from the OFF position after culture on agar to the ON
position in aerated broth. In contrast, pyelonephritis-causing
strains were relatively resistant to phase variation (switching
the invertible element from the OFF to the ON position) of the
promoter element that controls type 1 fimbriae expression.
Ritter and colleagues (39) recently provided a possible expla-
nation for this phenomenon, at least for one virulent strain. In
E. coli 536, one of the two pathogenicity islands is inserted very
near the leuX tRNA gene. When pathogenicity island se-
quences spontaneously delete, which occurs at a high fre-
quency in this strain, this tRNA gene is disrupted. Since one of
the recombinase genes (fimB) that turns on transcription of
type 1 fimbrial genes contains five TTG (Leu) codons recog-
nized by the tRNA gene that is disrupted, expression of type 1
fimbriae in these variants is greatly reduced. While we do know
that most uropathogenic strains carry pathogenicity island se-
quences (20) and that these strains appear to resist turning on
type 1 fimbrial genes (Fig. 2), we do not know if the disrupted
tRNA gene can explain this phenomenon in all strains. Indeed,
since pathogenicity island sequences have been described to
insert in different sites in different strains (28), it is not likely
that this explanation is suitable for all strains.

The results obtained with E. coli differ dramatically from
those of studies of another uropathogen in which fimbrial
expression is also controlled by an invertible element. Proteus
mirabilis, associated most significantly with development of
renal and bladder stones (12) and bacteriuria in patients with
long-term catheterization (33), also produces a fimbria whose
regulation is controlled by inversion of a promoter-containing
element (48). The MR/P (mannose-resistant Proteus-like) fim-
bria is clearly associated with the development of UTI by this
organism. The fimbriae bind to renal tissue (40) and elicit an
antibody response following experimental UTI (3), and iso-
genic mutants lacking these structures are recovered in signif-
icantly lower numbers than the parent strain 1 week after mice
are transurethrally challenged with bacterial suspensions of
each isolate (4). Unlike the results presented in this report, the
P. mirabilis transcriptional switch was >98% ON when PCR
amplified directly from the urine, bladder, and kidney of in-
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fected mice (unless a bladder stone was present). The switch is
ON in vivo in spite of the fact that no in vitro culture condition
has yet been identified under which the switch in more than
about 50% of the population is ON (48). In contrast, in this
study the transcriptional switch in E. coli in the urine of women
with cystitis was primarily OFF. While significant transcrip-
tional activity (33 to 39% ON) of type 1 fimbrial genes was
evident in the bladder and kidney for E. coli, this was still in
sharp contrast to the apparent >98% ON values observed for
P. mirabilis infecting the bladder and kidney. Additional stud-
ies that examine transcriptional switch position in E. coli dur-
ing different phases of infection or from different sites, includ-
ing bladder and kidney tissue, may allow us to more accurately
assess whether transcription of E. coli fim genes occur in a
significant proportion of the bacterial population during acute
UTL
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