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Abstract

Current methods for screening Enterohemorrhagic Escherichia coli (EHEC) O157
and non-O157 serogroups in raw milk products typically rely on the molecular
detection of stx, eae, and serogroup-specific wzx or wzy genes. As these genetic
markers can also be carried by non-EHEC strains, a number of ‘false positive’ results
are obtained during the screening step. The suitability of new EHEC markers (espK,
espV, ureD, 722098, and CRISPRozs:H11) were tested as candidates for a more
accurate screening of EHEC in dairy products. High-throughput PCR analysis of

1,451 DNA extracts from milk and raw milk cheeses positive for both stx and eae
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demonstrated that addition of these new markers in the detection scheme resulted in
a higher selectivity with a systematic reduction of the number of presumptive positive
samples that require further O-group testing and confirmation by strain isolation. This
reduction is more important (26% to 52%, depending on the animal production
species) in the absence of prior IMS treatment of the enriched culture for the Top7
EHEC serotypes. However, even with prior treatment of the enriched cultures by IMS,
the reduction rate varied between 5% and >25%. Analysis of eae-subtype, stx-
subtypes indicated strong differences in the STEC (Shiga toxin producing E. coli)
flora between animal species (goat, sheep, and cow). This study also pointed toward
the possible presence of EHEC O80 (a new emerging EHEC serogroup in Europe) in

cow’s raw milk cheeses, which warrants further investigations.
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1. Introduction

Shiga toxin-producing Escherichia coli (STEC) are important zoonotic pathogens
comprising more than 400 serotypes (Beutin and Fach, 2014). It remains difficult to
fully define human pathogenic STEC or identify virulence factors for STEC that
absolutely predict the potential to cause human disease (EFSA and ECDC, 2021).
However, data reported worldwide on clinical STECs suggest that they carry most
often the intimin (eae) gene (EFSA and ECDC, 2021). The presence of intimin is an
aggravating factor, but other alternative factors of attachment like aggregative
adherence fimbriae (AAF) have been reported, during for example, the major
German outbreak with E. coli O104:H4 (Bielaszewska et al., 2011). AAFs are
regarded as the main adhesins in enteroaggregative E. coli (EAEC). The O104:H4
strain was a hybrid pathotype (EAEC-STEC) carrying the stx2a gene. Since the
German outbreak in 2011, this EAEC-STEC clone has declined but recently other
hetero-pathotypes like EXPEC-STEC (extra-intestinal pathogenic E. coli that acquired
stx genes) have emerged (Cointe et al., 2018). Thus, ExXPEC-STEC of serotype
080:H2 has been described for the first time in France (Soysal et al., 2016) and is
now reported as a major serotype associated with clinical outcomes in Europe
(Bruyand et al., 2019; EFSA and ECDC, 2021). ExXPEC-STEC strains of serotype
0O80:H2 carry the intimin gene eae-Xi, which is a variant very similar to the intimin
gene eae-Epsilon carried by STEC O103:H2, O45:H2 and O121:H19. The other
frequently recognized clinical STEC strains carrying intimin are STEC O157:H7 (eae-
Gamma), O145:H28 (eae-Gamma), O111 (eae-Theta) and O26 (eae-Beta) (Oswald

et al., 2000).



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

E. coli strains simultaneously possessing the stx and eae genes have a high
risk of causing STEC infections with HUS and diarrhea, they are termed
Enterohemorrhagic E. coli (EHEC). Both virulence factors are thus classically
targeted by the commercially available detection methods of EHEC O157 and non-
0157 in foods. The standardized EHEC detection procedures (ISO/TS 13136:2012;
USDA/FSIS MLG5C) also rely on the detection of these two markers (Anonymous,
2021; 1SO, 2012). The reference methods are stepwise methods including an
enrichment step to get E. coli growing to a detectable level, a DNA extraction, a
sequential real-time PCR analysis for the detection of EHEC associated markers
(stx1, stx2, and eae genes) plus the selected O-group genetic markers in case of
detection of the stx/eae genes. A confirmation step, for suspect samples that gave
positive PCR reactions for stx, eae and at least one of the selected O-group relies on
isolation of E. coli strains and PCR confirmation of the pathogenicity traits on isolates
themselves (Anonymous, 2021; ISO, 2012). However, isolation procedures for EHEC
are laborious, time consuming and not always successful because of the lack of
biochemical features distinguishing EHEC from non-pathogenic E. coli.

Preliminary PCR-assays for detection of EHEC-associated genetic markers
must be specific enough to narrow down the number of samples that are subjected to
isolation. One of the main drawback of the current genetic markers used in the
reference methods (ISO/TS 13136:2012 and USDA/FSIS MLG5C) for screening
EHEC is the lack of selectivity of the first screening step that is based on detection of
the stx and eae genes (the two genes can be shared by non-EHEC strains).
Moreover, depending on the background flora of the food samples, the confirmation
step based on the current culture methods may lack the ability to isolate and confirm

some presumptive positive samples. Therefore, these detection methods generate a
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large number of presumptive positives, which are never confirmed at the end during
the isolation step.

This represents major financial and logistical challenges for food manufacturers. It is
therefore important to improve the detection methods with the aim of increasing the
percentage of batches released at the end of the first screening step and reducing
the number of confirmations on isolated colonies while maintaining a high (or even
higher) level of product safety. We previously identified five genetic markers (espK,
espV, 22088, ureD and CRISPRozsH11), which are preferentially associated with
typical EHEC (E. coli strains positive for the stx and eae genes, irrespective of their
serotype), and demonstrated that they could reduce, at the first screening step, the
number of presumptive positive samples in beef enrichments by 48.9% (Delannoy et
al., 2013a, Delannoy et al., 2013b, Delannoy et al., 2016). The objective of this
project was to assess the contribution of these genetic markers in the dairy sector in
the reduction of the number of presumptive positive samples after the first phase of

screening by stx and eae.

2. Materials and methods

2.1. Samples collected in the goat, sheep, and cow dairy sectors

Raw milk and raw milk products collected in France from the goat, sheep, and cow
dairy sectors are routinely tested for stx and eae using the AFNOR approved
GeneDisc PCR array (Pall GeneDisc, Bruz, France) or the GENE-UP PCR
(bioMérieux, Marcy I'étoile, France), following the manufacturer’'s instructions.
Samples tested with the GENE-UP PCR can be either or not submitted to a prior

VIDAS ESPT concentration to catch the Top7 EHEC serotypes. In that case, the
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37°C overnight-enriched cultures in Buffered Peptone Water (BPW) are processed
with the VIDAS® UP E. coli Serogroups - ESPT following the recommendation of
bioMérieux. Note that the VIDAS ESPT concentration which relies on the O-antigen
capture is primarily phage tail driven (a few antibodies are present according to the
manufacturer, bioMérieux) but here we refer to it as “IMS” as it provides a similar
enriched and concentrated E. coli population as immuno-magnetic separation (IMS)
does.

For this study, the CNIEL (French Dairy Inter-branch Organization), ANICAP
(Association Nationale Interprofessionnelle Caprine) and Confédération Générale de
Roquefort provided Anses (The French Agency for Food, Environmental and
Occupational Health & Safety) with selected DNA extracts issued from routine testing
of raw milk products for further analysis by high throughput qPCR with new
STEC/EHEC genetic markers, as described below. DNA samples received at Anses
were stx-/eae-, sitx+/eae-, stx-/eae+, and stx+/eae. Sampling was biased however to
get greater numbers of DNA samples positive for STEC, with a target of
approximately 1,500 stx+/eae+. Thus, this sampling scheme does not reflect the real
prevalence of STEC or EHEC in the French dairy sectors. However, it is well
designed to assess the contribution of the new genetic markers in the reduction in
the number of presumptive positive samples after the first phase of screening with stx
and eae. When samples positive for stx and eae were found positive for at least one
gene marker related to the Top5 EHEC serogroups using the GeneDisc array (Pall)
or the GENE-UP (bioMérieux), isolation of strains was attempted by external
laboratories for confirmation of the Top5 EHEC serotypes regulated in France (0157,
0145, 0111, 0103 and 026). Following the recommendation of the French ministry

of agriculture, the appropriate sanitary measures were taken in positive cases of
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EHEC Top5. Unfortunately, this study was performed several months after the
samples were routinely tested by the external laboratories, and the EHEC strains
were not stored by these laboratories to be sent to Anses, but the data regarding the

isolation / confirmation of EHEC from presumptive positives were reported to Anses.

2.2. High-throughput real-time PCR

DNA extracts were obtained by the local routine laboratories following the protocols
recommended by the providers of the PCR kits for testing STEC: Pall GeneDisc
(Bruz, France) or GENE-UP PCR (bioMérieux, Marcy I'étoile, France). DNA preps
were stored at -20°C until transportation (at 0°C - 8°C) to Anses, within 2 to 3 days
(depending on the location of the routine laboratories). DNA extracts submitted to
freezing / thawing may have undergone potential DNA degradation by nucleases
during transportation to Anses. To overcome potential problem of DNA degradation,
data related to the stx/eae status was doubled checked by the local laboratories and
by Anses. Samples having the same stx/eae status before and after transportation to
Anses passed the ‘quality control’ and were selected for further analysis with
additional EHEC markers. DNA extracts when received in Anses were stored at -
20°C until used for pre-amplification. As the Fluidigm system relies on microfluidic
PCR, a pre-amplification is required by the manufacturer to guaranty the sensitivity of
the method (Michelet et al. 2014). For DNA pre-amplification, the TagMan PreAmp
Master Mix (Fluidigm, USA) was used according to the manufacturer’s instructions.
Primers were pooled combining equal volume of primers (200 nM final each). The
reaction was performed in a final volume of 5 pl containing 1ul TagMan PreAmp
Master Mix, 1.25ul pooled primers mix, 1.25ul nuclease free water and 1.5ul DNA,

with one cycle at 95°C for 10 min, 14 cycles at 95°C for 15 s and 4 min at 60°C. At the



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

end of the cycling program, the reactions were diluted 1:10. Pre-amplified DNAs were
stored at —20°C until needed for high throughput PCR amplification.

The Biomark™ real-time PCR system (Fluidigm, USA) was used for high-throughput
microfluidic real-time PCR amplification using the 192.24 dynamic array (Fluidigm).
This chip dispense 24 PCR mixes and 192 samples into individual wells, after which
on-chip microfluidics assemble PCR reactions in individual chambers prior to thermal
cycling resulting in 4608 individual reactions. Amplifications were performed using
either 6-carboxyfluorescein (FAM)- or Hexachloro-fluorescein (HEX)- and black hole
quencher (BHQ)-labeled TagMan probes with PerfeCTa gPCR ToughMix, Low ROX
in accordance with manufacturer’s instructions (QuantaBio, USA). A 4pul sample mix
was prepared per sample, containing 2ul PerfeCTa gPCR ToughMix, Low ROX, 0.2ul
20X GE sample Loading Reagent (Fluidigm PN 85000735) and 1.8ul of diluted pre-
amplified DNA. A TagMan® primer assay was prepared for each target, containing
18uM of each primer and 4uM of probe. Three microliters of these primer assays
were mixed with equal volumes of Dynamic Array (DA) 2X assay loading reagent
(Fluidigm PN 85000736) to make assay mixes (9uM primers and 2uM probe). Prior to
loading the samples and assay mixes into the inlets, the chip was primed in the IFC
Controller RX apparatus. Three ul of sample mixes, prepared as described, were
then loaded into each sample inlet of the dynamic array chip and 3ul of assay mixes
were loaded into assay inlets. The chip was then placed in the IFC Controller RX for
loading and mixing. After approximately 20 min the chip was ready for thermal cycling
and detection of the reaction products on the BioMark™ PCR System (Fluidigm).
PCR cycling comprised of 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 2-
step amplification of 15 s at 95°C, and 1 min at 60°C. Data were acquired on the

Biomark™ Real-Time PCR System and analyzed using the Fluidigm Real-time PCR
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Analysis software to obtain crossing point (CP) values. The assays were performed
in duplicate and one negative water control was included per chip. E. coli gene
targets used for the real-time PCR amplification and all primers and probes that have
previously been described or which were designed for this study are reported in
Table 1. An inhibition control (IC) was performed on each sample to check for
potential inhibition of the PCR reaction due to intrinsic characteristics of the sample.
The IC is a recombinant pBluescript IISK+ plasmid containing the dsb gene from
Ehrlichia canis (Michelet et al., 2014). The plasmid was added to each sample at a
concentration of approximately 0.3 pg/ul. Primers and probe specific for the E. canis

dsb gene were used to detect the IC (Michelet et al., 2014).

2.3. Presumptive positives in screening 1, screening 2, and EHEC
confirmation
In screening 1, three methods were explored and are defined as followed: method A
(stx, eae, espKIZ2098/CRISPRozs:H11), method B (stx, eae,
espKlespVICRISPRo26:H11) and method C (stx, eae, espK/ureD/ICRISPRoze:H11). A
presumptive positive for method A was a sample that tested six+, eae+, and
espK/Z2098/CRISPRo2s:H11+ (meaning positive for at least one or more of the three
targets espK, 22098, CRISPRo2s:H11). A presumptive positive for method B was a
sample that tested stx+, eae+, and espK/espV/ICRISPRozs:H11+ (meaning positive for
at least one or more of the three targets espK, espV, CRISPRo2s:H11). A presumptive
positive for method C was a sample that tested six+, eae+, and
espK/UreD/CRISPRozs:H11+ (meaning positive for at least one or more of the three

targets espK, UresD, CRISPRo26:H11).
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In screening 2, all DNA samples stx+/eae+ were tested by PCR for the main EHEC
O-groups (0157, 0145, O111, 0103, 0145, 0121, O45 and 080) and their
corresponding eae-variant (eae-gamma, -beta, -epsilon, -theta subtypes) A
presumptive positive recorded in screening 2 was a sample stx+/eae+ that tested
positive for the appropriate association O-group / eae-subtype.

Screening 1 with the new EHEC markers (methods A, B and C) reports the number
of presumptive positives for all EHEC serotypes and not only for the Top7 EHEC
serotypes. Screening 2, as based on the combination of the O-group / eae type
reports the number of presumptive positives for the Top7 EHEC serogroups plus
080. Confirmation of EHEC from presumptive positives was definitely acquired after
isolation of EHEC strains by the routine testing laboratories and the information was
reported to Anses. Data presented in this study showed the number of presumptive
positives after the Screening 1 (New EHEC markers), the Screening 2 (O-groups /

eae-types), and the number of EHEC strains isolated during the confirmation step.

2.4 Statistical analysis

Statistical analyses were performed on R Studio version 1.2.5019. Two-proportions
z-tests (two-tailed or one-tailed) were used to compare proportions of presumptive
positive between the ISO method and the new alternate methods. The statistical tests
were performed with a of 5%. The null hypothesis was rejected when p-values

were < 0.05.

3. Results

10
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3.1. Quality control, number of samples and PCR data points included in the
dataset

DNA extracts from raw milk and raw milk cheeses were collected in a two-year period
to get significant results and to cover the diversity of the French dairy production. The
diversity of the samples made it possible to cover both the diversity of animal species
(cow, goat and sheep) and of dairy matrices (milk, cheese). Data related to the
Stx/eae status as determined with conventional real-time PCR kits by the local
laboratories from the dairy sectors and with the Biomark™ chips (Fluidigm) by Anses
were compared. Samples having the same stx/eae status were selected for this study
to exclude the DNA extracts which could have undergone DNA degradation during
storage and transportation to Anses. The stx/eae status was corroborated for 4,691
DNA extracts, which were tested by both the local laboratories and Anses. These
samples having the same stx/eae status by conventional real-time PCR and by
microfluidics real-time PCR passed the ‘quality control’ and were used in the data
analysis. Table 2 reports the 4,691 DNA extracts selected in this study and the
distribution of the samples according to the animal species (cow, goat and sheep),
the dairy matrices (milk, cheese) and the IMS pre-treatment of the enriched culture.

All DNA extracts received in Anses were tested in the Biomark™ chip-1 (Table 1),
which included in particular verification of the six/eae status (stx1, stx2, stx2a
subtype, eae, eae-gamma, -beta, -epsilon, -theta subtypes) and five novel EHEC
molecular markers, espK, espV, ureD, Z2098, and CRISPRo2s:H11 (i.e. 112,584 PCR
determinations). The number of stx+/eae+ samples identified after the first screening
was 1,451 samples, which were further analyzed with the second chip (Biomark™
chip-2, Table 1) targeting in particular stx1a subtype, molecular markers of

serogroups O157 (rfbEO157, CRISPRo157:H7), O145 (wzyo14s, fliCHzg0145]), O121,

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

0103, O111, 026, 045, 080 (i.e. 34,824 PCR determinations). The study as a whole
represents 147,408 PCR determinations, which served to consolidate the results

presented in this manuscript.

3.2. Screening raw milk and raw milk cheese samples for stx1, stx2, stx1a and
six2a subtypes
Among the 4,691 DNA extracts selected according to their stx/eae status, a total of
1,451 stx+/eae+ samples, composed of goat milk (n=438), goat milk cheese (n=282),
sheep milk (n=86), sheep milk cheese (n=165), cow milk (n=127) and cow milk
cheese (n=353), were tested for six1, stx2, and specific stx1a and stx2a subtypes.
Data showed that the distribution of the stx7 and stx2 genes is quite different
depending on the animal species (Figure 1). It is remarkable that almost 80% of the
stx-positive samples of sheep milk cheese are positive for stx7 only. Subtype stx1a
represent 52% of these sheep milk cheese samples that are positive for stx7 alone
(data not shown). The stx2 gene was more prevalent in cow (71-76%) than in goat
(44-62%) and sheep (21-51%). The subtype stx2a, which is highly associated with
HUS cases, represents less than 5% of the stx-positive sheep samples, 15% to
18.5% of the stx-positive goat samples and about 33% of the stx-positive cow

samples (data not shown).

3.3. Screening stx- and eae-positive raw milk products for espK, espV, 22098,

ureD and CRISPRo26:H11

Goat samples.

12
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720 stx+/eae+ goat sample were submitted to Screening 1 (New EHEC markers).
These 720 stx+/eae+ goat samples were composed of 408 samples (128 milk and
280 cheese) tested with a prior IMS treatment of the enriched culture, and 312
samples (310 milk and 2 cheese) which were not treated by a prior IMS. Samples
were investigated with methods A, B and C and the number of presumptive positives

was reported for each method.

For goat milk treated with IMS (n=128), the number of presumptive positives was 119
with methods A and B, 117 with method C. 116 samples were determined
presumptive positive with the three methods. Interestingly the CRISPRoze:+11 marker

was never detected (Figure 2).

For goat milk tested without IMS (n=310), the number of presumptive positives was
233 with method A, 228 with methods B and C. Forty-three stx+/eae+ samples were

negative with the three methods (Figure 3).

For goat milk cheese (280 tested with IMS and two without IMS) we recorded one of
the two samples treated without IMS as negative, while the other was recorded
positive with method A and method C (data not shown). For goat milk cheese treated
with IMS (n=280), the number of presumptive positives was 268 with method A, 265
with method B and 261 with method C. Eleven samples were negative with the three

methods (Figure 4).

Sheep samples.
For sheep milk treated with IMS (n=83) 78 samples were presumptive positive
according to method A, 72 were presumptive positive according to method B, and 73

were presumptive positive according to method C. Four samples were negative with

13
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the three methods (Figure 5). In addition, three sheep milk without IMS treatment
were analyzed and all were recorded presumptive positive with method A, method B,

and method C (data not shown).

For sheep milk cheese, 165 sitx+/eae+ samples (five treated with IMS and 160
without IMS) were screened with methods A, B and C. Among the five samples
tested with IMS, two were found negative with all methods, one was presumptive
positive with method A, and two were presumptive positive with methods A, B, and C
(data not shown). The 160 samples that were not treated with IMS divided into 140
samples presumptive positive with method A, 73 samples presumptive positive with
method B, and 63 samples presumptive positive with method C. Twenty samples

were negative with all methods (Figure 6).

Cow samples.

Cow milk samples stx+/eae+ (n=127) were all treated with IMS and tested with
methods A, B and C. Presumptive positive cow milk samples divided into 107
presumptive positives with method A, 106 presumptive positives with method B, and
109 presumptive positive with method C. 17 samples were negative with all methods

(Figure 7).

For cow milk cheese, 353 stx+ /eae+ samples (114 tested with IMS and 239 without
IMS) were tested with methods A, B and C. Among the 114 samples tested with IMS,
28 were negative with all methods, 81 were presumptive positive with method A, 83
were presumptive positive with method B, and 82 were presumptive positive with
method C (Figure 8). The 239 stx+ /eae+ cow milk cheese which were not treated

with IMS divided into 172 presumptive positives with method A, 167 presumptive

14
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positives with method B, 182 presumptive positives with method C, and 46 samples

that were negative with all methods (Figure 9).

3.4. Screening six- and eae-positive raw milk products for eae subtypes
gamma, beta, epsilon, and theta and correlation with the serogroups

0157, 0145, 0121, 0103, O111, 026, 045, and 080

Following the ISO/TS 13136:2012 reference method (ISO, 2012), samples that tested
positive for both stx and eae, must be subjected to a second screening step for
specific serogroup determination. Confirmation of EHEC in the sample is definitely
acquired after isolation of EHEC strains from the sample. All six+/eae+ samples
recorded in this study (n=1,451) were tested for eae-subtype, serogroup
determination and EHEC strain isolation was reported based on the information
collected by the routine testing laboratories. Figures 2-9 showed the number of
presumptive positive as determined according to the correlation between the eae-
subtypes and the serogroup. The following associations were considered to identify
the presumptive positives: eae-gamma with O157 and 0145, eae-beta with 026,
eae-theta with O111 and eae-epsilon with 0121, O103 and O45 (note that the PCR
test used for eae-epsilon is cross-reacting with the very similar eae-Xi subtype which
is associated with EHEC 080:H2). These combinations of eae-subtypes and
serogroups are the most common ones among the Top7 EHEC serogroups.
However, other rare combinations exist (STEC O103:H11 and eae-beta, STEC
0O103:H25 and eae-theta. Also, eae-beta can be found in certain STEC O111 and

STEC 0O145). Such rare associations were not considered in the analysis of the data
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presented in this study, potentially underestimating slightly the true number of
potential positives.

The relationship with the information of strain isolation is reported for each of the
eight sectors as assigned in the Venn diagrams of Figures 2-9 to appreciate the
pertinence of the three methods A, B and C. As a whole, 297 EHEC strains were
isolated during the confirmation step. Most of them were isolated from samples
treated by IMS. All EHEC strains belonged to the Top5 EHEC serogroups (0157 [n =
51], 026 [n = 83], 0103 [n = 88], 0145 [n = 69], O111 [n = 6]). No O80 strain could
be isolated in the absence of specific IMS reagent for this serogroup, which has
emerged recently in Europe. A high correlation was observed regarding the
CRISPRoi1s7 positive signals (targeting EHEC O157:H7) in dairy samples and the
data related to the isolation of the 51 EHEC O157 strains (data not shown). In
addition, we showed that the marker fliCHegio1451 could be used with success to
increase the specificity of screening for EHEC O145:H28 (data not shown). This
marker has been designed previously to detect EHEC O145:H28 that harbor a

characteristic fliCHzs allele (Beutin et al. 2015).

Goat samples.

Data obtained on the 720 stx+/eae+ goat samples showed clearly that presumptive
positive samples for the Top7 and O80 EHEC serogroups were mostly concentrated
in sector 3 (i.e. samples recorded positive with the methods A, B, and C). There are
239 EHEC strains isolated from goat’s samples, and 236 strains out of 239 (98.75%)
were derived from samples positive by all three methods (sector 3) as reported in
Figures 2, 3 and 4. Only three EHEC strains were isolated out of sector 3 (Figure 4):

two strains of serogroup O103 isolated from goat milk cheese that were presumptive
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positive respectively with method A only (sector 1) and methods A and B (sector 2),
and one O157 strain isolated from a goat milk cheese that was negative by all

methods (sector 8).

Sheep samples.

Data obtained on the 251 stx+/eae+ sheep samples gave a clear evidence that the
presumptive positive for the Top7 and 080 EHEC serogroups were mostly
concentrated in sector 3 (i.e. samples recorded presumptive positive with methods A,
B, and C) as reported in Figures 5 and 6. Two EHEC strains of serogroups 026 and
0103 were isolated (Figure 6). The two strains derived from sheep milk cheese that

were recorded presumptive positive with all methods (sector 3).

Cow samples.

Data obtained on the 480 six+/eae+ cow samples indicated that presumptive
positives for the Top7 and O80 EHEC serogroups were highly associated with sector
3 (Figures 7, 8 and 9). These findings were corroborated with the isolation of 56
EHEC strains, all of which, except one, derived from cow samples recorded in sector
3. The unique strain of serogroup O26 isolated out of sector 3 was related to one
sample that was positive for CRISPRoze:H11 alone. Therefore, all EHEC strains
isolated from cow were derived from samples recorded presumptive positive with

methods A, B and C.

3.5 Comparison of methods A, B, and C for an efficient pre-screening of raw

milk and raw milk cheeses

17



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

As a whole, 1,451 samples were tested positive for both stx and eae, and must be
subjected to a second screening targeting the O-group gene markers according to
the ISO/TS 13136:2012 reference method (ISO, 2012). Alternate methods of pre-
screening (methods A, B, and C) include in addition to stx/eae, the detection of five
novel markers (espK, espV, 22098, ureD, and CRISPRoze:H11) to refine the first
screening step. Based on 1) the data obtained with the pre-screening methods A, B
and C, 2) the data on the correlation between the presence of the O-antigen markers
and the eae-subtypes, and 3) the information related to the isolation of EHEC strains
(n=297), one may consider that the three methods are quite equivalent. However, the
method A provided a higher number of presumptive positive after the first screening
step. This observation was clearly evidenced in sheep milk cheese that were treated
without a prior IMS treatment of the enriched culture. For these samples, the number
of presumptive positive was 140 with method A, 73 with method B, and 63 with
method C. The significant number of extra presumptive positives recorded with
method A with regard to the other two methods (one-tailed two-proportions z-tests, p-
values equal 2.214e-07 and 1.656e-09 for methods B and C respectively) was not
corroborated by the second screening step with the O-antigen markers and the eae
subtype, nor with the isolation step. Thus, methods B and C were more selective than
method A. Overall, methods B and C recorded 1,113 and 1,115 presumptive
positives respectively, while the conventional ISO/TS 13136:2012 reference method
recorded 1,451 presumptive positives. The reduction in the number of presumptive
positives recorded with methods B and C over the ISO method is significant (one-
tailed two-proportions z-tests, p-values equal 2.434e-15 and 3.568e-15 for methods
B and C respectively with regard to the ISO method). Refinement of the first stx/eae

screening step with these two alternate methods B and C was remarkable (23.3%
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and 23.15% reduction of presumptive positives respectively with regard to the ISO
reference method). As illustrated in Tables 3 and 4, the alternate method B (the most
selective method) provided a significant reduction of the number of samples that
necessitate further screening for the EHEC serogroups determination (second step of
the ISO reference method). Table 3 showed that the reduction in the number of
presumptive positives was modest when the samples were subjected to a prior IMS
treatment, except for cow milk cheese samples where a significant reduction (27.2%)
was achieved (one-tailed two-proportions z-test, p-value=0.003612). Reductions in
the number of presumptive positive was however significant (one-tailed two-
proportions z-tests, p-values <0.05) for all samples without a prior IMS treatment:
26.5% reduction for goat milk, 29.7% reduction for cow milk cheese, and up to 51.9%

for sheep milk cheese (Table 4).

4. Discussion

E. coli strains simultaneously possessing the stx and eae genes have a higher risk of
causing STEC infections with HUS and diarrhea. Both virulence factors are thus
targeted in a first screening step by detection methods of highly pathogenic STEC in
foods. This first screening step is followed by specific detection of genes related to
EHEC serogroups, in a second screening step (Anonymous, 2021; ISO, 2012). This
approach generates many presumptive positives, which must then be confirmed by
isolation and then phenotypic and genotypic characterization of the isolated strain in

order to confirm the presence of all virulence factors in a single strain. Thus, the
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current methods present major financial and logistical challenges for food
manufacturers. It is therefore important to improve the detection methods with the
aim of increasing the percentage of batches released at the end of the first screening
step and of reducing the number of confirmations on isolated colonies while
maintaining a high (or even higher) level of product safety. We previously identified
four genetic markers (espK, espV, 22088, ureD), which are preferentially associated
with typical EHEC (E. coli strains positive for the stx and eae genes, irrespective of
their serotype) (Delannoy et al., 2013a, 213b). We demonstrated that, in association
with CRISPRo2s:H11, @ marker characterizing a specific clone of EHEC 026 that is
negative for these four genetic markers (Delannoy et al. 2015), one could reduce at
the first screening step the number of presumptive positive samples in beef
enrichments by 48.9% (Delannoy et al. 2016). The objective of this project was to
assess by high throughput microfluidic PCR the contribution of these five genetic
markers in the dairy sector in the reduction of the number of presumptive positive
samples after the first phase of screening. We used DNA extracts that were tested
either with the AFNOR approved GeneDisc PCR array (Pall GeneDisc, Bruz, France)
or the GENE-UP PCR (bioMérieux, Marcy I'étoile, France), and showed that the data
correlate well with the Fluidigm microfluidic real-time PCR approach developed in this
study. That way, we evidenced on natural samples that the sensitivity of the Fluidigm
microfluidic real-time PCR is equivalent to that of the approved conventional real-time
PCRs. As acknowledged in the literature (Olwagen et al, 2019), the sensitivity of the
Fluidigm microfluidic real-time PCR is equivalent to that of the conventional real-time

PCR when a pre-amplification step is used.

Validation of the pertinence of such a new approach including these five markers was

carried out on 1,451 samples that tested positive for both stx and eae. Half of these
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1,451 samples derived from samples submitted to an IMS treatment, which induced a
bias in the selection of specific serogroups (regulated EHEC serogroups). We
focused first on the stx status of these dairy samples with regard to the data reported
in the Tessy database, which collected the clinical cases associated with STEC in
Europe (EFSA, 2020). This database showed that about 93% of HUS are associated
with stx/eae positive strains and that 97% of HUS are associated with strains carrying
at least one gene of the Stx2 family. In addition, about 84% of HUS reported in the
Tessy database are associated with strains carrying at least the six2a subtype
(EFSA, 2020). In this study on dairy products, we showed significant differences of
the stx status of the samples, according to the animal species (goat, sheep, and cow)
and the matrices (raw milk, raw milk cheese). Thus, it is remarkable that stx2 was
highly dominant in cow samples, while it is much less prevalent in sheep samples
(surprisingly stx1 was highly prevalent in sheep samples with about 80% of sheep
raw milk cheese positive only for stx7). The stx2a subtype (significantly associated
with HUS) was recorded at a higher occurrence in cow samples (33% of the stx-
positive cow samples). However, in terms of public health significance, these
differences in the distribution of the stx types and sub-types in dairy products remains
questionable. Therefore, additional biomarkers should be tested in complement to

the stx genes to get a more precise risk assessment.

A more significant refinement of the first EHEC screening step could be achieved by
including CRISPRo2s:H11, espK, and espV, ureD, or Z2098 in the detection scheme.
Introduction of these markers provided a significant reduction of the number of
stx+/eae+ samples that require a second screening step for serogroup determination
according to the ISO/TS 13136:2012 reference method (ISO, 2012). Thus, the more

specific results were obtained with method B (stx / eae / espK / espV /
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CRISPRozs:H11) and method C (stx / eae / espK / ureD /| CRISPRo2s:H11), which
provided a reduction rate of about 23%. Given the additional information on the
association of the Top7 EHEC serogroups and the eae-subtypes, we determined
these two methods as the best approach to narrow down the EHEC screening step in
dairy samples. Nevertheless, method A (stx / eae / espK /| Z2098 / CRISPRoz6:H11)
also provided accurate results in all samples, except for sheep milk cheese that were
treated without a prior IMS treatment of the enriched culture. Further investigation
would be required to identify why method A is less selective than the other methods

in that specific case.

Identification of additional gene markers i.e. espK, espV and CRISPRozs:H11 to better
distinguish typical EHEC from other E. coli pathogroups would substantially enhance
the power of EHEC test systems providing a significant reduction of ‘presumptive
positive’ in dairy samples. As expected, samples tested with a prior IMS treatment to
select the Top7 EHEC serogroups provided a lower reduction rate of presumptive
positives (5% to 27% reduction depending on the matrices / species) compared with
those which were not subjected to an IMS treatment (26% to 52% reduction rate
depending on the matrices / species). One could notice that some dairy samples
could be potentially contaminated by more than one EHEC serogroup. This was
clearly evidenced by samples giving a positive reaction for both CRISPRozs:H11 and
one or more of the other markers espK, espV, 22098, UreD and O-group associated
genes. Data on the correlation between the presence of the O-antigen markers and
the eae-subtypes, together with the information related to the isolation of 297 EHEC
strains evidenced the reliability of these EHEC markers. Strains of EHEC isolated by
the routine testing laboratories during the confirmation step belonged to the Top5

EHEC serogroups (0157 [n = 51], 026 [n = 83], O103 [n = 88], 0145 [n = 69], O111

22



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

[n = 6]). Given the fact that >99% of these strains were isolated from samples tested
positive with the new EHEC markers we showed that these markers can be used with
high confidence in the dairy industry. These data corroborate previous studies
showing that all EHEC strains isolated from dairy products were detected with these
genetic markers (Delannoy et al., 2013a, 213b, 2015). We observed very few misses
(3 strains out of 297). In goat milk cheese treated with IMS one EHEC O157 isolate
(sector 8) was missed by all methods. We hypothesized here a probable alteration of
the DNA during transportation to Anses or a simple clerical error on the part of the
cooperating labs, given the large number of samples involved. Otherwise, in goat
milk cheese with IMS, one EHEC O103 isolate (sector 1) was missed by methods B
and C and not by method A. Another EHEC O103 isolate (sector 2) was missed by
method C and not by methods A and B. Unfortunately, the routine testing laboratories
performing the confirmation step did not conserve these strains. It was thus
impossible to perform additional studies to understand why these strains were not

detected.

In this study, we showed that the introduction of the new EHEC markers in the
detection scheme (at the first screening step on enriched culture) would certainly
provide the dairy industry a selective and reliable method for tracking the main EHEC
serogroups in raw milk products. This study also pointed toward the possible
presence of EHEC O80 (an emerging pathogen in Europe) in cow raw milk cheeses,
which warrants further investigations. This work should be considered with interest to
define a new, more selective approach for detecting highly pathogenic STEC in raw

milk products.
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Legends of Tables and Figures

Table 1. Primers and probes used in this study. 2 F, forward primer; R, reverse
primer; P, probe. ® Probes were labeled with either 6-HEX or 6-FAM and BHQT1
(Black Hole Quencher). ¢ Oligonucleotide described by Perelle et al. (2004), ¢
Oligonucleotide described by Nielsen and Andersen (2003), ¢ Oligonucleotide
described by Delannoy et al. (2013a), f Oligonucleotide described by Delannoy et al.
(2013b), 9 Oligonucleotide described by Delannoy et al. (2012), " Oligonucleotide
described by Delannoy et al. (2015), ' Oligonucleotide described by Perelle et al.
(2005), 1 Oligonucleotide described by Bugarel et al. (2010), * Oligonucleotide
described by Fratamico et al. (2009), ' Oligonucleotide described by Beutin et al.

(2015).

Table 2. Dairy samples (n=4,691) selected in this study. Distribution of the samples
according to the animal species (cow, goat and sheep), the dairy matrices (milk,

cheese) and the IMS pre-treatment of the enriched culture.

Table 3. Dairy samples treated with IMS and tested stx+/eae+ (n=737). Reduction of
the number of presumptive positives by introducing new EHEC markers (method B)
in the first screening phase of the ISO/TS 13136 reference method. @ two-tailed two-
proportions z-test, a =0.05. The proportion of presumptive positives with method B
was significantly different from the ISO/TS 13136 reference method when p-value <
0.05. ° one-tailed two-proportions z-test, a=0.05. The proportion of presumptive
positives with the ISO/TS 13136 reference method was significantly greater than

method B when p-value < 0.05. N/A for not applicable.
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Table 4. Dairy samples treated without IMS and tested stx+/eae+ (n=714). Reduction
of the number of presumptive positives by introducing new EHEC markers (method
B) in the first screening phase of the ISO/TS 13136 reference method. @ two-tailed
two-proportions z-test, a =0.05. The proportion of presumptive positives with method
B was significantly different from the ISO/TS 13136 reference method when p-value
< 0.05. P one-tailed two-proportions z-test, a=0.05. The proportion of presumptive
positives with the ISO/TS 13136 reference method was significantly greater than

method B when p-value < 0.05. N/A for not applicable.

Figure 1. Proportion (percentage) of the stx1 and stx2 genes in 1,451 stx+/eae+

dairy samples. Distribution according to each dairy category sample.

Figure 2. Goat milk treated with IMS. Screening 1 (New EHEC marker): comparison
of methods A, B and C on 128 samples positive for both stx and eae genes. Stx* for
samples giving a positive result for stx7 and/or stx2, eae* for samples giving a
positive result for eae, espK/Z2098* for samples giving a positive result for espK
and/or Z2098, espK/espV* for samples giving a positive result for espK and/or espV,
espK/ureD* for samples giving a positive result for espK and/or ureD, espK/Z2098
for samples giving a negative result for espK and Z2098, espK/espV- for samples
giving a negative result for espK and espV, espK/ureD- for samples giving a negative
result for espK and ureD. Sector € (stx*, eae*, espK/Z2098*), sector @ (stx*, eae*,
espKIZ2098*, espKlespV*), sector @ (six*, eae*, espKlZ2098*, espKlespV*,
espKlureD*), sector @ (stx*, eae*, espKIZ2098*, espK/ureD*), sector @ (stx*, eae*,

espKlespV*), sector @ (stx*, eae*, espKlespV*, espKlureD*), sector @ ( stx*, eae,
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espKlureD*) and sector @ (stx*, eae*). N=x is the total number of samples per
sector. Screening 2 (O-groups / eae-subtypes): the table indicates for each sector the
number of presumptive positives based on the serogroup/ eae variant correlation. ‘-
means negative. Note that some samples may be presumptive positive for more than
one EHEC serogroup. Confirmation: the number of EHEC strains (n=x) isolated

during the confirmation step is reported for each sector.

Figure 3. Goat milk treated without IMS. Screening 1 (New EHEC marker):
comparison of methods A, B and C on 310 samples positive for both stx and eae
genes. Stx* for samples giving a positive result for stx7 and/or stx2, eae* for samples
giving a positive result for eae, espK/Z2098+ for samples giving a positive result for
espK and/or Z2098, espKiespV* for samples giving a positive result for espK and/or
espV, espK/ureD+ for samples giving a positive result for espK and/or ureD,
espK/Z2098 for samples giving a negative result for espK and 22098, espKi/espV- for
samples giving a negative result for espK and espV, espK/ureD- for samples giving a
negative result for espK and ureD. Sector @ (stx*, eae*, espK/Z2098"), sector @
(stxt, eae*, espKIZ2098*, espKlespV*), sector @ (stx*, eae*, espKIZ2098",
espKlespV*, espKlureD*), sector @ (stx*, eae*, espKIZ2098*, espKlureD*), sector
O (six', eaet, espKlespV*), sector @ (stxt, eae*, espKlespV*, espKlureD*), sector
@ ( stx, eaet, espKlureD*) and sector @ (stxt, eae*). [n=x] is the number of
samples that tested positive for the CRISPRozs:H11 PCR assay detecting the 026
strains negative for both espK, espV, 22098 and ureD. N=x is the total number of
samples per sector. Screening 2 (O-groups / eae-subtypes): the table indicates for
each sector the number of presumptive positives based on the serogroup/ eae

variant correlation. - means negative. Note that some samples may be presumptive
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positive for more than one EHEC serogroup. Confirmation: the number of EHEC

strains (n=x) isolated during the confirmation step is reported for each sector.

Figure 4. Goat milk cheese treated with IMS. Screening 1 (New EHEC marker):
comparison of methods A, B and C on 280 samples positive for both stx and eae
genes. Stx* for samples giving a positive result for stx7 and/or stx2, eae* for samples
giving a positive result for eae, espK/Z2098* for samples giving a positive result for
espK and/or 22098, espKlespV* for samples giving a positive result for espK and/or
espV, espKlureD* for samples giving a positive result for espK and/or ureD,
espK/Z2098 for samples giving a negative result for espK and Z2098, espKi/espV- for
samples giving a negative result for espK and espV, espK/ureD- for samples giving a
negative result for espK and ureD. Sector @ (stx*, eae*, espK/Z2098*), sector @
(stxt, eae*, espKIZ2098*, espKlespV*), sector @ (stx*, eae*, espKIZ2098",
espKlespV+, espKlureD"), sector @ (stx*, eae*, espKIZ2098*, espKlureD+), sector
O (six', eaet, espKlespV*), sector @ (stxt, eae*, espKlespV*, espKlureD*), sector
@ ( sk, eaet, espKlureD*) and sector @ (stx*, eae*). [n=x] is the number of
samples that tested positive for the CRISPRozs:H11 PCR assay detecting the 026
strains negative for both espK, espV, 22098 and ureD. N=x is the total number of
samples per sector. Screening 2 (O-groups / eae-subtypes): the table indicates for
each sector the number of presumptive positives based on the serogroup/ eae
variant correlation. -* means negative. Note that some samples may be presumptive
positive for more than one EHEC serogroup. Confirmation: the number of EHEC

strains (n=x) isolated during the confirmation step is reported for each sector.
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Figure 5. Sheep milk treated with IMS. Screening 1 (New EHEC marker):
comparison of methods A, B and C on 83 samples positive for both stx and eae
genes. Stx* for samples giving a positive result for stx7 and/or stx2, eae* for samples
giving a positive result for eae, espK/Z2098* for samples giving a positive result for
espK and/or 22098, espKlespV* for samples giving a positive result for espK and/or
espV, espKlureD* for samples giving a positive result for espK and/or ureD,
espK/Z2098 for samples giving a negative result for espK and Z2098, espKl/espV- for
samples giving a negative result for espK and espV, espK/ureD- for samples giving a
negative result for espK and ureD. Sector @ (stx*, eae*, espK/Z2098*), sector @
(stx*, eae*, espKIZ2098*, espKlespV*), sector @ (stx*, eae*, espKIZ2098",
espKlespV+, espKlureDr), sector @ (stx*, eae*, espKIZ2098*, espKlureD+), sector
© (six', eaet, espKlespV*), sector @ (stxt, eae*, espKlespV*, espKlureD*), sector
@ ( stxt, eaet, espKlureD*) and sector @ (stx*, eae*). [n=x] is the number of
samples that tested positive for the CRISPRozs:H11 PCR assay detecting the 026
strains negative for both espK, espV, 22098 and ureD. N=x is the total number of
samples per sector. Screening 2 (O-groups / eae-subtypes): the table indicates for
each sector the number of presumptive positives based on the serogroup/ eae
variant correlation. - means negative. Note that some samples may be presumptive
positive for more than one EHEC serogroup. Confirmation: the number of EHEC

strains (n=x) isolated during the confirmation step is reported for each sector.

Figure 6. Sheep milk cheese treated without IMS. Screening 1 (New EHEC marker):
comparison of methods A, B and C on 160 samples positive for both stx and eae
genes. Stx* for samples giving a positive result for stx7 and/or stx2, eae* for samples

giving a positive result for eae, espK/Z2098* for samples giving a positive result for
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espK and/or 22098, espKlespV* for samples giving a positive result for espK and/or
espV, espKlureD* for samples giving a positive result for espK and/or ureD,
espK/Z2098 for samples giving a negative result for espK and Z2098, espKl/espV- for
samples giving a negative result for espK and espV, espK/ureD- for samples giving a
negative result for espK and ureD. Sector @ (stx*, eae*, espK/Z2098*), sector @
(stxt, eae*, espKIZ2098*, espKlespV*), sector @ (stx*, eae*, espKIZ2098",
espKlespV+, espKlureD"), sector @ (stx*, eae*, espKIZ2098*, espKlureD+), sector
O (six', eaet, espKlespV*), sector @ (stxt, eae*, espKlespV*, espKlureD*), sector
@ ( stxt, eaet, espKlureD*) and sector @ (stx*, eae*). [n=x] is the number of
samples that tested positive for the CRISPRozs:H11 PCR assay detecting the 026
strains negative for both espK, espV, 22098 and ureD. N=x is the total number of
samples per sector. Screening 2 (O-groups / eae-subtypes): the table indicates for
each sector the number of presumptive positives based on the serogroup/ eae
variant correlation. - means negative. Note that some samples may be presumptive
positive for more than one EHEC serogroup. Confirmation: the number of EHEC

strains (n=x) isolated during the confirmation step is reported for each sector.

Figure 7. Cow milk treated with IMS. Screening 1 (New EHEC marker): comparison
of methods A, B and C on 127 samples positive for both stx and eae genes. Stx* for
samples giving a positive result for stx7 and/or stx2, eae* for samples giving a
positive result for eae, espK/Z2098* for samples giving a positive result for espK
and/or Z2098, espK/espV* for samples giving a positive result for espK and/or espV,
espK/ureD* for samples giving a positive result for espK and/or ureD, espK/Z2098
for samples giving a negative result for espK and Z2098, espK/espV- for samples

giving a negative result for espK and espV, espK/ureD- for samples giving a negative
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result for espK and ureD. Sector @) (stx*, eae*, espK/Z2098"), sector @ (stx*, eae*,
espKIZ2098+, espV*), sector @ (stxt, eae*, espKIZ2098*, espKlespV*, espKl/ureD"),
sector @ (stx*, eaet, espKIZ2098*, espKlureD+), sector @ (stx*, eae*, espKlespV*),
sector @ (stx*, eae, espKlespV*, espKlureD*), sector @ ( stx*, eae*, espK/ureD*)
and sector @ (stx*, eae*). [n=x] is the number of samples that tested positive for the
CRISPRo2s:H11 PCR assay detecting the O26 strains negative for both espK, espV,
22098 and ureD. N=x is the total number of samples per sector. Screening 2 (O-
groups / eae-subtypes): the table indicates for each sector the number of
presumptive positives based on the serogroup/ eae variant correlation. - means
negative. Note that some samples may be presumptive positive for more than one
EHEC serogroup. Confirmation: the number of EHEC strains (n=x) isolated during

the confirmation step is reported for each sector.

Figure 8. Cow milk cheese treated with IMS. Screening 1 (New EHEC marker):
comparison of methods A, B and C on 114 samples positive for both stx and eae
genes. Stx* for samples giving a positive result for stx7 and/or stx2, eae* for samples
giving a positive result for eae, espK/Z2098+ for samples giving a positive result for
espK and/or Z2098, espKiespV* for samples giving a positive result for espK and/or
espV, espK/ureD+ for samples giving a positive result for espK and/or ureD,
espK/Z2098 for samples giving a negative result for espK and 22098, espKi/espV- for
samples giving a negative result for espK and espV, espK/ureD- for samples giving a
negative result for espK and ureD. Sector @ (stx*, eae*, espK/Z2098*), sector @
(stxt, eae*, espKIZ2098*, espKlespV*), sector @ (stx*, eae*, espKIZ2098",
espKlespV*, espKlureD"), sector @ (stx*, eae*, espKIZ2098*, espKlureD+), sector

O (six', eaet, espKlespV*), sector @ (stxt, eae*, espKlespV*, espKlureD*), sector
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@ (sixt, eaet, espKlureD*) and sector @ (stxt, eae'). [n=x] is the number of
samples that tested positive for the CRISPRozs:H11 PCR assay detecting the 026
strains negative for both espK, espV, 22098 and ureD. N=x is the total number of
samples per sector. Screening 2 (O-groups / eae-subtypes): the table indicates for
each sector the number of presumptive positives based on the serogroup/ eae
variant correlation. - means negative. Note that some samples may be presumptive
positive for more than one EHEC serogroup. Confirmation: the number of EHEC

strains (n=x) isolated during the confirmation step is reported for each sector.

Figure 9. Cow milk cheese treated without IMS. Screening 1 (New EHEC marker):
comparison of methods A, B and C on 239 samples positive for both stx and eae
genes. Stx* for samples giving a positive result for stx7 and/or stx2, eae* for samples
giving a positive result for eae, espK/Z2098+ for samples giving a positive result for
espK and/or Z2098, espKiespV* for samples giving a positive result for espK and/or
espV, espK/ureD+ for samples giving a positive result for espK and/or ureD,
espK/Z2098 for samples giving a negative result for espK and 22098, espKi/espV- for
samples giving a negative result for espK and espV, espK/ureD- for samples giving a
negative result for espK and ureD. Sector @ (stx*, eae*, espK/Z2098"), sector @
(stxt, eae*, espKIZ2098*, espKlespV*), sector @ (stx*, eae*, espKIZ2098",
espKlespV*, espKlureD*), sector @ (stx*, eae*, espKIZ2098*, espKlureD*), sector
O (six', eaet, espKlespV*), sector @ (stxt, eae*, espKlespV*, espKlureD*), sector
@ ( stxt, eaet, espKlureD*) and sector @ (stx*, eae*). [n=x] is the number of
samples that tested positive for the CRISPRozs:H11 PCR assay detecting the 026
strains negative for both espK, espV, 22098 and ureD. N=x is the total number of

samples per sector. Screening 2 (O-groups / eae-subtypes): the table indicates for
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Figure 1. Proportion (percentage) of the stx1 and stx2 genes in 1,451 stx+/eae+ dairy samples. Distribution according to each dairy category sample

Proportion (%) of the stx1 and stx2 genes
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Figure 2. Goat milk / With IMS treatment

Screening 1:
New EHEC markers

stx*, eae?
N=128

stx*,eaet,espK/Z22098*

N=119

stx*,eae*
espK/Z2098
espK/espV-
espK/ureD-

stx*,eae*,espK/espV*
N=119

stx*,eaet,espK/ureD*
N=117

Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z2098/CRISPR,¢.,i1,+) : 119
Method B (stx+, eae+, espK/espV/CRISPRy,¢..411+) @119
Method C (stx+, eae+, espK/ureD/CRISPR,¢.,i1;+) :117

Screening 2:
O-groups / eae-types

L
12/

®

@0 &® O

Presumptive
positive for EHEC
serogroups

026 (n=1)

045 (n=4), 0121
(n=1), 0111 (n=5),
0145 (n=4), 0103
(n=41), 026 (n=29),
0157 (n=45)

080 (n=1)

Confirmation:
EHEC strains isolated

EHEC strains (n=72)

isolated from sector €

0157 stx+ eae+ (n=28)
026 stx+ eae+ (n=22)
0103 stx+ eae+ (n=20)
0145 stx+ eae+ (n=2)



Figure 3. Goat milk / Without IMS treatment

stx*, eae*

stx*,eae*
espK/Z2098"
espK/espV-
espK/ureD-

stx*,eae*,espK/espV*
N=222

Screening 1:
New EHEC markers

stx*,eae’,espK/Z2098*

N=227

I:CRISPROZG:Hll:I

stx*,eae*,espK/ureD*
N=221

Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z2098/CRISPR,¢.,1,+) : 233
Method B (stx+, eae+, espK/espV/CRISPR,¢.111+) : 228
Method C (stx+, eae+, espK/ureD/CRISPR,¢.;i1,+) : 228

Screening 2:

O-groups / eae-types

@000 & O

026 (n=1), 0157 (n=1)
026 (n=1)

080 (n=8), 045 (n=14),
0121 (n=3), 0145
(n=16), 0103 (n=23),
026 (n=47), 0157 (n=18)

045 (n=1), 0103 (n=2)
0121 (n=1), 0103 (n=1)
026 (n=1)

026 (n=2)

Confirmation:
EHEC strains isolated

EHEC strains (n=2)

isolated from sector €

0103 stx+ eae+ (n=1)



Figure 4. Goat milk cheese / With IMS treatment

Screening 1: Screening 2: Confirmation:
New EHEC markers O-groups / eae-types EHEC strains isolated
— stx’,eae” espK/22008" Presumptive EHEC strains (n=162) isolated
stx’, eae N=264 positive for EHEC from sector €
Serogroups 0157 stx+ eae+ (n=16)
(1) 0103 (n=1), 026 (n=2) 026 stx+ eae+ (n=32)
0103 stx+ eae+ (n=49)
stx*,eae* 9 0103 (n=1) 0145 stx+ eae+ (n=64)
espK/Z2098"

espK/espV- 0111 stx+ eae+ (n=1)

080 (n=1), 045 (n=21),

K D-
e 9 0121 (n=3), 0111 (n=1), EHEC strain (n=1) isolated
stx*,eae*,espK/espV* Stx+'eae|\|+f;:: fured” (n=95), 026 (n=68), 0103 stx+ eae+ (n=1)
N=259 0157 (n=19)

EHEC strain (n=1) isolated
from sector @
0103 stx+ eae+ (n=1)

I:CRISPROZG:Hll:|

EHEC strain (n=1) isolated
from sector @
0157 stx+ eae+ (n=1)

Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z2098/CRISP,¢.11+) : 268
Method B (stx+, eae+, espK/espV/CRISP,¢..;1,+) : 265
Method C (stx+, eae+, espK/ureD/CRISP,¢..;;1+) : 261

026 (n=1)

@90 @ 3 O

026 (n=6), 0157 (n=1)



Figure 5. Sheep milk / With IMS treatment

Screening 1: Screening 2: Confirmation:
New EHEC markers O-groups / eae-types EHEC strains isolated

" " stx*,eae*,espK/22098* '
sbc’, eae N=78 No EHEC strains

N=83 .

where isolated
- during the
confirmation step

stx*,eae* -
espK/Z22098
espK/espV- 045 (n=2), 0121 (n=2),
espK/ureDr 0145 (n=5), 0103

(n=7), 026 (n=27),
0157 (n=25)

stx*,eae*,espK/ureD*

+ + +
stx*,eae’,espK/espV N=73

N=72

[CRISPROZG:H11]

Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z2098/CRISPR,¢.1i11+) : 78
Method B (stx+, eae+, espK/espV/CRISPR6..111%) : 72
Method C (stx+, eae+, espK/ureD/CRISPR,¢.,;11+) : 73

@0 dO0 & O



Figure 6. Sheep milk cheese/ Without IMS treatment

Screening 1:

New EHEC markers

stx*, eae*
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stx*,eae*,espK/Z2098*
N=140

stx*,eae*,espK/ureD*
N=63

Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z22098/CRISPR,;.,1,%) : 140
Method B (stx+, eae+, espK/espV/CRISPR,¢.,i11+) : 73
Method C (stx+, eae+, espK/ureD/CRISPR,¢..i1,+) : 63

Screening 2:

O-groups / eae-types

@00 & O©6C

026 (n=4)
026 (n=5)

080 (n=3), 0121 (n=1),
0145 (n=2), 0103 (n=5),
026 (n=38), 0157 (n=2)

026 (n=1)

Confirmation:
EHEC strains isolated

EHEC straicns (n=2) isolated

from sector €

026 stx+ eae+ (n=1)
0103 stx+ eae+ (n=1)



Figure 7. Cow milk / With IMS treatment

Screening 1:

New EHEC markers

stx*,eae*
espK/Z2098"
espK/espV-
espK/ureD-
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N=82

[CRISPROZG:Hll:|

stx*,eae*,espK/Z22098*
N=81

stx*,eae*,espK/ureD*
N=87

Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z2098/CRISPR,¢.1i1;+) : 107
Method B (stx+, eae+, espK/espV/CRISPR,¢.,11,+) : 106
Method C (stx+, eae+, espK/ureD/CRISPR,¢..4;,+) : 109

Screening 2:
O-groups / eae-types

L
12/
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@0 &® O

Presumptive
positive for EHEC
serogroups

026 (n=1)

080 (n=16), 045 (n=9),
0121 (n=4), 0111 (n=8),
0145 (n=6), 0103
(n=12), 026 (n=22),
0157 (n=3)

026 (n=3)
026 (n=3)

026 (n=14), 0157 (n=1))

Confirmation:
EHEC strains isolated

EHEC strains (n=17)

isolated from secteur €

0157 stx+ eae+ (n=1)
026 stx+ eae+ (n=7)

0103 stx+ eae+ (n=3)
0145 stx+ eae+ (n=2)
0111 stx+ eae+ (n=4)



Figure 8. Cow milk Cheese / With IMS treatment

Screening 1:

New EHEC markers
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N=82

[CRISPROZG:H11]

stx*,eae*,espK/Z2098*
N=80

stx*,eae*,espK/ureD*
N=81

Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z2098/CRISPR,¢.,1,+) : 81
Method B (stx+, eae+, espK/espV/CRISPRy,¢.i11+) : 83
Method C (stx+, eae+, espK/ureD/CRISPR¢.;i1,+) : 82

Screening 2:
O-groups / eae-types

©@ O d® O & o6

Presumptive
positive for EHEC
serogroups

080 (n=11), 045 (n=4),
0121 (n=7), 0145 (n=2),
0103 (n=23), 026
(n=30), 0157 (n=5)

0111 (n=1)
026 (n=1)

0157 (n=1)

080 (n=3), 0111 (n=1),
0103 (n=1), 026 (n=5)

Confirmation:
EHEC strains isolated

EHEC strains (n=30)

isolated from sector €

0157 stx+ eae+ (n=2)
026 stx+ eae+ (n=17)
0103 stx+ eae+ (n=11)



Figure 9. Cow milk Cheese / Without IMS treatment
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(5 ) (6) (7] N=157
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Number of Presumptive Positives for each method :

Method A (stx+, eae+, espK/Z2098/CRISPR¢.;i1,+) : 172
Method B (stx+, eae+, espK/espV/CRISPRy,¢.11+) : 167
Method C (stx+, eae+, espK/ureD/CRISPR,¢..i1;+) : 182

Screening 2:

O-groups / eae-types
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©@ 9 & O

026 (n=1), 0157 (n=1)

080 (n=46), 045 (n=20), 0121
(n=8), 0111 (n=4), 0145
(n=4), 0103 (n=22), 026
(n=37), 0157 (n=4)

045 (n=2), 0103 (n=2), 026
(n=2)

026 (n=2)
026 (n=2)

080 (n=2), 045 (n=2), 0121
(n=1), 0103 (n=2), 026 (n=6)

080 (n=3), 045 (n=2), 0121
(n=1), 0103 (n=2), 026 (n=24)

Confirmation:
EHEC strains isolated

EHEC strains (n=8) isolated
from sector 9

026 stx+ eae+ (n=3)
0103 stx+ eae+ (n=1)

0145 stx+ eae+ (n=1)

EHEC strains (n=1) isolated
from secteur @

026 stx+ eae+ (n=1)



Table 1. Primer and probe sequences used in this study.

Primer or probe? Sequence 5' — 3® Chip code
stx1_FC TTTGTYACTGTSACAGCWGAAGCYTTACG 1
stx1_RC CCCCAGTTCARWGTRAGRTCMACRTC 1
stx1_PC CTGGATGATCTCAGTGGGCGTTCTTATGTAA 1
stx2_F¢ TTTGTYACTGTSACAGCWGAAGCYTTACG 1
stx2_Re CCCCAGTTCARWGTRAGRTCMACRTC 1
stx2_P¢ TCGTCAGGCACTGTCTGAAACTGCTCC 1
eae Fd CATTGATCAGGATTTTTCTGGTGATA 1
eae_ Rd CTCATGCGGAAATAGCCGTTA 1
eae PY ATAGTCTCGCCAGTATTCGCCACCAATACC 1
eae-beta_Fd GGTGATAATCAGAGTGCGACATACA 1
eae-beta_R? GGCATCAAAATACGTAACTCGAGTAT 1
eae-beta_P? CCACAGCAATTACAATACTACCCGGTGCA 1
eae-gamma_Fd GACTGTTAGTGCGACAGTCAGTGA 1
eae-gamma_Rd TTGTTGTCAATTTTCAGTTCATCAAA 1
eae-gamma_Pd TGACCTCAGTCGCTTTAACCTCAGCC 1
eae-epsilon_Fd ATACCCAAATTGTGAAAACGGATA 1
eae-epsilon_Rd CACTAACAACAGCATTACCTGCAA 1
eae-epsilon_P¢ CCAGATGTCAGTTTTACCGTAGCCCTACCA 1
eae-theta_F° TGTTAAAGCACCTGAGGTTACATTTT 1
eae-theta_Rd TCACCAGTAACGTTCTTACCAAGAA 1
eae-theta_Pd TCAACCTTGTTGTCAATTTTCAGTCCATCA 1
espK_F® GCAGRCATCAAAAGCGAAATCACACC 1
espK_R® TCGTTTGGTAACTGTGGCAGATACTC 1
espK_P¢ ATTCAGATAGAAGAAGCGCGGGCCAG 1
espV_Fe TCAGGTTCCTCGTCTGATGCCGC 1
espV_R® CTGGTTCAGGCCTGGAGCAGTCC 1
espV_Pe CTTGCAACACGTTACGCTGCCGAGTATT 1
22098 F' CTGAAAAGAGCCAGAACGTGC

—

Z2098 R TGCCTAAGATCATTACCCGGAC



Z2098_Pf

TAACTGCTATACCTCCGCGCCG

ureD F®
ureD Re®
ureD Pe®

GCAATAATTGACTCTGATTGCC
GCTGCTGCGGTAAAATTTACT
TACGCTGATCACCATGCCTGGTGC

— )

CRISPRoze:H11_F9
CRISPRozs:H11_R"
CRISPRoze:H11_P9

AAACCGATCTCCTCATCCTC
ATCAACATGCAGCGCGAACG
CCAGCTACCGACAGTAGTGTGTTCC

Stx2a_F

TTCTGTTAATGCAATGGCGGCG

— et b et b b

Stx2a_R CCAGTATTCTTTCCCGTCAACCTTC
Stx2a_P AATGTGTCATCCTCATTATACTTGG
rfbEo1s7-F¢ TTTCACACTTATTGGATGGTCTCAA 2
rfbEo1s7-R°® CGATGAGTTTATCTGCAAGGTGAT 2
rfbEo1s7-P° AGGACCGCAGAGGAAAGAGAGGAATTAAGG 2
wzXxoze-F° CGCGACGGCAGAGAAAATT 2
wzxoze-R°® AGCAGGCTTTTATATTCTCCAACTTT 2
wzxo26-P° CCCCGTTAAATCAATACTATTTCACGAGGTTGA 2
wzx0103-F' CAAGGTGATTACGAAAATGCATGT 2
wzxo103-Ri GAAAAAAGCACCCCCGTACTTAT 2
WZzX0103-Pi CATAGCCTGTTGTTTTAT 2
wbdlo111-F¢ CGAGGCAACACATTATATAGTGCTTT 2
wbdlo111-R® TTTTTGAATAGTTATGAACATCTTGTTTAGC 2
wbdlo111-P¢ TTGAATCTCCCAGATGATCAACATCGTGAA 2
wzxo121-F! TGGTCTCTTAGACTTAGGGC 2
wzxo121-Rl TTAGCAATTTTCTGTAGTCCAGC 2
wzxo121-P TCCAACAATTGGTCGTGAAACAGCTCG 2
wzxo4s-F TACGTCTGGCTGCAGGG 2
wzxoas-Rl ACTTGCAGCAAAAAATCCCC 2
wzxo4s-P! TTCGTTGCGTTGTGCATGGTGGC 2
wzyo145-F¥ ATATTGGGCTGCCACTGATGGGAT 2
wzyo145-RK TATGGCGTACAATGCACCGCAAAC 2
wzyo145-PX AGCAGTGGTTCGCGCACAGCATGGT 2
wzXoso-F CAGTTATACCGATCCTTAATTTACAAGGA 2
2

wzxoso-R

GCTTACAAAAGACACTGGAATTATAATTCC



wzxoso-P

CGCAGGGTTATCGATTTTGGGTGCTACT

fliC H28[0145)-F'
fliC H28/0145-R!
fliC H28(0145)-P"

AATCATTTGTAGCTTTATTGTAGGTGTAGTCT
ATGGTGCTGTTGTTAATGCTAGCA
AGCTGCTGCACCAAAACCGTTGGAA

CRISPRot1s7:17B_F9
CRISPRo1s7:H7B_R9
CRISPRo1s7:H7B_P9

GGGAACACAAACCGAAACACA
CTTAGTGTGTTCCCCGCGC
CGATCAATCCGAATATGAGCGGT

CRISPRo1s7:H7 C_F9
CRISPRo1s7:H7 C_R9
CRISPRo1s7:H7 C_P9

GAACACTTTGGTGACAGTTTTTGT
CTTAGTGTGTTCCCCGCGC
CACTGTTTTGGTGACGGTTTATCC

Stx1a F
Stx1a R
Stx1a P

ATGGACAAGACTCTGTTCGTGTA
AATTCAGTATTAATGCCACGCTT
CCAGAATTGCATTAATGCTTCCAAAAGAA

SR \C TR \C RN \C R \O R \O 2 B \C R \C R \ O I\ B \C T \C } B \ O]

a F, forward primer; R, reverse primer; P, probe.
b All probes were labeled with 6-HEX or 6-FAM and BHQ1 (Black Hole Quencher).
¢ Oligonucleotide described by Perelle et al. (2004),

d Oligonucleotide described by Nielsen and Andersen (2003),

¢ Oligonucleotide described by Delannoy et al. (2013a),

 Oligonucleotide described by Delannoy et al. (2013b),

9 Oligonucleotide described by Delannoy et al. (2012a),

h Oligonucleotide described by Delannoy et al. (2015a),

' Oligonucleotide described by Perelle et al. (2005),

I Oligonucleotide described by Bugarel et al. (2010),

k Oligonucleotide described by Fratamico et al. (2009).
! Oligonucleotide described by Beutin et al. (2015).



Table 2. Dairy samples (n=4,691) selected in this study. Distribution of the number of
samples according to the animal species (cow, goat and sheep), the dairy matrices

(milk, cheese) and the IMS pre-treatment of the enriched culture.

With IMS pre- ~ Without IMS pre-

Animal species Dairy matrice reatment treatment
Goat samples Milk 165 1025
(N=1,601) Cheese 408 3
Sheep samples Milk 331 7
(N=965) Cheese 13 614
Cow samples Milk 926 77

(N=2,125) Cheese 304 818




Table 3. Dairy samples treated with IMS and tested six+/eae+ (n=737). Reduction of the number of presumptive positives by
introducing new EHEC markers (method B) in the first screening phase of the ISO/TS 13136 reference method. @ two-tailed two-
proportions z-test, a =0.05. The proportion of presumptive positives with method B was significantly different from the ISO/TS 13136
reference method when p-value < 0.05. ° one-tailed two-proportions z-test, a=0.05. The proportion of presumptive positives with the

ISO/TS 13136 reference method was significantly greater than method B when p-value < 0.05. N/A for not applicable.

Reduction of

ISO Method Method B th ber of
etho e number o
Animal species Dairy matrice (stx+, eae+, p-value? . p-value®
(stx+, eae+) presumptive
espK/espVICRISPRoz26:H11+) -
positives

(N=408) Cheese 280 265 0.2649 5.35% N/A
(N=88) Cheese 5 3 N/A N/A N/A
Cow samples Milk 127 106 0.1412 16.5% N/A

(N=241) Cheese 114 83 0.007224 27.2% 0.003612




Table 4. Dairy samples treated without IMS and tested stx+/eae+ (n=714). Reduction of the number of presumptive positives by
introducing new EHEC markers (method B) in the first screening phase of the ISO/TS 13136 reference method. @ two-tailed two-
proportions z-test, a =0.05. The proportion of presumptive positives with method B was significantly different from the ISO/TS 13136
reference method when p-value < 0.05. ° one-tailed two-proportions z-test, a=0.05. The proportion of presumptive positives with the
ISO/TS 13136 reference method was significantly greater than method B when p-value < 0.05. N/A for not applicable.

Reduction of the

ISO Method Method B ber of
etho number o
Animal species Dairy matrice (stx+, eae+, p-value? _ p-value®
(stx+, eae+) presumptive
espK/espVICRISPRoz6:H11+) N
positives
(N=312) Cheese 2 0 N/A N/A N/A
(N=163) Cheese 160 77 2.423e-10 51.9% 1.211e-10
Cow samples Milk 0 0 N/A N/A N/A

(N=239) Cheese 239 167 3.771e-05 29.7% 1.886e-05






