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FIG. 1. Electron micrographs of E. coli TN 675 (A), BH 2 (B), BH 5 (C), and BH 11 (D). Bar, 0.5 um.

cans cells and, weakly, human erythrocytes in
an MS manner. These agglutination patterns
were similar to that of K-12 W1-3. Of nine HA™
mutants, five were completely devoid of aggluti-
nating property, and four showed weak aggluti-
nation.

TN 675, 31-B, and K-12 W1-3 adhered well to
mouse bladder epithelial cells in the absence of
D-mannose; the mean number of adhering bacte-
ria per cell was 10.7, 11.7, and 60.5, respective-
ly. This adherence was completely inhibited by
p-mannose. All of the mutants barely adhered to
the epithelial cells in either the absence or
presence of D-mannose.

Electron microscopy. The fimbriation of each
strain grown in BHI overnight at 37°C was
examined (Table 1). TN 675 was heavily fimbri-
ated (Fig. 1A), and 31-B also possessed numer-
ous fimbriae. In two HA™ mutants (BH 2 and 3),
no fimbriae were observed (Fig. 1B), but the
remaining seven mutants were fimbriated. In the
fimbriated cells of BH 5, fimbria-like structures
with low electron density were observed (Fig.
1C). BH 6, 7, 9, 11, 12, and 14 possessed
fimbriae morphologically indistinguishable from
type 1 fimbriae (Fig. 1D).

Characterization of fimbriae from TN 675. A
fimbrial sample from TN 675 was prepared by
exposing the detached fimbriae from BHI-grown
cells to two cycles of ammonium sulfate precipi-
tation; the characteristics of this preparation
were compared with those of a type 1 fimbrial
sample prepared from K-12 W1-3. The prepara-

tion from TN 675 contained numerous fimbriae
morphologically similar to type 1 fimbriae (Fig.
2), although it sometimes contained a small
amount of impurities such as flagella and unde-
fined fibrous structures when examined at high
concentrations. The TN 675 fimbrial prepara-
tion, like K-12 W1-3 fimbriae, showed a sharp
increase in reactivity to the Folin phenol reagent
when heated in 0.05 N HCI and penetrated into
the 10% polyacrylamide gel layer in SDS-PAGE
only after being subjected to acid treatment (Fig.
3). The TN 675 fimbrial preparation gave a major
band with an apparent molecular weight of about
18,000 and a second band with a molecular
weight of less than 10,000.

Immunological reactivity with antifimbriae
antisera. The agglutination of the HA™ mutants
and TN 675, 31-B, and K-12 W1-3 with antisera
against the fimbrial preparations from K-12 W1-
3 and TN 675 was compared (Table 2). Complete
cross-agglutination was observed among TN
675, 31-B, and K-12 W1-3. Although the antise-
rum against type 1 fimbriae from K-12 W1-3
agglutinated none of the HA™ mutants, anti-TN
675 fimbriae antiserum weakly agglutinated the
six mutants that were found to be fimbriated
under electron microscopy. This weak aggluti-
nation was completely removed through absorp-
tion of the antiserum with BH 11, whereas the
agglutination of TN 675, 31-B, and K-12 W1-3
was hardly influenced. Absorption of the anti-
TN 675 fimbriae antiserum with K-12 W1-3
completely removed the agglutination of K-12
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FIG. 2. Electron micrographs of fimbrial preparations. (A) TN 675 fimbriae and (B) K-12 W1-3 fimbriae. Bar,

0.5 pm.

W1-3 and markedly reduced the titer against TN
675 and 31-B but did not affect the agglutination
of the six HA™ mutants. The antiserum ab-
sorbed with K-12 W1-3 agglutinated TN 675, 31-
B, and the six mutants at similar titers.

The immunological relatedness among fimbri-
ae of K-12 W1-3, TN 675, 31-B, and BH 11 was
examined by immunodiffusion tests of the anti-
fimbriae antisera and purified or crude fimbrial
preparations. The anti-K-12 W1-3 fimbriae anti-
serum formed precipitin bands, which fused into
each other, with all but BH 11 fimbrial prepara-
tions (Fig. 4A). The unabsorbed anti-TN 675
fimbriae antiserum gave two or three distinct
precipitin bands with crude fimbrial prepara-
tions from TN 675 and 31-B. One intense band
fused into the bands formed with purified K-12
W1-3 and TN 675, and crude K-12 W1-3, fimbri-
al preparations; another weak band fused into
the band formed with crude BH 11 fimbrial
preparation (Fig. 4B). The latter weak band
disappeared through absorption of the antiserum
with BH 11 (Fig. 4C). The former intense band
disappeared through absorption of the antiserum
with K-12 W1-3 (Fig. 4D).

Number of bacteria recovered from bladder
walls. About 10’ CFU of bacteria suspended in
saline with or without b-mannose were inoculat-
ed into the bladders of mice, and the number of
bacteria in the bladder walls was counted 3 h
after inoculation (Table 3). TN 675, 31-B, and K-
12 W1-3 showed counts ranging from 10* to 10’
CFU per bladder when inoculated in the absence
of pD-mannose. All of the HA™ mutants showed
100 to 1,000 times lower counts. The differences
between the counts of TN 675, 31-B, and K-12

W1-3 and those of the HA™ mutants were signif-
icant (P < 0.005). When the organisms were
inoculated in the presence of b-mannose, signifi-
cant reduction of bacterial recovery was ob-
served with TN 675, 31-B, and K-12 W1-3 (P <
0.01), but not with the HA™ mutants, except for
BH 3 and BH 12 (P > 0.05).
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FIG. 3. SDS-PAGE patterns of fimbrial prepara-
tions. (A) Nontreated TN 675 fimbriae; (B) nontreated
K-12 W1-3 fimbriae; (C) TN 675 fimbriae denatured by
heating in 0.05 N HCl; (D) K-12 W1-3 fimbriae dena-
tured by heating in 0.05 N HCl; (E) standard proteins
(molecular weights): phosphorylase B (92,500), bovine
serum albumin (66,200), ovalbumin (45,000), carbonic
anhydorase (31,000), soybean trypsin inhibitor
(21,000), and lysozyme (14,400). The amount of fimbri-
al protein loaded was 50 ng per gel.
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TABLE 2. Agglutination of E. coli TN 675, 31-B, HA™ mutants, and K-12 W1-3 by antifimbriae antisera

Agglutination titer of:*

Anti-TN 675 fimbriae antiserum

Strain Anti-K-12 W1-3

fimbriae -

antiserum Unabsorbed w‘?tl;s%rlt-’le;jl At"zoll';e‘sl»gth
TN 675 4,096 512 512 16
31-B 1,024 512 256 0
BH 2 0 0 0 o
BH 3 0 0 0 0
BH 5 0 0 0 0
BH 7 0 64 0 Py
BH 9 0 64 0 1
BH 11 0 128 0 64
BH 12 0 64 0 b
K-12 W1-3 16,384 4,096 2,048 0

¢ Titers are expressed as the reciprocal value of the highest dilutions of antisera showing agglutination.
b Agglutination was not observed even with undiluted serum.

Urinary virulence. The virulence of the HA™
mutants in ascending UTI in mice was compared
with that of TN 675, 31-B, and K-12 W1-3 on the
basis of IDsgs for the bladder and kidneys (Table
4). The IDsos for the bladder and kidneys with
TN 675 and 31-B were less than 10° CFU per
mouse. Of the nine mutants, seven caused no
infection even when about 10’ CFU of bacteria
per mouse were inoculated, whereas the other
two showed an infectivity 10 to 1,000 times less
potent than that of TN 675 and 31-B. K-12 W1-3
induced no infection in either the bladder or
kidneys.

DISCUSSION

The original and parent strains, TN 675 and
31-B, respectively, are fimbriated and possess
the ability to agglutinate C. albicans cells and
erythrocytes from various species and to adhere
to mouse bladder epithelial cells. These aggluti-
nating and adhesive reactions are inhibited by D-
mannose. On the other hand, all of the HA™
mutants isolated in this study were defective in
the agglutinating and adhesive properties. Since
the ability of E. coli to agglutinate and adhere in
an MS manner is frequently caused by type 1
fimbriae (7, 25), we speculated that a gene(s)
involved in the production of type 1 fimbriae
may be impaired in these mutants.

To determine whether or not the fimbriae
observed electron microscopically in the original
strain can be classified as type 1 fimbriae, we
compared biochemical and serological proper-
ties of the TN 675 fimbrial preparation with
those of type 1 fimbriae prepared from K-12 W1-
3. The TN 675 fimbrial preparation possessed
some biochemical properties compatible with
those described previously for type 1 fimbriae

(11, 24): a sharp increase of reactivity to the
Folin phenol reagent, penetrability into the gel in
SDS-PAGE by heating at pH values below 2,
and an SDS-PAGE pattern showing a main
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FIG. 4. Gel diffusion pattern of antifimbriae antise-
ra versus fimbrial preparations. Center wells con-
tained anti-K-12 W1-3 fimbriae antiserum (A), anti-TN
675 fimbriae antiserum (B), anti-TN 675 fimbriae anti-
serum absorbed with living cells of BH 11 (C), and
anti-TN 675 fimbriae antiserum absorbed with living
K-12 W1-3 cells (D). Contents of outer wells: (1)
purified K-12 W1-3 fimbriae, (2) purified TN 675
fimbriae, (3) crude K-12 W1-3 fimbriae, (4) crude TN
675 fimbriae, (5) crude 31-B fimbriae, and (6) crude
BH 11 fimbriae.
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protein band with an apparent molecular weight
of 18,000. In addition, complete cross-reaction
was observed in immunodiffusion tests between
the fimbrial preparations of TN 675 and K-12
W1-3 and the antifimbriae antisera against these
preparations. These findings show that TN 675
possesses type 1 fimbriae.

None of the HA™ mutants were agglutinated
by the antiserum against type 1 fimbriae from K-
12 W1-3, although TN 675 and 31-B, as well as
K-12 W1-3, were well agglutinated. This indi-
cates, obviously, that all of the HA™ mutants are
defective in the production of type 1 fimbriae.
However, six of the nine HA™ mutants pos-
sessed fimbriae morphologically indistinguish-
able from the fimbriae of TN 675 and 31-B when
examined by electron microscopy. This obser-
vation was evaluated by the absorption experi-
ments of the antifimbriae antiserum against par-
tially purified TN 675 fimbrial preparation. The
unabsorbed antiserum strongly agglutinated TN
675, 31-B, and K-12 W1-3 and weakly agglutinat-
ed six fimbriated HA™ mutants. Absorption of
the antiserum with one fimbriated mutant, BH
11, removed the antibody reactive with fimbriat-
ed mutants. Conversely, absorption with K-12
W1-3 did not remove the antibody. Moreover,
the immunodiffusion tests with crude fimbrial
preparations from TN 675, 31-B, and BH 11
showed that the unabsorbed anti-TN 675 fimbri-
ae antiserum contained not only antibody reac-
tive with type 1 fimbriae but also another anti-
body reactive with the fimbriae from BH 11 and
revealed that the fimbriae from BH 11 differed
serologically from type 1 fimbriae. Thus, TN 675
and 31-B appear to possess type 1 and an
additional type of fimbriae, and six of the HA™
mutants appear to retain the latter type of fimbri-
ae.

Brinton (4) and Swaney et al. (32) have shown
that there is a distinct difference in colonial
morphology between E. coli K-12 and B bacteria
with and without type 1 fimbriae and that mu-
tants and phase variants defective in type 1
fimbrial production could be isolated on the
basis of colonial differences. However, in the
present study, no difference was observed be-
tween TN 675 or 31-B and the HA™ mutants in
colonial morphology on any of the agar plates
tested. This discrepancy may be due to a differ-
ence in the E. coli strains used.

A number of investigators have documented
that bacterial adherence to uroepithelial cells is a
requirement for the development of UTI (25,
30). However, the results of these studies are
not very conclusive; sometimes the adherence
was investigated only with an in vitro system,
and sometimes the variants used for compara-
tive studies were not isogenic. To avoid such
ambiguities, we have isolated isogenic HA™
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mutants and tested their virulence in UTI in an
animal model. All of the HA™ mutants were only
poorly recovered from the bladder walls of mice
shortly after intrabladder inoculation, and they
were greatly reduced in virulence in the ascend-
ing UTI in mice fed a 5% glucose solution. These
findings suggest that bacterial adherence to blad-
der epithelial cells, mediated by type 1 fimbriae,
facilitates the establishment of UTI in mice,
probably by prolonging bacterial carriage in the
bladder or kidney. Some investigators have also
shown that the type 1 fimbria-mediated adher-
ence to uroepithelial cells is implicated as a
property associated with urinary virulence
among strains of E. coli and Klebsiella pneumo-
niae in experimental UTI (2, 13, 14, 29). In
contrast, the adherence of E. coli strains isolated
from human UTI to human uroepithelial cells is
not always inhibited by pD-mannose (15, 18, 20,
26, 30, 33). This apparent difference may depend
on the nature of the host cell receptor that
participates in adherence (25). Recently, Davis
et al. (6) have suggested that the MS receptor on
rat bladder epithelial cells consists of periodate-
and lipase-sensitive compounds, possibly glyco-
lipids. In contrast, the mannose-resistant recep-
tors on human erythrocytes and uroepithelial
cells are a specific family of glycolipids, the
globoseries, probably different from the glyco-
lipids involved in MS adherence (17, 21, 22). The
clinical significance of the type 1 fimbriae in
human UTI is not clear, but some studies have

suggested that the adherence of some E. coli

strains isolated from patients with UTI to human
urothelial cells is mediated by the type 1 fimbri-
ae (28, 33).

TABLE 3. Number of bacteria recovered from the
bladder walls of mice 3 h after intrabladder
inoculation of E. coli TN 675, 31-B, HA™ mutants,
and K-12 W1-3¢

Log CFU per bladder (mean * SD)

Strain

D-mannose (—) D-mannose (+)
TN 675 4.69 + 0.32 3.58 + 0.50
31-B 497 * 0.52 3.59 £ 0.64
BH 2 1.79 = 1.55 0.65 + 0.78
BH 3 2.65 = 1.04 1.15 = 0.90
BH § 2.62 +1.10 2.05 £ 1.18
BH 6 248 +1.14 1.20 = 1.13
BH 7 250“'115 2.28 = 0.61
BH 9 1.54 0 78 0.99 + 0.38
BH 11 191 =1 1.41 = 1.28
BH 12 55“'095 0.12 = 0.16
BH 14 0.68 + 0.60 0.46 * 0.51
K-12 W1-3 4.25 = 0.92 2.69 + 0.73

“ Five mice were each inoculated with about 10’
CFU of bacteria suspended in saline without (—) or
with (+) 5% p-mannose. Each figure represents the
geometric mean count from five mice.
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TABLE 4. Virulence of E. coli TN 675, 31-B, HA™
mutants, and K-12 W1-3 in ascending UTI in mice
fed a 5% glucose solution®

IDsy (Log CFU per mouse)

Strain

Bladder Kidney
TN 675 2.48 2.88
31-B 2.55 2.95
BH 2 >7.00 >7.00
BH 3 >7.00 >7.00
BH 5 3.23 3.83
BH 6 >7.00 >7.00
BH 7 >7.00 >7.00
BH 9 4.90 6.30
BH 11 >7.00 >7.00
BH 12 >7.00 >7.00
BH 14 >7.00 >7.00
K-12 W1-3 >7.00 >7.00

“ Five mice were each inoculated with 10-fold serial
dilutions in saline of an overnight BHI culture of the
test strains. The IDs, was calculated on the basis of the
results of bacteriological examination of the bladders
and kidneys 7 to 9 days after the inoculation.

Two HA™ mutants, BH 5 and BH 9, showed
weak urinary tract infectivity. Although we do
not know how these two mutants differ from the
other seven, there is a possibility that they are
conditional mutants with respect to type 1 fim-
brial production. The phenotypic expression of
type 1 fimbriae is controlled by various environ-
mental factors, such as the number of laboratory
passages and the phase or conditions of bacterial
growth (7, 8); BH 5 and BH 9 may produce type
1 fimbriae under the growth conditions found in
the bladders of mice. Involvement of another
virulence factor(s) for infectivity of these two
mutants is also possible.

The results of this study suggest that type 1
fimbriae mediate the adherence of E. coli to
mouse bladder epithelial cells and that the ad-
herence plays an important role in the pathogen-
esis of UTI caused by this organism. However,
K-12 W1-3 had no infectivity despite possessing
numerous type 1 fimbriae and adhering well to
the bladder epithelium. Therefore, it is unlikely
that type 1 fimbriae, although important for
initiation of infection, are the sole virulence
factor of this species.
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