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D-Gluconate which is primarily catabolized via the Entner-Doudoroff (ED) pathway, has been implicated
as being important for colonization of the streptomycin-treated mouse large intestine by Escherichia coli
MG1655, a human commensal strain. In the present study, we report that an MG1655 Aedd mutant
defective in the ED pathway grows poorly not only on gluconate as a sole carbon source but on a number
of other sugars previously implicated as being important for colonization, including L-fucose, p-gluconate,
D-glucuronate, N-acetyl-p-glucosamine, p-mannose, and p-ribose. Furthermore, we show that the mouse
intestine selects mutants of MG1655 Aedd and wild-type MG1655 that have improved mouse intestine-
colonizing ability and grow 15 to 30% faster on the aforementioned sugars. The mutants of MG1655 Aedd
and wild-type MG1655 selected by the intestine are shown to be nonmotile and to have deletions in the
fIhDC operon, which encodes the master regulator of flagellar biosynthesis. Finally, we show that AflhDC
mutants of wild-type MG1655 and MG1655 Aedd constructed in the laboratory act identically to those
selected by the intestine; i.e., they grow better than their respective parents on sugars as sole carbon

sources and are better colonizers of the mouse intestine.

Bacterial colonization of the intestine is defined as the in-
definite persistence of a bacterial population in stable numbers
in an animal’s intestine without repeated introduction of the
bacterium into that animal. Persistence in the intestine is re-
flected by persistence in feces. Colonization resistance refers to
the ability of a complete intestinal microflora to resist coloni-
zation by an invading bacterium (45). As an example, when
healthy human volunteers are fed Escherichia coli strains iso-
lated from their own feces, those strains do not colonize (1).
Due to colonization resistance, studies aimed at determining
the nutritional basis of E. coli intestinal colonization are diffi-
cult, if not impossible, with conventional animals.

The nutritional basis of E. coli intestinal colonization can be
studied in the streptomycin-treated mouse. Streptomycin treat-
ment alters the microecology of the cecum, decreasing the
populations of facultative anaerobes (enterococci, strepto-
cocci, and lactobacilli) and strict anaerobes (lactobacilli and
bifidobacteria). Accompanying these changes in microflora is a
general decrease in the concentration of volatile fatty acids,
which may play a role in the natural resistance of the conven-
tional mouse intestine to invading E. coli strains (18, 19). Nev-
ertheless, populations of the genera Bacteroides and Eubacte-
rium in cecal contents of streptomycin-treated mice remain
largely unchanged (19). Moreover, the overall number of strict
anaerobes in the cecal contents of streptomycin-treated and
conventional mice are essentially identical (1 X 10° to 2 X 10°
CFU/g of contents) (19). Therefore, while the streptomycin-
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treated mouse model is not perfect, invading microorganisms
must compete for nutrients with a large number of strict anaer-
obes in the intestine, just as they do in conventional animals.

By using the streptomycin-treated mouse model, it has been
shown that when 10° CFU of either E. coli, Salmonella enterica
serovar Typhimurium, or Klebsiella pneumoniae strains are fed
to streptomycin-treated mice, they grow from low numbers at
5 h postfeeding (10° CFU/g of feces) to high numbers (10° to
10° CFU/g of feces) within 1 to 3 days postfeeding (11, 29, 33,
34). Following this initiation stage, a maintenance stage is
reached in which stable populations of 10° to 10’ CFU/g of
feces persist indefinitely (11, 29, 33, 34). Studies of the human
commensal E. coli F-18 and K-12 strains strongly implicated
D-gluconate, which is catabolized via the Entner-Doudoroff
(ED) pathway, as being important for colonization of the
streptomycin-treated mouse large intestine during both initia-
tion and maintenance (8, 35, 43, 44). Furthermore, it has been
shown that the likely source of the gluconate is mouse intesti-
nal tissue and not food (44).

Since E. coli colonization of the mouse intestine appears to
require the ability to grow in mucus (23, 30, 34, 43, 44, 46), the
power of DNA microarrays was used to focus attention on
identifying genes induced by growth in mouse cecal mucus in
vitro relative to growth in minimal medium containing glucose
as the carbon source. This approach allowed the identification
of additional nutrients, including N-acetyl-p-glucosamine, N-
acetylneuraminic (sialic) acid, L-fucose, D-ribose, and D-gluc-
uronate, as being necessary for the maximum ability of E. coli
MG1655 to colonize the intestine (8). E. coli MG1655 was
chosen as the strain to be tested since it has been completely
sequenced (6).
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TABLE 1. Bacterial strains used in this study

E. coli strain®

Relevant characteristic(s)

Source or reference

MG1655 Str*

MG1655 Str* Nal" (MG1655)

MG1655 AgntK::cam AidnK
(MG1655 AgntK AidnK)

MG1655 Str" Aedd::kan
(MG1655 Aedd)

MG1655* Str* Nal" (MG1655*%)

MG1655 Str* Aedd*::kan
(MG1655 Aedd*)

MG1655 Str* AflhD::cam
(MG1655 AfihD)

MG1655 Str* Aedd::kan AflhD::cam
(MG1655 Aedd AflhD)

2,384-bp deletion immediately downstream of IS/ in regulatory
region of fIhD through fIhD, flhC, and motA and into motB

546-bp deletion encompassing region immediately downstream
of IS/ in regulatory region of flhD and into flhD

546-bp deletion encompassing region immediately downstream
of IS/ in regulatory region of flhD and into flhD

Spontaneous streptomycin-resistant mutant of MG1655 29

Spontaneous nalidixic acid-resistant mutant of MG1655 Str" 29

Lacks gluconate kinases I and II and fails to grow using
gluconate as sole carbon and energy source

Lacks 6-phosphogluconate dehydratase and grows poorly using 8
gluconate as sole carbon and energy source

500-bp deletion immediately downstream of IS/ in regulatory
region of flhD, extending into flhD

This study

Colony isolated from feces 15 days
postfeeding of MG1655 Str' Nal";
this study

Colony isolated from feces 20 days
postfeeding of MG1655 Str*
Aedd::kan; this study

This study

This study

“ The designations in parentheses are those used in the text.

In the present study, while examining the role of the ED
pathway in the ability of E. coli MG1655 to colonize the mouse
intestine, we made the discovery that the mouse intestine se-
lects nonmotile MG1655 flhDC mutants that are unable to
make the master regulator of flagellar biosynthesis. We show
that these mutants grow significantly faster than their parent
on several sugars that have been shown previously to be in-
volved in the colonization process, that they are better colo-
nizers of the mouse intestine than their parent, and that the
mutations in the fIhADC operon are indeed responsible for these
effects.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The bacterial strains used in
this study are listed in Table 1. Luria broth (LB) was made as described by Revel
(39). Luria agar is LB containing 12 g of Bacto Agar (Difco) per liter. MacCon-
key agar (Difco) was prepared according to package instructions. M9 minimal
medium (27) was supplemented with reagent grade N-acetyl-pD-glucosamine
(0.2%, wt/wt), L-fucose (0.2%, wt/wt), p-glucose (0.2%, wt/wt), D-galactose
(0.2%, wt/wt), p-gluconate (0.2%, wt/wt), p-glucuronate (0.2%, wt/wt), glycerol
(0.4%, wt/wt), b-mannose (0.2%, wt/wt), D-ribose (0.2%, wt/wt), potassium ace-
tate (0.4%, wt/wt), or sodium succinate (0.4%, wt/wt). Cultures (10 ml) were
grown at 37°C with shaking in 125-ml tissue culture bottles. Inocula were pre-
pared as follows. Overnight cultures on LB were started from a single colony on
Luria agar plates. The LB cultures were washed twice in M9 minimal medium
(no carbon source), and 10-pl volumes of the washed cultures were transferred
to M9 minimal glucose medium and then incubated overnight. These cultures
were washed twice as described above, and M9 minimal media (10 ml) containing
various carbon sources were then inoculated with 10-pl volumes of the washed
cultures, which were grown overnight. The next morning, each culture was
diluted to an A4, of about 0.045 into fresh M9 medium (30 ml) containing the
same carbon source and the cultures were incubated at 37°C with shaking in
125-ml tissue culture bottles. Growth was monitored spectrophotometrically
(Ag00) With a Pharmacia Biotech Ultrospec 2000 UV/Visible Spectrophotometer.
Generation times were calculated during exponential phase from three indepen-
dent experiments.

In vitro growth in mouse cecal mucus. Mouse cecal mucus was isolated as
previously described (9). Briefly, mice (5 to 8 weeks old) were fed Charles River
Valley Rat, Mouse, and Hamster Formula for 5 days after being received. The
drinking water was then replaced with sterile distilled water containing strepto-
mycin sulfate (5 g/liter). Twenty-four hours later, the mice were sacrificed by CO,
asphyxiation and their ceca were removed. The cecal contents were collected for
use in growth experiments (see below), and any remaining cecal contents were
washed out with sterile distilled water. Cecal mucus was scraped into HEPES-
Hanks buffer (pH 7.4), centrifuged, and sterilized by UV irradiation as described
previously (9) and was adjusted to a concentration of 1 mg/ml with respect to

protein with sterile HEPES-Hanks buffer (pH 7.4) as described previously (9).
Five-milliliter aliquots were inoculated at an Agy, of about 0.1 with either
MG1655, MG1655*, MG1655 Aedd, or MG1655 Aedd*. Three 1-ml aliquots of
each strain in cecal mucus were transferred to polystyrene cuvettes, which were
then incubated standing at 37°C in a water bath, and the A, of each culture was
determined hourly. Uninoculated sterile cecal mucus was used as a blank. Gen-
eration times were determined when growth was in exponential phase, as deter-
mined from semilogarithmic plots. Cecal contents (1-ml aliquots) were inocu-
lated to about 10* CFU/ml with each of the strains as described above for cecal
mucus, the cultures were incubated standing at 37°C, and samples taken at 0, 2,
4, 6, and 24 h were diluted, plated, and counted as described previously (30, 46).

Mouse colonization experiments. The method used to compare the large-
intestine-colonizing abilities of E. coli strains in mice has been described previ-
ously (43, 44, 46). Briefly, three male CD-1 mice (5 to 8 weeks old) were given
drinking water containing streptomycin sulfate (5 g/liter) for 24 h to eliminate
resident facultative bacteria (28). Following 18 h of starvation for food and water,
the mice were fed 1 ml of 20% (wt/vol) sucrose containing LB-grown MG1655
strains as described in Results. After ingestion of the bacterial suspension, both
the food (Charles River Valley Rat, Mouse, and Hamster Formula) and strep-
tomycin-water were returned to the mice and 1 g of feces was collected after 5 h,
after 24 h, and on odd-numbered days at the indicated times. Mice were housed
individually in cages without bedding and were placed in clean cages daily. Fecal
samples (no older than 24 h) were homogenized in 1% Bacto Tryptone, diluted
in the same medium, and plated on MacConkey agar plates with appropriate
antibiotics. Plates contained streptomycin sulfate (100 pg/ml) and nalidixic acid
(50 pg/ml), streptomycin sulfate (100 pg/ml) and kanamycin sulfate (40 wg/ml),
or streptomycin sulfate (100 wg/ml) and chloramphenicol (30 pg/ml). Antibiotics
were purchase from Sigma-Aldrich (St. Louis, MO). All plates were incubated
for 18 to 24 h at 37°C prior to counting. In some experiments, mice were
precolonized for 9 days, starved overnight for food and streptomycin-water, and
then fed 10° CFU of a second strain, after which food and streptomycin-water
were returned. Each colonization experiment was performed at least twice with
essentially identical results. Pooled data from at least two independent experi-
ments are presented in the figures.

Motility. Motility agar is LB containing 3.5 g of Bacto Agar per liter. Colonies
were toothpicked to motility agar, and plates were incubated at 37°C for 8 h and
then overnight and at each time were examined for growth and spreading.

Serotyping. Serotyping of O and H antigens was performed with specific
antisera produced by the World Health Organization International Escherichia
and Klebsiella Centre, Statens Seruminstitut, Copenhagen, Denmark.

Mutant construction. Primers used to construct deletion mutants were de-
signed according to the MG1655 genome database (6). DNA procedures were as
described previously (30). The MG1655 AgntK AidnK double-deletion mutant
(Table 1) was constructed by allelic exchange as described by Datsenko and
Wanner (10). Initially, 455 bp were deleted from the idnK (gluconate kinase II)
gene by using a PCR product containing the chloramphenicol resistance cassette
(10) flanked upstream and downstream by idnK-specific DNA sequences. The
chloramphenicol resistance cassette was then removed (10), leaving a deletion in
idnK beginning 42 bp downstream of the ATG start codon and ending 62 bp
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upstream of the TGA stop codon. The idnK deletion primers (uppercase letters,
MG1655 DNA; lowercase letters, chloramphenicol resistance cassette DNA)
were as follows: primer 1, 5'-ATGGCGGGTGAAAGCTTTATTTTGATG
GGCGTTTCAGGGAGTGGTgtgtaggctggagetgetteg-3'; primer 2, 5'-AGGCGC
TGCCCTCTTTCGCACATATTCTGTTTTGTCGTATCGCCAcatatgaatatccte
cttagt-3'. The MG1655 AidnK mutant was then used to construct the MG1655
AgntK AidnK double-deletion mutant. Four hundred base pairs, beginning 42 bp
downstream of the ATG start codon and ending 41 bp upstream of the TAA stop
codon, were deleted from the gntK (gluconate kinase I) gene of the MG1655
AidnK mutant with PCR product containing the chloramphenicol resistance
cassette flanked by upstream and downstream gntK-specific sequences as de-
scribed by Datsenko and Wanner (10). The gntK deletion primers (uppercase
letters, MG1655 DNA; lowercase letters, chloramphenicol resistance cassette
DNA) were as follows: primer 1, 5'-ATGGGCGTATCGGGCAGCGGCAAA
TCTGCGGTCGCCAGTGAAGTGcatatgaatatcctecttagt-3'; primer 2, 5'-CTT
ATTTGCCTTTTTTAATAACCTCAATGGTGCTTGCCACAACACgtgtagget
ggagetgetteg-3'. The MG1655 AgntK AidnK double-deletion mutant was con-
firmed phenotypically as being unable to grow in M9 minimal medium with
gluconate as the sole carbon and energy source and by sequencing (see below).

An MG1655 AfthD deletion mutant and an MG1655 Aedd AflhD double-
deletion mutant (Table 1) were constructed by removing 546 bp originating
immediately downstream of IS/ in the flhD promoter and extending into flhD in
MG1655 and in MG1655 Aedd with a PCR product containing the chlorampheni-
col resistance cassette flanked upstream and downstream by flhD-specific se-
quences as described by Datsenko and Wanner (10). The specific PCR primers
used to construct and confirm the flhD deletions (uppercase letters, MG1655
DNA; lowercase letters, chloramphenicol resistance cassette DNA) were as
follows: primer 1 (immediately downstream of IS7), 5'-TTAAGTAATTGAGTG
TTTTGTGTGATCTGCATCACGCATTATTGAAAATgtgtaggctgga getgetteg-3';
primer 2 (within fIiD), 5'-AGGCCCTTTTCTTGCGCAGCGCTTCTTCAG
GCTGATTAACATCATTCAGcatatgaatatcctecttagt-3'. The mutants were con-
firmed phenotypically by failure to spread on motility agar, genetically by PCR
with primers specific to upstream and downstream flanking sequences, and by
sequencing (see below).

The MG1655 Aedd mutant strain was constructed previously (8). The primers
upstream and downstream of the edd gene used to amplify both the 2,300-bp
wild-type edd gene and the 1,900-bp Aedd gene containing the kanamycin resis-
tance cassette (8) were as follows: forward, 5'-GGCTAATTGCGAACTGTG
CAC-3'; reverse, 5'-CGGTAACATGATCTTGCGCAGA-3'.

Determination of the sizes of the deletions in MG1655* and MG1655 Aedd*.
The following primers used to define the size of the deletion in MG1655* were
those described by Barker et al. (2): forward, 5'-CCTGTTTCATTTTTGCTT
GCTAGC-3'; reverse (downstream of flhD), 5'GGAATGTTGCGCCTCACC
G-3'. Those used for MG1655 Aedd* were as follows: forward, same as for
MG1655%; reverse (within cheA), 5'-CGCTGAAGCCAAAAGTTCCTGC-3'".

Sequencing. DNA sequencing was done at the URI Genomics and Sequencing
Center, University of Rhode Island, Kingston, with the CEQ8000 Genetic Anal-
ysis System (Beckman Coulter, Fullerton, CA) The Dye Terminator Cycle Se-
quencing Quick Start Kit (Beckman Coulter) was used in the sequencing reac-
tions. The primers used to amplify PCR products for sequencing to determine
the precise location of the deletion in idnK were as follows: primer 1 (upstream
of idnK), 5'-CGCATAACGTGATGTGCCTTG-3'; primer 2 (downstream of
idnK), 5'-GCCGATAAAGTGGTGAATAGC. Primer 2 was also used in the
idnK sequencing reaction. The primers used to amplify PCR products for se-
quencing to determine the precise location of the deletion in gntK were as follows:
primer 1 (upstream of gniK), 5'-ATTCGTGGCGAATCTGTGACAC-3'; primer 2
(downstream of gntK), 5'-TAAGATCTTGCCAAACATAGCTC-3'. Primer 2
was also used in the gntK sequencing reaction. The primers used to amplify PCR
products for sequencing to determine the precise locations of the deletions in
MG1655* and MG1655 Aedd* were identical to those used to define the sizes of
the deletions. The primer used in the sequencing reactions was 5'-GGGAAA
GCTGCACGTAATCAGC-3".

Statistics. Where indicated, means derived from triplicate samples were com-
pared by Student’s ¢ test (P values).

RESULTS

The ED pathway is important for E. coli MG1655 growth in
the mouse intestine. The edd (ED dehydratase) gene, which is
the promoter-proximal gene in the edd-eda operon, encodes
6-phosphogluconate dehydratase, which converts 6-phospho-
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TABLE 2. Growth of MG1655, MG165*, MG1655 Aedd,
and MG1655 Aedd* on various carbon sources”

Mean generation time (min) = SD (n = 3)

Carbon
source MG1655 MG1655 "
MG1655 o 10162 MG1655

Fucose 109 =+ 43v€ 115 + 24PE 101 =+ 4°Pf 98.8 + 1¢Ef
Galactose 169 = 6°B¢ 171 = 6°P¢ 152 + 2BDbf 159 + 5¢ef
Glucose 87 + 620 93 + 5ade 89 + bdf 85 + 4eef
N-AcGlcNH,” 92 + 1ABC 111 + 6APE 95 + BPF 80 + 5CEF
Gluconate 77 + 54B¢ 178 + 4APE 135 + |BDF 70 + 4°EF
Glucuronate 93 + 2ABC 103 + 5APE 85 + 2BDf 80 + 3CEL
Glycerol 114 = 2ABC 124 + 1APE 103 + 2BPf 93 + §CEf
Mannose 159 + 6ABC 177 + 1APE 136 + 2BDf 135 + 3CEf
Ribose 134 + 2ABC 144 + 4APE 125 + 3BDF 113 + 1€EF
Acetate 203 + 14ABC 242 + 6APE 176 + 6BPf 172 = 12€Ef
Succinate 106 + 42BC 107 = 42PE 87 + 3BDf 88 + 1CEf
Cecal mucus 105 + 24BC 117 = 3APE 100 = 1BDPF 90 + 2¢EF

“ For each carbon source, the comparison of the generation time of any two
strains is indicated by the same superscript letter, e.g., MG1655 and MG1655
Aedd by the letter a, MG1655 Aedd and MG1655 Aedd* by the letter d, MG1655
Aedd* and MG1555* by the letter f, etc. Lowercase letters indicate that the two
generation times are not significantly different, whereas uppercase letters indi-
cate that the two generation times are significantly different. See text for P values.

® N-AcGlcNH,, N-acetylglucosamine.

gluconate to 2-keto-3-deoxy-6-phosphogluconate in the ED
pathway, the primary route for gluconate catabolism. The eda
(ED aldolase) gene encodes 2-keto-3-deoxy-6-phosphoglu-
conate aldolase, which converts 2-keto-3-deoxy-6-phosphoglu-
conate to glyceraldehye-3-phosphate and pyruvate. Gluconate
can also be catabolized secondarily via the pentose phosphate
pathway. The MG1655 Aedd mutant therefore grows on glu-
conate as a sole carbon and energy source with a generation
time of about 180 min, whereas wild-type MG1655 grows with
a generation time of about 80 min. Expression of eda is not
only required for the maximum rate of gluconate catabolism
but is absolutely required for growth of E. coli on glucuronate
as a sole carbon and energy source (4).

The MG1655 Aedd mutant, which was previously shown to
be a poor colonizer of the mouse intestine, has been described
previously (8). It has a kanamycin resistance cassette (10) in
place of the edd gene; however, the kanamycin resistance cas-
sette insertion has a minimal, if any, effect on the downstream
expression of eda since the MG1655 Aedd mutant grows well
with glucuronate as a sole carbon and energy source (Table 2).
Since the MG1655 Aedd mutant still grows slowly on glu-
conate, we constructed MG1655 AgntK AidnK (Table 1), which
is unable to use gluconate as a carbon and energy source, to
assess the true impact of gluconate catabolism on MG1655
intestinal colonization (4). MG1655 AgntK AidnK fails to grow
on gluconate as a carbon source because it contains neither
gluconate kinase I (GntK) nor gluconate kinase II (IdnK) and
therefore cannot make 6-phosphogluconate from gluconate.
As shown previously (8), MG1655 Aedd has a major coloniza-
tion defect in the presence of wild-type MG1655 characterized
by a failure to grow rapidly during the initial 24 h (the initiation
stage), a significant drop between days 1 and 3 postfeeding
(P < 0.001, Student’s ¢ test), and a subsequent slow but con-
tinuous reduction thereafter (the maintenance stage) such that
by 15 days postfeeding it colonized at a level about 3.5 orders
of magnitude lower than that of MG1655 (Fig. 1A). In con-
trast, the MG1655 AgntK AidnK double-deletion mutant had a
defect in initiation, but by day 15 postfeeding it colonized at a
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FIG. 1. E. coli MG1655 AgntK AidnK and MG1655 Aedd coloniza-
tion of the mouse large intestine. Sets of three mice were fed either 10°
CFU of E. coli MG1655 Str* Nal* (@) and 10° CFU of E. coli MG1655
Str* Aedd::kan (O) (A) or 10° CFU of E. coli MG1655 Str" Nal” (@) and
10° CFU of E. coli MG1655 Str* AgntK::cam AidnK (A) (B). At the
indicated times, fecal samples were homogenized, diluted, and plated
as described in Materials and Methods. Bars represent the standard
error of the log;, mean number of CFU per gram of feces. The data
presented are from six experiments (18 mice) with MG1655 Aedd and
four experiments (12 mice) with MG1655 AgntK AidnK.

level only about 2.0 orders of magnitude lower than that of
MG1655 (Fig. 1B). These results suggested the possibility that
while gluconate is a major carbon source for MG1655 in the
intestine, an intact ED pathway might also be used for catabolism
of other carbon sources that are important for colonization. In-
deed, MG1655 grows faster than the MG1655 Aedd strain on a
variety of carbon sources that are not directly catabolized via the
ED pathway, as described immediately below.

Growth of MG1655 and MG1655 Aedd on various sole car-
bon and energy sources. The generation times of MG1655 and
MG1655 Aedd on a variety of carbon sources were determined
as described in Materials and Methods. As shown in Table 2,
although MG1655 Aedd grew at about the same rate as
MG1655 on glucose (P > 0.10), fucose (P > 0.10), and succi-
nate (P > 0.10), it grew 10 to 20% more slowly than MG1655
on N-acetylglucosamine (P < 0.01), glucuronate (P < 0.05),
glycerol (P < 0.002), mannose (P < 0.01), ribose (P < 0.02),
and acetate (P < 0.02). Therefore, a functional ED pathway is

INFECT. IMMUN.
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Days

FIG. 2. Growth of low numbers (10° CFU/mouse) of E. coli MG1655
bacteria in the presence of high numbers (10" CFU/mouse) of E. coli
MG1655 Aedd bacteria in the mouse large intestine. (A) Sets of three
mice were fed 10° CFU of E. coli MG1655 Str* Nal” (@) and 10'° CFU of
E. coli MG1655 Str* Aedd::kan (OJ). At the indicated times, fecal samples
were homogenized, diluted, and plated as described in Materials and
Methods. Bars representing the standard error of the log;, mean number
of CFU per gram of feces for each set of six mice are presented for each
time point. (B) Sets of three mice were fed 10° CFU of E. coli MG1655
Str" Aedd::kan (O) and, on day 10 postfeeding, 10° CFU of E. coli
MG1655 Str* Nal" (@). At the indicated times, fecal samples were homog-
enized, diluted, and plated as described in Materials and Methods. Bars
representing the standard error of the log;, mean number of CFU per
gram of feces for six mice are presented for each time point.

essential for maximum growth rates of MG1655 on a variety of
different carbon sources, including several that have been
shown to be utilized by MG1655 during colonization (8). By
contrast, with the exception of gluconate, MG1655 and the
MG1655 AgntK AidnK double-deletion mutant grew at the
same rate on glucose, fucose, succinate, N-acetylglucosamine,
glucuronate, glycerol, ribose, and acetate (data not shown).
Intestinal growth of low numbers of wild-type MG1655 bac-
teria in the presence of high numbers of the MG1655 Aedd
mutant. Mice were fed high numbers (10'° CFU/mouse) of
bacteria of the MG1655 Aedd mutant and low numbers (10°
CFU/mouse) of bacteria of the MG1655 wild-type strain. Over
a period of several days, the level of the wild-type strain sig-
nificantly increased in the intestine and approached the level of
the MG1655 Aedd mutant (Fig. 2A), which was not surprising
since the wild-type strain utilizes several carbon sources better
than MG1655 Aedd does (Table 2). In a control experiment,
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FIG. 3. E. coli MG1655 and MG1655 Aedd* colonization of the
mouse large intestine. Sets of three mice were fed 10° CFU of E. coli
MG1655 Str” Nal” (@) and 10° CFU of E. coli MG1655 Str* Aedd*::kan
(O). At the indicated times, fecal samples were homogenized, diluted,
and plated as described in Materials and Methods. Bars representing
the standard error of the log;, mean number of CFU per gram of feces
for six mice are presented for each time point.

when mice were fed high numbers (10'° CFU/mouse) of bac-
teria of the wild-type MG1655 strain (resistant to streptomy-
cin) and low numbers (10° CFU/mouse) of bacteria of the
same wild-type strain (resistant to streptomycin and nalidixic
acid), the bacteria maintained the initial ratio of their input
values, as expected of two strains that use all nutrients equally
well (data not shown).

To further explore the ability of the wild-type MG1655 strain
to outcompete the MG1655 Aedd mutant, mice were precolo-
nized with the MG1655 Aedd mutant for 10 days and then fed
low numbers of bacteria of the MG1655 wild-type strain (10°
CFU/mouse). Surprisingly, the wild-type MG1655 strain failed
to grow to the level of the MG1655 Aedd mutant in the intes-
tine and, in fact, stabilized at only about 10> CFU/g of feces
(Fig. 2B). These data suggested that the MG1655 Aedd mutant
either adapted physiologically in the intestine such that it could
compete well with the nonadapted MG1655 wild type or that
the intestine selected a mutant of the MG1655 Aedd strain that
was a better colonizer than the input strain. In order to deter-
mine which of these hypotheses was correct, one colony of
MG1655 Aedd present in feces at 20 days postfeeding was
designated MG1655 Aedd* and selected for further study.

MG1655 Aedd* is a better mouse large intestine colonizer than
MG1655 Aedd. After confirmation by PCR that the edd deletion
in MG1655 Aedd* was intact (see Materials and Methods),
MG1655 Aedd* and wild-type MG1655 bacteria were fed to-
gether to mice in low numbers (10° CFU/mouse). Under these
conditions, both the wild-type MG1655 strain and MG1655
Aedd* cocolonized at a level between 10° and 107 CFU/g of feces
(Fig. 3). Therefore, MG1655 Aedd* appeared to be a genetically
stable derivative of the original MG1655 Aedd strain that was able
to colonize as well as wild-type MG1655.

Growth of MG1655 Aedd* on various carbon sources. Since
MG1655 Aedd* was found to be a better colonizer of the
mouse large intestine than MG1655 Aedd, it was of interest to
determine the in vitro growth rates of the two strains on var-
ious carbon sources. As shown in Table 2, MG1655 Aedd* and
MG1655 Aedd grew equally well on glucose as a sole carbon
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and energy source (P > 0.10). In contrast, MG1655 Aedd*
grew 15 to 30% faster than MG1655 Aedd on acetate (P <
0.001), fucose (P < 0.01), galactose P < 0.01), N-acetylglu-
cosamine (P < 0.02), gluconate (P < 0.001), glucuronate (P <
0.01), glycerol (P < 0.001), mannose (P < 0.001), ribose (P <
0.01), and succinate (P < 0.002). It should be noted that al-
though MG1655 Aedd* grew faster than MG1655 Aedd with
gluconate as the sole carbon source (P < 0.001), it still grew far
more slowly on gluconate (P < 0.001) than wild-type MG1655
(Table 2). However, MG1655 Aedd* grew about 10 to 20%
faster than wild-type MG1655 on glucuronate (P < 0.02), gly-
cerol (P < 0.002), mannose (P < 0.02), ribose (P < 0.02), and
succinate (P < 0.01) (Table 2). These data suggest that the
improved colonizing ability of MG1655 Aedd* relative to
MG1655 may be due to its ability to grow more rapidly than
wild-type MG1655 on a number of carbon sources present in
the intestine.

Low numbers of wild-type MG1655 bacteria cannot grow to
high numbers in the presence of high numbers of MG1655
Aedd* mutant bacteria. The results described above indicated
that wild-type MG1655 was able to use gluconate better, but
grew more slowly on several other carbon sources, compared
to MG1655 Aedd* (Table 2). Since bacteria of both strains
were equally good colonizers when they were simultaneously
fed to mice in low numbers (Fig. 3), it became of interest to
determine whether low numbers of bacteria of wild-type strain
MG1655 could grow in the intestine in the presence of high
numbers of bacteria of the MG1655 Aedd* strain, i.e., whether
the gluconate concentration was high enough during initiation
to overcome the advantage of MG1655Aedd™ on other sugars.
When mice were fed 10'° CFU of the MG1655 Aedd* strain
and 10° CFU of the wild-type MG1655 strain, the wild type was
unable to colonize in the presence of high numbers of MG1655
Aedd* bacteria and was, in fact, rapidly eliminated (Fig. 4A).
This result can be compared to that described above (Fig. 2A),
where low numbers of bacteria of the wild-type MG1655 strain
were able to grow to much higher numbers in the intestine in
the presence of high numbers of MG1655 Aedd bacteria. These
data suggest that the more efficient use of carbon sources by
MG1655 Aedd* prevented wild-type MG1655 from growing
despite its advantage in the utilization of gluconate. Thus, it
was of interest to test the hypothesis that the concentration of
gluconate in the mouse intestine is not high enough to confer
a growth advantage on wild-type MG1655 over the MG1655
Aedd* strain. In support of this view, when 2% gluconate was
added to the drinking water, low numbers of wild-type
MG1655 bacteria (10° CFU/mouse) were able to grow to much
higher numbers in the presence of high numbers of MG1655
Aedd* bacteria (10'° CFU/mouse) (Fig. 4B).

In further support of the view that increased gluconate
availability could confer a growth advantage on the wild-
type MG1655 strain able to use it, mice were precolonized
with MG1655 Aedd* and at day 10 postfeeding were fed
wild-type MG1655 (10° CFU/mouse) with (Fig. 5A) or with-
out (Fig. 5B) 2% gluconate in the drinking water. Under
these conditions, low numbers of wild-type MG1655 bacteria
failed to grow to high numbers in the intestine in the presence
of high numbers of precolonized MG1655 Aedd* bacteria un-
less gluconate was present in the drinking water (compare
Fig. 5A and B). These data indicate that if gluconate were not
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FIG. 4. Growth of low numbers (10> CFU/mouse) of E. coli MG1655
bacteria in the presence of high numbers (10'° CFU/mouse) of E. coli
MG1655 Aedd* bacteria in the mouse large intestine. (A) Sets of three
mice were fed 10° CFU of E. coli MG1655 Str* Nal” (@) and 10'° CFU of
E. coli MG1655 Str* Aedd*::kan (O). At the indicated times, fecal samples
were homogenized, diluted, and plated as described in Materials and
Methods. Bars representing the standard error of the log,, mean number
of CFU per gram of feces for each set of six mice are presented for each
time point. (B) Same as panel A, except that the drinking water contained
2% gluconate.

limiting at 10 days postfeeding, small numbers of MG1655
bacteria could still grow to much higher numbers in the intes-
tine in the presence of high numbers of precolonized MG1655
Aedd* bacteria.

Isolation and characterization of MG1655*. To this point,
the data suggested that MG1655 Aedd utilizes not only glu-
conate poorly relative to MG1655 but a number of other car-
bon sources as well. In addition, at some point after mice were
fed MG1655 Aedd, it appeared that the mouse intestine se-
lected better-colonizing mutants, among them MG1655 Aedd*,
that were better able to grow on at least some of the sugars
known to be present in mouse cecal mucus and utilized for
growth in the intestine, i.e., fucose, gluconate, N-acetylglu-
cosamine, glucuronate, mannose, and ribose (8, 13). It was
therefore of interest to determine whether the mouse intestine
would also select a mutant of the original wild-type MG1655
strain that was a better colonizer and grew faster than the
original MG1655 strain on a variety of carbon sources. To that
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FIG. 5. Growth of low numbers (10° CFU/mouse) of E. coli MG1655
bacteria in mice precolonized with E. coli MG1655 Aedd*. (A) Sets of
three mice were precolonized for 10 days with E. coli MG1655 Str*
Aedd*::kan (O). On day10, the mice were fed 10° CFU of E. coli MG1655
Str' Nal" (@). At the indicated times, fecal samples were homogenized,
diluted, and plated as described in Materials and Methods. Bars repre-
senting the standard error of the log,, mean number of CFU per gram of
feces for six mice are presented for each time point. (B) Same as in panel
A, except that the drinking water contained 2% gluconate.

end, an MG1655 colony present in feces at 15 days postfeeding
was selected for further testing and was designated MG1655*.

E. coli MG1655* grew at 10 to 25% faster rates than
MG1655 on a variety of carbon sources, including acetate (P <
0.01), fucose (P < 0.02), N-acetylglucosamine (P < 0.02), gluc-
uronate (P < 0.01), glycerol (P < 0.01), mannose (P < 0.01),
ribose (P < 0.001), and succinate (P < 0.01), but not glucose
(P > 0.10) (Table 2). It should also be noted that although
wild-type MG1655 grew significantly slower than MG1655
Aedd* on several carbon sources, MG1655* and MG1655
Aedd* grew at about the same rate on acetate (P > 0.10),
fucose (P > 0.10), glucuronate (P = 0.05), glycerol (P > 0.05),
mannose (P > 0.10), and succinate (P > 0.10). In addition,
MG1655* not only grew at about twice the rate of MG1655
Aedd* on gluconate (P < 0.001), it also grew about 10 to 15%
faster than MG1655 Aedd* on N-acetylglucosamine (P < 0.01)
and ribose (P < 0.002) (Table 2).

When MG1655* and MG1655 Aedd™ bacteria were both fed
to mice in low numbers (10° CFU/mouse), MG1655* proved to
be a better colonizer than MG1655 Aedd™* (Fig. 6A). Further-
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FIG. 6. Colonization of mice with E. coli MG1655* and E. coli
MG1655 Aedd*. (A) Sets of three mice were fed 10° CFU of E. coli
MG1655* Str” Nal* (m) and 10° CFU of E. coli MG1655 Str*™ Aedd*::kan
(O). At the indicated times, fecal samples were homogenized, diluted, and
plated as described in Materials and Methods. Bars representing the
standard error of the log;, mean number of CFU per gram of feces for six
mice are presented for each time point. (B) Same as panel A, except that
sets of three mice were fed 10° CFU of E. coli MG1655* Str* Nal” (m) and
10" CFU of E. coli MG1655 Str™ Aedd*::kan (O). (C) Same as panel A,
except that mice were precolonized with E. coli MG1655 Str" Aedd*::kan
(O) and at day 10 were fed 10° CFU of E. coli MG1655* Str™ Nal" (m).

more, unlike MG1655, low numbers of MG1655* bacteria (10°
CFU/mouse) were able to grow to higher numbers in the
intestines of mice simultaneously fed high numbers (10'° CFU/
mouse) of MG1655 Aedd* bacteria (Fig. 6B). This was also the
case when the mice were precolonized with MG1655 Aedd*
(Fig. 6C). Therefore, the mouse intestine did indeed select an
MG1655 mutant better able to utilize several carbon sources
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and better able to colonize the mouse large intestine than its
parent.

Growth of MG1655* and MG1655 Aedd* in cecal mucus and
cecal contents in vitro. E. coli strains grow extremely well
(generation times of 25 to 35 min, viable counts of about 10°
CFU/ml) in cecal mucus (23, 30, 34, 43, 44, 46). To determine
whether the MG1655* and MG1655 Aedd* strains had a
growth advantage in cecal mucus, MG1655, MG1655%,
MG1655 Aedd, and MG1655 Aedd* were each inoculated sep-
arately into cecal mucus that had been diluted 50-fold into
HEPES-Hanks buffer, pH 7.4 (1 mg/ml with respect to pro-
tein), at an Agy, of 0.1. A4y, readings were taken at hourly
intervals for 8 h. All four strains grew to a final 4, of about
0.8 (approximately 1 X 108 to 2 X 10® CFU/ml), but MG1655*
(P < 0.001) and MG1655 Aedd* (P < 0.02) grew more rapidly
than their respective parents and MG1655* grew more rapidly
than MG1655 Aedd* (P < 0.001) (Table 2). Moreover,
MG1655 grew more rapidly in mucus than MG1655 Aedd (P <
0.02) and MG1655 Aedd* grew more rapidly than MG1655
(P < 0.01) (Table 2). Thus, the ability of these strains to grow
in cecal mucus in vitro correlated with their relative intestinal
colonizing abilities.

While E. coli strains grow extremely well in cecal mucus in
vitro, they fail to grow or grow poorly in cecal contents (feces)
(23, 30, 34, 43, 44, 46), suggesting that colonization of the
mouse intestine is due to the utilization of nutrients present in
mucus for growth. However, strains of E. coli MG1655 isolated
from feces during the maintenance stage of colonization had
never been tested for the ability to grow in cecal contents in
vitro. To that end, MG1655, MG1655*, MG1655 Aedd, and
MG1655 Aedd* were each inoculated into cecal contents iso-
lated directly from the mouse cecum (10* CFU/ml). The cul-
tures were incubated at 37°C, and viable counts were deter-
mined at 0, 2, 4, 6, and 24 h. Each strain doubled only twice in
6 h to about 4 X 10* CFU/ml and then remained at about the
6-h level at 24 h (data not shown). Therefore, neither
MG1655* nor MG1655 Aedd* appears to be a better colonizer
because it grows or survives better in cecal contents than its
parent.

MG1655*% and MG1655 Aedd* are nonmotile. MG1655,
MG1655*%, MG1655 Aedd, and MG1655 Aedd* were subjected
to 36 of the 41 biochemical tests listed in Table 5.3 of the 1984
edition of Bergey’s Manual of Systematic Bacteriology (7) as
described previously (30). The four strains were found to be
identical with respect to all biochemical characteristics. Fur-
thermore, the four strains contained approximately equal
amounts of type 1 fimbriae. However, in contrast to MG1655
and MG1655 Aedd, MG1655* and MG1655 Aedd* were non-
motile; i.e., they failed to tumble or swim after growth in LB
and failed to spread on Luria motility agar (Fig. 7). The sero-
type of MG1655 and MG1655 Aedd strains was OR:H4S; i.e.,
both were rough and both contained the H48 flagellar antigen
typical of K-12 strains. However, while both MG1655* and
MG1655 Aedd* also typed as OR, neither strain contained the
HA48 flagellar antigen. Furthermore, in contrast to their par-
ents, MG1655* and MG1655 Aedd* had no flagella when
viewed by electron microscopy (data not shown). Therefore,
MG1655* and MG1655 Aedd™ are alike not only with respect
to their more efficient utilization of carbon sources but in the
loss of flagella and, consequently, motility.
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FIG. 7. Spread of E. coli MG1655 Str" Nal', E. coli MG1655* Str"
Nal', E. coli MG1655 Str* Aedd::kan, and E. coli MG1655 Str* Aedd*::kan
on Luria motility agar after 8 h at 37°C.

Although unlikely, it was possible that our MG1655 and
MG1655 Aedd frozen stock cultures contained a high percentage
of nonmotile mutants. To test this possibility, overnight LB cul-
tures of MG1655 and MG1655 Aedd were plated on MacConkey
agar and 600 individual colonies of each strain were tested for
motility on motility agar. All colonies tested were motile, indicat-
ing that the strains being fed to the mice were predominantly
motile and therefore that the nonmotile MG1655* and MG1655
Aedd* strains were selected in the mouse intestine following col-
onization.

Identification of MG1655* and MG1655 Aedd* genetic de-
fects. E. coli flhD mutants have been reported to grow more
rapidly than their parents in a tryptone-based medium (38).
The fIhDC operon, consisting of the flhD and flhC genes, en-
codes the master regulator of the 40-gene flagellar regulon (3),
which has been reported to simultaneously regulate E. coli
genes involved in galactose transport, the ED pathway, and the
tricarboxylic acid cycle (36, 37). Additionally, in MG1655, an
IS/ element previously shown to be present in the regulatory
region of the flhDC operon has recently been reported to
enhance motility (2). It therefore seemed reasonable that
MG1655* and MG1655 Aedd™ might have been generated by
IS7-mediated events, i.e., IS/ deletion from the regulatory
region of the flhDC operon or ISI-mediated deletion of adja-
cent flhD/flhC DNA. Indeed, PCR revealed that MG1655* had
a 400- to 500-bp deletion in the flhD/flhC region and that
MG1655 Aedd* had an about 2-kb deletion in the same region,
thereby explaining why the strains are nonmotile (Fig. 8). Se-
quencing revealed that both MG1655* and MG1655 Aedd*
retained IS/ in the regulatory region of the fIhDC operon but
that the deletion in MG1655* (500 bp) had occurred immedi-
ately downstream of ISI and extended into flhD, whereas in
MG1655 Aedd*, the deletion (2,384 bp) extended from imme-
diately downstream of IS/ through flhD, flhC, and motA and
into motB (Fig. 8). The motA and motB genes encode proteins
involved in flagellar motor rotation (5). Since the flhDC
operon promoter was deleted in MG1655%, the flhC gene was
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also presumably inactivated. The deleted genes in MG1655*
and MG1655 Aedd* failed to be amplified by PCR (data not
shown), showing that they were indeed lost rather than in-
serted elsewhere in their respective chromosomes.

Construction and characterization of AflhD mutants. To be
sure that MG1655* and MG1655 Aedd* are better intestinal
colonizers and utilize carbon sources better because of the
defects in the flhDC operon, an MG1655 AflhD mutant and an
MG1655 Aedd AflhD mutant were constructed (see Materials
and Methods). The 546-bp deletion in both strains was de-
signed to begin immediately downstream of the IS/ element,
i.e., to include the fIhDC operon promoter and extend into
flhD, thereby inactivating the entire operon (Fig. 8). Both
strains were tested for colonizing ability relative to their par-
ents and for utilization of ribose and mannose. By day 1 post-
feeding, the MG1655 AflhD mutant had grown to a level about
sixfold higher than the wild type in the intestine and beyond
day 5 postfeeding maintained an about 20-fold advantage
throughout the rest of the experiment (data not shown). Main-
tenance of the 20-fold advantage rather than a constantly in-
creasing advantage would be expected if the intestine selected
nonmotile, better-colonizing MG1655 mutants. Indeed, at 11
days postfeeding, of 600 MG1655 colonies tested for motility
(100 from each of 6 mice), only 2 were found to be motile (1
in each of two mice). Similarly, the MG1655 Aedd AflhD mu-
tant grew to a level about 60-fold higher than MG1655 Aedd by
day1 postfeeding and colonized at a level of greater than 100-
fold higher than MG1655 Aedd thereafter (data not shown).
We were unable to determine the exact level of MG1655 Aedd
at later times since MG1655 Aedd AfihD is resistant to both
kanamycin and chloramphenicol, MG1655 Aedd is only resis-
tant to kanamycin, and of 100 colonies toothpicked from kana-
mycin plates to chloramphenicol plates at each time point,
none were sensitive to chloramphenicol. In addition, both the
MG1655 AftlhD and MG1655 Aedd AfihD mutants utilized both
mannose and ribose at faster rates than their parents (data not
shown). Therefore, the flhDC operon deletion mutants con-
structed in the laboratory behaved identically to those selected
by the intestine, suggesting that loss of the flhDC operon is
indeed responsible for improved utilization of carbon sources
and better mouse intestine-colonizing ability.

DISCUSSION

The findings reported here can be considered in light of
Freter’s nutrient/niche theory, which postulates that the ap-
proximately 500 species indigenous to the mammalian gut (32)
can coexist as long as each member of the microflora is able to
utilize one or a few limiting nutrients better than all the others
and that its rate of growth during the colonization process is at
least equal to the washout rate from the intestine (14, 15, 16).
According to the theory, the growth rate of a particular bac-
terium in the intestine is determined by the nature of the
limiting nutrients it utilizes and the density to which it grows is
determined by the available concentration of those nutrients. It
is also possible for a species that does not compete well for
limiting nutrients to colonize if it is able to adhere to the
intestinal wall and thereby avoid washout (16). The available
evidence suggests that E. coli MG1655 does not adhere to
epithelial cells in the intestine but is limited to the mucus layer
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FIG. 8. Deletions in the flhDC region of MG1655%, MG1655 Aedd*, MG1655 AflhD, and MG1655 Aedd AfihD. (Top) Bars indicate the
positions of deletions in MG1655* (500 bp) and MG1655 Aedd* (2,324 bp) and a region (628 bp) that is deleted and replaced by the
chloramphenicol resistance (CAM) cassette (1,154 bp) in MG1655 AflhD and MG1655 Aedd AfthD. Small arrows indicate the positions of
primers PCR2 (5'-CCTGTTTCATTTTTGCTTGCTAGC-3") and cheAr (5'CGCTGAAGCCAAAAGTTCCTGC-3"). Bent arrow indicates
the transcription start site. (Bottom) PCR products obtained with primers PCR2 and cheAr with wild-type MG1655 (lane 1), MG1655* (lane
2), MG1655 AfthD (lane 3), MG1655 Aedd (lane 4), MG1655 Aedd* (lane 5), and MG1655 Aedd AfihD (lane 6). Molecular size standards

(lane M) are noted to the left (sizes are in base pairs).

and the luminal contents (29, 30), both of which turn over.
While commensal strains of E. coli are present in both mucus
and luminal contents, a large body of experimental evidence
shows that growth is rapid in intestinal mucus both in vitro and
in vivo but is either poor or completely inhibited in luminal
contents (23, 30, 34, 43, 44, 46). It is therefore highly likely that
the ability of a commensal E. coli strain to grow and survive in
intestinal mucus plays a critical role in its ability to colonize the
intestine. In support of this view, the better-colonizing strains
selected by the mouse intestine, MG1655* and MG1655
Aedd*, grew more rapidly than their parents in cecal mucus in
vitro (Table 2).

It had been previously shown that MG1655 utilizes glu-
conate, N-acetylglucosamine, and sialic acid as carbon sources
for growth in the mouse intestine during the initiation stage of
colonization and gluconate, glucuronate, mannose, fucose, and
ribose for growth during the maintenance stage (8). The data
presented here support the notion that it is the ability of
MG1655* and MG1655 Aedd* to utilize several carbon sources
better than their parents (Table 2) that makes them better
colonizers of the mouse intestine. This finding has broad im-

plications with respect to colonization resistance. For example,
low numbers of MG1655 bacteria were eliminated by high
numbers of MG1655 Aedd* bacteria when both were fed si-
multaneously to mice (Fig. 4A) and failed to grow to high
numbers in mice precolonized with MG1655 Aedd* (Fig. 5A).
Therefore, selection of a mutant derivative of MG1655 Aedd
(MG1655 Aedd*) which uses several carbon sources better
allowed the mouse colonized with this strain to resist coloni-
zation by MG1655.

The role of diet in microfloral stability is not clear (32).
However, in the present study, we have shown that diet may
play a role in minimizing colonization resistance as long as a
specific preferred nutrient is not completely absorbed in the
small intestine. That is, although it has been shown that the
source of gluconate for E. coli colonization is the mouse intes-
tinal tissue and not mouse chow (44), increasing the gluconate
concentration in the intestine was possible since as much as
70% of the gluconate fed to animals reaches the cecum (20).
Under these conditions, with 20 g/liter gluconate in the drink-
ing water, small numbers of MG1655 bacteria were able to
grow to high numbers in the presence of high numbers of
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MG1655 Aedd* bacteria when both were fed simultaneously to
mice (Fig. 4B) or when low numbers of MG1655 bacteria were
fed to mice precolonized with MG1655 Aedd™ (Fig. 5B). These
data suggest that in the streptomycin-treated mouse, coloniza-
tion resistance, at least as it applies to E. coli MG1655, has a
primarily nutritional basis and is not due to antimicrobials in
the intestine.

We do not know whether the MG1655 flhDC operon dele-
tion mutants utilize carbon sources better than their parents as
a result of release of repression of genes normally regulated
by the FIhD,/FIhC, regulatory complex (e.g., the complex is
known to repress gltA [citrate synthase], sdhCDAB [succinate
dehydrogenase], mdh [malate dehydrogenase], and mgl/BAC
[galactose transport] [36, 37]) or because increased energy is
available for other cellular processes in the absence of flagellar
synthesis and rotation, which is estimated to be about 2% of
the total that is normally consumed (24). In either case, it
appears that at least one enteric pathogen also benefits from
loss of FIhD, as it was recently reported that an f/AD mutant of
S. enterica serovar Typhimurium was more virulent than its
parent in C57BL/6J mice and appeared to grow more rapidly
than its wild-type parent in the spleen and in mouse macro-
phages in tissue culture (40). Furthermore, nonmotile E. coli
O157:H™ strains, found in up to 40% of human hemolytic-
uremic syndrome cases in Germany, have recently been shown
to contain a 12-bp deletion in fIhC (31).

The ISI element in the regulatory region of the flhDC
operon presumably directed the downstream deletions identi-
fied in MG1655* and MG1655 Aedd*, which then allowed the
isolation of stable, nonmotile, better-colonizing mutants se-
lected by the intestine. However, it is possible that commensal
E. coli strains that lack insertion elements in the regulatory
region of the flhDC operon can also become nonmotile and
utilize carbon sources better in the intestine by down regulat-
ing expression of fIhD and flhC, perhaps via one or more of the
known negative regulators of the operon, which include LrhA,
OmpR, and ResB (12, 21, 22, 41), but retain motility and utilize
carbon sources normally after growth in the laboratory. In fact,
it has been reported that after growth in cecal mucus in vitro,
both E. coli F-18, a human commensal strain, and an avirulent
S. enterica serovar Typhimurium strain failed to tumble and
swim but were motile upon subsequent growth in laboratory
medium (25, 26). In this same vein, it has recently been shown
that transcription of several Campylobacter jejuni flagellar
genes was generally down regulated after 24 to 48 h in a rabbit
ileal loop model (42). Despite these reports, it is important to
emphasize that not all bacteria in the intestine benefit from
becoming permanently nonmotile. In fact, stable nonmotile
mutants of many enteric pathogens, including C. jejuni, have
been reported to be impaired in both intestinal colonization
and virulence (17).

In summary, in the present study, we present evidence that
under the nutrient-limiting conditions in the mouse intestine,
better-colonizing MG1655 mutants are selected with deletions
in the regulatory region of the flhDC operon. The deletions
render the mutants nonmotile and simultaneously make them
able to grow faster than their parents on a number of sugars
present in the mouse intestine and in cecal mucus in vitro. The
selection of E. coli mutants better able to utilize sugars than their
parents may play an important role in limiting the ability of
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invading strains, either commensal or pathogenic, to colonize the
intestine. It will be of great interest to examine whether the
specific strategy described here is peculiar to MG1655 or is shared
by other commensal and pathogenic strains of E. coli.

ACKNOWLEDGMENTS

This research was supported by Public Health Service grant Al
48945 to T.C. and P.S.C. and by grant H-402 from the University of
Rhode Island Agricultural Experiment Station to P.S.C. Eric J. Gauger
was supported by a grant from Intervet International, Boxmeer, The
Netherlands, to P.S.C.

We are indebted to Evgeni Sokurenko, The University of Washington,
Seattle, for performing the type 1 fimbria assays.

REFERENCES

1. Anderson, J. D., W. A. Gillespie, and M. H. Richmond. 1973. Chemotherapy
and antibiotic-resistance transfer between enterobacteria in the human gas-
tro-intestinal tract. J. Med. Microbiol. 6:461-473.

2. Barker, C. S., B. M. Priif, and P. Matsumura. 2004. Increased motility of
Escherichia coli by insertion sequence element integration into the regulatory
region of the flhD operon. J. Bacteriol. 186:7529-7537.

3. Bartlett, D. H., B. B. Frantz, and P. Matsumura. 1988. Flagellar transcrip-
tional activators FIbB and Flal: gene sequences and 5’ consensus sequences
of operons under FIbB and Flal control. J. Bacteriol. 170:1575-1581.

4. Bausch, C., M. Ramsey, and T. Conway. 2004. Transcriptional organization
and regulation of the L-idonic acid pathway (GntIl system) in Escherichia
coli. J. Bacteriol. 186:1388-1397.

5. Blair, D. F., and H. C. Berg. 1988. Restoration of torque in defective flagellar
motors. Science 242:1678-1681.

6. Blattner, F. R., G. Plunkett III, C. A. Bloch, N. T. Perna, V. Burland, M.
Riley, J. Collado-Vides, J. D. Glasner, C. K. Rode, G. F. Mayhew, J. Gregor,
N. W. Davis, H. A. Kirkpatrick, M. A. Goeden, D. J. Rose, B. Mau, and Y.
Shao. 1997. The complete genome sequence of Escherichia coli K-12. Science
277:1453-1474.

7. Brenner, D. J. 1984. Facultatively anaerobic gram-negative rods, p. 408-516.
In N. R. Krieg (ed.), Bergey’s manual of systematic bacteriology, vol. 1.
Williams & Wilkins, Baltimore, Md.

8. Chang, D. E., D. J. Smalley, D. L. Tucker, M. P. Leatham, W. E. Norris, S. J.
Stevenson, A. B. Anderson, J. E. Grissom, D. C. Laux, P. S. Cohen, and T.
Conway. 2004. Carbon nutrition of Escherichia coli in the mouse intestine.
Proc. Natl. Acad. Sci. USA 101:7427-7432.

9. Cohen, P. S., and D. C. Laux. 1995. Bacterial adhesion to and penetration of
intestinal mucus in vitro. Methods Enzymol. 253:309-315.

10. Datsenko, K. A., and B. L. Wanner. 2000. One-step inactivation of chromo-
somal genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad.
Sci. USA 97:6640-6645.

11. Favre-Bonte, S., T. R. Licht, C. Forestier, and K. A. Krogfelt. 1999. Kiebsiella
pneumoniae capsule expression is necessary for colonization of large intes-
tines of streptomycin-treated mice. Infect. Immun. 67:6152-6156.

12. Francez-Charlot, A., B. Laugel, A. Van Gemert, N. Dubarry, F. Wiorowski,
M. P. Castanie-Cornet, C. Gutierrez, and K. Cam. 2003. RcsCDB His-Asp
phosphorelay system negatively regulates the flADC operon in Escherichia
coli. Mol. Microbiol. 49:823-832.

13. Franklin, D. P., D. C. Laux, T. J. Williams, M. C. Falk, and P. S. Cohen.
1990. Growth of Salmonella typhimurium SL5319 and Escherichia coli F-18 in
mouse cecal mucus: role of peptides and iron. FEMS Microbiol. Ecol. 74:
229-240.

14. Freter, R. 1992. Factors affecting the microecology of the gut, p. 111-144. In
R. Fuller (ed.), Probiotics: the scientific basis. Chapman & Hall, London,
England.

15. Freter, R., H. Brickner, M. Botney, D. Cleven, and A. Aranki. 1983. Mech-
anisms that control bacterial populations in continuous-flow culture models
or mouse large intestinal flora. Infect. Immun. 39:676-685.

16. Freter, R., H. Brickner, J. Fekete, M. M. Vickerman, and K. E. Carey. 1983.
Survival and implantation of Escherichia coli in the intestinal tract. Infect.
Immun. 39:686-703.

17. Giron, J. A. 2005. Role of flagella in mucosal colonization, p. 213-235. In
J. P. Nataro, P. S. Cohen, H. L. T. Mobley, and J. N. Weiser (ed.), Coloni-
zation of mucosal surfaces. ASM Press, Washington, D.C.

18. Hentges, D. J. 1983. Role of the intestinal microflora in host defense against
infection, p. 311-331. In D. J. Hentges (ed.), Human intestinal microflora in
health and disease. Academic Press, Inc., New York, N.Y.

19. Hentges, D. J., J. U. Que, S. W. Casey, and A. J. Stein. 1984. The
influence of streptomycin on colonization resistance in mice. Microecol.
Ther. 14:53-62.

20. Kameue, C., T. Tsukahara, K. Yamada, H. Koyama, Y. Iwasaki, K.
Nakayama, and K. Ushida. 2004. Dietary sodium gluconate protects rats
from large bowel cancer by stimulating butyrate production. J. Nutr. 134:
940-944.

1sanb Aq 8T0zZ ‘9z lequialdas uo /Bio wse rel//:dny wody papeojumod


http://iai.asm.org/

VoL. 73, 2005

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Ko, M., and C. Park. 2000. H-NS-dependent regulation of flagellar synthesis
is mediated by a LysR family protein. J. Bacteriol. 182:4670-4672.

Lehnen, D., C. Blumer, T. Polen, B. Wackwitz, V. F. Wendisch, and G.
Unden. 2002. LrhA as a new transcriptional key regulator of flagella, motility
and chemotaxis genes in Escherichia coli. Mol. Microbiol. 45:521-532.
Licht, T. R., T. Tolker-Nielsen, K. Holmstrgm, K. A. Krogfelt, and S. Molin.
1999. Inhibition of Escherichia coli precursor 16S rRNA processing by mouse
intestinal contents. Environ. Microbiol. 1:23-32.

Macnab, R. M. 1996. Flagella and motility, p. 123-145. In F. C. Neidhardt,
R. Curtiss IIL, J. L. Ingraham, E. C. C. Lin, K. B. Low, B. Magasanik, W. S
Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger (ed.), Escherichia
coli and Salmonella: cellular and molecular biology, 2nd ed., vol. 1. ASM
Press, Washington, D.C.

McCormick, B. A., D. C. Laux, and P. S. Cohen. 1990. 1990. Neither motility
nor chemotaxis plays a role in the ability of Escherichia coli F-18 to colonize
the streptomycin-treated mouse large intestine. Infect. Immun. 58:2957-
5961.

McCormick, B. A., B. A. D. Stocker, D. C. Laux, and P. S. Cohen. 1988. The role
of motility, chemotaxis, penetration through, and growth in intestinal mucus in
the ability of an avirulent strain of Salmonella typhimurium to colonize the large
intestines of streptomycin-treated mice. Infect. Immun. 56:2209-2217.

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Miller, C. P., and M. Bohnhoff. 1963. Changes in the mouse’s enteric mi-
croflora associated with enhanced susceptibility to Salmonella infection fol-
lowing streptomycin-treatment. J. Infect. Dis. 113:59-66.

Miranda, R. L., T. Conway, M. P. Leatham, D. E. Chang, W. E. Norris, J. H.
Allen, S. J. Stevenson, D. C. Laux, and P. S. Cohen. 2004. Glycolytic and
gluconeogenic growth of Escherichia coli O157:H7 (EDL933) and E. coli
K-12 (MG1655) in the mouse intestine. Infect. Immun. 72:1666-1676.
Mpgller, A. K., M. P. Leatham, T. Conway, P. J. M. Nuijten, L. A. M. de Haan,
K. A. Krogfelt, and P. S. Cohen. 2003. An Escherichia coli MG1655 lipo-
polysaccharide deep-rough core mutant grows and survives in mouse cecal
mucus but fails to colonize the mouse large intestine. Infect. Immun. 71:
2142-2152.

Monday, S. R, S. A. Minnich, and P. C. Feng. 2004. A 12-base-pair deletion
in the flagellar master control gene fIhC causes nonmotility of the pathogenic
German sorbitol-fermenting Escherichia coli O157:H™ strains. J. Bacteriol.
186:2319-2327.

Moore, W. E. C., and L. V. Holdeman. 1974. Human fecal flora: the normal
flora of 20 Japanese-Hawaiians. Appl. Microbiol. 27:961-979.

Nevola, J. J., D. C. Laux, and P. S. Cohen. 1987. In vivo colonization of the
mouse large intestine and in vitro penetration of intestinal mucus by an
avirulent strain of Salmonella typhimurium and its lipopolysaccharide-defi-
cient mutant. Infect. Immun. 55:2884-2890.

Editor: J. T. Barbieri

THE INTESTINE GENERATES NONMOTILE E. COLI MUTANTS

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

8049

. Newman, J. V., R. Kolter, D. C. Laux, and P. S. Cohen. 1994. The role of
leuX in Escherichia coli colonization of the streptomycin-treated mouse large
intestine. Microb. Pathog. 17:301-311.

Peekhaus, N., and T. Conway. 1998. What’s for dinner? Entner-Doudoroff
metabolism in Escherichia coli. J. Bacteriol. 180:3495-3502.

Prif, B. M., J. W. Campbell, T. K. Van Dyk, C. Zhu, Y. Kogan, and P.
Matsumura. 2003. FIhD/FIhC is a regulator of anaerobic respiration and the
Entner-Doudoroff pathway through induction of the methyl-accepting che-
motaxis protein Aer. J. Bacteriol. 185:534-543.

Prii3, B. M., X. Liu, W. Hendrickson, and P. Matsumura. 2001. FIhD/FIhC-
regulated promoters analyzed by gene array and lacZ gene fusions. FEMS
Microbiol. Lett. 197:91-97.

Prii, B. M., and P. Matsumura. 1996. A regulator of the flagellar regulon
of Escherichia coli, flhD, also affects cell division. J. Bacteriol. 178:668-674.
Revel, H. R. 1966. Restriction and nonglucosylated T-even bacteriophage:
properties of permissive mutants of Escherichia coli B and K12. Virology
31:688-701.

Schmitt, C. K. J. S. Ikeda, S. C. Darnell, P. R. Watson, J. Bispham, T. S.
Wallis, D. L. Weinstein, E. S. Metcalf, and A. D. O’Brien. 2001. Absence of
all components of the flagellar export and synthesis machinery differentially
alters virulence of Salmonella enterica serovar Typhimurium in models of
typhoid fever, survival in macrophages, tissue culture invasiveness, and calf
enterocolitis. Infect. Immun. 69:5619-5625.

Shin, S., and C. Park. 1995. Modulation of flagellar expression in Escherichia
coli by acetyl phosphate and the osmoregulator OmpR. J. Bacteriol. 177:
4696-4702.

Stintzi, A., D. Marlow, K. Palyada, H. Naikare, R. Panciera, L. Whitworth,
and C. Clarke. 2005. Use of genome-wide expression profiling and mutagen-
esis to study the intestinal lifestyle of Campylobacter jejuni. Infect. Immun.
73:1797-1810.

Sweeney, N. J., P. Klemm, B. A. McCormick, E. Moller-Nielsen, M. Utley,
M. A. Schembri, D. C. Laux, and P. S. Cohen. 1996. The Escherichia coli
K-12 gntP gene allows E. coli F-18 to occupy a distinct nutritional niche in the
streptomycin-treated mouse large intestine. Infect. Immun. 64:3497-3503.
Sweeney, N. J., D. C. Laux, and P. S. Cohen. 1996. Escherichia coli F-18 and
K-12 eda mutants do not colonize the streptomycin-treated mouse large
intestine. Infect. Immun. 64:3504-3511.

van der Waaij, D., J. M. Berghuis de Vries, and J. E. C. Lekkerkerk. 1971.
Colonization resistance of the digestive tract in conventional and antibiotic-
treated mice. J. Hyg. 69:405-441.

Wadolkowski, E. A., D. C. Laux, and P. S. Cohen. 1988. Colonization of the
streptomycin-treated mouse large intestine by a human fecal Escherichia coli
strain: role of growth in mucus. Infect. Immun. 56:1030-1035.

1sanb Aq 8T0zZ ‘9z lequialdas uo /Bio wse rel//:dny wody papeojumod


http://iai.asm.org/

	Mouse Intestine Selects Nonmotile flhDC Mutants of Escherichia coli MG1655 with Increased Colonizing Ability and Better Utilization of Carbon Sources
	Citation/Publisher Attribution

	Mouse Intestine Selects Nonmotile flhDC Mutants of Escherichia coli MG1655 with Increased Colonizing Ability and Better Utilization of Carbon Sources
	Authors
	Terms of Use


	tmp.1537976809.pdf.jOB31

