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The relative contributions of host resistance and bacterial virulence were analyzed in a mouse model for
ascending urinary tract infection. The congenic mouse strains C3H/HeJ and C3H/HeN were used in parallel.
They differ in their reactivity to lipopolysaccharide (LPS) and susceptibility to experimental urinary tract
infection. C3H/HeJ cells are susceptible to infection and are nonresponders to LPS (Lps Lpsd), whereas
C3HIHeN cells respond to LPS and are resistant to infection (Lps' Lps"). The Escherichia coli pyelonephritis
isolate GR-12, serotype 075K5, expressing adhesins specific for globoseries glycolipids (P fimbriae) and for
mannosides (type-i fimbriae), and its derivatives deficient in these factors were used, either singly or in
combination, to establish experimental infections. In C3H/HeN mice, the relative persistence of E. coli was
inversely proportional to its phagocytosis in vitro. Loss of the 075 and K5 antigens increased the tendency
toward hydrophobic interaction, promoted phagocytosis, and reduced persistence in the kidneys. This was not
the case in C3H/HeJ mice, in which 075- and K5- serotypes persisted in the same extent as did the parent
strain. The total number of bacteria recovered from the kidneys of C3H/HeJ mice was about 1,000-fold higher
than the number recovered from kidneys of C3H/HeN mice 24 h after infection. Previous studies have
demonstrated a delayed influx of polymorphonuclear leukocytes into the urinary tracts of C3H/HeJ mice. The
results are consistent with the hypothesis that phagocyte activation through LPS is a major defense mechanism
against E. coli in the kidney, a property in which C3H/HeJ mice are deficient.

Urinary tract infections (UTI) result from the interaction
of Escherichia coli strains with a susceptible host (39). Each
step in the pathogenic process is determined by the balance
between host resistance and bacterial virulence. The virulent
strain possesses the sum of determinants required to colo-
nize the intestines, ascend into and persist in the urinary
tract, and induce infection. In the resistant host, pathogen-
esis is interrupted by host defense mechanisms. In the
present study, determinants of bacterial virulence and host
resistance in an experimental UTI mouse model are ana-
lyzed.
The definition of virulence in uropathogenic E. coli is

based largely on epidemiologic evidence (7, 23, 26, 42).
Characteristics which are prevalent in isolates causing the
more severe infections, but rare in other strains, are termed
virulence factors. Pyelonephritogenic E. coli belong to a
limited number ofO:K:H serotypes or electrophoretic types,
adhere to uroepithelial cells, are resistant to the bactericidal
action of serum, and produce hemolysin (7, 29, 34, 35, 42,
45). The clonal structure of E. coli populations results in a
nonrandom coexpression of virulence factors. Since wild-
type isolates differ by multiple characteristics, genetic ma-
nipulations are required to assess the contribution of indi-
vidual virulence traits (14, 15). In this way, adherence
specific for Galal->4Galp-containing receptors was recently
shown to increase the persistence of E. coli in the kidneys of
mice; the combination of adhesins with Galal-*4Gal and
mannose specificity was optimal in the bladder (15).

Specific and innate mechanisms of host resistance com-
bine to protect the urinary tract against infection (8, 31).

* Corresponding author.

Although immunity, induced by hyperimmunization, has
been shown to protect against infection, specific immunity
does not explain the natural resistance to infection (5, 20,
38). In contrast, resistance to E. coli UTI in the mouse was
related to lipopolysaccharide (LPS) responsiveness (13, 16).
T-cell-deficient (nulnu), B-cell-deficient (xid), or macro-
phage-deficient (A/J) mice were shown to clear E. coli from
the kidneys at a rate similar to that of their normal counter-
parts (41). The LPS nonresponder mouse strain C3H/HeJ
(Lpsd Lpsd) has about 1,000-fold-higher E. coli counts than
does strain C3H/HeN (Lpsn Lpsn) from kidneys within 24 h
after infection (41, 46). The aim of the present study was to
analyze the contribution of individual bacterial virulence
traits in mouse strains of high or low natural susceptibility to
infection.

MATERIALS AND METHODS

Bacteria. The E. coli strains used were derived from the
wild-type pyelonephritis isolate GR-12 (43). This strain is of
serotype 075:K5:H-, has adhesins specific for the globoser-
ies glycolipid receptors (GS) and for mannosides (MS), is
resistant to serum killing, and does not produce hemolysin.
The pedigrees of the derivatives of GR-12 are shown in

Fig. 1 and Table 1.
Isolation of nonadherent mutants. An exponentially grow-

ing culture of E. coli GR-12 was treated with nitrosoguani-
dine as described elsewhere (47). The survival frequency
was 60% after treatment. After overnight incubation at 37°C,
the mutagenized culture was diluted, and the dilutions were
spread on L agar (22) to yield isolated colonies. Individual
colonies were tested for the ability to hemagglutinate human
erythrocytes in the presence of D-mannose. For isolation of
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FIG. 1. Pedigrees of the E. coli GR-12 derivatives used in the present study. Abbreviations: K5R, resistance to bacteriophage K5; NalR,
resistance to nalidixic acid; RifR, resistance to rifampin.

MS-negative mutants, survival frequency after nitrosoguani-
dine treatment was 47%, and guinea pig erythrocytes were
used for hemagglutinations. Of 300 colonies tested for D-
mannose-resistant hemagglutination, 3 were negative. On
initial screening for reversion to hemagglutination positive, a

single mutant, HU742, was found to be stable. By using a
more rigorous enrichment procedure for revertants on the
basis of separation of erythrocyte-adherent bacteria with a
glycerol discontinuous gradient, the frequency of reversion
of HU742 was found to be less than 10-5. HU824 retained
the GS adhesins, and HU742 retained the MS adhesins from
the parental strains. Other traits, including serotype, elec-
trophoretic type, serum resistance, and plasmid pattern,
remained unaltered. Nalidixic acid-resistant (50 ,ug/ml) vari-
ants of HU824 and HU742 were selected by using gradient
plates. The growth rates of these strains and of all other
mutant derivatives were the same as for the parent strains.

Isolation of mutants with defects in the LPS side chain.
HU973 and HU972 were constructed in the following way.
GR-12 was mutagenized with nitrous acid (28), and a

nonreverting histidine auxotroph, HU748 (his), was identi-

TABLE 1. Bacterial strains

Strain Relevant characteristics' Reference or
source

PK191 E. coli K-12 Hfr 25
GR-12 075K5H-; GSMS, ColV+, Serr Hly- 15
HU734 GR-12 lac Serr _ b
HU972 HU969 his' 0- Sers b
HU973 HU971 Rif' Serr b
HU997 HU992 Rif' Serr b
HU998 HU994 Rif Sers b
HU742 HU734 MS- Serf 15
HU824 HU734 GS- Serr 15

' Abbreviations: Hly, hemolysin expression, Ser, resistant (r) or sensitive
(s) to killing in serum.

b _, Strain prepared for this report.

fied after two cycles of ampicilhin-D-cycloserine enrichment
(9). A spontaneous nalidixic acid-resistant derivative of
HU748, HU969, was selected on agar containing 100 p.g of
nalidixic acid per ml. HU969 was mated with an E. coli K-12
Hfr donor, PK191 (E. coli Genetic Stock Center, Yale
University, New Haven, Conn.), for 1 h on filters as previ-
ously described (19, 25). Histidine-independent exconju-
gants were tested for coinheritance of the rJb locus of E. coli
K-12 (3), by using a commercially prepared anti-075 serum
(Difco Laboratories, Detroit, Mich.) in a slide agglutination
assay. HU972 was O-, and HU971 was 075. HU971, the
his' 075 exconjugant, was plated on agar containing 200 ,ug
of rifampin per ml to select a spontaneous rifampin-resistant
mutant (HU973).

Isolation of mutants in capsular polysaccharide. The
bacteriophage specific for the K5 polysaccharide antigen
was kindly provided by G. Schmidt, Borstel, Federal Re-
public of Germany. The phage was propagated in E. coli
Bi8337-41. The phage was precipitated from chloroform-
treated cultures in L broth with ammonium sulfate and
purified by centrifugation on a discontinuous cesium chlo-
ride gradient (12).
For selection of colonies resistant to the K5 phage, HU734

and HU972 were grown on L agar. One drop of suspension
containing K5-specific phage was added. Spontaneously
resistant colonies were picked and checked either for their
ability to be agglutinated by 075 antiserum without previous
boiling (HU992) or for rough-colony morphology (HU994).
Spontaneously rifampin-resistant mutants of HU992
(HU997) and HU994 (HU998) were selected as described
above.

Culture conditions. E. coli HU824 Nalr and HU742 Nal'
were maintained lyophilized or for limited periods of time on
tryptic soy agar (TSA; Difco) with 50 ,ug of nalidixic acid per
ml. E. coli HU973, HU997, and HU998 were maintained on
TSA plates with rifampicin (200 F.g/ml). For infection and in
vitro testing, the resistant strains were passaged on TSA free

spontaneous
K5R

HU994
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of antibiotics. Other growth media used were lactose-
bromthymol blue agar and tryptic soy broth.

Adhesins. GS adhesins were defined by mannose-resistant
agglutination of human erythrocytes of blood group P1 but
not p (39). Latex beads with covalently linked Galot1-4Gal
were used as controls. MS adhesins were defined by man-

nose-sensitive agglutination of guinea pig erythrocytes (15,
40).
0 and K serotypes. The presence of 075 antigen was

determined by agglutination with anti-075 antiserum. Pres-
ence of the K5 antigen was determined by K5-specific phage
(12).
Serum resistance. The bactericidal effect of human serum

was assessed according to the method of Olling et al. (34);
resistance signifies killing of less than 50% of the organisms,
intermediate signifies killing of 50 to 99%, and sensitive
signifies >99% killing.

Physiochemical surface properties. (i) Aqueous two-phase
partitioning. To assess surface charge and hydrophobicity,
the bacteria were partitioned at 4°C in an aqueous two-phase
system formed by dextran 500 T (6.2% wt/wt) and polyeth-
ylene glycol (PEG) 6000 (4.4% wt/wt) in a 0.03 M Tris buffer
(pH 7.3). The change of partition accompanying the addition
of positively charged bis-trimethylamino PEG or palmitoyl
PEG at 10 and 5% of total PEG concentration, respectively,
was used as a measure of surface charge and hydrophobicity
(21). Briefly, bacteria were labeled with 3,4,5-[3H]leucine
(NET-460; New England Nuclear Corp., Boston, Mass.) by
adding 25 ,Ci to 10 ml of tryptic soy broth. After being
washed three times, 0.1 ml of a bacterial suspension (about
5 x 108 cells per ml) was added to a phase system with 2 ml
of bottom phase (rich in dextran), 2 ml of top phase (rich in
PEG), and 0.2 ml of ligand PEG (bis-trimethylamino PEG or
palmitoyl PEG). After being mixed and separated (30 min),
0.5-ml samples were withdrawn for determination of bacteria
in the bottom and top phases and at the interface by using an
automatic scintillation counter (Rack-Beta; LKB Wallac,
Turku, Finland).

(ii) Hydrophobic interaction chromatography. The bacteria
were analyzed for surface hydrophobicity and charge by
using a modification of procedures described previously (21,
40). Hydrophobicity was tested by the binding of
[3H]leucine-labeled bacteria (0.2 ml; 5 x 108 cells per ml) to
octyl-Sepharose or Sepharose-CL-4B (Pharmacia, Uppsala,
Sweden) equilibrated with phosphate-buffered saline (PBS)
alone or PBS supplemented with 40% ethylene glycol (EG).
D-Mannose and D-galactose were added at 0.1 M, since it
was recently found that D-mannose partly prevents the
hydrophobic interaction of type 1-fimbriated E. coli (33). The
bacteria were suspended in the equilibration liquids.

Negative charge was assayed by the binding of the bacte-
ria (0.2 ml; 5 x 108 cells per ml) to DEAE-Sepharose-CL-6B
(Pharmacia) equilibrated with PBS. Bacteria were subse-
quently eluted with 2-ml portions of PBS, followed by PBS
with 0.5 or 1.0 M NaCl. In both assays, the gels were poured
into ordinary Pasteur pipettes. The tips of the pipettes were

filled with siliconized glass wool, onto which was placed a

nylon net (70-,um pores) and about 1 ml of each of the
different gels.

Interaction with PMNs. (i) Preparation of PMNs. Polymor-
phonuclear leukocytes (PMNs) were isolated from EDTA-
treated peripheral human blood by dextran sedimentation
and Hypaque-Ficoll gradient (Winthrop Laboratories, Div.
Sterling Drug Inc., New York, N.Y.) centrifugation (4).
After separation, the remaining erythrocytes were removed
by hypotonic lysis, and the PMNs were washed and sus-

pended in Krebs-Ringer phosphate buffer supplemented with
10 mM glucose (KRG) and 1% human serum albumin
(KABI, Stockholm, Sweden).

Phagocytosis was assayed by the fluorescence quenching
method to discriminate between extracellular and intracellu-
lar bacteria (32).

(ii) Fluorescein-isothiocyanate labeling. Fluorescein iso-
thiocyanate labeling was done in 1 ml of 0.2 M carbonate
buffer (pH 9.5) containing 109 bacteria and 1 mg of fluores-
cein isothiocyanate. The mixture was incubated at room
temperature (22°C) for 30 min and washed three times in PBS
(pH 7.2).

(iii) Adherence to PMNs. The PMN suspension (100 RI; 5 x
105 cells per ml) was added to one spot of multispot glass
slides (14 mm diameter; Dynatech Laboratories, Zurich,
Switzerland) and allowed to adhere for 15 min at 37°C in a
moist chamber. Nonadhering cells were removed by wash-
ing in warm (37°C) KRG, and then 100 RI of the fluorescein-
isothiocyanate-labeled bacteria (2 x 108) was added. After
30 min of incubation at 37°C, the glass slides were rinsed in
cold (4°C) KRG and immediately examined with an incident-
light fluorescence microscope with phase-contrast optics
(magnification, x 1,250; Carl Zeiss, Inc., Oberkochen, Fed-
eral Republic of Germany). The total number of bacteria that
adhered to 100 PMNs was determined.

(iv) Ingestion by PMNs. After the adherent bacteria had
been counted, 3 drops of crystal violet (0.6 mg/ml in 0.15 M
NaCl) were added to the spot for a few seconds. The
attached bacteria lost their fluorescence, whereas the in-
gested bacteria were not reached by the dye and remained
fluorescent.

Chemiluminescence. Chemiluminescence response was as-
sayed in a Lumacounter 2080 (Lumac AG, Zurich, Switzer-
land) in the presence of luminol (Sigma Chemical Co., St.
Louis, Mo.). The PMN suspension (0.1 ml; 5 x 105 cells), the
bacterial suspension (0.1 ml; 2 x 108), and luminol (0.1 ml; 1
mg/ml) were mixed at 37°C, and the chemiluminescence
response was recorded continuously.
Mouse strains. C3H/HeJ mice (original breeding stock;

Jackson Laboratory, Bar Harbor, Maine) and C3H/HeN
(original breeding stock; Charles River, United Kingdom,
Ltd., Margate, Kent, England) were bred and maintained at
the animal facilities, Department of Clinical Immunology,
Goteborg, Sweden. Female mice older than 6 weeks were
used and matched for age in each experiment.

Experimental infection. The mixed infection protocol was
presented in detail previously (14, 15). Briefly, derivatives of
E. coli GR-12 to be compared were mixed before injection.
The components of the mixtures were separated according
to differences in antibiotic resistance or lactose fermenta-
tion. After infection and sacrifice of the mice, the tissues
were plated on agar with the appropriate selection, and the
relative recovery of each inoculum component was deter-
mined in each mouse.

(i) Inoculum. The bacterial cell density was adjusted by
A597 to a concentration of 109 bacteria per ml by dilution in
PBS (300 mosmol/liter, pH 7.2). In the mixed-infection
experiments, equal numbers of bacteria from each strain (109
bacteria per ml) were mixed in the same inoculum. The
concentration of each strain in the E. coli HU997-HU973 and
HU997-HU998 mixtures was easily determined on lactose-
bromthymol blue agar plates, since E. coli HU973 and
HU998 fermented lactose and formed yellow colonies,
whereas E. coli HU997 remained blue. The concentration of
each strain in the E. coli HU973-HU972 and HU972-HU998
mixtures was determined by serial dilutions on TSA and
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TABLE 2. Hydrophobic interaction chromotography of the E.
coli derivatives

% Bacteria retained in gelb
Elution buffer and gela

075K5 0-K5 075K- 0-K-

PBS
Sepharose 3 6 4 6
Octyl-Sepharose 8 12 23 38

PBS + 0.1 M D-mannose
Sepharose 2 3 4 14
Octyl-Sepharose 2 8 21 39

PBS + 0.1 M D-galactose
Sepharose 3 4 4 2
Octyl-Sepharose 4 12 23 31

PBS + 40%o EGC
Sepharose 2 4 5 5
Octyl-Sepharose 4 5 8 21

PBS + EG + 0.1 M D-mannose
Sepharose 1 4 6 19
Octyl-Sepharose 3 4 13 22

PBS + EG + 0.1 M D-galactose
Sepharose 8 8 6 5
Octyl-Sepharose 5 5 9 19
a Sepharose, Sepharose CL4B.
b075K5, HU973; 0-K5, HU972; 075K-, HU997; 0-K-, HU998. The

values are given without standard error for clarity; the coefficient of variation
(+ standard error of the mean) between identical experiments was 2.2 ± 0.2%
(n = 9).

c Vol/vol.

TSA-rifampin plates. HU973 Rif' and HU998 Rif' were
quantitated as the number of colonies on the TSA-rifampin
plates, and HU972 was quantitated by subtraction of the
colonies on TSA-rifampin from those on TSA. Control
experiments with passage of HU973 Rifr or HU998 Rif on
antibiotic-free medium or in mice did not show segregation
of the antibiotic marker.

(ii) Infection procedure. The animals were anesthetized by
ether inhalation. The bladder was emptied by gentle com-
pression of the abdomen. Immediately thereafter, a soft
polyethylene catheter (outer diameter, 0.61 mm; Kebo
Grave, Goteborg, Sweden) adapted to a needle (0.4 by 20
mm gauge) on a 1-ml tuberculin syringe was transurethrally
inserted into the bladder. A 0.05-ml portion of the inoculum
was injected. The catheter was withdrawn immediately, and
no further manipulations were done. The ether anesthesia
lasted for about 30 s, after which time the mice were allowed
free access to food and water.

(iii) Bacterial recovery from tissues. After 24 h, animals
were sacrificed by cervical dislocation. Kidneys and blad-

TABLE 3. Ion-exchange chromatography of the
E. coli derivatives

% Bacteria' retained in gel'
Elution buffer

075K5 0-K5 075K- 0-K-

PBS 92 2c 98 ± 0 81 ± 1 97 ± 0
PBS with 0.5 M NaCl 22 1 42 ± 3 13 ± 1 47 ± 2
PBSwithl.OMNaCl 6±1 19±1 8±1 39±1

a See Table 2, footnote b.
b DEAE-Sepharose-CL-6B.C Data presented as average ± range of duplicate experiments.

ders were removed aseptically. The tissues were homoge-
nized in 5 ml of PBS in disposable plastic bags with a
Stomacher 80 homogenizer (Seward Medical UAC House,
London, England). Serial dilutions of the homogenate were
spread on appropriate agar plates. The bacterial recovery
was calculated as the logarithm of CFU in a 0.1-ml homog-
enate.

Statistics. The relative recovery from each animal of
strains I and II in the inoculum mixture was calculated as the
ratio of strain I to strain II. The recovery from a group of
mice was expressed as the geometric mean (i.e., the mean of
the logarithms of the CFU per 0.1 ml of tissue homogenate)
and mean ratio, with standard error factor.

RESULTS

Characteristics of the GR-12 derivatives. The adhesins,
serotype determinants, and serum resistance of the GR-12
derivatives are shown in Table 1. Removal of adhesins did
not affect the 0 or K serotype. The 0-, K-, or 0-K-
variants retained the ability to produce the adhesins of the
wild-type parent. Manipulation of the adhesins did not affect
the resistance to serum killing. In contrast, loss of the 075
antigen was associated with conversion to serum sensitivity.
Thus, the 0-K5 and the 0-K- derivatives were sensitive to
killing in serum (Table 1). Loss of the K5 antigen alone did
not affect serum sensitivity.
Both LPS and capsular polysaccharide influenced the

surface charge and hydrophobicity of the GR-12 derivatives
(Tables 2 to 4). The affinity for the hydrophobic octyl-
Sepharose gel was low for the 075K5 parent and 0-K5
recombinant, but higher for the 075K- mutant (Table 2).
The derivative deficient in both 075 and K5 antigens (0-K-)
was most hydrophobic, with 38% retained in the gel. When
the surface tension of the suspending medium and the
hydrophobic attraction between the bacteria and the column
were reduced by the addition of 40% EG, the numbers of
075K5, 0-K5, and 075K- in the column were reduced to
background values, whereas the 0-K- derivate remained
associated (21%) with the gel. The K5 antigen appeared to
contribute more than did the 075 antigen to the overall
hydrophilic character, since the 075K- was more hydropho-
bic than the 0-K5 or 075K5 parent (Table 2). Little effect
was obtained with either 0.1 M D-galactose or D-mannose,
and the binding to unsubstituted Sepharose was similar for
all bacteria.
The 0-K- and 0-K5 mutants were the most negatively

charged, as shown by the lower elution with the high-salt

TABLE 4. Partitioning of E. coli derivatives in aqueous two-
phase systems

Bacteriaa Partition (%) ± rangeb Change of partition
Top phase Bottom phase Interface PEG-TMA PEG-P

075K5 7 1 87 6 6 ± 5 +28 +1
0-K5 5±0 76±2 19±2 +22 -15
075K- 25±2 25±4 50±2 +11 +3
0-K- 3 0 50 8 47 ± 7 +47 +17

a See Table 2, footnote b.
b PEG and dextran. Duplicate experiments; coefficient of variation +

standard error of the mean, 4.2 ± 0.7% (n = 33).
c PEG-TMA, bis-trimethylamino PEG; PEG-P, palmitoyl PEG. The per-

cent change equals the sum of the two differences i and ii. (i) The percent
bacteria in the top phase after addition of the ligand PEG minus the percent
bacteria in the top phase before addition of the ligand PEG. (ii) The percent
bacteria in the bottom phase before addition of the ligand PEG minus the
percent bacteria in the bottom phase after addition of the ligand PEG.
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FIG. 2. Association with and ingestion by human PMNs of E.

coli derivatives differing in O and K antigen.

buffer from DEAE-Sepharose compared with that for the
O75K5 and 075K- strains (Table 3). This probably indicates
that the K5 antigen added negatively charged groups to the
cell envelope, but that deeper structures, such as were
exposed in the O-K- mutant, contributed as well. Parallel
results were obtained with positively charged bis-
trimethylamino PEG in two-phase partitioning (Table 4). The
change of partition was +47%o for the O-K- mutant and +28
and 22%, respectively, for the O75K5 and 0-K5 strains. The
effect of palmitoyl PEG on the partition of bacteria in the
dextran-PEG system confirmed that the O-K- strain was
most hydrophobic (change of partition, 17%) (Table 4).

Interaction with PMNs. The interaction of the E. coli
strains with PMNs was investigated in two ways: by the
association and ingestion of each strain (Fig. 2) and by the
activation (evocation) of a chemiluminescence response
(Fig. 3). The O-K- strain both bound to and was engulfed to
the greatest extent by the PMNs, whereas there was little
difference between the other strains. On a relative basis, the
associations were 100, 2, 7, and 21% for the O-K-, 075K-,
O-K5, and O75K5 strains, respectively. For the same bac-
teria, the percentages of engulfed bacteria were 61, 13, 21,
and 25%, respectively. The average values for repeated
experiments are shown in Table 5. Evidently, the K5 capsule
strongly prevented association to and, to a lesser extent,
ingestion by the PMNs.
The chemiluminescence response was more complex

since it varied in intensity (maximum value), kinetics (time
before maximum value), and total activity (time-response

075/K-

c

E

075/K~ufw 5 0O-/K5
E

0 60 120 180

Time (min)

FIG. 3. Chemiluminescence response to E. coli derivatives dif-
fering in 0 and K antigens.

integral) among the strains. The O-K- strain caused the
most intense, rapid, and large response (Fig. 3). On a relative
basis, the peak values and integrals were 100 and 100, 57 and
98, 23 and 33, and 21 and 19% for the O-K-, 075K-, O-K5,
and 075K5 strains, respectively (Fig. 3). It thus appears that
the capsular antigen (K5) reduced the chemiluminescence to
a greater extent than did the LPS (075).

In previous experiments, variants with MS adhesins
bound to the PMN and activated a chemiluminescence
response. The mutant with Galao-*4Gal$-binding adhesins
only did not activate such a response. This was attributed to
the lack of Ga1o1->4GalPI receptors in human PMNs (40).

Persistence in the mouse urinary tract. The effect of
changes in 0 antigen or capsule on bacterial persistence in
the mouse urinary tract was studied in two ways: (i) the
mutant lacking the trait of interest was compared with the
parental strain retaining this trait, and (ii) the mutant lacking
both 0 and K antigens was compared with the derivatives
with either 0 or K. The effect of changes in adhesins was
examined by comparison of the GSMS parental strain with
the GS- or-MS mutants or of the GS- and-MS mutants
with each other. Each comparison was made by mixed
infections and in parallel in C3H/HeJ and C3H/HeN mice.
The results of the infection with the 0 and K antigen

mutants in the mice are shown in Table 6. The total recov-
eries from C3H/HeN mice ranged from 2 to 331 colonies,
regardless of the virulence of the infecting strain. Within this
range, differences were found. Both the 075 and K5 antigens
contributed significantly to bacterial survival. The 075 de-

TABLE 5. Interaction with PMNs of E. coli derivatives

**b * b Chemiluminescenceb
Bacteriaa Association Ingestion' peak value(% ± SEM) (% ± SEM) (% ± SEM)

075K5 5 ± 2 1 ± 0 13 ± 6
0-K5 8 ± 2 22 ± 8 3 ± 0
075K- 5 ± 0.3 8 ± 4 21 ± 8
0-K- 100 ± 18 25 ± 8 100 ± 12

a See Table 2, footnote b.
b Relative values. Values shown are means of three experiments with

different preparations of PMNs and bacteria.
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TABLE 6. Infectivity of E. coli polysaccharide derivatives in the urinary tracts of C3H/HeN and C3H/HeJ mice

Bacterial recoveryb from:
Inoculum Mouse Kidneys Bladders

mixture ]/IIa strain
Geometric Ratio of I to II Geometric Ratio of I to II
mean (SEF) mean (SEF)

075K5/0-K5 C3H/HeN 37/3.4 11.0 (1.85) 4.1/1.7 2.41 (2.18)
C3H/HeJ 3,160/3,470 0.99 (1.41) 191/8.3 23.0 (1.62)

075K5/075K- C3H/HeN 245/53.7 4.56 (2.16) 25/3.6 6.9 (2.21)
C3H/HeJ 9,550/20,900 0.46 (1.37) 67.6/72.4 0.93 (1.53)

075K-/O-K- C3H/HeN 331/2.0 165 (1.71) 132/8.9 14.8 (2.75)
C3H/HeJ 20,400/2,690 7.58 (1.47) 339/2.57 132 (1.87)

O-K5/0-K- C3H/HeN 158/5.4 29.3 (2.00) 3020/14 216 (3.55)
C3H/HeJ 28,200/1,620 17.4 (1.40) 52.5/8.71 6.03 (1.48)

a See Table 2, footnote b.
b Mean of two experiments, 10 mice per group. Geometric mean is the mean of the logarithms of the CFU/0.1 ml of tissue homogenate. Values shown are

antilogs. SEF, Standard error factor.

rivative had an 11-fold advantage in the kidneys over the
0-K5, and the 075K- had about a 160-fold advantage over
the 0-K- derivative. Deletion of the K5 antigen had a lesser
effect (about 5-fold increase of 075K5 over 075K- and a
29-fold advantage of 0-K5 over 0-K-). The results were
parallel for kidneys and bladders, except for the 0-K5
strain, which had a 200-fold advantage over the 0-K-
derivatives in the bladders.
The results from the C3H/HeJ mice differed from those

from the C3H/HeN mice (Table 6). Regardless of which
derivative was used for infection, the level of bacterial
recovery was 100- to 1,000-fold greater in C3H/HeJ mice
than in C3H/HeN mice. Deletion of the 075 or K5 antigens
did not significantly affect the persistence in the kidneys of
C3H/HeJ mice (ratio, about 1.0 for 075K5 over 0-K5 and
0.5 for 075K5 over 075K-). Compared with the O-K-
mutant, 075K- or O-K5 had a small but significant advan-
tage (ratio, about 8 for 075K- over O-K- and about 17 for
O-K5 over O-K-) (Table 6). In the bladders of the C3H/HeJ
mice, the 075 antigen gave a significant advantage.
The adhesins contributed to the same extent to bacterial

persistence in both kidneys and bladders in C3H/HeJ and
C3H/HeN mice (Table 7). The GSMS derivative had an

advantage over the GS- and -MS derivatives in kidneys
and bladders. The GS- derivative persisted in higher num-

bt:rs than did the -MS derivative in the kidneys; the -MS

derivative persisted significantly better than did the GS-
derivative in the bladders. In the bladders of C3H/HeN
mice, the GSMS parent had a greater advantage over the
GS- derivative than in C3H/HeJ mice.

DISCUSSION
The relative contributions of host resistance and bacterial

virulence were analyzed in a mouse model of ascending UTI.
This approach was made possible by two lines of work: (i)
the development of a series of mutants of a wild-type
pyelonephritis strain, differing in virulence factors, and (ii)
the identification of a mouse strain susceptible to infection.
The results demonstrated a major influence of host resist-
ance on the persistence of E. coli in the mouse urinary tract
regardless of the virulence of the infecting strain. Adherence
contributed significantly to bacterial persistence in both
resistant and susceptible mice; 0 and K antigens were more
important in the resistant hosts than in the susceptible hosts.
Some of the bacterial mutants were isolated after treat-

ment with a potent mutagen. Nitrosoguanidine is well known
for its propensity to elicit secondary auxotrophic and tem-
perature-sensitive mutations within 2 min of the selected
site; estimations of the frequency of secondary mutant
phenotypes range from 1 to 8% (1, 36). Nitrosoguanidine was
selected for use only after several unsuccessful attempts
with milder mutagenic agents. Direct enrichment by hemad-

TABLE 7. Infectivity of E. coli adhesin mutants in the urinary tracts of C3H/HeN and C3H/HeJ mice
Bacterial recoveryb from:

Inoculum Mouse Kidneys Bladders
mixture I/Ila strain

Geometric Ratio of I Geometric Ratio of I to II
mean to II (SEF) mean (SEF)

GSMS/-MS C3H/HeN 240/13.8 17.4 (2.23) 282/93.3 3.02 (2.50)
C3H/HeJ 33,900/2,750 12.3 (1.69) 490/178 2.75 (2.24)

GS-/-MS C3H/HeN 166/16.2 10.2 (1.93) 9.55/51.3 0.19 (1.97)
C3H/HeJ 17,400/3,470 5.01 (1.58) 13.0/158 0.08 (2.69)

GSMS/GS- C3H/HeN 417/6.46 64.6 (2.45) 53,700/8.71 6,170 (2.58)
C3H/HeJ 19,500/457 42.7 (1.97) 158/15.5 10.2 (1.69)

a GSMS, HU734; GS-, HU824; -MS, HU742.
b Mean of two experiments. 10 mice per group. Geometric mean is the mean of the logarithms of the CFU/0.1 ml of tissue homogenate. Values shown are

antilogs. SEF, Standard error factor.
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sorption of nonadherent mutants was not possible because of
the presence of nonadherent-phase variants in the popula-
tion. Furthermore, the HU734 line was refractory to in vitro
insertion mutagenesis. The quality of the mutants was con-
trolled. HU742 and HU824 have no additional auxotrophic
or temperature-sensitive mutations, and several definable
virulence determinants were unaltered. The growth rates of
HU734, HU742, and HU824 in urine did not differ. To
address the concern that there may be two different second-
ary mutant alleles, one near the MS adherence gene in
HU824 and one near the GS adherence gene(s) in HU742,
affecting hitherto unknown genes associated with in vivo
survival, a genetically distinct set of strains was constructed.
A smooth, nonadherent fecal E. coli strain was transformed
with recombinant plasmids carrying genes encoding the GS,
MS, or GSMS adhesins. When these strains were tested for
colonizing potential, results paralleled those obtained with
the mutants (15, 18).

Other surface antigens were altered without chemical
mutagenesis. The loss of the K5 antigen from HU734 and
HU972 occurred through spontaneous events selected by
resistance to bacteriophage K5 (12). Spontaneous mutations
are predominantly point mutations with a minority (3%) of
small deletions (36). The deletions of 075 antigen were
transferred with an 0- E. coli K-12 donor. Such interclonal
matings are inefficient. Even though the selected gene, his, is
very near the Hfr origin (2 min), no his' recombinants were
detected until 45 min after mixing of the donor and recipient.
Thus, the matings resulted in the transfer of only a small
region of the chromosome. Both 075- and 075+ strains used
in this study were his' recombinants obtained from the same
mating and they presumably differed only at the rfb locus, at
genes tightly linked with rib, and at those between rib and
the Hfr origin. Genes in this region in E. coli K-12 potentially
associated with virulence includeflu (expression of piliation)
and non (expression of M antigen or colonic acid) (11, 35).
However, the Hfr donor used is presumed to carry wild-type
alleles at these loci, and the recombinants used in this study
were capable of both fimbriae and capsule expression.
Although it cannot be rigorously excluded that one recom-
binant and not the other inherited an unknown gene affecting
bacterial survival in vivo, we believe that such an event is
unlikely.
The construction of isogenic sets of bacteria allowed us to

measure the effects of the 0 and K antigens and adhesins on
the physiochemical surface properties of E. coli. Previously,
the contribution of individual bacterial components to
charge and hydrophobicity was implied from comparisons of
wild-type strains differing in multiple characteristics (33, 37).
The O-K- mutant was most hydrophobic as measured
either by octyl-Sepharose chromatography or two-phase
partitioning with palmitoyl PEG. The 075K- variant was
less hydrophobic, and the O-K5 and 075K5 strains had the
lowest hydrophobic interaction. The high negative charge of
the O-K- derivative may at first seem contradictory, since it
lacked acidic capsular material. It has previously been
shown that deep rough (rfe) mutants of Salmonella
typhimurium and Salmonella minnesota are hydrophobic
and negatively charged (21). This was explained by the
exposure of negatively charged ketodeoxyoctanate and
phosphate groups.
The charge and hydrophobicity correlated directly with

the interaction of phagocytes, as measured by attachment,
membrane irritation, and ingestion. The most hydrophobic
and most negatively charged mutant O-K- gave maximal
responses, and the 075K- mutant produced the second

highest signal in both assays. The stimulation of oxidative
metabolism by the 075K- mutant, as evidenced by chemi-
luminescence production (2, 10), is remarkable because the
association with and uptake in the PMNs was small. This
clearly indicates that further studies must be done to eluci-
date the role of other bacterial surface structures as passive
amplifiers or attenuators of chemiluminescence. Certain
stimuli, e.g., formyl-methionyl-leucyl-phenylalanine (6),
generated a two-peak response with one extracellular and
one intracellular event. The 075K- strain generated only a
delayed second peak (6, 10). The discrepancy between the
induction of chemiluminescence and the induction of uptake
and killing has been emphasized previously (32). In this
study, ingestion by phagocytes was reduced by the presence
of both the 075 and the K5 antigens.
The effect of specific adhesins on chemiluminescence

dominated over charge and hydrophobicity (40). The MS
adhesins overcame the hydrophilicity of the wild-type strain
by binding to mannose-containing receptors on the
phagocytes. The mutant expressing adhesins specific for
Galal-+4Galp-containing receptors bound to and activated
the PMNs poorly, because these receptors were not avail-
able on the phagocytes.
The mouse infection model was designed to analyze

determinants of the initial stages of host-parasite interaction
in the urinary tract. The endpoint measured was bacterial
survival in kidneys and bladders at 24 h after infection.
Although the localization of bacteria at that time has been
difficult to assess by histologic techniques, we assume that
bacteria are primarily colonizing the mucosal surfaces, with
invasion as a rare event (17). The pronounced difference in
bacterial numbers between C3H/HeJ and C3H/HeN as early
as 24 h after infection suggested that C3H/HeJ mice are
deficient in host factors controlling the initial clearance of
bacteria. The effectors of host resistance were sought among
cells known to exhibit deficient reactivities with LPS, e.g.,
lymphocytes, macrophages, and fibroblasts. C3H/HeJ mice
were shown to have a defective recruitment of PMNs into
the urinary tract during the first days after experimental
infection (R. Shahin, I. Engberg, L. Hagberg, and C.
Svanborg-Eden, J. Immunol., in press).
Comparisons of the relative bacterial persistence in the

C3H/HeJ and C3H/HeN mice revealed differences in two
types. (i) Regardless of the E. coli derivative used, the
number of bacteria recovered 24 h after infection was about
1,000-fold higher in the kidneys of C3H/HeJ than in those of
C3H/HeN mice. (ii) The relative recoveries of mutants
deficient in 0 or K antigen differed between the mouse
strains, but manipulation of adhesive characteristics gave
largely parallel results. The difference was inversely related
to the interaction with phagocytes in vitro. In the C3H/HeN
mice, the loss of either the 075 or the K5 antigen or both in
combination resulted in a disadvantage for the bacteria both
in kidneys and bladders compared with the parent strain, and
in vitro phagocytosis was increased for these mutants. Thus,
the bacterial persistence in vivo in C3H/HeN correlated with
the susceptibility to phagocytosis in vitro. In the C3H/HeJ
mice, loss of neither the 075 nor the K5 antigen had a
significant effect on bacterial persistence in the kidneys. The
0-K- mutant, however, was at a disadvantage. Taken
together, these results support a defect in phagocyte-
mediated clearance in the kidneys of C3H/HeJ mice and a
role for LPS as the inductory signal for the normal inflam-
matory response in C3H/HeN mice. The consequence of
deficient recruitment of inflammatory cells in C3H/HeJ mice
appeared to be enhanced persistence not only of the 075K5
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mutant, but also of the 075K- and 0-K5 mutants which
normally would be cleared by the inflammatory response.
Changes of the 0 and K antigens have been shown to alter

bacterial virulence in several animal models (27, 30). The
mechanisms previously suggested to be involved are lysis by
antibody-dependent and independent mechanisms and in-
creased susceptibility to phagocytosis caused by changes in
charge and hydrophobicity. Numerous studies have at-
tempted to analyze the influence of 0 or K antigens on the
sensitivity to the bactericidal effect of serum (extensively
reviewed in reference 44). E. coli with incomplete 0 anti-
gens, rough, was susceptible to killing in serum. It was
suggested that the 0 antigen shields the cell membrane
against complement factors, although the LPS core was
suggested as the actual target for the bactericidal compo-
nents of serum. The present study clearly demonstrates that
removal of the 075 antigen is sufficient to render the E. coli
strain susceptible to killing in serum, independent of the K
antigen. Adhesins had no significant influence.
The epidemiologic basis for the definition of virulence in

E. coli causing UTI has been differences in the severity of
infection in resistant hosts, i.e., children without known
defects of the urine flow (39, 42). In contrast, patients
inherently susceptible to UTI, i.e., those with reflux and
renal scarring, were infected with E. coli strains not express-
ing these virulence traits (24). This suggested a pronounced
effect of host resistance on the selection of bacteria able to
cause acute pyelonephritis and is consistent with the present
study in which C3H/HeJ mice were more susceptible to
infection than were C3H/HeN mice and permitted the per-
sistence of bacteria of lower virulence. The role of LPS-
induced effector mechanisms in patients with UTI remains to
be explored.
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