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ARTICLE INFO ABSTRACT

Keywords: Enteroaggregative Escherichia coli (EAEC) strains including those of serogroup O111 are important causes of
Enteroaggregative Escherichia coli 0111 diarrhea in children. In the Czech Republic, no information is available on the etiological role of EAEC in pe-
Pediatric diarrhea diatric diarrhea due to the lack of their targeted surveillance. To fill this gap, we determined the proportion of
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EAEC among E. coli 0111 isolates from children with gastrointestinal disorders < 2 years of age submitted to the
National Reference Laboratory for E. coli and Shigella during 2013-2022. EAEC accounted for 177 of 384
(46.1 %) E. coli 0111 isolates, being the second most frequent E. coli O111 pathotype. Most of them (75.7 %)
were typical EAEC that carried aggR, usually with aaiC and aatA marker genes; the remaining 24.3 % were
atypical EAEC that lacked aggR but carried aaiC and/or aatA. Whole genome sequencing of 11 typical and two
atypical EAEC 0111 strains demonstrated differences in serotypes, sequence types (ST), virulence gene profiles,
and the core genomes between these two groups. Typical EAEC O111:H21/ST40 strains resembled by their
virulence profiles including the presence of the aggregative adherence fimbriae V (AAF/V)-encoding cluster to
such strains from other countries and clustered with them in the core genome multilocus sequence typing
(cgMLST). Atypical EAEC 0O111:H12/ST10 strains lacked virulence genes of typical EAEC and differed from them
in cgMLST. All tested EAEC O111 strains displayed stacked-brick aggregative adherence to human intestinal
epithelial cells. The AAF/V-encoding cluster was located on a plasmid of 95,749 bp or 93,286 bp (pAAoi11)
which also carried aggR, aap, aar, sepA, and aat cluster. EAEC O111 strains were resistant to antibiotics, in
particular to aminopenicillins and cephalosporins; 88.3 % produced AmpC p-lactamase, and 4.1 % extended
spectrum f-lactamase. We conclude that EAEC are frequent among E. coli 0111 strains isolated from children
with gastrointestinal disorders in the Czech Republic. To reliably assess the etiological role of EAEC in pediatric
diarrhea, a serotype-independent, PCR-based pathotype surveillance system needs to be implemented in the
future.

1. Introduction different pathotypes including enteropathogenic E. coli (EPEC), Shiga
toxin-producing (also designated enterohemorrhagic) E. coli (EHEQC),
Escherichia coli strains of serogroup O111 belong to at least three and enteroaggregative E. coli (EAEC) (Campos et al., 1994). EPEC 0111
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strains are characterized by the presence of the eae gene that encodes the
major EPEC adhesin intimin and cause diarrhea in children worldwide
(Croxen et al., 2013; Nataro and Kaper, 1998). EHEC O111 strains
possess, in addition to eae, the genes encoding Shiga toxins including
stxy, stxg or both (Karch et al., 2005; Marejkova et al., 2013; Mellmann
et al., 2008). They cause, besides diarrhea, the life-threatening hemo-
lytic uremic syndrome (HUS) (De Rauw et al., 2018; Karch et al., 2005;
Mellmann et al., 2008; Valilis et al., 2018), the most common cause of
acute renal failure in children (Karch et al., 2005). EHEC O111 belong,
together with EHEC 026, 0103, 0145, and 0157, to the “TOP 5” EHEC
serogroups which are most frequently associated with human disease
including HUS worldwide (Karch et al., 2005; Marejkova et al., 2013;
Mellmann et al., 2008; De Rauw et al., 2018; Valilis et al., 2018).

EAEC, an additional pathotype identified among E. coli 0111 strains,
are associated with acute and persistent diarrhea in children mainly in
developing but also in industrialized countries, and cause travelers’
diarrhea (Croxen et al., 2013; Hebbelstrup Jensen et al., 2014; Jenkins,
2018). They are a highly heterogeneous group regarding their serotypes
and putative virulence factors (Boisen et al., 2012; Boisen et al., 2020;
Hebbelstrup Jensen et al., 2014; Jenkins, 2018). Their common char-
acteristic is the aggregative “stacked-brick” adherence pattern to
epithelial cells (Nataro et al., 1987) which is mediated by aggregative
adherence fimbriae (AAF) presently known in five variants, AAF/I to
AAF/V (Boisen et al., 2020; Jpnsson et al., 2015). EAEC virulence genes
are located on the plasmid of aggregative adherence (pAA) or on the
chromosome within a pathogenicity island (Dudley et al., 2006; Nataro
et al., 1994). The expression of both chromosomal and plasmid-encoded
virulence genes is controlled by the transcriptional activator AggR
(Dudley et al., 2006; Nataro et al., 1994). EAEC harboring the aggR gene
are termed typical EAEC (Dudley et al., 2006; Jenkins, 2018) and many
studies have strongly associated them with diarrhea (Cohen et al., 2005;
Llorente et al., 2023; Pabst et al., 2003). EAEC lacking aggR are termed
atypical EAEC (Dudley et al., 2006; Jenkins, 2018) and are considered of
uncertain pathogenicity (Boisen et al., 2020), though in some studies
they were significantly associated with diarrhea (Joffré and Iniguez
Rojas, 2020; Tobias et al., 2015).

Due to the severity of infections caused by EHEC strains, the sur-
veillance of diarrheagenic E. coli in the Czech Republic is focused on this
pathotype. EHEC infections are reportable and have been included into
the system of epidemiological surveillance (Decree No. 275/2010 Coll.,
2010). The surveillance is primarily based on serotyping using antisera
against the “TOP 5” EHEC serogroups, which are used in all microbio-
logical laboratories in the Czech Republic for typing E. coli strains iso-
lated from stools of children with gastrointestinal disorders < 2 years of
age. According to the Czech legislation (Decree No. 275/2010 Coll.,
2010), the routine microbiological laboratories are obliged to forward
all E. coli isolates of the “TOP 5 serogroups to the National Reference
Laboratory for E. coli and Shigella (NRL ECS) at the National Institute of
Public Health, Prague, for confirmation and analysis of virulence genes.
There, the isolates are tested, besides stx genes, also for marker virulence
genes of other E. coli pathotypes including EPEC, EAEC, enterotoxigenic
E. coli (ETEC), and enteroinvasive E. coli (EIEC) (Ileninova et al., 2022).
Infections with EHEC, EPEC, ETEC, and EIEC are subsequently reported
to the national Information System of Infectious Diseases (ISIN) and
cases of EHEC also to The European Surveillance System (TESSy).

In contrast to other European countries where EAEC have been
identified as causes of diarrhea in children (Ellis et al., 2020; Heb-
belstrup Jensen et al., 2016; Huppertz et al., 1997; Llorente et al., 2023;
Pabst et al., 2003; Scavia et al., 2008; Tré-Hardy et al., 2023), the
etiological role of this pathotype in pediatric diarrhea in the Czech Re-
public remains unknown. In a pilot study performed by the NRL ECS in
2020 and 2021, we identified the EAEC pathotype in 14 % and 6 %,
respectively, of E. coli O111 isolates from children with diarrhea ob-
tained through the national surveillance system, but in none of isolates
of the other “TOP 5” serogroups (026, 0103, 0145, 0157) (Ileninova
et al., 2022). This prompted us to determine in the present study the
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proportion of EAEC among E. coli 0111 isolates obtained through the
national surveillance system during a ten-year period, 2013-2022, and
to evaluate the contribution of different E. coli O111 pathotypes, in
particular EAEC, to pediatric diarrhea. We determined the presence of
marker virulence genes in EAEC O111 isolates, their adherence to
human intestinal epithelial cells, and their susceptibility to antibiotics.
Moreover, we performed the whole genome sequencing (WGS) of
selected isolates to determine their molecular characteristics and
genomic relatedness to EAEC O111 strains from other countries.

2. Materials and methods
2.1. E. coli 0111 strains

Altogether, 384 E. coli O111 strains isolated from stool samples of
children with gastrointestinal disorders < 2 years of age between
January 2013 and December 2022 were investigated. Three hundred
and eighty-two of them were sent to the NRL ECS by routine microbi-
ological laboratories from all over the Czech Republic as a part of the
national surveillance of intestinal pathogenic E. coli. They originated
from epidemiologically unrelated children who had one or more
symptoms including diarrhea, abdominal pains or cramps, nausea, and
vomiting. Two additional E. coli 0111 strains were isolated from stools
of patients with HUS in the NRL ECS using a protocol described previ-
ously (Marejkova et al., 2013). The patients’ages were between 2 weeks
and 24 months (mean, 14.9 months; median, 15.2 months), and the male
to female ratio was 1.06. Twelve patients (3.1 %) reported traveling
abroad (Tunisia, Egypt, Turkey) within 2 weeks before the disease onset.
Case-related data including sex, clinical symptoms, and travel history
were obtained from treating physicians and/or from the national elec-
tronic reporting system ISIN.

2.2. Analyses of E. coli 0111 strains in NRL ECS

Strains were confirmed as E. coli using the Microflex LT MALDI-TOF
mass spectrometer (Bruker Daltonics). The 0111 serogroup was deter-
mined by slide agglutination with anti-E. coli O111 antiserum (Mast
Diagnostics) and confirmed by PCR targeting the wbdlpi11 gene, a
component of the 0111 lipopolysaccharide biosynthetic cluster (Perelle
etal., 2007). H antigens were determined by PCR with primers targeting
the flagellin subunit-encoding fliCy12 and fliCyo; genes (Banjo et al.,
2018). All E. coli 0111 strains were PCR tested for pathotype-specific
marker virulence genes including stxj, stxp (EHEC) (Scheutz et al.,
2012), eae (EPEC) (Schmidt et al., 1994), aggR, aatA, aaiC (EAEC)
(Boisen et al., 2008; Hebbelstrup Jensen et al., 2017; Schmidt et al.,
1995), elt, estIA, estIB (ETEC) (Miiller et al., 2007), and ipaH (EIEC) (Li
et al., 2009). PCR primers are listed in Table 1.

2.3. Cell adherence assay

Human intestinal epithelial cells HCT-8 (ATCC CCL-244) were grown
in RPMI 1640 medium (Thermo Fisher Scientific) with 10 % fetal bovine
serum (Sigma-Aldrich), 2 mM L-glutamine, and 1 mM sodium pyruvate
(both Thermo Fisher Scientific). For the adherence assay, 1 x10° cells/
well were seeded into 24-well plates (Corning) containing circular
coverslips and grown to 80 % confluency. Monolayers were washed with
phosphate-buffered saline (PBS), inoculated with 1 x 107 colony forming
units of EAEC overnight cultures in Luria-Bertani broth, and incubated
for 3h (37 °C, 5 % COy). Cells were washed eight times with PBS, fixed
(70 % methanol, 5 min), and stained (10 % Giemsa solution, 30 min) (all
Sigma-Aldrich). After washing with deionised water, coverslips were
mounted on glass slides and bacterial adherence patterns were examined
under a light microscope (Olympus BH-2, Olympus). EAEC reference
strain 042 (044:H18) (Boisen et al., 2012) was used as a positive control
and E. coli 0111 strain 17-436 from our collection, which lacked marker
genes of all pathotypes, as a negative control.
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Table 1
PCRs used for analyses of E. coli 0111 strains.
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Primer designation Primer sequence (5- 3)

Target gene™” Amplicon size (bp) Reference

O111-f CGAGGCAACACATTATATAGTGCTTT
Ol11-r TTTTTGAATAGTTATGAACATCTTGTTTAGC
H1/H12-f ATGCGCTGACTGCATCAAAG
H1/H12-r CCTTGCCGTTGTTAGCATCG

H21-f GCAACTAAGCTTGCAGTGGC

H21-r TCTTGGCAGCGTTCAGATCA
Stx1-det-F1 GTACGGGGATGCAGATAAATCGC
Stx1-det-R1 AGCAGTCATTACATAAGAACGYCCACT
stxla-F1 CCTTTCCAGGTACAACAGCGGTT
stxla-R2 GGAAACTCATCAGATGCCATTCTGG
F4 GGCACTGTCTGAAACTGCTCCTGT

R1 ATTAAACTGCACTTCAGCAAATCC
F4-f CGCTGTCTGAGGCATCTCCGCT

Rl-e/f TAAACTTCACCTGGGCAAAGCC
stx2a-F2 GCGATACTGRGBACTGTGGCC
stx2a-R2 GCCACCTTCACTGTGAATGTG
stx2a-R3 CCGKCAACCTTCACTGTAAATGTG

SK1 CCCGAATTCGGCACAAGCATAAGC
SK2 CCCGGATCCGTCTCGCCAGTATTCG
aggR-f GTATGAAATTAAAACAAACATCG
aggR-r GTTTATTGGCTTTTAAAATAGTC
aaiC-f ATTGTCCTCAGGCATTTCAC

aaiC-r ACGACAACCCCTGATAAACAA

Eagg-1 CTGGCGAAAGACTGTATCAT

Eagg-2 CAATGTATAGAAATCCGCTGTT
MP2-LT-F GAACAGGAGGTTTCTGCGTTAGGTG
MP2-LT-R CTTTCAATGGCTTTTTTTTGGGAGTC
MP4-STIa-F CCTCTTTTAGYCAGACARCTGAATCASTTG
MP4-STIa-R CAGGCAGGATTACAACAAAGTTCACAG
MP2-STI-F TGTCTTTTTCACCTTTCGCTC
MP2-STI-R CGGTACAAGCAGGATTACAACAC
IpaH-F TGACCGCCTTTCCGATA

IpaH-R TTCTCCAGCATCTCATA

wbdlo111 146 Perelle et al., 2007
AiCu1/m12 774 Banjo et al., 2018
fiCy21 304 Banjo et al., 2018
sty 209 Scheutz et al., 2012
StX1q 478 Scheutz et al., 2012
stxy 625-627 Scheutz et al., 2012
StX2q 347-349 Scheutz et al., 2012
eae 863 Schmidt et al., 1994
aggR 800 Boisen et al., 2008
aaiC 215 Boisen et al., 2008
aatA 630 Schmidt et al., 1995
elt 655 Miiller et al., 2007
estIA 157 Miiller et al., 2007
estIB 171 Miiller et al., 2007
ipaH 584 Li et al., 2009

# The genes encode the following proteins: wbdlo111, 0111 lipopolysaccharide; fliC, flagellin subunit; Stx, Shiga toxin; eae, intimin; aggR, transcriptional activator
AggR; aaiC, protein of type VI secretion system; aatA, dispersin transporter protein; elt, heat-labile enterotoxin,; estIA, estIB, heat-stable enterotoxins; ipaH, ipaH invazin.
b positive control strains were as described previously including EDL933 (stxy, stx,, eae), 164/82 (elt, estIA), 117/86 (estlb) (Miiller et al., 2007), 042 (aggR, aatA,
aaiC) (Boisen et al., 2012) or from the strain collection of the NRL ECS, Prague: 12/481 (ipaH), 10/070 (Wbdlo111), 16/938 (fliCi11,1112), 10/250 (fliCy21); E. coli K-12

strain C600 was a negative control.

2.4. Antimicrobial susceptibility testing

Susceptibility of EAEC 0111 strains to 17 antimicrobials was tested
using the broth microdilution method according to the guidelines of the
European Committee on Antimicrobial Susceptibility Testing (EUCAST)
(The European Committee on Antimicrobial Susceptibility Testing,
2021). Minimum inhibitory concentrations (MICs) were determined
according to the EUCAST breakpoints (The European Committee on
Antimicrobial Susceptibility Testing, 2021). For confirmation of the
extended-spectrum f-lactamase (ESBL) phenotype, the combination disc
test according to the EUCAST guidelines was used (EUCAST, 2017). The
test was performed with ceftazidime and ceftazidime/clavulanic acid,
and cefotaxime and cefotaxime/clavulanic acid discs, respectively
(Bio-Rad). The result was considered positive if the diameter of the in-
hibition zone was > 5 mm larger with clavulanic acid than without
clavulanic acid. For confirmation of the AmpC f-lactamase phenotype,
the combination disc test with ceftazidime and cefotaxime discs was
performed on Mueller-Hinton agar without and with oxacillin (Hrabak,
2007; EUCAST, 2017). The result was considered positive if the diameter
of the inhibition zone was > 5 mm larger on Mueller-Hinton agar with
oxacillin than without oxacillin.

2.5. DNA extraction, Illumina sequencing and data analysis

EAEC 0111 strains were grown on Columbia blood agar (Oxoid) for
20 h. Bacterial DNA was isolated from a single colony using the QIAamp
DNA Mini Kit (Qiagen) following the manufacturers protocol. The
quality and concentration of purified DNA were assessed with Nanodrop
and Qubit, respectively (both Thermofisher). The libraries for

sequencing on a MiSeq sequencer (Illumina) were prepared following
the Laboratory standard operation procedure for Pulsnet Nextera XT
Library preparation (CDC, 2020). The raw reads were first checked for
contamination with the Kraken 2 tool (v2.1.2) (Wood et al., 2019). The
fastp (v0.23.1) tool was used for reads quality control and filtering
(Chen et al., 2018). Serotypes, sequence types (STs), and virulence genes
were identified by uploading the reads to SerotypeFinder 2.0 (https://c
ge.food.dtu.dk/services/SerotypeFinder/), MLST 2.0 (https://cge.food.
dtu.dk/services/MLST/), and VirulenceFinder 2.0 (https://cge.food.
dtu.dk/services/VirulenceFinder/), respectively, available on the Cen-
ter for Genomic Epidemiology website (https://www.genomicepidemio
logy.org/). The threshold of sequence identity was set to 85 % for
SerotypeFinder 2.0, and VirulenceFinder 2.0. The seven loci (adk, gyrB,
fumC, icd, mdh, purA, recA) scheme (Wirth et al., 2006) was used for
MLST 2.0.

2.6. Core genome multilocus sequence typing (cgMLST)

Details of 406 E. coli 0111 strains analyzed by cgMLST are shown in
Table S1. Illumina raw reads of Czech EAEC 0111 strains were uploaded
to the EnteroBase database (https://enterobase.warwick.ac.uk/). Data
analysis was performed with the EnteroBase Backend Pipeline for
cgMLST (Zhou et al., 2020). The minimum spanning tree was generated
using the MSTreeV2 algorithm in the Enterobase with the GrapeTree
tool (Zhou et al., 2018). Sequences of 13 Czech EAEC 0111 strains were
compared with sequences of 90 EAEC O111 strains from other countries
available in the EnteroBase including the United Kingdom (n = 55),
Spain (n = 21), Belgium (n = 5), France (n = 1), Germany (n = 1), the
Netherlands (n = 1), the United States (n = 1), and Japan (n = 3); in two
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strains the country of origin was unknown (Table S1). Since there is no
option to identify EAEC in the EnteroBase based on marker virulence
genes, such sequences were preliminarily selected as those where no
pathotype was given; subsequently they were downloaded from the
EnteroBase and analyzed by the AMRFinderPlus tool (v3.12.8) (Feldg-
arden et al., 2021). Sequences which contained aggR (with or without
aaiC) were considered as typical EAEC and those which lacked aggR but
contained aaiC as atypical EAEC (Table S1). In addition, the 103 EAEC
0111 sequences were compared with sequences of four EAEC/EHEC
0111:H21/ST40 hybrids available in the EnteroBase (Table S1) and
with sequences of 299 human EHEC O111 isolates from eight countries
and belonging to three different serotypes and STs including O111:
H8/ST16 (n = 290), 0111:H2/ST17 (n = 5), and 0111:H11/ST21 (n =
4) (Table S1).

2.7. Nanopore sequencing and data analysis

The DNA samples used for Nanopore sequencing were the same as
those for Illumina sequencing. The libraries for sequencing on GridION
device (Oxford Nanopore Technologies) were prepared using Ligation
sequencing gDNA - Native Barcoding Kit 24 V14 (SQK-NBD114.24)
protocol (Oxford Nanopore Technologies, 2022). The basecalling was
made using Dorado basecaller (v7.3.9) in super accurate singleton
mode. The Nanoplot (v1.42.0) was used for read quality control (De
Coster and Rademakers, 2023). The long-sequencing reads (in fastq
format) were checked for contamination with the KmerFinder tool
(v3.0.2) (Clausen et al., 2018; Hasman et al., 2014; Larsen et al., 2014).
The worst reads were removed until 500 Mbp remain with Filtlong
(v1.42.0) (Wick, 2017). The Flye assembler (v2.9.3) was used for de novo
assembly of long reads (Kolmogorov et al. 2019). Flye assemblies and
filtered long reads were used to create consensus sequence using Medaka
tool (v1.11.3) with default model option (Oxford Nanopore Technolo-
gies, 2017). The Medaka consensus sequences were polished using
filtered Illumina reads (see Section 2.5) using polypolish (v0.6.0) (Wick
and Holt, 2022). Final hybrid assemblies were annotated using light
database (v5.1) in Bakta tool (v1.9.3) (Schwengers et al., 2021) and
visualized interactively via Proksee (Grant et al., 2023). Comparison of
plasmid sequences was performed using the CGView server (Stothard
and Wishart, 2005). For plasmid annotation in strain 19-683 mobileOG
database tool (Brown et al., 2022) and CARD database tool in Proksee
(Alcock et al.,. 2023) were used.

2.8. Data deposition

[lumina raw reads of 13 EAEC 0111 strains sequenced in this study,
and complete sequences of pAA plasmids from EAEC strains 19-683 and
21-582, and of pAR plasmid from strain 19-683 were deposited to the
European Nucleotide Archive (ENA) (http://www.ebi.ac.uk/ena/)
under study accession PRJEB72449. Illumina raw reads of EAEC 0111
strains are also available in the EnteroBase database (https://entero
base.warwick.ac.uk/).

3. Results
3.1. E. coli 0111 pathotypes identified in the NRL ECS in 2013-2022

PCR analyses demonstrated that 11 (2.9 %) of 384 E. coli 0111 iso-
lates from children < 2 years with gastrointestinal disorders obtained
through the national surveillance in 2013-2022 were EHEC, 183
(47.6 %) were EPEC, and 177 (46.1 %) were EAEC. No isolate was ETEC
or EIEC, and 13 isolates (3.4 %) did not possess any of the pathotype-
specific genes (Table 2). The annual numbers of E. coli 0111 isolates
and the proportions of different pathotypes in individual years are
shown in Fig. 1. The numbers of E. coli O111 isolates received by the
NRL ECS had an increasing trend between 2013 and 2019 and subse-
quently decreased (Fig. 1A). In 2014-2019, EAEC and EPEC pathotypes
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Table 2
Pathotypes of 384 E. coli O111 strains analyzed in NRL ECS in 2013-2022.

Pathotype Total number Virulence gene Number (%) of
(marker (%) of strains profile pathotype strains with
virulence genes) virulence gene profile
EHEC (stxy, stxz) 11 (2.9) StX1a 6 (54.5)
Sto, 27 (18.2)
StxX1a+StX2, 3(27.3)
EPEC (eae) 183 (47.6) eae 183 (100)
EAEC (aggR, 177 (46.1) aggR+aatA+aaiC 116 (65.5)
aatA, aaiC) aggR+aaiC 17 (9.6)
aggR 1 (0.6)
aaiC+aatA 19 (10.7)
aaiC 19 (10.7)
aatA 5(2.8)
ETEC (elt, estlA, 0 elt, estlA, estlB 0
estlB)
EIEC (ipaH) 0 ipaH 0
None of tested 13 (3.4) None of tested 13

@ Both strains originated from HUS patients; one strain lost stxz,.
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Fig. 1. Distribution of E. coli 0111 pathotypes during 2013-2022. (A) Numbers
and (B) percentages of strains of the particular pathotypes. EHEC, enter-
ohemorrhagic E. coli; EPEC, enteropathogenic E. coli; EAEC, enter-
oaggregative E. coli.

accounted for similar proportions of annual E. coli 0111 isolates (45 %-
58 % and 38 %-48 %, respectively) (Fig. 1B). In contrast, in 2013, EAEC
was the predominant pathotype (74 % of isolates), while in 2020-2022,
EPEC (69 %-89 % of isolates) prevailed over EAEC (7 %-28 % of isolates)
(Fig. 1B).

3.2. Marker virulence gene profiles of EAEC O111 and their distribution
during 2013-2022

To characterize EAEC 0111 strains, we first determined their marker
virulence gene profiles. The majority of the strains (134 of 177, 75.7 %)
were typical EAEC which possessed aggR, mostly (in 116 strains)
together with aatA (encoding dispersin transporter protein) and aaiC
(encoding type VI secreted protein). The remaining 18 typical EAEC
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strains contained aggR together with aaiC or alone (Table 2). Forty-three
of 177 EAEC 0111 strains (24.3 %) were atypical EAEC that lacked aggR
but carried aaiC and/or aatA (Table 2). Distribution of strains with
different virulence gene profiles in individual years of the 2013-2022
period is shown in Fig. 2. Except for 2019 and 2022, typical EAEC
prevailed over atypical EAEC, accounting for 55.6 %-100 % of annual
isolates (Fig. 2A, B). In comparison, in 2019 and 2022, atypical EAEC
were more frequent being responsible for 55.6 % and 75 %, respectively,
of EAEC 0111 strains (Fig. 2A, B).

3.3. Characterization of EAEC 0111 strains by whole genome sequencing

Thirteen EAEC O111 strains including 11 typical and two atypical
were subjected to Illumina WGS. The strains were randomly selected
from the 2018-2021 period when broad spectra of marker virulence
gene profiles were observed (Fig. 2) and the introduction of WGS into
the NRL ECS allowed sequencing of freshly isolated strains. H antigens,
STs, and putative virulence genes obtained through WGS analysis are
listed in Table 3. All typical EAEC strains belonged to the serotype O111:
H21 and ST40, whereas atypical EAEC strains belonged to the serotype
0111:H12 and ST10. The typical and atypical EAEC 0111 strains also
differed in their virulence gene profiles. Typical EAEC strains possessed,
in addition to aggR, the aaiC, aap, aar, and anr genes encoding the
secreted protein, dispersin, AggR-activated regulator, and AraC negative
regulator, respectively. They also contained the gene cluster (agg5A,
agg3B, agg3C, agg3D) encoding the aggregative adherence fimbriae
AAF/V (Jgnsson et al., 2015), astA encoding the heat-stable enterotoxin
EAST-I, shiaA, a component of the Shigella flexneri SHI-2 pathogenicity
island, and the espl, pic, sat, and sepA genes encoding the serine protease
autotransporters of Enterobacteriaceae (SPATEs) (Boisen et al., 2009).
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Fig. 2. Distribution of EAEC 0111 strains with different marker virulence gene
profiles determined by PCR during 2013-2022. (A) Numbers and (B) percent-
ages of isolates. Typical EAEC are defined by the presence of aggR, either alone
or in combination with aatA and/or aaiC. Atypical EAEC lack aggR and carry
aatA and/or aaiC.
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Besides the AAF/V-encoding gene cluster, all typical EAEC O111:
H21/ST40 strains also contained genes encoding other putative adhesins
such as the afimbrial adhesin AfaD, curli fimbriae, intimin-like adhesin
FdeC, type I fimbriae, Tha (iron-regulated gene A homologue adhesin),
long polar fimbriae, and the YHD fimbrial cluster (yehA, yehB, yehC,
yehD) (Table 3). They also carried several genes which frequently occur
in extraintestinal pathogenic E. coli such as iss, iut, iucC, fyuA and irp2, as
well as the terC gene (Table 3), a part of the tellurite resistance-encoding
cluster which also occurs in EHEC 0111 (Karch et al., 2005; Marejkova
et al., 2013).

Two atypical EAEC O111:H12/ST10 strains partially differed from
each other in their virulence gene contents, but both lacked, besides
aggR, also aatA, aap, aar, sepA, and the AAF/V-encoding cluster
(Table 3). They also lacked the gene clusters encoding AAF/I-AAF/IV, as
well as the afp cluster encoding aggregate-forming pili and cseA
encoding ETEC colonization factor CS22 that have recently been found
in EAEC strains lacking all known AAF variants (Boisen et al., 2020;
Lang et al., 2018; Llorente et al., 2023). On the other hand, they shared
with typical EAEC O111 isolates the genes encoding other adhesins
(csgA, fimH, iha, and the yehA, yehB, yehC, yehD cluster), and astA, pic,
fyuA, irp2, and terC genes (Table 3). In contrast to typical EAEC 0111,
both atypical isolates contained the genes mchB, mchC, and mchF
encoding the antibacterial peptide antibiotic microcin H47 and its
secretion system (Rodriguez et al., 1999) (Table 3).

3.4. Localization of AAF/V-encoding gene cluster on pAA plasmid

To find out if the AAF/V-encoding cluster of EAEC 0111:H21/ST40
strains is located on a pAA plasmid, we performed Nanopore sequencing
of four randomly selected Illumina-sequenced strains (19-683,
19-806, 20—243, 21-582) and used hybrid assembly approach to
reconstruct plasmids. pAA plasmids were identified in all strains. Visu-
alization of pAA from strain 19-683 (pAAo111-19-683) (Fig. 3) demon-
strated that it contained the AAF/V-encoding gene cluster (agg5A,
agg3B, agg3C, agg3D) and several other EAEC virulence genes including
aggR, aap, aar, aatPABCD cluster, and sepA. The pAAop111-19-683 Was
identical in the size (95,749 bp) and the gene content including the
presence of EAEC virulence genes to pAA plasmids from strains 19-806
(pAA0111—19—806) and 20-243 (pAA0111_20_243) (Flg Sl) In comparison,
PAA from strain 21-582 (pAAop111-21-582) was smaller (93,286 bp) but it
also carried all EAEC virulence genes detected in the other pAA plasmids
(Fig. S1). It lacked a region that contained genes encoding a transposase
and a ClbS/DfsB family four-helix bundle protein in the other pAA
plasmids (Fig. S1). All four pAA plasmids belonged to the IncFII/IncFIB
incompatibility group.

3.5. Genomic relatedness of EAEC 0111 strains from the Czech Republic
and other countries based on cgMLST

To determine the genomic relatedness of EAEC O111 strains from the
Czech Republic and other countries, the core genome coding regions of
13 Czech strains were compared to each other and to those of 90 EAEC
0111 strains from eight other countries around the world available in
the EnteroBase database (Table S1). The minimum spanning tree based
on allelic profiles derived from the scheme of 2512 Escherichia/Shigella
core genome genes in the EnteroBase demonstrated that there were two
distinct clusters among the Czech EAEC 0111 strains (Fig. 4). The first
included 11 typical EAEC O111:H21/ST40 strains which differed from
each other by a maximum of 39 alleles. The second included two
atypical EAEC O111:H12/ST10 strains which differed from each other
by 48 alleles and from the EAEC O111:H21/ST40 cluster by 2164 alleles
(Fig. 4).

Comparison of Czech EAEC 0111 strains with 90 typical and atypical
EAEC 0111 strains from eight other countries is shown in Fig. 5. The 11
Czech typical EAEC O111:H21/ST40 strains clustered together with
EAEC O111:H21/ST40 strains from European countries with a



Table 3

Virulence genes of EAEC 0111 strains identified by whole genome sequencing.

Gene"  Protein EAEC 0111 strain (number and sequence type; ST)
19-725 20-243 19-698 19-325 19-422 19-683 19-615 19-806 19-815 20-019 21-582 18-510 19-457
ST40 ST40 ST40 ST40 ST40 ST40 ST40 ST40 ST40 ST40 ST40 ST10 ST10
flic Flagellin subunit H21 H21 H21 H21 H21 H21 H21 H21 H21 H21 H21 H12 H12
aaiC Type VI secretion protein + + + + + + + + + + + + +
aap Dispersin + + + + + + + + + + + - -
aar AggR-activated regulator + + + + + + + + + + + - -
aatA Dispersin transporter protein - + - - - + + + + + + - -
afaD Afimbrial adhesin + + + + + + + + + + + - -
agg5A  AAF/V major subunit + + + + + + + + + + + - -
agg3B  AAF/III minor adhesin + + + + + + + + + + + - -
agg3C  Usher; AAF/III assembly unit + + + + + + + + + + + - -
agg3D  Chaperone; AAF/III assembly unit + + + + + + + + + + + - -
aggR AraC transcriptional activator + + + + + + + + + + + - -
anr AraC negative regulator + + + + + + + + + + + + +
astA Heat-stable enterotoxin EAST-I + + + + + + + + + + + + +
capU Hexosyltransferase homologue - - - - - - - - - - - - +
cia Colicin Ia - - - - - + - - + - - - -
cib Colicin Ib - - - - - + - - - - - - -
csgA Curli major subunit CsgA + + + + + + + + + + + + +
espl” E. coli secreted protease + + + + + + + + + + - - -
fdeC Intimin-like adhesin FdeC + + + + + + + + + + + - -
fimH  Type 1 fimbriae + + + + + + + + + + + + +
fyuA Siderophore receptor + + + + + + + + + + + + +
gad Glutamate decarboxylase + + + + + + + + + + + + +
hha Hemolysin expression modulator + + + + + + + + + + + + +
hlyE E. coli hemolysin E + + + + + + + + + + + n +
itha Adhesin, siderophore receptor + + + + + + + + + + + + +
irp2 High molecular weight protein 2 non- + + + + + + + + + + + + +
ribosomal peptide synthetase
iss Increased serum survival + + + + + + + + + + + - R
iucC Aerobactin synthetase + + + + + + + + + + + - +
iutA Ferric aerobactin receptor + + + + + + + + + + + - +
IpfA Long polar fimbriae major subunit + + + + + + + + + + + - R
mchB Microcin H47 part of colicin H - - - - - - - - - - - + n
mchC ~ MchC protein - - - - - - - - - - - n n
mchF  ABC transporter protein MchF - - - - - - - - - - - n n
nipl lipoprotein Nlpl precursor + + + + + + + + + + + + +
ompT Outer membrane protease + + + + + + + + + + + - -
ORF3 Isoprenoid biosynthesis - - + + - + + + + + + - +
ORF4  Putative isopentenyl-diphosphate delta- - + + + + + + + + + + - +
isomerase
pic" Protein involved in intestinal + + + + + + + + + + + + +
colonization
sat’ Secreted autotransporter toxin + + + + + + + + + + + R +
sepA” Shigella extracellular protease + + + + + + + + + + + - -
shiA Homolog of Shigella flexneri SHI-2 + + + + + + + + + + + - +
pathogenicity island gene shiA
terC Tellurite resistance + + -+ + + + + + + + + + n
traT Outer membrane protein complement - - - - - + + - + + - + +
resistance
yehA Outer membrane lipoprotein, YHD + + + + + + + + + + + + +
fimbrial cluster
yehB Usher, YHD fimbrial cluster + + + + + + + + + + + + +
yehC Chaperone, YHD fimbrial cluster + + + + + + + + + + + + +
yehD Major pilin subunit, YHD fimbrial cluster ~ + + -+ + + + + + + + + + +

# +, the gene is present; -, the gene is absent.

b serine-protease autotransporter of Enterobacteriaceae (SPATE).
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pAA_0111-19-683

95,749 bp

Fig. 3. Visualization of pAA plasmid from EAEC O111:H21/ST40 strain
19-683 (pAAo111-19-683) harboring the AAF/V-encoding cluster (agg5A, agg3B,
agg3C, agg3D). Other EAEC virulence genes located on pAApi11-19-683 (ag8R,
aap, aar, aatPABCD cluster, and sepA) are also shown. The plasmid was visu-
alized using Proksee web server and annotated with Bakta tool.
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Fig. 4. Genomic relatedness of Czech EAEC 0111:H21/ST40 and EAEC O111:
H12/ST10 strains based on cgMLST analysis. The minimum spanning tree
represents visualization of allelic profiles derived from the scheme of 2512
Escherichia/Shigella core genome genes in the EnteroBase. Each circle with
strain number represents a given allelic profile. The numbers on the connecting
lines illustrate the numbers of alleles by which the respective strains differ.

maximum of 33 allelic differences between Czech strain 19-815 and the
most closely related Spanish strain 3150-15 (Fig. 5). Strains from the
Czech Republic and other European countries (Belgium, Spain, the
United Kindgom) tended to form smaller clusters of more closely related
strains (Fig. 5). Except for four Belgian strains isolated during a nursery
outbreak (Tré-Hardy et al., 2023), no epidemiological links between
strains in such clusters were known (Llorente et al., 2023; Ellis et al.,
2020; this study). Notably, the only strain from the United States
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(EC_1488) differed from two most closely related European strains (both
from the United Kingdom) by 78 and 135 alleles, respectively. Three
strains from Japan were even more distant, differing by 175 alleles from
the United States strain but being related to each other (22 and 26 allelic
differences). The cgMLST analysis thus indicated a close genomic
relatedness of typical EAEC 0111:H21/ST40 strains across Europe and a
more distant genomic relatedness of such strains within and outside
Europe. In contrast, the EAEC 0111:H21/ST40 cluster was distant (2170
allelic differences) from the EAEC O111:H12/ST10 cluster that con-
sisted of five strains from the Czech Republic, France, Germany and an
unknown country (Fig. 5).

3.6. Genomic relatedness of EAEC 0111, EHEC 0111, and EAEC/EHEC
0111 hybrids based on cgMLST

E. coli O111 belongs to several serogroups (023, 059, 086, 0104,
0181) in which hybrid pathotypes combining virulence traits of EAEC
and EHEC have occasionally been reported (Bielaszewska et al., 2011;
Dallman et al., 2012; Iyoda et al., 2000; Kislichkina et al., 2022; Lang
et al., 2018; Mellmann et al., 2011; Morabito et al., 1998; Prager et al.,
2014; Rasko et al., 2011). In the case of a highly virulent EAEC/EHEC
0104:H4 hybrid (Bielaszewska et al., 2011; Mellmann et al., 2011) it
was hypothesized that it originated from an EAEC progenitor that ac-
quired a Stx2-encoding bacteriophage (Kampmeier et al., 2018; Rasko
et al., 2011). To test this hypothesis for EAEC/EHEC O111 hybrids, we
compared the core genome sequences of EAEC, EHEC, and EAEC/EHEC
0111 strains available in the EnteroBase. As demonstrated in Fig. 6,
each of the pathotype/serotype/ST groups including EAEC O111:
H21/ST40, EAEC O111:H12/ST10, EHEC O111:H8/ST16 (the most
common EHEC 0111 group), EHEC O111:H2/ST17, and EHEC O111:
H11/ST21 formed a distinct cluster which differed from the neigh-
bouring cluster by 822-2170 alleles. The different EHEC serotypes/STs
were unrelated to each other (Fig. 6). In contrast, four EAEC/EHEC
0111:H21/ST40 hybrids were closely related to EAEC O111:H21/ST40
strains but unrelated to any of the EHEC O111 serotype/ST groups
(Fig. 6). This indicated that similar to E. coli 0104:H4 hybrid, the
EAEC/EHEC 0111:H21 hybrids evolved from an EAEC O111:H21 pro-
genitor by acquisition of a stxp-harboring bacteriophage.

3.7. Adherence of EAEC 0111 strains to human intestinal epithelial cells

The 13 sequenced EAEC O111 strains were tested for their adherence
to human intestinal epithelial cells HCT-8. We used these cells instead of
the reference HEp-2 line (Nataro et al., 1987) since their intestinal origin
better reflects the situation during EAEC infection. Examples of adher-
ence patterns of four EAEC 0111:H21/H40 strains that possessed the
AAF/V-encoding cluster and two EAEC O111:H12/H10 strains that
lacked all presently known AAF variants (Table 3) are shown in Fig. 7.
All strains whether or not they possessed AAF/V displayed the
stacked-brick aggregative adherence (Fig. 7B-G) which was similar to
that of the reference EAEC strain 042 used as a positive control (Fig. 7A).
In contrast, only single rare bacteria adhered to HCT-8 cells infected
with an E. coli 0111 strain which lacked virulence genes of all patho-
types and served as a negative control (Fig. 7H).

3.8. Antimicrobial susceptibilities of EAEC 0111 strains

One hundred and forty-five EAEC O111 strains which represented
different marker virulence gene profiles were tested for susceptibilities
to ampicillin, ampicillin/sulbactam, piperacillin/tazobactam, cefoxitin,
cefotaxime, ceftazidime, cefepime, meropenem, trimethoprim,
trimethoprim/sulfamethoxazole,  ciprofloxacin, ceftolozane/tazo-
bactam, gentamicin, amikacin, tobramycin, colistin, and tigecycline.
The proportions of strains that were resistant to each antimicrobial are
summarized in Fig. 8. Data for individual strains including their MICs,
ESBL and AmpC phenotypes are shown in Table S2. There was a high
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Fig. 5. Genomic relatedness of Czech EAEC 0111 strains with EAEC 0111 strains from other countries based on cgMLST. The minimum spanning tree represents
visualization of allelic profiles derived from the scheme of 2512 Escherichia/Shigella core genome genes in the EnteroBase. Each circle with strain number represents a
given allelic profile. The sizes of circles correspond to the number of strains within the circle. Circles that contain more than one strain are designated by the number
of one strain and numbers of all strains are given in parentheses as follows: Circle EH2935 (EH2935, EH2934, EH2932); circle 4510-15 (4510-15, 4522-15); circle
1687731 (1687731, 1687755); circle 232736 (232736, 232726); circle 1837178 (1837178, 1831243, 1822206, 1825005, 1826064, 1825006, 1825003); circle
1091pl (1091pl, 767p4, 657pl, 1337pl, 1150pl); circle 301860 (301860, 249369); circle 1822185 (1822185, 1822207). The numbers on the connecting lines
illustrate the numbers of alleles by which the respective strains differ. Strains from different countries are distinguished by the colors of the circles and their numbers
are given in the legend above the tree. Two major clusters including EAEC 0111:H21/ST40 and EAEC 0111:H12/ST10 are indicated. The Czech EAEC 0111 strains
were sequenced in this study, sequences of the other strains originated in the EnteroBase. The strains are listed in Table S1.

level of resistance, in particular to aminopenicillins and cephalosporins
(Fig. 8). One hundred and thirty-nine (95.9 %) strains were resistant to
ampicillin, 137 (94.5 %) strains to ampicillin/sulbactam, and 109
(75.2 %) strains to piperacillin/tazobactam. Most of strains (130,
89.7 %) were also resistant to the second-generation cephalosporin
cefoxitin, and 16 (11.0 %) and 89 (61.4 %) strains to the third-
generation cephalosporins cefotaxime and ceftazidime, respectively.
Six (4.1 %) strains were, in addition, resistant to the fourth-generation
cephalosporin cefepime and displayed the ESBL phenotype (Fig. 8,
Table S2). All strains that were resistant to the second- and/or third-
generation cephalosporins (128 of 145, 88.3 %) expressed the AmpC
phenotype (Fig. 8). Notably, most of AmpC f-lactamase producers (100
of 128, 78.1 %) were typical EAEC, whereas most of ESBL producers (5
of 6, 83.3 %) were atypical EAEC. All 145 strains were susceptible to the
fifth-generation cephalosporin ceftolozan/tazobactam, to meropenem,
and ciprofloxacin (Fig. 8). Only few strains were resistant to trimetho-
prim/sulfamethoxazole and/or trimethoprim (7 strains, 4.8 %), or to
tigecycline (4 strains, 2.8 %). One strain (0.7 %) was resistant to
gentamicin and tobramycin, and one strain (0.7 %) to colistin (Fig. 8).
Two strains (1.4 %) were multidrug resistant (MDR) (Fig. 8) demon-
strating resistance to: i) p-lactams, trimethoprim, and tigecycline (strain
17-549), and ii) B-lactams, trimethoprim, trimethoprim/sulfamethoxa-
zole, and aminoglycosides (strain 15-812) (Table S2). Only 4 strains, all
atypical EAEC, were susceptible to all antimicrobials tested (Table S2).

3.9. Antimicrobial resistance determinants identified by whole genome
sequencing

To determine the molecular basis of antimicrobial resistance, Illu-
mina sequences of 13 EAEC O111 strains were analyzed for antimicro-
bial resistance determinants. Comparison of the antimicrobial resistance
phenotypes and genotypes is shown in Table 4. Sequences of all 11
0111:H21/ST40 strains that expressed the AmpC phenotype displayed
the mutation C to T at the position —42 of the ampC promoter region
(Table 4) which has been reported to be responsible for overexpression
of the chromosomal AmpC f-lactamase conferring resistance to the
second and third generation cephalosporins (Bogaerts et al., 2010;
Paivarinta et al., 2016). None of these strains carried any of the
plasmid-mediated AmpC genes including blacmy, blayox, blarox blapya,
blaacr, blamir, blacrr, blaacc, blapat, and blagy, (Pérez-Pérez and Hanson,
2002). This indicated that the AmpC phenotype of the EAEC O111:
H21/ST40 strains resulted from overexpression of the chromosomal
ampC gene due to the mutation in its promoter region rather than from
the expression of a plasmid-mediated AmpC. The EAEC 0111:H12/ST10
strain 18-510 contained, in accordance with its ESBL phenotype, the
blacrx.m-15 gene encoding ESBL CTX-M-15 (Table 4). The other EAEC
0111:H12/ST10 strain 19-457 that was susceptible to all antimicrobials
tested (Table S2) did not contain any antimicrobial resistance determi-
nant (Table 4). Two EAEC O111 strains were also resistant to
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Fig. 6. Genomic relatedness of EAEC 0111, EHEC O111, and EAEC/EHEC 0111 hybrids. The minimum spanning tree is based on allelic profiles derived from the
scheme of 2512 Escherichia/Shigella core genome genes in the EnteroBase. Each circle represents a given allelic profile. The sizes of the circles correspond to the
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information is also given near to each cluster. Red-bordered circles in the ,,EAEC O111:H21/ST40 + EAEC/EHEC O111:H21/ST40“ cluster designate four EAEC/
EHEC hybrids. The numbers on the connecting lines illustrate the numbers of alleles by which the respective clusters and strains differ. The Czech strains were
sequenced in this study, sequences of the other strains originated in the EnteroBase. The strains are listed in Table S1.

non-p-lactam antibiotics (Table 4). In strain 19-815, resistance to
trimethoprim and trimethoprim/sulfamethoxazole correlated with the
presence of the dfrA14 and sul2 genes (Table 4). In comparison, strain
19-683 which also carried sul2 but not dfrA14 was susceptible to tri-
methoprim/sulfamethoxazole (Table 4, Table S2) since the sul2 gene
only without dfrA14 did not confer resistance to this combined drug. The
presence of the aph(3”)-lb and aph(6)-Id genes that encode resistance to
streptomycin (Shaw et al.,1993) in strain 19-683 (and also in strain
19-815) could not be correlated with the respective phenotype since
streptomycin is used in the Czech Republic only for the treatment of
tuberculosis and is therefore not part of the set of antibiotics used for
susceptibility testing of Enterobacteriaceae.

Nanopore sequencing and subsequent hybrid assembly of plasmids
from strain 19-683 demonstrated that besides the pAA plasmid (Fig. 3),
this strain also harbored a plasmid of 103,622 bp that carried the sul2,
aph(3”)-lb, aph(6)-Id, and blatgy:.1 ¢ genes (Fig. S2). We designated this
plasmid pARp111-19 683- It belonged to the IncB/O/K/Z incompatibility
group.

4. Discussion

This is the first study that investigated the occurrence of EAEC in the

stools of children with diarrhea and other gastrointestinal disorders in
the Czech Republic. Using the current surveillance system of diarrhea-
genic E. coli, which is based on serotyping of E. coli isolates from children
< 2 years in routine microbiological laboratories and subsequent path-
otype detection in the NRL ECS, we demonstrated that EAEC accounted
for almost half (46.1 %) of all E. coli O111 isolates during 2013-2022.
Notably, only 3.1 % of the patients from whom the EAEC 0111 strains
originated reported a recent travel to the countries where EAEC in-
fections are frequent such as Tunisia, Egypt, and Turkey (Jenkins, 2018).
This strongly suggests that EAEC O111 are important domestically ac-
quired pathogens responsible for pediatric diarrhea in the Czech Re-
public, similar to what was reported in Spain (Llorente et al., 2023).
Although the focus on a single serogroup may be a limitation of our
study, the validity and epidemiological significance of our findings is
supported by a recent report from Spain that 0111:H21 was the second
most frequent EAEC serotype identified in children with diarrhea
(Llorente et al., 2023), by the high intrinsic potential of EAEC O111:
H21/ST40 strains to cause diarrhea (Ellis et al., 2020), and by the ability
of EAEC 0111 strains to cause outbreaks (Hebbelstrup Jensen et al.,
2016; Tré-Hardy et al., 2023; Yatsuyanagi et al., 2002).

A noteworthy finding in our study is that the current surveillance
system of intestinal pathogenic E. coli based on serotyping rather than on
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Fig. 7. Adherence of EAEC O111 strains to human intestinal epithelial cells HCT-8. (A) EAEC reference strain 042 (positive control). (B-E) Typical EAEC 0111:H21/
ST40 strains containing AAF/V-encoding gene cluster: (B) 19-725; (C) 20-243; (D) 19-422; (E) 20-019. (F-G) Atypical EAEC O111:H12/ST10 strains lacking AAF/V-
encoding gene cluster: (F) 18-510; (G) 19-457. (H) E. coli 0111 strain 17-436 lacking virulence genes of EAEC and of all other pathotypes (negative control). Scale

bars are 10 pm.

PCR-based pathotype detection leads to underdiagnosis of EAEC and,
consequently, to underestimation of their etiological role in diarrhea.
This is evident from the fact that the EAEC pathotype was identified in
only one of the “TOP 5” serogroups targeted by the Czech surveillance
system (Ileninova et al., 2022), and, on the other hand, many other
EAEC serogroups remain undetected. To improve this situation, imple-
mentation of a serotype-independent surveillance based on PCR detec-
tion of pathotype-specific marker genes already at the level of routine
microbiological laboratories is needed. Such a surveillance concept
would make it possible to obtain an objective information about the role

10

of EAEC in the etiology of diarrhea in the Czech Republic which is
currently lacking.

The sequenced Czech EAEC 0111:H21/ST40 strains resembled in
their virulence characteristics and c¢gMLST such strains from other
countries in Europe and beyond (Ellis et al., 2020, Llorente et al., 2023,
Tré-Hardy et al., 2023), indicating that they belong to the EAEC O111:
H21/ST40 clone which causes diarrhea in children worldwide. Simi-
larly, EAEC O111:H12/ST10 strains that accounted for a minority of
Czech EAEC O111 isolates and differed from EAEC O111:H21/H40
strains by the virulence gene profiles (Table 3) and core genomes (Fig. 4)
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Fig. 8. Resistance of EAEC O111 strains to antimicrobials. AMP, ampicillin;
AMS, ampicillin/sulbactam; PPT, piperacillin/tazobactam; CXT, cefoxitin; CTX,
cefotaxime; CTZ, ceftazidime; CPM, cefepime; CTT, ceftolozane/tazobactam;
MER, meropenem; TRI, trimethoprim; SXT, trimethoprim/sulfamethoxazole;
CIP, ciprofloxacin; GEN, gentamicin; AMI, amikacin; TOB, tobramycin; COL,
colistin. ESBL, extended spectrum p-lactamase; AmpC, AmpC f-lactamase;
MDR, multidrug resistant.

Table 4
Comparison of antimicrobial resistance phenotypes and genotypes in EAEC
0111 strains subjected to whole genome sequencing.

Strain Resistance ESBL” AmpC”  Genetic background of

no. phenotype” resistance (WGS)

19-815 AMP, AMS, PPT, - + blatgm.1 ¢, ampC promoter
CXT, TRI, SXT mutation (-42 C>T), dfrA14,

sul2, aph(3")-lb, aph(6)-ld

19-806 AMP, AMS, PPT, - + ampC promoter mutation
CXT (-42C>T)

19-683 AMP, AMS, PPT, - + blargy.1 ¢, ampC promoter
CXT, CTZ mutation (-42 C>T), sul2, aph

(3")-1b, aph(6)-ld

20-019 AMP, AMS, PPT, - + ampC promoter mutation
CXT, CTZ (-42 C>T)

19-325 AMP, AMS, PPT, - + ampC promoter mutation
CXT, CTZ (-42 C>T)

19-422 AMP, AMS, PPT, - + ampC promoter mutation
CXT, CTZ (-42 C>T)

19-615 AMP, AMS, PPT, - + ampC promoter mutation
CXT, CTZ (-42 C>T)

19-725 AMP, AMS, PPT, - + ampC promoter mutation
CXT, CTZ (-42 C>T)

19-698 AMP, AMS, PPT, - + ampC promoter mutation
CXT, CTX, CTZ (-42 C>T)

20-243 AMP, AMS, PPT, - + ampC promoter mutation
CXT, CTZ (-42 C>T)

21-582 AMP, AMS, PPT, - + ampC promoter mutation
CXT (-42 C>T)

18-510  AMP, CXT, CTX, + blacrx.mas
CTZ, CPM

19-457 None None

@ AMP, ampicillin; AMS, ampicillin/sulbactam; PPT, piperacillin/tazobactam;
CXT, cefoxitin; CTX, cefotaxime; CTZ, ceftazidime; CPM, cefepime; TRI,
trimethoprim; SXT, trimethoprim/sulfamethoxazole.

b ESBL, extended spectrum p-lactamase; AmpC, AmpC p-lactamase; -+, the
phenotype is present; -, the phenotype is absent.

were also occasionally identified in other countries (Fig. 5). This in-
dicates that the global EAEC 0111 population consists of a major O111:
H21/ST40 and a minor O111:H12/ST10 groups.

Our observation that AAF/V-encoding cluster which mediates
aggregative adherence (Jonsson et al., 2015) isin EAEC O111:H21/ST40
strains located on pAA plasmids is in accordance with reports for other
types of AAF fimbriae in other EAEC serotypes (Boisen et al., 2008;
Mellmann et al., 2011; Nataro et al.,, 1994; Rasko et al.,, 2011).
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Localization of AAF/V cluster on pAA plasmid was previously reported
in an EAEC/EHEC O111:H21 hybrid using Illumina sequencing (Dall-
man et al., 2012). The hybrid assembly of long (Nanopore) and short
(Illumina) reads enabled us to reconstruct, to the best of our knowledge
for the first time, complete circularized sequences of pAAp111 plasmids
and to show that though they may differ by size, they always carried,
besides the AAF/V cluster, also other EAEC virulence genes including
aggR, aap, aar, aat cluster, and sepA. Interestingly, EAEC O111:
H12/ST10 strains that lacked all presently known types of AAF fimbriae
(Table 3) also displayed the typical stacked-brick adherence to human
intestinal epithelial cells HCT-8 (Fig. 7F, G). We therefore speculated
that the aggregate-forming pili (AFP) that have been shown to confer
aggregative adherence to AAF/I-AAF/V-negative EAEC strains (Lang
et al., 2018) might be responsible for aggregative adherence of EAEC
0111:H12/ST10 strains. However, we did not find any homologies to
AFP-encoding genes in Illumina sequences of our EAEC O111:H12/ST10
strains suggesting yet another mechanism of their aggregative adher-
ence. Putative involvement of curli fimbriae which are encoded in both
EAEC O111:H12/ST10 strains (Table 3) and have been reported to
confer biofilm formation and cell-cell aggregation in E. coli and other
Enterobacteriaceae (Collinson et al., 1992; Hu, 2018) might be consid-
ered. The molecular basis of aggregative adherence of AAF-negative and
AFP-negative EAEC strains thus needs further investigation.

In addition to their etiological role in diarrhea, another public health
importance of EAEC is due to their ability to integrate stxy-harboring
bacteriophages into their genomes (Bielaszewska et al., 2011; Dallman
et al.,, 2012; Iyoda et al., 2000; Mellmann et al., 2011). The resulting
hybrids combine Stx2 production with aggregative adherence to intes-
tinal epithelial cells (Bielaszewska et al., 2011) and have thus a high
virulence potential including the ability to cause HUS and outbreaks.
Specifically, EAEC/EHEC O111 hybrid caused a community outbreak of
HUS in France (Boudailliez et al., 1997; Morabito et al., 1998) and a
household outbreak of HUS and diarrhea in Northern Ireland (Dallman
et al, 2012). EAEC/EHEC 0104:H4 hybrid caused a devastating
outbreak of HUS in Germany (Kampmeier et al., 2018; Karch et al.,
2012). The cgMLST clustering of EAEC/EHEC O111:H21/ST40 hybrids
with EAEC 0111:H21/ST40 strains, and their core genomic distance
from EHEC O111 (Fig. 6) indicate that EAEC/EHEC O111 hybrids
evolved from EAEC 0111 through lysogenic conversion with stxs-har-
boring bacteriophages rather than from EHEC 0111 by acquisition of
EAEC virulence features.

The high level of antibiotic resistance in EAEC 0111 in our study is in
agreement with the resistance of EAEC strains including those of 0111
serogroup from other industrialized countries, but the resistance pat-
terns somewhat differ. In most studies, EAEC resistance to ampicillin
was, like in our study, high (Do Nascimento et al., 2017; Hebbelstrup
Jensen et al., 2018; Niiesch-Inderbinen et al., 2013; Tobias et al., 2015;
Tokuda et al., 2010). On the other hand, the high rates of resistance to
cephalosporins and of the AmpC production observed in our study
(88.3 %) were infrequently reported in other countries (Do Nascimento
etal., 2017; Hebbelstrup Jensen et al., 2016). The frequency of the ESBL
phenotype among our EAEC isolates (4.1 %) was similar to that reported
in EAEC from Spain (2.5 %) (Llorente et al., 2023), but substantially
lower than those reported in Switzerland (20 %) (Niiesch-Inderbinen
et al., 2013), the United Kingdom (34 %) (Do Nascimento et al., 2017),
and Japan (19 %) (Imuta et al., 2016). Also, the rates of resistance to
trimethoprim and trimethoprim/sulfamethoxazole in our study (4.8 %
and 4.1 %, respectively) were considerably lower than those in the
studies from the United Kingdom (48.4 % and 49.7 %, respectively) (Do
Nascimento et al., 2017), Denmark (58 % and 53 %, respectively
(Hebbelstrup Jensen et al., 2018), Switzerland (80 % and 70 %,
respectively) (Niiesch-Inderbinen et al., 2013), and Israel (33.5 %)
(Tobias et al., 2015). The same was true for the rates of MDR in EAEC
strains in our study (1.4 %) compared to those in other European
countries and the United States (23 %-60 %) (Beczkiewicz et al., 2019;
Do Nascimento et al., 2017; Hebbelstrup Jensen et al.,, 2016;
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Hebbelstrup Jensen et al., 2018; Llorente et al., 2023; Niiesch-Inderbi-
nen et al., 2013). Another encouraging finding in our study is the sus-
ceptibility of all 145 EAEC O111 strains to meropenem and
ciprofloxacin. EAEC susceptibility to ciprofloxacin was also reported in
Israel (Tobias et al., 2015) and in Danish children with EAEC diarrhea
(Hebbelstrup Jensen et al., 2016), whereas 34 % of EAEC isolates from
adults in Denmark were ciprofloxacin resistant (Hebbelstrup Jensen
et al., 2018). On the other hand, a worrying finding in our study is the
resistance of an EAEC O111 strain to colistin, which is the last resort
antibiotic to treat infections caused by highly resistant Gram-negative
bacteria.

In conclusion, our study demonstrates that the EAEC pathotype is
frequent among E. coli 0111 isolates from children with diarrhea and
other gastrointestinal disorders in the Czech Republic. EAEC strains may
thus be important, but presently underdiagnosed causes of pediatric
diarrhea in this country. Serotype-independent, PCR-based pathotype
surveillance needs to be implemented to assess the role of EAEC as in-
testinal pathogens.
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