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The carbon sources that support the growth of pathogenic Escherichia coli O157:H7 in the mammalian
intestine have not previously been investigated. In vivo, the pathogenic E. coli EDL933 grows primarily as single
cells dispersed within the mucus layer that overlies the mouse cecal epithelium. We therefore compared the
pathogenic strain and the commensal E. coli strain MG1655 modes of metabolism in vitro, using a mixture of
the sugars known to be present in cecal mucus, and found that the two strains used the 13 sugars in a similar
order and cometabolized as many as 9 sugars at a time. We conducted systematic mutation analyses of E. coli
EDL933 and E. coli MG1655 by using lesions in the pathways used for catabolism of 13 mucus-derived sugars
and five other compounds for which the corresponding bacterial gene system was induced in the transcriptome
of cells grown on cecal mucus. Each of 18 catabolic mutants in both bacterial genetic backgrounds was fed to
streptomycin-treated mice, together with the respective wild-type parent strain, and their colonization was
monitored by fecal plate counts. None of the mutations corresponding to the five compounds not found in
mucosal polysaccharides resulted in colonization defects. Based on the mutations that caused colonization
defects, we determined that both E. coli EDL933 and E. coli MG1655 used arabinose, fucose, and N-acetylglu-
cosamine in the intestine. In addition, E. coli EDL933 used galactose, hexuronates, mannose, and ribose,
whereas E. coli MG1655 used gluconate and N-acetylneuraminic acid. The colonization defects of six catabolic
lesions were found to be additive with E. coli EDL933 but not with E. coli MG1655. The data indicate that
pathogenic E. coli EDL933 uses sugars that are not used by commensal E. coli MG1655 to colonize the mouse
intestine. The results suggest a strategy whereby invading pathogens gain advantage by simultaneously
consuming several sugars that may be available because they are not consumed by the commensal intestinal

microbiota.

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is a
noninvasive enteric pathogen of humans. EHEC has many
virulence factors, including adhesins (e.g., intimin), effector
proteins (e.g., espG), and toxins (e.g., Shiga toxin), which are
necessary to cause disease and likely contribute to the strain’s
extremely low infectious dose (27). However, the first step in
EHEC infection, following ingestion, is colonization. To colo-
nize the gastrointestinal (GI) tract, EHEC must overcome the
barrier to infection imposed by the host and the intestinal
microbiota, which include commensal E. coli strains. While
many factors, such as innate immunity, inhibitory substances of
microbial origin, and competition for adhesion sites, can be
barriers to invading microorganisms, Freter postulated that
competition for nutrients is the most important of these factors
(17-19). Freter’s nutrient-niche hypothesis states that for a
species to be successful in the intestine, it must grow faster
than the washout rate and better than all other competitors on
one or on a small number of growth-limiting nutrients. Ac-
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cordingly, EHEC must compete with the resident microbiota
to acquire the nutrients it needs to grow from low to high
numbers in the GI tract. While housekeeping functions are not
virulence factors per se, carbon and energy source metabolism
is considered to be essential during the early stages of many
bacterial infections (9). How EHEC competes with the GI
microbiota for nutrients during colonization remains an open
question.

Much more is known about colonization of the intestine by
commensal E. coli strains (7, 8, 29). Commensal E. coli cells are
dispersed throughout the mucus layer overlaying the intestinal
epithelium (35). Mutant cells that fail to penetrate or survive in
or, most importantly, grow on mucus are unable to compete
and cannot colonize the intestine (36). Mucus is composed of
mucin, glycoproteins, glycolipids, and epithelial cell debris and
is about 50% polysaccharides (for a review see reference 7).
While E. coli genomes encode approximately 40 glycoside hy-
drolases (20), E. coli cannot degrade mucus polysaccharides
(23) and is limited to growth on simple monosaccharides and
disaccharides (34). Thus, we recently tested the hypothesis that
E. coli K-12 grows on mucus-derived sugars in the intestine and
found that seven fermentable carbohydrates each contribute to
growth to various degrees during colonization (6). This finding
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implies that E. coli could cometabolize several nutrients in
vivo. Supporting this idea of cometabolism is the fact that E.
coli simultaneously utilizes a mixture of six sugars under nu-
trient-limiting conditions in vitro (32). Also, it is known that
slow growth in carbon-limited chemostats and growth on in-
creasingly poor quality carbon sources induce catabolic path-
ways for which the inducer is absent from the growth medium,
acting as a possible carbon-scavenging mechanism (24, 33, 48).
However, the extent to which these carbon-scavenging strate-
gies are important for colonization of the intestine is unknown.
Therefore, the ability of E. coli EDL933 to cometabolize a
mixture of carbon sources for colonization and the identity of
the carbon sources used in vivo are other open questions.

An exhaustive in vitro study of monocultures failed to reveal
significant differences in carbon source utilization between
commensal E. coli strains and pathogenic E. coli O157:H7 (12).
Comparative genomics of E. coli O157:H7 (strain EDL933)
and E. coli K-12 (strain MG1655) revealed no major differ-
ences in the gene systems that encode and regulate the path-
ways for carbon source utilization (39), although we previously
noted the absence of two catabolic pathways for mucus-derived
amino sugars (galactosamine and N-acetyl-galactosamine) in
E. coli MG1655 (38). Nevertheless, E. coli EDL933 grows from
low to high numbers in the presence of higher numbers of E.
coli MG1655, suggesting that the two strains may compete for
different nutrients in the intestine (35).

Since there is reason to believe that the competition for
nutrients is important for the establishment of E. coli ED1.933
in the mammalian intestine and since there appears to be no in
vitro nutritional differences between E. coli strains in monocul-
tures, we sought to determine if E. coli EDL.933 and E. coli
MG1655 compete for the same or utilize different carbon
sources in vivo. The possibility that E. coli cometabolizes sev-
eral sugars when presented with a complex mixture has not
been tested, so we determined the order of sugar consumption
for both E. coli EDL933 and E. coli MG1655 from a chemically
defined culture medium containing 13 sugars previously iden-
tified in cecal mucus (6-8, 29, 38). The results indicate that E.
coli EDL933 and E. coli MG1655 cometabolize these sub-
strates in nearly the same order in vitro. However, a systematic
genetic analysis indicates that the two strains utilize different
carbon sources for colonization of the streptomycin-treated
mouse, suggesting that the pathogen may establish infection by
taking advantage of nutrients in the intestine that are not
consumed by commensal E. coli and the normal microbiota.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and plasmids used in this
study are listed in Table 1. Strains were derived from E. coli MG1655 Str"
(streptomycin-resistant strain) (36) and E. coli EDL933 Str* (35). The originally
sequenced E. coli strain MG1655 is closely related to the human isolate K-12,
having been cured only of lambda phage and the F plasmid (3). Strain EDL933
is the sequenced prototype strain of E. coli O157:H7 (39). Null alleles were
constructed by using the allelic replacement method of Datsenko and Wanner
(11), as described previously (6), such that target genes were deleted and re-
placed with kanamycin or chloramphenicol resistance cassettes, which served as
selectable markers in the mouse colonization experiments described below. Sin-
gle gene deletions began with the start codon and ended with the stop codon, and
multiple gene deletions began with the start codon of the first gene deleted and
ended with the stop codon of the last gene deleted. Strains containing multiple
mutations were constructed by sequential allelic replacement; the first inserted
cassette was removed with FLP recombinase (11), followed by allelic replace-
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ment(s) and removal of the insertion, as necessary, leaving the selectable marker
in the last mutation made. Mutant strains were verified phenotypically and by
DNA sequencing. To phenotype the strains, 3-(N-morpholino propanesulfonic
acid (MOPS) defined medium (37) was used with a 0.2% carbon source unless
otherwise specified, with gyratory shaking at 250 rpm. Cell growth was monitored
spectrophotometrically at an optical density at 600 nm (ODy,). For determina-
tion of the strain’s in vitro nutrient preference, cultures were grown in MOPS
medium containing 0.015% each of gluconate, N-acetyl-neuraminic acid
(NANA), galactose, mannose, N-acetyl-glucosamine (NAG), N-acetyl-galac-
tosamine (GalNAc), glucosamine, glucuronate, galacturonate, fucose, ribose,
L-arabinose, and maltose. Overnight cultures of cells grown on MOPS-NAG
medium were used to inoculate the mixed carbon source cultures. At selected
time points, culture medium samples were collected by filtration through 0.45-
pm-pore filters, followed by heating to 60°C for 30 min to inactivate any extra-
cellular enzymes. The samples were frozen until analyzed, as described below.

Sugar analysis. Reducing sugars were derivatized with 4-aminobenzonitrile
(4-ABN) and analyzed with CE and UV detection, using a method adapted from
Schwaiger et al. (46). Nonreducing sugars were separated and detected directly
using CE coupled to mass spectrometry. A 1.0 M 4-ABN reagent was prepared
by dissolving 0.12 g of 4-ABN in 2.0 ml of 1 M sodium cyanoborohydride in
tetrahydrofuran and 104 pl of acetic acid (all reagents were purchased from
Sigma-Aldrich Chemical). The 4-ABN reagent was protected from light and
stored at 5°C. Derivatization was conducted by mixing 40 wl of the sample with
10 pl of the internal standard (1 mM allose) and 10 pl of the 4-ABN reagent in
a screw-top centrifuge tube and heating the mixture for 4 h at 90°C. The deri-
vatization mixture was diluted 1:10 in the running electrolyte, and CE was carried
out by using an Agilent G1600 automated CE instrument. The separation cap-
illary was 50-pm-internal-diameter bare fused silica with a bubble cell and had an
effective length of 56 cm (Agilent Technologies). The sample was injected hy-
drodynamically, using 25 kPa s~ ! pressure. The running electrolyte was 140 mM
borate (pH 10.2), and the separation potential was +22 kV. The column tem-
perature was maintained at 25°C. Prior to each injection, the capillary was
flushed for 3 min with the running electrolyte. A postrun step included a 2-min
rinse with 0.1 M NaOH and a 1-min rinse with MilliQ H,O. The UV signal was
collected at 280 nm, 10 nm bandwidth, using a 520-nm reference signal.

Nonreducing sugars were detected by mass spectrometry as [M — H]™ or
[M + H]" adducts for the acidic and basic sugars, respectively. The CE sepa-
ration was achieved using an Agilent G1600 automated CE instrument coupled
to an Agilent G1946A single quadrupole mass spectrometer using electrospray
ionization and the Agilent coaxial sheath fluid CE-electrospray ionization-mass
spectrometry interface. The separation capillary was 50 wm internal diameter,
with a total length of 70 cm (Polymicro Technologies), using a voltage of +25 kV.
Injection was hydrodynamic at 40 kPa s~'. The running electrolyte for the
analysis of NANA and gluconate was 100 mM borate (pH 9.0; adjusted with
NH,OH). For glucosamine, GlcNAc, and GalNAc, the running electrolyte was
50 mM NH,OAc with 10 mM borate, adjusted to pH 9.0 with NH,OH. Extracted
ion electropherograms were used for each carbohydrate at the appropriate [M —
H]™ or [M + H]|" m/z. Relative sugar concentrations were determined by
dividing the peak area for each component by that of the internal standard
(allose) peak area. All peak area ratios were normalized to the arbitrary value of
100 for the first time point, for comparison purposes. Three analytical replicates
were obtained for each time point, and the entire growth experiment was dupli-
cated.

Microarray analysis of E. coli MG1655 and E. coli EDL933. Total RNA from
E. coli MG1655 Str* Nal" (nalidixic acid-resistant) or E. coli EDL933 Str" Nal*
was extracted from 10 ml of cells grown to an ODg, of 0.4 on MOPS minimal
medium containing glucose (0.2% [wt/vol]) or cecal mucus (10 mg ml™ ') as the
sole carbon source, as described previously (6). Culture samples were diluted
into DNA-RNA Protect (Sierra Diagnostics) to inhibit RNA degradation, and
the RNA was purified using RNeasy mini-kits with optional DNase treatment
(Qiagen). The RNA was converted to cDNA by first-strand synthesis, using
Superscript IT (Invitrogen) and random hexamers, according to the manufactur-
er’s specifications. The resulting cDNA was fragmented and biotinylated (with an
Enzo kit; Roche Diagnostics), according to an Affymetrix prokaryotic labeling
protocol. Biotinylated samples were hybridized to Affymetrix GeneChip custom
microarrays for 16 h at 60°C. Custom GeneChips contained probe sets for all
genes on the genomes of E. coli MG1655 and E. coli EDL933. Hybridized arrays
were stained using an Affymetrix protocol (ProkGE_WS2v2_450). Stained mi-
croarrays were scanned, and the raw data files (with the file extension.cel) were
analyzed further using RMA processing with quartile normalization (25). Bio-
logical duplicate array data were averaged, and the transcriptome of cells grown
on cecal mucus was compared to that of cells grown on glucose. We considered
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TABLE 1. Strains and plasmids used in this study

Source or reference

Strain or plasmid

Genotype or phenotype

MG1655 Wild type (CGSC no. 7740)" CGSC
MG1655 Str" Spontaneous Str* 36
MG1655 Str* Nal* Spontaneous Nal" 36

EDL933
EDL933 Str"

Wild-type O157:H7
Spontaneous Str*

Alison O’Brien
35

EDL933 Str" Nal” Spontaneous Nal" 35
Derivatives of strain MG1655 Str*

araBAD"? A(araB-araD)::cat This study

aspA AaspA::cat 6

fucAO A(fucA-fucO)::kan 6

galK AgalK::cat This study

gatABC A(gatA-gatC)::cat This study

glpK AglpK::kan 6

gntK idnK AgntK AidnK::cat 30

lacZ AlacZ::cat This study

manA AmanA::cat This study

mtlA AmtlA::cat This study

nagk AnagE::kan 6

nanAT A(nanA-nanT)::kan 6

rbsK ArbsK::kan 6

srlAEB A(srlA-srIB)::cat This study

uxaB AuxaB::kan 6

uxaC AuxaC::kan 6
Multiple-mutation derivatives of strain MG1655 Str*

fucAO rbskK This study

fucAO rbsK manA This study

fucAO rbsK manA araBAD This study

fucAO rbsK manA araBAD nagE This study

fucAO rbsK manA araBAD nagE galK This study
Derivatives of strain EDL933 Str"

agaWEFA A(agaW-agaA)::cat This study

araBAD A(araB-araD)::cat This study

aspA AaspA::cat This study

fucAO A(fucA-fucO)::kan This study

galK AgalK::cat This study

gatABC A(gatA-gatC)::cat This study

glpK AglpK::cat This study

gntK AgntK::cat This study

lacZ AlacZ::cat This study

manA AmanA::cat This study

manXYZ A(manX-manZ)::cat This study

mtlA AmtlA::cat This study

nagk AnagE::cat This study

nanAT A(nanA-nanT)::cat This study

rbsK ArbsK::cat This study

uxaB AuxaB::cat This study

uxaC AuxaC::cat This study
Multiple-mutation derivatives of strain EDL933 Str™

fucAO rbskK This study

fucAO rbsK manA This study

fucAO rbsK manA araBAD This study

fucAO rbsK manA araBAD nagE This study

fucAO rbsK manA araBAD nagE galK This study
Plasmids

pKD3 bla cat 11

pKD4 bla kan 11

pKD46 T® Ap' P, ,c-N\-red recombinase 11

pCP20 T* Ap" FLP recombinase 11

“ CGSC, E. coli Genetic Stock Culture Collection, Yale University.
’ For simplicity, strains are named in the text by strain and mutation(s).

¢ See Materials and Methods for details on multiple-mutation constructions; genotypes are identical to those listed in this table for single mutations.
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genes to be significantly induced if their expression ratio was more than 2
standard deviations above the mean of the expression ratios (50).

Mouse colonization experiments. The streptomycin-treated mouse is the
model of choice for the study of colonization of the mouse large intestine by E.
coli (7, 8,29). Briefly, three CD-1 male mice, 6 weeks of age, were given drinking
water containing streptomycin sulfate (5 g/liter) for 24 h, which opens the niche
for E. coli by removing the resident facultative microbiota, while leaving the
anaerobic microbiota essentially intact (21). Following this treatment, the mice
were starved for food and water for 18 h and were then fed (per oral) approx-
imately 10° CFU of both the wild-type and the mutant strains in 1 ml of 20%
sucrose. The wild-type strains were E. coli MG1655 Str" Nal" (36) and E. coli
EDL933 Str" Nal® (35); Nal" was used to distinguish the wild type (reference
strain) from the null allele mutants in fecal plate counts. After the bacterial
suspension was ingested, food and streptomycin-water (5 g/liter) were restored,
and fecal plate counts were determined at 5 h and 24 h, and on every other day
thereafter for 15 days. Fecal samples were homogenized and diluted in 1%
tryptone broth and plated on lactose-MacConkey agar containing either strep-
tomycin (100 pg/ml) and nalidixic acid (50 pg/ml) to count the wild type or
streptomycin and kanamycin (40 wg/ml) or chloramphenicol (30 pg/ml) to count
the null allele mutants. Each colonization experiment was repeated on separate
occasions, and the values shown represent the averages for six mice. The log;,
mean number of CFU per gram of feces plus or minus the standard error for
each strain in the mice was calculated for each time point. In all experiments, a
difference between two strains of =10-fold CFU/g feces (1 order of magnitude)
was statistically significant, i.e., had a P value of <0.05 with Student’s ¢ test
(two-tailed with unequal variance). The limit of detection for fecal plate counts
was 10> CFU/g feces.

Microarray data accession number. Microarray data were deposited in Array
Express, accession no. E-MEXP-1177.

RESULTS

In vitro cometabolism of carbon sources in a complex mix-
ture. E. coli EDL933 and E. coli MG1655 have essentially
identical carbon utilization profiles in monocultures growing
on individual sugars (12), with the exception of GalNAc and
galactosamine, because the agaWEFA genes are deleted in
K-12 strains (3). E. coli is known to cometabolize several sugars
when examined in chemostats and shaken batch cultures (for a
review, see reference 28). However, the preferred order of
carbon source utilization from a complex mixture of mucus-
derived sugars has not been studied. Previously, we determined
the in vitro order of carbon source preference for E. coli
MG1655 by comparing a series of cultures, each containing two
carbon sources, and monitoring diauxic growth for the disap-
pearance of sugars (6). We were concerned that this experi-
mental strategy did not give a true reflection of substrate con-
sumption from complex mixtures. Therefore, we grew E. coli
EDL933 and E. coli MG1655 aerobically in batch cultures on
MOPS minimal medium supplemented with 13 sugars (0.015%
of each) known to be present in mucus (38). Since galac-
tosamine and GalNAc are metabolized by the same metabolic
pathway, only GalNAc was added to the medium. Maltose was
included because we previously observed that maltose genes
were induced in E. coli MG1655 when it was grown on mucus
(6). The disappearance of each sugar was monitored by CE
and UV detection and by CE coupled to mass spectrometry, as
described in Materials and Methods.

The results of this experiment (Fig. 1) indicated that the two
strains used the carbon sources in a similar, but not identical,
order. The in vitro order of nutrient preference for E. coli
EDL933 was NAG > gluconate > galactose > NANA >
mannose > galacturonate = glucuronate = arabinose = ribose >
glucosamine > maltose = fucose = GalNAc. The order of
nutrient preference for E. coli MG1655 was NAG > gluco-
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nate > galactose > NANA > galacturonate = glucuronate =
mannose = ribose > arabinose > glucosamine > maltose >
fucose (GalNAc was unused). The most significant differences
between the two strains were the earlier beginning of mannose
and arabinose consumption by E. coli EDL933 and the sequen-
tial onset of maltose and fucose utilization with E. coli
MG1655. Also evident, as shown in Fig. 1, are cascading car-
bon source utilization and overlapping metabolism. The data
indicated that E. coli EDL933 and E. coli MG1655 used ca-
tabolite-repressing sugars first (i.e., NAG, gluconate and ga-
lactose [41]). Before these catabolite-repressing sugars were
completely exhausted, cometabolism of the remaining sugars
ensued (up to nine sugars at one time). Acetate was excreted
and accumulated in the growth medium throughout batch
growth, until it was consumed during the last one-half gener-
ation, while the least preferred sugars were being exhausted.
This pattern of acetate excretion and reuptake is typical of E.
coli overflow metabolism when the bacteria are growing on
fermentable sugars (49). Thus, the data indicated that the
growth of both the pathogenic and the commensal strains is
characteristic of sugar fermentation under aerobic conditions,
with little evidence of differences between the strains. Growth
of the cultures throughout the experiment was logarithmic,
with smooth transitions through sequential substrate catabo-
lism.

E. coli EDL933 transcriptome during growth in cecal mucus.
We previously showed that E. coli EDL933 can grow in vitro on
cecal mucus prepared from mice but cannot grow in the lumi-
nal content, suggesting that the bacteria colonize the mouse
intestine by growing in the mucus layer that overlays the cecal
epithelium (35). In the streptomycin-treated mouse, fluores-
cence in situ microscopy of cecal thin sections demonstrate
that E. coli EDL933 grows primarily as single cells dispersed
throughout the mucus layer (>90%) and also in the region
adjacent to the epithelium (35). Mucus contains 13 monosac-
charides (arabinose, fucose, galactose, gluconate, glucuronate,
galacturonate, mannose, glucosamine, NAG, galactosamine,
GalNAc, NANA, and ribose) that are made available to E. coli
by host epithelial cell turnover and polysaccharide-degrading
anaerobes (8). With this list of available sugars in mind, we
previously determined the transcriptome of E. coli MG1655
grown on mucus to identify genes that might be important for
colonization (6). Under these conditions, which are thought to
mimic the nutrient availability in the intestine, the majority of
induced gene systems in E. coli MG1655 involved metabolism,
including catabolic pathways for seven of the monosaccharides
listed above (fucose, gluconate, glucuronate, galacturonate,
NAG, NANA, and ribose) (6). Therefore, as a starting point
for the current investigation, we used a custom Affymetrix
GeneChip to measure the transcriptome of E. coli EDL933
grown to an ODg, of 0.4 (mid logarithmic phase) on cecal
mucus. The control culture in these experiments was grown on
glucose as the sole carbon and energy source. The results
showed that gene systems involved in catabolism of 7 of the 13
sugars in mucus were significantly induced in mucus-grown E.
coli EDL933, including fucose, gluconate, glucuronate, ga-
lacturonate, GalNAc, NANA, and ribose (data not shown). We
previously observed a more comprehensive induction of met-
abolic genes at this culture density; however, the expression of
some genes involved in the catabolism of preferred carbon

1sanb Aq 8T0Z ‘2 18q0100 uo /6o wserel//:dny wolj papeojumod


http://iai.asm.org/

VoL. 76, 2008 IN VIVO CARBON NUTRITION OF E. COLI O157:H7 1147
7000 T A - 6000
- —Q, e}
B ")ﬁ'—?@;"é“ - 4&‘ ’%33"&/&2 ° 100
100 8000 g 3 L0 Py - 5000
s 18 RN 8 3 \ A =
= S X LA z 2 =
£| 5000 T ) z =t
80 = 5 ] 80 é 4000 §
S § 4000 £ g g g
3 L0 5 8 60 ¢ 3000 §
o g g o g g
o 513000 5 G g4 | 2 5
L40 @ g ‘ 40 22000 @
8| 2000 & ! S ks
5 8 : 8. 1000 ©
r 20 o\‘;’ 1000 g\y 20 °\°~ 1000
- Vg 3e§\v vé\va
0.01 bo Lo 0.01 w== g JolacBiossismess . 410 -0
40 0 5 25 30
Time (hours) Legend Time (hours)
C 4 | —e— oD600 g
NAG | = gﬁtG NAG - |
Gnt 4 ) i—) T el Gnt - o —|
Gal  —— o NANA Gal - |
NANA - I — a Galu NANA - I E—
Man ] © GleU GalU - |
Galu 4 ] —@— Man GleU - s |
GleU - — R Man - 1 ——
Ara A —r—J e Gl Rib ——
Rib | o — o Malt Ara - o
GIcN A | o Fuc GIcN - |
Malt - m -—o-— GalNAc |  Malt - =
Fuc = ——v-— acetate Fuc ===
GalNAC - o GalNAc -
Acetate [ ] acetate |
T T ] ' e
0 5 10 40 0 5 25 30
Time (hours) Time (hours)

FIG. 1. Carbohydrate consumption by E. coli EDL933 (A and C) and E. coli MG1655 (B and D) of cultures grown in chemically defined
medium containing a mixture of 0.015% each of 13 sugars. For panels A and B, the left axes show ODy, the first right axis is the percentage of
carbon source remaining, and the second right axis is acetate concentration (wM). The legend for carbon sources is shown. For panels C and D,
the bars show the times that consumption of the indicated sugar began and was completed. The x axes of all plots indicate time (h). Abbreviations:
gluconate (Gnt), galactose (Gal), galacturonate (GalU), glucuronate (GlcU), mannose (Man), ribose (Rib), arabinose (Ara), glucosamine (GIcN),

maltose (Malt), fucose (Fuc), and N-acetyl-galactosamine (GalNAc).

sources may have declined, presumably because these carbon
sources were present in low amounts and were consumed early
in the logarithmic phase (6). In addition, we observed the
induction of five gene systems in E. coli EDL933 (data not
shown) and E. coli MG1655 (6) that are involved in the catab-
olism of glycerol, galactitol, lactose, mannitol, and aspartate.
Thus, the gene systems induced by growth on mucus in E. coli
EDL933 differed only slightly from that in E. coli MG1655 (6).
Our previous systematic analysis of the colonization properties
of catabolic mutants of E. coli MG1655 showed that some
systems induced on mucus did not impact colonization and that
others not induced on mucus did impact colonization (6).
Based on these considerations, we decided to investigate each
of the 18 carbon sources listed above (13 mucus-derived sugars
plus 5 compounds corresponding to gene systems that were
induced by mucus) as possible substrates for the colonization
of E. coli EDL933.

E. coli EDL933 and E. coli MG1655 utilize different sugars
in the mouse intestine. To determine which of the 18 carbon
sources support colonization of E. coli EDL933 in the intes-
tine, a series of mutants were constructed with specific defects
in carbon catabolism pathways (Table 1). The phenotype of
each mutant was tested to ensure that the mutation specifically
eliminated growth on the corresponding carbon source without
affecting in vitro growth on other carbon sources (data not
shown). The mutants were competed in vivo against the wild-
type parent strain, as described previously for E. coli MG1655
(6). The streptomycin-treated mouse is the model of choice for

studying bacterial carbon nutrition in the intestine (7, 8, 29).
We have described this model in considerable detail previously
(2, 26). We want only to stress here that the streptomycin-
treated CD-1 mouse is used to study the competition for col-
onization between two strains, typically a mutant and its wild-
type parent; it is not a model for pathogenesis, and none of the
animals used in this study showed symptoms of disease at any
time during the experiments. In this competitive fitness assay,
mice are given, over the entire course of the experiment, strep-
tomycin in their drinking water (5 g/liter), which selectively
removes facultative anaerobes without affecting the overall
populations of anaerobes in the intestine (21). Streptomycin-
resistant E. coli mutants and wild-type strains are fed together
at 10° CFU each to groups of three mice. Strains that cocolo-
nize the animals at the same population level are considered
equally fit; i.e., the inability to utilize the carbon source in
question has no impact on colonization. Mutations that nega-
tively impact the competitive fitness of the strain result in a
colonization defect that is measured in logarithmic decreases
in the relative population of the mutant compared to the wild
type; i.e., catabolism of the corresponding carbon source by the
wild type provides a competitive advantage over the mutant.
Each experiment was replicated (with a total of six or more
mice); all colonization differences exceeding 1 log (a 10-fold
difference in population sizes) were statistically significant
(P < 0.05) (26).

The results of a comprehensive mutagenic analysis to deter-
mine the relative fitness for the colonization of strains having
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TABLE 2. Competitive colonization between sugar mutants and wild-type E. coli strains

Log,, difference (CFU/g = SEM)
for E. coli EDL933 populations”

Log,, difference (CFU/g = SEM) for E. coli
MG1655 populations® on:

Sugar Mutation(s) on:

Day 1 Day 9 Day 1 Day 9
Arabinose araBAD 04x0.2 1.4 =03 0.1 £0.1 22+03
Fucose fucAO 0404 2.8 + 0.5 1.1 +0.2 1.8 =03
Galactose galK 09 0.5 29 +04 04 +0.1 0.8 +0.2
Gluconate” gntK (idnK) 03*+03 0.6 =05 0.6 = 0.1 1403
Hexuronates® uxaC 0.1 £0.1 1.2 £0.2 0.0£04 0.0=0.2
Galacturonate uxaB 0.2+0.2 0.8 £0.3 0.4 £0.3 0.8 £0.3
Mannose manA 0.6 £0.2 22+09 0.3 +0.5 0.1+0.2
NAG nagk 0303 1.6 = 0.4 1.2 +0.2 2203
Glucosamine manXYZ 0.6 = 0.6 0.5+0.3 ND? ND
GalNAc and galactosamine agaWEFA 0.6 £0.5 0.7x0.4 Pathway missing® Pathway missing®
NANA nanAT 0.7*+0.2 —-0.6 £0.2 1.2 +03 33+0.7
Ribose rbsK 02=+0.3 1.1 03 0.0*+0.3 0302

@ Each mouse was fed 10° CFU of a mutant strain and its wild-type parent. Values shown are the log;, differences in populations between the mutant and the wild
types; i.e., the log;, CFU/g of feces for the mutant was subtracted from the log,, CFU/g of feces for the wild type. The average log,, differences *+ standard error of
the mean (SEM) of day 1 and day 9 data from at least six mice are shown. Colonization differences that exceeded 1 log and are statistically significant (Student’s ¢ test,

P < 0.05) are shown in bold.

> E. coli EDL933 is deleted for idnK, which encodes the secondary gluconate kinase.
¢ The uxaC mutation blocks catabolism of both hexuronates, glucuronate, and galacturonate.

4 ND, not determined.

¢ E. coli MG1655 is deleted for agaWEFA. E. coli EDL933 and MG1655, carrying mutations for the catabolism of aspartate (aspA), galactitol (gatABC), glycerol
(glpK), lactose (lacZ), and mannitol (mtlA4), did not have colonization defects (data not shown).

lesions in each of 18 different catabolic pathways are shown in
Table 2. Mutation of the majority (9 out of 13) of the catabolic
pathways for sugars known to be present in cecal mucus caused
colonization defects in one or both of the strain backgrounds
tested. In the pathogenic E. coli EDL933, mutation of 7 of the
13 catabolic pathways caused statistically significant defects in
competition with the wild type in the maintenance stage (day 9
of the experiments). None of these mutations caused defects in
the initiation stage of colonization by E. coli EDL933 (day 1).
In the commensal strain, E. coli MG1655, mutation of five of
the catabolic pathways caused statistically significant coloniza-
tion defects in the maintenance stage, three of which were also
defective in the initiation stage. Not all mutations tested
caused colonization defects: mutation of nearly half (8 out of
18) of the catabolic pathways did not result in a colonization
defect in either E. coli EDL933 or E. coli MG1655; none of the
five catabolic pathways for the compounds not found in mu-
cosal polysaccharides, but for which the corresponding gene
systems were induced by growth on mucus (glycerol, galactitol,
lactose, mannitol, and aspartate), provided a colonization ad-
vantage (as listed in the legend to Table 2; data not shown).
Mutants of both E. coli EDL933 and E. coli MG1655 that
were unable to grow on arabinose, fucose, and NAG had
colonization defects. With respect to differences between the
pathogenic and the commensal strain, mutation of the path-
ways for galactose, hexuronates, mannose, and ribose caused
colonization defects for E. coli EDL933 but not for E. coli
MG1655, whereas mutation of pathways for gluconate and
NANA caused colonization defects for E. coli MG1655 but not
E. coli EDL933. Examples of in vivo carbon nutrition differ-
ences between E. coli EDL933 and E. coli MG1655 for galac-
tose and NANA, respectively, are shown graphically in Fig. 2.
We note that it is not possible to distinguish glucuronate ca-
tabolism by mutation (6, 38). The uxaB mutation that elimi-
nates galacturonate catabolism did not have a statistically sig-

nificant effect on colonization, and the wuxaC mutation that
prevents growth on both glucuronate and galacturonate was
just over the significance limit, suggesting that catabolism of
neither compound alone contributes significantly to coloniza-
tion. To summarize these colonization assay results, commen-
sal E. coli MG1655 appeared to use arabinose, fucose, gluco-
nate, NAG, and NANA to colonize, whereas the pathogenic E.
coli EDL933 appeared to use arabinose, fucose, galactose,
mannose, NAG, and ribose to colonize the streptomycin-
treated mouse.

Colonization defects in E. coli EDL933 are additive. We
found that E. coli EDL933 metabolizes up to nine sugars si-
multaneously in vitro (Fig. 1), and at least 6 sugars contribute
to its ability to colonize the mouse intestine (Table 2). This
suggested that, in vivo, E. coli EDL933 might cometabolize
several sugars to maintain colonization. To test this possibility,
we constructed a series of mutant strains with defects in mul-
tiple catabolic pathways. To the strain that could not grow on
fucose, we added a lesion in ribose catabolism, and to the
strain that could not grow on fucose and ribose, we added a
lesion in mannose catabolism, and so on, until we also removed
the abilities to grow on arabinose, NAG, and galactose (Table
1). To compare the effects of these mutations on the patho-
genic and the commensal backgrounds, we constructed a sim-
ilar series of mutations in E. coli MG1655. Each of these
mutations was competed in mice against their respective wild
types, as shown in Fig. 3. By plotting the log difference between
the E. coli EDL933 mutants and the E. coli EDL933 wild type,
we observed that the colonization defects for each of these six
mutations were additive, i.e., the larger the number of cata-
bolic lesions, the larger the differences in population between
the E. coli EDL933 mutants and the wild-type E. coli EDL933.
While this relationship was linear in the E. coli ED1.933 back-
ground, a very different result was obtained for E. coli
MG1655.
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FIG. 2. Differences in catabolic pathways that caused colonization defects in E. coli EDL933 and E. coli MG1655. Mutation of the pathway for
galactose catabolism (gal/K) caused a colonization defect in E. coli EDL933 (A) but not in E. coli MG1655 (B). Mutation of the pathway for NANA
catabolism did not cause a colonization defect in E. coli EDL933 (C) but did in E. coli MG1655 (D).

In E. coli MG1655, there was a 2.1 log colonization defect
with the fucAO mutant and a 4.4 log defect with the fucAO
rbsK mutant, compared to defects of 2.5 log and 3.1 log, re-
spectively, in the pathogen. We attribute this more dramatic
difference in E. coli MG1655 to a metabolic switch that we
described recently (2): the E. coli MG1655 fucAO mutant
switches to ribose in the intestine, whereas the fucAO rbsK
mutant cannot, causing a much-larger-than-expected coloniza-
tion defect. The addition of a lesion in mannose metabolism to
the latter strain had no effect on its competitiveness, but the
addition of a fourth lesion, in arabinose, actually improved the
colonizing ability of the quadruple mutant (fucAO rbsK manA
araBAD) to a 3.1 log defect, suggesting an additional metabolic
switch in this strain. A fifth lesion in NAG catabolism im-
proved the colonizing ability of the quintuple mutant still fur-
ther, i.e., a 1.9 log defect, suggesting yet another metabolic
switch. The sixth lesion tested was in galactose catabolism,
which resulted in a strain with a 5.2 log defect and suggested
that one of the metabolic switches was to galactose, a sugar
that E. coli MG1655 does not normally use in the mouse
intestine (Table 2). The nature of these metabolic switches in
the commensal strains is not well understood and is under
investigation. What is clear from the results shown in Fig. 3 is

that E. coli EDL933 does not exhibit these metabolic switches.
Rather, the effects of multiple catabolic lesions in E. coli
EDL933 are additive, indicating that the pathogen depends on
up to six sugars, which it probably metabolizes simultaneously
to support intestinal colonization.

DISCUSSION

In this study, we found that lesions in seven different cata-
bolic pathways caused colonization defects in E. coli EDL933
when the mutants were competed against the wild type in
mouse. Mutation of the galactose catabolic pathway had the
largest relative impact on colonization fitness, followed by mu-
tation of the pathways for fucose, mannose, NAG, arabinose,
and ribose (Table 2). In addition, a mutation that prevented
the growth of E. coli EDL933 on both glucuronate and ga-
lacturonate (uxaC) caused a minor but significant colonization
defect, although there was not a significant defect for the lesion
in galacturonate catabolism only (uxaB). The colonization by
E. coli MG1655 was most affected by a lesion in the catabolism
of NANA, followed in their relative impact by NAG, arabi-
nose, fucose, and gluconate (Table 2). These results compare
favorably with those from previously reported experiments in-
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FIG. 3. Additive effect of colonization defects shown in E. coli
EDL933. The effects of the series of mutations (shown in Table 2 and
described in text) are shown on the x axis for E. coli EDL933 and E.
coli MG1655 and are expressed as the log of the difference between the
population sizes of the mutants in competition with their respective
wild types at day 15 of the experiments (y axis).

dicating that catabolism of NAG, NANA, fucose, and gluco-
nate is important for the colonization of E. coli MG1655 (6). It
is necessary to revise our previous findings that glucuronate,
mannose, and ribose catabolism mutants had minor coloniza-
tion defects; according to results of the additional experiments
shown in Table 2, catabolism of these three sugars did not
significantly impact colonization by E. coli MG1655. Impor-
tantly, E. coli EDL933 appears to use three sugars that are not
used by E. coli MG1655: galactose, mannose, and ribose (Fig.
2). Conversely, E. coli MG1655 uses two sugars that are not
used by E. coli EDL933: NANA and gluconate. That the two
strains prefer different sugars for colonization suggests a strat-
egy for enteric pathogens, i.e., E. coli O157:H7, to invade the
intestine and colonize in the presence of commensal E. coli
strains. The nutrients that are not consumed by the commensal
microbiota would be available for pathogens and might enable
them to overcome colonization resistance and grow from low
to high numbers to establish infection.

We previously reported that E. coli EDL933 is initially able
to grow from low to high numbers in the presence of high
numbers of E. coli MG1655 when the two strains are fed
simultaneously to mice (35). The sugars preferred by E. coli
EDL933 but not by E. coli MG1655 might support this initial
population increase. However, E. coli EDL933 subsequently
declines in numbers relative to those of E. coli MG1655, and E.
coli EDL933 is unable to initiate colonization in mice that have
been precolonized with E. coli MG1655 (35). Since the relative
population of a species in the intestine depends on the avail-
able concentrations of its preferred nutrients (19), one expla-
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nation for the advantage of E. coli MG1655 over E. coli
EDL933 could be that it has higher substrate affinities for the
sugars that are used by both strains, which would force E. coli
EDL933 to use less abundant nutrients. This possibility is sup-
ported by evidence that E. coli EDL933 attempts to switch
from glycolytic to gluconeogenic substrates when it is compet-
ing with E. coli MG1655 (35). It will be interesting to measure
the available concentrations of sugars in mucus prepared from
streptomycin-treated mice and to determine the substrate af-
finities of different E. coli strains. It is also of interest to
determine how well E. coli EDL933 can compete with other
commensal E. coli strains and how the relative population sizes
of the various strains correlate with differences in substrate
affinities and nutrient preferences.

In conducting this study, it was important for each of the
mutations to be specific for the carbon source in question.
Otherwise, it would be difficult to ascribe direct cause and
effect to metabolic lesions and corresponding colonization de-
fects. For example, we reported previously that the mutation of
the Entner-Doudoroff pathway affects growth on several car-
bon sources that do not use that pathway (30) and that muta-
tions which cause the accumulation of certain intermediates of
NAG metabolism can inhibit growth in the presence of NAG
(6); in both cases, erroneous results were obtained for the
colonization assays. We were therefore careful to characterize
the phenotype of each of the strains used in this study to
confirm that the metabolic lesion was specific to the corre-
sponding carbon source(s) and that growth was not affected by
the presence of that carbon source. Despite taking this pre-
caution, it is possible for a mutation to affect colonization
without impacting in vitro growth, as has been shown for the
galETKM operon deletion in E. coli O157:H7, which has a
rabbit colonization defect (22). Presumably, the galETKM mu-
tant had no O antigen (not directly measured in this study)
because the mutation of gal/E blocks conversion of UDP-glu-
cose to UDP-galactose, which is a precursor of GalNAc, a
constituent of the O157 antigen. For this reason, and to pre-
vent the accumulation of potentially toxic phosphorylated in-
termediates (4, 16), we made a null mutation in the galacto-
kinase gene, galK, which was designed not to affect galE
expression; the galK mutation makes the strain phenotypically
galactose-negative, but UDP-galactose can still be made from
UDP-glucose. We also considered how the mutants used in our
study might have impacted biosynthesis of the other three
constituents of the O157 antigen, glucose, fucose, and
N-acetylperosamine (40). UDP-glucose metabolism is not af-
fected by any of the mutations we tested; GDP-fucose and
GDP-perosamine are both made from GDP-mannose by path-
ways that are independent of either mannose or fucose catab-
olism (45, 47, 51). Thus, we are confident that none of the
mutants we constructed for testing in mice was affected in its
ability to make lipopolysaccharide.

The nutrient-niche hypothesis states that each species in the
intestine must grow better than all others on one or a few
limiting nutrients (19). Previously we suggested that this hy-
pothesis is somewhat oversimplified and should be revised in
consideration of the metabolic diversity of individual species
(6). The experiments described here provide additional evi-
dence that E. coli can cometabolize several sugars. For in vitro
results, we observed the simultaneous metabolism of as many
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as nine sugars (Fig. 1). The ability of E. coli to simultaneously
metabolize up to six sugars in a chemostat is well documented
(15, 24, 31, 32). In vivo results show that the mutation of
pathways for several different sugars causes colonization de-
fects (Table 2). Thus, it is likely that several substrates are
cometabolized in vivo. Moreover, several catabolic lesions are
required to eliminate the ability of E. coli EDL933 to compete
with its wild-type parent (Fig. 3). In addition, E. coli EDL933
(fucAO rbsK manA araBAD nagE) can colonize at wild-type
levels when it alone is fed to mice (data not shown), indicating
that its catabolic capacity extends beyond these five most-
preferred compounds. Thus, we conclude that the nutrient-
niche hypothesis should be revised further to include the con-
cept that metabolic flexibility provides a competitive advantage
in the intestine, i.e., the catabolic capacity of an intestinal
species is tuned to variations in nutrient availability. In this
light, pathogens might be especially good at taking advantage
of available nutrients that are not consumed by the normal
microbiota.

Growth of E. coli is limited to monosaccharides, disacchar-
ides, one trisaccharide, and maltodextrins up to 20 glucose
units in length (34). While there are several glycoside hydro-
lases carried by the E. coli EDL933 and E. coli MG1655 ge-
nomes, none of them are secreted enzymes that can hydrolyze
complex polysaccharides; there are no significant differences
between pathogenic and commensal E. coli strains in this re-
gard (20). Phenotypically, E. coli cannot degrade the complex
polysaccharides found in mucus (23). It is the dominant anaer-
obes that degrade polysaccharides in the intestine (5, 10, 13,
23, 44). At least some minor members of the microbiota cross-
feed on sugars released from polysaccharides by the anaerobes
(14, 43). There is recent evidence that vancomycin-resistant
Enterococcus spp. colonize the intestine by growing on mono-
saccharides released by the breakdown of complex polysaccha-
rides (42). Thus, as we have suggested previously, it appears
that E. coli grows on simple sugars released by anaerobic di-
gestion (38). While the current study focused on the in vivo
catabolism of monosaccharides, we showed that at least one
disaccharide, lactose, is not important for colonization. A more
extensive analysis of disaccharide and maltodextrin utilization
by E. coli is indicated.

Aside from the obvious differences between E. coli EDL933
and E. coli MG1655 in the genetic presence or absence of
specific catabolic pathways (i.e., GalNAc), there is no evidence
that the global regulation of metabolism differs in the two
genetic backgrounds (39), nor are there significant differences
in their growth phenotypes on single carbon sources (12).
Thus, we were intrigued to find that the relative impact of
catabolic lesions on colonization did not strictly follow the in
vitro preference for these sugars, i.e., for E. coli EDL933,
lesions in galactose and fucose catabolism had larger defects in
vivo than those in mannose and NAG, despite being consumed
in vitro in the order NAG, galactose, mannose, fucose (Fig. 1).
For comparison, in E. coli MG1655, the impact of a lesion in
fucose catabolism was larger than that for gluconate, and the
lesion in NANA catabolism was larger than that for NAG,
despite being consumed in vitro in the order NAG, gluconate,
NANA, fucose (Fig. 1). The physiology underlying the differ-
ences between in vivo versus in vitro nutrient preference is not
clear. What is clear is that the environment of the intestine,
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whether it is related to host- or microbiota-derived factors,
must affect the selection of nutrients by colonized E. coli, since
these differ significantly from those preferred in vitro. More-
over, we found that lesions in the six catabolic pathways that
support colonization by E. coli EDL933 are additive, i.e., each
additional loss of metabolic capacity in the mutant strains
resulted in a larger colonization defect (Fig. 3). The commen-
sal E. coli MG1655, on the other hand, did not respond addi-
tively to multiple catabolic lesions, but rather, the catabolic
mutant series behaved as if the sequential loss of particular
catabolic pathways led to metabolic switches such as the one
we recently described for fucose-dependent stimulation of ri-
bose catabolism (2). Perhaps the relative importance of fucose
utilization by both E. coli strains in vivo, despite being a low
priority substrate in vitro, relates to this presumed “signaling”
role of fucose. The results suggest that there may be a funda-
mental difference in the way E. coli strain EDL933 and
MG1655 perceive and alter their nutrient choices in response
to the intestinal environment. Unraveling the signals that affect
E. coli nutrient choice in vivo and the mechanism(s) by which
E. coli modifies its catabolic capacity in response to these
signals will likely lead to a new understanding of the food web
and ecology of the GI tract. It is interesting to speculate on a
fundamental difference between pathogenic and commensal E.
coli with regard to the value of metabolic flexibility and switch-
ing. Humans are normally cocolonized with an average of five
commensal E. coli strains (1), whereas E. coli pathogens are
invaders that take over the intestine in the presence of other
strains. Thus, metabolic switching might provide a means for
several commensal strains to co-inhabit the intestine by dy-
namic adaptation to host-strain-nutrient variations. The addi-
tive cometabolism of substrates by the pathogen might repre-
sent more of a slash and burn strategy of competition for
resources in which maximum growth potential is achieved by
being inflexible and greedy.
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