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Adherence via P fimbriae is associated with long-term persistence of Escherichia coli in the human large
intestine, but a causal relationship has not been proven. In the present study, germfree rats were colonized with
a mixture of two isogenic E. coli strains, one P fimbriated and the other type 1 fimbriated. Both types of
fimbriae conferred adherence to rat colonic epithelial cells. With two mutant strains from a pyelonephritogenic
isolate of serotype O75:K5:H™, the P-fimbriated strain 824 attained much higher numbers than its type
1-fimbriated counterpart when colonized in vivo for 2 weeks (10" versus 10° bacteria per g, respectively; P <
0.0001). The expression of P fimbriae by 824 was also retained during colonization. With transformant isogenic
strains obtained from a normal fecal isolate incapable of phase variation, no benefit of P fimbriae was seen and
most bacteria lost their plasmids during in vivo colonization. When the pyelonephritogenic mutant and fecal
transformant strains were combined, the former colonized at high levels while the latter were suppressed. In
contrast, no suppression was seen when the transformant E. coli strains colonized in combination with
Lactobacillus acidophilus or Peptostreptococcus sp. The results indicate that P fimbriae, but also other bacterial
traits linked to uropathogenicity, could play an important role for persistence in the gut normal microbiota.
Neither P nor type 1 fimbriae seemed to contribute to the ability to translocate to the mesenteric lymph nodes.

In each individual, the colonic Escherichia coli population at
any time consists of a limited number of strains, which can be
identified by serotyping or other means. Some strains may
persist over a long period of time (resident strains), whereas
others are rapidly replaced (transient strains) (20-22). The role
of bacterial adherence in the colonization of the colonic mi-
crobiota by E. coli has not yet been established. Human colonic
epithelial cells express receptors for type 1 fimbriae (7, 31) and
P fimbriae (31). In epidemiological studies, P fimbriae medi-
ating the adherence to Gala1—4GalB-containing receptors are
more commonly expressed by resident than by transient co-
lonic E. coli (26, 30). However, E. coli appears as stable clones
exchanging very little genetic information with each other (6).
Since each clone carries a number of virulence traits, such as
particular O and K antigens, fimbriae mediating adherence,
etc., epidemiological studies are unsuitable for pinpointing the
roles of individual virulence traits for colonization. Experimen-
tal studies with isogenic strains that differ only in one trait, e.g.,
adhesin expression, are therefore needed to establish the role
of adherence for colonization.

Translocation denotes the passage of viable bacteria from
the gut to mesenteric lymph nodes (MLN) or other organs.
This may be an important step in the development of bacte-
remia in debilitated patients (23, 25) and in newborn infants
(19). Bacterial adherence to gut epithelial cells may play a role
in this process. Thus, in neonatal septicemia caused by E. coli,
strains expressing S and P fimbriae are increased in frequency
compared with normal fecal strains (17, 27).

In this study, a gnotobiotic rat model for studying the con-
tribution of isolated bacterial traits, e.g., adhesin expression,
for intestinal colonization and translocation is described. Ster-
ile rats were colonized with either of two pairs of isogenic
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strains differing only in adhesin expression. By measuring the
ratio of the two isogenic strains in the gut contents, in gut
mucosa, and in homogenates of MLN, the importance of type
1 and P fimbriae for intestinal colonization and translocation
could be determined. One isogenic pair consisted of transfor-
mant strains from a nonpathogenic fecal isolate; the other pair
consisted of mutants from the virulent pyelonephritogenic iso-
late GR-12.

MATERIALS AND METHODS

Rats. Male and female rats of the AGUS strain were 3 to 8 months of age
when used in the experiments. They were reared germfree in stainless-steel
isolators and checked weekly for sterility by culturing animal feces and isolator
interiors for bacteria and yeasts and by checking the feces for protozoans by
microscopy. Virus checks were performed at regular intervals throughout the
year (10). After colonization, the animals were kept within the isolators for the
whole course of the experiment.

Bacteria and substrates. Table 1 shows some characteristics of the bacterial
strains used for colonization. The E. coli 506 transformant family was derived
from a nonfimbriated human fecal isolate of the serotype 019,22:K1:H™ (13).
Strain 506 MS had been transformed with the vector pACYC184 containing the
pil gene, encoding type 1 fimbriae with mannose-specific adhesins, inserted into
the tetracycline resistance site. Strain 506 MR instead carried the vector with the
pap gene, encoding P fimbriae with Gala1—4GalB-specific adhesins, inserted
into the chloramphenicol resistance site of the vector. The transformant strains
constitutively express their respective adhesins as long as the plasmid, which also
confers antibiotic resistance, is retained.

The second pair of isogenic E. coli transformants was derived from a lactose-
negative mutant of the wild-type E. coli GR-12. E. coli GR-12 originated from a
patient with acute pyelonephritis, expresses type 1 and P fimbriae, and has the
serotype O75:K5:H™ (24). From a spontaneously lactose-negative mutant of
this strain, two isogenic strains differing in adhesin expression were obtained
after N-methyl-N'-nitro-N-nitrosoguanidine treatment (1). HU742 expresses
mannose-specific adhesins and type 1 fimbriae, whereas HUS824 expresses
Galal—4GalB and P fimbriae. These GR-12 derived mutants are identical to the
parent strain with regard to the following characteristics: the O:K:H serotype,
the electrophoretic mobility of 13 chromosomally encoded enzymes, the carrying
of three plasmid bands of the same size, the resistance to the bactericidal effect
of serum, the lack of capacity to hemolyze horse erythrocytes, and the biotype as
assayed by the Api 20E pattern (24). The GR-12-derived strains can modulate
their adhesin expression by phase variation; i.e., they can turn on or off the
expression of fimbriae depending on environmental conditions (8, 18).

Strain 742 expressed resistance to ampicillin (32 wg/ml), whereas strain 824 did
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TABLE 1. Bacterial strains and culture conditions used in this study

Family and bacterial strain Serotype Adhesin specificity Metabolism Differential substrate Time (h) Reference(s)

506 transformants

E. coli 506 MS 019,22:K1:H” Mannose Facultative TSA-chloramphenicol 24 13

E. coli 506 MR 019,22:K1:H™ Galal—4Galp Facultative TSA-tetracycline 24 13
GR-12-derived mutants

E. coli 742 O75:K5:H™ Mannose Facultative TSA-ampicillin“ 24 24

E. coli 824 O75:KS:H™ Gala1—4Galp Facultative TSA

TSA-gentamicin® 24 24

Wild types

L. acidophilus A10 Facultative® MRS“ 48

Peptostreptococcus sp. strain N Obligate anaerobe Blood agar-nalidixic acid 72 11, 12

“ Before colonization, the strain was passaged three times in static Luria broth with CaCl, to increase type 1 fimbrial expression.

b Used in colonization group E. For details, see Materials and Methods.
¢ Grows better under anaerobic conditions.
4 MRS, de Man-Rugosa-Sharp agar.

not, permitting their differentiation on ampicillin-containing agar. To be able to
further differentiate between the strains in a combined colonization with the 506
family (group E; see below), we selected for antibiotic resistance to gentamicin
in 824 (the strain had shown intermediate resistance to this antibiotic). The
procedure was done with gradient doses of gentamicin in agar plates. In this way,
824 achieved resistance to gentamicin (10 pg/ml) and this resistant strain was
called 824R. All E. coli strains were cultivated aerobically at 37°C on tryptic soy
agar (TSA) containing the proper antibiotic (Table 1). Before colonization, the
expression of type-1 fimbriae in bacteria of strain 742 was increased by three
passages in Luria-Bertani broth with 0.1% CaCl,.

Lactobacillus acidophilus A10 (kindly provided by the Norwegian Dairies As-
sociation, Oslo, Norway) was grown anaerobically at 37°C for 48 h on de Man-
Rogosa-Sharpe agar (Oxoid, Basingstoke, England).

A Peptostreptococcus strain designated Peptostreptococcus sp. strain N CCUG
no. 32127 (Culture Collection University of Goteborg) was isolated from normal
rat microbiota (12). This strain is capable of degrading mucin from the rat
intestine (11). It was cultivated anaerobically at 37°C for 48 to 72 h on blood agar
plates (5% human blood) with 12 pg of nalidixic acid per ml, which inhibited the
growth of the E. coli strains used.

Electromorphic typing. The electromorphic types of 742 and 824 have been
determined to be identical (24). This method was also applied to 824R. The
purpose of this test is to determine genetic variations of the same enzyme. The
enzymes are separated by electrophoresis. Different migration patterns are ob-
tained if amino acid substitutions have taken place. If the strains have the same
electrophoretic mobility for all the enzymes studied they are said to have the
same electromorphic type (5). The enzymes studied were adenylate kinase,
phosphoglucose isomerase, glucose-6-phosphate dehydrogenase, 6-phosphoglu-
conate dehydrogenase, mannose-6-phosphate isomerase, malate dehydrogenase,
leucyl-glycyl-glycine peptidase, and phenylalanyl-leucine peptidase (Sigma, St.
Louis, Mo.).

Growth curves. Growth curves for all GR-12-derived E. coli strains used in the
experiments were obtained. Bacteria were grown on TSA plates. A loopful of
each bacterium was cultivated on nutrient broth. After 1 to 2 h, the bacterial
suspension was homogenized and 5 ml of each suspension was distributed into
three tubes, which were cultivated aerobically at 37°C with shaking. The optical
density was measured every 15 to 20 min up to about 11 h, and an average was
calculated for the three tubes. Growth curves were plotted, and regression lines
were calculated with linear regression for each strain.

In vitro adherence to epithelial cells isolated from rat intestine. The in vitro
adherence of E. coli 506 MR, 506 MS, 742, and 824 to rat intestinal epithelial
cells was tested by a procedure previously used for human colonic epithelial cells
(31). A fecal normal E. coli strain of serotype O25 expressing neither type 1, P,
nor S fimbriae was used as a negative control. Pieces of cecum and small and
large intestine were obtained from conventional AGUS rats and were turned
inside-out and rinsed free of intestinal contents. A piece of intestine was added
to a suspension of bacteria (bacterial concentration, 10%/ml), in Weiser B solu-
tion (29), with 1.5 mM dithiothreitol (Sigma). The tubes were incubated at 4°C
with end-over-end rotation for 1 h. The piece of remaining intestine was re-
moved, and detached cells were washed two to three times with cold phosphate-
buffered saline (PBS) and fixed with neutral buffered formaline (Histofix; His-
tolab Products AB, Vistra Frolunda, Sweden). Adhering bacteria were observed
by interference-contrast microscopy (Nikon UFX-II Optiphot; magnification,
500x). The viabilities of the bacteria were shown not to be affected by exposure
to Weiser B solution (data not shown).

Bacterial colonization. Altogether, five groups of rats were used. Groups A, B,
and C were colonized with a mixture of 506 MS and 506 MR with or without the
addition of L. acidophilus and Peptrostreptococcus spp. (Table 2). Group D was

colonized with the GR-12-derived mutant strains 742 and 824, and group E was
colonized with a mixture of the 506 transformant strains (506 MS and 506 MR)
and the GR-12-derived mutant strains, 742 and 824R, the latter one selected for
resistance to gentamicin.

The bacteria were grown overnight on the proper substrates, harvested, and
adjusted to a bacterial density of approximately 10°/ml by optical density mea-
surement. A mixture of the different bacteria was prepared, aiming at equal
concentrations of the strains and at a total bacterial concentration of 10° to
10°/ml. The bacterial suspensions were poured into 10- to 20-ml glass ampoules,
which were sterilized on the outside with chromosulfuric acid and transferred
into the germfree isolators. One milliliter of the bacterial suspension was given
by gastric intubation to each rat. The actual bacterial concentration in the
suspension given to the rats was determined by viable counts performed on plates
containing the appropriate antibiotics (Table 2).

Determination of bacterial counts in intestinal contents and in association
with the gut wall. After different periods of time, the rats were anesthetized with
ether and exsanguinated by heart puncture. In group A, two rats were sacrificed
after 6 h and two rats each were sacrificed on days 1, 2, 3, and 14 (Table 2). In
groups B, C, D, and E, all rats were sacrificed between days 11 and 15.

Samples of the gut contents from the cecum and large intestine were obtained
with a calibrated loop. Serial dilutions in sterile saline were performed and
distributed on bacterial plates appropriate for each bacterial strain or species.
The plates were incubated under optimal conditions for each strain (Table 1),

TABLE 2. Profile of experimental groups

No. of No. of
Group Bacterium bacteria Day§ of rats
fven sacrifice sacrificed
& each day
A E. coli 506 MS 2.7 X 107 025, 1,2, 2,22,
3,14 2,2
E. coli 506 MR 2.4 % 107
B E. coli 506 MS 9.2 X 107 14, 15 2,2
E. coli 506 MR 4.0 X 107
L. acidophilus 5.9 X 107
C E. coli 506 MS 1.6 X 108 14,15 2,2
E. coli 506 MR 1.4 x 108
L. acidophilus 6.0 X 107
Peptostreptococcus sp. 1.0 X 107
D E. coli 742 31X 108 11,12 3,3
E. coli 824 5.6 X 108
E E. coli 742 6.8 X 10% 13,14 1,2
E. coli 824R 7.4 X 108
E. coli 506 MS 3.2 % 10°
E. coli 506 MR 5.6 X 108

“ Approximate number determined from gradient dilutions (1:10) in tubes.
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FIG. 1. Growth curves of the mutant strains obtained after cultivation on
shaking broth cultures. The optical densities were determined at 597 nm.

and the numbers of colonies were counted and expressed as colony-forming units
per gram of gut contents.

To assess the composition of the bacterial population closely associated with
the gut wall, pieces of intestinal wall were excised, rinsed, and homogenized. The
homogenate was diluted and cultivated on agar plates as described above. The
ratio between the bacterial strains in this fraction was calculated and compared
with the ratio from the lumenal contents.

Quantification of bacterial translocation. The MLN were aseptically removed
and homogenized in sterile saline. Viable counts were performed on the ade-
quate media, as described above.

Hemagglutination patterns. The hemagglutination patterns for the E. coli
isolates were determined to confirm their adhesin specificities, both on cultures
performed from the original mixture given to the rats and on colonies recovered
from viable counts performed on gut contents after colonization. The following
erythrocyte suspensions (3%, vol/vol) were made: human erythrocytes in PBS,
human erythrocytes in 2.5% methyl-a-D-mannoside in PBS, guinea pig erythro-
cytes in PBS, and guinea pig erythrocytes in 2.5% methyl-a-pD-mannoside in PBS.
A drop of each of these suspensions was mixed on a microscope slide with a
loopful of bacteria from the colony selected. Hemagglutination was read by the
naked eye after gentle tilting of the slide for 1 to 3 min. Agglutination of guinea
pig erythrocytes in the absence, but not in the presence, of methyl-o-D-manno-
side was defined as a mannose-sensitive hemagglutination (MSHA), while ag-
glutination of human erythrocytes both in the presence and in the absence of
mannose was defined as mannose-resistant hemagglutination (MRHA). Bacteria
that did not agglutinate either of the erythrocyte species used were denoted as
hemagglutination negative.

Statistical analyses. Differences in bacterial numbers were evaluated by Stu-
dent’s ¢ test on the base-10 logarithm of bacterial concentration values. Trans-
location data were analyzed by Mann-Whitney’s nonparametric test.

RESULTS

Strain characteristics. 824R showed the same pattern by
electromorphic typing as did 742 and 824. The mutant strains
also showed similar growth curves (Fig. 1).

In vitro adherence of E. coli with different adhesin expres-
sion to rat intestinal epithelial cells. The capacities of the E.
coli strains to adhere to the mucosa were assessed with epithe-
lial cells isolated from the small intestine, cecum, and large
intestine. Both the type 1-fimbriated strains, 506 MS and 742,
and the P-fimbriated strains, 506 MR and 824, adhered to
intestinal epithelial cells, whereas the hemagglutination-nega-
tive strain E. coli O25 did not adhere (Fig. 2). As with human
colonic cells, we observed that adherence occurred not only
directly to the cell surface but also to material loosely associ-
ated with it (not shown).

Colonization with the 506 transformant strains. To establish
when the intestinal microbiota reached a steady level, the rats
in group A were colonized with a mixture of 506 MS and 506
MR and sacrificed after 6 h or on day 1, 2, 3, or 14. As shown
in Fig. 3, the E. coli strains rapidly established a level of
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approximately 10° bacteria per g of gut content and remained
stable at this density during 14 days of colonization. However,
a majority of the bacteria lost their plasmids with time; the
number of bacteria retaining the 506 MS antibiotic resistance
pattern was 1 log unit lower than that of E. coli growing on
TSA plates. The number of bacteria retaining the 506 MR
resistance pattern was even lower (by approximately 2 log
units) than the total E. coli level.

To see whether the addition of another bacterial species
would affect the E. coli population density, the rats in group B
were colonized with the two bacteria from group A plus L.
acidophilus. Although the Lactobacillus strain colonized to a
level of 10° bacteria per g of cecal content, the total level of E.
coli was not reduced and the relationship between 506 MS and
506 MR was not altered (Fig. 4). Group C was colonized with
the three strains mentioned above plus a mucin-degrading
bacterium, Peptostreptococcus sp. strain N. Also in this case,
the numbers of total E. coli organisms, as well as the relation
between 506 MS and 506 MR, remained practically unaltered.
The growth of bacteria in the large intestine was very similar to
that in the cecum (data not shown).

After each colonization, a number of colonies were tested
for their hemagglutination patterns. As expected, all bacteria
growing on TSA plates with tetracycline displayed an MRHA
pattern, whereas colonies from chloramphenicol-TSA plates
all showed an MSHA pattern. Of 216 colonies of bacteria
tested from unsubstituted TSA plates, 9.7% showed MSHA,
1.9% showed MRHA, and 88% were hemagglutination nega-
tive, confirming the findings obtained from the antibiotic re-
sistance pattern of a loss of the plasmid in a majority of the
bacteria, especially from 506 MR.

Colonization with the GR-12-derived mutant family (742
and 824). Group D was colonized with the GR-12-derived
mutant strains 742 and 824. Since 742 was ampicillin resistant,
this antibiotic was used to differentiate between the two strains.
The number of 824 colonies was obtained by subtracting the
number of 742 colonies on the ampicillin plates from the num-
ber of colonies on unsubstituted TSA plates permitting the
growth of both strains. The fimbrial expression of the GR-12-
derived mutant strains is subject to phase variation; i.e., it can
be turned on or off depending on the environmental condi-
tions. The GR-12-derived strains therefore differ from the 506
transformants in that growth on an antibiotic-containing agar
does not assure the expression of their fimbriae. Consequently,
the expression of fimbriae had to be tested by hemagglutina-
tion.

On days 11 to 12 the P-fimbriated strain 824 showed much
higher numbers than the type 1-fimbriated strain 742, the mean
difference being 4.25 log units (P < 0.0001) (Fig. 5). The viable
count performed on the mixture of bacteria given to the rats
showed similar amounts of each of the strains, and hemagglu-
tination of these colonies demonstrated the presence of both
MRHA and MSHA adhesins but also some hemagglutination-
negative colonies (Table 3). After 11 to 12 days of intestinal
colonization, almost all colonies expressed P fimbriae, few
were hemagglutination negative, and none expressed type 1
fimbriae, in accordance with the small numbers of 742 bacteria
present (Table 3). Thus, P fimbriae were still expressed by 824
to a large extent after in vivo colonization for 11 to 12 days.

Group E was colonized with 742, 824R, and the 506 trans-
formants, 506MS and 506 MR. The gentamicin-resistant strain
824R was used to differentiate it from the 506 transformants
and 742, since all four bacteria would grow on TSA plates
without antibiotics. The MRHA of 824R had been weakened
when antibiotic resistance to gentamicin was introduced, as
judged from the results obtained from the hemagglutination
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FIG. 2. In vitro adherence of E. coli strains to intestinal cells of AGUS rats. (A) E. coli 506 MS adherence to a cecal enterocyte (the brush borders are not easily
identified because of the load of bacteria); (B) E. coli 506 MR binding to a cecal enterocyte; (C) E. coli 742 adhering to a cecal enterocyte; (D) E. coli 824 binding
to a colonic enterocyte; (E) a cecal enterocyte showing no bacterial binding of the hemagglutination-negative E. coli control strain. Magnification, X 1,200 (interference-

contrast microscopy). BB, epithelial cell brush border; b, bacteria.

analysis of the colonies isolated at the initial viable count
(Table 4). After 14 to 15 days, the rats were sacrificed and
viable counts from the different organs were performed. The
bacterial density of the 506 transformants decreased about 2
log units compared with the groups in which they were the only
E. coli strains (Fig. 5 [group A is added in the figure for
comparison]), whereas the bacterial densities of GR-12-de-
rived mutant strains reached high numbers. The P-fimbriated
824R did not reach numbers as high as did 824 in group D, as
judged by counts, from gentamicin-containing plates, maybe

due to a growth disadvantage imposed by the gentamicin re-
sistance. Approximately half of the colonies growing on unsub-
stituted TSA expressed MRHA. These probably represented
the 824R strain with its resistance to gentamicin lost since the
contribution of the other strain capable of MRHA, 506 MR,
was very low (Fig. 5 and Table 4). In contrast, as in coloniza-
tion group D, no MSHA colonies were found.

Relationship between colonization in the gut lumen and
epithelium. Adhering bacteria may preferentially grow in close
association to the mucosa, making quantification of bacteria in
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FIG. 2 — Continued.

the intestinal lumen inadequate. Therefore, pieces of intestinal
mucosa were homogenized and viable counts were performed
from this homogenate. We measured the ratio between E. coli
506 MS and 506 MR and between 742 and 824. The ratios
between both pairs of strains were almost identical to those
observed in the intestinal content for groups A, B, C, and D
(data not shown). However, in the experiments with the gen-
tamicin-resistant 824R, the ratio of 824R to 742 was signifi-
cantly higher in the intestinal wall than in the lumen (the ratio
was on average 5.6 times higher in the intestinal wall than in
the lumen; P < 0.05 [six rats]). Thus, whereas the presence of
different adhesins did not affect the preferred niche for the
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FIG. 4. Bacterial densities of E. coli, L. acidophilus, and Peptostreptococcus
sp. strain N in cecal contents of rats sacrificed on days 14 to 15. A, rats colonized
with 506 MS and 506 MR; B, rats colonized with 506 MS, 506 MR and L.
acidophilus; C, rats colonized with 506 MS, 506 MR, L. acidophilus, and Pep-
tostreptococcus sp. strain N. Error bars show standard deviations. The total E. coli
count represents bacteria growing on unsubstituted TSA, 506 MS represents
bacteria growing on TSA-chloramphenicol, and 506 MR represents bacteria
growing on TSA-tetracycline.

bacteria, the presence of resistance to gentamicin made the
bacterium more apt to survive close to the intestinal mucosa
than in the lumen.

Translocation to MLN. Translocation was measured as the
number of viable bacteria cultivated from homogenates of
MLN. In the first three colonization groups, all rats exhibited
bacterial translocation of E. coli and L. acidophilus, whereas
Peptostreptococcus sp. did not translocate (Table 5). Translo-
cation of both E. coli and L. acidophilus was, however, reduced
when Peptostreptococcus sp. was included in the colonization,
although the difference was not statistically significant (Table
5).
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FIG. 3. Bacterial densities in cecal (A) and large intestine (B) contents of rats sacrificed at different times after colonization. Error bars show standard deviations.
The total E. coli count represents bacteria growing on unsubstituted TSA, 506 MS represents bacteria growing on TSA-chloramphenicol, and 506 MR represents
bacteria growing on TSA-tetracycline.
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FIG. 5. Bacterial densities of E. coli in cecal contents on days 11 to 15. A, rats
colonized with 506 MS and 506 MR (from Fig. 2; included for comparison); D,
rats colonized with the mutant strains 742 (type 1 fimbriated) and 824 (P fim-
briated); E, rats colonized with the two pairs of isogenic strains, 506 MS and 506
MR and 742 and 824R, the latter strain selected to be resistant to gentamicin.
Error bars show standard deviations. The numbers of total E. coli organisms were
assessed from unsubstituted TSA plates, numbers of 742 organisms were as-
sessed from ampicillin-containing TSA plates, and numbers of 824 organisms
were the difference between those for the total E. coli and 742. 824R was assessed
from growth on TSA with gentamicin. *, P <0.05; #*, P <0.01; #**, P <0.001

Figure 6 shows the relationship between translocation and
cecal bacterial numbers from the colonizations in which only E.
coli strains were used to limit confounding factors that could be
provided by the presence of the other strains. No translocation
was seen with a cecal population level below 107 to 10%; at
higher levels, translocation seemed to increase in an approxi-
mately linear way, regardless of fimbrial specificity.

DISCUSSION

The purpose of the present study was to determine the
importance of type 1 and P fimbriae for colonization and
persistence in the intestinal tract of the rat, as well as for
translocation over the intestinal wall. This was done with iso-
genic E. coli strains which differed only in their adhesin spec-
ificities, expressing either type 1 fimbriae with mannose-spe-
cific adhesins, or P fimbriae expressing Gala1—4GalB-specific
adhesins. Both specificities conferred the capacity to adhere to

TABLE 3. Hemagglutination patterns observed for colonization
of group D*

Result for sample taken at:

11-12 days after

Hemagglutination Initial count

pattern® colonization
No. of % of No. of % of
colonies colonies colonies colonies
MSHA 8 25 0 0
MRHA 13 41 214 89
Negative 11 34 26 11

“ Group D comprises mutant strains 742 and 824. Patterns were determined
after the initial viable count from TSA plates of the bacterial mixture fed to the
rats and after 11 to 12 days of in vivo colonization.

> MSHA denotes agglutination of guinea pig erythrocytes in the presence but
not in the absence of methyl-a-p-mannoside. MRHA denotes the agglutination
of human erythrocytes in the presence and absence of methyl-a-D-mannoside.
Negative implies no agglutination with human or guinea pig erythrocytes.

INFECT. IMMUN.

TABLE 4. Hemagglutination patterns observed for the colonization
of group E*

Result for sample taken at:

14-15 days after

Hemagglutination Initial count AN
b colonization
pattern
No. of % of No. of % of
colonies colonies colonies colonies
MSHA 10 56 0 0
MRHA 0 0 23 46
Negative 8 44 27 54

“ Group E comprises a mixture of transformant strains 506 MS and 506 MR
and the GR-12-derived strains 742 and 824. Patterns were determined after the
initial viable count from TSA plates of the bacterial mixture fed to the rats and
after 14 to 15 days of in vivo colonization.

> MSHA denotes agglutination of guinea pig erythrocytes in the presence but
not in the absence of methyl-a-p-mannoside. MRHA denotes the agglutination
of human erythrocytes in the presence and absence of methyl-a-D-mannoside.
Negative implies no agglutination with human or guinea pig erythrocytes.

rat intestinal epithelial cells, similar to the situation in humans
(31).

With the 506 transformants, the type 1-fimbriated strain 506
MS reached higher numbers than did 506 MR in the gut
contents, but the majority of the bacteria lost their plasmids
conferring both fimbriae and antibiotic resistance. This could
be due to a large energy cost to therefore synthesize the plas-
mid. However, a third transformant strain of the 506 family
(506 P), which carries the plasmid pACYC184 with no gene
coding for any fimbriae, colonized at approximately the same
rate as 506 MS (unpublished observations). Thus, in the 506
transformants, fimbriation could not be demonstrated to be of
advantage for the bacteria.

With the GR-12-derived strains, adherence to Galal—
4GalB-containing receptors mediated by P fimbriae indeed
seemed to be beneficial for colonization of the rat intestine.
The P-fimbriated strain 824 attained numbers that were, on
average, 4 log units higher than those of its type-1-fimbriated
counterpart in the intestinal contents. Further, the MRHA was
retained by strain 824 after 11 to 12 days of colonization of the
rat intestine. In accordance with these results, with a mutant E.
coli strain expressing both type-1 and P fimbriae for coloniza-
tion almost all colonies expressed MRHA after 2 weeks of
colonization whereas a minority expressed MSHA (unpub-
lished results). Thus, P fimbriae seem to confer a colonizing
ability on E. coli. The reason why this was not evident with the
506 transformants may relate to the fact that these transfor-
mants cannot regulate their fimbrial expression by phase vari-
ation as wild-type strains and the mutants of the GR-12 family
can. However, since the two families differ in a number of
other properties, other explanations may be possible. For ex-
ample, P fimbriae may be important only as a colonizing factor
in combination with other virulence traits, such as certain O or
K antigens. In a study of colonization and bacteremia in new-
born rats, P fimbriae seemed to be beneficial for colonization
of the rat intestine, a result similar to ours. In this study,
wild-type Kl1-positive E. coli, deriving either from blood cul-
tures or fecal specimens (32), was used.

In contrast to P fimbriae, which were retained during colo-
nization, type 1 fimbriae were downregulated. The reason for
this downregulation, though both P fimbriae and type 1 fim-
briae conferred adherence to rat intestinal epithelial cells, is
not known. This resembles the human situation in which re-
ceptors for both P and type 1 fimbriae are found on colonic
epithelial cells but in which only P fimbriae seem to be asso-
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TABLE 5. Frequency and growth of total bacteria that translocated to MLN in the five colonization groups

Translocation results for bacterium

Group (strains used) E. coli L. acidophilus Pep tostrig fococcus
Freq.” CFU Freq. CFU Freq. CFU
A (E. coli 506 transformants) 2/2 4,400
220
B (E. coli 506 transformants + L. acidophilus) 4/4 8,200 4/4 18,600
7,200 12,400
100 12,000
40 200
C (E. coli 506 transformants + L. acidophilus + Peptostreptococcus sp.) 4/4 480 4/4 380 0/4 0
460 360 0
280 260 0
160 100 0
D (E. coli GR-12-derived mutants) 6/6 660
630
520
520
400
400
E (E. coli 506 transformants + E. coli GR-12-derived mutants) 3/3 1,100
190
170

“ Freq., frequency, i.e., number of rats demonstrating translocation/number of rats in group.

ciated with long-term colonization (26, 30). Our results dis-
agree with those of Krogfelt et al., who found upregulation of
type 1 fimbriae upon in vivo colonization of the mouse large
intestine (16).

L. acidophilus and/or Peptostreptococcus sp. was introduced
together with E. coli in some of the colonization groups. The
purpose of this was to see if an increased ecological pressure
could alter the balance between the isogenic E. coli strains. In
addition, the Peptostreptococcus strain used, which is a mucin-
degrading one (4, 12), could increase the access of E. coli to
glycosidic receptors on the mucosa. The levels of mucin are
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FIG. 6. Relationship between the number of translocated bacteria and the
number of bacteria in cecal contents for different E. coli strains. Only coloniza-
tion groups A, D, and E are included to avoid interference from other bacterial
species.

enormously increased in germfree rats (11, 14) and could pos-
sibly interfere with the adherence. However, the relation be-
tween 506 MS and 506 MR remained largely the same despite
the introduction of the other two species, suggesting that the
latter strains do not compete with E. coli for the same ecolog-
ical niche. In contrast, when the two E. coli families (the trans-
formant strains 506 MR and 506 MS and the GR-12-derived
mutants 742 and 824) were introduced at the same time, the
506 transformants were markedly suppressed. These results
suggest that different E. coli strains compete for the same
ecological niche, whereas this is not true for distantly related
bacteria. The competition could relate either to the availability
of metabolic substrates or to competition for the same glyco-
conjugate receptors.

The 506 transformants were derived from a nonadhering
fecal isolate of serotype 019,22:K1:H ", into which adherence
was introduced by transformation. This serotype has not been
associated with long-term persistence in the human intestine
(26, 30). In contrast, the GR-12 strains were derived from a
virulent pyelonephritic isolate of the O75:KS:H™ serotype.
This O75 serotype is enriched in resident colonic strains, which
resemble uropathogenic E. coli both in their serotypes and in
their common expression of P fimbriae (30). Thus, traits other
than adherence may be as important as adherence in deter-
mining the capacity for long-term colonization of the large
intestine.

The population of bacteria growing in close association with
the gut mucosa seemed to be indistinguishable from that
present in the lumen with respect to the ratio of strains with
different adhesins. In contrast, 824R, the gentamicin-resistant
variety of 824, was selectively enriched close to the mucosa.
The preferred position of the gentamicin-resistant strain, close
to the epithelium instead of the lumen, could be related to the
availability of nutrients. Lumenal contents in the cecum or
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large intestine are a poorer bacterial growth substrate than the
mucous layer covering the epithelium (9, 28), and a close
association with eukaryotic cells gives access to nutrients leak-
ing out from them (33).

Translocation of indigenous bacteria, e.g., E. coli, over the
epithelial barrier in the intestine represents a major threat to
patients undergoing cytostatic or immunosuppressive treat-
ments and to premature newborn infants. Apart from the total
numbers of bacteria in the intestine, no special bacterial traits
have been linked to the capacity to translocate (25). Our find-
ings did not support any direct contribution of the two adhesin
specificities tested (type 1 and P fimbriae) for bacterial trans-
location. However, translocation is a very variable process,
especially if the levels of bacteria are not very high. The num-
ber of animals used in these experiments may have been too
few to discern small or moderate differences in the transloca-
tion capacity. At any rate, the presence of P fimbriae could give
an indirect advantage for translocation if it permits the estab-
lishment of large numbers of bacteria in the intestine, thus
increasing the chances for passage over the intestinal epithe-
lium. Other adhesins such as S fimbriae may, however, directly
promote translocation, but this remains to be proven. The
levels of these fimbriae are increased in E. coli strains, causing
septicemia (15), and they mediate adherence to human colonic
epithelial cells (2).

A decrease of anaerobic bacteria due to antibiotic treatment
permits E. coli or other enterobacteria to increase in numbers
and facilitates the passage to MLN or other organs. Peptostrep-
tococcus sp. decreased the number of bacteria translocating to
MLN;, which agrees with the studies showing that indigenous
anaerobic bacteria are primarily responsible for antagonism of
the translocating bacteria (3). However, the explanation usu-
ally afforded for this protection—a reduction of the numbers of
E. coli organisms in the cecal population—did not seem to
apply to our results. In our study the numbers of E. coli or-
ganisms in the cecum remained the same after the introduction
of Peptostreptococcus as when E. coli alone colonized the ce-
cum. Thus, other factors besides, or in addition to, a reduction
of E. coli numbers seemed to contribute to the capacity of
Peptostreptococcus sp. to decrease translocation.

The pattern of adherence to rat intestinal epithelial cells was
parallel to that of human colonocytes, in that rat epithelium
expressed receptors for P-fimbriated as well as type 1-fimbri-
ated E. coli (31). Because of this resemblance to the human
situation and since the gnotobiotic rat model proved very sta-
ble and reproducible, this model may be used in future studies
to delineate the role of factors associated with intestinal colo-
nization. If such studies are made with the purpose of investi-
gating the benefit of adherence, strains with the natural capac-
ity for phase variation should be used.
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