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ARTICLE INFO ABSTRACT

Keywords: The tropism of pathogenic STEC for foodstuffs and cattle reservoir is related to functional specializations. An
STEC investigation of C-source utilization patterns among and between STEC serogroups was performed using omnilog
Metabolic profilings phenotypic microarrays (OM). OM functional groupings were compared with STEC phylogroups, ser-
Carbon sources opathotypes, EFSA's molecular risk assessment groups and serogroups. OM INT reduction activities of 37 STEC
INT-reduction assays strains growing on 190 C-substrates were compared. Each strain had its own specific C-utilization profile but

0157
026 23% of the substrates was used by all strains, 47% by none, and 30% was variably metabolized. Galactose,
0104:H4 mannose, N-acetyl-glucosamine (GlcNAc), and N-acetyl neuraminic acid (Neu5Ac) found in the mucus layer of

the bovine small intestine were metabolized by all strains. The 56 most informative substrates divided the C-
utilization patterns (CP) into three clusters with: (A) harboring all 0157 and 0145 strains; (B) all 026 strains,
and (C) strains of the other serogroups. Significant correlations between INT reduction values of pair of strains
per CP group supported these differentiations. CP of group A and B strains were respectively defective in the use
of galactonic acid-y-lactone and rhamnose. Most CP group C strains grew with r-lyxose. Adjusted Wallace
coefficients analyses of the datasets indicated high probabilities for the prediction of the use of glycolic acid, -
hydroxybutyric acid, L-lyxose and p-galactonic acid-y-lactone and 5-keto-p-gluconic acid by a serogroup. The use
of a C-substrate could be predicted from the classification of a strain into a phylogroup or seropathotype.
Significantly lower numbers of C-substrates were used by seropathotype A strains like 0157 ones. Improvements
of STEC identification keys were proposed using the most discriminant C-substrates found in this study.

Navarro-Garcia, 2014). STEC virulence thus appears multi-factorial,
and several factors remain to be identified (Karmali et al., 2010).

1. Introduction

Shiga toxin-producing Escherichia coli (STEC) strains are major
worldwide foodborne pathogens, causing severe and sometimes lethal
human infections, such as hemolytic uremic syndrome (HUS) cases,
especially among young children (Croxen et al., 2013; Kaper et al.,
2004). They are notably responsible of outbreaks and sporadic cases of
acute illnesses (reaching each year 2,801,000 cases), and cause an-
nually 3890 HUS cases and 230 deaths (Majowicz et al., 2016). The key
virulence trait of STEC is the synthesis of Shiga toxins (Stx) but addi-
tional virulence factors boosting their pathogenicity have been de-
scribed (Karmali, 2009). Most typical pathogenic strains harbor a LEE
(locus of enterocyte effacement) involved in the intimate adherence to
the host-cell membrane (Franzin et al., 2015). Recent outbreaks, such
as the one involving STEC 0104:H4 strains lacking the LEE, led to the
observation of additional virulence properties (Beutin and Fach, 2014;
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More than 380 STEC serotypes have been reported in humans so far
but only ten of them have been consistently associated with severe
cases and foodborne outbreaks (Caprioli et al., 2005; Mathusa et al.,
2010). To improve the assessment of clinical and public health risks
associated with STEC, Karmali et al. (2003) proposed a seropathotype
classification (using a gradient from seropathotype A — high risk- to
seropathotypes D and E — minimal risk). This classification considers
the prevalence of STEC serotypes and their association with human
outbreaks, including the severity of the clinical outcomes (Karmali
et al., 2003). Serotypes 0157:H7 and O157:NM have been classified in
the seropathotype A, those of serotypes 026:H11; 0103:H2; O111:NM;
0121:H19 and O145:NM into seropathotype B, and those of 091:H21
and 0113:H21 into seropathotype C. Recently, a new scheme for STEC
categorization according to potential risk for human health was
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Table 1
Serotype, seropathotype, molecular risk assessment and phylogenetic groups, and origin of the 37 0157 and non-O157 E. coli strains used in this study.

Serogroup  Strain

Serotype

Pathotype

STEC
seropathotype®

STEC molecular risk
assessment group”

Phylogenetic
group®

Origin

References

0157 620

RD9

540

FCH6

EDL 933

Sakai

m622

m638

026 21765

2245/98

64/36

3073/00

37.40

279/8

11368
MB 2659

(PH10)

0103 PMK5

262.03.18.1

MB 2652 (PH3)

MB 2653 (PH4)

0O111 CL37

J43

622-4

0145 2513-21

991

MB 2817
(PH88)

0157:H7

0157:H7

0157:H7

0157:H7

0157:H7

0157:H7

0157:H7

0157:H7

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

026:H11

0103:H2

0103:H-

0103:H2

0103:H2

O111:H8

O111:H8

O111:H8

0145:H28

0145:H28

0145:H28

STEC

STEC

STEC

STEC

STEC

STEC

STEC

STEC

STEC

STEC

AEEC

STEC

STEC

STEC

STEC

STEC

STEC

E. coli

STEC

STEC

STEC

STEC

STEC

STEC

STEC

STEC

A

ND

ND

I

ND

ND

D

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

ND

ND

ND

Host independent
origin
(Food-bovine meat)
Host independent
origin
(Food-bovine meat)
Host independent
origin
(Food-bovine meat)
Host independent
origin

(Food-raw goat's milk
cheese)

Host gut

(Human)

Host gut

(Human)

Host independent
origin

(Food-raw milk
cheese)

Host gut

(Human)

Host independent
origin

(Food-raw cow milk
cheese)

Host gut

(Human)

Host independent
origin

(Food-raw ewe milk)
Host gut

(Human)

Host independent
origin
(Food-bovine meat)
Host independent
origin

(Food-raw cow milk
cheese)

Host gut

(Human)

Host gut

(Human)

Host gut

(Human)

Host independent
origin
(Food-bovine meat)
Host gut

(Human)

Host gut

(Human)

Host gut

(Human)

Host gut

(Bovine)

Host independent
origin

(Food-raw cow milk
cheese)

Host independent
origin

(Food-raw cow milk
cheese)

Host independent
origin
(Food-bovine meat)
Host gut

(Human)

King et al., 2014

King et al., 2009

Kerangart et al., 2016

Espié et al., 2006

Perna et al., 2001
Hayashi, 2001

Franz et al., 2011

Franz et al., 2011

Espié et al., 2006

Zimmerhackl et al.,
2010
Neto et al., 2012

Zimmerhackl et al.,
2010
Neto et al., 2012

Kerangart et al., 2016

Ogura et al., 2009
Possé et al., 2007
Mariani-Kurkdjian
et al., 1993

This study

Possé et al., 2007
Possé et al., 2007
Zhang et al., 2002
Bibbal et al., 2015

Kerangart et al., 2016

Kerangart et al., 2016

Kerangart et al., 2016

Possé et al., 2007

(continued on next page)
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Serogroup  Strain Serotype  Pathotype STEC STEC molecular risk Phylogenetic Origin References
seropathotype® assessment group” group®
0121 12409 0121:H11 E. coli ND ND ND Host gut This study
(Bovine)
12652 0121:H19 STEC B 11 B1 Host gut Kerangart et al., 2016
(Human)
12805 0121:H19 STEC B I Bl Host gut Kerangart et al., 2016
(Human)
045 12047 045:H2 STEC ND I ND Host gut Kerangart et al., 2016
(Human)
0104 Zucker-0104 0104:H4  STEC ND I ND Host gut King et al., 2012
(Human)
091 13199 091:H21  STEC C 111 Bl Host independent Kerangart et al., 2016
origin
(Food-bovine meat)
B2F1 091:H21 STEC C 111 Bl Host gut Ito et al., 1990
(Human)
13694 091:H21  STEC C I Bl Host independent Kerangart et al., 2016
origin
(Food-raw cow milk)
0113 13341 0113:H21 STEC C I Bl Host independent Kerangart et al., 2016
origin
(Food-raw cow milk)
14032 0113:H21 STEC C I Bl Host independent Kerangart et al., 2016
origin
(Food-bovine meat)
13137 0O113:H4  STEC D I A Host independent Kerangart et al., 2016

origin
(Food-sheep meat)

ND: not done, STEC: Shiga-toxin producing E. coli; AEEC: E. coli able of attachment and effacement; a: according to Karmali et al. (2003), b: according to EFSA (2013), c: according to

Girardeau et al. (2005) and Mora et al. (2012).

proposed (EFSA, 2013) ranging from group I (including STEC belonging
to 0157, 026, 0103, 0145, 0111 and 0104 serogroups, and considered
of higher risk), to group III (STEC strains for which there is an un-
certainty regarding their ability at causing a disease).

Asymptomatic domestic ruminants have been identified as the main
reservoir of highly virulent serogroups of STEC strains, with a global
fecal carriage of beef and dairy cattle reaching up to 30% for 0157 and
70% for non-O157 strains (Persad and LeJeune, 2014). This carriage
explains that most human infections have been related to the con-
sumption of contaminated food of bovine origin such as ground beef,
raw milk and related products such as cheese (Feng, 2014). Direct
contact with healthy animal carriers and exposure to contaminated
environments such as soils, runoff waters, bathing waters and crops
could also explain some sporadic cases and outbreaks (Fegan and
Gobius, 2012; Saxena et al., 2015). The tropism of pathogenic STEC for
the above habitats or niches is likely related to particular metabolic
requirements and ecological specializations (Bertin et al., 2013;
Farrokh et al., 2013; Pifer and Sperandio, 2014). In fact, carbohydrates
of the mucus layer covering enterocytes of the bovine small intestine
such as mannose, N-acetyl-glucosamine (GlcNAc), N-acetyl neuraminic
acid (Neu5Ac) and galactose were found to increase O157:H7 EDL933
STEC strain growth rate and favor their development over other species
of the microbiota including commensal E. coli (Bertin et al., 2013).
Maltose, some short-chain oligosaccharides, deoxyribose, and synthesis
of glycogen, were also found to play an important role in O157:H7
EDL933 STEC strain host colonization (Jones et al., 2008; Schouler
et al., 2009).

STEC metabolic specializations have also been highlighted through
small scale growth screening on various media. These screenings led to
a use of certain substrates including antimicrobials in the STEC iden-
tification schemes. For example, 0157:H7 strains were differentiated on
the basis of sorbitol fermentation (March and Ratnam, 1986) or re-
sistance towards tellurite (Kerangart et al., 2016). p-saccharic acid, p-
serine, p-galactonic acid-y-lactone, and glycolic acid were found dif-
ferentiating 0157:H7 isolates from commensal E. coli e.g. Durso et al.,
2004. Raffinose, dulcitol, and rhamnose were also suggested as
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discriminatory substrates for this STEC serotype (Ratnam et al., 1988).
However, non-O157 strains have been considered highly diversified,
and difficult to differentiate on the basis of growth requirements
(Bettelheim and Beutin, 2003; Beutin and Fach, 2014; Schmidt et al.,
1999) even though carbohydrate utilization patterns (rhamnose, dul-
citol, raffinose and arabinose) have been shown to discriminate 026,
0103, 0111 and 0145 strains (Possé et al., 2007). The ecological
benefits of such C-source utilization patterns remain to be understood.
Evolution of these patterns is likely in line with phylogenetic simila-
rities/divergences, matching gains or losses of certain metabolic path-
ways (Sabarly et al., 2011). Still, wide phenotypic variations among the
species were reported through inferences from the E. coli pan-genome
(Rasko et al., 2008; Touchon et al., 2009).

Here, phenotypic traits of foodborne and bovine STEC isolates were
further studied with the aim of identifying characters matching their
lifestyle or phylogenetic diversifications. STEC C-source utilization
patterns (CP) were investigated, and compared with STEC groupings
into phylogroups, seropathotypes, EFSA's molecular risk assessment
(MRA) groups and serogroups. These analyses were performed on a
panel of 37 STEC strains, representative of host-dependent and host-
independent groupings. Our results indicated C-source metabolic pro-
files to be in line with the vertical evolution of STEC strains and to be
relevant for identifying recent diversification events among serogroups.

2. Materials and methods
2.1. Bacterial strains

A panel of 37 STEC strains including two deleted of their stx genes,
one from 0103 and one from 0121, from the German and French na-
tional reference collections (VetAgro Sup, Marcy 1'Etoile, France, and
BfR, Berlin, Germany), isolated either from the human or bovine gastro-
intestinal tracts (n = 19) or from foodstuffs (n = 18), was selected
(Table 1). Particular attention was paid to build up a collection re-
presentative of the most frequent food matrices involved in human
clinical cases (bovine and sheep meat; raw milk cheeses and milk from
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List of informative* C-substrates discriminating STEC lineages by a maximum parsimony analysis’.

PM1 A04 p-Saccharic acid (3)

PM1 A08 1-Proline (7)

PM1 A09 p-Alanine (8)

PM1 A12 Dulcitol (11)

PM1 BO1 p-Serine (12)

PM1 B02 p-Sorbitol (13)

PM1 B03 Glycerol (14)

PM1 B10 Formic acid (21)

PM1 B12 r-Glutamic acid (23)

PM1 CO02 p-Galactonic acid-y-Lactone (25)
PM1 C04 p-Ribose (26)

PM1 CO06 r-Rhamnose (29)

PM1 CO08 Acetic acid (31)

PM1 C10 Maltose (33)

PM1 D02 p-Aspartic acid (37)

PM1 D03 p-Glucosaminic acid (38)
PM1 D06 a-Ketoglutaric acid (41)
PM1 D07 a-Ketobutyric acid (42)
PM1 D08 a-Methyl-p-Galactoside (43)

PM1 D10 Lactulose (45)

PM1 D11 Sucrose (46)

PM1 EO1 1-Glutamine (48)

PM1 E02 m-Tartaric acid (49)

PM1 E07 a-Hydroxybutyric acid (54)

PM1 E08 B-Methyl-p-Glucoside (55)

PM1 FO1 Gly-Asp (60)

PM1 F07 Propionic acid (66)

PM1 F08 Mucic acid (67)

PM1 FO09 Glycolic acid (68)

PM1 F10 Glyoxylic acid (69)

PM1 GO1 Gly-Glu (72)

PM1 GO04 1-Threonine (75)

PM1 GO7 Acetoacetic acid (78)

PM1 HO1 Gly-Pro (84)

PM1 HO2 p-Hydroxyphenyl Acetic acid (85)
PM1 HO3 m-Hydroxyphenyl Acetic acid (86)
PM1 HO6 r-Lyxose (89)

PM1 HO9 1-Galactonic acid-y-Lactone (92)

PM2A A06 Dextrin (100)

PM2A BO1 N-Acetyl-p-Galactosamine (107)
PM2A B03p-p-Allose (109)

PM2A BO05 p-Arabinose (111)

PM2A B09 2-Deoxy-p-Ribose (115)

PM2A B12 3-0-B-p-Galactopyranosyl-p-Arabinose (118)
PM2A CO07 B-Methyl-p-Galactoside (125)
PM2A CO09 B-Methyl-p-Glucuronic acid (127)
PM2A D01 p-Raffinose (131)

PM2A D04 1-Sorbose (134)

PM2A D06 p-Tagatose (136)

PM2A EO04 p,.-Citramalic acid (146)

PM2A E08 B-Hydroxybutyric acid (150)
PM2A E12 5-Keto-p-Gluconic acid (154)
PM2A FO1 p-Lactic acid Methyl Ester (155)
PM2A F03 Melibionic acid (157)

PM2A GO02 1-Alaninamide (168)

PM2A HO09 Dihydroxyacetone (187)

=

*: non-informative substrates were used by all strains (100%) or none.

: numbers in brackets match those on the tree branches of Fig. 4; *substrates in bold are highly discriminant and were used in the partition analysis of Fig. 6.

Fig. 1. Boxplot representation of variations in the number of C-sub-
strates metabolized per STEC serotype. E. coli INT-reduction activities
were monitored over a 48 h incubation period. 190 C-substrates were
tested. Each box indicates the variations between the first and third
quarter of the obtained values, and the median value (thick black
line). Non-parametric Mann-Whitney Wilcoxon statistical tests were
performed. A same letter code indicates an absence of significant
difference between the data sets (p > 0.05), and a distinct letter code
indicates significant differences (p < 0.05). The strains used in this
analysis are described in Table 1.
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cow, goat and ewe). Seven of these STEC strains have been associated
with food outbreaks linked to ingestion of contaminated meat (King
et al., 2014, 2009; Perna et al., 2001), raw milk cheeses (Espié et al.,
2006) or sprouts (Hayashi, 2001; King et al., 2012). Strains isolated
from human or bovine fecal matters were from previous reports (Bibbal
et al., 2015; Grad et al., 2012; Mariani-Kurkdjian et al., 1993; Perna
et al, 2001; Vernozy-Rozand et al.,, 2004; Zhang et al., 2002;
Zimmerhackl et al., 2010). All human strains were isolated from HUS or
HC cases. Food strains were isolated according to the ISO 16654 or ISO
TS 13136:2012, and have been described elsewhere (Espié et al., 2006;
Franz et al., 2011; Hayashi, 2001; Kerangart et al., 2016; King et al.,
2014, 2012, 2009; Perna et al., 2001).

STEC strains were selected to be representative of the ten most
clinically relevant serotypes: 0157 (n = 8), 026 (n = 8), 0103
(n =4), 0113 (n = 3), 0121 (n = 3), 0145 (n = 3), 0111 (n = 3),
091 (n = 3), 045 (n = 1) and 0104 (n = 1). Phylogenetic groups of

the strains studied were inferred from Girardeau et al. (2005) and Mora
et al. (2012). To consider the public health risks associated with the
selected strains, their assignment to seropathotypes and molecular risk
assessment groups were performed according to the actual guidelines
(Karmali et al., 2003, EFSA, 2013).

All strains were kept at — 80 °C using Microbank™ beads (Pro-Lab
Diagnostics, Neston, UK). Prior performing the growth tests, beads were
transferred into a broth of Brain Heart Infusion (BHI) (bioMérieux,
Marcy I'Etoile, France) and incubated overnight at 37 °C under aerobic
and static conditions. Broths were then streaked onto Plate Count Agar
(PCA) (bioMérieux, Marcy 1'Etoile, France) to produce isolated colonies.
Six strains previously used in C-source metabolic profilings were in-
cluded in this study: 026:H11 strain MB2659 (PH10); O103:H2 strains
MB2652 (PH3) and MB2653 (PH4); 0145:H28 strain MB2817 (PH88)
(Possé et al., 2007) and O157:H7 strains m622 and m638 (Franz et al.,
2011).
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Fig. 2. Boxplot representation of variations in the number of C-substrates metabolized per (A) seropathotype, (B) molecular risk assessment — MRA group, and (C) according to the origin
(human or not) of the strains. E. coli INT-reduction activities were monitored over a 48 h incubation period. Each box indicates the variations between the first and third quarter of the
obtained values, and the median value (thick black line). Non-parametric Mann-Whitney Wilcoxon statistical tests were performed. A same letter code indicates an absence of significant
difference between the data sets (p > 0.05), and a distinct letter code indicates significant differences (p < 0.05). Strains used in these analyses are described in Table 1.

2.2. Preparation of phenotypic microarray (PM) microplates

C-substrate utilization patterns were analysed by phenotypic mi-
croarrays (PM) (Biolog, Hayward, CA). The PM technology is based on
the irreversible reduction of INT (tetrazolium violet) to formazan
(purple color) by NADH (cell respiratory chain). This reaction can be
used to monitor growth development. The Biolog PM1 and PM2 mi-
croplates were used, and allowed testing of 190 C-substrates (carbo-
hydrates, amino acids, nucleosides, alcohols). Each plate included a
negative control. Inoculation of PM plates and preparation of the dif-
ferent inoculating fluids were done according to Biolog recommenda-
tions for E. coli. Briefly, an E. coli colony from a 24 h-old plate kept at
37 °C was picked and re-suspended at a light transmittance of 85%, in
the inoculating fluid (IF-0; supplied by BIOLOG and containing the INT
dye). Each well of the PM plate was inoculated with 100 puL of cell
suspension. The plate was then transferred at 37 °C in the Omnilog
reader. INT-reduction datasets were generated by monitoring formazan
formation over time at 15 min time-steps over a period of 48 h. Charge-
coupled device (CCD) images were used to measure formazan light
emissions which were transformed into Omnilog arbitrary units.
Datasets were verified using the parametric and kinetic Omnilog PM
software.

328

2.3. Kinetics of STEC INT-reduction activities over time

Omnilog (OM) readings representative of formazan light emissions
were plotted over time, and used to compute the area under the curves.
These values were extracted and transformed either into binary char-
acters (0/1; 0 = no significant OM values and 1 = significant values,
see below) or normalized in a statistical frame that was previously
tested (Vehkala et al., 2015). In order to avoid experimental biases and
detect the most significant trends in the datasets, area under the curves
were computed from 48 h recorded values. Some strains showed a
significant lag phase for certain substrates at the beginning of their
incubation period. Readings over 48 h prevented a misinterpretation of
the growth patterns. Transformation of OM values area under the
curves into 0/1 characters was done by computing ratios between the E.
coli datasets and the background control values (min = 9039;
max = 25,184; median = 16,629.5). These ratios were then inter-
preted as being significant (scored 1) or non-significant (scored 0) as
previously done by Franz et al. (2011). A ratio of < 2.0 was considered
non-significant. Ratios close to 2 were verified manually. Their OM
values plotted over time were analysed in order to detect significant
shifts indicative of active growth. This led to the identification of a few
cases (n = 22), where ratios between 1.8 and 1.9 had to be re-classified
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Fig. 3. Boxplot representation of area under the curves computed from shiga-toxin producing E. coli INT-reduction activities over a 48 h incubation period, and using the 44 C-sources
metabolized by all strains of the tested serogroups. Each box indicates the variations between the first and third quarter of the dataset, and the median value (thick black line). Outliers are
indicated by circles. The outliers of the first boxplot (“All” strains) are shown in Table S4. A same letter code indicates the absence of significant difference between the datasets
(p > 0.05). Computed area under the curves were normalized and transformed (see Materials and methods). Strains used per serogroup are indicated in Table 1.

into the category of significantly active cells. These exceptions were
thus given a score of “1”. A complete overview of the computed ratios is
available in Tables S1 and S2.

2.4. Analysis of C-substrate utilization patterns and statistical tests

The matrix of binary characters was analysed using a parsimony
analysis of the dissimilarities observed between strains. The PHYLIP
package (Felsenstein, 1985) was used to compute the most parsimo-
nious (MP) clusters. The wagner parsimony method, allowing changes
in both the 0 — 1 and 1 — 0 directions was used. A consensus clado-
gram of the most frequently recovered MP clusters was built with the
consense programme. This tree was visualized by the MacClade graphic
tool (Maddison, 2005). Changes in C-source utilization patterns (CP)
between strains were traced using MacClade, and led to the definition
of clusters of profiles named CP_A, CP_B, and CP_C.

For statistical analyses, area under the curves computed from OM
values were normalized against the highest value obtained
(value = 64,749) in the frame of this study. These normalized datasets
were then transformed by an arbitrary multiplication of 1000. These
transformations did not impact the statistical tests but allowed a better
graphical representation of the datasets. Boxplot representations and
statistical tests were all performed using the R package (version 3.0.1, R
Core Team., 2013). The adjusted Wallace coefficients analyses enabling
comparisons of partitions between STEC classifications and the use or
not of a C-substrate were computed according to Severiano et al. (2011)
using UMMI web site at Universidade de Lisboa (http://www.
comparingpartitions.info/).

The statistical analyses performed in this study involved the use of
n = 3 to n = 25 strains (or independent omnilog phenotypic micro-
array (OM) datasets) per category or group of datasets. To investigate
the relations between numbers of C-substrates used per serogroup,
those with a single strain (045 and 0104) were not considered. To test
the variations in the number of C-substrates metabolized per STEC
molecular risk assessment (MRA) group, n = 25 strains for group I,
n = 3 strains for group II, and n = 6 for group III, were used. To test
the variations in the number of C-substrates metabolized according to
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the origin of the strains; 17 STEC strains of human origin and 20 strains
of food and animal origins were used. The correlation tests between C-
source utilization patterns (using relative INT reduction values) per pair
of strains involved the use of n = 56 values per strain. For the adjusted
Wallace statistical tests performed on the binary OM datasets based on
the use of the twelve most discriminant substrates found in this study,
the following criteria were applied: (a) n = 11 strains from the D
phylogroup and n = 19 for the B1 phylogroup; (b) n = 8 strains from
the A STEC seropathotype, n = 18 for the B seropathotype, and n = 5
for the C one; (c) n = 3 to 8 strains per serogroup; (d) n = 10 strains for
CP_A, n = 10 strains for CP_B, and n = 17 strains for CP_C. The
Adjusted Wallace coefficients gave the probability associated with the
prediction of the use of one of the tested substrates by a strain according
to its classification into a CP group or phylogroup or serogroup or
seropathotype (according to the tested combination).

3. Results and discussion
3.1. Conserved C-source utilization patterns

Previous analyses of STEC C-source utilization patterns were per-
formed on the PM1 plate (95 substrates) but were limited to the ana-
lysis of O157:H7 isolates and comparisons with commensal E. coli e.g.
Durso et al. (2004) and Franz et al. (2011). These investigations led to
the identification of C-substrates that could be indicative of 0157:H7
functional diversifications but comparisons with other clinically-re-
levant serogroups had not been performed. These previous studies
showed 28 of the 95 substrates of Omnilog PM1 plate to be used by all
tested E. coli strains (n = 122) including 81 0157:H7 isolates (Durso
et al., 2004). In our investigation, 37 strains from ten serogroups, 026,
045, 091, 0103, 0104, 0111, 0113, 0121, 0145, and 0157, were
used. A ratio analysis of INT reduction activities over control (no sub-
strate) values was used to identify discriminant substrates (Ratios = 2;
Tables S1 and S2), and showed (1) 44 (23%) C-sources over the 190
substrates of Omnilog PM1 and PM2 plates to be metabolized by all of
the selected strains (Table S3), (2) 90 C-substrates (47%) by none
(Table S3), and (3) 56 (30%) to be variably metabolized (Table 2).
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These latter substrates were considered informative and useful
discriminating strains. A boxplot analysis of the number of C-substrates
used by a serogroup (those with a n > 3 strains, Table 1) was per-
formed (Fig. 1). Significantly lower numbers of C-substrates were used
by 0157 strains than 0145, 0111, 091, 0103 or O113 ones. However,

for
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Fig. 4. Cladogram illustrating the relationships between C-source
utilization patterns of STEC strains. Pairwise differences between
profiles were inferred by a maximum parsimony (MP) analysis of
INT-reduction values transformed into binary characters, with 0
indicating a non-significant value and 1 a significant one. See
Materials and methods for the computation. The 56 informative
characters are indicated on each branch of the MP tree, and their
matching substrate (number on the line) is indicated in Tables 2
and S5. C-substrates discriminating a particular lineage among
the full MP tree are indicated by a black star if metabolized or a
white star if not metabolized. These C-utilization patterns (CP)
were divided into three main clusters, CP_A, CP_B, and CP_C that
were supported by the statistical tests shown in Figs. 5 and 6.

no significant differences between numbers of substrates used by 0157,
026 and 0121 strains were found (Fig. 1). Grouping the results
(number of substrates) according to the seropathotype classification
confirmed this trend. Seropathotype A (strictly 0157:H7 strains, n = 8)
showed a use of a lower number of substrates, while seropathotype B
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Fig. 5. Illustration of the relatedness between STEC C-source OM profiles through Spearman correlation tests. Area under the curves representative of INT-reduction activities over a 48 h
incubation period were compared for all 56 informative C-sources presented in Table 2. Positive and significant correlations (green lines) were observed between OM profiles of strains of
the CP_A, the CP_B, and the CP_C clusters of Fig. 4. Area under the curves were normalized and transformed (see Materials and methods) prior performing these tests. Strains are described

in Table 1. A green line indicates a positive correlation at P < 0.05 and R2 > 0.6. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

(n = 18 strains) and C (n = 5 strains) used higher numbers of sub-
strates (Fig. 2A; see Table 1 for the strains used per seropathotype).
These results suggest functional specialization for the most hazardous
STEC strains which impacted their ability at using a large panel of C-
substrates. Grouping strains according to their MRA (molecular risk
assessment) classification confirmed a clear differentiation between
group III strains (n = 6 strains) and the others (from groups I (n = 25
strains) and II (n = 3 strains) (Fig. 2B). Comparisons between human
(n = 17 strains) and non-human (n = 20 strains) origins showed no
significant differences (Fig. 2C).

A global analysis of the INT-reduction activities from substrates
(n = 44) used by all strains (n = 37) was performed (Fig. 3). Some of
these substrates were used with variable efficacy suggesting some fine
tunings in the regulation of the metabolic pathways that were involved.
The measured areas under the INT reduction curves using these sub-
strates showed some significant differences when performing

comparisons per serogroup (Table S4). These variations confirmed
likely functional subgroupings among a serogroup. This was previously
observed by Franz et al. (2011) for O157 isolates, and sub-groups were
related to an adaptation for manure. In fact, 44 values outside the range
(outliers) of the lower inner fence of some boxplots appeared to have
impacted the statistical tests, and suggested significant differences in
glycolysis (n = 34/44) and TCA (n = 9/44) pathways of some strains
among a same serogroup. Most significant differences were related to
the less significant growth yields obtained from 0157 isolates while
using p-glucose (outliers = strains 620, RD9, 540 and FCH6), bromo-
succinic acid (outliers = strains FCH6, RD9, 540 and Sakai) and Glu-
curonamide (outliers = strains 620, RD9, 540, FCH6, EDL933 and
Sakai) as C-sources, and from 026 strains 37.40, 11368, and 3073/00
while using Glucuronamide (Table S4). Among these substrates used by
all strains, carbohydrates of the mucus layer of the bovine small in-
testine were found to be metabolized e.g. galactose, mannose, N-acetyl-
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Fig. 6. Adjusted Wallace analysis of the relationships between highly discriminant C-substrates and STEC classifications into serogroups, seropathotypes, and CP (C-utilization patterns)
groups. (A) partioning analysis using the Glycolic acid, p-Galactonic acid-y-lactone, p-Saccharic acid, p-Sorbitol, Dulcitol, and r-Rhamnose datasets; (B) partioning analysis using the -
Lyxose, p-Tagatose, 5-Keto-p-Gluconic acid, -Hydroxybutyric acid, and m-Hydroxyphenyl acetic acid datasets. STEC classifications were according Table 1. CP groups are those of Fig. 4.
Dashed, grey or black arrows indicate the probability score (see scale on the figure) for the prediction of the state of a character from another one. Most significant relations were circled.

glucosamine (GIlcNAc), and N-acetyl neuraminic acid (Neu5Ac). Other
substrates like maltose and deoxyribose, found to play an important
role in 0157 (strain EDL933) host colonization (Jones et al., 2008;
Schouler et al., 2009), were not used by all strains. In fact, 0113 strain
14032 could not use maltose.

3.2. Clustering analysis of C-source utilization patterns

Ratios of C-source utilization patterns (Tables S1 & S2) were con-
verted into a 0/1 matrix which was then used in a clustering analysis by
maximum parsimony (MP) allowing a tracking of significant changes
between patterns (Fig. 4). The 56 informative substrates identified were
used to generate a cladogram. The inferred MP cladogram showed the
C-utilization patterns (CP) of the strains to be divided into three large
clusters: CP_A (n = 10 strains), CP_B (n = 10 strains) and CP_.C (n = 17
strains). The substrates which led to these clusters are indicated in
Table 2. Interestingly, each strain had its own specific C-utilization
profile.

The CP_A cluster grouped all 0157 strains and two 0145 strains.
This cluster was found matching phylogroup D which is grouping 0157
and 0145 isolates on the basis of their DNA sequence similarities
(Girardeau et al., 2005). Durso et al. (2004) found 28 discriminatory C-
substrates between commensal E. coli and STEC 0157 with p-saccharic
acid and p-galactonic acid-y-lactone being the most informative ones. In
our study, these substrates were also found discriminant for 0157 of the
CP_A cluster. Strains in CP-A were defective in their use. p-galactonic
acid-y-lactone could be a marker of this phylogroup because only
MB2653 and PMKS5 of 0103 were also defective in its use (Fig. S1).
Deficiencies in the use of p-saccharic acid were also observed for 026
strains. These latter strains are part of distinct phylogroups, suggesting
a convergence in the loss of the metabolic pathways involved in its use.
Datasets regarding the use of sorbitol for the CP_A strains were in line
with the expected results. All strains but the epidemic sorbitol-fer-
menting 0157:H7 strain 620, were not significantly metabolizing sor-
bitol (Fig. S1). Similarly, this strain could not use r-sorbose which re-
quires a metabolism by the same pathway (http://www.genome.jp/
kegg-bin/show_pathway?map00051 + C00247). These datasets also
showed, for the first time, that the O157:H7 strain 620 was unable to
grow with a-Methyl-p-Galactoside (ratio = 1.5) while most other STEC
strains were.

The CP_B cluster grouped profiles of all 026 strains and of two 0121
strains. This cluster was found matching phylogroup Bl which is
grouping 026 and O121 strains on the basis of their DNA sequences.
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However, it did not harbor any of the three 091 strains which are also
part of this phylogroup (Girardeau et al., 2005). These datasets support
a recent vertical evolution between 026 and 0121 strains. Interest-
ingly, CP_B strains were not significantly using p-ribose, lactulose, b-p-
galactopyranosyl-p-arabinose, p-alanine and glycolic acid (glycolate)
for their growth. As previously recorded by Hiramatsu et al. (2002), all
026 strains of this study were confirmed as not being able to metabolize
rhamnose while most CP_A strains were. Interestingly, another speci-
ficity of the 026 strains was their inability at using p-Saccharic acid
while the two 0121 strains of this cluster were (see outliers on Fig. S1).
This deficiency was shared with most of the 0157 strains (n = 6 over
8), as indicated above. All other STEC strains (except the 0104:H4)
were able to use p-Saccharic acid for their growth.

The CP_C cluster grouped strains from eight serogroups: 0145
(n=1); 0111 (n = 2); 091 (n = 3); 0103 (n = 4); 0113 (n = 3);
0104 (n = 1); 0121 (n = 1) and 045 (n = 1). 1-lyxose was found to
discriminate strains belonging to the CP_C cluster (Fig. S1). All CP_C
strains but 13199 (091) and 13137 (0113) were able to significantly
metabolize 1-Lyxose, whereas only one strain from the other clusters
metabolized this carbohydrate. Moreover, CP_C strains were all able to
use p-Saccharic acid except Zucker-O104 (Fig. S1). These distinct C-
source utilization patterns could reflect differences in the survival of
STEC among outdoor ecological niches as observed by Franz et al.
(2011) for manure. They could also highlight adaptations for the di-
gestive tract or a use of C-sources from other hosts such as plants as
previously observed for dulcitol, which is produced by Cordylanthus,
Digitalis, Leptorhabdos, and Melampyrum (Nolle et al., 2017).

3.3. Correlations between C-source utilization patterns and variations in
INT reduction values between highly discriminant C-substrates

To further investigate the use of particular C-substrates as markers
of STEC strain groupings, quantitative analyses were performed from
the measured area under the curves representing the INT reduction
activities. Correlation tests of these datasets between pair of strains
were computed (Fig. 5), and confirmed a segregation according to the
MP clusters (Fig. 4). These correlation tests were performed on the 56
informative substrates indicated in Table 2. Significant Spearman p-
values were found among each cluster (CP_A, CP_B, and CP_C). INT
reduction values from the informative substrates were correlated be-
tween 0157 strains, and between 026 strains (Fig. 5). Boxplot analyses
and Wilcoxon Mann Whitney statistical tests were performed to further
validate these segregation of INT values according to MP clusters (Fig.
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Fig. 7. Boxplot representations of area under the curves computed from INT-reduction activities over a 48 h incubation period per serogroup and for the 12 most discriminant substrates:
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Fig. 8. Identification keys of 026, 045, 091, 0103, 0104, 0111, 0113, 0121, 0145, and 0157 STEC strains according to Possé et al. (2008) and Kerangart et al. (2016) completed with
discriminatory C-sources identified in this study. Substrates in bold are the ones identified in this work. A star indicates variability in the OM datasets among a same serogroup.

S1). Three substrates were used to illustrate these tests: i-Lyxose, a
positive marker for CP_C strains, Sorbitol, a negative marker for CP_A,
and p-saccharic acid, a positive marker for CP_C strains but a negative
one for 026 strains of the CP_B cluster. A clear differentiation of INT
values obtained from ir-Lyxose and computed from area under the
curves, after 48 h of incubation, were observed, and matched the ex-
pected discrimination of CP_C strains from the others. Furthermore, the
two CP_C strains (13199 (091) and 13137 (0113)) not showing a sig-
nificant use (INT reduction ratios < 2) of 1-Lyxose were identified as
outliers in the boxplot analysis (Fig. S1). The 0145 strain 2513-21
identified as the only user of 1-Lyxose among the CP_A cluster was also
detected as an outlier (Fig. S1). Similar analyses performed on the da-
tasets for p-Saccharic confirmed the reliability of the clustering ap-
proach (Fig. S1). High INT values were obtained for the CP_C cluster, a
large variability for the CP_A, and low values for the CP_B cluster while
growing STEC strains with p-Saccharic. This analysis identified outliers
that were found to match exceptions among the MP cladogram. The
Zucker-O104 strain was confirmed a poor grower on p-Saccharic acid,
and 0121 isolates of CP_B were shown efficient growers while low
values were recovered for other strains of this MP cluster. Analysis of
INT values related to the use of p-Sorbitol also confirmed the MP
clustering analysis (Fig. S1). High INT values were obtained for the
CP_C and CP_B strains growing with sorbitol, and a large variability in
its use was observed in CP_A one. This latter variability matched the
ability or not of 0157 strains at using Sorbitol. An outlier was identified
among the CP_C cluster and found to match a reduced ability of strain
262.03.18.1 (0103) at using sorbitol, confirming the ratio analysis of
Table S1. This analysis further supported the relations observed

between groupings of strains into serogroups and their respective C-
metabolic profile.

3.4. Highly discriminant C-substrates matching STEC strain groupings

The reliability of the clustering approach was demonstrated above
by independent statistical tests performed on the INT reduction values
(area under the curves). This led us to further analyze the MP clado-
gram and the C-substrates that can differentiate serogroups. Twelve C-
substrates among the informative ones were found to have distributions
not limited to a few strains, and to give homogeneous results among a
same MP cluster or a same serogroup (Table 2). Adjusted Wallace
coefficient analyses of the allocation of strains into MP clusters (CP_A,
CP_B or CP_C), serogroups, seropathotypes, and phylogroups, and the
use or not (binary coding) of the above twelve C-substrates, were per-
formed (Fig. 6). These analyses showed high probabilities for predicting
the ability of a serogroup at using glycolic acid, beta-hydroxybutyric
acid, i-lyxose and p-galactonic acid-y-lactone and 5-keto-p-gluconic
acid. r-lyxose is a pentose analog of the 6-deoxyhexose L-rhamnose,
which can support growth of E. coli harboring a mutated rhamnulose
kinase favoring a transformation down to glycolate, a salt of glycolic
acid (Badia et al., 1991). Glycolic acid is found in several sugar-crops. p-
Galactonic acid-y-lactone is an intermediate in galactose metabolism
for some bacteria such as Pseudomonas spp. (De Ley and Doudoroff,
1957). B-hydroxybutyric acid occurs widely in nature. Incomplete
oxidation of glucose can yield ketogluconates but some E. coli can
produce 5-keto-dehydrogenases favoring a conversion into p-gluconate
(Yum et al., 1999). Interestingly, CP clusters were confirmed by this
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approach to be well-predictive of a use of p-saccharic acid by STEC
strains (Fig. 6). This latter C-substrate is found in fruits like apples, and
vegetables like cabbage and Brussels sprouts. Seropathotypes could not
be associated with particular C-substrates using the Wallace analysis.
Phylogroups were predictive of the use of p-galactonic acid-y-lactone
and Glycolic acid.

To further explore these trends, boxplot analyses of the area under
the curves of the INT reduction values were compared between ser-
ogroups for the selected twelve substrates (Fig. 7). Besides, p-sorbitol
and r-Rhamnose known to be relatively discriminating, these analyses
revealed new specific metabolic capacities per serogroup. The 0145
strains were the only ones to use B-hydroxybutyric acid as a C-source.
All 0111 strains appeared to grow on p-Tagatose while all 0157 and
0145 could not. Tagatose is a functional sweetener, often found in dairy
products. 0157 and 045 strains were confirmed not to be able to use p-
galactonic acid-y-lactone and glycolic acid for their growth. No 0157
strains grew on p-hydroxyphenyl acetic acid. 5-keto-p-Gluconic acid
allowed a specific growth of the O104:H4 strain, and p-Saccharic acid
and 1-Lyxose did not favor growth of 026 and 0157 strains.

3.5. Concluding remarks

STEC identification schemes are based on the use of 3-p-galactosi-
dase activity, ability to grow on tellurite and on some C-sources such as
sucrose, sorbose, L-Rhamnose, Dulcitol, p-Raffinose, and p-Arabinose
(e.g. Possé et al., 2008, and Ratnam et al., 1988). Here, the C-source
identification keys of Possé et al. (2008) were confirmed reliable for
0145 and 0157 but found misleading for 026, 0103 and O111 strains.
For each of these latter three serogroups, one of the tested strains did
not show the expected metabolic capacities (indicated with an asterisk
on Fig. 8). This led us to suggest improvements of this scheme by
considering the Omnilog PM datasets produced in this study (Fig. 8).
The inabilities at using p-Saccharic acid and r-Lyxose were proposed to
improve the identification of 026 strains. The positive growth 0103
strains with 1-Lyxose was suggested to improve its identification
(Fig. 8). A positive growth on p-Tagatose was suggested for a differ-
entiation of O111 strains. Dulcitol, -hydroxybutyric acid and p-Ga-
lactonic acid-y-lactone could be used to improve differentiation of 0145
strains. p-Hydroxyphenyl acetic acid, p-Galactonic acid-y-lactone, Gly-
colic acid and 1-Lyxose were suggested for a differentiation of 0157
strains. Similarly, 5-keto-p-Gluconic acid could allow an identification
of 0104 isolates but this will need to be tested on greater number of
strains. Growth tests over larger STEC collections will now need to be
performed to validate these proposals.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfoodmicro.2017.10.018.
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