AEM

Journals.ASM.org

Real-Time PCR for Quantitative Analysis of Human Commensal
Escherichia coli Populations Reveals a High Frequency of
Subdominant Phylogroups

Mounira Smati,>?< Olivier Clermont,®“ Frédéric Le Gal,© Olivier Schichmanoff,© Francoise Jauréguy,®< Alain Eddi,® Erick Denamur,®*
Bertrand Picard,®P< for the Coliville Group

UMR-S 722, INSERM, Paris, France?; UMR-S 722, Université Paris Nord, PRES Sorbonne Paris Cité, Bobigny, France®; APHP, Hopitaux Universitaires Paris Seine Saint-Denis,
Site Avicenne, Bobigny, France; UMR-S 722, Université Paris Diderot, PRES Sorbonne Paris Cité, Paris, France®; Département de Médecine Générale, Université Paris
Diderot, PRES Sorbonne Paris Cité, Faculté de Médecine, Paris, France®

Escherichia coli is divided into four main phylogenetic groups, which each exhibit ecological specialization. To understand the
population structure of E. coli in its primary habitat, we directly assessed the relative proportions of these phylogroups from the
stools of 100 healthy human subjects using a new real-time PCR method, which allows a large number of samples to be studied.
The detection threshold for our technique was 0.1% of the E. coli population, i.e., 10° CFU/g of feces; in other methods based on
individual colony analysis, the threshold is 10%. One, two, three, or four phylogenetic groups were simultaneously found in
21%, 48%, 21%, and 8% of the subjects, respectively. Phylogroups present at a threshold of less than 10% of the population were
found in 40% of the subjects, revealing high within-individual diversity. Phylogroups A and B2 were detected in 74% and 70% of
the subjects, respectively; phylogroups B1 and D were detected in 36% and 32%, respectively. When phylogroup B2 was domi-
nant, it tended not to cooccur with other phylogroups. In contrast, other phylogroups were present when phylogroup A was
dominant. These data indicate a complex pattern of interactions between the members of a single species within the human gut
and identify a reservoir of clones that are present at a low frequency. The presence of these minor clones could explain the fluctu-

ation in the composition of the E. coli microbiota within single individuals that may be seen over time. They could also consti-

tute reservoirs of virulent and/or resistant strains.

Escherichia coli is the most common commensal aerobic bacte-
rium in the human gut microbiota (1); it is also the Gram-
negative bacillus most frequently implicated in human extraintes-
tinal infections (2). This apparent paradox, which characterizes
opportunistic pathogens, is classically associated with host defi-
ciencies (for example, as a result of immune-compromising ill-
ness, surgery, or catheterization). However, there are still ques-
tions concerning the role of the intrinsic properties of the parasite
and the conditions that may cause commensal intestinal E. coli
strains to become extraintestinal pathogens.

Four main phylogenetic groups named A, B1, B2, and D have
been distinguished among E. coli strains (3, 4), and distribution
within these groups appears to correlate with the origin of the
strains. Phylogroup B2 has been shown to include extraintestinal
virulent strains (extraintestinal pathogenic E. coli [EXPEC]),
which express numerous virulence factors (5, 6), whereas phylo-
groups A and B1 contain mostly human and animal commensal
strains, respectively (7, 8, 9). However, more recently, an increase
in B2 phylogroup strains was observed in human commensal
strains originating from industrialized countries (10, 11, 12, 13).

Little is known about the diversity, transmission, and persis-
tence of E. coli commensal strains within human populations (1).
An individual can be colonized by more than one distinct strain at
any given time (14, 15, 16). However, the few available studies that
describe strain diversity are based on the arbitrary selection of
colonies from a plate inoculated with fecal samples. The typing
methods used included O typing (14, 17); biotyping (17); multi-
locus enzyme electrophoresis (18, 19, 20); and genotyping meth-
ods, such as pulsed-field gel electrophoresis (21), enterobacterial
repetitive intergenic consensus (ERIC)-PCR (22, 23), random
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amplified polymorphic DNA (RAPD) alone (24) or combined
with biochemical fingerprinting (25), ribotyping (26), and triplex
phylogrouping PCR (27). The studies included a small number of
subjects and/or selected a relatively small number of colonies on
which to base their investigations of E. coli population structure.
The ability to accurately characterize E. coli strain diversity in hu-
man subjects, and the likelihood of identifying a particular E. coli
strain, are directly related to the number of colonies sampled and
the underlying prevalence of the strain (21, 26). For example, for a
90% likelihood of identifying a strain present in =10% of colo-
nies, 22 colonies must be sampled (21). New approaches are there-
fore needed to improve the sensitivity of detection. The detection
of fecal strains present at low frequencies is necessary to under-
stand within-individual fluctuations in strain composition that
can be observed over time (18, 20, 28, 29).

To obtain insights into the population structure of E. coli in its
primary habitat, we assessed the relative proportions of the main
E. coli phylogenetic groups in the stools of 100 healthy human
subjects; their intestinal microbiota had undergone minimal
pathological and medical perturbations. A new, rapid, and sensi-
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TABLE 1 Primers and phylogroup-specific probes

Primers and Target Reference
Target organism probe Sequence (5'-3")" gene or source
E. coli ECFW CATGCCGCGTGTATGAAGAA 16S rRNA 33
ECRV CGGGTAACGTCAATGAGCAAA
16S rRNA gene FAM-TATTAACTTTACTCCCTTCCTCCCCGCTGAA-TAMRA
E. coli phylogroup Bl TspFW CAACGCTACCTTGGCGTTATC TspE4.C2 This study
TspRV CCGCTCTCCAGGCAACATC
Propea.c2Bl FAM-ATCAGCGAGGCCGCGCGA-TAMRA
E. coli phylogroup B2 chuAFW ATTAACCCGGATACCGTTACCA chuA This study
chuARV CTGCTGCTGATATGTGTTGAGC
PehuaB2 FAM-CGTACCGACCCAACCA-MGB
E. coli phylogroup D chuAFW ATTAACCCGGATACCGTTACCA chuA This study
chuARV CTGCTGCTGATATGTGTTGAGC
PehuaD FAM-CGTACCAACCCACCCAA-MGB
E. coli phylogroups A, and B2 yjaAFW CGCCTGTTAATCGCCAATTT yjaA This study
yjaARV AAAAGAATGCCAGGTTGAACG
Pyaaihi/B2 FAM-AAGTTCTGCAAGATCTTGTTCTGCAACTCCA-TAMRA

@ FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

tive real-time PCR strategy, using the same targets as triplex phy-
logrouping PCR (4), was applied to samples from the subjects.

MATERIALS AND METHODS

Subjects. From May 2009 to December 2011, we recruited 100 healthy
human subjects from the region of Ile-de-France (Paris, France, and its
suburban area). All participants lived in the community and volunteered
to self-collect a fecal swab sample. The subjects had no history of gastro-
intestinal disease and no symptoms of immunodepression, had not re-
ceived antibiotic therapy in the previous month, and had not been hospi-
talized in the 3 months preceding inclusion. Written informed consent
was obtained from each participant, and the study was approved by the
ethics evaluation committee of Institut National de la Santé et de la Re-
cherche Médicale (INSERM) (CCTIRS no. 09.243, CNIL no. 909277, and
CQI no. 01-014).

Samples and characterization of isolated strains. Fecal samples were
self-collected by the subjects using Amies transport medium swabs (Ven-
turi Transystem; Copan, Brescia, Italy) and sent by mail to the Avicenne
hospital laboratory (Bobigny, France). The swabs were discharged in glyc-
erol stock solution (Cryobank; Biovalley, Marne la Vallée, France) and
stored at —80°C until they were used. The quantity of feces in 0.2 ml of
solution was estimated in preliminary experiments to be 10 mg: E. coli
counts from 10 swabs were compared to those from corresponding fresh
feces, which were chosen for a variety of consistencies (data not shown).
The stool-containing suspensions were plated onto Drigalski agar plates
(Bio-Rad, Life Science, Marnes-la-Coquette, France). After 24 h of incu-
bation at 37°C, one colony was randomly picked, identified as E. coli using
API 20E (bioMérieux, Marcy I’Etoile, France), and stored in glycerol stock
solution. Twenty to 30 E. coli colonies were randomly picked from each of
20 original plates and stored in glycerol stock solution at —80°C to serve as
controls. The phylogenetic groups (A, Bl, B2, and D) of the randomly
picked E. coli strains were determined by the triplex PCR method (4) and
by the recently reported quadriplex method, which also detects Esche-
richia clade strains (13, 30). The strains were tested for their antibiotic
susceptibilities using the disk diffusion method according to the 2012 recom-
mendations of the Comité de I’Antibiogramme de la Société Francaise de
Microbiologie (Antimicrobial Committee of the French Society for Microbi-
ology; http://www.sfm-microbiologie.org). The following antimicrobial
agents were tested: amoxicillin, amoxicillin-clavulanic acid, cefoxitin, ceftri-
axone, amikacin, ofloxacin, and sulfamethoxazole-trimethoprim.

5006 aem.asm.org

DNA extraction from feces. The QIAamp DNA Stool Minikit (Qia-
gen, Courtaboeuf, France) was used to extract DNA from 0.2 ml of frozen
stool sample according to the manufacturer’s recommendations with
modifications. An internal DNA control corresponding to the R’ 1 region
of the hepatitis delta virus (HDV) genome prepared as previously de-
scribed (31) was added, before extraction, at 10° copies per sample. The
DNA was eluted in a final volume of 200 wl and stored at —80°C.

Quantitative-PCR assay. (i) Design of primers and phylogroup-spe-
cific probes. The sequences used in the triplex PCR phylogrouping
method (4) (TspE4.C2, chuA, and yjaA) were obtained from GenBank,
EMBL, and the Broad Institute (http://www.broadinstitute.org) databases
(from the whole-genome sequences of Escherichia strains) and aligned
using the Clustal W program (provided by the European Bioinformatics
Institute). The strains were assigned in vitro or in silico to their corre-
sponding phylogroups by the triplex PCR method and/or by multilocus
sequence typing (MLST). Primers were designed to anneal to conserved
sequences, whereas probes were designed to target unique sites, allowing
specific detection of each phylogroup with the Primer Express 3.0 soft-
ware (Applied Biosystems, Villebon Sur Yvette, France) and the Primer3
Plus online interface (32) (provided by the Whitehead Institute). A list of
strains tested in silico is given in Table S1 in the supplemental material.
Two strains belonging to phylogroup D (TA255 and TA280) have a phy-
logroup F chuA sequence (probably resulting from horizontal gene trans-
fer) and were identified as B2 by our method. Primers and probes were
manufactured by Sigma-Aldrich (Lyon, France) and Applied Biosystems,
respectively. All primers and probes used are listed in Table 1.

(ii) Phylogroup-specific real-time PCR. Purified DNA (20 pl) was
added to 30 pl of PCR mixture containing 25 pl of TagMan Universal
PCR master mix II (2X; Applied Biosystems), 300 nM each primer, 100
nM fluorescent probe, and bovine serum albumin at a final concentra-
tion of 0.1 g/l (New England BioLabs, Evry, France). However, for
the B1 phylogenetic group, primers (TspFW and TspRV) and probe
(Prspra.c2B1) were used at 900 nM and 250 nM, respectively. The reaction
mixture was heated to 50°C for 2 min (initiation step) and then 95°C for
10 min. This was followed by 45 cycles of amplification that each consisted
of 15 s at 95°C and 1 min at 60°C. A no-template control and a positive-
control sample, which had been quantified previously, were included in
each run. The run was considered valid if the interassay coefficient of
variation (CV) for the control sample was less than 30%. Each assay was
performed in duplicate in the same run. The DNA extraction was consid-
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ered to be valid if the difference between the cycle threshold (C;) of the
internal-control HDV and the average C; (calculated as the average of the
HDV C; values for all samples in the series) was less than the standard
deviation. The reactions, data acquisition, and analyses were performed
using the ABI Prism 7000 sequence detection system (Applied Biosys-
tems). Standard curves made from known concentrations of DNA for
each set of primers and probes were used for quantification.

(iii) Preparation of phylogroup-specific PCR standards. Quantifica-
tion controls were obtained using one representative strain for each phy-
logroup: K-12 (phylogroup A), IAI1 (phylogroup B1), ED1a (phylogroup
B2), and UMNO26 (phylogroup D). The Genomic DNA Buffer Set (Qia-
gen) and Qiagen genomic tips 100 G (Qiagen) were used to extract DNA
from bacterial cultures according to the manufacturer’s recommenda-
tions. Bacterial counts were obtained by plating, the concentration of
purified DNA was determined with a spectrophotometer, and the corre-
sponding copy number was calculated according to genome length. The
two methods of quantification gave similar results (data not shown). Se-
rial 10-fold dilution series for 8 X 107 to 12 X 10” down to 0.8 X 10" to
1.2 X 10" target genomes were applied for real-time PCR.

(iv) E. coli real-time PCR quantification assay. Quantitative PCR for
E. coli 16S rRNA genes was performed as previously described (33) using
20 pl of DNA purified from stool samples.

Control strains. The following bacteria were used to evaluate the spec-
ificity of PCR primers and probes: E. coli sensu stricto ED1a, CFT073, 536,
S88, IAIl, 55989, IAI39, ECOR36, DAECT14, K-12 MG1655, HS,
H10407, 042, and UMNO26; Escherichia clade I (ROAR 185 and M863),
clade IT (ROAR 19), clade IIT (ROAR 291 and ROAR 438), clade IV (E243
and B49), and clade V (ROAR 292 and ROAR 129); Escherichia fergusonii
ATCC 35469; Escherichia albertii CIP107988; Escherichia blattae
CIP104942; Escherichia vulneris CIP103177; Escherichia hermannii
CIP103176; and Salmonella enterica serovar Typhimurium, Klebsiella
pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa ATCC 27853, En-
terococcus faecalis ATCC 33186, Enterococcus faecium, Streptococcus bovis,
Bacteroides fragilis, Bacteroides thetaiotaomicron, Bacteroides vulgatus, Fu-
sobacterium nucleatum, Prevotella melaninogenica, Clostridium difficile,
Clostridium  perfringens, Bifidobacterium adolescentis, Bifidobacterium
breve, Eubacterium exiguum, Eubacterium lentum, Lactobacillus casei, and
Lactobacillus cateniformis.

Statistical analyses. A factorial analysis of correspondence (FAC) (34)
was used to describe associations among the data; a two-way table was
analyzed using SPAD.N software (Cisia, Saint Mandé, France). The table
had 98 rows (corresponding to the 98 subjects with E. coli identified in
their stool samples) and 22 columns (corresponding to the 10 variables).
The 10 variables were the phylogenetic group (A, B1, B2, or D) of the
unique randomly selected strain, the dominant phylogenetic group, the
intermediate phylogenetic group, and the minor phylogenetic group (de-
fined below); the presence of a high quantitative level of E. coli in stools
(more than 108 CFU per gram); subject gender; subject age (above or
below 60 years old); and strain resistance to amoxicillin, ofloxacin, or
sulfamethoxazole-trimethoprim. We used a binary code for each variable:
present, 1; absent, 0. The FAC uses a covariance matrix based on X2 dis-
tances. The computation determines a plane defined by two principal axes
of the analysis. The first axis, F1, accounts for most of the variance, and the
second axis, F2 (orthogonal to F1), accounts for the largest part of the
variance not accounted for by F1 (34). The variables of the unique ran-
domly selected strains were used as illustrative variables. All other vari-
ables were used to compute the plane.

RESULTS

Characteristics of the study population and of randomly se-
lected E. coli commensal strains (one per individual). The study
included 46 males and 54 females between the ages of 26 and 86
years (median, 58.0 = 11.7 years). All but two of the subjects
carried E. coli. We studied one randomly selected clone per indi-
vidual, which was considered to be the dominant clone. The resis-

August 2013 Volume 79 Number 16

Quantitative Study of Human Commensal Escherichia coli

TABLE 2 E. coli phylogenetic group and subgroup determination using
the results of PCR amplification of the chuA gene, yjaA gene, and DNA
fragment TspE4.C2?

Presence of the sequence”

E. coli phylogenetic

group and subgroup chuA yjaA TspE4.C2
A, - - -
A, - + -
Bl — - +
B2, + + -
B2, + + +
D, + - -
D, + - +

@ As in reference 4.
b4 present; —, absent.

tance levels of these 98 E. coli dominant clones to amoxicillin,
sulfamethoxazole-trimethoprim, amoxicillin-clavulanic acid, and
ofloxacin were 25%, 14%, 7%, and 2%, respectively. No resistance
to broad-spectrum cephalosporins or amikacin was detected.

The classical phylogroup triplex PCR method used on the
dominant clones showed the prevalence of the different phylo-
groups to be as follows: phylogroup A, 31%; phylogroup B1, 13%;
phylogroup B2, 33%; and phylogroup D, 21%.

Stool sample quantification of the four main E. coli phylo-
groups. We developed a real-time PCR assay targeting the genes
involved in the classical phylogrouping triplex PCR method (4) to
directly quantify the four main E. coli phylogroups (A, B1, B2, and
D) from stool samples. In this assay, the phylogroups B1 (chuA
negative, yjaA negative, and TspE4.C2 positive), B2 (chuA posi-
tive, yjaA positive, and TspE4.C2 variable), and D (chuA positive,
yjaA negative, and TspE4.C2 variable) were quantified by real-
time PCR using probes specifically targeting B1 TspE4.C2, B2
chuA, and D chuA sequences, respectively (Table 2). The propor-
tion of each phylogroup was calculated as a percentage of the total
E. coli count obtained by quantitative PCR for 16S rRNA genes
(33). The proportion of phylogroup A, which encompasses sub-
groups A, (chuA, yjaA, and TspE4.C2 negative) and A, (chuA
negative, yjaA positive, and TspE4.C2 negative) (Table 2), was
calculated by subtracting the proportions of phylogroups B1, B2,
and D from the total E. coli count. The proportion of subgroup A,
was confirmed using an yjaA-specific probe (py;,aA;/B2), which
quantifies the A, subgroup and the B2 phylogroup using the fol-
lowing formula: A, = yjaAP*s""¢ — B2. This PyjaaA1/B2 probe was
used to estimate the lower limit of detection of the proportion of
phylogroup A. The comparison between the proportion of phylo-
group A (calculated by subtraction) and the proportion of sub-
group A, (quantified by the p,;,,A,/B2 probe) allowed us to esti-
mate the threshold of phylogroup A detection by subtraction.
Concordance was observed when the proportion of phylogroup A
was at least 15% of the total E. coli count (data not shown). With
this approach and using four probes (16S rRNA gene, pry,p4.oB1,
PehuaB2, and paaaD), we estimated that phylogroup A was actu-
ally present at over 15% and that real-time PCR variations did not
make a significant contribution to the results. This threshold value
was further supported by comparison to PCR findings for several
clones of plated fecal samples (see below).

Specificity, sensitivity, and reproducibility of the assay. (i)
Assay specificity. The specificity of the E. coli primers and probes
was confirmed using an extensive set of control strains; this set
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(mainly gastrointestinal tract bacteria of non-Escherichia species
[see Materials and Methods]) produced negative PCR results. The
specificity of the 16S rRNA gene assay (33), as well as that of the
phylogroup probes and primers, was tested using DNAs from var-
ious phylogenetic groups of E. coli sensu stricto and from closely
related bacterial species of the genus Escherichia (including the
recently described Escherichia clades [30, 35]). The 16S rRNA gene
probe detects the phylogroups of E. coli sensu stricto, E. albertii, E.
fergusonii, and the Escherichia clades, but not E. blattae, E. her-
manii, and E. vulneris, in accordance with their taxonomic sta-
tus (36, 37).

Each phylogroup-specific probe gave positive PCR results for
the corresponding target bacteria and negative PCR results for
nontarget microorganisms, with a small number of exceptions.
The Escherichia clade III and IV strains, and some strains of clade
I (ROAR 185), were recognized by the chuA B2 probe. The strains
of the recently reported phylogroup F, defined by MLST (38), are
considered D, subgroup by the triplex PCR method (Table 2) but
were split into B2 and D phylogroups by the real-time PCR
method. This split corresponds to the different branches of the
phylogroup F strains on the MLST tree (39). We did not detect a
signal above the threshold for the nontemplate controls in any of
the assays (C > 40).

Spiking experiments were carried out to test the ability of
our assay to pick out a specific bacterial DNA from a complex
DNA background. Defined amounts of DNA from each of the
studied phylogenetic groups B1, B2, and D were quantified by
real-time PCR and spiked with DNA belonging to other phy-
logenetic group strains. No significant difference was observed,
indicating high specificity of the probes used and no evidence
of cross-reactivity.

(ii) Assay sensitivity, linearity, and efficiency. The detection
limits of the real-time PCR assays were examined using 10-fold
serial dilutions of target DNAs extracted from pure culture of E.
coli A, B1, B2, and D. The sensitivity of the probe specific for
PyjaalA1/B2, PchuaB2; PehuaDs and pry,pa c,B1 was below 10 CFU
per PCR, which corresponded to approximately 9 X 10* CFU/g
feces. The cycle number at which product fluorescence exceeded a
defined threshold varied linearly over a range of concentrations
from 10° to 10 bacteria per PCR mixture (r* = 0.99) (data not
shown). The linear range of all assays was therefore 9 X 10° to 9 X
10* bacteria per g of feces. The efficiencies of the PCRs were
around 95%, as the slopes of the standard curves were close to the
optimal theoretical values (see Table S2 in the supplemental ma-
terial).

(iii) Assay reproducibility. Based on the C; values of 15 repli-
cates, the intra-assay reproducibility was found to be high (CV of
Cy values, <1%, corresponding to a CV of copies of <20%) (see
Table S2 in the supplemental material).

Comparison with PCR typing of individual clones. To test the
robustness of our real-time PCR results, we compared our phylo-
group quantification to the triplex PCR typing of 20 to 30 clones
from 20 subjects. From the number of randomly selected colonies,
the probability of detecting a minor clone (defined as a clone
constituting up to 10% of the E. coli population) is estimated to be
>90% (20). We found a correlation between our quantitative-
PCR assay and the phylogroup determination of individual
clones. In all cases, the phylogroups detected by the classical
PCR typing of individual clones were also detected by the
quantitative-PCR assay; we found similar quantitative trends
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TABLE 3 Distribution of phylogenetic groups according to their
proportions determined by quantitative PCR of fecal samples from 100
healthy volunteers

Distribution (%)®

Phylogroup DPG IPG MPG
A 38 27 35
B1 13 10 77
B2 37 13 50
D 11 5 84

“ DPG, dominant phylogenetic group (>50%); IPG, intermediate phylogenetic group
(10 to 50%); MPG, minor phylogenetic group (<10%) (20).

but some differences in the proportions of the phylogroups.
Interestingly, the real-time PCR assay detected minor clones,
not found by plating, in 40% of the cases (see Table S3 in the
supplemental material).

Quantitative determination of E. coli phylogenetic group
composition. Preliminary global quantification of E. coli in the
stools of the subjects was carried out using real-time PCR with the
16S rRNA gene E. coli probe and primers (33). Negative real-time
PCR results were found for the two subjects for whom E. coli also
failed to be detected by plating. Excluding these two subjects, we
found an average of 7.84 * 0.54 log CFU of E. coli per gram of
stool. The respective proportions of the four phylogenetic groups
A, B1, B2, and D were determined for the 98 subjects for whom E.
coli was detected. To verify that the use of transportation swabs
sent by regular mail did not bias E. coli quantification, we com-
pared real-time PCR results obtained from eight fresh control
fecal samples and from their corresponding swabs, which were
collected using the same procedure described in Materials and
Methods, and no significant difference was found (see Table S4 in
the supplemental material), in accordance with recent data on
storage conditions of samples (40). However, if possible, analysis
of fresh feces is preferred.

The phylogenetic groups A, B1, B2, and D were detected in
74%, 36%, 70%, and 32% of the subjects, respectively; the groups
A and B2 were more frequently detected than B1 and D. However,
the proportions of the four phylogroups varied widely among the
subjects. The within-subject prevalence of each phylogenetic
group varied from 0 to 100%. One, two, three, or four phyloge-
netic groups were found in 21%, 48%, 21%, and 8% of the sub-
jects, respectively. When only a single group was detected, it was
most commonly phylogroup B2 (62%); phylogroup A was found
in 19% of subjects and phylogroups Bl and D in 9.5% of subjects.
When the proportions of the phylogroups were defined according
to three categories, as suggested by Schlager et al. (20) (dominant
phylogenetic group, >50% of the E. coli population; intermediate
phylogenetic group, 10 to 50% of the E. coli population; and mi-
nor phylogenetic group, <10% of the E. coli population), the pro-
portions of the three categories varied significantly according to
the four phylogenetic groups (Table 3). Phylogroups B2 and A
were equally prevalent as the dominant group and in a higher
proportion of samples than phylogroup Bl or D. Phylogroup A
was the most common intermediate phylogenetic group, and phy-
logroup D was the most common minor phylogenetic group. Mi-
nor phylogroups (less than 10% of the total E. coli population)
were detected in 40% of the samples.

When the 12 combinations (three categories and four phy-
logenetic groups) were considered, the proportions of the cat-
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FIG 1 FAC for the 98 subjects with E. coli found in their feces. Projections on the plane F1-F2 of the four phylogenetic groups (A, B1, B2, and D) of the unique
randomly selected strains, of the dominant phylogenetic group (DA, DB1, DB2, or DD), of the intermediate phylogenetic group (IA, IB1, IB2, or ID), and of the
minor phylogenetic group (MA, MB1, MB2, or MD) defined for each of the four phylogenetic groups are shown. The dominant, intermediate, and minor groups
were defined from data from the quantitative-PCR assay. The abundance of E. coli in stools (CFU > 10%); the gender of the subjects (male or female); the age of
the subjects (older or younger than 60 years); and the resistance of the unique randomly selected strains to amoxicillin (AMX-R), ofloxacin (OFL-R), and

sulfamethoxazole-trimethoprim (SXT-R) were also projected on the plane.

egories varied according to the phylogenetic group considered.
This complex variation is described by a FAC (Fig. 1). On the
F1-F2 plane of the FAC, which accounted for 32.7% of the total
variance, the dominant phylogenetic group B2 was distin-
guished by the positive values of the first factor, whereas the
dominant phylogenetic groups B1, A, and D were distinguished
by the negative values of this factor. The intermediate phylo-
genetic groups B1, B2, and D were projected on the negative
values of the F1 axis and thus appeared to be associated with the
dominant phylogenetic groups A and Bl. The intermediate
phylogenetic group A and the minor phylogenetic groups A,
B1, and D were projected on the positive values of the F1 axis
and thus are associated with the dominant phylogenetic group
B2. This analysis allows us to distinguish between two types of
structures within the E. coli intestinal commensal populations,
according to the major dominant group B2 or A. The dominant
phylogenetic group B2 was associated with the absence of the
other groups, whereas the dominant phylogenetic group A was
associated with variable proportions of other groups. The sec-
ond axis, F2, characterized the dominant phylogenetic group D
by its negative value. No link with the absolute quantity of E.
coli bacteria was observed, as the variable >10® CFU was pro-
jected near the origin of the axes and thus was not related to
phylogenetic repartition.
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E. coli phylogenetic group composition: relevance of subject
characteristics and the phylogroup and antibiotic resistance of a
randomly selected clone. There is no significant difference in the
phylogenetic group composition according to the age or gender of
the subjects: these variables were projected near the origin of the
axes on the FAC (Fig. 1).

In 78% of the cases, the dominant phylogenetic group deter-
mined by the real-time PCR was identical to the one determined
by the method of Clermont et al. (4) on one randomly selected
clone. In 22% of the cases, the phylogenetic group of the randomly
selected clone was present in the sample, but as an intermediate or
minor phylogenetic group. There was a discrepancy in six cases,
which corresponded to the selected clone being identified as phy-
logroup D whereas the quantitative PCR identified it as belonging
to phylogroup B2. We have shown that in all six of these cases, the
randomly selected clone belonged to phylogroup F (13): this is
supported by the fact that the p,,,B2 probe that we designed is
positive for some F group strains (see Table S3 in the supplemental
material). The good correlation between the quantitative-PCR as-
say and classical phylogroup determination (based on one ran-
domly selected clone) is shown in Table 3, where the proportions
of the dominant phylogenetic groups (A, 38%; B1, 13%; B2, 37%;
D, 11%) are close to the proportions detected in the randomly
selected clones (A, 31%; B1, 13%; B2, 33%; D, 21%), as well as on
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the FAC (Fig. 1). The phylogenetic group of the randomly selected
clone (considered an illustrative variable) is projected close to the
dominant phylogenetic group on the plane, with the exception of
the D phylogroup variable on the negative values of F2, which is
attracted by the dominant phylogroup B2 due to the six cases of
discrepancy. The resistance levels of the randomly selected clones
to amoxicillin, sulfamethoxazole-trimethoprim, or ofloxacin were
also considered illustrative variables. They were associated with the
dominant A phylogroup for negative values of F1 and distantly re-
lated to the dominant B2 phylogroup on the FAC (Fig. 1).

DISCUSSION

We have developed an original quantitative-PCR assay, based on
the classical phylotyping method of Clermont and colleagues (4),
to determine the relative proportions of the four main E. coli phy-
logroups, A, B1, B2, and D. On average, 7.84 * 0.54 log CFU of E.
coli were found per gram of feces, in accordance with previous
studies (33, 41, 42). When assessing the population structure of
intestinal commensal bacteria in humans, it is necessary to study
subjects whose microbiotas are not perturbed by external factors,
such as antibiotic consumption, hospitalization, or intestinal dis-
ease. We were able to study real commensal E. coli populations, as
our 100 healthy subjects conformed to strict inclusion criteria; we
excluded any potential subject with a physiopathological condi-
tion that could disturb the intestinal microbiota equilibrium.
The level of acquired resistance to antibiotics in our study popu-
lation was much lower than that reported in community-acquired
E. coli urinary tract infections in France (ONERBA 2008 and
AFORCOPI-BIO network 2007 [http://www.onerba.org]): amo-
xicillin, 25% versus 44%; sulfamethoxazole-trimethoprim, 14%
versus 20%; amoxicillin-clavulanic acid, 7% versus 24%; and
ofloxacin, 2% versus 11%. This supports our belief that the study
populations are commensal and in the same range of resistance
found in a recent study in Paris on fecal strains (43).

The specificity of our assay is satisfactory, although it has some
limitations. Some strains of the recently reported Escherichia
clades (30, 35) gave a signal with the p,,,B2 probe, which can
falsely increase the proportion of phylogroup B2. However, as
these clade strains were yjaA negative, the opposite of the E. coli B2
strains, a strong B2 signal with a weak or negative yjaA signal
should indicate the presence of clade I, III, or IV strains. The
prevalence of these Escherichia clades in human commensal pop-
ulations is very low (around 2 to 3%) (35) and thus will not sig-
nificantly affect the results of our assay. We did not detect any
Escherichia clade among the 100 randomly selected clones using
the new Clermont phylotyping method (13) (see Table S3 in the
supplemental material). Some strains classified as phylogroup D
by the classical triplex PCR method and belonging to the recently
reported phylogroup F (identified by MLST [38]) appeared to
belong to phylogroup B2 due to a positive signal with the p,,,B2
probe. Phylogroup F is closely related to phylogroup B2 (1). This
probe cross-reactivity was responsible for all six discrepancies ob-
served between our quantitative-PCR assay and the classical tri-
plex PCR phylogrouping of the randomly selected clones (see Ta-
ble S3 in the supplemental material). However, it may not
significantly alter the results, as phylogroup F strains have been
found to represent less than 8% of the population in a large cohort
of fecal strains from Australia and France (13).

We have shown that our assay is highly reproducible, with a
detection threshold of 10° CFU/g of feces; this corresponds to
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0.1% of the E. coli population, much lower than the 10% threshold
obtained by other methods (20, 21, 23, 26, 29). Previous studies
picked 20 to 30 isolates from an agar plate per individual and used
a semiquantitative method of assessment (20, 23, 25). We found
good correlation between data obtained with such an approach
and that obtained using our quantitative method (see Table S3 in
the supplemental material). However, real-time PCR may be
faster, easier to perform, and more suitable for large sample sizes.
In 40% of cases (8/20), real-time PCR detected phylogroups that
were not found by plating. Our specific probes were able to detect
groups with very low prevalence thanks to a low detection thresh-
old. To reach a level of detection (0.1%) similar that in our assay
by the alternative semiquantitative method, a large number of
isolates would have to be studied from each fecal sample. The
classical qualitative method appeared to underestimate the pres-
ence of minor groups. This explains the apparent differences in
fecal carriage of the E. coli phylogroups (e.g., the prevalence of the
B2 phylogroup in the studied population is apparently 33% if only
major clones are considered but 70% if all clones, including minor
clones, are considered). We acknowledge that, in giving a global
estimation of the structure of the commensal strains, our method
does not allow us to study the E. coli clones separately.

Each person commonly carries a dominant strain of E. coli that
constitutes more than half of the total colonies isolated (other
strains are present at various levels) (14, 15, 16, 18, 44). Depending
on the study, between 92% and 100% of human samples con-
tained a dominant clone representing more than 50% of the E. coli
population (17, 20, 21, 23). When we compare the results of the
quantitative PCR with those based on a qualitative approach in
which a single clone was randomly selected per individual, we
obtained 78% correlation if the prevalence of a given phylogenetic
group is 50% (see Table S3 in the supplemental material). Our
method ensures correct identification of E. coli dominant-strain
phylogroups.

The prevalence of E. coli phylogroups in the stools of humans
has been shown to depend on sex, age, year of sampling, country
of origin, and diet (1, 12, 45). In our population and using our
approach, phylogroups A and B2 were detected in 74% and 70%
of cases, respectively, whereas phylogroups B1 and D were de-
tected less often. Phylogroups A and B2 were overrepresented
among the dominant phylogroups (Table 3). These results are in
accordance with previous data (reviewed in reference 1) and con-
firm the prominent role played now by phylogroup B2, as well as
phylogroup A, in commensal microbiotas of French subjects. The
B2 phylogroup strains appear to be opposed to the B1 phylogroup
strains, which are more animal specific (9). We found no correla-
tions to be associated with gender or age in our samples.

High intrahost diversity was found, as two, three, and four
phylogenetic groups were simultaneously detected in 48%, 21%,
and 8% of subjects, respectively. There was a nonrandom, com-
plex level of phylogroup combinations within single subjects. As
illustrated in the FAC analysis (Fig. 1), there is antagonism be-
tween phylogroups B1 and B2. This could correspond to different
ecological niches defined, for example, by different diets. Among
the most prevalent phylogroups (A and B2), there appear to be
distinct population structures. A dominant phylogroup B2 was
associated with an absence of other groups, whereas the presence
of the other phylogroups was detected with a dominant phylo-
group A (Fig. 1). These data support the notion that extraintesti-
nal virulence may be a by-product of commensalism: numerous
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“extraintestinal virulence genes” (coding for adhesins, iron cap-
ture systems, toxins, and protectins) exhibited by phylogroup B2
strains (6, 46) may have evolved primarily to allow the bacteria to
be good intestinal colonizers (24, 28, 47—49). When phylogroup
B2 is dominant, it does not cooccur with the residence of other
phylogroup strains, possibly due to higher fitness (50, 51). Alter-
natively, dominance of phylogroup B2 may reflect the presence of
a specific gut environment or parasitism by viruses or bacteriocins
that favor it. As previously reported (52), an association between
the non-B2 phylogroup strains, especially phylogroup A, is ob-
served with antibiotic resistance (Fig. 1). This is of particular in-
terest, as the intestinal microbiota plays a critical role in the emer-
gence of antibiotic resistance (53, 54, 55). Further work is needed
to investigate the characteristics of the hosts corresponding to the
two patterns of dominant phylogroups. This would help us to
identify the ecological forces shaping population structure and to
better understand the impact of exposure to opportunistic E. coli
extraintestinal infections and the emergence of antibiotic resis-
tance.

We have developed a rapid and reliable real-time PCR assay
that quantifies E. coli phylogroups directly from stool samples and
detects, with high frequency, the presence of subdominant clones.
The presence of minor clones could explain the fluctuation in the
composition of the E. coli microbiota within single individuals
that may be seen over time. They could also constitute reservoirs
of virulent and/or resistant strains. Long-term studies of subject
cohorts, using our approach, will allow these notions to be tested.
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