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Editorial on the Research Topic

Interaction of Pathogenic Escherichia coli With the Host: Pathogenomics, Virulence and
Antibiotic Resistance

Escherichia coli live as commensals in the intestines of humans and warm-blooded animals
(Leimbach et al., 2013). Although most E. coli strains rarely produce disease in healthy
individuals, pathogenic strains can cause a wide range of diseases in the gastrointestinal tract or
extraintestinal sites in healthy and immunocompromised individuals (Kaper et al., 2004). This
variety of behaviors is due to the existence of virulence genes in mobile genetic elements and the
large permissiveness of E. coli to acquire these elements by horizontal gene transfer (Dobrindt et al.,
2004; Kaper et al., 2004; Croxen and Finlay, 2010; Leimbach et al., 2013; Johnson and Russo, 2018).

The acquisition of specific combinations of virulence genes defined the presently recognized
diarrheagenic E. coli (DEC) pathotypes, which constitute the most critical contributors to diarrhea
cases, especially in infants and young children in low- and middle-income countries (Gomes et al.,
20165 Jesser and Levy, 2020). These pathotypes differ concerning their virulence mechanisms,
preferential sites of intestinal colonization, symptoms, and clinical presentation. In turn, E. coli
strains involved in extraintestinal infections are collectively known as extraintestinal pathogenic E.
coli (ExPEC), as their virulence factor arsenal allows their spread to and multiplication in
extraintestinal organs, leading to signs and symptoms mainly in the urinary tract, blood, and
meninges (Russo and Johnson, 2000; Vila et al., 2016; Biran and Ron, 2018).

Although clinical outcomes may vary in severity, pathogenic E. coli remains a public health
concern as they continue to gain novel traits, occasionally resulting in more virulent strains. This
Research Topic highlights our growing understanding of the process of host-pathogen interactions
as it relates to E. coli, addressing the genetic diversity, evolution, antimicrobial resistance, and novel
molecular mechanisms and virulence strategies in their interaction with the host in various disease
conditions. E. coli typing, diagnostic, and potential therapy procedures are also discussed.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5

March 2021 | Volume 11 | Article 654283


https://www.frontiersin.org/articles/10.3389/fcimb.2021.654283/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.654283/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.654283/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.654283/full
https://www.frontiersin.org/research-topics/10795/interaction-of-pathogenic-escherichia-coli-with-the-host-pathogenomics-virulence-and-antibiotic-resi
https://www.frontiersin.org/research-topics/10795/interaction-of-pathogenic-escherichia-coli-with-the-host-pathogenomics-virulence-and-antibiotic-resi
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:tatg.amaral@unifesp.br
https://doi.org/10.3389/fcimb.2021.654283
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.654283
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.654283&domain=pdf&date_stamp=2021-03-31

Gomes et al.

Editorial: Pathogenic E. coli-Host Interaction

NOVEL MECHANISMS OF
PATHOGENICITY IN THE E. COLI/
PATHOTYPES

Shiga toxin-producing E. coli (STEC) and its subgroup,
enterohemorrhagic E. coli (EHEC), is one of the most relevant
DEC pathotypes. STEC/EHEC strains can cause diarrhea,
hemorrhagic colitis in humans, and occasionally lead to
hemolytic uremic syndrome (HUS) (Gianantonio et al., 1968;
Boyce et al., 2002) and encephalopathy (Obata, 2010), which can
be reversible or permanent (Melton-Celsa et al., 2012). STEC
colonize the intestines and produce Shiga toxin 1 (Stx1) and/or 2
(Stx2) (Melton-Celsa, 2014), which are released into the
intestinal lumen, translocated to the circulatory system, and
then bound to their receptor, globotriaosylceramide (Gb3)
(Zumbrun et al,, 2010), in target cells. However, toxin uptake
exhibits both a Gb3-dependent (Sandvig et al., 2002) and a Gb3-
independent binding depending on the context (Malyukova
et al., 2009; Lukyanenko et al., 2011; In et al, 2013). In this
Research Topic, two relevant models, intestinal and microglial
cells (MG), are presented to address the pathways of Stx2 uptake.
Garimano et al. demonstrate that a hypervirulent 0157:H7 STEC
strain increases the Stx2 cytotoxic effect by stimulating several
endocytic pathways and enhancing Stx2 translocation across
HCT-8 monolayers in both the paracellular and transcellular
pathways, employing dynamin-independent and Gb3-dependent
mechanisms. Berdasco et al. hypothesize that Stx2, either the
holotoxin or the Stx2B subunits, exerts a direct biological effect
on MG. To determine whether culture conditions affect MG cell
sensitivity and responsiveness, they analyze functional
parameters; and demonstrated that MG cells exhibit both Gb3-
independent and Gb3-canonical pathways for Stx2 uptake and
have a pivotal role in the inflammatory processes observed in
clinical HUS encephalopathy.

In addition to the production of Stxl, Stx2, and other
virulence factors, recent studies revealed that EHEC can
produce a type VI secretion system (T6SS) essential to disease
development in a murine model (Wan et al., 2017), which has
been associated with a higher prevalence of HUS. Vazquez-Lopez
and Navarro-Garcia investigate in silico the EHEC T6SS core
proteins and putative effector and immunity proteins. They
compare the corresponding genes between two published
genomes of the prototype EHEC O157:H7 strain EDL933 and
with the genome of other O157:H7 strains. Unlike other
typical T6SS E. coli effectors, the authors identify several Rhs
family genes (recombination hotspot) (Bondage et al., 2016) in
EHEC that could behave as T6SS effectors. These genes could
serve as immunity proteins since they have several similar
interaction motifs and structural homology with other known
immunity proteins.

Of the six classical DEC pathotypes, enteroaggregative
(EAEC) and diffusely adherent E. coli (DAEC) are the least
characterized. To date, not a single DAEC genome and only a few
different EAEC genomes have been sequenced. Meza-Segura
et al. sequenced the whole genome of ten DAEC and ten
typical EAEC strains (positive for the aggR gene, which

encodes a transcriptional activator of EAEC virulence-
associated genes) from diarrheic patients and one commensal
E. coli strain isolated from a healthy child. They showed that
DAEC and typical EAEC are phylogenetically related, but strains
of the different pathotypes harbor genes encoding for different
sets of virulence factors; DAEC carry more genes encoding for
iron acquisition factors, while typical EAEC harbor genes
encoding toxins and bacteriocins. Interestingly, the authors
identified associations between the clinical characteristics of
the diarrheal episode and specific virulence gene profiles in
DAEC and typical EAEC.

Dias et al. present an extensive characterization of the typical
and atypical EAEC. These authors characterized 220 EAEC
isolates obtained from diarrheal patients during seven years
(2010-2016) of epidemiological surveillance in Brazil. These
isolates were classified into distinct phylogroups, with most
isolates assigned to phylogroups A or Bl. Interestingly, genes
encoding aggregate-forming pili (AFP) were exclusively detected
in atypical EAEC, representing a putative novel marker for
increasing the efficiency of atypical EAEC diagnosis.

Virulence gene expression is a highly regulated process,
mediated by environmental conditions and/or bacterial
regulators, which can induce or silence its expression
(Kitamoto et al., 2016). Under well-defined environmental
conditions, virulence gene expression occurs at a specific site,
allowing bacteria to initiate the infection process (Carlson-
Banning and Sperandio, 2018). Gut microbiota, or its
metabolites, play a fundamental role in regulating pathogenic
mechanisms and colonization resistance (Vogt et al.,, 2015;
Rolhion and Chassaing, 2016). In a pilot study, Gallardo et al.
determine the composition of gut microbiota and metabolome in
stool samples obtained from healthy children and children with
diarrhea positive for DEC pathotype. Interestingly, a differential
metabolome and microbiota composition was identified
between these groups. Additionally, a strong correlation
between a gut microbiota species and specific metabolites, such
as histamine and L-ornithine, was found in the DEC group; such
information might help identify mechanisms and signaling
molecules involved in the crosstalk between microbiota and
DEC pathotypes.

Besides the production of a variety of virulence factors,
uropathogenic E. coli (UPEC) strains may produce the
vacuolating autotransporter toxin (Vat), which is one of the
so-called serine protease autotransporter proteins of the
Enterobacteriaceae (SPATEs) toxin family (Henderson and
Nataro, 2001; Dutta et al., 2002; Nichols et al., 2016). In an
urothelium model of bladder cells, Diaz et al. showed that
treatment with Vat resulted in time-dependent vacuole
formation and loss of the intercellular contacts, leading to
changes in the monolayer permeability with a limited amount
of cell death. Cellular damage also included cytoskeletal
alterations in the urothelium and lamina propria of the
bladder and loss of integrity of the urothelium in
an experimental ex vivo murine bladder model. The Vat-
specific targets on the epithelial cell surface or the lamina
propria, as well as the composition of the Vat-induced
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vacuoles, remain to be determined to elucidate the contribution
of this toxin to UPEC pathogenesis.

E. coli and other members of the Enterobacteriaceae may
produce siderophore-microcins, which are peptides with
antimicrobial activity that, by mimicking the iron-siderophore
complexes, penetrate and kill phylogenetically related bacteria
(Duquesne et al., 2007). Massip and Oswald provide an overview
of the recent understanding of the siderophore-Mcc genetic
determinants and biosynthesis, their mechanisms of action,
and biological relevance in E. coli. They also show that the
UPEC siderophore-microcin gene clusters and biosynthetic
pathways differ from the “archetypal” types of fecal E. coli
strains. Production of an active siderophore-microcin depends
on the synergistic action of proteins encoded in other genomic
islands and confers a strong selective advantage to control the
colonic niche.

Rueter and Bielaszewska review the exciting topic of outer
membrane vesicles (OMVs) production by Gram-negative
bacteria, emphasizing intestinal pathogenic E. coli. OMVs are
nanoscale proteoliposomes secreted from the cell envelope
(Amano et al., 2010; Ellis and Kuehn, 2010; Kulp and Kuehn,
2010; O’Donoghue and Krachler, 2016). They represent a highly
advanced mechanism for secretion and delivery of bacterial
virulence factors into host cells, improving bacterial fitness,
and supporting bacterial interactions with polymicrobial
communities and the host (Manning and Kuehn, 2011;
Duperthuy et al.,, 2013). OMV production contributes
significantly to bacterial virulence since it makes it more able
to reach and colonize distant host tissues, impair cell functions,
and modulate the host’s defenses. Therefore, efforts have been
made to exploit the antigenic and adjuvant properties of OMVs
as promising vaccine components. However, much knowledge is
required to define the immunogenicity and protective efficacy of
OMVs and to identify their components involved in the immune
responses and mechanisms underlying OMV-elicited
protective immunity.

DIAGNOSIS, TYPING, AND GENOMIC
EVOLUTION IN THE E. COLI PATHOTYPES

Molecular diagnostics is becoming increasingly important to
allow detection and diagnosis of pathogens also culture-
independently. They are interesting for medical applications
and fundamental questions, e.g., regarding the prevalence and
ecology of pathogens and food safety (Ramanan et al., 2017;
Sekse et al., 2017). For example, the current focus of routine
STEC detection is still on the predominant “big seven” serotypes
associated with clinical symptoms. Nevertheless, comprehensive
diagnostic tests for all clinically relevant STEC serogroups are
required. Ludwig et al. took advantage of available genomic
sequence information of STEC O antigen-specific genes and
developed and validated multiplex PCR (mPCR) assays for the
discrimination and detection of 137 “non-big seven” STEC
serogroups, which can be associated with cattle. These mPCR

assays can, for instance, help to systematically screen the
prevalence of STEC in the environment or animals.

Merino et al. applied real-time quantitative PCR (qPCR) to
analyze in a culture-independent way the prevalence of bacterial
enteropathogens in stool samples of children below seven years
with and without diarrhea in Sdo Paulo, Brazil. They detected the
tested enteropathogens’ virulence markers significantly more
frequently in stool samples from diarrhea cases than
asymptomatic controls. Also, the relevant marker copy number
was significantly higher in diarrheal patients than in stool from
asymptomatic children. This analysis demonstrates that
asymptomatic children of an urban area, such as Sio Paulo,
may be a reservoir of enteropathogens.

Michelacci et al. analyzed whole-genome sequences of highly
virulent enteroinvasive E. coli (EIEC) 096:H19 isolates. Sequence
comparison of the EIEC virulence plasmid indicated that IS
element-mediated recombination might be responsible for the
absence of the conjugation determinant in most EIEC and
Shigella virulence plasmids. The authors hypothesize that the
acquisition of virulence plasmids via conjugation led to the
evolution of EIEC from non-pathogenic E. coli and may
promote the establishment of new virulent EIEC clones.

Flament-Simon et al. studied the epidemiological differences
of 188 extended spectrum beta-lactamase (ESBL)-producing
extraintestinal pathogenic E. coli isolates from two hospitals in
Spain and France. Although these isolates were markedly diverse,
most of them belonged to only three clonal complexes. The new
globally emerging clone ST1193 was identified in two isolates
from France and Spain in 2015.

E. coli is characterized by high genomic plasticity and frequent
exchange of genetic material. Thus, unambiguous typing of clinical
isolates may be complicated due to the existence of hybrid strains
combining different pathotypes’ traits. Comparative genomics is,
therefore, instrumental in understanding pheno- and genotypic
variability among clinical isolates. Valiatti et al. characterized
geno- and phenotypically uropathogenic E. coli isolate 252
(UPEC 252) and demonstrated that this strain represents an
atypical enteropathogenic E. coli (EPEC) strain. The ability to
grow in human blood serum and adhere to human epithelial cell
lines of the urinary and intestinal tract enables UPEC 252 to cause
intestinal and extraintestinal infections.

HYBRID- AND HETERO-PATHOGENIC E.
COLI STRAINS

It has been reported that certain pathogenic E. coli strains
combine different pathotypes’ main virulence traits,
encompassing potentially more virulent hybrid strains
(Dobrindt et al., 2003; Bielaszewska et al., 2007; Khan et al,,
2018). The terms hybrid- and hetero-pathogenic E. coli were
created to depict new combinations of virulence factors among
classic E. coli pathotypes. Two mini-reviews on this topic can be
appreciated in this Research Topic. Santos et al. review the
studies that introduced the hybrid- and hetero-pathogenic E.
coli classifications, emphasizing the E. coli genomic plasticity that
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emerged in mixed pathotypes exhibiting unique pathogenic
mechanisms. The potential of such hybrid strains to emerge in
new and severe outbreaks and their potential implication in more
severe diseases are also discussed. Braz et al. add an important
topic to this discussion, i.e., the increasing acquisition of
antimicrobial resistance by E. coli strains. The consequences
related to this genetically versatile species are the growing need to
develop unconventional therapies and more precise diagnostic
methods to combat the infections caused by these hybrid strains.

NOVEL PROCEDURES FOR DEC
INFECTIONS THERAPY

Gut microbiota has been associated with resistance to pathogen
colonization in the intestine. Several molecules have been proven
to modify the composition of the gut microbiota (Pamer, 2016;
Jacobson et al., 2018). Liu et al. investigated the changes in gut
microbiota induced by Pulsatilla decoction (PD), a traditional
Chinese medicinal herb used to treat fever and dysentery, which
also has a good curative effect on bacterial diarrhea and
inflammatory bowel disease. The authors studied changes in
gut microbiota after PD therapy of E. coli infection in rats and
found that PD helped restore Bacteroidetes spp. composition in
the gut. These findings might be essential to determine the
mechanism of the Chinese herbal formula for preventing and
treating bacterial infections.

The use of antibiotics to treat STEC infections has long been
controversial due to reports that such treatments may increase
Shiga toxin secretion (Wong et al., 2000); currently, the
recommended therapy is mainly supportive. Miihlen and
Dersch reviewed the current understanding and progress in
developing treatment options against STEC infections. In
recent years, several strategies have progressed to the clinical
trial stages. Receptor analogs such as Synsorb Pk, or the use of
Eculizumab looked promising in phase II trials but showed little
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CONCLUSIONS

The recent progression of genome sequencing techniques
allowed identifying novel virulence factors that enable E. coli
strains to harm the human host. The E. coli genetic plasticity
favors the emergence and spread of virulence traits and
antimicrobial resistance, resulting in novel virulent variants.
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Shiga toxin-producing Escherichia coli (STEC) strains are responsible for multiple clinical
syndromes, including hemolytic uremic syndrome (HUS). E. coli O157:H7 is the most
prevalent serotype associated with HUS and produces a variety of virulence factors
being Stx2 the responsible of the most HUS severe cases. After intestinal colonization by
STEC, Stx2 is released into the intestinal lumen, translocated to the circulatory system
and then binds to its receptor, globotriaosylceramide (Gb3), in target cells. Thus, Stx2
passage through the colonic epithelial barrier is a key step in order to produce disease,
being its mechanisms still poorly understood. We have previously reported that STEC
interaction with the human colonic mucosa enhanced Stx2 production. In the present
work, we have demonstrated that infection with O157:H7 Astx2, a mutant unable to
produce Stx2, enhanced either Stx2 cytotoxicity on an intestinal cell line (HCT-8), or
translocation across HCT-8 monolayers. Moreover, we found that translocation was
enhanced by both paracellular and transcellular pathways. Using specific endocytosis
inhibitors, we have further demonstrated that the main mechanisms implicated on Stx2
endocytosis and translocation, either when O157:H7 Astx2 was present or not, were
Gb3-dependent, but dynamin-independent. On the other hand, dynamin dependent
endocytosis and macropinocytosis became more relevant only when O157:H7 Astx2
infection was present. Overall, this study highlights the effects of STEC infection on the
intestinal epithelial cell host and the mechanisms underlying Stx2 endocytosis, cytotoxic
activity and translocation, in the aim of finding new tools toward a therapeutic approach.

Keywords: shiga toxin, HCT-8, STEC, 0157, endocytosis, cytotoxicity, transcytosis, translocation

INTRODUCTION

Shiga toxin-producing Escherichia coli (STEC) strains are responsible for multiple clinical
syndromes including bloody diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome
(HUS) (Karmali et al., 1985). HUS is a systemic disease that can be fatal and is developed
several days after STEC infection in up to 15% of children infected (Tarr et al, 2005).
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STEC Infection Modulates Stx2 Action

HUS is characterized by thrombotic microangiopathy, hemolytic
anemia, thrombocytopenia, and acute renal failure (Gianantonio
et al., 1968; Boyce et al., 2002). STEC are usually carried by
cattle and bacterial ingestion frequently occurs via contaminated
undercooked meat, unpasteurized dairy products, contaminated
fruits, vegetables and water, and through animal to person
or person to person contact (Ferens and Hovde, 2011). E.
coli O157:H7 is the most prevalent serotype associated with
HUS although multiple serotypes of STEC, including O157:NM
strains and non-O157 serotypes such as O26:H11, O103:H2,
O111:NM, O121:H19, and O145NM have been associated
with hemorrhagic colitis cases (Karmali et al, 2003). Some
STEC strains commonly associated with serious disease possess
a chromosomal pathogenicity island known as the locus of
enterocyte effacement (LEE) (Nataro and Kaper, 1998), though
LEE-negative strains which encode additional virulence, and
colonization factors have also been associated with severe disease
(Newton et al., 2009; Beutin and Martin, 2012; McWilliams and
Torres, 2014). The genes encoded in the LEE are responsible for
intimate adhesion of STEC to colonic epithelial cells (McWilliams
and Torres, 2014), which is followed by injection of bacterial
effector proteins into the host cell through a type III secretion
system (T3SS) (Jerse et al., 1990). These effector proteins produce
attaching and effacing (A/E) lesions on intestinal cells and
interfere with host cells in many ways, inducing a profound
rearrangement of cell cytoskeleton, and a loss of tight junction
and membrane integrity (Knutton et al., 1989; Holmes et al.,
2010; Ugalde-Silva et al., 2016). Additionally, STEC can produce
either Stx1 and/or Stx2 prototypes, for which both have multiple
subtypes (Melton-Celsa, 2014). Stx2 is widely recognized as the
most important virulence factor of E. coli O157:H7 responsible
for HUS (Palermo et al., 2009). This toxin is an AB5 toxin
composed of an A subunit (Stx2A) and five B subunits (Stx2B).
Stx2A possesses a N-glycosidase activity against 28S rRNA of 60S
ribosomes in the cytosol. This activity results in an inhibition
of protein synthesis in eukaryotic cells and activation of a
proinflammatory signaling cascade known as the ribotoxic stress
response, which is also involved in apoptosis induction (Smith
et al., 2003).

On the other hand, Stx2B is arranged as pentamers of
identical composition and has high affinity to the cell surface,
glucosylceramide derived glycolipids, globotriaosylceramide
(Gb3) and globotetraosylceramide (Gb4), though it has
been found that only Gb3 may act as a functional receptor
(Zumbrun et al., 2010). These glycolipids are generally located
in cholesterol-rich cell membrane microdomains denominated
lipid rafts (Hanashima et al., 2008; Legros et al., 2018) and are
associated with toxin entry into target cells. Stx2 internalization
has been shown to occur in two ways, one requiring specific
binding of Stx2 to Gb3 receptor (Sandvig et al., 2002) and an
unspecific macropinocytic pathway (Malyukova et al., 2009;
Lukyanenko et al., 2011; In et al., 2013). Gb3 availability and
microdomain location (Betz et al., 2011) and actin organization
(Gaus et al., 2010) have been found to play a central role on Stx
internalization. These factors are relevant on the mechanisms
preceding endocytosis, as they impact clustering of Stx-Gb3
complexes on the cell membrane (Pezeshkian et al., 2017) and its

capacity to ultimately form tubular invaginations prior to toxin
internalization (Romer et al., 2007). The last step required for
toxin internalization is vesicular scission, which has been found
to occur via clathrin and dynamin (Lauvrak, 2004), dynamin
only (Romer et al., 2007), and/or actin and cholesterol (Gaus
etal., 2010) dependent mechanisms.

Several mechanisms for toxin translocation across intestinal
epithelium have been proposed. Non-Gb3 associated
translocation has been found to occur via the paracellular
pathway, stimulated by neutrophil transmigration and actin
rearrangements during STEC infection (Hurley et al., 2001),
but also via the transcellular pathway, implicating an unspecific
macropinocytic mechanism that does not involve the Gb3
receptor (Lukyanenko et al., 2011). There is also evidence
that Stx2 transcellular transcytosis may be due to Gb3-linked
Stx2 endocytosis, as it was described that a percentage of
apical recycling endosomes containing Stx2 are released on the
basolateral side (Miiller et al., 2017), although Gb3 presence on
colonic epithelium is still under debate (Schiiller et al., 2004;
Zumbrun et al,, 2010). Previous studies have described that
these routes can be selectively and efficiently inhibited (Macia
et al., 2006; Huang et al.,, 2010; Koivusalo et al., 2010; Dutta
and Donaldson, 2012; Shayman, 2013; Kaissarian et al., 2018),
even though their particular relevance to Stx2 endocytosis and
translocation is still unclear.

In vitro studies using human intestinal epithelial cell lines have
demonstrated that epithelial cell infection with STEC may lead
to enhanced Stx2 translocation depending on the strain virulence
profile (Tran et al., 2018). In turn, intestinal epithelial cell-derived
molecules could also modify STEC virulence by increasing
adhesion and upregulating virulent genetic profiles (Bansal et al.,
2013). In our previous work, we investigated the effect of E. coli
O157:H7 expressing Stx2 on human colonic mucosa and showed
that bacterial interaction with colonic epithelium enhanced Stx2
production that, in turn, caused a marked inhibition of water
absorption concomitant with histological damages on the surface
epithelium (Albanese et al., 2015). In this study, we analyze
the effects of E. coli O157:H7Astx2 infection on Stx2 cytotoxic
effects, endocytosis and translocation across polarized HCT-8
cells, which express Gb3 and Gb4 receptors (Kouzel et al., 2017).
To this aim, we used specific endocytosis inhibitors, in order
to demonstrate which pathways are stimulated upon infection,
providing an in vitro basis to further develop therapeutic targets.

MATERIALS AND METHODS

Materials

Purified Stx2a was provided from Phoenix Laboratory (Tufts
Medical Center, Boston, MA, USA). Eliglustat (Cerdelga,
Sanofis-Genzyme) used as an inhibitor of glucosylceramide
synthase (Shayman, 2013) was purchased from MedKoo Biosci,
Morrisville, USA. Dynasore, a specific dynamin-mediated
endocytic inhibitor (Macia et al., 2006), Methyl-B-cyclodextrin
(MBCD), a membrane cholesterol extractor (Zidovetzki and
Levitan, 2007), and Amiloride hydrochloride, a macropinocytosis
inhibitor (Koivusalo et al., 2010) were purchased from Sigma
Aldrich, St. Louis, MO, USA. A fluorescein isothiocyanate
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(FITC)-labeled Dextran (average molecular weight of 70 kDa,
Sigma Aldrich, catalog # 46945) was used as a marker of
paracellular permeability (Chattopadhyay et al., 2017). A mouse
monoclonal antibody against the A-subunit of Stx2 (Mab 2E11)
was provided by Roxane Piazza (Butantan Institute, Sio Paulo,
SP, Brazil) (Rocha et al., 2012) and an Alexa 647-conjugated anti-
mouse secondary antibody (AbCam, catalog #ab150115) were
used for flow cytometry.

Bacterial Strains and Growth Conditions

E. coli O157:H7 strain 125/99 wild type (O157:H7) isolated
from a patient with HUS has been previously described (Rivas
et al,, 2006). A mutant lacking stx2 gene from the parenteral E.
coli O157:H7 strain 125/99wt (O157:H7Astx2) was previously
obtained (Albanese et al., 2015). O157:H7 Astx2 was grown in
Luria Broth medium for 18h at 37°C with shaking at 150
rpm and then diluted 1/10 in DMEM/F12 medium (Sigma
Aldrich, USA) with the addition of HEPES 10 mM and grown to
exponential phase (ODgpp = 0.3-0.4) at 37°C with shaking at 150
rpm. O157:H7Astx2 density corresponded to ~4 x 10° colony-
forming units per ml (CFU/ml). O157:H7Astx2 supernatant
(SN O157:H7) was collected after centrifugation at 10,000 g for
5 min, followed by filtration through a 0.22-pm filter (Millipore,
Billerica, MA, USA).

Cell Cultures

The human intestinal cell line HCT-8 (ATCC CCL-244,
Manassas, VA, USA) was maintained in RPMI-1640 medium
(ATCC) and the monkey kidney cell line Vero (ATCC CCL-
81) was grown in DMEM/F12 (Sigma Aldrich, St. Louis, MO
USA). Both media were supplemented with 10% fetal bovine
serum (FBS, Internegocios S.A., Buenos Aires, Argentina),
100 U/ml penicillin and 100 pg/ml streptomycin. Additionally,
1 mM L-glutamine, 10mM sodium pyruvate, 10 mM HEPES,
10mM glucose were also supplemented in HCT-8 cultures.
Cells were grown at 37°C in a humidified 5% CO; incubator.
Cells were subcultured after 80% confluence was reached (7-
10 days) in antibiotic-free medium. During experiments, HCT-8
cells were maintained in growth-arrested conditions (medium
without FBS).

Cytotoxicity and Neutralization Assay on

HCT-8 Cells

Purified Stx2 and O157:H7Astx2 induced cytotoxicity were
assayed on HCT-8 cells cultured on fixed support. Briefly, HCT-
8 cells monolayers grown on 96-well plates were treated for
4h under growth-arrested conditions (Culture media without
FBS) and antibiotic free conditions with 100 ng/ml Stx2 and/or
4 x 108 CFU/ml O157:H7Astx2. In selected experiments, cells
were preincubated with Eliglustat (200 nM, 48 h Kaissarian et al.,
2018), Dynasore (80 wM, 30 min), MBCD (4 mM, 30 min), or
Amiloride (1 mM, 30 min) and washed twice with PBS before
treatment. At the end of the incubation time, plates were
washed twice with PBS (145 mM NaCl, 10 mM NaH,POy4, pH
7.2) and subsequently incubated in growth-arrested media for
72h. Then, cell viability was assayed by neutral red uptake
(Repetto et al., 2008).

Cytotoxic activity neutralization was calculated using the
following equation.
I-T
100 — T

Cytotoxic Activity Neutralization = 100x (1)
In this Equation, I and T are % cell viability of HCT-8 cells
pre-treated or not with endocytosis inhibitors respectively.

Neutral Red Uptake Assay

Neutral red uptake assay was performed as previously described,
with minor modifications (Repetto et al., 2008). After treatment,
cells were washed twice with PBS (145mM NaCl, 10 mM
NaH,POy, pH 7.2) and incubated for 2h with freshly diluted
neutral red in PBS to a final concentration of 50 pg/ml.
Cells were then washed with 1% CaCl, and 4% formaldehyde
twice and were then solubilized in 1% acetic acid and 50%
ethanol. Absorbance at 546 nm was read in an automated plate
spectrophotometer. Results were expressed as percent viability,
with 100% represented by cells incubated under identical
conditions but without treatment. The 50% cytotoxic dose
(CDsp) corresponded to the dilution required to kill 50% of
the cells.

Cell Monolayer Culture

HCT-8 were seeded on Milicell culture inserts (PIHP01250,
Millipore, Billerica, MA, USA) of 12 mm diameter and 0.4 um
pore size (filter area: 1.13 cm) placed on a 24-well plate and grown
for about 7-10 days as previously described until a continuous
monolayer was achieved. The development of monolayers was
monitored with the electrical resistance (TEER) measured with
a Millicell-ERS electric resistance system (Millipore, Billerica,
MA, USA) until TEER values were stable for 2 consecutive
days and higher than 1,200 .cm?, which is consistent with cell
polarization (Hurley et al., 1999).

Translocation Assays

Briefly, after HCT-8 cell monolayer formation, complete medium
was removed from upper (apical) and lower (basolateral)
chambers and replaced with growth-arrested and antibiotic free
medium. Apical side of the HCT-8 cells were exposed to Stx2
(100 ng/ml) in the absence or presence of O157:H7Astx2 (4 X
108 CFU/ml), its filtered supernatant SN-O157:H7Astx2 (1:10
diluted) or EDTA (10mM) as a tight junction disruptor for
4h at 37°C in 5% CO; atmosphere. Following the incubation
period, the media from the lower chamber was filter-sterilized
to determine Stx2 concentration by Vero cell cytotoxic assays.
In selected experiments, cells were preincubated with Eliglustat
(200nM, 48h), Dynasore (80wM, 30min), MBCD (4mM,
30 min), or Amiloride (1 mM, 30 min) and washed twice with
PBS before treatments were applied.

Stx2 Quantification by Vero Cell
Cytotoxicity Assay

Vero cells grown in 96-well culture plate until confluence
were treated in serum-free medium for 24h with different
concentrations of purified Stx2 or different dilutions of
experimental samples. At the end of the incubation, cell viability
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was analyzed by neutral red uptake. Stx2 concentrations were
calculated from Stx2 standard curves. When the cytotoxic
effect elicited by filter-sterilized SN from O157:H7 grown to
exponential phase was compared to a purified Stx2 curve used
as standard, the average cytotoxicity of the filtered SN was
equivalent to 100 & 6 ng/ml Stx2 (data not shown).

Paracellular Permeability

Paracellular permeability in HCT-8 monolayers was determined
by measuring FITC-Dextran passage from the apical- to
basolateral side of monolayers, taking into account that Dextran
(MW 70 kDa) cannot penetrate the cellular membrane under
physiological conditions being its molecular weight similar to
Stx2 (Hashida et al., 1986; Balda et al., 1996; Matter and
Balda, 2003). FITC-Dextran was measured according to methods
described previously with some modifications (Balda et al,
1996). FITC-Dextran (1 mg/ml) was added on the upper (apical)
chamber at the beginning of each experiment. Following the
incubation period, 100 pl of media from the upper (apical)
and lower (basolateral) chamber collected separately were placed
in a 96-well plate and the concentration of FITC-Dextran was
measured on a fluorescence multiplate reader (FLUOstar Omega,
excitation, 486 nm; emission, 520nm). Relative fluorescence
was then calculated as a ratio between lower (basolateral)
chamber fluorescence and total fluorescence. Sample readings
were performed in triplicate.

Adhesion of O157:H7 Astx2 to HCT-8 Cells

HCT-8 cells were grown on 24-wells plates until a confluent
monolayer was achieved. Monolayers were pretreated with
Eliglustat (200 nM, 48h), Dynasore (80 M, 30 min), MBCD
(4 mM, 30 min), or Amiloride (1 mM, 30 min), washed twice with
PBS and then treated for 4 h with 4 x 108 CFU/ml O157:H7 Astx2
in the presence of 100 ng/ml Stx2. To count CFU number, cells
were washed 5 times with PBS to remove non-attached bacteria
and lysed using 0.2% Triton-PBS solution for 30 min. Serial
dilutions of these suspensions were spread on LB-agar coated
Petri dishes and incubated at 37°C for 24 h for optical counting.

Stx2 Flow Cytometry Detection

The presence of intracellular and extracellular Stx2 in HCT-8
cells pre-incubated with endocytic inhibitors was evaluated in
HCT-8 cells by flow cytometry. For that purpose, cells were fixed
after treatment in 0.5% paraformaldehyde, and for intracellular
staining, permeabilized with saponin 0.1% in phosphate-buffered
saline (PBS). Then, cells were incubated in PBS 0.5% FBS with
Mab 2E11 for 2 h, followed by a 1 h incubation with an Alexa 647-
conjugated anti-mouse secondary antibody for 1h. Cells were
subsequently washed and resuspended in PBS. The staining was
analyzed by flow cytometry on PARTEC PAS III using Cyflogic
software 1.2.1. Results are expressed as percentage of Stx2 positive
events and median intensity of fluorescence (MIF) in cells treated
compared to cells not pre-treated with inhibitors.

Statistical Analysis
Cytotoxicity curves were fitted using linear or logarithmic
regression. Statistical significance for all assays was assessed
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FIGURE 1 | Stx2 and O157:H7 Astx2 cytotoxicity on HCT-8 cells. HCT-8 cells
were incubated with either 100 ng/ml Stx2 alone or in the presence of 4 x 10°
CFU/ml O157:H7 Astx2 (O157:H7 Astx2 + Stx2) for 4 h and compared with 4
x 108 O157:H7 Astx2 alone. HCT-8 viability was measured by neutral red
uptake after 72 h. Data is shown as means + SEM from six independent
experiments performed in triplicate. Stx2 vs. O157:H7 Astx2 or Stx2 vs.
0157:H7 Astx2 + Stx2. *p < 0.05.

using one-way ANOVA with Tukey’s or Bonferroni’s multiple
comparison test or Student’s t-test. Analysis was performed using
Graphpad Prism v6.01 software. Statistical significance was set
at *p < 0.05.

RESULTS

Effects of 0157:H7 Astx2 Infection on Stx2
Cytotoxicity

To examine if Stx2 cytotoxicity could be modulated by
0157:H7 Astx2 infection, cell viability was measured on HCT-8
cells incubated with either 100 ng/ml Stx2 alone or in presence
of 4 x 108 CFU/ml 0157:H7 Astx2 (0157:H7 Astx2+5tx2) and
compared with HCT-8 cells incubated with O157:H7Astx2
alone. As shown in Figure 1, the cytotoxic effect caused by
0157:H7 Astx2 + Stx2 was significantly greater compared to Stx2
alone, while O157:H7Astx2 did not show any cytotoxic effect.
These results suggest that an increase in Stx2 cytotoxicity is
elicited by O157:H7 Astx2 infection.

Effect of Endocytic-Pathway Inhibitors on

Stx2 Uptake and Cytotoxic Effects

The finding that O157:H7 Astx2 infection significantly increased
Stx2 cytotoxicity in HCT-8 cells led the studies to determine
which pathways are involved in Stx2 uptake and cytotoxicity and,
in turn, which ones were stimulated by O157:H7 Astx2 infection.
HCT-8 cells were pre-treated with Eliglustat (200nM, 48h),
an inhibitor of glucosylceramide (GL1) synthase (Shayman,
2013), MBCD (4 mM, 30 min), a membrane cholesterol extractor
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FIGURE 2 | Stx2 uptake by HCT-8 cells. (A) Cells pre-treated or not with endocytosis inhibitors were exposed to 100 ng/ml Stx2 and then analyzed by flow cytometry.
Histograms represent the log fluorescence of Stx2 for each treatment. A Representative experiment is shown. Amiloride and Dynasore curves are not shown due to
superimposition with Stx2 curve. (B) Bar graph representing the Median Intensity of Fluorescence (% MIF) for each inhibitor treatment relative to cells only treated with
Stx2. (C) Stx2 positive events (%) for each inhibitor treatment relative to cells only treated with Stx2. Bars represent the mean + SEM of three independent
experiments. *p < 0.05.

— Notably, the neutralizing effect on cytotoxicity by Eliglustat
§ 100. a was maximal when O157:H7Astx2 were not present and
§ & St appeared lower when O157:H7Astx2 were present, though no
g 80 b B 0157:H7Asb2+Stx2 statistically significant differences were found. On the other
; 0. hand, Amiloride and Dynasore showed a significantly lower
% d d protective capability than Eliglustat and MBCD, but both showed
® 404 a significantly higher neutralizing capability when cells were
E 201 c c treated with O157:H7Astx2+Stx2 compared to Stx2 alone
2 (Figure 3). None of these inhibitors showed cytotoxic activity
o per se when they were tested alone (data not shown). This data is
] &2 (" g ot . . . .
B N g @ consistent with a necessary interaction between Stx2 and the Gb3
receptor, presented in the apical surface of HCT-8 cells, to cause
FIGURE 3 | Effect of endocytosis inhibitors on Stx2 cytotoxicity in HCT-8 cells. cytotoxicity, although these effects appear to be less dependent
Cells were pre-incubated with Eliglustat (200 nM, 48 h), MBCD (4 mM, 30 min), on the lipid environment compared to the net Stx2 uptake
Dynasore (80 M, 30 min), or Amiloride (1 mM, SO‘min) anld washed twice with measured by flow cytometry. However, dynamin—dependent and
PBS before treatment lfor 4h of 100ng/ml Stx2 with or vy|thout Gb3-independent macropinocytic endocytosis pathways became
0O157:H7 Astx2. Data is shown as means + SEM from six independent
experiments performed in triplicate. Significant differences were found relevant only when O157:H7 Astx2 were present, suggesting that
between the groups, labeled a, b, ¢, and d. these mechanisms are sensitive to O157:H7 Astx2 infection.

None of the inhibitors used for pre-incubation showed
a significant effect on O157:H7Astx2 adhesion to HCT-8
cells (Figure S1).
(Zidovetzki and Levitan, 2007), Dynasore (80 M, 30 min), a .
specific dynamin-mediated endocytic inhibitor (Macia et al, Effect of 0157:H7 Infection on Stx2
2006) or Amiloride (1 mM, 30 min), a specific dynamin-mediated Translocation
endocytic inhibitor (Macia et al., 2006). Cells were then incubated ~ To determine whether Stx2 translocation across the intestinal
with 100ng/ml Stx2 during 4h. Finally, toxin uptake was  barrier was affected by the presence of O157:H7Astx2, HCT-
measured by flow cytometry. As it can be seen on Figure 2, both 8 monolayers were incubated with 100 ng/ml of Stx2 alone or
% MIF and % Stx2 positive events were significantly lower when  in the presence of: 4 x 108 CFU/ml O157:H7Astx2, 10mM
cells were pre-incubated with Eliglustat or MBCD, compared  EDTA, or O157:H7 Astx2 supernatant from O157:H7Astx2 (SN
to Dynasore or Amiloride, indicating that Stx2 uptake may be =~ O157:H7Astx2), added on the upper (apical) chamber. After
sensitive to glucosylceramide synthase inhibition (presumably  4h of incubation, Stx2 passage was quantified on the lower
due to Gb3 synthesis inhibition) and/or cholesterol dependent  (basolateral) chamber by Vero cell cytotoxicity assay (Figure 4A).
but not significantly dynamin or macropinocytosis dependent. Since Stx has been shown to be able to cross polarized
In agreement with the reduced level of Stx2 uptake observed  epithelial cells through both transcellular and paracellular
following inhibitor treatments, Stx2 cytotoxicity was also  pathways (Hurley et al, 2001; Malyukova et al, 2009
decreased by the inhibitors Eliglustat and MPCD (Figure 3), with ~ Lukyanenko et al, 2011; Tran et al, 2018), FITC-Dextran
Eliglustat having a more pronounced effect. passage from apical to basolateral side was simultaneously
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FIGURE 4 | Stx2 translocation across HCT-8 monolayers. (A) Stx2 concentration in the lower (basolateral) chamber was determined by Vero cell cytotoxicity assays.
(B) Relative FITC-Dextran passage (%) to the lower (basolateral) chamber was measured. Significant differences were found between the groups, labeled a, b,
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measured (Figure 4B). Maximum Stx2 translocation across the
HCT-8 monolayers was found in the presence of O157:H7 Astx2
compared to the other experimental conditions (Figure 4A).
Instead, maximum FITC-Dextran passage was found in the
presence of EDTA, a potent tight junction disruptor agent,
followed by OI157:H7Astx2 treatment (Figure4B). Taken
together, these results have demonstrated that O157:H7Astx2
stimulates not only paracellular, but also transcellular
Stx2 translocation.

On the other hand, monolayers exposed to SN O157:H7 Astx2
also resulted in a significant increase of Stx2 and FITC-
Dextran passage (Figures4A,B, respectively) indicating
that O157:H7Astx2 SN affected at least the paracellular
permeability but to a lesser extent than that observed with
0157:H7 Astx2 (Figure 4Bb vs. ¢), compared to treatment with
Stx2 alone (Figure 4Bd).

To confirm the effects of O157:H7Astx2 and its filtered
SN on epithelial barrier function leading to Stx2 paracellular
translocation, we analyzed the integrity of the tight junctional
barrier by TEER measurements before and after each treatment
(Figure 5). The integrity of tight junctions clearly declined in
monolayers treated with O157:H7 Astx2 and SN O157:H7 Astx2
in the presence of Stx2, proportionally to the increase of FITC-
Dextran passage. As it was expected, minimum TEER value was
observed after incubation with 10 mM EDTA. However, the Stx2
passage was higher in the presence of O157:H7Astx2 than with
EDTA, supporting the hypothesis that O157:H7 Astx2 stimulates
Stx2 translocation across transcellular and paracellular pathways.

Effects of Endocytosis Inhibitors on Stx2

Passage Across the Transcellular Pathway
To assess which endocytic mechanisms previously described
are involved in Stx2 transcytosis in presence of O157:H7 Astx2,
HCT-8 cells monolayers were pre-incubated with Eliglustat,
Dynasore, MPCD, or Amiloride as previously described,

757 @B % TEER Decrease

@ Dextran-FITC Passage (%)
@l Stx2 passage (%)

50+

254

% Relative to untreated

FIGURE 5 | Stx2 translocation was not entirely correlated to tight junction
barrier disruption. The correlation between Stx2 translocation and the
disruptive effects on tight junctional barrier measured as TEER and
FITC-Dextran passage was analyzed in HCT-8 cell monolayers after 4 h
incubation with O157:H7 Astx2, SN O157:H7 Astx2 and EDTA. Stx2
concentration was determined in the lower (basolateral) chamber by Vero cell
cytotoxicity assays and it was relativized to initial Stx2 concentration

(100 ng/ml). Relative FITC-Dextran passage was calculated as a ratio between
lower (basolateral) chamber fluorescence and total fluorescence relative to cell
free control. TEER was measured at the end of treatments and expressed as a
percentage of the corresponding TEER immediately before the start of
treatments.

followed by incubation with O157:H7Astx24-Stx2. Stx2
translocation, measured as indicated above, was significantly
inhibited by all treatments, with a maximum inhibition
observed after MPCD treatment, followed by Eliglustat, and
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lastly, Dynasore and Amiloride (Figure6A). In addition,
none of these inhibitors significantly disrupted the epithelial
barrier function measured as FITC-Dextran translocation
(Figure 6B). These results suggest that cholesterol disruption
was more efficient than glucosylceramide synthesis inhibition
at decreasing endocytosis-dependent translocation, suggesting a
wider implication of cholesterol in the transcytosis process. In
addition, Stx2 translocation via dynamin and macropinocytic
pathways was also significantly decreased, showing that both
mechanisms also may play a role on Stx2 transcytosis during
0157:H7 Astx2 infection.

DISCUSSION

We have previously reported that Stx2-mediated physiological
and morphological alterations to human colonic mucosa was
enhanced by exposure to O157:H7 bacteria (Albanese et al,
2015). In the present study, we demonstrate that infection of
human colonic epithelial (HCT-8) monolayers by O157:H7 Astx2
also impacts Stx2 endocytosis, cytotoxic action, and translocation
across intestinal epithelial monolayers.

In this report, HCT-8 cells infected with O157:H7Astx2
supplemented with Stx2 exhibited a significantly higher
cytotoxic activity compared to the same concentration of Stx2
alone, indicating that O157:H7Astx2 infection led to host
cell modifications that enhanced Stx2 cytotoxicity (Figure 1).
Regarding Stx2 effects on uninfected cells, we have seen that
inhibition of glucosylceramide synthesis by Eliglustat led to a
maximum decrease in Stx2 entry into cells and cytotoxic effects
on HCT-8 cells (Figures2, 3). This inhibitor has been used
at optimal concentration and incubation time according to
previous works with endothelial cells (Kaissarian et al., 2018)
and to previous experience with another glucosylceramide
synthase inhibitor (Miglustat, Acetilon Pharm) (Girard et al.,
2015) that also reduces Gb3 synthesis. It is worth noting that
Eliglustat inhibits the synthesis of multiple glucosylceramides
besides Gb3, some of which have been implied in membrane
traffic and endocytic pathway modulation (Sillence et al,
2002). In this direction, it is possible that the absence of
these glucosylceramides may account for some of the effects
observed, but we speculate that their relative relevance on
Stx2 uptake and cytotoxic activity should be minor compared
to Gb3 absence. Our results indicate that, although Eliglustat
prevented Stx2 cytotoxic effects (Figure 3), it did not completely
inhibit net Stx2 internalization (Figure2). We propose that
this observed Stx2 uptake may be due to Gb3-independent
endocytic mechanisms (Chan and Ng, 2016), although it may
not have been enough to exert Stx2 cytotoxic effects. Similarly,
removal of cholesterol by using MBCD reduced Stx2 uptake
and cytotoxicity, although it appeared to do so to a lesser extent
than that observed with Eliglustat. Cholesterol is known to
be a major component of the microenvironment in which
Gb3 is embedded, and it has previously been implicated on
Gb3 avidity for Stx2 (Gallegos et al., 2012) and Stx2-induced
tubule scission (Gaus et al., 2010). It was also suggested that

cholesterol may play a role on macropinocytosis and membrane
ruffling (Grimmer et al., 2002). Although significant differences
were not found, Eliglustat appeared to be less effective on
decreasing Stx2 cytotoxicity when O157:H7Astx2 was present,
compared to the bacterial-free condition (Figure3). Even
though the methods used may have not been sensitive enough
to provide significant differences in this scenario, we speculate
that this result is relevant as it may account for the significant
stimulation observed of alternative mechanisms, such as
macropinocytosis and dynamin-dependent pathways, upon
O157:H7Astx2 infection. On the other hand, dynamin’s role
on Stx2 induced tubule scission after Gb3 binding is highly
controversial, as a putative spontaneous, actin-dependent
mechanism has also been described (Gaus et al., 2010). In this
study, we found that dynamin-dependent Stx2 endocytosis
had no relevance on Stx2 uptake (Figure2) or cytotoxic
effects when O157:H7Astx2 was absent but did significantly
contribute to Stx2 cytotoxicity upon O157:H7Astx2 infection
(Figure 3). We speculate that these differences may be explained
as it was observed that O157:H7Astx2 infection could exert
a positive action on dynamin recruitment around vesicles,
which is required for actin pedestal formation (Unsworth et al.,
2007). Alternatively, we hypothesize that actin rearrangement
induced by O157:H7Astx2 may have affected actin-dependent
vesicle scission mechanisms (Gaus et al., 2010), which may
in turn increase dynamin dependent scission, although the
exact underlying causes remain a subject for future studies.
Macropinocytosis involvement in Stx2 internalization during
STEC infection and the molecular mechanisms implicated
has been previously described (Malyukova et al, 2009
Lukyanenko et al,, 2011; In et al, 2013). In this study, we
found that macropinocytosis significantly contributed to
Stx2 internalization only when O157:H7Astx2 were present,
indicating that bacterial infection exerts a positive effect on cell’s
macropinocytosis regulation (Figure 3).

As O157:H7 is generally believed to be non-invasive,
Stx2 must translocate across the epithelial barrier of the
intestine in order to reach target organs and cause HUS
(Boyce et al,, 2002). In this study, we demonstrate that Stx2
passage across polarized HCT-8 monolayers is enhanced by
0157:H7Astx2 infection. This increase is not exclusively due
to soluble metabolites, as SN O157:H7Astx2 exerted a much
lesser, although statistically significant, effect on transcytosis
(Figure 4A). Previous studies have shown that Stx2 may
translocate the intestinal barrier by a paracellular in addition
to a transcellular/endocytic pathway (Hurley et al, 2001;
Miiller et al, 2017). We used EDTA, a chelating agent
extensively described as a tight junction disruptor (Ward
et al, 2000), to estimate the maximum passage allowed
by the paracellular route. We confirmed by TEER and
FITC-Dextran measurements that paracellular passage and
permeability were maximum when EDTA was added, followed
by O157:H7Astx2 treatment (Figures 4B, 5). However, Stx2
translocation in presence of O157:H7Astx2 was significantly
higher than with EDTA treatment (Figure 5), suggesting that
both paracellular and transcellular translocation routes can be
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FIGURE 6 | Stx2 translocation in presence of endocytosis inhibitors. Cells were pre-incubated with Eliglustat (200 nM, 48 h), MBCD (4 mM, 30 min), Dynasore (80 uM,
30 min), or Amiloride (1 mM, 30 min), and washed twice with PBS followed by treatment with O157:H7 Astx2 + 100 ng/ml Stx2 for 4 h. Control cells were not
pre-treated with inhibitors. (A) Estimated Stx2 concentration in the lower (basolateral) chamber. (B) Relative FITC-Dextran passage (%) to the lower (basolateral)
chamber. Significant differences were found between groups with different letters, labeled a, b, and c.

upregulated by O157:H7Astx2. Again, SN O157:H7 Astx2 was
able to exert a significant effect over tight junction integrity
compared to Stx2 alone, but much less than that exerted by
0157:H7Astx2 infection. Previous reports showed that Stx2
translocation across a polarized colonic epithelial T84 cell
line is enhanced by O157:H7 infection and may only occur
via a transcellular pathway because TEER remains constant
during infection with several STEC O157:H7 strains (Tran
et al,, 2014, 2018). In the same fashion, we found that the
transcellular pathway is stimulated by O157:H7 Astx2 infection,
but we also observed that the paracellular pathway, measured
as TEER and FITC-Dextran permeability, was significantly
affected after infection with O157:H7Astx2 (Figure5). The
apparent discrepancy could be due to differences in STEC strains,
as the one used in this study belongs to the hypervirulent
clade 8, which was found to overexpress several virulence
proteins (Amigo et al.,, 2015, 2016). Differences in intestinal
cell lines used may also explain these discrepancies, as they
show differences in key characteristics such as monolayers
TEER values (Hurley et al., 2016), which we speculate may
account for differences in sensitivity of tight junction to
0157:H7 infection.

Overall, our data suggests that O157:H7Astx2 infection
greatly stimulated Stx2 passage through both paracellular and
transcellular pathways, and that this stimulation is mainly due to
0157:H7 Astx2 co-incubation with epithelial cells, and to a lesser
extent, to soluble metabolites released by O157:H7Astx2 to the
culture supernatant.

We also tested if the same endocytic pathways involved
in cytotoxicity could account for the increased transcytosis.
Surprisingly, we found that cholesterol depletion by MBCD
appears to be more effective decreasing Stx2 transcytosis than
glucosylceramide synthesis inhibition by Eliglustat (Figure 6),
though the opposite was observed when cytotoxic effects

were analyzed (Figure3). Being the exact mechanisms
that determine vesicle trafficking and its destiny still
unknown, we can hypothesize that membrane cholesterol
may be more strongly implied on the basolateral trafficking
leading to translocation, rather than on the retrograde
transport leading to cytotoxicity. On the other hand,
Amiloride and Dynasore led to a moderate transcytosis
decrease (Figure6) in the same fashion as that observed
in cytotoxic neutralization (Figure 3), suggesting that
0157:H7Astx2 could also stimulate macropinocytosis and
dynamin-dependent translocation. As these endocytosis
inhibitors showed similar effects on both cytotoxicity and
transcytosis, we can hypothesize that, to a degree, the
mechanisms leading to both outcomes may have the same
endocytic origin (Malyukova et al., 2009; Miiller et al,
2017).

To summarize, our results showed that E. coli
0157:H7Astx2 infection increases Stx2 cytotoxic effect by
stimulation of several endocytic pathways. Furthermore, we
demonstrated that O157:H7Astx2 infection enhances Stx2
translocation across HCT-8 monolayers in both paracellular
and transcellular pathways. We showed that dynamin-
independent and Gb3-dependent mechanisms are mostly
implicated in Stx2 endocytosis and translocation, though
dynamin dependent endocytosis and macropinocytosis
became more relevant when O157:H7Astx2 infection
was present.

This study provides insight on how O157:H7 infection
may promote Stx2 associated disease by affecting Stx2
intestinal toxicity, uptake, and/or translocation into the
systemic circulation resulting in intoxication of distal
target organs. These studies may open the door to the
development of novel therapeutic approaches for treating
EHEC associated disease.
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Shiga toxin (Stx) produced by enterohemorrhagic E. coli produces hemolytic uremic
syndrome and encephalopathies in patients, which can lead to either reversible or
permanent neurological abnormalities, or even fatal cases depending on the degree
of intoxication. It has been observed that the inflammatory component plays a
decisive role in the severity of the disease. Therefore, the objective of this work
was to evaluate the behavior of microglial cell primary cultures upon Stx2 exposure
and heat shock or lipopolysaccharide challenges, as cues which modulate cellular
environments, mimicking fever and inflammation states, respectively. In these contexts,
activated microglial cells incorporated Stx2, increased their metabolism, phagocytic
capacity, and pro-inflammatory profile. Stx2 uptake was associated to receptor
globotriaosylceramide (Gb3)-pathway. Gb3 had three clearly distinguishable distribution
patterns which varied according to different contexts. In addition, toxin uptake
exhibited both a Gb3-dependent and a Gb3-independent binding depending on those
contexts. Altogether, these results suggest a fundamental role for microglial cells in
pro-inflammatory processes in encephalopathies due to Stx2 intoxication and highlight
the impact of environmental cues.

Keywords: Shiga Toxin 2, microglial cell primary cultures, LPS challenge, heat shock exposure, receptor
Gb3-pathway

INTRODUCTION

Shiga toxin-producing Escherichia coli (STEC) causes hemorrhagic colitis, and hemolytic uremic
syndrome (HUS) once the toxin enters circulation from the gut (Karmali, 2004). HUS is an
orally acquired infective illness produced by the ingestion of contaminated food, water and/or
cross infection, and includes thrombocytopenia, microangiopathic hemolytic anemia, and acute
renal failure (Gianantonio et al., 1973). In addition, Shiga toxin 2 (Stx2) targets other organs
like the brain, inducing encephalopathies (Obata, 2010). Neurological damage produced by Stx2
(Ashkenazi et al., 1994; Siegler, 1994) has gained notoriety in Argentina and throughout the world.
A multicenter, observational, retrospective, and cross-sectional study recently conducted by the
National Epidemiological Surveillance System of Argentina concluded that central nervous system
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(CNS) involvement by STEC was the main predictor of death in
patients with HUS (Alconcher et al., 2018).

STEC may produce two variants of Shiga toxin, Shiga toxin
type 1 (Stx1) and/or Shiga toxin type 2 (Stx2); both have the
same mode of action but they are antigenically different (Melton-
Celsa, 2014). Stx2, the endemic variant that predominates in
Argentina, is a protein formed by a catalytic subunit A (StxA) and
five subunits B (StxB) related with toxin binding. StxA possesses
N-glycosidase activity and inhibits protein biosynthesis. To
perform this task it must be transported to the cytosol by
StxB (Johannes and Decaudin, 2005; Sandvig and van Deurs,
2005) through its receptor, located in the cell membrane.
Globotriaosylceramide (Gb3) is a glycosphingolipid expressed
on the cell membrane of some mammalian cells and it was
described to be involved in cellular signaling. In addition,
Gb3 has been identified as a primary receptor for various
toxins including Stx1 and Stx2 (Bekri et al., 2006). Gb3 may
serve as a precursor for the synthesis of more complex globo-
series glycosphingolipids, such as globotetraosylceramide (Gb4)
(Kavaliauskiene et al., 2017).

It has been observed that Stx2 intracerebroventricular-
administration in rat brains exerts its neurotoxic effect through
its Gb3 receptor in post-synaptic neurons (Tironi-Farinati et al.,
2010). Indeed, neuronal degeneration and astrocytic reaction
were found in several regions of the brain (Boccoli et al., 2008).

An inflammatory component of HUS in the brain was
postulated through the observation that damage to the
neurovascular component could be attenuated by the
administration of dexamethasone, an anti-inflammatory
drug (Pinto et al, 2013). These results were in agreement
with previous studies by other groups in endothelial cells
cultures which showed the contribution of pro-inflammatory
lipopolysaccharide (LPS) to cytotoxicity upon Shiga toxins
exposure (Louise and Obrig, 1992).

Microglial (MG) cells can be postulated as a central
target in the harmful action caused by Stx2, as they belong
to the monocyte-macrophage immune cell lineage (Xing
et al, 2011). Along the same lines, our group has recently
demonstrated in a translational murine model of HUS-derived
encephalopathy that systemic sub lethal Stx2 induces MG
cell reactivity in the striatum and the hippocampus (Pinto
et al., 2018; Berdasco et al., 2019). We hypothesized that MG
cells might play a pivotal role in the inflammatory effects of
Stx2 observed in the brain and, thus, define the severity of
encephalopathies in patients. This state of affairs prompted us
to hypothesize that Stx2, either the holotoxin or the Stx2B
subunits, exerted a direct biological effect on MG cell primary
cultures. Therefore, functional parameters, such as MG cell
activation, cytology, metabolism, cytokine expression levels,
and phagocytic status were assayed using heat shock exposure
and LPS challenge to determine whether culture conditions
affect MG cell sensitivity and responsiveness. The present work
demonstrates that MG cells exhibit both a Gb3-independent
and Gb3-cannonical pathway for Stx2 uptake. Altogether, the
present results suggest a fundamental role of MG cells in the
pro-inflammatory processes underlying encephalopathies due to
STEC exposure.

MATERIALS AND METHODS

Ethics Statement

All experimental procedures were performed in accordance with
the guidelines of the Institutional Review Board at Buenos Aires
University Council of Animal Care and were in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Animal protocols were approved by the
School of Medicine Committee on Ethics and Animal Research
(CICUAL Number: 046/2017).

Animals

Wistar rats were housed under controlled temperature (22 £
2°C) in an artificially lit animal room under a 12 h-light/dark
cycle and fed water and food ad libitum.

MG Cell Primary Cultures

Total brains of post-natal day (P) 0-1 Wistar rat pups from
both sex (8-10 animals/litter) were dissected and plated on
T75 polylysinated flasks and cultured in Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with F12 (DMEM/F12)
and 10% fetal calf serum (FCS) for 11-13 days. Following the
original protocol (de Vellis and Cole, 2012; Rosato-Siri et al.,
2018), MG cells were obtained by differential centrifugation
and plated on uncoated surfaces, suitable for the subsequent
assay (Figure 1). MG cells culture purity (CD11b positive cells)
was checked regarding neuron, oligodendrocytes and astrocytes
contamination by NeuN, O4, and GFAP ICC, respectively,
rendering 98% pure MG cells cultures (data not shown).

MG Cell Treatments

MG cells were cultured maintaining DMEM/F12 + 10% FCS
and, 48h after plating, media were changed to DMEM/F12
+ 10% FCS (Control) or DMEM/F12 + 10% FCS and the
corresponding treatment. Two culture contexts were evaluated:
lipopolysaccharide challenge (LPS) (Landoni et al., 2010) and
heat shock exposure (HS) (Sugimoto et al, 2014) (Figure 1
and Table 1).

BrdU Incorporation
BrdU (10nM) was added concomitantly with treatments
(Figure 1, red arrows).

Immunofluorescence Assay
Immunocytochemistry (ICC) was performed as previously
described (Rosato-Siri et al., 2018). Briefly, covers were washed
with phosphate buffered saline (PBS), permeabilized (PBS +
0.1% Triton X-100 + 5% FCS) for 3h and sequentially exposed
to primary antibodies (PBS + 0.1% Triton X-100 + 1%
FCS) and secondary antibodies (PBS + 0.1% Triton X-100 +
1% FCS) (Table2). BrdU was incorporated before the ICC
protocol by incubated cells in a 2N HCI solution for 30 min at
room temperature and subsequent washes with 100 mM buffer
borate, pH 8.5. No immunolabeling was detected when primary
antibodies were omitted.
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FIGURE 1 | Experimental design. Brains from PO-1 pups born to Wistar rats were dissected and plated on T75 polylysinated flasks. Microglial (MG) cells were
harvested by 2 h shaking at 37°C. MG cells were plated either on uncoated coverslips placed in a 24-well plate (7 x 10° cells/well) for ICC and phagocytosis assays,
96-well plate (2 x 10* cells/well) for MTT assays, or 25 mm @/ Petri dishes (7 x 10° cells/dish) for cytokine quantification, and cultured in Dulbecco’s Modified Eagle’s
medium supplemented with F12 (DMEM/F12) and 10% FCS for 24 h, when medium was changed to remove non-attached cells. At 3 div, medium was replaced by
the corresponding Stx2 incubation and LPS context applied concurrently with BrdU incorporation (red arrow) where appropriate. At 4 div, HS context was applied. At
5 div, where applicable, FITC-yeast conjugated incubation (green oval) was performed before fixation. Cultures suitable for ICC and phagocytosis assays were fixed by
cold 100% methanol incubation (30 min, —20°C) and washed twice with PBS. On the other hand, for MTT assays and cytokine quantifications, cultures were washed
with PBS without fixing.

TABLE 1 | Experimental groups.

Culture contexts Control LPS HS LPS + HS

Stx2 concentration Stx2 (ng/ml)

range
1 10 100 1,000

Treatments Stx2 100 ng/ml Stx2 100 ng/ml Stx2 100 ng/ml Stx2 100 ng/ml
W/O +LPS +HS +LPS + HS
Stx2B 100 ng/ml Stx2B 100 ng/ml Stx2B 100 ng/ml Stx2B 100 ng/ml
(W/0) +LPS +HS +LPS +HS

MG cell behavior was initially evaluated in four culture contexts: Control, LPS, HS, and LPS + HS. In order to evaluate toxin uptake, Stx2 concentration range (1, 10, 100, and 1,000 ng/mi)
was assayed. Given that Stx2 100 ng/ml was the concentration condition for which toxin detection was most clearly positive regardless of culture context, effects on toxin uptake were
compared at this concentration from here onwards. LPS: 500 ng/ml of lipopolysaccharide was added together with Stx2/Stx2B to culture media. HS: MG cultures were exposed to
42°C for 30 min. W/O: without context. Stx2B was a generous gift from Dr. Mariano Enrique Fernandez-Miyakawa (Instituto de Patobiologia, CNIA-INTA).

Microscopy and Image Analysis or Triangle algorithm, were used to determine fluorescent values
Digital images were acquired either with an epifluorescence  expressed as integrated optical density (IOD) average. For Ibal
Olympus BX50 microscope equipped with a CoolSnap digital  plot, the control value was subtracted from the treatment ones.

camera or with a confocal Olympus FV1000 microscope. Cytokines in WB membranes: images were converted to 8-
bit Image<Type<8-bit. “Rectangle tool” was used to select each
Quantification Strategies: FIJI Software Was Used band surface. “Wand tool” was used to measure histogram areas
Throughout under the curve. Values were referred to those of B-actin.
Incorporated Stx2 or Ibal expression: images were subjected to Irregular nuclei: a criterion was used to determine normal

Image<Color<Split Channels, and “Wand tool” was used to  and irregular nuclei. Round nuclei were regarded as normal,
select the corresponding marker. “Threshold tool” and Shanbhag ~ while all nuclei phenotypes different from this were considered
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TABLE 2 | ICC working antibody dilutions.

TABLE 3 | WB working antibody dilutions.

ICC markers Catalog number Dilution Secondary antibodies
(1:500)

Anti-Stx2 ** 1:500  Anti-Rb Alexa 488

Anti-CD11b CBL1512 (Millipore) 1:500  Anti-Mo Alexa 647

Anti-lbai Ab5076 (Abcam) 1:250  Anti-Gt Cy3

Anti-Gb3 357102 (BioLegend) 1:200  Anti-Mo Alexa 488

Anti-BrdU 11170376001 (Sigma) ~ 1:500  Anti-Mo Alexa 488

**Anti-Stx2 was a generous gift from Dr. Mariano Enrique Fernandez-Miyakawa. Hoechst
dye was added together with the secondary antibody solution. Secondary antibodies were
purchased from Jackson ImmunoResearch.

irregular. “Multi-point tool” was used in RGB images to quantify
different Hoechst nuclei phenotypes. Values were expressed
as percentages.

BrdU™ cells or FITC-yeast: RGB images were combined with
Image < Color < Merge channels, Hoechst labeling was assigned
to the blue channel and BrdU™ cells or FITC-yeast were assigned
to the green channel. Contrast was established to create clear
images. “Multi-point tool” was used to quantify events/field.
Values were expressed as percentages.

MTT Reduction Assay
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) reduction assay was carried out according to the
protocol described by Mosmann (1983). Measurements were
expressed as absorbance at 570 nm of each sample relative to the
Control group.

Phagocytosis Assay

MG cells were incubated 15, 30, and 60 min with FITC-yeast
conjugated (2.5 x 10° yeast/ml). After incubation, cultures were
generously washed with PBS to remove non-phagocytized yeast
before fixing (Figure 1, green arrows). Data were expressed either
as the number of phagocytized yeast/cell or as a phagocytic index,

number of phagocytic cell treatment /field
number of phagocytic cell Control/field

phagocytic index =

Cytokine Expression Levels

Preparation of Lysates From Cell Cultures

The cell suspension was transferred into a microcentrifuge
tube, added ice-cold lysis buffer (1 ml per 10° cells, 150 mM
sodium chloride, 1.0% NP—40, 0.5% sodium deoxycholate, 0.1%
SDS, 50mM Tris, pH 8.0 and protease inhibitor cocktail) and
incubated 15 min at 4°C. The suspension was then centrifuged
at 4°C (20 min at 12,000 rpm). The supernatants were placed
in a fresh tube and Bradford’s method was used to determine
protein concentration.

Protein Precipitation

The supernatant was mixed with 100% (w/v) trichloroacetic acid
(relation 4:1), incubated for 10 min at 4°C and centrifuged for
5min at 14,000 rpm. The supernatant was then removed and
washed three times in cold acetone with 5 min centrifugation at
14,000 rpm each time. Finally, the pellet was dried at 95°C for
5 min and re-suspended on sample buffer 2 x for SDS-PAGE.

WB markers Catalog number Dilution
Anti-IL18, clone B122 sc-12742 (Santa Cruz, Biotech.) 1:1,000
Biotin anti-IFNy 505803 (BioLegend) 1:1,000
Biotin anti-IL10 554465 (BD Biosciences) 1:500
Biotin anti-TGFB 555053 (BD Biosciences) 1:500
Anti-B-actin 622101 (BioLegend) 1:500

The corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch. Streptavidin-horseradish peroxidase (SAv-
HRP) was purchased from BiolLegend and used for biotin-tag detection. Loading
control: B-actin.

Western Blot Analysis

Cell extracts (508 protein) were separated by 12% SDS-PAGE
and transferred onto nitrocellulose sheets (GE Life Sciences).
After transfer, non-specific binding sites were blocked with 3%
BSA in 30 mM Tris, 0.14 M NaCl, 0.1% (v/v), Tween 20, pH 8.0
for 1h at room temperature with shaking. Specific antibodies
were incubated at 4°C overnight (Table 3).

ELISA

The supernatant cytokine levels were measured by ELISA BD
OptEIA kit (BD Biosciences, 559603 and 555138) according to
the manufacturer’s instructions.

Statistical Analysis

Data (n = 9, independent cultures) were subjected to non-
parametric tests suitable for normally distributed populations.
Statistical analysis was performed using one-way ANOVA
followed by different post-tests (GraphPad Prism, GraphPad
Software Inc.). The corresponding replicates for consistency,
p-values and post-tests are provided in each figure legend.

RESULTS

MG Uptake of Stx2 Depends on Toxin

Concentration and Culture Contexts

MG cell behavior was initially evaluated in four culture contexts:
Control, LPS, HS, and LPS + HS. CD11b detection, a marker
for all types of sensing and responsive MG cell phenotypes,
showed that neither viability nor survival were affected in 98%
pure MG cell cultures in any context assayed (Figure2A).
MG cells were incubated in a Stx2 concentration range (1, 10,
100, and 1,000 ng/ml) in order to evaluate toxin uptake. Stx2
immunodetection was clearly positive in CD11b™ cells incubated
with 100 and 1,000 ng/ml (Figure 2B) but weakly positive and
negative when MG cells were incubated with 10ng/ml and
Ing/ml (data not shown), respectively. In addition, the Stx2
concentration range was evaluated in two culture contexts.
Interestingly, Stx2 uptake at 10 ng/ml turned out to be positive
in LPS and HS as compared to Stx2 incubation without (W/O)
context, while Stx2 uptake at 1ng/ml was only positive in
HS. Stx2 uptake at 100ng/ml and 1,000 ng/ml increased in
both contexts tested as compared to incubations W/O context
(Figure 2C). Given that Stx2 100 ng/ml was the concentration
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FIGURE 2 | MG cell culture contexts and Stx2 uptake. (A) MG cells behavior was evaluated in different contexts: Control, LPS, HS, or LPS + HS. (B) Stx2 uptake
was evaluated upon different toxin concentrations (1, 10, 100, or 1,000 ng/ml). (C) Stx2 uptake was also evaluated and quantified in LPS and HS contexts. Significant
differences are indicated by different letters (a-d, p < 0.05). Bonferroni’s post-hoc test n = 5, replicates = 3. CD11b (red) and Stx2 (green) ICC showed MG cells
specific uptake of Stx2. Insets: Higher magnifications of double positive cells (merge images).
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condition for which toxin detection was most clearly positive  synergistic effect when LPS 4 HS were applied (Figure 3B, upper
regardless of culture context, effects on toxin uptake were  panel and Figure 3C). In addition, Stx2 uptake quantification at
compared at this concentration from here onwards. 100 ng/ml verified the qualitative increase observed in culture
contexts (Figure 2B). Interestingly, toxin uptake was markedly
MG Cell Activation Increases With Stx2 and increased in LPS + HS (Figure 3B, lower panel and Figure 3C).
Challenged Culture Contexts . . .
Ionized calcium-binding adaptor proteinl (Ibal) is an actin- MG Cell Metabolic Activity Increases With
binding protein constitutively and specifically expressed in all Stx2 and LPS-Challenged Culture Contexts
MG cells while activated MG cells are associated with increased ~ To further describe MG cell behavior, cytological, and metabolic
Ibal expression (Imai et al., 1996; Sasaki et al., 2001). MG cell ~ features were evaluated concurrently with culture conditions.
activation status was determined by Ibal immunofluorescence  Nuclear morphology was typified considering shape, size, cellular
in the contexts previously described. Ibal expression levels were  location, and staining intensity. Normal nuclei were round with
increased in both LPS and HS, taken together or separately in  a defined edge, often centrally located and with homogenous
comparison with Control (Figures 3A,C). MG cell activation was ~ Hoechst fluorescence staining. In contrast, irregular nuclei were
also evaluated upon Stx2 at 100 ng/ml incubation. Toxin per se  larger and not round, exhibiting peripheral location and diffuse
produced an increase in Ibal expression levels in comparison  Hoechst staining (Figure 4A, yellow arrows). Only Stx2 + LPS
with Control. This increase was significantly more evident when  and Stx2 + LPS + HS showed an increase in the mean number
cultures were exposed to Stx2 and LPS or HS and showed a  ofirregular nuclei (Figure 4A), in addition to a Hoechst-positive
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FIGURE 3 | MG responsiveness and Stx2 uptake. (A) Iba1 ICC in MG cells cultured in different contexts. (B) Iba1 expression level (upper panel) and Stx2 uptake
(lower panel) by ICC in MG cells exposed to Stx2 100 ng/ml. Middle images: merged Ibal, Stx2, and Hoechst labels. (C) Ibal expression level and Stx2 uptake
quantifications. Significant differences are indicated in comparison with Control (a-d, p < 0.05) or in comparison with Stx2 W/O context (**p < 0,001). Bonferroni’s
post-hoc test; n = 5; replicates = 3.
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FIGURE 4 | MG cell cytological and metabolic features. (A) Quantification of irregular nuclei phenotype (yellow arrows). Significant differences are indicated by different
letters in comparison with Control (o < 0.05). Bonferroni's post-hoc test. n = 5; replicates = 5. (A’) Extra-cellular trap-like structure (ET-LS) was only observed in Stx2
+ LPS and Stx2 + LPS + HS. (B) TB staining (1:1 dilution of the cell suspension and a 0.4% Trypan Blue solution). (C) MTT assay. Significant differences are
indicated as follows: a and b, between context effects and Control (o < 0.05); * between Stx2 W/O context and Control (p < 0.05); *** between Stx2 + LPS + HS and
all the other Stx2 incubations (p < 0.001), and ### between Stx2 + LPS 4 HS and Stx2 4 LPS (p < 0.001). Newman-Keuls's post-hoc test; n = 5; replicates = 12.
(D) BrdU-positive nuclei quantification showed no significant differences across contexts; Bonferroni’'s post-hoc test; n = 4; replicates = 3.
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configuration resembling extra cellular trap-like structures (ET-
LS) (Figure 4A").

The Trypan blue (TB) viability assay was performed to
evaluate cell death. Three different situations regarding TB
staining were observed, ie., negative and positive nuclear
staining, and a third staining corresponding to phagocytized TB
(Figure 4B); the latter, would be recorded as a positive stain
if TB intracellular localization had not been considered. Phase
contrast images showed no significant differences of TB-positive
nuclear staining across groups (data not shown). Unlike HS, LPS
alone increased the MTT score (Figure 4C, solid violet line) as
compared to Control (Figure 4C, dashed black line). Stx2 also
significantly increased the MTT score over Control (Figure 4C,
solid green line). Interestingly, opposite effects were observed
when Stx2 exposure was compared either in LPS or HS context.
Although no significant, a modest increase was observed in
Stx2 + LPS condition while a decrease was detected in Stx2
+ HS one. A sharper synergic effect was observed in Stx2 +
LPS and Stx2 + HS as compared to LPS and HS, respectively.

Surprisingly, Stx2 + LPS + HS showed an attenuated effect
(Figure 4C, dashed violet and green lines). Finally, BrdU™ nuclei
quantification corroborated that MTT findings were associated
with metabolic activity (Gerlier and Thomasset, 1986) rather than
cell viability (Figure 4D).

Subcellular Presence and Distribution of
Stx2 Receptor Gb3 Depend on Culture

Contexts
Gb3 presence and subcellular distribution were determined by
ICC. Depending on MG cell culture context, Gb3 expression
showed three clearly distinguishable distribution patterns:
perinuclear in Control, vesicular in LPS and on the cell
membrane in HS (Figure 5, double red arrows, single red arrow,
and red arrowhead, respectively). In turn, LPS + HS showed Gb3
vesicular and cell surface coexistence (Figure 5, single red arrow
and red arrowhead).

MG cell incubation with Stx2 alone rendered double
immunofluorescence, which indicates that there is a Stx2 uptake
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4

FIGURE 5 | MG cell Gb3 distribution pattern. Stx2 and Gb3 detection by ICC in different culture contexts (LPS, HS, LPS + HS), Control and Stx2 100 ng/ml
incubations W/O and with contexts. Merge of Gb3/Stx2/Hoechst labeling. Double red arrows: perinuclear location of Gb3; single red arrows: vesicle location of Gb3;
red arrowheads: membrane location of Gb3; single green arrows: toxin vesicles without Gb3; single yellow arrows: vesicle location of Stx2 + Gb3; yellow arrowheads:
membrane location of Stx2 4+ Gb3. Dotted-arrows represent specific distribution reductions. n = 4, replicates = 3.

that seems to be independent of Gb3 binding (Figure 5, single  biological effects on MG cells with the Stx2 one. Ibal expression
green arrow) along with a Gb3-dependent uptake depicted by a  levels equally increased in both Stx2- and Stx2B-incubated MG
few double immunofluorescence vesicles (Figure 5, single yellow  cells, with or W/O context. Once again, MG cell responsiveness
dotted-arrow). In addition, Gb3 perinuclear distribution was  was significantly more evident when cultures were exposed to
reduced upon Stx2 exposure (Figure 5, double red dotted-arrow)  Stx2B and LPS, HS, or LPS + HS (Figure 6A, left panel).
in comparison with Control condition. In contrast, the Gb3  Environmental cues tuned up Stx2B uptake in the same manner
canonical pathway underlay most of the Stx2 uptake in LPS,  as for Stx2; accordingly Stx2B uptake quantification showed
HS, and LPS + HS, as double immunolabeling matched the  significant increments when cultures were exposed to Stx2B and
specific pattern characterizing each context: only large vesicular  LPS, HS, or LPS + HS contexts. Interestingly, no significant
arrangement for LPS condition, clusters localized in nearby cell  differences were observed comparing Stx2 and Stx2B in the same
surface for HS condition and a combination of both patterns  context (Figure 6A, right panel). Gb3 distribution pattern in the
when LPS and HS were applied (Figure 5, single yellow arrow  presence of Stx2B was similar to that observed in the presence of
and arrowheads). Stx2, both with and W/O context conditions (Figure 6A, lower

L panel). However, Stx2B MTT score was significantly lower than
MG Cells Behave Similarly Upon Stx2 and that of Stx2 incubation W/O context. In addition, when MG
Stx2B Exposure cells were incubated with Stx2B in LPS and HS, MTT values
As part of the Stx family, Stx2 has an AB5 structure in which a  showed a diminishing tendency as compared to Stx2 incubation
single subunit A is associated with five subunits B. Subunit A in the same contexts, reaching a significant decrease in LPS +
represents the catalytic activity while the B-pentamer (Stx2B) is ~ HS (Figure 6B). Finally, BrdU incorporation (Figure 6C) and
the binding site of the Stx2-Gb3 receptor (Fraser et al., 2004). ~ Trypan blue assays (data not shown) showed non-significant
Recombinant Stx2B (Parma et al., 2011) was used to compare its ~ differences between groups.
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FIGURE 6 | MG cell responsiveness and Stx2B uptake. (A) Ibal expression level and Stx2B uptake quantifications in MG cell cultures. Lower images: merge of
Gb3/Stx2B/Hoechst labeling. Double red arrows: perinuclear location of Gb3; single green arrows: toxin vesicles without Gb3; single yellow arrows: vesicle location of
Stx2B + Gb3; yellow arrowheads: membrane location of Stx2 + Gb3. Significant differences are indicated by different letters comparing Stx2 and Stx2B in the same
context (a: W/O context, b: LPS, c: HS, d: LPS + HS; p < 0.05). Significant differences in comparison with Stx2B, Stx2B + LPS and Stx2B + HS (**p < 0.001).
Bonferroni’s post-hoc test; n = 4; replicates = 4. (B) MTT assay. Significant differences between Stx2 and Stx2B (a and b, p < 0.05). Newman-Keuls's post-hoc test;
n = 5; replicates = 12. (C) BrdU-positive nuclei quantification showed no significant differences across contexts. Bonferroni’s post-hoc test; n = 4; replicates = 3.
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MG Cell Phagocytic Profile Is Independent

of Stx2 Catalytic Subunit

MG cell activity was described through a phagocytosis assay.
MG cells were incubated 15, 30, and 60min with FITC-
yeast conjugated in order to determine the phagocytic kinetics
and the saturation point. Comparing Control and context
conditions, differences in the maximum phagocytized yeast were
most evident after 30 min incubation (Figure 7A). Following
30 min incubation, the frequency distribution in the number
of phagocytized yeast/cell showed that all treatments increased
in comparison with Control, being LPS condition the higher
one. In addition, both Stx2 and Stx2B incubations increased the
number of phagocytized yeast/cell in comparison with Control
group but showed similar results to each other (Figure 7B). The
phagocytic index showed that toxin incubation alone seem to
have no profound effect on phagocytic efficiency. Remarkably,
context challenges strongly tuned up toxin, holo, and B-subunit,
effects by increasing MG cell phagocytic efficiency, as more MG
cells/field were actively engaged in the process. Interestingly, the

increase triggered by LPS on Stx2 effect was attenuated when HS
was combined with them (Figure 7C).

MG Cell Pro-Inflammatory Profile Is
Positively Dependent on Stx2 Incubation

and Challenged Culture Contexts

Cytokine profiles were evaluated either by WB, to detect
cytokine expression levels on cellular fractions (Figure 8A), or
by ELISA, to determine cytokine release on culture supernatants
(Figure 8B). As expected, the LPS context showed a pro-
inflammatory profile, increasing IL1f and IFNy synthesis and
release. Stx2 and Stx2B incubation W/O context also increased
IL1P synthesis and release, whereas only Stx2 increased IFNy
release. IFNy synthesis was undetectable under Stx2 or Stx2B
exposure (data not shown). Interestingly, Stx2 + LPS exhibited
a synergic effect on IL1B expression levels, but both IL1p and
IFNYy release showed no significant differences with Stx2 alone.
HS increased IL1f and IFNY release in comparison with Control,
although the cytokine pro-inflammatory profiles triggered by
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FIGURE 7 | MG cell phagocytic profile. (A) The phagocytic kinetics was determined in MG cells cultured in LPS, HS, and LPS + HS contexts by incubating them with
FITC-yeast conjugated for 15, 30, and 60 min. Fifteen-min incubation was not sufficient to bring about significant differences across treatments but 30 min incubation
displayed stark differences. (B) MG cells challenged with Stx2 or Stx2B and specific culture context were incubated for 30 min with FITC-yeast. Data are expressed
either as the number of phagocytized yeast/cell or (C) as a phagocytic index (p < 0.05). Bonferroni’s post-hoc test; n = 4; replicates = 4.

LPS and Stx2 exposures were attenuated when HS was combined
with them. None of the treatments tested showed detectable levels
of anti-inflammatory cytokines IL10 and IL6 (data not shown).

DISCUSSION

MG cells, with a mesodermal/mesenchymal developmental
origin, are considered CNS resident macrophages. MG cells
constitute the most reliable environmental sensors in the brain
and “resting” MG cells status seems somewhat a misnomer
since they stand for a continuous sensing state. Upon the
detection of a variety of CNS dysfunctions, MG cells undergo a
complex, multistage activation process that converts them into
an activated status (Kettenmann et al., 2011). Pathogenesis of
CNS during the acute phase of HUS is known to correlate
with brain-blood-barrier disruption, neuronal disturbances and
astrogliosis (Pinto et al., 2017), although less is known so far
about MG cell behavior and their role in the events observed in
these CNS complications.

The present work explored the capacity of MG cells to uptake
different concentrations of Stx2 and Stx2B in different contexts:

HS, LPS, and LPS + HS. In addition, the Gb3 canonical pathway
for holotoxin uptake was analyzed comparing the biological
response of MG cells to either Stx2 or Stx2B. Finally, MG cell
activation, metabolic activity, phagocytic profile, and cytokine
release were further analyzed in the different contexts.

MG cell sensitivity, described by intracellular Stx2
quantification, was much higher in HS than in LPS. Moreover,
MG cells were so sensitive in HS that low toxin concentrations
brought about Stx2 uptake. Interestingly, MG cell responsiveness
depicted by activated MG marker Ibal expression was increased
in the three contexts evaluated upon Stx2 exposure. As reflected
by the expression of Ibal, Stx2, and also Stx2B succeeded in
activating MG cells in all contexts. However, this activated state
only coincided with increased metabolic activity rather than
proliferative status when these cells were treated with Stx2 in
LPS, but not when MG cells where incubated with Stx2B in the
same context. In addition, pro-inflammatory cytokine expression
levels were equally increased by Stx2 and Stx2B incubations,
although their release seemed to be dependent on the holotoxin
effect. Therefore, it can be inferred that metabolic activity and
cytokine release depend on the holotoxin, where the catalytic and
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binding subunit—Stx2B—are integrated. On the other hand, our
results confirm that B-pentamer is responsible for Stx2 uptake in
MG cells, noting that environmental cues modified Stx2B effect
in the same manner as for Stx2.

In being reactive to Stx2, MG cells could play a pivotal
role in inflammatory mechanisms underlying cellular damage
associated with neurological dysfunctions. In fact, previous work
has demonstrated the role of MG cells in system homeostasis
through a physiological balance of pro-inflammatory and anti-
inflammatory profiles (Sirerol-Piquer et al., 2019); thus, a shift
toward a pro-inflammatory profile correlates with physiological
and system damage. Under the present acute experimental
conditions, toxin incubation triggered a pro-inflammatory
profile in terms of IL1p and IFNy synthesis and release, with a
sharper effect when the catalytic subunit was present. In addition,
environmental cues tuned up Stx2 effect: on the one hand,
LPS context increased pro-inflammatory cytokine synthesis. On
the other hand, HS treatment softened MG cells activation,
even though a pro-inflammatory profile remains. It is worth
mentioning that the two techniques used to determine cytokine
synthesis and release, WB and ELISA, respectively, show different
threshold sensitivity, the latter allowing for easy detection of
cytokines on supernatants as compared to the corresponding
protein product. Bearing in mind that IFNy concentrations were
under 300pg/ml, it is reasonable to infer that its synthesis was
undetectable by WB.

The present work also demonstrates, for the first time, that
MG cells exhibit both a Gb3-independent and Gb3 canonical
pathway for Stx2 uptake. Our results seem to be in line
with Johannes review (Johannes, 2017), which reported toxin
clustering on the plasma membrane as well as receptor binding

and intracellular trafficking by endocytic carriers for the Gb3
canonical pathway. Stx2 has been seen associated with clathrin-
coated pits (Sandvig et al, 1989) but, even though clathrin
function was proficiently inhibited, a 75% of Shiga toxin uptake
remained intact (Lauvrak et al., 2004). In addition, the present
results agree and elaborate on those obtained by Griener et al.
(2007), where human neutrophils exhibited Gb3-independent
Stx2 uptake, murine neutrophils showed the classical Gb3-
dependent Stx2 uptake, and MG cells showed both Stx2 uptake
pathways. A recent work by Brigotti et al. (2018) has beautifully
confirmed that toll-like receptor 4 (TLR4) is mainly responsible
for Stx2 interaction on neutrophil membrane. TLRs are receptors
expressed by cells with an innate immune profile, such as MG
cells, which are stimulated by pathogen-associated molecular
patterns (PAMPs), including LPS. Most importantly, LPS/TLR4
signaling triggers the expression of pro-inflammatory cytokines
(Lu et al,, 2008). This pathway has been proved that MG cell
activation underlies neuro-degenerative mechanisms (Jiang et al.,
2016) and even linked CNS effects and systemic inflammation
(Zhou et al., 2019). Bearing this in mind, we observed that Gb3-
independent Stx2 uptake was no longer detectable in LPS context.

MG cells are specialists in phagocytosis, and the current
work shows an increase in their phagocytic efliciency upon
toxin exposure. Moreover, as Stx2B also yielded phagocytic
properties, phagocytosis appeared to be independent of the Stx2A
catalytic subunit. Environmental conditions, by themselves,
have positively changed MG cells phagocytic performance and
also emphasized toxin effect, Stx2 and Stx2B, since MG cell
engagement to a phagocytic profile was increased when LPS
was applied. On the contrary, HS treatment attenuated MG
cells phagocytic profile when combine with LPS. Phagocytic
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status is not only an activated MG cell feature but also a
spillover effect to regulate system homeostasis, conferring MG
cells a neuroprotective function through dying cells clearance,
preventing pro-inflammatory and neurotoxic molecules events
(Hamzei Taj et al., 2016; Wolf et al., 2017; Janda et al., 2018). It
has been showed that MG cells phagocytosis impairment worsens
Alzheimer Disease pathology (Noda and Suzumura, 2012). In this
regards, previous results have revealed cellular deleterious effects
by STEC and LPS actions, the presence of Stx2 in abnormal-
phenotype neurons and neuronal damage which correlate with
MG cells reactivity (Goldstein et al., 2007; Pinto et al., 2018;
Berdasco et al., 2019). Former and present results build up
one another showing that phagocytic MG cells correlated either
with MG cells clearance function of Stx2-induced debris or Stx2
direct effect.

Several report shave established that cell nuclei can display
diverse morphologies which correlate with functions and
specific cell processes, for example, chromatin remodeling
correlating with neutrophil activation steps (Carvalho et al,
2015). Interestingly, nuclear reshaping has been observed in
macrophages in response not only to environmental conditions
but also to Bacillus anthracis edema toxin (Trescos et al., 2015),
although macrophage functionality was unaltered. Mosser and
Edwards (2008) established a link between nucleus remodeling
with an increase cellular plasticity to change between roles since
readily deformable nucleus facilitates transcriptional regulation
(Skinner and Johnson, 2017). To our knowledge, no similar data
have been reported thus far on MG cells. Worth highlighting,
irregular nuclei morphology in the current work was observed
only when MG cells were incubated with Stx2 in challenged
culture conditions.

ETs have been recently recognized as a defense mechanism in
several types of innate immune cells and have been described
in eosinophils (Yousefi et al, 2012; Geering et al, 2013),
neutrophil—NETs (Clark et al., 2007; Yipp et al., 2012) and
macrophages—METs (Liu et al., 2014; Kalsum et al,, 2017). An
intriguing discovery was that both NETs and METs formation
overlapped with intact functional cells, hence called vital ETs
(Yousefi et al., 2009), which gives ETs a protective rather than
a harmful role (Malachowa et al., 2016). In this scenario, ET-
LS observed in MG cells upon specific STEC cues demonstrated
the feasibility of this particular cell behavior occurrence in
MG cells, as far as we know, described for the first time.
Last but not least, and even if we are well aware that this
cytological observation should be complemented by additional
assessments in order to determine ET-LS molecular nature, our
data provide novel insights into the matter and thus worth
digging into.

In the light of the events observed in this work, it is
easily conceivable that Stx2, LPS, and HS effects on MG
cell behavior drive STEC consequences in the CNS. Worth
pointing out, that Stx2 incubation does not only reflect a
physiological feature of STEC infection but also a baseline
over the course of the disease when compared to LPS, HS,
and LPS + HS. LPS and HS challenges were used to mimic
inflammatory reaction and fever, respectively, being the latter
a pathophysiological feature which commonly occurs during

HUS-associated encephalopathy. Shimizu et al. (2012) have
reported high levels of the endogenous pyrogen TNFa in
patients with acute encephalopathy during the HUS phase
but physiological ones in the absence of encephalopathy
during the HUS phase. In addition, the inflammatory profile
triggered by STEC in the gut and then replicated in the CNS
by MG cells has been mimicked through the LPS context.
On early stages of STEC infection, Stx2 had a direct effect
on MG cells, as they were capable of toxin uptake. Stx2
itself, increased MG cells responsiveness, metabolic activity,
and pro-inflammatory profile. Later on the physiopathology,
environmental cues, particularly LPS challenged, increased
both MG cells sensitivity, and responsiveness together with
an increase of metabolic activity and phagocytic and pro-
inflammatory profiles, over and above Stx2 effect. In addition,
upon specific STEC cues, MG cells seems to develop nucleus
remodeling and ETs like structures, which could be associated
with a plastic and adaptive behavior. As HUS phase moves
forward, and features gathered, MG cells behavior exhibited
some interesting features attributable only to HS context—
fever. In this regards, MG cells increased their sensitivity,
as they responded even to low toxin concentrations. This
observation correlates with HS effect on Gb3 pattern distribution:
by changing Gb3 perinuclear distribution to a clustering
localization in nearby the cell surface, even in Stx2 absence,
the receptor availability was increased and consequently, cell
competence to toxin uptake too. In addition, MG cells metabolic
activity and pro-inflammatory profile were attenuated. More
important, MG cell phagocytosis was also softened. This
fact might well be read as an impairment in MG cells
capacity to restore system homeostasis, leading toward HUS-
associated encephalopathy.

These findings underscore MG cells pivotal role
in inflammatory processes observed in clinical HUS
encephalopathies and make inroads into the development of
future therapeutic strategies which deserve further investigation.
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AUTHOR’S NOTE

Hemolytic Uremic Syndrome is an illness caused by bacterium
enterohemhorragic Escherichia coli, orally acquired by the
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ingestion of contaminated food or water or direct transmission.
Once inside the gut, this bacterium releases a toxin called
Shiga, which is responsible for tissue bleeding and renal
failure. Shiga toxin also produces encephalopathies, but
little is known about how it leads to neuronal death and
whether other brain cells participate in the process. For
these reasons, we decided to explore Shiga toxin effects
on a particular cell type called microglia. Although less
famous than neurons, microglial cells have a crucial role
in inflammatory processes inside the brain and are thus
probably responsible for the severity of encephalopathies.
Our experiments are in vitro, which means that we started
from a whole rat brain to finally isolate microglial cells and
maintain them in a specific culture medium for several days.
We then modified culture medium, by adding Shiga toxin for
example, and observed that microglial cells have a specific
path to incorporate the toxin. Once this happens, these cells
increase their metabolism and phagocytic capacity, thus
favoring inflammation. These findings make novel inroads
in the development of therapeutic strategies with a focus on
microglial cells.
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Outer membrane vesicles (OMVs) are nanoscale proteoliposomes secreted from the cell
envelope of all Gram-negative bacteria. Originally considered as an artifact of the cell
wall, OMVs are now recognized as a general secretion system, which serves to improve
the fitness of bacteria and facilitate bacterial interactions in polymicrobial communities
as well as interactions between the microbe and the host. In general, OMVs are released
in increased amounts from pathogenic bacteria and have been found to harbor much
of the contents of the parental bacterium. They mainly encompass components of the
outer membrane and the periplasm including various virulence factors such as toxins,
adhesins, and immunomodulatory molecules. Numerous studies have clearly shown
that the delivery of toxins and other virulence factors via OMVs essentially influences
their interactions with host cells. Here, we review the OMV-mediated intracellular
deployment of toxins and other virulence factors with a special focus on intestinal
pathogenic Escherichia coli. Especially, OMVs ubiquitously produced and secreted by
enterohemorrhagic E. coli (EHEC) appear as a highly advanced mechanism for secretion
and simultaneous, coordinated and direct delivery of bacterial virulence factors into host
cells. OMV-associated virulence factors are not only stabilized by the association with
OMVs, but can also often target previously unknown target structures and perform novel
activities. The toxins are released by OMVs in their active forms and are transported via
cell sorting processes to their specific cell compartments, where they can develop their
detrimental effects. OMVs can be considered as bacterial “long distance weapons” that
attack host tissues and help bacterial pathogens to establish the colonization of their
biological niche(s), impair host cell function, and modulate the defense of the host. Thus,
OMVs contribute significantly to the virulence of the pathogenic bacteria.

Keywords: outer membrane vesicles, intestinal pathogenic Escherichia coli, EHEC, ETEC, virulence factors, toxins

INTRODUCTION

Outer membrane vesicles (OMVs) are nanoscale proteoliposomes secreted from the cell envelope
of all Gram-negative bacteria (Amano et al., 2010; Ellis and Kuehn, 2010; Kulp and Kuehn,
2010; O’Donoghue and Krachler, 2016). They are produced by a controlled blebbing of
the bacterial outer membrane due to the envelope disturbances via different mechanisms
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(Kulp and Kuehn, 2010; Schwechheimer and Kuehn, 2015;
Elhenawy et al., 2016; Roier et al., 2016; Toyofuku et al., 2019).
As a result, OMVs are surrounded by a single membrane
bilayer and contain mostly components of the bacterial outer
membrane (outer membrane proteins, lipopolysaccharide,
phospholipids, peptidoglycan) and the periplasm (periplasmic
proteins) (Kulp and Kuehn, 2010; Schwechheimer and Kuehn,
2015; Toyofuku et al., 2019). Originally considered an artifact of
the cell wall, OMVs are now recognized as a general secretion
system (Guerrero-Mandujano et al, 2017), which serves to
improve the fitness of bacteria and facilitate interactions
between cells in the context of mixed bacterial communities
and between host and microbe (Ellis and Kuehn, 2010; Kulp
and Kuehn, 2010; MacDonald and Kuehn, 2012; Haurat et al.,
2015). The release of membrane vesicles is an ubiquitous
process and was observed among a wide range of bacteria. Not
only pathogenic bacteria such as for example Vibrio cholerae,
Campylobacter  jejuni, Helicobacter pylori, Aggregatibacter
actinomycetemcomitans, Pseudomonas aeruginosa, Moraxella

catarrhalis, ~ Stenotrophomonas  maltophilia,  Acinetobacter
baumannii, Shigella flexneri, Salmonella enterica serovar
Typhimurium, enterotoxigenic Escherichia coli (ETEC),

enterohemorrhagic E. coli (EHEC), adherent-invasive E. coli,
and extraintestinal pathogenic E. coli, but also non-pathogenic
bacteria such as E. coli Nissle 1917, shed membrane vesicles
during growth (Kadurugamuwa and Beveridge, 1995, 1997; Wai
et al,, 1995, 2003; Horstman and Kuehn, 2000, 2002; Kesty et al.,
2004; Balsalobre et al., 2006; Kouokam et al., 2006; Bomberger
et al., 2009; Lindmark et al., 2009; Ellis and Kuehn, 2010; Rolhion
et al,, 2010; Chatterjee and Chaudhuri, 2011; Rumbo et al., 2011;
Schaar et al., 2011; Rompikuntal et al., 2012, 2015; Guidi et al.,
2013; Kunsmann et al., 2015; Elhenawy et al., 2016; Bielaszewska
et al., 2017; Chatterjee et al., 2017; Devos et al., 2017; Fabrega
etal., 2017; Svennerholm et al., 2017; Wang et al., 2019).

OMVs typically have a diameter of 20-250nm and are
released during all growth phases and under all environmental
conditions (Ellis and Kuehn, 2010; Bonnington and Kuehn,
2014). OMVs protect their molecular biological content against
the external environment and can transport their cargo over
long distances (Bomberger et al., 2009; Bonnington and Kuehn,
2014). The cargo may either be present as a solute in the
vesicle lumen or be associated with or integrated into the vesicle
membrane (Horstman and Kuehn, 2000; Kesty et al, 2004;
Bomberger et al., 2009; Lindmark et al., 2009; Bielaszewska
et al., 2013, 2017; Kunsmann et al., 2015; Figures 1A,BLII).
OMVs carry both bacterial toxins (Horstman and Kuehn, 2000;
Wai et al., 2003; Kesty et al., 2004; Balsalobre et al., 2006;
Kouokam et al., 2006; Aldick et al.,, 2009; Ellis and Kuehn,
2010; Chatterjee and Chaudhuri, 2011; Rompikuntal et al.,
2012; Guidi et al, 2013; Kunsmann et al., 2015; Bielaszewska
et al,, 2017) and other virulence factors such as adhesins,
invasins, outer membrane proteins, lipopolysaccharide (LPS),
flagellin, and proteases (Kadurugamuwa and Beveridge, 1995;
Bomberger et al., 2009; Ellis and Kuehn, 2010; Rolhion et al.,
2010; Kunsmann et al., 2015; Rompikuntal et al., 2015; Vanaja
et al., 2016; Bielaszewska et al., 2017). Secretion of OMVs is
generally considered to be an adaptive response to environmental

stress and often occurs during infection when the bacteria
are exposed to the hosts defense mechanisms (MacDonald
and Kuehn, 2012; Orench-Rivera and Kuehn, 2016; Bauwens
et al., 2017b). In the presence of antimicrobial peptides or
bacteriophages, increased production of membrane vesicles
correlates with improved fitness and increased survival (Manning
and Kuehn, 2011; Duperthuy et al., 2013). For example, EHEC
enhances the secretion of outer membrane protease OmpT-
loaded OMVs during infection and thereby blocks bacterial
cell attack by human antibacterial peptide cathelicidin LL-37
(Urashima et al., 2017).

In general, OMVs are released in increased amounts from
pathogenic bacteria, suggesting that OMV secretion is an
additional virulence mechanism of pathogens (Horstman and
Kuehn, 2000; Ellis and Kuehn, 2010). OMVs can take on
both defensive and offensive tasks during infection (MacDonald
and Kuehn, 2012). Defensively, they can be used to sequester
antibiotics, bacteriophages, and antibodies, bind or degrade
antimicrobial peptides, as well as bait antigens to distract the
immune system (Manning and Kuehn, 2011; MacDonald and
Kuehn, 2012; Duperthuy et al., 2013; O’'Donoghue and Krachler,
2016; Urashima et al., 2017; Reyes-Robles et al., 2018). The
potential of OMVs as offensive weapons is evident in their ability
to deliver virulence factors into host cells (Figure 1BIII) (Kesty
et al., 2004; Tan et al, 2007; Bomberger et al., 2009; Amano
etal., 2010; Ellis and Kuehn, 2010; Kulp and Kuehn, 2010; Schaar
et al., 2011; Rompikuntal et al., 2012; Bielaszewska et al., 2013,
2017; Kunsmann et al., 2015; O’Donoghue and Krachler, 2016;
Riiter et al., 2018) as well as to induce sepsis, sepsis-associated
cardiomyopathy or disseminated intravascular coagulation in the
absence of intact bacterial cells (Park et al., 2010; Shah et al.,
2012; Svennerholm et al., 2017; Wang et al., 2019). The OMV-
associated LPS does not only appear to be effective through
the extracellular Toll-like receptor (TLR) 4 (Kunsmann et al.,
2015; Bielaszewska et al., 2018; Wang et al, 2019) or TLR2
(Schaar et al., 2011), as OMV-bound LPS can also activate the
non-canonical inflammasome signaling pathway intracellularly
after uptake of the OMVs into the target cells (Vanaja et al.,
2016). The uptake of OMV occurs either by phagocytosis or
by classic endocytosis (Kesty et al., 2004; Bielaszewska et al.,
2013, 2017; Rewatkar et al., 2015; O’Donoghue and Krachler,
2016), whereupon the virulence factors differentially separate
during the intracellular transport of the OMVs and can develop
their toxic activities (Bielaszewska et al, 2017). Many “well-
known” virulence factors and toxins have been identified that
use OMVs as an alternative secretory pathway. However, some
toxins, such as EHEC cytolysin ClyA, EHEC cytolethal distending
toxin V, ETEC heat-labile enterotoxin (LT), Shigella enterotoxin
1 (ShET1), and C. jejuni cytolethal distending toxin, seem to use
OMVs exclusively as a secretory pathway (Horstman and Kuehn,
2000, 2002; Wai et al., 2003; Kesty et al., 2004; Lindmark et al.,
2009; Kunsmann et al., 2015; O’Donoghue and Krachler, 2016;
Bielaszewska et al., 2017). Beyond theircanonical’ functions, the
packaging of virulence factors into or onto OMVs concentrates
and increases the stability of virulence factors, allows a differential
intracellular release of toxins and other virulence factors, targets
specific virulence factors to distinct organelles in the host cell,
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FIGURE 1 | Outer membrane vesicle from gram negative bacteria. (A) Schematic representation of OMV with cargo. The cargo may either be present as a solute in
the vesicle lumen (internal) or be associated with (external) or integrated into the vesicle membrane (integral). The figure was produced using Servier Medical Art. (B)
Exemplary electron microscopy pictures of outer membrane vesicles (based on Bielaszewska et al., 2013, 2017). () OMV released from the entero-hemorrhaghic E.
coli. Virulence factors can either be internal (immunogold labeling of Stx2a, left inset) or associated (immunogold labeling of EHEC-Hly, right inset) with OMVs (scale
bar 100 nm). (Il) OMVs are often associated with flagelin (immunogold labeling of flagellin, scale bar 100 nm). (lll) Bacteria are also able to release OMVs to host cells

during infection (scale bar 500 nm).

which can broaden or change their functions, and allows their
transport for long distances (Aldick et al., 2009; Bomberger et al.,
2009; Kulp and Kuehn, 2010; Bielaszewska et al., 2013, 2017;
Vanaja et al., 2016; Riiter et al., 2018).

BIOGENESIS OF OMVS

Different mechanisms for OMV biogenesis have been described
so far. One mechanism proposes the temporary reduction or
relocation of covalent linkages of proteins between the outer
membrane (OM) and the peptidoglycan (PG). At the site of
local decrease in overall crosslinks, the OM has to grow fast
and finally bud off (Schwechheimer and Kuehn, 2015). This
model was supported by a study in which mutants lacking OmpA
and thus harboring a lower number of crosslinks between OM
and PG, revealed an increased OMV production (Kulp and
Kuehn, 2010). Another model of OMV biogenesis includes the
accumulation of misfolded proteins or envelope components
such as PG fragments in the periplasm (Schwechheimer and
Kuehn, 2015). Local assembly of these components might be
able to induce a periplasmic turgor pressure on the OM. As
a consequence, the OM protrudes, encapsulates undesirable
components, and pinches off. The accumulation of proteins
or envelope components at a specific area in the periplasm
might be further attracted by a depletion of covalent crosslinks
between the OM and PG (Kulp and Kuehn, 2010). Another
mechanism of OMV biogenesis is based on a species- specific
P. aeruginosa model. The signaling molecule Pseudomonas
quinolone signal (PQS) was shown to influence and modify
the membrane curvature (Roier et al, 2016). PQS can be
inserted into the OM and is able to bind to LPS. This leads
to the loss of linkages between the OM and PG and induces
periplasmic turgor pressure. Due to binding of positively charged
components and reduction of Mg** and Ca?' salt bridges,
anionic repulsions between LPS molecules increase causing

the OM to pinch off (Schwechheimer and Kuehn, 2015; Jan,
2017). Another promising mechanism of OMV biogenesis is
more general and might be conserved among different bacterial
species. The model includes a regulated ABC transport system for
phospholipids which is spanned from the OM to the cytoplasmic
membrane (Roier et al., 2016). The gene cluster yrb (yrbB-
yrbE) as well as the lipoprotein Vac] have been shown to be
part of the system. Maintaining the lipid asymmetry in the
OM, it regulates the retrograde transport from the OM to
the inner membrane avoiding accumulation of phospholipids.
Roier et al. (2016) showed by deletion or reduced expression
of the transporter that the OMV production was increased and
phospholipids assembled close to the OM. Moreover, under
iron-limited conditions the transport system was downregulated
dependent on the ferric uptake regulator (Fur) suggesting that
increased OMV production is regulated indirectly by Fur and the
phospholipid transporter (Roier et al., 2016).

INCREASED OMV PRODUCTION AS A
BACTERIAL STRESS RESPONSE

Larger amounts of membrane vesicle release has been broadly
observed related to stress response of bacteria. Nutrient
scarcity, iron limitation, oxidative stress, hydrogen peroxide
as well as a low pH induced the release of OMVs in high
amounts (Schwechheimer and Kuehn, 2015; Orench-Rivera
and Kuehn, 2016; Bauwens et al, 2017b). OMVs seem to
provide resistance and dispose defensive mechanisms against
environmental stressors (MacDonald and Kuehn, 2012; Orench-
Rivera and Kuehn, 2016). Furthermore, OMV's seem to facilitate
adaptation to a challenging environment and increase the
chance of bacterial survival (Duperthuy et al., 2013; Bauwens
et al., 2017b; Urashima et al, 2017). Stressors can be of
physical, chemical or biological nature. Temperature as a
stressor has often been described. Higher temperature can lead
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to denaturation or misfolding of proteins which results in
accumulation in the periplasmic space (Guerrero-Mandujano
et al., 2017). The outer membrane further becomes more
fluid by higher temperature which promotes protrusion and
OMV production (Kulp and Kuehn, 2010). In contrast, a
reduction in temperature leads to an increased OMV release
in the cold-adapted bacterium Shewanella livingstonensis, the
soil bacterium Serratia marcescens and the pathogen Bartonella
henselae (Schwechheimer and Kuehn, 2015). Increased vesicle
production can also occur after treatment with antimicrobials
such as the ciprofloxacin, polymyxin B, gentamicin, or beta-
lactam antibiotics (Kadurugamuwa and Beveridge, 1995, 1997;
Manning and Kuehn, 2011; MacDonald and Kuehn, 2012;
Maredia et al., 2012; Bauwens et al.,, 2017a; Devos et al.,
2017). Interestingly, on the one hand, vesicles are able to carry
resistance determinants, either a resistance gene or a respective
degradative enzyme, to prevent damage of the bacterial cell
(Ciofu et al., 2000; Rumbo et al., 2011; Fulsundar et al., 2014;
Schaar et al., 2014; Chattopadhyay and Jagannadham, 2015;
Stentz et al, 2015; Devos et al., 2016; Gonzélez et al., 2016;
Chatterjee et al., 2017; Domingues and Nielsen, 2017; Kim
et al,, 2018). On the other hand, OMV-mediated absorption
and subsequent inactivation or degradation of antimicrobials of
the surrounding environment has been demonstrated (Manning
and Kuehn, 2011; Duperthuy et al.,, 2013; Orench-Rivera and
Kuehn, 2016; Guerrero-Mandujano et al., 2017; Urashima et al.,
2017). Last-mentioned, vesicle production can be increased
after bacteriophage infection. By exposure of receptors on
the vesicle surface, the T4-phage was bound and inactivated
(Manning and Kuehn, 2011). Phage-particles were encapsulated
and this prevented damage of the bacterial cell (Manning and
Kuehn, 2011; Guerrero-Mandujano et al., 2017). Increased OMV
production provides many advantages against environmental
stressors not only in vitro but also in the human host as
demonstrated by significantly upregulated vesiculation in EHEC
under simulated human intestinal conditions and in the human
intestine (Bauwens et al., 2017b).

It is worth mentioning that membrane vesicles produced
under particular environmental stress may not result from
the outer membrane blebbing typical for the formation of
OMVs, but arise by different mechanisms and thus differ
from OMVs by their composition and presumably by their
functions. Specifically, the outer-inner membrane vesicles
(OIMVs) recently identified in several genera of Gram-negative
bacteria including pathogens such as Neisseria gonorrhea,
Pseudomonas aeruginosa, and Acinetobacter baumannii (Pérez-
Cruz et al,, 2013, 2015) are characterized by a double membrane
bilayer derived from the outer and the inner membrane,
respectively. Due to their origin, OIMVs carry, besides
membrane components, also cytoplasmic components including
DNA (Pérez-Cruz et al,, 2015; Toyofuku et al., 2019) and has
been thus proposed as major vesicles type involved in the DNA
transfer (Toyofuku et al., 2019). OIMVs have been suggested
to result from an explosive cell lysis triggered by a phage-
derived endolysin that degrades the cell wall peptidoglycan
(Turnbull et al., 2016); by reassembling of fragments of the outer
and inner membrane of the lysed cells OIMVs arise, whereas

reassembling of outer membrane fragments gives rise to so called
explosive OMVs (EOMVs) (Turnbull et al., 2016; Toyofuku
et al., 2019). The observation of OIMVs and EOMV's formation
after bacterial treatment with SOS response-triggering agents
such as ciprofloxacin and mitomycin C (Turnbull et al., 2016;
Devos et al., 2017) which also induce temperate bacteriophages
including those encoding endolysin (Turnbull et al., 2016; Devos
et al,, 2017) suggests that formation of these vesicles results
from phage-mediated cell lysis triggered by the SOS response
(Toyofuku et al., 2019).

OMVS AS AN ALTERNATIVE SECRETION
SYSTEM: TYPE-0 SECRETION SYSTEM

Besides the well-established secretion-systems 1-6, OMVs have
been recently considered as a new independent type-0 secretion
system (TOSS) (Guerrero-Mandujano et al.,, 2017). OMVs not
only secrete misfolded proteins or toxic products as described
above, but they are also able to transport different types of
macromolecules. Because of the lipophilic structure of OMVs,
secretion of lipids, hydrophobic and insoluble proteins is
facilitated (Guerrero-Mandujano et al., 2017). Moreover, the
bilayered envelope of OMV's provides protection against physical
and chemical influences as well as enzymatic degradation. OMV's
provide unique advantages against other secretion systems by
transporting proteins in high concentrations and delivering them
to target destinations over long distances (Bomberger et al,
2009; Kulp and Kuehn, 2010; Guerrero-Mandujano et al., 2017).
Many studies have reported that the cargo of OMV:s is selectively
packaged and certain molecules are enriched or excluded (Kesty
and Kuehn, 2004; Schwechheimer and Kuehn, 2015). The
delivery of bacterial effector proteins by OMVs into host cells
seems to be a crucial aspect for pathogens (Figure 1BIII). In
this regard, several investigations have demonstrated that budded
portions of outer membrane material are shed also in vivo:
vesicles produced by H. pylori were found in human gastric
epithelium biopsies (Fiocca et al.,, 1999), and outer membrane
protein-LPS complexes have been found in the sera of patients
and rats with sepsis caused by Enterobacteriaceae (Hellman et al.,
2000), in the plasma and the cerebrospinal fluid of patients
with Neisseria meningitidis sepsis and meningitis, respectively
(Stephens et al., 1982; Namork and Brandtzaeg, 2002), and in the
nasal mucosa of a patient with sinusitis caused by M. catarrhalis
(Tan et al, 2007). Vesicles from pathogenic strains such as
Pseudomonas aeruginosa, H. pylori, A. actinomycetemcomitans,
C. jejuni, S. enterica, V. cholera, and pathogenic E. coli contain
active virulence factors, such as proteases, pro-inflammatory
proteins, LPS, and toxins (Kadurugamuwa and Beveridge, 1995,
1997; Kolling and Matthews, 1999; Horstman and Kuehn, 2000;
Keenan and Allardyce, 2000; Kato et al., 2002; Wai et al., 2003;
Kesty et al., 2004; Kouokam et al., 2006; Lindmark et al., 2009;
Ellis and Kuehn, 2010; Kaparakis et al., 2010; Chatterjee and
Chaudhuri, 2011; Schaar et al., 2011; Rompikuntal et al,, 2012,
2015; Bielaszewska et al., 2013, 2017, 2018; Guidi et al., 2013;
Elluri et al, 2014; Thay et al,, 2014; Kunsmann et al., 2015).
However, the molecular mechanism of virulence factor delivery
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via vesicles has been unclear. In addition to their production
during infection, the key role of OMV:s in bacterial virulence is
supported by their ability to mimic in animal models diseases
caused by the parental pathogens (Kim et al., 2011; Shah et al.,
2012; Svennerholm et al., 2017), and to induce protective immune
responses (Roy et al., 2011; Leitner et al., 2015; Roier et al., 2016;
Liu et al, 2017).

OMV-ASSOCIATED TOXINS AND OTHER
VIRULENCE FACTORS FROM INTESTINAL
PATHOGENIC ESCHERICHIA COLI

Intestinal pathogenic E. coli such as ETEC and EHEC produce
OMVs under laboratory conditions as well as during infection
(Wai et al.,, 1995; Kolling and Matthews, 1999; Horstman and
Kuehn, 2000; Yokoyama et al., 2000; Kesty et al., 2004; Aldick
et al., 2009; Ellis and Kuehn, 2010; Bielaszewska et al., 2013,
2017; Kunsmann et al., 2015; Bauwens et al., 2017b). Vesicles may
contribute to the bacterial pathogenicity by serving as vehicles for
toxin delivery into host cells (Kesty et al., 2004; Bielaszewska et al.,
2013, 2017) as well as by inducing an inflammatory response,
in particular secretion of interleukin 8 (IL-8) from intestinal
epithelial cells (Kunsmann et al., 2015; Bielaszewska et al., 2018).
Most vesicle proteins were resistant to dissociation, suggesting
they were integral, or internal (Bielaszewska et al., 2013, 2017).
In some cases, virulence factors can also be tightly attached to
the vesicle surface (Bielaszewska et al., 2013; Kunsmann et al,,
2015). Table 1 shows an overview of virulence factors associated
with OMVs from pathogenic E. coli, which will be discussed in
the following text separately for the OMV-mediated delivery of
toxins and other virulence factors from ETEC and EHEC.

OMV-MEDIATED DELIVERY OF TOXINS
AND OTHER VIRULENCE FACTORS FROM
ETEC

ETEC are leading causes of traveler’s diarrhea and childhood
diarrhea in developing countries (Fleckenstein and Kuhlmann,
2019). The OMYV association of the heat-labile enterotoxin (LT),
one of the major virulence factors of these strains which disrupts
electrolyte balance in the gut epithelium (Mirhoseini et al., 2018),
has been demonstrated by several groups (Wai et al., 1995;
Horstman and Kuehn, 2000). The toxin is located both inside and
on the external of OMVs (Horstman and Kuehn, 2000, 2002) and
is biologically active as demonstrated by the ability of LT-carrying
OMVs to elicit typical morphological changes on Y1 cells
(Horstman and Kuehn, 2000; Kesty et al., 2004). According to the
proposed model for LT secretion from ETEC and its interaction
with host cells (Horstman and Kuehn, 2002), LT binds, after its
secretion from the bacteria via the general secretion pathway,
to the bacterial outer membrane via interaction of LT-B subunit
with LPS. Subsequently, LT is released from the bacterial cells
by budding of OMVs, which contain LT both inside and on
the external surface bound to LPS. The external LT binds, via
interaction of another site of its B subunit, with GM; cell
receptor, tethering thus the vesicle to the host cell (Horstman

and Kuehn, 2002). The cellular binding of LT-carrying OMVs
to their target cells is thus dependent on the OMV-associated
toxin, as has also been reported for OMV-associated cholera
toxin of V. cholerae (Chatterjee and Chaudhuri, 2011). Cellular
binding of LT-carrying OMV’s leads to their internalization via
lipid rafts and caveolin-dependent endocytosis and internalized
vesicles accumulate in a non-acidified compartment of the host
cell (Kesty et al., 2004). The pathogenetic role of ETEC OMVs
during infection is supported by their increased production in
vivo (Ellis and Kuehn, 2010) and by their ability to induce
immune responses to OMV-associated LT and other virulence
proteins such as autotransporter TibA, EtpA adhesin and a novel
extracytoplasmic protein CexE (Table 1) (Roy et al., 2010, 2011)
which protect against ETEC colonization in a mouse model (Roy
et al., 2011; Leitner et al., 2015).

OMV-MEDIATED DELIVERY OF TOXINS
AND OTHER VIRULENCE FACTORS FROM
EHEC

EHEC are worldwide causes of diarrhea and its severe
extraintestinal complication, the hemolytic uremic syndrome
(HUS) (Karch et al., 2005; Tarr et al., 2005). EHEC OMVs
contain Shiga toxins (Stx) (Table1; Kolling and Matthews,
1999; Yokoyama et al, 2000; Kunsmann et al, 2015;
Bielaszewska et al, 2017), the major EHEC virulence factors
involved in the pathogenesis of HUS, which is a thrombotic
microangiopathy resulting from Stx-mediated injury of
microvascular endothelium, in particular in the renal glomeruli
but also in the brain (Zoja et al., 2010; Karpman et al., 2017).
Besides Stx, EHEC OMVs also carry other EHEC toxins which
injure microvascular endothelium and may thus play roles in the
pathogenesis of HUS such as the cytolethal distending toxin V
(CdtV) and EHEC hemolysin (EHEC-Hly), as well as flagellin
(Aldick et al., 2009; Bielaszewska et al., 2013, 2017; Kunsmann
et al, 2015; Table 1). Whereas Stx, EHEC-Hly, and flagellin
also exist as free extracellular proteins (Kunsmann et al., 2015;
Bielaszewska et al., 2017), CdtV is exclusively secreted via OMV's
(Bielaszewska et al., 2017). Studies of interactions of EHEC
OMVs and OMV-associated virulence factors with human
intestinal epithelial and microvascular endothelial cells, which
are the major targets during EHEC infection demonstrated
that OMVs with their toxin cargoes are taken up by cells via
dynamin-dependent endocytosis (Bielaszewska et al., 2013,
2017) and transported to early and late endosomes (Bielaszewska
et al., 2013, 2017) (Figure 2). Here, OMV-associated toxins
or their biologically active subunits separate from OMVs and
are trafficked, using different pathways, to their cellular targets
including ribosomes (Stx2a A subunit), the nucleus (CdtV B
subunit), and mitochondria (EHEC-Hly) (Bielaszewska et al.,
2013, 2017) (Figure 2). By analyzing biological consequences
of OMV-mediated delivery of virulence factors into host cells,
we demonstrated that EHEC OMVs that carried Stx2a, CdtV,
and EHEC-Hly caused G2 cell cycle arrest followed by apoptosis
in human intestinal epithelial and microvascular endothelial
cells (Bielaszewska et al.,, 2013, 2017). CdtV, specifically its B
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TABLE 1 | Overview of virulence factors associated with OMVs from intestinal pathogenic E. col.

Type of pathogenic E. coli OMV associated virulence Function Association with Vesicle References
factor oMV formation
Enterotoxigenic E. coli Heat labile enterotoxin (LT) Cytotoxicity Internal and Blebbing Horstman and Kuehn, 2000, 2002
external

(ETEC)

Enterohemorrhagic E. coli
(EHEC)

EtpA

CexE

TibA

Flagellin

Shiga toxin 1

Shiga toxin 2

Cytolysin A (ClyA)

Shigella enterotoxin 1 (ShET1)
EHEC hemolysin

Cytolethal distending toxin V

Flagellin
Outer membrane protease

OmpT
Lipopolysaccharide

T-Cell stimulating
Protein/Adhesin

Adhesin
Autotransport/Adhesin
Not determined
Cytotoxicity, Apoptosis

Not determined Not determined

Not determined Not determined

Not determined Not determined
External Not determined

Not determined Not determined

Kesty et al., 2004
Roy et al., 2010

Roy et al., 2011
Roy et al., 2010
Roy et al., 2010
Yokoyama et al., 2000

Cytotoxicity, Apoptosis  Internal Blebbing Kolling and Matthews, 1999
Cytotoxicity Not determined Blebbing Wai et al., 2003

Unknown Internal Blebbing Kunsmann et al., 2015
Apoptosis External Blebbing Bielaszewska et al., 2013, 2017
Cell cycle arrest, Internal Blebbing Bielaszewska et al., 2017
apoptosis

Proinflammatory (IL-8 External Blebbing Kunsmann et al., 2015
secretion)

Protection against Internal Not determined Urashima et al., 2017
antimicrobial Peptides

Proinflammatory (IL-8 Integral Blebbing Kunsmann et al., 2015

secretion)

Information on vesicle formation and association of virulence factors are based on electron microscopy. Formation of vesicles and the proportions of different vesicle types in the culture,

even of the same bacterium might differ dependent on culture conditions.

subunit, which possesses the DNase-like activity, was the OMV
component responsible for the G2 arrest, whereas all of the
OMV-delivered toxins contributed to apoptosis (Bielaszewska
et al,, 2013, 2017). A detailed analysis of the mechanism of
apoptosis caused by OMV-delivered EHEC-Hly demonstrated
that after its translocation from late endosomes/lysosomes to
the mitochondria, EHEC-Hly causes permeabilization of the
inner and outer mitochondrial membranes, which leads to the
decrease of the mitochondrial membrane potential, release of
cytochrome C from the mitochondria to the cytoplasm, and, as
a consequence, activation of caspase-9, the initiator caspase of
the intrinsic apoptotic pathway. Subsequent activation of the
effector caspase-3 via caspase-9 triggers the apoptotic cell death
(Bielaszewska et al., 2013). The failure of OMVs that lacked the
EHEC toxins to cause the G2 arrest and apoptosis indicates that
the OMV-delivered toxins accounted for the OMV-mediated
biological effects (Biclaszewska et al., 2013, 2017). Importantly,
the report by Kim et al. (2011) that EHEC O157 OMVs carrying
Stx2a, the major EHEC virulence factor, elicited a HUS-like
disease in a mouse model supports the hypothesis that OMV-
mediated secretion and delivery of EHEC toxins into host cells in
vivo essentially contribute to the pathogenesis of EHEC infection.

Besides their endothelial cytotoxicity, EHEC OMVs induce
secretion of IL-8 from human intestinal epithelial cells
(Kunsmann et al., 2015; Bielaszewska et al., 2018), which
may also have pathogenetic implications since proinflammatory
cytokines play multiple roles in the pathogenesis of HUS (Zoja
et al., 2010; Karpman et al., 2017). A deeper analysis of OMV-
mediated IL-8 production demonstrated that flagellin and LPS

are the key IL-8-inducing components of EHEC OMVs, and
that flagellin-mediated signaling via TLR5, and LPS-mediated
signaling via TLR4/MD-2 complex, followed by activation of
the nuclear factor NF-kB, are the major pathways underlying
IL-8 production (Kunsmann et al., 2015; Bielaszewska et al.,
2018). The identification of EHEC OMVs as carriers for
major EHEC virulence factors and powerful tools for their
intracellular delivery and endothelial injury, combined with
the proinflammatory and immunomodulatory activities of
OMVs, allow to consider these nanostructures as novel virulence
tools of EHEC which may play roles in the pathogenesis of
EHEC-mediated diseases, in particular of HUS. This is further
supported by a significantly increased EHEC OMYV production
under simulated human intestinal conditions and in the human
intestine (Bauwens et al.,, 2017b). In contrast to ETEC OMVs
where OMV-associated LT mediates the OMV interaction with
the host cell via its interaction with GM; (Horstman and Kuehn,
2002), the cellular uptake of EHEC OMYVs is independent on
OMV-associated virulence factors (Bielaszewska et al., 2017)
and the cell receptor(s) for OMVs as well as their detailed
internalization mechanism(s) remain unknown.

OUTLOOK

The roles of ETEC and EHEC OMVs as carriers for virulence
factors and tools for their delivery into the host cells,
together with OMV abilities to elicit immune responses
against the major virulence proteins lead to attempts to
exploit OMVs as vaccine candidates. OMVs are promising
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FIGURE 2 | Summary of intracellular trafficking of EHEC 0157 OMVs and OMV-delivered toxins (based on Bielaszewska et al., 2013, 2017). After uptake via
dynamin-dependent endocytosis, 0157 OMVs carrying the toxin cocktail enter the endosomal compartments of target cells (A). Stx2a holotoxin and CdtV-B subunit
separate from OMVs in early endosomes (B) and are retrogradely transported to the Golgi complex (C) and the endoplasmic reticulum (D). From the endoplasmic
reticulum, CdtV-B is translocated to the nucleus to target DNA and cause cell-cycle arrest (E), and Stx2a A1 catalytic fragment to the cytosol to reach ribosomes and
induce apoptosis (F). CdtV-A and CdtV-C subunits and EHEC-Hly are sorted with OMVs to late endosomes/lysosomes (G). Here EHEC-HIy separates from OMVs,
escapes from the lysosomes (H), and is transported to the mitochondria where it causes release of cytochrome C (I). CdtV-A and CdtV-C remain OMV-associated
and are degraded with OMVs in lysosomes (J). Moreover, residual subsets of CdtV-B and Stx2a, which did not separate from OMVs in early endosomes, are sorted
with OMVs to lysosomes for degradation. Figure was taken from Bielaszewska et al. (2017) and modified using Servier Medical Art. (Ee, Early endosomes; Le, Late
endosomes; Lyso, Lysosomes; Golgi, Golgi Apparatus, ER, Endoplasmatic reticulum; Ribo, Ribosome; Mito, Mitochondria, CytC, Cytochrome C).
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components of vaccines since they combine the antigen
and adjuvant in a single formulation. A vaccine based on
OMVs of a major EHEC serotype O157:H7 was found
to protect against EHEC-mediated pathology in a mouse
model and to be immunogenic in calves (Fingermann et al.,
2018). These initial studies suggest that EHEC-derived OMVs
have a potential for the formulation of both human and
veterinary vaccines. However, further studies are needed to
determine immunogenicity and protective efficacy of OMVs
from other major EHEC serotypes associated with HUS (Karch
et al, 2005), identify OMV components involved in the
immune responses and mechanisms underlying OMV-elicited
protective immunity.

The progress of development of OMV-based ETEC vaccines
is more advanced than in EHEC. ETEC OMVs contain both
confirmed and probable ETEC virulence factors (Table 1), which
are highly immunogenic (Roy et al., 2010, 2011). Several
studies with differently prepared OMVs from various strains
demonstrated the immunogenic as well as protective effects of
such vaccines in animal models (Roy et al., 2011; Leitner et al.,
2015; Hays et al., 2018). Moreover, a combined OMV-based
vaccine against ETEC and V. cholerae has been developed and
shown to successfully protect against both pathogens (Leitner
etal.,, 2015). However, a lot of additional work remains to be done
before OMV-based vaccines against EHEC and ETEC infections
can be used in clinical studies as it is already the case for
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The present study was carried out to evaluate the prevalence of sequence type
131 (ST131) among 188 extended-spectrum B-lactamase-producing Escherichia coli
(ESBL-EC) collected in 2015 in Lucus Augusti University hospital (Lugo, Spain) and
AP-HP Beaujon hospital (Clichy, France) with regard to other STs and to characterize, the
types of ESBL produced, serotypes, virulence factor (VF)-encoding genes and the ST131
clades and subclades. ST131 was detected in 33 (39.1%) and 46 (47.9%) of the isolates
in Lucus Augusti and Beaujon, respectively. The 109 remaining isolates displayed 57
other STs, the following STs being displayed by at least three isolates: ST10 (8 isolates),
ST23 (3), ST38 (4), ST58 (3), ST88 (5), STI5 (4), ST167 (3), ST354 (5), ST361 (3), ST410
(6), STB48 (4), ST744 (3), and ST1615 (6). ST354, ST410, and ST1615 were significantly
(P < 0.05) more frequent in Lucus Augusti (5.4%, 6.5%, and 6.5%) than in Beaujon
(0% for the three STs). The new globally emerging clone ST1193 among extraintestinal
clinical ESBL-EC was identified in one isolate from France and one from Spain. CTX-M-15
was the commonest ESBL detected in the two hospitals (44.6% in Lucus Augusti and
50.0% in Beaujon). CTX-M-14 was significantly (P = 0.0003) more frequent in Lucus
Augusti (31.5%) than in Beaujon (10.4%), whereas CTX-M-1 (20.8 vs. 7.6%; P = 0.008)
and CTX-M-27 (15.6 vs. 6.5%; P = 0.0389) were more frequent in Beaujon than in
Lucus Augusti. The ST131 isolates showed a higher virulence score (mean 13.367)
compared with the non-ST131 isolates (mean 7.661) (P < 0.001). Among the 79 ST131
isolates, most of them (52; 65.8%) belonged to subclade C2 (also known as subclone
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Clones and Virulence Genes of ESBL-EC

H30RYX) followed by those belonging to subclade C1 (cluster C1-M27: 16 isolates, 20.3%;
cluster non-C1-M27: 6 isolates, 7.6%) and clade A (4 isolates; 5.1%). The C2 subclade
isolates showed a higher VF-encoding gene score (mean 14.250) compared with the
C1-M27 cluster isolates (mean 10.875) (P < 0.001). In conclusion, this study highlights
the epidemiological differences between the ESBL-EC isolated from two hospitals of
France and Spain obtain in 2015 and reports, for the first time, the presence of clone

ST1193 in Spain.

Keywords: g-lactamases, CTX-M, E. coli, ESBL, ExPEC, resistance, ST131, ST1193

INTRODUCTION

Extended-spectrum B-lactamase-producing Escherichia coli
(ESBL-EC) is an important cause of urinary tract and
bloodstream infections, as well as other types of human
extraintestinal infections (Arnaud et al., 2015; Mamani et al,,
2019). The main sequence type (ST) responsible for the global
increase in ESBL-EC is, without a doubt, ST131 (Nicolas-
Chanoine et al., 2008, 2014). This pandemic high-risk clone
has numerous virulence factor (VF)-encoding genes (Blanco
et al., 2013). Whole-genome sequencing (WGS) analysis had
revealed that ST131 consists of three different clades (A, B, and
C) characterized by different alleles of the fimH gene that is
implicated in the colonization abilities, i.e., fimH41, fimH?22, and
fimH30, respectively (Petty et al., 2014; Ben Zakour et al., 2016).
Subclade C2 (also known as subclone H30Rx) associated with
the production of CTX-M-15 seems to be the most expanded
and successful ST131 sublineage (Banerjee et al.,, 2013; Price
et al., 2013; Dahbi et al., 2014; Peirano et al, 2014; Sauget
et al,, 2016). However, cluster C1-M27 that belongs to subclade
C1 and produces CTX-M-27 has recently expanded, first in
Japan (Matsumura et al., 2016, 2017), then in other countries
(Thailand, Australia, Canada, USA, France, Italy, Germany, The
Netherlands and Spain) (Blanc et al., 2014; Birgy et al., 2016;
Bevan et al., 2017; Merino et al., 2018; Peirano and Pitout, 2019).
The other STs frequently found among ESBL-EC are ST10, ST38,
ST405, ST410, ST648, and ST1193 (Brisse et al., 2012; Naseer
et al,, 2012; Peirano et al., 2012; Izdebski et al., 2013; Peirano and
Pitout, 2019). Besides there are notable differences with regard to
the ESBL-EC epidemiology according to the countries, including,
sometimes, the emergence of new lineages. Thus, a new clade
of ST131 associated with the production of the CTX-M-101
enzyme and the fimH27 allele has recently been identified in E.
coli responsible for bacteremia in Denmark (Roer et al., 2017).

The present study was carried out to evaluate the prevalence of
clone ST131 among ESBL-EC collected in 2015 in Lucus Augusti
University hospital (Lugo, Spain) and AP-HP Beaujon hospital
(Clichy, France) with regard to the other STs and to characterize
the types of ESBL produced, the serotypes, and the VF-encoding
genes as well as the clades and the subclades of the ST131 isolates.
This study allowed us to highlight the ESBL-EC epidemiological
differences in the two hospitals and to report, for the first time,
the presence of the new emerging global clone ST1193 among the
ESBL-EC clinical isolates from Spain.

This study was presented in part at the 29th European
Congress of Clinical Microbiology and Infectious Diseases,
Amsterdam, 13-16 April 2019 (Flament-Simon et al., 2019).

MATERIALS AND METHODS

In this study, 188 non-duplicate (one isolate per patient) ESBL-
EC isolated in 2015 in Spain (92 from Lucus Augusti hospital in
Lugo) and in France (96 from Beaujon hospital in Clichy) were
characterized. They comprised 139 isolates from urine, 25 from
blood, seven from bile, and 17 from various other sources.

The following characters were determined as previously
described: serotypes using all available O (O1 to O181) and H (H1
to H56) antisera (Guinée et al., 1981), ESBL types (TEM, SHY,
and CTX-M enzymes) (Leflon-Guibout et al., 2004), phylogenetic
groups (A, B1, B2, C, D, E, F) (Clermont et al,, 2013), STs of
Achtman scheme (Wirth et al., 2006), clonotypes (fumC and fimH
genes) (Weissman et al., 2012), and VF-encoding genes (Mamani
et al., 2019). Isolates were classified as extraintestinal pathogenic
E. coli (ExPEC) (Johnson et al., 2015) if positive for >2 of 5
markers, including papAH and/or papC, sfa/focDE, afa/draBC,
kpsM 1I, and iutA, as uropathogenic E. coli (UPEC) (Spurbeck
etal,, 2012) if positive for >3 of 4 markers, including chuA, fyuA,
vat, and yfcV, and as avian pathogenic E. coli (APEC) (Johnson
et al., 2008) if positive for >4 of 5 markers (hlyF, iutA, iroN,
iss, and ompT). The virotypes A to F were assigned according to
the scheme developed by Dahbi et al. (2014). The ST131 clades
(A, B, C), subclade C2 (also known as subclone H30Rx) and the
two clusters of subclade C1 (C1-M27 and the non-C1-M27) were
stablished using the PCR assay recently developed by Matsumura
etal. (2017).

All the P-values were calculated using the Fisher’s exact test,
except for the comparison of the means that was performed
using the one-way ANOVA test. P < 0.05 were considered
statistically significant.

RESULTS

Types of ESBL Enzymes

A total of 89 (47.3%) isolates were positive for CTX-M-15, 39
(20.7%) for CTX-M-14, 27 (14.4%) for CTX-M-1, 21 (11.2%) for
CTX-M-27, 11 (5.9%) for SHV-12, two (1.1%) for CTX-M-32
and one (0.5%) for CTX-M-55. CTX-M-15 was the commonest
ESBL detected in the two hospitals (44.6% in Lucus Augusti and
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50.0% in Beaujon). CTX-M-14 was significantly (P = 0.0003)
more frequent in Lucus Augusti (31.5%) than in Beaujon (10.4%),
whereas CTX-M-1 (20.8 vs. 7.6%; P = 0.008) and CTX-M-27
(15.6 vs. 6.5%; P = 0.0389) were more frequent in Beaujon than
in Lucus Augusti (Table 1).

Phylogenetic Groups

The most frequent phylogenetic group was B2 (50.5%), followed
by A (14.4%), C (11.7%), B1 (9.6%), F (6.9%), E (5.3%), and
D (1.6%). Phylogenetic groups A, C and F were found more
frequently among Lucus Augusti isolates, while phylogenetic
group B2 was more frequent among Beaujon isolates (P < 0.05)
(Table 1).

Among CTX-M-15 and CTX-M-27-producing isolates, the
most frequent phylogenetic group was B2, while among
those producing CTX-M-1, CTX-M-14, and SHV-12, the most
frequent phylogenetic groups were Bl, C, and E respectively
(Table 2).

Sequence Types

ST131 was detected in 33 (39.1%) and 46 (47.9%) of isolates
in Lucus Augusti and Beaujon, respectively. The 109 remaining
isolates displayed 57 different STs and the following STs displayed
at least three isolates: ST10 (8 isolates), ST23 (3), ST38 (4),
ST58 (3), ST88 (5), ST95 (4), ST167 (3), ST354 (5), ST361
(3), ST410 (6), ST648 (4), ST744 (3), and ST1615 (6). ST354,
ST410, and ST1615 were significantly (P < 0.05) more frequent
in Lucus Augusti (5.4, 6.5, and 6.5%) than in Beaujon (0%
for the three STs) (Tables1, 2). The new emerging global
clone ST1193 was identified in one isolate from France and
one from Spain. The majority (121 of 188; 64.4%) of ESBL-
EC isolates belonged to only three clonal complexes: CC10
(19 isolates), CC23 (22 isolates) and CCI131 (80 isolates)
(Table S1).

Clonotypes, Clades and Subclades of

ST131 Isolates

The 79 ST131 isolates were distributed in three clonotypes:
CH40-30 (73 isolates), CH40-35 (2), CH40-41 (4) (Table1).
Subclade C2 (also known as subclone H30Rx) was the
commonest subclade detected among the 79 ST131 isolates (52
isolates; 65.8%), followed by cluster C1-M27 (16 isolates; 20.3%),
cluster non-C1-M27 (6 isolates; 7.6%), and clade A (4 isolates;
5.1%). The 52 C2 subclade isolates were positive for CTX-M-
15, whereas the 16 C1-M27 isolates were positive for CTX-M-
27. Five non-C1-M27 isolates of C1 subclade were positive for
CTX-M-15 and one for CTX-M-14. The four isolates belonging
to clade A were positive for CTX-M-1 (2), CTX-M-15 (1), and
CTX-M-27 (1).

Clones

A total of 71 clones (defined by the association of phylogroup,
clonotype and ST) were identified among the 188 ESBL-EC
with 23 of them including at least two isolates and only five
at least five isolates: A-CH11-54-ST10 (6 isolates), B2-CH40-30-
ST131 (73), C-CH4-24-ST410 (6), C-CH263-32-ST1615 (6), and
F-CH88-58-ST354 (5) (Table 3).

TABLE 1 | Characteristics of 188 ESBL-EC isolated from extraintestinal infections.

Characteristic No. (%) of isolates P-value
Lucus augusti hospital, Beaujon hospital,
Spain (n = 92) France (n = 96)
ESBL enzyme
CTX-M-1 7 (7.6) 20 (20.8) 0.008
CTX-M-14 29 (31.5) 10 (10.4) 0.0003
CTX-M-15 41 (44.6) 48 (50.0)
CTX-M-27 6 (6.5) 15 (15.6) 0.0389
CTX-M-32 2(2.2) 0
CTX-M-55 0 1(1.0)
SHV-12 8(8.7) 3(3.1)
Phylogenetic group
A 18 (19.6) 9(9.4) 0.0367
B1 7(7.6) 11 (11.5)
B2 38 (41.3) 57 (59.4) 0.0097
(¢} 16 (17.4) 6(6.3) 0.0151
D 1(1.1) 2(2.1)
E 2(2.2) 8(8.3)
F 10 (10.9) 3(3.1) 0.0341
ST131
Total 33(39.1) 46 (47.9)
Clade A 1(1.1) 3(3.1)
Subclade C1 5(5.4) 11 (11.5)
Cluster C1-
M27
Subclade C1 0 6 (6.3) 0.0164
Cluster non-
C1-mM27
Subclade C2 27 (29.3) 25 (26.0)
Clade-Not 0 1(1.0)
typeable
Clonotype 30 (32.6) 43 (44.8)
CH40-30
Clonotype 2(2.2) 0
CH40-35
Clonotype 1(1.1) 3(3.1)
CH40-41
Virotype A 7 (7.6) 1(1.0) 0.0280
Virotype C1 1(1.1) 1(1.0
Virotype C2 10 (10.9) 15 (15.6)
Virotype C3 0 2(2.1)
Virotype E 10 (10.9) 8(8.3
Virotype F 3(3.3) 11 (11.5) 0.0293
Virotype 1(1.1) 6 (6.3)
A-like
Virotype E-like 1(1.1) 0
Virotype-not 1(1.1) 22.1)
typeable
Other ST?
ST10 6 (6.5) 2(2.1)
ST23 1(1.1) 2(2.1)
ST38 0 4(4.2)
ST58 2(2.2) 1(1.0)
ST88 1(1.1) 4(4.2)
ST95 0 4(4.2)
ST167 2(2.2) 1(1.0)
ST354 5 (5.4) 0 0.0265
ST361 2(2.2) 1(1.0)
ST410 6 (6.5) 0 0.0126
ST648 3(3.3) 1(1.0)
ST744 1(1.1) 2(2.1)
ST1615 6 (6.5) 0 0.0126

2Represented by at least 3 isolated.
Significant differences are indicated in bold.
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TABLE 2 | Phylogenetic groups and sequence types according to ESBL enzymes.

ESBL enzyme Phylogenetic groups Sequence types
(no. of isolates)

CTX-M-1 (27) A@3),B1(11),B2(@3),C ST10 (1), ST23 (2), ST34 (1), ST58 (1), STE9 (1), ST88 (3), STO (1), ST131 (2), ST155 (1), ST162
®),D (1), E@©),F() (1), ST205 (1), ST224 (1), ST453 (2), ST1266 (1), ST1431 (1), ST2067 (1), ST2558 (1), ST2766
(1), ST3778 (1), ST8152 (1), ST new 2-6057like (1), ST new 3-1268like (1)
CTX-M-14 (39) A(8), B1(4), B2 (10), C ST10 (4), ST12 (1), ST59 (1), ST73 (1), ST88 (2), ST93 (1), STY5 (2), ST131 (1), ST167 (3), ST354
(1), E (@), F 4) (3), ST357 (1), ST362 (1), ST404 (2), ST405 (1), ST410 (3), ST448 (1), STE02 (1), ST1154 (1),
ST1193 (1), ST1615 (6), ST5528 (1), ST10328 (1)
CTX-M-15 (89) A(11), B2 (64), C (4), D ST4 (1), ST34 (1), ST38 (2), ST44 (1), STE9 (1), STIO (1), STY5 (2), ST127 (1), ST131 (59), ST141
©2), E @), F @) (1), ST358 (1), ST361 (3), ST405 (1), ST410 (3), ST540 (1), ST648 (4), ST744 (2), ST1284 (1),
ST2279 (1), ST3075 (1), ST5214 (1)
CTX-M-27 (21) B2 (18), C (1), E (2), ST131 (17), ST38 (2), STI0 (1), ST1193 (1)
CTX-M-32 (2) B1(2) ST58 (2)
CTX-M-55 (1) A1) ST744 (1)
SHV-12 (11) A4),B1(1),C(1),F®) ST10 (2), ST23 (1), ST117 (1), ST156 (1), ST354 (2), ST1485 (1), ST3778 (1), ST new 1-10 like (2)

The most frequent STs are indicated in bold.

TABLE 3 | ESBL enzymes, serotypes and EXPEC, UPEC and APEC status according to the clones including at least two isolates.

Clones (no. of isolates ESBL enzymes Serotypes ExPEC UPEC APEC
from Spain and France)

A-CH11-54-ST10 (5/1) CTX-M-14 (4), SHV-12 (2) OB:HNM (1), O101:HNT (2), ONT-HNM (3) 0 0 2
A-CH11-negative-ST167 (2/1)  CTX-M-14 (3) O101:HNM (2), O101:H25 (1) 1 0 0
A-CH11-54-ST744 (1/2) CTX-M-15 (2), CTX-M-55 (1) ONT:H (1), ONT:HNM (2) 0 0 0
A-CH99-54-ST361 (2/1) CTX-M-15 (3) O9:HNM (3) 0 0 0
B1-CH4-32-ST58 (1/1) CTX-M-1 (1), CTX-M-32 (1) 09:H25 (1), ONT:HNM (1) 1 0 2
B1-CH6-31-ST453 (0/2) CTX-M-1(2) 023:HNM (1), ONT:HNM (1) 0 0 1
B2-CH38-15-ST95 (0/2) CTX-M-14 (2) O18:H7 (2) p) p) p)
B2-CH38-294-ST95 (0/2) CTX-M-15 (2) O18:H7 (2) p) p) p)
B2-CH40-30-ST131 (30/43) CTX-M-15 (56), CTX-M-27 (16), CTX-M-14 (1) 025:H4 (69), O14:H4 (1), ONT:H4 (3) 68 73 0
B2-CH40-35-ST131 (2/0) CTX-M-15 (2) 025:H4 (2) p) p) 0
B2-CH40-41-ST131 (1/3) CTX-M-1 (2), CTX-M-15 (1), CTX-M-27 (1) O16:H5 (3), 0153:H5 (1) 3 p) 0
B2-CH14-27-ST404 (1/1) CTX-M-14 (2) O75:HNM (2) 2 2 0
B2-CH14-64-ST1193 (1/1) CTX-M-14 (1), CTX-M-27 (1) O75:HNM (2) p) p) 0
C-CH4-35-ST23 (1/2) CTX-M-1 (2), SHV-12 (1) 055:H9 (1), O78:HNM (2) 1 0 2
C-CH4-41-ST88 (0/2) CTX-M-1 (1), CTX-M-14 (1) O8:HNM (1), O86:HNT (1) 2 0 0
C-CH4-303-ST88 (0/2) CTX-M-1 (2) O9:H17 (2) 2 0 2
C-CH4-142-ST90 (2/0) CTX-M-1 (1), CTX-M-15 and CTX-M-27 (1) 08:H9 (2) 0 0 0
C-CH4-24-ST410 (6/0) CTX-M-14 (3), CTX-M-15 (3) O9:HNM (2), O20:H9 (3), ONT:HNM (1) 0 0 0
C-CH263-32-5T1615 (6/0) CTX-M-14 (6) O11:H9 (3), O153:H9 (1), ONT:HI (2) 0 0 0
E-CH26-negative-ST38 (0/3) CTX-M-15 (1), CTX-M-27 (2) 086:H18 (3) 3 0 0
E-CH37-27-ST405 (1/1) CTX-M-14 (1), CTX-M-15 (1) 0102:H4 (1), O102:HNM (1) 0 0 0
F-CH88-58-ST354 (5/0) CTX-M-14 (3), SHV-12 (2) O1:H34 (1), O1:HNM (1), O11:H4 (2), O153:HNT (1) 1 2 0
F-CH4-171-ST648 (2/0) CTX-M-15 (2) 045:H45 (2) 0 0 0
Serotypes associated with ST131, the H7 with ST95, the H9 with ST10,

The 188 ESBL-EC isolates belonged to 30 O serogroups and  ST744, and four STs of the clonal complex 23 (ST23, ST90, ST410,
expressed 17 different H antigens, but 71 of the 79 ST131 isolates ~ ST1615), the H18 with ST38 and ST69, and the H6 and the H45
belonged to serotype O25:H4. The other prevalent serotypes  antigens with ST648 (Table 3 and Table S1).

were: O9:HNM (three ST361 isolates), O11:H9 (three ST1615

isolates), O16:H5 (three ST131 isolates), O18:H7 (four ST95  Virulence Factor (VF)-Encoding Genes
isolates), O20:H9 (three ST410 isolates), O75:HNM (two ST404  Of the 188 ESBL-EC isolates, 57.4% were classified as ExPEC,
and two ST1193 isolates of clonal complex 14), and 086:H18  52.7% as UPEC and 12.8% as APEC. The prevalence of ExXPEC
(three ST38 isolates). The H4 and H5 flagellar antigens were  (92.4 vs. 32.1%) (P < 0.001) and UPEC (97.5 vs. 20.2%) (P
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< 0.001) status were higher within ST131 isolates than within
non-ST131 isolates. In contrast, the prevalence of APEC (0 vs.
22%) status was higher among non-ST131 isolates (P < 0.001)
(Table 4).

The ST131 isolates showed a higher VF-encoding gene score
(mean 13.367) compared with the non-ST131 isolates (mean
7.661) (P < 0.001). However, four isolates belonging to clones
B2-CH38-15-ST95 and B2-CH38-294-ST95 were those with the
highest number of virulence genes (mean 21.000).

Nineteen VF-encoding genes (papAH, papC, papEE
afa/draBC, yfcV, sat, cnfl, hlyA, iucD, iutA, fyuA, chuA,
kpsM II, kpsM II-K2, kpsM II-K5, traT, malX, usp, and ompT)
were significantly associated with ST131 isolates, whereas that 10
(fimAvmtys, sfa/focDE, hlyF, tsh, vat, iroN, kpsM II-K1, cvaC, iss,
and ibeA) were significantly associated with non-ST131 isolates.

The C2 subclade isolates showed a higher virulence score
(mean 14.250) compared with C1-M27 isolates (mean 10.875) (P
< 0.001). The genes papAH, papC, papEF, cnfl, and hlyA were
associated with the C2 subclade isolates.

The most prevalent virotypes identified in ST131 isolates were
A (8 isolates), C2 (25), E (18) and F (14) and a new virotype
similar to A (virotype A-like) displayed by seven isolates. Further,
a second new virotype similar to E (virotype E-like) was found in
one isolate (Table S1). The virotype A was found more frequently
among Lucus Augusti isolates (P = 0.0280), while virotype F was
more frequent among Beaujon isolates (P = 0.0293).

DISCUSSION

The management of urinary tract and bloodstream infections due
to E. coli has been complicated by the emergence of multidrug-
resistance, especially of that related to the expansion of high-risk
clones such as ST131 (Nicolas-Chanoine et al., 2008; de Toro
et al., 2017). Since 2006, the prevalence of ESBL-EC among E.
coli causing bacteremia has raised in Lucus Augusti hospital. This
increase has been due to the spread of the multidrug-resistant
ST131 subclade C2 associated with the production of CTX-M-
15. Thus, the number of ESBL-EC isolates increased from 1.0%
during 2000-2005 to 5.5% during 2006-2011. While during the
first period 0% of the ESBL-EC isolates belonged to subclade
C2, during the second period this subclone represented 39.8%
(Mamani et al., 2019). A similar situation has been reported in
France in different hospitals (Brisse et al., 2012; Sauget et al.,
2016) and worldwide (Peirano et al., 2012).

The main change with respect to previous studies conducted
at the Lucus Augusti hospital, is the emergence of isolates
producing CTX-M-27. Indeed, this enzyme was not produced by
any of the 105 ESBL-EC isolates recovered from extraintestinal
infections between 2006 and 2007 (Blanco et al., 2009) and by any
of the 92 ESBL-EC bloodstream isolates collected from 2001 to
2011 (Mamani et al., 2019) and only by one of 47 ST131 ESBL-EC
isolated from urinary tract infections in 2012 (Dahbi et al., 2013).
Furthermore, the CTX-M-27 was only detected in one of the 44
Spanish hospitals analyzed in a study carried out in 2006 Diaz
etal. (2010), in one of 94 clinical ESBL-EC collected during 2008
in Vall dHebron hospital of Barcelona (Coelho et al., 2011), and

in none of the 92 ESBL-EC obtained in eight Spanish hospitals
during 2010 and 2011 (Merino et al., 2016). In the present study,
CTX-M-27 was significantly more frequent in Beaujon (15.6%)
than in Lucus Augusti (6.5%). However, the Beaujon’s CTX-M-
27 percentage appeared as remarkably higher than those found
before 2014 (4.5-5.4%) in other 19 hospitals located as Beaujon
in the Paris area (Robin et al., 2017; Surgers et al., 2019). Inversely,
this percentage was closer to that found between 2014 and 2017
in 24 pediatric centers located in six French regions, i.e., 12.4%
among 251 ESBL-EC isolated from febrile urinary tract infections
(FUTIs) (Birgy et al,, 2020). In addition, it has to be noted that
CTX-M-27-producing isolates had already been found in 2012
in the feces of children in day care centers (DDCs) in France
(Blanc et al., 2014) and also in feces of patients hospitalized in
Madrid during a European survey conducted between 2014 and
2015 (Merino et al., 2018).

The increased prevalence of the CTX-M-27 in the two
hospitals enrolled in the present study was mainly due to the
expansion of cluster C1-M27 since 17 of the 21 positive CTX-M-
27 isolates belonged to this cluster. The four remaining isolates
belonged to three different STs, including ST38 (2 isolates), ST90
and ST1193. In the FUTI study, Birgy et al. (2020) also showed
that their 31 CTX-M-27-producing isolates mostly belonged to
cluster C1-M27 (10 isolates) and ST38 (8 isolates), and also that
two belonged to ST1193.

The two ST1193 isolates identified in the present study
belonged to clonotype CH14-64 and serotype O75:HNM and
were positive for CTX-M-14 (the isolate from Spain) and CTX-
M-27 (the isolate from France). As far as we know, this is the
first report of the new emerging global clone ST1193 among
clinical ESBL-EC isolates from Spain. Inversely, the ST1193 has
already been described in France and shown producing either
CTX-M-15 or CTX-M-27 in the pediatric FUTIs study (Birgy
et al,, 2020) and CTX-M-14 among the fecal isolates obtained
from children in DCCs in France (Blanc et al., 2014). ST1193 has
also been detected in two of 243 third-generation-cephalosporin-
resistant E. coli isolates obtained from patients with bloodstream
infection in Denmark during 2015 (Roer et al.,, 2018), in three of
51 clinical ESBL-EC isolated in Germany during 2015 and 2016
(Valenza et al., 2019) and in 11 of 225 cefotaxime-resistant E. coli
isolated from UTIs in South-West England during 2017 and 2018
(Findlay et al., 2019). ST 1193 is currently much more expanded
in China (Xia et al., 2014; Wu et al., 2017) and the USA (Johnson
et al., 2019; Tchesnokova et al., 2019).

Despite the emergence of ST1193 and ST131 cluster Cl-
M27, it is clear that ST131 subclade C2 associated to CTX-
M-15 remains the most prevalent sublineage among ESBL-EC
in the two hospitals studied here, as it is the case in most
of the European hospitals (Merino et al., 2016; Sauget et al.,
2016; Roer et al., 2018; Findlay et al., 2019; Valenza et al., 2019;
Birgy et al., 2020). The C2 subclade isolates showed a higher
virulence score (mean 14.250) compared with the subclade C1-
M27 ST131 isolates (mean 10.875) (P < 0.001) and non-ST131
isolates (mean 7.661) (P < 0.001). Interestingly, the papAH,
papC, papEE, cnfl, and hlyA genes were associated with the
C2 subclade isolates, which mostly displayed the vitotypes A,
A-like, C2, E and F. The virotype A-like is new and differs
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TABLE 4 | Virulence factor-encoding genes in the studied 188 isolates and according to ST131 lineage.

Genes No. (%) of isolates P-value? P-value?
Total ST131 ST131 ST131 Non-ST131 C1-M27 ST131
(n =188) Cluster Subclade C2 (n=79) (n =109) vs. vs.
C1-M27 (n=52) c2 non-ST131
(n=16)
Adhesin
fimH 180 (95.7) 16 (100) 52 (100) 79 (100) 101 (92.7)
fimAVyiT78 27 (14.4) 0 0 0 27 (24.8) <0.00001
papAH 50 (26.6) 0 30 (57.7) 31 (39.2) 19(17.4) <0.00001 0.0008
papC 51 (27.1) 0 30 (57.7) 31 (39.2) 20 (18.9) <0.00001 0.0013
papEF 52 (27.7) 0 31 (59.6) 32 (40.5) 20 (18.9) <0.00001 0.0007
sfa/focDE 10 (6.3 0 0 10 (9.2) 0.0036
afa/draBC 20 (10.6) 0 10(19.2) 15 (19.0) 5 (4.6) 0.0018
yfev 104 (55.3) 16 (100) 52 (100) 77 (97.5) 27 (24.8) <0.00001
Toxin
sat 82 (43.6) 15 (93.8) 50 (96.2) 74 (93.7) 8(7.9) <0.00001
cnft 25 (13.9) 0 17 (32.7) 18 (22.8) 7(6.4) 0.0049 <0.00001
hlyA 25(13.9) 0 17 (32.7) 18 (22.8) 7(6.4) 0.0049 <0.00001
hlyF 31 (16.5) 0 0 0 31 (28.4) <0.00001
cdtB 5(2.7) 0 1(1.9 1(1.9) 4 (3.7)
tsh 12 (6.4) 0 0 0 12 (11) 0.0011
vat 1709 0 0 0 17 (15.6) 0.00005
Iron uptake
iucD 132 (70.2 15 (93.8) 50 (96.2) 74 (93.7) 58 (563.2) <0.00001
iutA 134 (71.3) 15 (93.8) 50 (96.2) 74 (93.7) 60 (55) <0.00001
iroN 32 (17) 0 32 (29.4) <0.00001
fyuA 128 (68.1) 16 (100) 52 (100) 79 (100) 49 (45) <0.00001
chuA 121 (64.4) 16 (100) 52 (100) 79 (100) 42 (38.5) <0.00001
Capsule
kpsM Il 106 (56.4) 15 (93.8) 49 (94.2) 73 (92.4) 33(30.3) <0.00001
kpsM II-K2 13(6.9) 0 7(13.5) 11 (13.9) 2(1.8) 0.0015
kpsM II-K5 83 (44.1) 15 (93.8) 42 (80.8) 62 (78.5) 21 (19.9) <0.00001
neuC-K1 10 (6.9) 0 0 0 10 (9.2) 0.0036
kpsM Il 2(1.1) 0 0 0 2(1.8)
Miscellaneous
cvaC 21(11.2) 0 0 0 21 (19.3) <0.00001
iss 23 (12.2) 0 0 0 23 (21.1) <0.00001
traT 139 (73.9) 13(81.3) 42 (80.8) 64 (81) 75 (68.8) 0.0422
ibeA 12 (6.4) 0 0 0 12 (11) 0.0011
malX 113 (60.1) 16 (100) 52 (100) 79 (100) 34 (31.2) <0.00001
usp 101 (53.7) 16 (100) 52 (100) 79 (100) 22 (20.2) <0.00001
ompT 126 (67) 16 (100) 52 (100) 79 (100) 47 (43.1) <0.00001
EXPEC status 108 (57.4) 15 (93.8) 50 (96.2) 73 (92.4) 35 (32.1) <0.00001
UPEC status 99 (52.7) 16 (100) 52 (100) 77 (97.5) 22 (20.2) <0.00001
APEC status 24 (12.8) 0 0 0 24 (22) <0.00001

aP-values (by Fisher’s exact test) are shown where P < 0.05.
Significant differences are indicated in bold.

from the virotype A in the type of capsular kpsM II gene that
is K5 instead of K2 (Dahbi et al., 2014). In future studies,
it would be very interesting to determine the whole genome
sequence of the C2 subclade isolates belonging to the new
virotype A-like.

Of note, four isolates belonging to clones B2-CH38-15-ST95
and B2-CH38-294-ST95 were those with the highest number of
VF-encoding genes (mean 21.000). These four UTI isolates were
classified as APEC and could be of avian origin and foodborne
pathogens (Vincent et al., 2010; Singer, 2015; Liu et al.,, 2018).
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ST95 is one of the most frequently ST identified among E. coli
causing human extraintestinal infections, but it is rarely producer
of ESBL enzymes (Kallonen et al., 2017). Nevertheless, recently
Birgy et al. (2020) detected nine ST95 isolates among 251 ESBL-
EC from pediatric FUTIs. The combination of so many virulence
genes and resistance-encoding genes in this successful ST is
very worrying.

CONCLUSIONS

Despite the enormous genetic diversity observed in our ESBL-EC
collection (71 clones amongst 188 ESBL-EC), it can be concluded
that the majority of the isolates belong to only three clonal
complexes (CC10, CC23, and CC131) and that ST131 subclade
C2 associated with the production of CTX-M-15 remains the
most prevalent E. coli lineage among the ESBL-EC isolates
identified in the studied Spanish and French hospitals.
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Enteroaggregative Escherichia coli (EAEC) is an important agent of acute and persistent
diarrhea in children and adults worldwide. Here we report a characterization of 220
EAEC isolates, 88.2% (194/220) of which were typical and 11.8% (26/220) were atypical,
obtained from diarrheal patients during seven years (2010-2016) of epidemiological
surveillance in Brazil. The majority of the isolates were assigned to phylogroups A
(44.1%, 97/220) or B1 (21.4%, 47/220). The aggregative adherence (AA) pattern was
detected in 92.7% (204/220) of the isolates, with six of them exhibiting AA concomitantly
with a chain-like adherence pattern; and aggbA and agg4A were the most common
adhesin-encoding genes, which were equally detected in 14.5% (32/220) of the isolates.
Each of 12 virulence factor-encoding genes (agg4A, aggbA, pic, aap, aaiA, aaiC, aaiG,
orf3, aar, air, capU, and shf) were statistically associated with typical EAEC (P < 0.05).
The genes encoding the newly described aggregate-forming pili (AFP) searched (afpB,
afpoD, afpP, and afpA2), and/or its regulator (afpR), were exclusively detected in atypical
EAEC (57.7%, 15/26), and showed a significant association with this subgroup of EAEC
(P < 0.001). In conclusion, we presented an extensive characterization of the EAEC
circulating in the Brazilian settings and identified the afp genes as putative markers for
increasing the efficiency of atypical EAEC diagnosis.

Keywords: EAEC, virulence factors, diarrhea, diagnosis, antimicrobial resistance

INTRODUCTION

Enteroaggregative Escherichia coli (EAEC) is one of the six diarrheagenic E. coli (DEC) pathotypes,
which is defined as E. coli isolates that produce the aggregative adherence pattern (AA) on cultured
epithelial cells (HeLa and/or HEp-2) in vitro (Nataro and Kaper, 1998; Kaper et al., 2004; Croxen
et al,, 2013). The AA pattern is characterized by a bacterial arrangement that resembles stacked
bricks on both epithelial cells and the coverslip (Nataro et al., 1987). EAEC is a cause of diarrheal
disease in children and adults, living in both developing and developed countries, and are associated
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with cases of persistent diarrhea and diarrheal outbreaks
worldwide (Huang et al, 2006; Estrada-Garcia and Navarro-
Garcia, 2012; Hebbelstrup Jensen et al., 2014), besides the fact
that EAEC can also be isolated from asymptomatic subjects
(Gioppo et al., 2000; Araujo et al., 2007; Lima et al., 2013, 2019a;
Dias et al., 2016; Durand et al., 2016).

Previous studies have shown that EAEC isolates can be
identified in several serotypes (Zamboni et al., 2004; Boisen et al.,
2012; Lima et al., 2019b), and are distributed across the four main
E. coli phylogroups (A, B1, B2, and D) (Franga et al., 2013; Imuta
et al., 2016). Moreover, high rates of resistance to ampicillin and
trimethoprim-sulphamethoxazole, but not to quinolones, have
been observed (Aslani et al., 2011; Ikumapayi et al., 2017).

The pathogenicity of EAEC 1is characterized by the
colonization of the intestinal epithelium, followed by the
production and secretion of enterotoxins and cytotoxins, which
result in secretory diarrhea (Nataro and Kaper, 1998). The
establishment of the AA pattern has been associated with the
presence of five distinct aggregative adherence fimbriae (AAF/I-
AAF/V) (Nataro et al., 1992; Czeczulin et al., 1997; Bernier et al.,
2002; Boisen et al., 2008; Jonsson et al., 2015), which belong
to the chaperone-usher subclass, as well as afimbrial adhesins
(Monteiro-Neto et al., 2003; Bhargava et al., 2009). Very recently,
atype IV pilus, termed aggregate-forming pili (AFP), encoded by
genes located in the afp operon, was identified to be responsible
for the establishment of the AA pattern by a hybrid EAEC/STEC
(Shiga-toxin producing E. coli) isolate of serotype 023:H8, that
lacks the AAFs described so far (Lang et al., 2018).

Once adhered to the intestinal epithelium, EAEC produces
several enterotoxins and cytotoxins, which include: the
enteroaggregative E. coli heat-stable enterotoxin (EAST-1),
encoded by the astA gene, the plasmid-encoded toxin (Pet),
the protein involved in colonization (Pic), and autotransporter
proteases such as SigA and SepA, which were initially described
in Shigella flexneri. Another important virulence factor associated
with the pathogenicity of EAEC is the protein dispersin (Aap),
which facilitates bacterial dispersion in the intestinal epithelium
(Sheikh et al., 2002). Dispersin secretion occurs via an ATP-
binding cassette (ABC) transporter system, encoded by a cluster
of five genes (aatPABCD) located in the aggregative adherence
plasmid (pAA). The aatA gene, which corresponds to the former
EAEC probe CVD432, is one the most used target for EAEC
identification nowadays (Baudry et al., 1990; Nishi et al., 2003;
Lozer et al., 2013).

The AggR protein, encoded by the aggR gene located in
the pAA, is a global virulence regulator, which activates the
expression of several plasmidial and chromosomal virulence
factor-encoding genes in the EAEC 042 prototype strain, such as
the AAFs, as well as a chromosomal pathogenicity island (PAI),
termed aaiA-aaiP, which encodes a Type VI Secretion System
(T6SS) (Dudley et al., 2006; Morin et al.,, 2013). Some studies
employed genes of the aaiA-aaiP operon, such as aaiA, aaiC,
and aaiG, as an additional chromosomal marker to enhance the
efficiency of EAEC diagnosis (Lima et al., 2013; Andrade et al,,
2014; Havt et al., 2017; Hebbelstrup Jensen et al., 2018). Based on
the presence of the aggR gene, EAEC isolates can be subgrouped
into typical (aggR™") and atypical (aggR™) (Kaper et al., 2004).

Moreover, other potential virulence factor-encoding genes
that may contribute to the pathogenicity of EAEC isolates,
such as aar (AggR-activated regulator), shf (which encodes
a protein involved in biofilm formation initially identified
in Shigella flexneri), air (Enteroaggregative immunoglobulin
repeat protein), and capU (which encodes a homologous
hexosyltransferase) have been described (Czeczulin et al., 1999;
Sheikh et al., 2006; Santiago et al., 2017).

The goal of this study was to better understand the diversity
of typical and atypical EAEC isolates, obtained from diarrheal
patients in Brazil, regarding the somatic (O) and flagellar (H)
antigens determination (serotypes), phylogenetic classification,
presence of 25 virulence factors-encoding genes (e.g., adhesins,
toxins, secreted proteases, type VI secretion system), adherence
pattern produced on HeLa cells, and the susceptibility to 11
distinct antimicrobial drugs.

MATERIALS AND METHODS

Enteroaggregative Escherichia coli (EAEC)

Isolates Used in This Study

A total of 220 EAEC isolates, obtained from stool samples of
sporadic cases of diarrhea occurred in Brazil, were included in
this study. Of note, 203 EAEC isolates were obtained over 6-years
of active epidemiological surveillance (2011-2016), performed
at the Instituto Adolfo Lutz (IAL), a public health laboratory
and the Brazilian reference center for diarrheagenic E. coli
identification, as previously published (Ori et al., 2019), as well
as 17 EAEC isolates, obtained during the year of 2010, at the
same Institute.

In this study, EAEC was defined as E. coli isolates that possess
the aatA gene (former CVD432 probe), and typical and atypical
EAEC were differentiated based on the presence of the aggR gene
in the former group (Kaper et al., 2004).

Serotyping

The somatic (O) and flagellar (H) antigens from 203 EAEC
isolates, obtained from 2011 to 2016, were determined in
our previous epidemiological surveillance study (Ori et al,
2019). In the 17 remaining EAEC isolates, obtained during
the year of 2010, the O and H antigens were determined by
standard agglutination tests, with O (O1-O181) and H (H1-H56)
antisera produced at Instituto Adolfo Lutz, Sio Paulo, Brazil
(Ewing, 1986).

Phylogroup classification

The classification of the 220 EAEC isolates studied into distinct
phylogroups (A, B1, B2, C, D, E, and F) and Escherichia
clades were performed using the quadruplex Polymerase Chain
Reaction (PCR) method as previously described by Clermont
et al. (2013). Subsequently, EAEC isolates classified in the
phylogroup B2, with the following genotype: arpA~, chuA™,
yjaA~, and TspE4™, and all isolates assigned in the phylogroup
F were tested in an additional Triplex PCR, using primers and
PCR conditions as recently described (Clermont et al., 2019), in
order to confirm these isolates as B2 and F or to reclassify them
in the phylogroup G.
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Detection of Virulence

Factor-Encoding Genes

The presence or absence of the EAEC diagnosis markers aatA
and aggR was confirmed in all 220 isolates, and subsequently,
these isolates were tested for the presence of genes encoding for:
adhesins (aggA, aafA, agg3A, aggdA, agg5A, afpB, afpD, afpP,
afpA2, afpR, and eibG), toxins (pic, pet, astA, sigA, and sepA)
and other virulence factors (aap, aaiA, aaiC, aaiG, orf3, aar, air,
capU, and shf), by PCR DNA amplification. PCR was performed
using GoTaq Green Master Mix (Promega, Madison, WI, USA)
with 0.34 WM of each of the primers. All primer sequences and
PCR assay conditions used for the detection of virulence genes
are described in the references cited in Table S1. PCR products
were subjected to agarose gel electrophoresis, prepared with Tris-
borate-EDTA (TBE) buffer, and visualized with SYBR Safe DNA
Gel Stain (Invitrogen, CA, USA).

Antimicrobial Susceptibility Test

Antimicrobial susceptibility assays were performed following
the recommendations of the Clinical and Laboratory Standards
Institute (CLSI, 2018), using the disk diffusion method on
Mueller-Hinton agar (OXOID, UK). The antimicrobial drugs
tested were: ampicillin (AMP; 10 pg), amoxicillin-clavulanic
acid (AMC; 20/10 ng), cefazolin (CFZ; 30 wg), cefuroxime
(CEX; 30 pg), cefotaxime (CTX; 30 pg), cefepime (CPM;
30 pg), imipenem (IPM; 10 pg), gentamicin (GEN; 10 g),
tobramycin (TOB; 10 pg), ciprofloxacin (CIP; 5 pg), and

trimetoprim-sulfamethoxazole (SUT, 1.25/23.75 pg). The E. coli
ATCC 25922 was used as quality control, and the commercial
disks were obtained from Cefar Diagndstica Ltda (SP, Brazil).
EAEC multidrug-resistant was defined by the detection of
isolates resistant to three or more classes of antibiotics tested
(Magiorakos et al., 2012; Chattaway et al., 2017).

Adherence Assays

The adherence patterns of the EAEC isolates was evaluated in
HeLa cells as previously described (Cravioto et al., 1979), with
some modifications. Cells were cultured in DMEM (Dulbecco’s
Modified Eagle Medium—high glucose; Sigma-Aldrich; St. Louis,
MO, USA), supplemented with 10% fetal bovine serum (Gibco;
Grand Island, New York, USA), with 1% antibiotic (Penicillin-
Streptomycin, Sigma; St. Louis, MO, USA) in 5% CO, at 37°C.
For the adherence assay, ~1 x 10° cells were cultivated in a
24-well microplate, using the same medium described above
and containing glass coverslips in each well of the microplate,
for 48 h until reaching a confluence of ~80%. Then, the cells
were washed three times with phosphate-buffered saline (PBS,
pH 7.4), 1.0 mL of DMEM, supplemented with 2% fetal bovine
serum and 1% D-mannose (Sigma, Saint Louis, MO, USA) was
added, the cells were infected with 20 L of an overnight bacterial
suspension in LB broth (containing ~10% CFU/mL), and the
adherence assay was performed in 5% CO, at 37°C. After 3h
of incubation, the infected cells were washed six times with PBS
and then fixed with methanol (Dindmica, SP, Brazil) and stained

FIGURE 1 | Representative images of the distinct patterns of adherence exhibited by the EAEC isolates studied in adherence assays performed with Hela cells. The
adherence patterns are illustrated as follow: (A) aggregative adherence pattern, (B) aggregative adherence pattern (solid arrow) occurring concomitantly with the
chain-like adherence (dashed arrow), (C) chain-like adherence pattern, and (D) diffuse adherence pattern. All the adherence patterns illustrated in this picture were
observed in adherence assays performed with 3 h of infection. Scale bar = 10 wm.
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FIGURE 2 | Aggregative adherence (AA) pattern exhibited by an atypical
EAEC (aatA+/aggR~) isolate (IAL 6006) that harbored the afp operon. Note the
bacterial stacked brick-like arrangement, characteristic of the AA pattern, on
both epithelial cells and coverslip surfaces detected in adherence assay
performed with 3 h of infection. Scale bar = 10 um.

with May-Griinwald (Sigma; St. Louis, MO, USA) and Giemsa
(Din4mica, SP, Brazil) for identification of the adherence pattern
by light microscopy analyzes. When the EAEC isolates did not
adhere to the epithelial cells or the adherence pattern could not
be defined, the adherence assay was repeated in a 6 h bacteria-cell
interaction assay, with a washing step after 3h of incubation, as
previously described (Rodrigues et al., 1996), stained with May-
Griinwald/Giemsa and then observed by light microscopy. To
eliminate potential bias in the adherence pattern classification,
each slide was analyzed by three distinct blinded examiners, both
to define the adherence pattern exhibited by each EAEC isolate,
as well as to select the representative images to be included in
Figures 1, 2. In cases of divergence among the three examiners,
the EAEC isolate was submitted to a new adherence assay and
reevaluated in a blinded-manner until a consensus was obtained.

Statistical Analyses

Differences observed between typical and atypical EAEC were
investigated using a Chi-square with Yates’ correction or two-
tailed Fisher’s exact test, as appropriate, and a significance level
of 5% (P < 0.05) was adopted to consider the differences
statistically significant.

RESULTS

The majority of the diarrheal patients, from which the EAEC
isolates were obtained, were children up to five-years-old (62.7%,
138/220) and from the Sao Paulo State (66.8%, 147/220), besides
EAEC isolates that were obtained from other Brazilian States,
such as Minas Gerais (18.6%, 41/220) and Santa Catarina (14.5%,
32/220) (Table S2). We detected 194 typical (88.2%, 194/220) and
26 (11.8%, 26/220) atypical EAEC (Table 1), and observed that
56.8% (125/220) were classified in 39 distinct serogroups, besides
the occurrence of O non-typeable (19.5%, 43/220) and rough

TABLE 1 | Occurrence of virulence factor-encoding genes in typical and atypical
EAEC isolates.

Genes No. (%) of isolates P-value®d
investigated

Typical EAEC Atypical EAEC Total

(n=194) (n = 26) (n = 220)

Adhesins
aggA 6(3.1) 0 6(2.7) NS¢
aafA 18(9.3) 0 18(8.2) NS¢
agg3A 22 (11.3) 0 22 (10.0) NS¢
agg4A® 32 (16.5) 0 32 (14.5) 0.032¢
aggsA® 32 (16.5) 0 32 (14.5) 0.032¢
afpBP 0 14 (53.8) 14 (6.4) <0.0001¢
afpDP 0 14 (53.8) 14 (6.4) <0.0001¢
afpPP 0 14 (53.8) 14 (6.4) <0.0001¢
afpA2° 0 10 (38.5) 10 (4.5) <0.0001¢
afpR° 0 14 (53.8) 14 (6.4) <0.0001¢
eibG 1(0.5) 0 1(0.5) NS
Toxins
pic? 123 (63.4) 4 (15.4) 127 (57.7) <0.0001°¢
pet 20 (10.3) 0 20 (9.1) NS¢
astA 76 (39.2) 13 (50.0) 89 (40.5) NS°
SigA 18 (9.9 0 18(8.2) NS
SepA 34 (17.5) 4 (15.4) 38 (17.9) NS
Other
aap? 192 (99.0) 18 (69.2) 210 (95.5) <0.0001¢
aaiA® 141 (72.7) 12 (46.2) 1563 (69.5) 0.011¢
aaiC? 121 (62.4) 3(11.5) 124 (56.4) <0.0001¢
aaiG? 133 (68.6) 5(19.2) 138 (62.7) <0.0001¢
orf3? 192 (99.0) 5(19.2) 197 (89.5) <0.0001¢
aar® 172 (88.7) 8(30.8) 180 (81.8) <0.0001¢
air® 59 (30.4) 1(3.9) 60 (27.3) 0.009°¢
capU? 93 (47.9) 5(19.2) 98 (44.5) 0.011¢
shf® 88 (45.4) 4 (15.4) 92 (41.8) 0.007¢

aVirulence genes significantly more prevalent in typical EAEC than in atypical EAEC (P
< 0.05).

bVirulence genes significantly more prevalent in atypical EAEC than in typical EAEC (P
< 0.0001).

cdDjfferences observed between typical and atypical EAEC were tested by using Chi-
square test with Yates correlation (c) or two-tailed Fisher’'s exact test (d), as appropriate.
NS: The difference between typical and atypical EAEC was considered not significant.

(23.6%, 52/220) isolates (Table S3). Regarding the serotypes,
015:H2 (4.5%; 10/220), O175:H28 (4.5%; 10/220), O73:H1 (4.1%;
9/220), O153:H2 (3.6%; 8/220), and O21:H2 (3.2%; 7/220) were
the most frequent ones, and exclusively detected in the typical
EAEC subgroup (Table S3). The classification of the EAEC
isolates in the distinct E. coli phylogroups, demonstrated that
EAEC were assigned mainly in the phylogroups A (44.1%,
97/220), B1 (21.4%, 47/220), D (13.2%, 29/220), and E (10.0%,
22/220) (Table 2), and the number of atypical EAEC identified
in the phylogroup A was significantly higher than typical (65.4
vs. 41.2%), with this difference being statistically significant (P
< 0.05). Moreover, 2.3% (5/220) of the EAEC isolates studied,
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TABLE 2 | Classification of the typical and atypical EAEC isolates in the distinct £.
coli phylogroups.

E. coli Typical EAEC  Atypical EAEC Total P-value
phylogroup (n = 194) (n = 26) (n = 220)

A 80 (41.22 17 (65.4)2 97 (44.1) 0.034P
B1 42 (21.6) 19.2) 47 (21.4) NSP
B2 7 (3.6) 7(3.2) NS©
C 4(2.1) 4(1.8) NS©
D 28 (14.4) 1(3.8 29 (13.2) NS©
E 22 (11.3) 0 22 (10.0) NS©
G 5(2.6) 0 5(2.9) NSe
Unknown 6 (3.1) 3(11.5) 9 (4.1) NS©

aStatistically significant difference was observed between the two EAEC groups studied
(P < 0.05).

b pifferences observed between typical and atypical EAEC were tested by using Chi-
square test with Yates correlation (b) or two-tailed Fisher’s exact test (c), as appropriate.
NS: The difference between typical and atypical EAEC was considered not significant.

TABLE 3 | Occurrence of the aai operon genes in typical and atypical EAEC
isolates.

aai operon genes N° (%) of EAEC isolates

Typical EAEC Atypical EAEC Total
(n =194) (n =26) (n =220)
aalA, aaiC, aaiG 119 (61.3) 3(11.5) 122 (65.5)
aaiA, aaiC 2(1.0) 0 2(0.9)
aaiA, aaiG 14 (7.2) 2(7.7) 16 (7.9)
aaiA 6 (3.1) 7 (26.9) 13(5.9)
None 53 (27.3) 14 (53.8) 67 (30.5)

serotypes O73:H1 (3 isolates) and O15:H18 (2 isolates), were
identified in the newly described phylogroup G (Table 2).

We also investigated the occurrence of 25 virulence genes
encoding adhesins, toxins, secreted proteases, and T6SS
(Table 1). Genes encoding the major subunit of the five distinct
AAFs were exclusively detected in typical EAEC, with agg4A
(16.5%, 32/194) and agg5A (16.5%, 32/194) being the most
frequent ones (Table 1). Interestingly, genes encoding proteins
associated with the biogenesis of the newly described AFP
adhesin (afpB, afpD, afpP, and afpA2) and/or its regulator
(afpR) were exclusively detected in atypical EAEC (57.7%,
15/26), showing a statistical association with this subgroup (P
< 0.0001). Typical EAEC harbored all five genes encoding for
toxins investigated in this study, such as pic, pet, astA, sigA, and
sepA, while atypical EAEC isolates lacked the pet and sigA genes.
Furthermore, pic was significantly more frequent in typical than
atypical EAEC (63.4 vs. 15.4%, P < 0.0001). Additionally, the
genes encoding for dispersin (aap), T6SS (aaiA, aaiC, and aaiG)
and five other putative virulence factors (orf3, aar, air, capU,
and shf) were detected in typical and atypical, despite their
statistical association with the former group (Table 1). The genes
encoding the T6SS investigated here (aaiA, aaiC, and aaiG) were
detected in 69.5% (153/220) of the EAEC isolates studied, with
the concomitant occurrence of the three genes being the most

common genotype (55.5%, 122/220) detected (Table 3). Besides
the aforementioned combination, the aaiA gene was observed in
association with aaiG (7.3%, 16/220), aaiC (0.9%, 2/220), or not
associated with these two genes (5.9%, 13/220) (Table 3).

The AA pattern was detected in 92.7% (204/220) of the
isolates (Table 4). In 75.9% (167/220) of them, the AA pattern
was detected after 3h of bacteria-cell interaction (Figure 1A),
while in 14.1% (31/220) this phenotype was detected using more
prolonged periods of incubation (6h) (Table 4). Curiously, six
EAEC isolates (2.7%, 6/220) produced AA concomitantly with
long-chain aggregates of bacteria adhered to both HeLa cell
surfaces and coverslip (Figure 1B), which is characteristic of
an adherence pattern termed chain-like adhesion (CLA). We
also observed that 1.4% (3/220) and 0.9% (2/220) of the EAEC
isolates produced CLA (Figure 1C) or the diffuse adherence (DA)
patterns (Figure 1D), respectively. EAEC isolates exhibiting an
undefined (UND) adherence (1.4%, 3/220) or unable to adhere to
HeLa cells (3.6%, 8/220), even using more prolonged periods of
bacteria-cell interaction, were observed (Table 4). The majority
of the typical EAEC isolates (82.4%, 89/108) that harbored one
or more of the adhesin-encoding genes investigated were able
to produce the AA pattern within 3h of assay, and the only
EAEC that harbored the eibG gene produced CLA (Table 4).
Interestingly, two typical EAEC isolates harbored the agg3A
concomitantly with the agg5A, and both the isolates were able to
produce the AA pattern (Table 4). Among the 26 atypical EAEC,
76.9% (20/26) produced AA, besides isolates exhibiting UND
adherence (7.7%, 2/26), or non-adherent (NA) (15.4%, 4/26)
(Table 4). Taken into consideration the 14 afp™ EAEC isolates,
85.7% (12/14) produced AA, while the other two isolates (14.3%,
2/14) were NA (Table 4). The isolate IAL 5749 that harbored only
the regulator-encoding gene (afpR), but lacked the genes from the
afp operon investigated, produced a UND adherence pattern to
HeLa cells (Table 4).

Considering the novelty of the association of the genes of the
afp operon and/or its regulator (afpR) with atypical EAEC, we
compiled the main features of these 15 EAEC isolates in Table 5.
Most of them were identified in the phylogroup A (80.0%, 12/15)
and produced AA in 3h assay (73.3%, 11/15) (Figure 2), even
though they were heterogeneous regarding the serotype, and
virulence profile exhibited (Table 5).

Among the 11 antimicrobial drugs tested, non-susceptible
typical EAEC isolates were observed for ampicillin,
amoxicillin/clavulanic acid, cefazolin, gentamicin, tobramycin,
ciprofloxacin, and trimethoprim/sulfamethoxazole, with
the highest resistance rates observed for ampicillin (52.6%,
102/194), and trimethoprim/sulfamethoxazole (33.5%, 65/194)
(Table 6). Non-susceptible atypical EAEC were observed only
for ampicillin (19.2%, 5/26) and trimethoprim/sulfamethoxazole
(19.2%, 5/26) (Table 6). Multidrug resistance phenotype was
observed only in two (1.0%, 2/194) of the typical and in none of
the atypical EAEC isolates studied (Table S4).

DISCUSSION

The importance of EAEC as an etiological agent of diarrheal
diseases has been reinforced in the last decade (Boisen et al., 2012;
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TABLE 4 | Correlation of adhesin-encoding genes and adherence patterns detected in the typical and atypical EAEC isolates studied.

Adhesin-encoding No. of EAEC No. (%) of EAEC exhibiting distinct adherence patterns on HeLa cells?
genes investigated isolates
DA AA/CLA CLA UND NA

3h 6h 3h 6h 3h 3h 6h 6h
Typical EAEC (Total) 194 154 (79.4) 24 (12.4) 1(0.5) 1(0.5) 6 (3.1) 3(1.5) 1(0.5) 4 (2.1)
aagA 6 6 (100.0) 0 0 0 0 0 0 0
aafA 18 18 (100.0) 0 0 0 0 0 0 0
aggSA 20 18 (90.0) 1(5.0 0 0 0 0 1(56.0) 0
agg4A 31 17 (54.8) 7 (22.6) 0 0 4(12.9) 2(6.5) 0 1(3.2)
aggsA 30 29 (96.7) 1(3.3 0 0 0 0 0 0
agg3A+ aggbA 2 1(560.0) 1(50.0) 0 0 0 0 0 0
agg4A+eibG 1 0 0 0 0 0 1(100.0) 0 0
None 86 65 (75.6) 14 (16.3) 1(1.2) 1(1.2) 2(2.9) 0 0 3(3.5)
Atypical EAEC (Total) 26 13 (50.0) 7 (26.9) 0 0 0 0 2(7.7) 4 (15.4)
afp operon 14 11 (78.6) 1(7.1) 0 0 0 0 0 2(14.3)
afoR 10 0 0 0 0 0 0 1(100.0) 0
None 1 2(18.2) 6 (54.5) 0 0 0 0 1(9.1) 2(18.2)
TOTAL 220 167 (75.9) 31 (14.1) 1(0.5) 1(0.5) 6 (2.7) 3(1.4) 3(1.4) 8 (3.6)

4AA, aggregative adherence pattern; CLA, chain-like adherence pattern; AA/CLA, AA observed concomitant with CLA; DA, diffuse adherence pattern; NA, non-adherent EAEC isolates;
UND, EAEC isolates exibithing undefined adherence, characterized by the occurrence of few bacteria randomly attached on the Hel a cells surface.
bEAEC isolate (IAL 5749) that harbored the afoR gene, but lacked the genes from the afp operon investigated (Table 5).

TABLE 5 | Phenotypic and molecular features of atypical EAEC harboring the afp operon gene.

Atypical EAEC Phylogroup Serotype Adherence afp operon afpR Virulence factor-encoding genes
identification pattern
3h 6h afpB  afpD  afpP  afpA2
IAL 5700 A OR:H33 AA - + + + + + aatA
AL 5742 Unknown OR:H45 AA - + + + + + aatA, aap, aaiA
AL 5744 A ONT:H- NA NA + + + + + aatA, astA, aap, aaiA
IAL 5749 B1 OR:H35 NA UND - - - - + aatA, aaiA
AL 5826 B1 OR:H35 AA - + + + + + aatA, aaiA, aar
AL 5823 A ONT:H32 AA - + + + + - aatA, aap, capU, shf
IAL 5846 A OR:H33 AA - + + + + + aatA, aap, orf3, aar
IAL 5852 A 080:H10 AA - + + + - + aatA, astA, aap, aaiA, orf3, aar
IAL 5854 A 080:H10 AA - + + + - + aatA, astA, aap, orf3
IAL 5892 A OR:H- AA - + + + + + aatA, astA, aap, aaiA, capU
IAL 5898 A 055:H25 NA NA + + + + + aatA
IAL 5901 A OR:H10 AA - + + + - + aatA, astA, aap
IAL 5911 A 055:H25 AA - + + + + + aatA, aap
IAL 6001 A OR:H10 UND AA + + + - + aatA, astA, aap
IAL 6006 A ONT:H32 AA - + + + + + aatA, aap, capU, shf

Lima et al., 2013; Durand et al., 2016; Chattaway et al., 2017; Ori
et al., 2019). However, some questions remain to be addressed,
such as the use of the adherence pattern as the gold standard
for diagnosis, how to identify truly pathogenic isolates in this
heterogeneous group of isolates, and which would be the best
molecular markers to improve the diagnosis of EAEC, mainly
atypical EAEC.

Several of the virulence factor-encoding genes investigated
here were statistically more frequent among typical EAEC,

which is not surprising since the majority of these genes
were identified, and functionally characterized, in the
typical EAEC prototype strain 042 (Harrington et al,
2006; Chaudhuri et al., 2010; Hebbelstrup Jensen et al.,
2014). Similar findings were also observed by other
Brazilian authors that compared typical and atypical EAEC
isolates, especially with the pic, aap, shf, and agg4A genes
being more frequent among the typical EAEC isolates
(Andrade et al., 2017; Taborda et al., 2018; Guerrieri et al., 2019).
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TABLE 6 | Antimicrobial susceptibility of the EAEC isolates studied.

Antimicrobial Typical EAEC Atypical EAEC
drugs (n =194)° (n = 26)°
tested?

S 1 R S 1 R
AMP 92 (47.4) 0 102 (52.6) 21 (80.8) 0 5(19.2)
AMC 187 (96.4) 6 (3.1) 1(0.5) 26(100.0) 0 0
CFz 159 (82.0) 28 (14.4) 7 (3.6) 24(92.3) 2(7.7) 0
CTX 194 (100.0) 0 0 26 (100.0) 0 0
CPM 194 (100.0) 0 0 26 (100.0) 0 0
CFX 194 (100.0) 0 0 26 (100.0) 0 0
IPM 194 (100.0) 0 0 26 (100.0) 0 0
GEN 187 (96.4) 2(1.0) 5(2.6) 26(100.0) 0 0
TOB 190 (97.9) 3(1.5) 1(0.5) 26(100.0) 0 0
CIP 193 (99.5) 0 1(0.5) 26(100.0) 0 0
SUT 129 (66.5) 0 65 (33.5) 21 (80.8) 0 5(19.2)

aAmpicillin (AMP, 10 11g), amoxicillin-clavulanic acid (AMC, 20/10ug), cefazolin (CFZ, 30
19), cefuroxime (CFX, 30 ng), cefotaxime (CTX, 30 ug), cefepime (CPM, 30 1g), imipenem
(IPM, 10 ng), gentamicin (GEN, 10 ng), tobramycin (TOB, 10 1.g), ciprofloxacin (CIR 5 ng),
trimetoprim-sulfamethoxazole (SUT, 1.25/ 23.75 ug).

bAntibiogram interpretation: S, susceptible; I, intermediate; R, resistant.

Case-control studies, performed in distinct geographic
regions, have been able to demonstrate the association of some
genes encoding virulence factors with diarrheal disease. pic,
which encodes a protein with hemagglutinin and mucinolytic
activity in vitro (Henderson et al., 1999), was statistically more
frequent among diarrheal Peruvian children than in healthy
subjects (Durand et al, 2016), as well as sepA, encoding
an autotransporter protease originally described in Shigella
spp., was associated with diarrhea in children from Bamako,
Mali (Boisen et al, 2012). A case-control study performed
in Northeastern Brazil demonstrated the association of pet
(Plasmid-encoded toxin) and aafA (AAF/II fimbrial subunit)
with diarrhea (Lima et al., 2013). Moreover, the occurrence of
typical EAEC, harboring concomitantly aatA and aaiC, was more
frequent among malnourished than in nourished children (Havt
et al,, 2017), thus reinforcing the need for greater attention to
asymptomatic infections by this pathogen.

In typical EAEC the establishment of the AA pattern is
mediated by five distinct AAFs (Jonsson et al., 2017a), and the
occurrence of genes associated with the biogenesis of AAF/I-
AAF/IV has already been reported among Brazilian EAEC
isolates, with their frequency varying according to the geographic
regions studied (Elias et al., 1999; Zamboni et al., 2004; Lima
et al.,, 2013; Guerrieri et al., 2019). However, the occurrence
of Brazilian EAEC isolates harboring the agg5A, alone or
concomitantly with agg3A, is described for the first time in this
study. A study performed with Danish EAEC isolates identified
six harboring the major pilin subunits from both AAF/III (agg3A)
and AAF/V (agg5A), with these genes located in a novel pAA
variant (Jonsson et al., 2017b).

Recently, Lang and coworkers described a new fimbria,
termed aggregate-forming pili (AFP), in a hybrid EAEC/STEC
isolate of serotype O23:H8 (Lang et al., 2018). The genes

responsible for the biogenesis of AFP have ~52% of nucleotide
identity with the genes responsible for encoding the bundle-
forming pili (BFP), a type IV pilus that mediates the localized
adherence (LA) phenotype of typical enteropathogenic E. coli
on epithelial cells surface (Scaletsky et al., 1984; Girén et al.,
1991; Donnenberg et al., 1992). The afp and bfp operons have a
similar gene organization (Tobe et al., 1999; Lang et al., 2018),
despite the presence of an additional afpA2 gene, that is not
required for AFP biogenesis (Lang et al., 2018). The deletion
of the complete afp operon, afpA and afpR genes (encoding an
AraC-like regulator), but not afpA2, led to the loss of fimbriae
production and drastically reduced the ability of the EAEC/STEC
isolate in adhering to epithelial cells in vitro (Lang et al., 2018).

Using an NCBI nucleotide BLAST analysis with the afp operon
genes as a query sequence, Lang et al. (2018) identified 17
afp-positive E. coli isolates, which were also positive for EAEC
markers, such as aatA and aap, but lacking aggR, which is a
genotype of atypical EAEC. This observation motived us to
deeply investigate the occurrence of the afp genes in other
EAEC isolates, including both typical and atypical. To the best
of our knowledge, this is the first study to demonstrate the
association of genes from the afp operon, as well as, a gene
encoding its regulator (afpR) with the atypical EAEC subgroup,
thus providing a new putative molecular marker to increase the
diagnostic efficiency of this pathogen.

Moreover, some of the isolates classified as typical EAEC
(aatA™ /aggRt) produced the CLA or DA patterns on Hela
cells (3 and 2 isolates, respectively), similar to the observed in
previous studies that compared adherence pattern and molecular
markers of the distinct DEC pathotypes (Gomes et al., 1998;
Gioppo et al.,, 2000; Scaletsky et al., 2002; Spano et al., 2017).
A Brazilian study demonstrated that E. coli isolates exhibiting
CLA on epithelial cells harbored genes commonly used as a
marker of the EAEC pathotype, i.e., aatA and aggR, as well as
virulence factor-encoding genes, such as pet, astA, and aggC
(Gioppo et al., 2000). These data demonstrate that the EAEC
definition is still ambiguous since E. coli isolates producing the
AA pattern on HeLa cells could be devoid of EAEC molecular
markers of this pathotype, as well as E. coli positive for such
genes could produce adherence patterns distinct from AA. We
believe that further studies using whole-genome sequencing
analysis, in combination with phenotypic features of the EAEC
isolates and clinical information of the patients could provide
greater accuracy to the molecular markers necessary for the
EAEC diagnosis, as well as, in the identification of truly
pathogenic isolates.

In conclusion, although we have characterized the EAEC
isolates studied in terms of phylogroups, serotypes, adherence
patterns, and genes that encode virulence factors, the main
message of this study is the association of the aggregate-forming
pili (AFP)-encoding genes with the atypical EAEC subgroup.
Our study showed that the afp operon was found only in E.
coli isolates that carry the aatA gene, but are devoid of the
genes encoding the EAEC virulence regulator and the aggregative
adherence fimbriae (aatA™/aggR™/AAFs™), thus providing a
novel putative marker for increasing the efficiency of atypical
EAEC diagnosis.
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Shiga-toxin-producing Escherichia coli (STEC) has become an important pathogen
that can cause diarrhea, hemorrhagic colitis and hemolytic uremic syndrome (HUS) in
humans. Recent reports show that the type VI secretion system (T6SS) from EHEC is
required to produce infection in a murine model and its expression has been related to a
higher prevalence of HUS. In this work, we use bioinformatics analyses to identify the core
genes of the T6SS and compared the differences between these components among
the two published genomes for EHEC O157:H7 strain EDL933. Prototype strain EDL933
was further compared with other O157:H7 genomes. Unlike other typical T6SS effectors
found in E. coli, we identified that there are several rhs family genes in EHEC, which could
serve as T6SS effectors. In-silico and PCR analyses of the differences between rhs genes
in the two existing genomes, allowed us to determine that the most recently published
genome is more reliable to study the rhs genes. Analyzing the putative tridimensional
structure of Rhs proteins, as well as the motifs found in their C-terminal end, allowed
us to predict their possible functions. A phylogenetic analysis showed that the orphan
rhs genes are more closely related between them than the rhs genes belonging to vgrG
islands and that they are divided into three clades. Analyses of the downstream region of
the rhs genes for identifying hypothetical immunity proteins showed that every gene has
an associated small ORF (129-609 nucleotides). These genes could serve as immunity
proteins as they had several interaction motifs as well as structural homology with other
known immunity proteins. Our findings highlight the relevance of the T6SS in EHEC as
well as the possible function of the Rhs effectors of EHEC O157:H7 during pathogenesis
and bacterial competition, and the identification of novel effectors for the T6SS using a
structural approach.

Keywords: enterohemorrhagic E. coli, type 6 secretion system, effector proteins, Rhs, bacterial competition,
pathogenesis

INTRODUCTION

Shiga-toxin-producing Escherichia coli (STEC) bacteria, including enterohemorrhagic E. coli
(EHEC), are intestinal pathogens responsible for diseases such as enterohemorrhagic colitis and
hemolytic uremic syndrome (HUS). HUS is a serious complication that may cause renal failure and
heart damage, resulting in death in 10% of the affected (Croxen et al., 2013). Antibiotic treatment
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against STEC infection increases HUS risk (Wong et al., 2000),
and EHEC infectious dose is under 50 CFU (Tilden Jr et al., 1996),
thus placing STEC as an important health risk for epidemic
diseases. Cows are the principal STEC reservoir, in which the
bacteria live as a commensal and do not cause infection, along
with vegetables irrigated with contaminated waters, which have
caused important outbreaks (Frank et al, 2011). Nowadays
EHEC serotype O157:H7 and the hybrid strain between an
enteroaggregative E. coli and STEC (EAEC/STEC 0104:H4) are
the most commonly associated strains to epidemic outbreaks
(Yang et al., 2017). On one hand, EHEC O157:H7 has a locus of
enterocyte effacement (LEE), which encodes a type 3 secretion
system (T3SS) used for injecting effectors that subvert the cell
physiology, causing the characteristic attaching and effacing
(A/E) lesions (Schmidt, 2010). On the other hand, EAEC/STEC
0104:H4 has the aggregative adherence fimbriae like AAFI as
well as multiple antibiotic resistance genes (Rohde et al., 2011;
Navarro-Garcia, 2014). Even if both serotypes have a different
origin and have few virulence factors in common, both have the
stx2 gene, which encodes the Shiga toxin 2. The presence of this
toxin in both genomes is probably due to horizontal gene transfer
from a O157:H7 strain to EAEC strain 55989, the presumptive
parental strain of EAEC/STEC O104:H4 (Rohde et al., 2011).

Both EHEC EDL933, an O157:H7 serotype used as a reference
strain, and EAEC/STEC O104:H4, encode a type VI secretion
system (T6SS) (Journet and Cascales, 2016), a nanomachine
comprised from 13 core elements that make up for four defined
structures: a membrane complex formed by TssJLM that attaches
the T6SS to the inner membrane and makes the intermembrane
pore; a baseplate comprised by TssEFGHK that connects the tail
to the membrane complex and helps with the T6SS disassembly
once it has contracted; a tail made up of stacked Hcp hexamers
with a spike formed by a VgrG trimer; and a contractile sheath
comprised by TssBC, which expel the Hcp tail to the exterior
of the bacterial cell, while TssA regulates the T6SS assembly
and contraction (Navarro-Garcia et al., 2019; Schneider et al,,
2019). The core components are grouped in a genomic island
and present homology with some of the components of the T4
bacteriophage machinery (Pukatzki et al., 2007; Leiman et al,
2009). The T6SS punctures other cell membranes, which can be
from eukaryotic or prokaryotic organisms, and injects effectors
directly into the cytoplasm that mediate bacterial competition
and pathogenesis (Ma and Mekalanos, 2010; Basler et al,
2013). Effectors are usually classified into three families: (i)
phospholipases that degrade the plasma membrane; (ii) murein-
hydrolases and amidases that attack the cell wall; and (iii)
nucleases which target DNA or RNA. The genes encoding those
effectors are usually part of a bicistronic operon that also encodes
an immunity protein, which binds to the effector protein and
prevents autointoxication (Bingle et al., 2008). Finally, there
are other effectors with non-canonical activities, including ADP
ribosylation, ion chelation or even actin crosslinking (Lien and
Lai, 2017).

Wan et al. (2017) have already shown that the T6SS of EHEC
strain EDL933 is functional in an isogenic mutant for the master
regulatory protein H-NS, and showed that EHEC can translocate
KatN, a catalase effector, into the macrophage upon phagocytosis.

KatN neutralizes iROs present in the phagosome, thus avoiding
bacterial killing. Wan et al. (2017) also showed that T6SS is
essential to cause disease in a murine model, as isogenic mutants
for clpv were unable to provoke death in the infected mice. ClpV
is an ATPase that is essential for T6SS function by recycling
the sheath components (Douzi et al., 2016). Nonetheless, mice
death was independent of KatN, implying that other effectors
acting as virulence factors in EHEC strain EDL933. Recently,
Rhs family proteins have been associated with interbacterial
competition in several STEC strains. Rhs family proteins are
known for containing RHS repeats (recombination hotspot),
often contain a PAAR domain that interacts with VgrG proteins
(Bondage et al., 2016), and also have a C-terminal region with
a nuclease, protease or deaminase activity (Ma et al., 2017b). In
this work, we explore the differences between the T6SS genes
and the putative effectors in two published genomes of EHEC
0157:H7 strain EDL933 (Perna et al., 2001; Latif et al., 2014).
Using bioinformatics analyses we could identify both the core
genes of the T6SS as well as several putative effectors, and
we provide evidence that the most-recently published genome
(Latif et al, 2014) better represents the T6SS components
and effectors. Additionally, analyzing sequence motifs and the
modeled structure we identified several putative Rhs effectors, as
well as the associated putative immunity proteins for each Rhs.

METHODS

Strains Used in This Study

EHEC strain EDL933 was kindly provided by Dr. Jose Luis
Puente (Riley et al., 1983; Arenas-Hernandez et al., 2014). The
genomes bioinformatics comparison was made from EHEC
strain EDL933 ATCC 700727 in the genome of Perna et al. (2001)
(GenBank accession number: AE005174.2) and the genome of
Latif et al. (2014) (GenBank accession number: CP008957.1). E.
coli strain HB101 was obtained from ATCC 33694. The strains
were grown overnight in LB plates with 1.5% agar at 37°C.

Bioinformatics Analyses

Motif searching for putative T6SS effectors was performed using
the PROSITE, NCBI-CDD and Pfam databases (Marchler-Bauer
et al., 2010; Sigrist et al., 2012; Finn et al., 2013) with the
GenomeNet search engine. An e-value cutoff score of 0.01 was
used. The tridimensional models were calculated using I-TASSER
software (Yang and Zhang, 2015). For the analyses of the possible
effector activity of the Rhs proteins, only the C-terminal end
of each protein was modeled. The search for T6SS islands was
performed using MacSyDB (Abby et al., 2016) and SecReT6 (Li
etal., 2015). Relationship analyses between different Rhs proteins
was conducted using STRING version 11 (Szklarczyk et al., 2019).
Prediction of signal sequences was made using SignalIP (Juncker
et al., 2003). Evolutionary analyses were conducted in MEGA
X (Kumar et al., 2018) from the nucleotide sequences form the
genome published by Latif et al. (2014), using the Maximum
Likelihood method and Tamura-Nei model (Tamura and Nei,
1993). The tree presented is the consensus of 100 bootstrap
repetitions (Felsenstein, 1985).
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Primer Designing and Amplification for
rhsA and rhsC Genes in EHEC Strain
EDL933 DNA

Three primers were designed using Primer BLAST (Ye et al,
2012). The forward primer was designed to aligning with
the rhsA gene in both genomes (25014 and EDL933_4854),
while a genome-specific reverse primer was designed for each
published genome (Perna et al., 2001; Latif et al,, 2014). The
sequence of the forward primer was 5'-CGCTATCTTTACGAC
CCGCT-3'. The primer rhsAIR with the sequence 5'-GGC
AAGGGGAATGGTCTAGG-3' was complementary with the
rhsA gene (locus z5014) according to Perna et al. (2001),
whereas the primer rhsA2R with the sequence 5'-GATGTG
GGGGTACCATGCC-3" was complementary to the rhsA gene
(locus EDL933_4854) according to Latif et al. (2014). For
the amplification of the rhsC gene (locus z0847), the primers
rhsAF and rhsCR (sequence 5'-TAGGCGGTTTGTTGGGTC
TC-3") were used. The optimal aligning temperature for all the
combinations were experimentally obtained by PCR using a
temperature gradient and a final primer concentration of 0.4 LM.
The expected product was 800 bp for rhsA1R primer and 875 bp
for rhsA2R, while a fragment of 832 bp fragment was expected for
rhsCR. Chromosomal DNA from EHEC strain EDL933 was used
as template. After PCR, the products were separated in a 1.5%
agarose gel and then stained with ethidium bromide.

RESULTS AND DISCUSSION

In-silico Analysis of the T6SS Island in
EHEC Strain EDL933

Three distinct families of T6SS exist, which differ in their genetic
organization as well as in the homology of their components
(T6SS-1, T6SS-2 and T6SS-3) (Journet and Cascales, 2016). T6SS-
1 and T6SS-3 have been associated with bacterial competition as
well as with the invasive capacity of certain E. coli pathotypes,
while T6SS-2 is commonly found in intestinal strains, including
STECs like EHEC EDL933 and EAEC/STEC 0104:H4 (Journet
and Cascales, 2016). Wan et al. (2017) described the T6SS island
in EHEC strain EDL933 using the genome published by Perna
et al. (2001), which was obtained via shotgun sequencing as
described by Mahillon et al. (1998). However, recent reports
of structural proteins and the publication of a gapless genome
without ambiguities for EHEC strain EDL933 using PacBio
and Ilumina sequencing (Latif et al, 2014) allowed us to
perform a deeper analysis of the genetic island (Figure 1A).
We found that the island encodes the 13 core components of
the T6SS (TssA, TssBC, TssEFGHK, TssJLM, Hcp, and VgrG),
which appears to be divided into two general operons: the
first one (named here structural operon) would be codified on
the complementary DNA strand and would contain both the
baseplate components (TssEFGHK) and the membrane complex
components (TssJLM). Besides, this operon includes two hcp
genes (tssD, loci 20247, and z0264) and a tssC gene, an essential
component of the T6SS sheath. Analyzing the genomes from
0157:H7 strains in GenBank, we found that 137 strains out
of 145 possessed the T6SS-2 structural genes and only 8 did

not (strains 09BKT002497, 121, 262, 611, EC10, EC4024, GZ-
021210/cattle, and ZAP430). No significant similarity with T6SS-
1 or T6SS-3 structural genes from EAEC 042, a reference strain
for these T6SS families, was found in O157:H7 genomes. The
second operon (named here vgrG operon) would be on the
main DNA strand containing a group of genes that encode the
tail components such as another hcp gene (20266) and a vgrG
gene (tssI, z0267). Additionally, in this operon, we found two
genes downstream vgrG, and one of them encodes an Rhs family
protein with a PAAR domain (20268). Interestingly, both the rhs
family gene and the gene directly downstream (z0269) were not
found in every T6SS-2 islands, such as EAEC 042, EAEC 55989,
or EAEC/STEC O104:H4, as previously reported (Journet and
Cascales, 2016). This suggests that this pair of genes encode a
T6SS effector as well as its associated immunity protein. Finally,
20268 and 20269 were found only in 66 EHEC O157:H7 strains
from the lineage I and were absent in 79 strains from lineage II
(Zhang et al., 2007).

One particularity of the T6SS island in EHEC strain EDL933
is that it contains three homologs of hcp genes (20247, z0264
and z0266) (Wan et al., 2017), so we decided to further analyze
them. hcpl (z0247) is not recognized as an ORF in Latif et al.
(2014), even though that region is 100% identical to Perna et al.
(2001). This might be because there is a little overlapping between
the 5 end of locus 20247 and 3’ end of locus 20249, so perhaps
the region in this latter analysis was not properly recognized
by the annotation software, RAST. For hcp2 (z0264), it has
already been shown that EHECAhns, an isogenic mutant for the
master regulatory protein H-NS repressing the T6SS expression
in several bacteria, secretes the Hcp2 protein to the supernatant
(Wan et al., 2017). However, upon inspecting the motifs found
in the protein, we found a PF05591 motif, which may be found
both in Hep2 and TssB. Remarkably, the island reported by Wan
et al. (2017) lacks the tssB gene, an essential component of the
T6SS (Zhang et al., 2014). Our analyses using MacsyDB and
SecReT6 (Li et al., 2015; Abby et al., 2016) suggested that the
gene is not hcp but tssB, but experimental data is required to
completely clarify the identity of this gene. Finally, none of the
three hcp genes belongs to the Hep-ET family reported by Ma
etal. (2017a), and no known effector domains fused with the Hcp
core were found that might participate during pathogenesis or
interbacterial competition in EHEC strain EDL933.

Furthermore, tssA gene (z0251) is half as long as the reported
genes in other strains, and after inspecting the region between
the loci z0251 and z0252 (Perna et al., 2001), we found that
the gene seems to be interrupted, as a missing cytosine in the
249,998th nucleotide producing a stop codon. In fact, in the
genome published by Latif et al. (2014), the segment containing
20251 and z0252 is recognized as a single pseudogene, even
though this region is 100% identical as in the genome published
by Perna et al. (2001). Being TssA an essential protein for the
T6SS function, it would be odd that the gene was mutated,
especially when the functionality of the T6SS has already been
confirmed in this strain (Wan et al., 2017). Interestingly, Zoued
et al. (2016) demonstrated that both N-terminal and C-terminal
regions of TssA interact with different components of the T6SS,
and it is possible that, even if the gene is divided in two,
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FIGURE 1 | Diagram of the organization of T6SS genes in EHEC strain EDL933. (A) Organization of the T6SS island components, in which the genes of unknown
function are shown in black. Orange and blue arrows are showing the localization of the putative operon 1 and 2 in the island (named here structural and vgrG
operons). (B) Putative T6SS effectors. The rhs genes found in EHEC strain EDL933 are shown in red, and the vgrG homologs are shown in blue. KatN, the only
confirmed T6SS effector to date is shown in green, while the immunity proteins are shown in gray. This diagram was constructed based on CP008957 genome
published by Latif et al. (2014), and the genes only found in this genome lack the z-prefix.

both regions could properly oligomerize and perform TssA  essential for T6SS-mediated translocation of Rhs proteins in
function during T6SS biogenesis. About a third of the O157:H7  several STECs (Ma et al., 2017b). The three VgrG proteins
strains we analyzed showed the same single-nucleotide deletion,  have >90% amino acid identity and resemble other VgrG
while the rest encoded a full length TssA protein. Additionally,  proteins of the T6SS-2. Interestingly, the same 8 STEC O157:H7
20249 also encodes a protein of the cluster of differentiation  strains that were negative for structural genes were also
3515 (COG3515) that would also correspond to the C-terminal ~ negative for vgrG genes, while the other possessed at least
fraction of TssA, although the identity between Z0251 and  one vgrG homolog in their genome, having up to five copies
70249 is rather low (41.67% and 7% of query cover). The TssA  of vgrG.
C-terminal region forms dodecamers, suggesting that the gene Several T6SS effectors are VgrG proteins that have a
could be duplicated on the genome, but the low homology could =~ C-terminal extension with enzymatic activity (Ma and
imply that both loci perform different activities during T6SS  Mekalanos, 2010; Suarez et al, 2010; Brooks et al, 2013;
biogenesis and/or function. Sana et al., 2015). However, none of the VgrG homologs in
Outside of the T6SS island, we found two islands that ~EHEC O157:H7 strains had a known effector domain in its
encode VgrG proteins (vgrG islands, Figure 1B), which Uchida  C-terminal, though we found that the C-terminal region was
et al. (2013) renamed vgrGI (z0707) and vgrG2 (z2262), while  highly divergent while the N-terminal region was conserved.
the locus z0267 inside the T6SS island was named vgrG3.  T6SS-translocated proteins are carried by VgrG proteins, and
Interestingly, downstream of vgrG1, we found an hypothetical ~ those effectors usually interact with the C-terminal region of
protein with a domain of unknown function 1795 (DUF1795),  VgrG (Hachani et al., 2014; Whitney et al., 2014). Thereby, we
which has been found to interact with Rhs and VgrG proteins  postulate that the three different VgrG proteins present in EHEC
in Serratia marcescens (Alcoforado Diniz et al., 2015), and is ~ O157:H7 strains carry different effectors to the prey cell.
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Wan et al. (2017) already demonstrated that T6SS in EHEC  cholerae (Shneider et al., 2013), in EHEC strain EDL933, they
EDL933 is functional in an hns isogenic mutant and that it can  also contained RHS (Recombination Hotspot) repeats, so they
translocate the KatN catalase upon macrophage phagocytosis,  were classified as Rhs family proteins. In recent years, several
thus neutralizing the iROs in the phagosome and avoiding  T6SS-effectors related to Rhs proteins have been described in
bacterial death. They also showed that the T6SS is essential ~ UPEC and STEC strains (Poole et al., 2011; Ma et al., 2017b), as
to cause disease in a murine model, as the isogenic clpV  well as in other species such as P. aeruginosa and S. marcescens
mutants were unable to provoke death in mice. Nonetheless, = (Kung et al., 2012; Diniz and Coulthurst, 2015). By using the
mice death was independent of katN, so there must be other =~ I-TASSER software, we modeled the tridimensional structure of
unidentified effectors that could contribute to EHEC strain ~ Z0268 (PAAR) and found that this protein resembled a shell-like
EDL933 pathogenesis. structure built up by B-sheets that enclose a C-terminal region

. . . . with enzymatic activity (Figure 2A). The N-terminal and central
Identification of Putative Effectors Using a region of PAAR-Rhs proteins is present in both Gram-negative
Bioinformatics Approach and Gram-positive bacteria, and there are even homologous
Each T6SS family has characteristic effectors according to itsown ~ proteins in eukaryotes, known as teneurins. The structure of
functionality, and even if we could not find a single O157:H7  the extracellular domain of teneurins is similar to Rhs proteins,
strain with a T6SS-1 or T6SS-3, we decided to look for effectors of ~ and their presence in eukaryotes was probably due to horizontal
any T6SS family in EHEC O157:H7 trying to determine the role  gene transfer (Jackson et al., 2018). Teneurins bind to latrophilins
of the secretion system. The commonly reported T6SS effectorsin  and mediate cell-cell adhesion (Cruz-Ortega and Boucard, 2019),
E. coli were not found in the genomes of EHEC O157:H7 available ~ while the Rhs proteins in bacteria seem to mediate intercellular
to date. EHEC O157:H7 lacks the effectors of the VT1-VT5  competition (Koskiniemi et al., 2013).
families described previously (Ma et al., 2018), as well as effectors The C-terminal region of Rhs proteins frequently share
with DUF2169, DUF4123 or DUF2345 domains. Proteins with ~ homology with several bacterial toxins and the studied Rhs
the characteristic GXSXG or HXKXXXXD motifs were also  effectors usually fall into the canonical categories (nucleases,
absent (Lien and Lai, 2017). On the other hand, after identifying  lipases, and murein-hydrolases). Ma et al. (2017b) showed
a PAAR domain-containing protein in the T6SS island of EHEC  that the PAAR domain was required for the translocation of
strain EDL933, we looked for other PAAR domain-containing  Rhs proteins via T6SS. The PAAR domain interacts with the
proteins in EHEC strain EDL933 genome and found seven genes ~ C-terminal end of VgrG for its transport to the cytoplasm of
that encode these proteins. PAAR proteins have been found in  the prey cell, where the Rhs C-terminal exerts its functional role
T6SS-associated effectors in Pseudomonas aeruginosa and Vibrio  (Busby et al., 2013; Shneider et al.,, 2013).

A B
C (at' o
, e,
RhsAl
D

PAAR-I

FIGURE 2 | Modeled structures of T6SS associated proteins in EHEC. Structure modeling was performed using I-TASSER software. (A) Putative structure of PAAR
(locus z0267). The PAAR domain is shown in red; RHS repeats (15) are shown in green; amino acid kinase is shown in cyan. The TM-score for this modeling is 0.968
with Teneurin 2 (pdb: 6fb3A). (B) Putative conformation of EagR (locus z0706). (C) Putative structure of RhsA-I. (D) The structural model of PAAR-| (locus z0268).
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TABLE 1 | Comparison between Rhs proteins from two available genomes in
EHEC EDL9S33.

Proposed Locifrom GenBank Locifrom Genbank Notes
name Pernaetal. ID Latif et al. ID
RhsA 75014 AAGS58737 EDL933_4854 AIG70995  Fused with
75017
RhsB 75488 AAG59133 75488 AIG71408  99.7%
|dentical
RhsC 20847 AAG55021 20847 AIG66972  Fused with
z0851
RhsD 20651 AAG54854 z0651 AIG66789  100%
Identical
RhsE 72257 AAG56314 72257 AIG68376  z2257-
72259 AAG56315 72259 22261 are
22261 AAG56316 22261 fused
RhsF 20705 AAG54900 z0705 AlG66446  100%
Identical
RhsG 20702 AAG54898 20702 AIG66832  100%
Identical
RhsH 20272 AAG54539 z0272 AIG66830  100%
Identical
PAAR 20268 AAG54536 20268 AIG66450  100%
Identical

In EHEC strain EDL933, we found several genes of the Rhs
family, but these genes differ between both available genomes; 9
loci (Latif et al., 2014) vs. 11 loci (Perna et al., 2001) (Table 1).
Although 22488, 20651, z0268, z0272, z2257, and z0705 genes
were identical in both genomes, we found several important
differences. In the first genome published, for example, locus
25014 encodes an Rhs protein with a PAAR motif that we
identified as a putative DNAse domain in its C-terminal end,
while in the genome published by Latif et al. (2014), this C-
terminal end was not a DNAse and contained the sequence
corresponding to locus 25017 (Figures 3A,B). We also found
that the protein encoded by locus z5014 had different C-terminal
regions, whereas locus z2257 from Latif et al. (2014) genome
contained regions from loci 22256, 22257, and 22259 (Table 1),
as there were 20 gaps and 42 mismatches between this region in
both genomes. A possible reason for these discrepancies is that
the genome published by Perna et al. (2001) might have assembly
mistakes in the regions that encode Rhs proteins due to their size
and the presence of multiple homologs in the genome. In fact,
upon analysis of rhs genes in EHEC O157:H7 strain Sakai, we
found that they were practically identical to those in EHEC strain
EDL933 according to the genome published by Latif et al. (2014),
both in the number of loci as in their sequences, including the
C-terminal encoding region.

To test which of the two published genomes represented
better the rhs genes in EHEC strain EDL933, we decided to
amplify a region of an rhs gene present in EHEC EDL933 that
should correspond to the same sequence in the different genomes
reported; in Perna et al. (2001), it would be the locus z5014 and
in Latif et al. (2014) the locus EDL933_4854. Locus z5014 from
the genome published by Perna et al. (2001) contains a 3’ end

that does not correspond to any other sequence from the genome
published by Latif et al. (2014), while in this latter genome
the locus 25017 is fused to the 3'region of z5014, here named
EDL933_4854 (Figure 3A). Thus, we designed a forward primer
(rhsAF) that could serve for both genomes, as well as a reverse
primer (rhsA1R) specific for the 3'region of 25014 in Perna et al.
(2001) that would produce an 800 bp amplicon. We also designed
another reverse primer (rhsA2R) that aligned with locus 25017
from Perna et al. (2001) and locus EDL933_4854 from Latif
et al. (2014), which would produce a 2.6 kb long amplicon and
an 875 bp long amplicon, respectively (Figure 3A). The reverse
primer designed for the genome published by Perna et al. (2001)
(rhsA1R) did not amplify the expected DNA fragment (800 bp)
in EHEC EDL933 (Figure 3B), while the reverse primer for the
genome published by Latif et al. (2014) (rhsA2R), amplified
the 875 bp fragment from EHEC strain EDL933. To test if the
reverse primer designed for the genome published by Perna et al.
(2001) was reliable, we used E. coli strain HB101 as a positive
control, since this strain has an rhs gene identical to the locus
25014 reported by Perna et al. (2001). The amplification of an
800 bp fragment only in strain HB101 using rhsAIR primer
(Figure 3B) suggested that EHEC EDL933 does not harbor the
sequence reported by Perna et al. (2001). Using the same strategy
(see Figure3A), we analyzed the rhsC gene region, another
chromosomal region with differences between both genomes.
The region of the rhsC gene was amplified using the rhsAF
primer and a specific primer (rthsCR) that would give a 2.7kb
fragment for the genome of Perna et al. (2001) and a 832 bp
fragment for the genome of Latif et al. (2014). Similar to rhsA,
a fragment of 832 bp was obtained both in EHEC ELD933
as in E. coli strain HB101, while the 2.6kb fragment was not
obtained in any strains. In conclusion, the genome published
by Latif et al. (2014) better represents the rhs genes in EHEC
strain EDL933, so we recommend using this genome in posterior
analyses. In this genome, we found 9 genes of the rhs family, of
which 7 are long (>4kb) and have a PAAR domain, while the
two remaining are relatively small (<1kb) and do not have a
PAAR domain. Because the locus ELD933_4854 was similar to
the rhsA gene from E. coli strain K-12, we named this gene as
rhsA, named the other loci as rhsB-H according to their sequence
similarity with genes in E. coli K-12, and named paar the rhs
gene that is encoded inside the T6SS island to differentiate it from
the others.

Once we determined which genome was better for the study
of the Rhs family proteins, we wanted to elucidate the possible
role of each protein, so we analyzed the C-terminal end of
each Rhs looking for functional domains, and for effectors
structural homology using I-TASSER software. We first analyzed
the RhsA protein (locus EDL933_4854) and did not find any
known motif, but after modeling its structure with I-TASSER
we found that the C-terminal region had structural similarity
with the toxin-A of Clostridium difficile, a toxin that inactivates
GTP-binding proteins such as Rho, Rac, and Cdc42 (Voth et al,,
2019) (pdb: 3HO6, TM-score: 0.73). The C-terminal end of RhsB
(25488) was structurally similar with the human proteasome
26S lid, which recognizes ubiquitinated proteins (Schweitzer
et al., 2016) (pdb: 514kV, TM-score: 0.694), though we found
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FIGURE 3 | Gene amplification of rhsA in EHEC strain EDL933. (A) Diagram of the region between loci z50713 and z5018 according to Perna et al. (2001) and
according to Latif et al. (2014). The rhs gene (red) has a different C-terminal end in each genome, harboring a DNAse domain (green) in and the sequence
corresponding to locus z5077 (red). (B) The 800 bp amplicon for rhsA gene (locus z5074) was not generated in EHEC strain EDL933 using the primer pair
rhsAF-rhsA1R designed for the gene according to Perna et al. (2001). E. coli strain HB101 was used as a positive control for these primers (rhsAF-rhsA1R), which
generated an 800 bp amplicon. Whereas, when the primer pair rhsAF-rhsA2R designed based on Perna et al. (2001) and Latif et al. (2014) was used, the expected
2.6 kb fragment was not obtained, but the 875 bp was, as expected from the genome from Latif et al. (2014). By using a specific primer (rhsCR) for rhsC, a 832 bp
fragment was obtained, as expected from the genome of Latif et al. (2014), while the 2.7 kb fragment from the genome of Perna et al. (2001) was not obtained neither
in EHEC EDL933 nor in E. coli strain HB101. A 63°C temperature was used for (B). The PCR products were separated in an 1.5% agarose gel and stained using
ethidium bromide.

a DUF4329 motif (PF05593, e-value: 5x10713) that according  of Caulobacter crescentus (Bharat et al., 2017) (pdb: 5n8pA,
to Ma et al. (2017b) is an RNase domain. The C-terminal end  TM-score: 0.71), as well as the adhesin PfbA of Streptococcus
of RhsC (z5014) had structural similarity with VipE protein  pneumoniae (Suits and Boraston, 2013) (pdb: 3zpp, TM-score:
of Legionella pneumophila, a protein that inhibits the vesicular ~ 0.647). Both RsaA and PfbA are present in the S-layer of bacteria
traffic in yeast (Shohdy et al., 2005) (pdb: 4qn8A, TM-score:  and could serve as adhesins. Finally, the C-terminal end of PAAR
0.574). The C-terminal region of RhsD (z0651) was structurally ~ (20268) presented homology with the cysteine-protease domain
homologous with the human serum amyloid Al protein (Lu  of the RtxA toxin of V. cholerae (Prochazkova et al., 2009) (pdb:
et al,, 2014) (pdb: 4ip8A, TM-score: 0.623), which participates  3fzyA, TM-score: 0.681), a toxin that crosslinks actin and actively
in the inflammatory response, chemotaxis and opsonization  participates during the pathogenesis of V. cholerae. Nonetheless,
upon binding with several integrins and G protein-coupled  the C-terminal end did not have a RTX motif nor the actin cross-
receptors (GPCRs) (Niemi et al., 2011). The C-terminal end of  linking domain normally found in the RtxA toxin (Boardman
RhsE (z2257) had structural homology with the RsaA protein et al., 2007) (Table 2).
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TABLE 2 | Putative function of Rhs effectors in EHEC strain EDL933.

Locus Domain homolog TM-score Homolog function

EDL933_4854 Toxin A from C. difficile  0.73 Small-GTPase inhibition (like

(rhsA) Rho and Rac)

75488 (rhsB)  Proteasome lid 26S 0.694 Protein ubiquitination

75014 (rhsC)  VipE 0.574 Vesicular-traffic inhibition

z0651 (rhsD)  human serum amyloid  0.623 Chemotaxis, inflammatory
A1 protein response

72257 (rhsE)  RsaA from Caulobacter 0.71 S-layer Adhesin
crescentus

20268 (paar)  Toxin RtxA from V. 0.681 Cysteine protease,
cholerae actin-crosslinking

20705 (rhsF)  Capsid protein from 0.8683 Capsid protein

betanodavirus

RhsF protein (z0705) did not harbor any apparent motif,
but the structural modeling showed that the C-terminal end
resembled the structure of capsid proteins present in viruses such
as betanodavirus (pdb: 3jbmA, TM-score: 0.863) or Orsay-like
virus (pdb: 4nwvA, TM-score: 0.825). Just downstream of the
rhsF gene, we found another rhs gene (rhsG, locus z0702). RhsG
protein had a metallopeptidase-4 domain (PF15640, e-value: 1 x
10732), which has already been described in a similar STEC strain
(Ma et al., 2017b), but lacked the PAAR domain in EHEC strain
EDL933 and it seems to be interrupted (this region is identical in
both published genomes). The presence of a C-terminal region
similar to capsid proteins has not been reported previously, and
upon inspecting the 3 region of the rhsF gene and the linker
sequence between rhsF and rhsG, we found that both sequences
shared similarity with Pithovirus LCDPACO2. This suggests that
the rhsG gene was originally fused with rhsF, but a viral sequence
was inserted in this region and separated the gene. It is unclear
if the C-terminal of the RhsF protein has a function related
to interbacterial competition or pathogenesis. To corroborate
the predicted functions of the Rhs proteins as T6SS effectors, a
translocation assay is needed, and this becomes complicated due
to the current difficulty to activate the T6SS in vitro. As there
are several methodologies to achieve expression of the T6SS in
vitro (Gueguen and Cascales, 2013; Miyata et al., 2013; Wan
et al., 2017), co-expression of the Rhs proteins and the T6SS
components needs to be achieved to properly investigate their
function. Heterologous expression can help to study the effector
function, and murine infection models with isogenic mutants for
these genes could help to establish the importance of the Rhs
proteins during intestine colonization and pathogenesis.

The genes rhsE, rhsE, and paar were located downstream of a
distinct vgrG gene (Figure 1), suggesting that these Rhs proteins
are translocated by a its specific VgrG protein. On the other
hand, rhsA, rhsB, rhsC, and rhsD were orphan genes that did not
belong to a vgrG island, so presumably, they can be translocated
by any VgrG protein. If each VgrG protein translocates specific
Rhs proteins, then it would be logical to think that the rhs genes
are divided in three categories according to the number of vgrG

genes in EHEC EDL933. Using phylogenetic analysis, we found
that rhs genes were indeed divided into three clades (Figure 4).
The first clade grouped rhsA, rhsB, and rhsC genes being the
last two more closely related. The second clade contained rhsD,
rhsE, and paar genes, being the latter one more dissimilar of
them. Finally, rhsF gene was clearly different from the others,
being the only member of its clade. While rhsF is adjacent to
vgrG1, it would seem that VgrGl translocates RhsE, however,
both rhsE and paar are in the same clade and are adjacent to
vgrG2 and vgrG3. Besides, the first clade containing rhsA, rhsB,
and rhsC did not include any rhs gene encoded around a vgrG
island, so it is unclear which VgrG protein, if any, translocates
these proteins. Ma et al. (2017b) claimed that, in STEC, the
rhs genes encoded in the vicinity of the EagR chaperone are
phylogenetically distinct from the orphan genes (rhs genes not
encoded in an eagR island), which is consistent in EHEC EDL933,
as eagR was directly upstream of the rhsF gene, the less conserved
gene in EHEC EDL933. When we modeled the structure of EagR
(locus z0706) (Figure 2B), we found that the protein resembles
PA0094 (TM-score: 0.888) from P. aeruginosa, whose crystal
structure was obtained by Osipiuk et al. (unpublished, pdb:
1TU1L). PA0094 acts as a chaperone for the Tse6 (PA0093), a
PAAR-domain containing protein that also has a Ntox46 domain
with nuclease activity. The high structural homology between
PA0094 and EagR suggests that the EagR protein also functions as
a chaperone for RhsF in EHEC EDL933. Nevertheless, because of
the absence of a known motif in RhsF C-terminus, more studies
are needed to determine if this island and its encoded proteins
are indeed functional.

We have found that rhs genes are widely distributed among
bacteria through data base analyses. By searching all EHEC
O157:H7 genomes in GenBank, we found that there are some
strains having up to 11 of these genes. Other studies have already
classified PAAR-Rhs proteins as T6SS effectors, being mostly
nucleases or peptidases (Koskiniemi et al., 2013; Ma et al., 2017b).
The RNAse motif present in Z5014 from the genome published
by Perna et al. (2001) (PF15606) is not present in other Rhs
proteins from O157:H7 strains, suggesting that this motif is
not present in EHEC O157:H7. However, in EHEC O157:H7
strains there are 9 PAAR-Rhs proteins with a DUF4329 that
has a RNase activity, including RhsB from EDL933 as showed
above (e < 0.01). Interestingly, 7 PAAR-Rhs proteins in EHEC
O157:H7 strains contain a serum amyloid A protein motif in
their C-terminal region (PF00277; e < 0.01). As we discussed
earlier, this motif could play a role in the immunological
response but experimental evidences are required. Though we
found 26 Rhs proteins with metallopeptidase-4 domain in
EHEC O157:H7 strains, none had a PAAR domain that would
identify them as T6SS effectors. Finally, 11 PAAR-Rhs proteins
contained an amino acid kinase motif (AAK, cd04259) in their
C-terminal, which is commonly found in proteins related to
lysine and aspartate metabolism. Proteins with this activity
could phosphorylate prey proteins and change their behavior,
thus contributing to the bacterium survival and/or pathogenesis.
However, EHEC O157:H7 strain EDL933 does not possess this
interesting motif.
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FIGURE 4 | Evolutionary analysis of rhs genes in EHEC strain EDL933. The phylogenetic tree shows three distinct clades, of which the one containing rhsF is the one
that diverged first. Two of the genes encoded in a vgrG island are in the same clade (rhskE and paar), while rhsA. rhsB and rhsC did not belong to a neighborhood
containing other T6SS genes. The evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei model. The tree with the highest log
likelihood (-23369.81) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Evolutionary analyses were

20705 (rhsF)

Immunity/Effector Rhs Pairs in EHEC
Strain EDL933

Antibacterial effectors translocated via T6SS are usually encoded
by a bicistronic operon containing genes for an effector and its
respective immunity protein, whose function is to inhibit the
activity of this effector. These immunity proteins are useful to
avoid autointoxication and to guard off attacks of sister cells.
When we analyzed the region downstream of the rhs genes, we
found that all of them contain a relatively small ORF (129-609
nucleotides) that could act as the immunity gene for each Rhs.
Just as the C-terminal ends are highly divergent, these related
immunity proteins are also poorly conserved, suggesting that
an immunity protein is only able to inhibit the action of its
related effector, as demonstrated for Dickeya dadantii strain 3937
(Koskiniemi et al., 2013). To know if the genes downstream
rhs genes encoded immunity proteins, we decided to look for
protein-protein interaction motifs as well as structural modeling
of the putative proteins to search structural homologs in the same
fashion as we did for the C-terminal end of the Rhs proteins.
Locus z5018 would encode for the putative immunity protein
of RhsA, a 132 amino acid protein that we named RhsAl In
this protein, we found tetratricopeptide repeats (TPR; e-value:
1 x 107°) and Sel-1-like repeats (SLR; e-value: 4 x 107°).
TPR and SLR motifs belong to the Sel-1 superfamily, whose
members usually act as molecular adaptors between proteins both
in prokaryotes and eukaryotes (Mittl and Schneider-Brachert,
2007). Recently, the crystal structure of two immunity proteins
for T6SS effectors was obtained from P. aeruginosa (PA5088 and
PA5087), and these structures harbor SLR repeats that directly
interact and inhibit phospholipase D effectors (Yang et al., 2016).
Nonetheless, PA5087 and PA5088 SLR motifs only possessed
35.06 and 28.99% identity with RhsAl, respectively. Through
modeling RhsAI structure using I-TASSER (Figure 2C), we
found that it shares structural homology with the protein C5321
from Uropathogenic E. coli (UPEC) strain CFT071 (TM-score:

0.899, pdb: 4BWR). Urosev et al. (2013) described C5321 as a
potential model for vaccine-development against ExPEC, but did
not provide any more information about the protein function in
UPEC. We did not find any known T6SS effector in the vicinity
of ¢5321 in UPEC, nor any rhs gene, so it seems unlikely that
this protein acts as an immunity protein in UPEC. Nonetheless,
it could be possible that ¢5321 is an orphan immunity gene and
that the presence of this gene might protect UPEC from RhsA of
EHEC, or other T6SS effectors in gram-negative bacteria. RhsAlI
also possesses structural homology with the protein LpnE from
Legionella pneumophila (TM-score: 0.899, pdb: 6dehA). LpnE
interacts with the Oculocerebrorenal syndrome of Lowe (OCRL)
protein in eukaryotic cells (Voth et al., 2019), which is a Inositol-
polyphosphate 5-phosphatase. This similarity was interesting
because the PA5088 immunity protein (which has structural
homology with RhsAI) also interacts with a phosphatase effector,
suggesting that RhsA might have a phosphatase activity, and
phosphatases have been implicated in antibacterial activity,
pathogenesis, or even both (Jiang et al., 2014). Finally, RhsAI had
also structural homology with the protein Suppressor of lin-12-
like protein 1 (SELIL), a murine protein that can oligomerize,
something that is also necessary for some immunity proteins to
inhibit T6SS-associated effectors (Yang et al., 2018).

The putative immunity protein for RhsB only contained
57 amino acids (locus z5489), and upon sequence analysis,
we found two interesting motifs. The first one is from the
family PF07114 including the transmembrane protein 126
(TMEM126A/B, e-value: 0.022), which suggests its possible
location in the cell, although the e-value is high, it is on the
edge. In humans, TMEM126B participates in the construction
of the mitochondrial respiratory complex I (Andrews et al,
2013). The membrane location should be congruent with the
predicted function of RhsB as ubiquitin-receptor, as we predicted
above using structural modeling, and the TMEM family have a
variety of functions in eukaryotes, participating in phospholipid
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scrambling, ion transport and regulation of other membrane
proteins (Pedemonte and Galietta, 2014). On the other hand,
RhsBI also contained a dsRNA-binding domain found in the
Dead-end protein homolog-1 (DND1) protein (e-value: 0.087).
Both motifs have a high e-value, meaning that RhsB shares poor
homology with those proteins, so the function of the RhsBI
protein remains unclear until experimental evidence. However,
it is worth to mention that DNDI is a RNA-binding protein,
and it is known to protect eukaryotic mRNA from miRNAs, so
the RhsBI protein could have a protective effect from mRNA
degradation from the RNase motif DUF4329 present in RhsB, as
we discussed earlier.

For RhsCI (locus z0853) and RhsDI (locus z0654) there was
a TPR motif and a TIGR03373 motif, respectively, but both had
high e-values (0.21 and 0.35), suggesting that there is no sequence
similarity between these proteins and the consensus sequence.
STRING analyses suggest that the rhsC-D genes are often in the
same neighborhood as their cognate immunity genes, but there is
no evidence of co-expression or interaction for any Rhs protein
with their associated immunity protein.

Locus EDL933_2188 would encode the immunity protein of
RhsE, and the protein encoded was of 61 amino acids that
bear a lipoprotein signal peptide according to the software
SignalP (Juncker et al, 2003), indicating that the immunity
protein is probably anchored to the bacterial internal membrane.
As we mentioned earlier, RhsE protein possessed structural
homology with RsaA protein, present in the S-layer. S-layer
located proteins (SLPs) are involved in several activities, such
as cell-wall biogenesis, cell division, and swimming. Besides,
SLPs have been involved in pathogenesis, altering the immune
response of the host and promoting bacterial adhesion to host
cells (Fagan and Fairweather, 2014). This signal peptide might
lead to the translocation of RhsEI to the periplasm, suggesting
that RhsEI binds to RhsE in the outer membrane, where RhsE
would normally act. Dong et al. (2013) have shown that Tai3,
the immunity protein for the amidase effector Tae3 in Ralstonia
picketti, also harbors a signal sequence. In the S-layer, the C-
terminal end of RhsE could damage the plasma membrane or the
cell-wall of other bacteria, and the immunity protein would be
on the membrane to avoid cell death provoked by RhsE in sister
cells. Additionally, RhsEI possessed another motif (PF16855)
present in small proteins of the viral external capsid (e-value:
0.072), though the high e-value indicates poor homology with the
consensus sequence of PF16855.

Finally, the candidate for the PAAR-I protein (locus z0269)
was 203 amino acid long, larger than other putative immunity
proteins. We identified 7 SLR/TPR motifs, as previously
mentioned, are motifs found in immunity proteins. Upon
analysis of the putative tridimensional structure of PAARI by
I-TASSER, we found that the immunity protein resembled
the Helicobacter cysteine-rich protein C (TM-score: 0.928,
pdb: 10UV) (Figure 2D). Although the exact role of this
protein is still unknown, it seems to participate during cell-
wall biogenesis. Besides, patients infected with H. pylori usually
bear high antibody titers against this protein. Liithy et al
(2004) demonstrated that the structural conformation of the
Helicobacter cysteine-rich protein C resembles the Hsp60/Hsp70,

which provides more evidence of the possible chaperone activity
of PAARLI. Finally, the presence of loci 20268 and 20267 is specific
to a specific lineage of O157:H7 that includes EHEC EDL933 and
EHEC Sakai, as previously reported (Zhang et al., 2007).

Small Rhs proteins were also part of bicistronic operons, and
we named them RhsH (z0272) and RhsG (z0702). Both effectors
were part of an island that also contained another rhs gene.
RhsG seems to be the former C-terminal region of RhsF that
was probably divided when a viral sequence was inserted, as
we mentioned above. Since these proteins were 444 and 586
amino acids in length, compared to the >1,400 amino acids of
other Rhs proteins, their genes were probably part of a larger
former gene. The putative immunity proteins for RhsG and
RhsH were also small (69 and 56 amino acids respectively) and
did not have a clear structural homolog. The absence of the
PAAR motif in both proteins suggests that these proteins are
not secreted via T6SS, and the small size and poor structural
homology of the putative immunity proteins suggest that their
genes are actually pseudogenes.

The immunity proteins protect the bacteria from sister cells
attacks when the effectors modulate antibacterial competition.
Interestingly, Wan et al. (2017) have shown that EHECAhns does
not have a bactericidal activity, suggesting that the Rhs proteins
do not have a toxic effect on other bacteria, although rhs gene
expression was not measured. As we show here, several effector-
immunity proteins seem to be related to the cell membrane and
cell-wall biogenesis, so more studies are necessary to elucidate
the function of the T6SS both in bacterial competition and
during pathogenesis. It is also possible that the putative immunity
proteins described have a different function than predicted,
maybe as chaperones like EagR.

CONCLUSIONS

The two existing genome sequences exhibit critical differences
among the Rhs proteins, and as demonstrated experimentally
and bioinformatically we suggest using the genome published
by Latif et al. (2014) to study the Rhs proteins in EHEC strain
EDL933. Upon analysis of the core components of the T6SS
island, we found that the TssA gene seems to be split in two,
but these two proteins should still be able to perform their
function, as the functionality of the T6SS has been demonstrated
by Wan et al. (2017). Although EHEC strain EDL933 lacks
the commonly found T6SS effectors in E. coli, many rhs genes
appear to serve as T6SS effectors. Using a structural homology
approach, we postulate that RhsA may interact with small
GTPases such as Rho and Rac; RhsB could interfere in the
protein ubiquitination; RhsC might participate in the vesicular
traffic; RhsD could auto-aggregate; RhsE might act as an S-layer
adhesin; and PAAR could act as a cysteine protease. Finally,
RhsF would not have any function due to a viral DNA sequence
inserted on the 3" end of the gene, which separated the former
metallopeptidase into RhsF and RhsG. Additionally, we did
not find direct in silico information supporting EHEC strain
ELD933 is involved in bacterial competition, as suggested by
Wan et al. (2017). The role of Rhs proteins during pathogenesis
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or bacterial competition requires experimental support. The
exact role of T6SS and its effectors in EHEC and other
STECs might provide new strategies to fight diseases caused by
those pathogens.
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Infections with Shiga toxin-producing Escherichia coli (STEC) cause outbreaks of
severe diarrheal disease in children and the elderly around the world. The severe
complications associated with toxin production and release range from bloody diarrhea
and hemorrhagic colitis to hemolytic-uremic syndrome, kidney failure, and neurological
issues. As the use of antibiotics for treatment of the infection has long been controversial
due to reports that antibiotics may increase the production of Shiga toxin, the
recommended therapy today is mainly supportive. In recent years, a variety of alternative
treatment approaches such as monoclonal antibodies or antisera directed against Shiga
toxin, toxin receptor analogs, and several vaccination strategies have been developed
and evaluated in vitro and in animal models. A few strategies have progressed to the
clinical trial phase. Here, we review the current understanding of and the progress
made in the development of treatment options against STEC infections and discuss
their potential.

Keywords: STEC, Shiga toxin, antibiotics, antibodies, vaccines

INTRODUCTION

Shiga-toxin producing (enterohemorrhagic) Escherichia coli (STEC/EHEC) are a major cause of
severe gastrointestinal disease in industrialized countries and a major public health problem with
most frequent and severe infections linked to serotype O157:H7 (Kaper and O’Brien, 2014). The
bacteria are commonly transmitted through ingestion of contaminated food such as undercooked
meat, particularly beef products, cross-contaminated raw vegetables, sprouts, and seeds (Caprioli
etal., 2014).

The resulting disease ranges in intensity from watery diarrhea or hemorrhagic colitis to the life-
threatening hemolytic uremic syndrome (HUS) leading to kidney failure and neurological episodes
(Nataro and Kaper, 1998). Upon ingestion, EHEC resides in the intestinal tract and adheres to
the gut epithelium of the distal ileum and colon. Initial binding is promoted by fimbriae, which,
in EHEC infections (e.g., by EHEC O157:H7, 0126, 0103, 045, O111, 0121, O145), is followed
by the injection of effector proteins (Esp proteins) via a filamentous type III secretion system
(T3SS) (Donnenberg and Kaper, 1992; Garmendia et al., 2005; Gaytan et al., 2016). Injection of
the translocated intimin receptor (Tir), which integrates into the host cell plasma membrane and
interacts with the bacterial outer membrane protein intimin, initiates bacterial attachment to the
host cell and effacement of the brush border microvilli. The interaction between intimin and Tir
leads to intimate attachment of the bacteria and initiates actin polymerization and subsequent
formation of attaching and effacing (A/E) lesions (Kenny et al., 1997). The genes encoding Tir,
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intimin, and the T3SS are localized on the chromosomal “locus of
enterocyte effacement” (LEE) pathogenicity island. Notably, this
island is missing from LEE-negative STEC and from the unusual
HUS-inducing E. coli strain EAHEC of serotype O104:H4, which
is responsible for the major outbreak in Germany and parts of
Europe in 2011. This latter strain is similar to enteroaggregative
E. coli (EAEC) (Bielaszewska et al., 2011; Mellmann et al., 2011).

While the HUS-inducing strains belong to a variety of E. coli
pathovars, their main discerning trait is the production of at
least one of two genetically distinct Shiga toxins, named Stx1
and Stx2. Four subtypes of Stx1 (Stxla, Stxlc, Stxld, Stxle)
and seven subtypes of Stx2 (Stx2a-g) have been identified, of
which especially the Stx2 variants Stx2a and Stx2c are commonly
associated with HUS development in humans (Melton-Celsa,
2014). Both types of Shiga toxins are ABs5 toxins that bind to the
glycosphingolipids globotriaosylceramide (Gb3, CD77) and, to a
lesser extent, globotetraosylceramide (Gb4) (Legros et al., 2018),
which are found on a variety of human cells, such as glomerular
and brain endothelial cells. The Stx toxins result in the arrest
of protein translation and, ultimately, cell death (Melton-Celsa,
2014). The systemic consequences of intoxication are vascular
dysfunction and thrombus formation, which lead to HUS. The
genes encoding for Stx are located in the late region of a lambdoid
phage, which adds additional complications to treatment options.
As several antibiotics, especially those belonging to the quinolone
family were shown to be potent inducers of the bacterial SOS
response, which initiates the production and release of phages
from the bacteria, treatment of STEC infections with antibiotics
is generally not advised (Kakoullis et al., 2019). To date, there
are no protective measures or therapies against STEC infections.
Current treatment of STEC infections is solely supportive and
includes rehydration therapy, and, where necessary, dialysis.
However, over the past years, new therapeutic approaches and
novel, promising strategies to manage the infection and the
ensuing disease have been developed. These are outlined in
this review.

ANTIBODY THERAPY
Stx-Targeted Antibodies

Antibodies are valuable therapeutics. As Stx-specific antibodies
can completely neutralize the cytotoxicity of the toxin in
cell culture and protect animals from developing Stx-induced
symptoms when administered shortly after infection (Cheng
et al, 2013), effective Stx-targeting antibodies are a suitable
option for human therapy (Figure 1A).

Mohawk et al. (2010) investigated the ability of polyclonal
Stx2-neutralizing antibodies from rabbits to protect mice from
lethal infection with the Stx2a-producing E. coli O157:H7 strain
86-24. The administration of the rabbit serum did not reduce the
initial colonization of mice with EHEC 86-24, but it decreased the
bacterial burden after 3-5 days and increased animal survival.

Bovine colostrum preparations harboring high titers of Stx1
and Stx2 antibodies were used to treat mice infected with E.
coli O157:H7. This efficiently inhibited bacterial attachment,
colonization, and growth (Funatogawa et al., 2002). Although
the frequency of stool excretion was reduced, the presence of

the bacterial toxin was not notably affected (Kuribayashi et al.,
2006; Seita et al., 2013). Furthermore, colostral IgG against Shiga
toxin and bovine lactoferrin completely prevented lethality of
E. coli O157:H7 in a weaned mouse model (Albanese et al.,
2018). In addition, an early study in children showed that bovine
colostrum is well-tolerated, reduced the frequency of loose stools,
and eliminated bacterial infection (Huppertz et al., 1999).

Another interesting concept for this strategy is the production
of recombinant antibodies or even secretory antibodies specific
for Stx by transgenic plants (e.g., thale grass—Arabidopsis
thaliana) (Nakanishi et al., 2013, 2017), a concept that may
be transferred to other plants, providing the possibility of an
edible therapy.

Promising tools are also Stx-targeting humanized antibodies.
Humanized antibodies were established by an exchange of the
regions within the antigen-binding variable domains, which react
with the antigen of the human IgG molecule with equivalent
regions of the murine Stx-specific Mab (Nakao et al,, 1999)
to produce TMA-15 (Urtoxazumab) (Yamagami et al., 2001;
Kimura et al., 2002). TMA-15 was shown to protect mice from
a lethal challenge with STEC if given within 24 h of infection
(Yamagami et al., 2001), while it was also able to reduce brain
lesions and death in a gnotobiotic piglet model (Moxley et al.,
2017). When tested in healthy adults or pediatric patients with
a confirmed STEC infection, intravenous application of TMA-15
(Urtoxazumab) was found to be well-tolerated and safe (Lopez
et al., 2010).

Chimeric murine-human MAbs (caStx1/caStx2) comprising
the variable regions of the murine Stx1 (B-subunit) or Stx2 (A-
subunit)-neutralizing antibodies 13C4 and 11E10 (Strockbine
et al,, 1985; Perera et al., 1988) fused to the light chain of human
IgG1 were found to neutralize Stxs in mice (Bitzan et al., 2009). In
addition, they were well-tolerated in healthy human volunteers
when given as a single dose either separate or in combination
(Dowling et al., 2005; Bitzan et al., 2009). Unfortunately, the
efficacies of hybrid antibodies were often found to be lower
compared to the murine parent antibodies (Tzipori et al., 2004).
Another concern of chimeric MAbs is that they still retain murine
IgG elements that could trigger antibody formation by treated
patients. With this in mind, HuMAbs have been engineered,
which encode the human heavy- and light-chain IgG genes,
leading to the formation of human antibodies in response to
immunization with an antigen, e.g., Stx1 or Stx2 [e.g., 5A4 (Stx1)
and 5C12 (Stx2)] (Mukherjee et al., 2002a,b; Sheoran et al.,
2005). These resulted in prolonged survival of mice in a Stx1
toxicosis model (Mukherjee et al., 2002b) and higher survival
of gnotobiotic piglets when treated 48 h after challenge with an
Stx2a-producing STEC strain (Sheoran et al., 2005). Interestingly,
when piglets were infected with an Stx1- and Stx2-producing
strain, only administration of 5C12 (aStx2) was protective (Jeong
et al., 2010).

Another promising approach used hetero-multimeric camelid
toxin-neutralizing agents containing two linked heavy-chain-
only antibody Vg domains that neutralize Stxl or Stx2 co-
administered with an antitag MAb—an “effector Ab’—that
indirectly decorates each toxin with four Ab molecules in cell-
based and in vivo mouse models (Tremblay et al., 2013). The
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FIGURE 1 | Antibodies and Gb3 analogs against STEC-induced diseases. Antibody targets in STEC treatment include (A) the Shiga toxins (Stx1 and Stx2) and (B)
the sheath component EspA of the E. coli Type-3-Secretion System. (C) Analogs to the Stx receptor Gb3 harboring the Stx binding domains (given in brown and
orange) sequestering Stx1 and Stx2. Inhibitors blocking the Stx binding site of the Gb3 receptor are illustrated in purple.
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effector antibody binds to multiple epitope tags engineered
into the VHH-based toxin-neutralizing agent. When the toxin-
neutralizing agent interacts with separate sites of the Stx toxins,
and each, in turn, binds to two or more effector Abs through
the tags, the Stxs become decorated with sufficient Abs to
prevent all symptoms of Stx1 and Stx2 intoxication and protect
mice from Stx lethality (Tremblay et al., 2013). Moreover,
camelid antibodies, which are special as they only contain heavy
chains, have been produced that target the Stx2 B-subunit.
These antibodies decreased Shiga toxicity when injected into
mice and were proposed as an alternative treatment for HUS
sequelae (Mejias et al., 2016). Moreover, Luz et al. have produced
recombinant antibody fragments that specifically bind to and
neutralize Stx2 in vitro (Luz et al., 2015). They further showed
that mice were protected from challenge with a lethal dose of
Stx2 after pre-incubation of the toxin with the antibody fragment
FabC11:Stx2 (Luz et al., 2018).

A combined antibody-antibiotic (e.g., tigecycline) treatment
scheme that was found to eliminate the toxicity from STEC
(Skinner et al., 2015) may help to eliminate bacteria in addition
to inhibiting Shiga-toxin mediated disease, decreasing the
probability of transmission to others due to continued bacterial
carriage and excretion.

Evaluation of the different antibody therapies against HUS,
mostly in piglets and mice, showed that they mainly differ in their
protective efficacy and/or their specificity to Stx variants, whereby
the A-subunit specific antibodies were better neutralizers than
their B-subunit specific counterparts (Tzipori et al., 2004). A very
critical point for passive immunization with Stx antibodies that
has to be considered for successful therapy is the time point and
dosage of antibody administration. Studies using piglets or mice
demonstrated that administration of the Stx2-specific HuAbs
5C12 or TMA-15 protected the animals 48 or 24 h after infection,
respectively. However, when TMA-15 was used as treatment 48 h

after infection, no protection was observed (Yamagami et al,
2001). This indicated that infected patients might be protected
against the development of HUS when the antibodies are given
shortly after the onset of diarrhea (Orth et al., 2008). However, as
mice and piglets do not develop either bloody diarrhea or HUS,
results describing a protective effect of Stx-specific antibodies
cannot easily be transferred to humans. Moreover, knowledge
about the time when the Stxs enter the bloodstream and the Stx
levels in the blood and infected tissues is scarce.

Effector- or Intimin-Targeted Antibodies

The E. coli secreted effector protein EspA forms the filamentous
sheath of the T3SS, which aids in the transportation of the
bacterial effectors into the host cells and elicits a protective
immune response. A MAb (1H10) was identified to recognize the
linear, conserved, and protective epitope Lys100-Val120 on the
surface of EspA (Yu et al., 2011) (Figure 1B). This EspA-specific
MAD was shown to inhibit EHEC-induced actin polymerization
in vitro and conferred protection against EHEC, e.g., reduced
their colonization efficiency in mice (Yu et al, 2011), which
could be exploited for the development of epitope-based vaccine
and MAb-based therapy. In addition, a camelid single-domain
antibody (nanobody), TD4, which specifically recognized the
Tir domain overlapping with the binding site of the adhesin
intimin, was able to inhibit EHEC attachment and intimin-
induced clustering of Tir, and reduced the colonization of EHEC
on the human colonic mucosa (Ruano-Gallego et al., 2019).

HuMADb Against Complement Component 5
(C5): Eculizumab

Eculizumab is a recombinantly produced HuMAD against the
complement component 5 (C5). Binding of the antibody
to C5 results in the inhibition of complement activation.
Originally not devised for the treatment of STEC-induced HUS,
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Eculizumab was initially trialed in patients with severe STEC-
HUS during the outbreak in northern Europe in 2011, as
Shiga toxin had been shown to mediate complement activation
(Orth et al., 2009; Morigi et al, 2011; Noris et al, 2012;
Karpman and Tati, 2016) reviewed in Buelli et al. (2019),
which, in turn, negatively affects renal health. Unfortunately,
the results obtained for the use of Eculizumab in STEC-HUS
were inconsistent. While most studies reported no benefit on
renal and extrarenal outcomes (Kielstein et al., 2012; Loos et al.,
2012, 2017; Menne et al., 2012), other publications reported
a beneficial effect of Eculizumab treatment in pediatric cases
(Lapeyraque et al, 2011) or fewer severely infected patients
(Delmas et al., 2014). This indicated that the early use of
Eculizumab in children with HUS may be beneficial. However,
a more recent study evaluating the short and intermediate
outcome of Eculizumab treatment, including 18 children with
STEC-HUS in a single-center matched cohort study did not
reveal a benefit of Eculizumab on renal and extrarenal outcomes
(Monet-Didailler et al., 2019). It has been discussed that the
delay between HUS diagnosis and Eculizumab administration
could affect patient recovery (Keenswijk et al., 2017). It was also
suggested that Eculizumab might improve potential neurological
outcomes (Pape et al., 2015; Monet-Didailler et al., 2019).

TOXIN RECEPTOR ANALOGS

The Stxs, once released from the bacterial cell, spread through
the body and target cells (Lingwood et al., 1987), which express
the Gb3 receptor on their cell surface, such as renal glomerular
and brain endothelial cells. Binding of Stxs to the Gb3 receptors
is based on the multivalent interaction of the five B-subunits
with the trisaccharide moiety of Gb3. Therefore, interfering with
receptor binding by using receptor analogs to probe for free toxin
in the gut or the circulation is a promising approach to reduce
Stx-mediated disease. Over the last decade or so, a variety of
strategies have been employed to produce (i) inhibitors of the
Stx receptor Gb3 to prevent Stx binding and uptake, and (ii) Stx-
neutralizing Gb3 analogs (Macconnachie and Todd, 2004; Serna
and Boedeker, 2008; Rahal et al., 2015; Kavaliauskiene et al., 2017)
(Figure 1C).

SYNSORB Pk

Synsorb Pk was one of the first and certainly a promising
Stx receptor analog. It consists of silicon dioxide particles
(diatomaceous earth) with covalently linked trisaccharides that
functioned as an orally administered Stx adsorbent. SYNSORB
Pk was tested in a large multicenter trial including 145
children diagnosed with STEC-induced HUS (Trachtman et al.,
2003). Unfortunately, however, no treatment benefit could
be observed. There were no significant differences in the
number of deaths or incidence of extrarenal complications and
no reduction in the need for dialysis was observed. Likely
reasons for the observed failure are that (i) the agent was
administered too late, (ii) the Stx toxins are mostly cell-associated
and not free-floating, and (iii) the Stx binding capacity of
monomeric SYNSORB Pk is substantially lower than that of
Gb3 polymers.

Starfish and Daisy

Starfish is an oligovalent, water-soluble carbohydrate ligand with
a sub-nanomolar inhibitory activity designed based on the crystal
structure of the Stx1 B-subunit (Kitov et al., 2000). The in vitro
inhibitory activity is very high as the two trisaccharide receptors
at the tip of a 5-spacer arm engage all five Stx1 B-subunits.
Daisy is a Gb3 analog (aGal(1,4)pGal) from the same group
that developed Starfish, which was shown to protect mice from
Stx1- and Stx2-mediated disease by subcutaneous administration
(Mulvey et al., 2003).

SUPER TWIG (1) and (2)

Nishikawa and colleagues (Nishikawa et al., 2002, 2005) designed
a series of carbosilane dendrimers carrying various numbers of
terminal Gb3 moieties to bind Shiga toxin in the bloodstream
before it reaches target cells expressing the receptor. The SUPER
TWIG Gb3 analogs bound Stx1 and Stx2 with high affinity,
prevented Stx uptake into host cells, induced phagocytosis of
Stx by macrophages, and protected mice from a fatal challenge
with EHEC.

Acrylamide Polymers With Gb3

Trisaccharides

Watanabe et al. (2004) constructed acrylamide polymers of Gb3
as toxin absorbent in the gut that bound both Stx1 and Stx2
with a very high affinity [e.g., it interacted with a higher affinity
to the Stx B subunit than SUPER TWIG (1)]. They further
showed that the oral administration of these polymers was able
to protect mice that had been orally challenged with a fatal
dose of STEC, whereby the toxin content in serum samples
in the treated infected mice was significantly reduced. This
protection was observed even if the polymers were administered
after colonization.

Phage-Display Generated Stx-Neutralizing
Peptides

Three peptides that bind to Gb3 receptor have been developed
using phage-display (PC7-2, P12-26, and PC7-30). They
efficiently competed with the Stx for binding and inhibited Stx-
triggered cell toxicity. Peptide PC7-30 further inhibited Stx1-
induced lethality in EHEC-infected animals, indicating that this
peptide might be useful to prevent STEC-triggered diseases such
as HUS (Bernedo-Navarro et al., 2014).

Bacteria Expressing Gb3 Analogs

In addition to previous attempts, E. coli strains and probiotics
can be engineered to express Gb3 receptor mimics on their
surface (Paton et al., 2000; Asahara et al., 2004; Hostetter et al.,
2014). They absorb and neutralize Stx1, Stx2, Stx2¢, and Stx2d in
vitro and oral administration of Gb3 analog-expressing bacteria
protected mice from fatal challenge with different highly virulent
STEC strains.

Nanoparticles Displaying Stx Ligands

Kulkarni et al. (2010) established glycan-encapsulated gold
nanoparticles that allowed multivalent display of glycans, e.g., the
glycan Pk trisaccharide, which preferentially interacts with Stx.
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The coated nanoparticles neutralized Stx1 and Stx2, but not all
variants in a Vero cell toxicity assay.

Gb3 Inhibitors

Inhibitors that interfere with the synthesis of the Stx receptor Gb3
are also attractive targets. The agent C-9 is a specific inhibitor of
glucosylceramide synthase that downregulates the expression of
Gb3, limiting the amount of receptor displayed on the surface
of cells (Silberstein et al., 2011). C-9 addition to human kidney
cells in a tissue culture model decreased Stx2-mediated tissue
damage. Furthermore, administration of C-9 in a rat model
decreased mortality by about 50% and significantly diminished
toxin-mediated tubular necrosis and damage to goblet cells. In
addition, PDMP, a ceramide analog shown to inhibit the synthesis
of GlcCer and affect the composition of glycosphingolipids,
reduced Stx binding and uptake and blocked initial transport of
the toxin into the Golgi apparatus (Raa et al., 2009). It was also
discovered that the glucose analog 2-fluoro-2-deoxy-D-glucose
(FDG) reduced cellular uptake of Gb3 levels by 50%, likely by
inhibiting precursor formation of Gb3 synthesis, and resulted in
a decrease in Stx binding (Kavaliauskiene et al., 2015, 2016).

Intracellular Interference With Shiga Toxins
Not only Stx binding and uptake, but also its intracellular
targeting from early endosomes to the Golgi apparatus and the
endoplasmic reticulum (ER) can be inhibited by certain cell-
permeable agents. One such substance is chloroquine, a weak
base that can diffuse across membranes and accumulate in acidic
compartments. Chloroquine treatment protected HEp-2 cells
from Stx-mediated cytotoxicity, most likely by interfering with
the translocation of the StxA subunit into the cytosol (Dyve
Lingelem et al., 2012; Kavaliauskiene et al., 2017). The Retro-1
and—2 substances were shown to inhibit the retrograde transport
of Stx1B from the endosomes to the Golgi apparatus, and it has
been assumed that this could be mediated by the relocalization
of the SNARE proteins syntaxin 5 and 6 (Noel et al, 2013;
Kavaliauskiene et al., 2017). Later, it has been shown by Secher
et al. (2015) that Retro-2 was able to protect mice against the
toxic effects of Stx. Recently, a drug delivery system using Retro-
2-loaded nanoglobules has been developed, which increased the
solubility of the inhibitor and might enable a more successful
therapeutic approach inhibiting the transport of Stx (Gandhi
et al,, 2019). Moreover, two other substances, Ac-PPP-tet and
TVP, which also interfere with intracellular Stx trafficking, have
been tested in animal models and were found to successfully
prevent Stx2 intoxication (Watanabe-Takahashi et al., 2010;
Stearns-Kurosawa et al., 2011).

VACCINATION STRATEGIES

Toxin-Based Vaccines

Stx is the main virulence factor associated with the potency
of STEC-mediated disease pathology. It is released from the
bacterial cell and exposed to the host immune system and has,
therefore, long been considered one of the most prudent targets
for vaccine strategy. Once released from the bacterial cell, Stx
can be detected in the intestinal lumen and its target cells in

the kidney and brain (Clements et al., 2012). Hence, immune
cells primed to recognize Stx by prior vaccination can interfere
and respond to the toxin as it travels from the site of release
to the distal organs and eliminate it before it reaches its targets
(Figure 2A). Of Stx1, Stx2, and the different varieties of each of
these subtypes, Stx2 has been at the center of a greater number of
vaccination approaches as it is commonly associated with more
severe disease outcomes in humans, such as the development
of HUS. Several vaccination strategies have been developed and
tested that are solely toxin-based. With the active site of Stx
known, inactive derivatives of the toxin are easy to make, and
present safe alternatives for application. Several different studies
showed that vaccination of animals with purified inactive Stx
derivatives induced the production of neutralizing antibodies
against the respective toxin and protected the animals from
toxemia or limited shedding or disease after challenge (Gordon
et al., 1992; Acheson et al., 1996; Konadu et al., 1999; Marcato
et al., 2001, 2005; Ishikawa et al., 2003; Kerner et al., 2015;
Schmidtetal., 2018). In addition to vaccines based on the inactive
toxin, hybrid subunit vaccine approaches have been tested as
the development of a vaccine, which may induce neutralizing
antibodies against not only one but both types of Stx, would
be ideal.

Vaccination with a hybrid toxin consisting of an inactive
Stx2 A-subunit fused to the native Stx1 B-subunit was able to
produce neutralizing antibodies against both Stx1 and Stx2. Mice
immunized with this toxin were protected from subsequent lethal
challenge with either Stx1 or Stx2, or both toxins (Smith et al.,
2006).

Injection with a purified fusion protein consisting of the
B-subunits of Stx subtypes 1 and 2 (Stx2B-Stx1B; short 2S)
generated neutralizing antibodies against both Stxs and increased
survival of mice after a challenge with E. coli O157:H7 lysates
(Gao et al,, 2009). Interestingly, the protective effects of the
vaccine were stronger with the Stx2B-Stx1B-subunit fusion than
when separate B-subunits were used for immunization (Gao
et al.,, 2009).

Moreover, a fusion protein comprising the B-subunit of
Stx1 and the inactive A-subunit of Stx2 (Stx2Am-Stx1) was
constructed. Immunization with this protein resulted in a strong
induction of neutralizing antibodies against both types of Shiga
toxin and increased the survival rate of mice after challenge with
E. coli O157:H7 lysates (Cai et al., 2011). A vector-based DNA
vaccine encoding the C-terminal 32 amino acids of the Stx2 A-
subunit and the complete B subunit (pStx2AAB) also produced
neutralizing antibodies against both Stx2 subunits. It further
decreased the mortality of mice after lethal challenge with Stx2
(Bentancor et al., 2009).

Intranasal immunization with the Stx2 B-subunit in
combination with a mutant of heat-labile toxin induced
neutralizing antibodies against both Stx1 and Stx2 in vivo and
protected mice against fatal disease. Interestingly, immunization
of mice with the B-subunit of Stxl only protected against
subsequent challenge with Stx1 (Tsuji et al., 2008). A fusion of
the Stx B-subunit to the B-subunit of heat-labile toxin has also
been assessed for toxin subtype 2e. Here, the ability of the fusion
protein to induce neutralizing antibody production was much
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higher than for the Stx2 B-subunit alone. Furthermore, mice that
had been immunized with the Stx2eB-LTB fusion protein were
protected against challenge with a lethal dose of toxin (Ran et al.,
2008).

In another study, the B subunit of Stx2 was fused with Brucella
lumazine synthase, a protein that forms a dimer of pentamers
thereby creating a scaffold for the presentation of the Stx. The
resulting fusion protein induced a lasting immune response in
mice after three vaccinations and vaccinated mice were protected
from intravenous challenge with Stx2. Furthermore, antibodies
isolated from vaccinated mice neutralized Stx2 as well as its
variants. In addition, weaned mice inoculated with the immune
sera were protected against oral infection with EHEC (Mejias
et al., 2013).

Vaccine Approaches Based on
LEE-Encoded Proteins

While Stx is produced by all strains that are classed as
STEC, only some STEC strains encode the locus of enterocyte
effacement pathogenicity island (LEE), which encodes for the
T3SS. Therefore, the use of T3-secreted proteins in vaccine
approaches is valid but limits the specificity of the vaccines to
LEE-positive STEC strains. As the most common EHEC strains
including those of the O157:H7 serotype are LEE-positive, the
T3-S protein-based approaches will target many of the most
common serotypes. However, they do not affect other pathotypes
such as the O104:H4 strain, which caused the outbreak in
Germany in 2011.

Only a few of the T3-secreted proteins can be used as targets
for vaccination strategies, however, as most are translocated
from the bacterial cell directly into the host cell cytoplasm

and are never exposed to the surrounding environment. A few
proteins including EspA, EspB (Figure 2A), Tir, and intimin
(Figure 2B) are exposed on the outside of the cell at times
as antibodies to these proteins are detectable in humans after
an EHEC infection (Li et al., 2000; Asper et al., 2011). These
proteins have been assessed as targets for vaccination strategies.
The translocated intimin receptor (Tir) inserts into the host
cell membrane upon translocation. Its surface-exposed receptor
domain then interacts with the bacterial outer membrane protein
intimin to induce intimate attachment of the bacteria to the host
cell surface.

Furthermore, protein components of the T3 secretion system
such as the sheath protein EspA, as well as EspB and EspD, the
proteins required for forming a pore in the host cell membrane,
have also been assessed for their immunogenicity (Loureiro
et al., 1998; Martinez et al., 1999; Asper et al,, 2011; Guirro
et al., 2013). Most T3-secreted protein-based vaccines have
been assessed using the intranasal immunization route. This
vaccination approach promises a needle-free application and has,
so far, yielded promising results.

Subcutaneous and intranasal immunization of mice with T3-
secreted proteins showed that while subcutaneous injection was
unable to raise an immune response, intranasal vaccination
induced the production of anti-Tir and EspA antibodies. This
reduced E. coli O157:H7 shedding after infection (Babiuk
et al., 2008). Subcutaneous and intranasal immunization with
purified Tir showed similar results. Mice immunized intranasally
produced neutralizing antibodies, which resulted in reduced fecal
shedding of E. coli O157:H7 after infection and increased animal
survival (Fan et al., 2012). Intranasal immunization of mice with
a purified fusion protein consisting of EspB and the C-terminus
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of intimin induced neutralizing antibodies against both EspB
and intimin and antisera of immunized mice had promising
anti-hemolytic effects in vitro (Cataldi et al., 2008).

A recombinant fusion protein of EspA, intimin, and Tir (EIT)
was created and used for immunization of mice. Subcutaneous
or oral immunization of mice with the EIT protein resulted
in a significant decrease of bacterial colonization and shedding
after challenge with EHEC O157:H7 and an increase in anti-
EIT IgG and IgA (Amani et al, 2010). In a follow-up study,
rEIT was linked to chitosan and used for either intranasal
electrospray (Doavi et al, 2016) or oral (Khanifar et al,
2019a) immunization of mice. Intranasal and oral administration
both induced specific immune responses and reduced bacterial
shedding after challenge with E. coli O157:H7 (Doavi et al., 2016).
Oral administration additionally helped protect mice against E.
coli 0157 challenge and reduced damage (Khanifar et al., 2019a).
An additional approach was made by encapsulating EIT together
with the B-subunit of Stx2 (Khanifar et al., 2019b). Mice were
subcutaneously or orally immunized and either infected with
E. coli O157:H7 or challenged with a fatal dose of Stx2. While
the former mice showed reduced colonization and bacterial
shedding, the latter showed increased survival (Khanifar et al.,
2019b). A shortened variant of the EIT fusion protein consisting
of only EspA and intimin (EI) was recombinantly expressed and
its immunogenicity was assessed after subcutaneous injection
with two subcutaneous boosters and a third booster that was
administered i.p. (Rad et al, 2013). This fusion protein, too,
induced an immune response and decreased bacterial shedding
and histopathological changes in the intestine after challenge
(Rad et al., 2013).

In addition, the immunogenicity and protective efficacy of a
DNA vaccine against a truncated version of the EHEC factor
for adherence-1 (Efa-1’; the homolog of LifA in EPEC and
C. rodentium) was evaluated in mice. Intranasal immunization
with plasmid DNA induced efa-1-specific immune responses and
protected mice from subsequent challenge with E. coli O157:H7
(Riquelme-Neira et al., 2015).

Peptide-based approaches to vaccination include the KT-12
peptide, which is based on a predicted B-cell epitope of intimin
conjugated to adjuvant (Wan et al., 2011) and the synthetic
peptides CoilA and CoilB, which interact with EspA (Larzabal
et al., 2013). KT-12, when used for intranasal immunization,
induced the production of neutralizing antibodies and protected
mice from challenge with E. coli O157:H7 (Wan et al., 2011).
Immunization of mice with CoilA and CoilB was shown to block
intestinal damage in mice infected with C. rodentium (Larzabal
etal., 2013).

A fusion of EspA, the C-terminus of intimin and the B-subunit
of Stx2 (EIS), was constructed and assessed for its ability to induce
the production of neutralizing antibodies. Indeed, antibodies
against all three components of the fusion protein were detected,
and immunized mice were protected from challenge with E.
coli O157:H7 or lysates thereof (Gu et al, 2009). Fusion of
the processed, active form of the Stx2A-subunit (Stx2Al) to
the N-terminus of EspA induced the production of neutralizing
antibodies in immunized mice (Cheng et al., 2009) and a fusion
of the B-subunits of Stx1, Stx2, to a truncated version of intimin

resulted in increased immune responses and protection of mice
after a fatal challenge with E. coli O157:H7 (Gao et al., 2011).

Intranasal immunization with a novel EspA-Tir fusion
protein (EspA-Tir-M; designating that the middle domain of
Tir was used) showed high levels of neutralizing antibodies
while subcutaneous vaccination had little effect. Additionally,
intranasal immunization increased the survival of mice from
subsequent challenge with E. coli O157:H7 and reduced organ
damage (Lin et al., 2017b).

BACTERIA-BASED VACCINES

Attenuated or Vaccine Strains

Several vaccination approaches use non-pathogenic bacteria or
bacterial vaccine strains as delivery vehicles and to increase
immunogenicity. These approaches include genetically modified
EHEC, EPEC, and Salmonella strains as well as probiotic strains
such as Lactococcus lactis and Lactobacillus acidophilus.

A non-pathogenic variant of the EHEC O157:H7 86-24
strain was created by deletion of both the gene encoding the
transcriptional regulator of the LEE (ler) and the stx gene.
These deletions completely abolished cytotoxicity in vitro when
compared to EHEC EDL933. A derivative of this strain that
expresses the inactive forms of Stx1 and Stx2 from a plasmid
also showed highly diminished cytotoxicity in vitro. Injection
with either stx/ler deletion mutant or the respective Stx1/Stx2-
expressing strain reduced the colonization of E. coli O157:H7
after infection of mice. Furthermore, if mice were immunized
when pregnant, they passed the immunity on to their offspring,
which were protected against E. coli O157:H7 infection (Liu et al.,
2009).

Enteropathogenic E. coli (EPEC) also presents a vaccine
alternative for EHEC as it is less pathogenic and shares the LEE
pathogenicity island-encoded virulence genes. Immunization
with EPEC raised neutralizing antibodies against EspB and
intimin and conferred some protection against an EHEC
infection. Vaccinated mice showed only mild disease phenotypes
such as slight intestinal damage, while no kidney pathology could
be detected (Calderon Toledo et al., 2011).

Immunization of mice with a Salmonella Typhimurium
vaccine strain expressing an inactive Stx2 variant consisting of
the A2- and B-subunit of Stx2 (Stx2AAB) resulted in efficient
colonization of the Peyer’s patches and production of neutralizing
antibodies. Serum collected from immunized mice was able to
neutralize Stx2-mediated toxicity in vitro. However, there was
only minimal protection observed when mice were challenged
with a lethal dose of Stx2, and no protective effect was seen for
kidney health (Rojas et al., 2010).

Additionally, another group constructed a Salmonella
Typhimurium strain expressing intimin, which was used to
immunize mice orally (Oliveira et al., 2012). This immunization
resulted in a significant increase in the levels of serum IgG and
fecal IgA and reduced fecal shedding after an E. coli O157:H7
infection (Oliveira et al., 2012). A boost vaccination 2 weeks after
the initial immunization led to continuously high colonization
levels of the vaccine strain and dissemination into the underlying
tissues such as Peyers patches and spleen (Oliveira et al,
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2012). Oral immunization of mice with attenuated Salmonella
expressing a hybrid protein consisting of EspA in combination
with the C-terminus of intimin and the Stx2 B-subunit (EIS, also
see above) raised neutralizing antibodies against the respective
proteins and protected mice from a lethal challenge with EHEC
for more than 70 days. This period could be extended by a
subcutaneous boost with purified EIS (Gu et al., 2011).

Inoculation of mice with a recombinant Mycobacterium bovis
BCG (rBCG) vaccine, which was modified to express the Stx2
B-subunit, induced the production of neutralizing antibodies
against Stx2. Two high-dose intraperitoneal immunizations
resulted in decreased colonization and increased survival after
fatal challenge with a STEC strain (Fujii et al., 2012).

The probiotic lactic acid bacterium Lactococcus lactis is
considered a safe vaccine vehicle. Use of a L. lactis strain
expressing the Stx2 Al-subunit (the A-subunit missing the
15 C-terminal amino acids) for the immunization of mice
resulted in increased levels of fecal and serum IgA. Immunized
animals had significantly reduced intestinal and kidney damage.
Furthermore, immunized mice showed increased survival after
challenge with a lethal dose of Shiga toxin isolated from
either E. coli O157:H7 or Shigella dysenteriae (Sreerohini et al.,
2019).

L. lactis expressing the T3-secreted protein EspB did not yield
neutralizing antibodies when used to infect mice. After an i.p.
boost with recombinant EspB, however, specific IgG and IgA
levels increased (Ahmed et al., 2013). In a follow-up study, the
L. lactis was modified to secrete EspB after expression, which
resulted in an increased production of neutralizing antibodies.
Also, mice immunized with this version of the EspB-expressing
L. lactis were protected against E. coli O157:H7 colonization
(Ahmed et al, 2014). An L. lactis strain expressing the EspA
protein has also been designed. However, this strain has so
far only been used for the production of recombinant EspA,
as described above. Here, too, a system to either display the
protein at the cell surface or secrete it from the cell will
probably be needed but may be worthwhile (Luan et al,
2010). A recombinant L. lactis strain that displays the Stx1
B-subunit via albumin binding domains (single-domain non-
immunoglobulin scaffolds) on the bacterial cell surface was
recently designed by Zadravec et al. (2016). ELISA and FACS
analysis confirmed the ability of this strain to bind StxI.
The immunogenicity and safety of this strain and its ability
to protect against challenge were, however, not yet tested
in animals.

Lastly, a recombinant Lactobacillus acidophilus variant
expressing EspA and the Tir central domain (EspA-Tir-M)
inhibited A/E lesions formation by EHEC O157:H7 after pre-
incubation in vitro. Oral immunization of mice induced the
production of specific and systemic neutralizing antibodies and
reduced EHEC O157:H7 colonization. It also inhibited intestinal
A/E lesions and toxin-mediated organ damage (Lin et al., 2017a).

Bacterial Ghosts

Bacterial ghosts (BGs) remain when bacteria are treated
with viral E protein. This protein forms tubes across the
bacterial cell membrane releasing the cytoplasm of the bacteria

into the surroundings. What remains are bacterial ghosts,
empty membranes with intact bacterial morphology and cell
surface structures. Because of this, bacterial ghosts are highly
immunogenic. Moreover, due to the ubiquitous process used to
create them, bacterial ghosts can be produced from whichever
strain is desirable (Lubitz et al., 2009; Hajam et al., 2017).

E. coli O157:H7 N°CIP 105282 encode Stx1 and Stx2. BGs
were produced from this strain by combining treatment with
viral E protein to remove the cytoplasm and addition of
staphylococcal nuclease A to degrade pathogenic DNA. Oral
immunization of mice induced a specific immune response and
mice were protected from a subsequent challenge with an EHEC
strain (Mayr et al., 2005). When oral immunization was followed
by an oral boost on day 28, antibody production increased,
resulting in even better survival (Mayr et al., 2005). A later study
showed that a single rectal inoculation of mice with these BGs
led to the production of neutralizing antibodies that completely
protected mice from infection with a lethal dose of bacteria
without requiring a boost (Mayr et al., 2012).

The use of E. coli O157:H7 (EDL933) bacterial ghosts yielded
similar results. Here, too, an increase in neutralizing antibodies
and protection was observed after a boost (Cai et al.,, 2010).
When the BGs were modified to display an inactive Stx2A-Stx1B
fusion (Stx2Am-Stx1B) on the cell surface, a stronger induction
of neutralizing antibodies was observed, which correlated with
better survival and reduced organ damage upon challenge with
EHEC. Furthermore, bacterial ghosts displaying the Stx2Am-
Stx1B on the surface performed better than those that did not,
suggesting that the combination of surface antigens such as
intimin in combination with the toxin resulted in even better
immune responses (Cai et al., 2015).

Outer Membrane Vesicles

Outer membrane vesicles (OMVs) are nanoparticles that are
released by many Gram-negative bacteria including E. coli.
Their major component is bacterial LPS, making them highly
immunogenic. Modified OMVs from Shiga toxin A-subunit-
deficient E. coli O157:H7 were prepared and tested by eyedrop
application for their activity against HUS development. Mice
received a boost after 2 weeks, and subsequent intraperitoneal
challenge with wild-type OMVs was carried out 4 weeks after
the initial immunization. The vaccinated mice were shown to
be protected from the lethality usually observed upon challenge
with wildtype OMVs (Choi et al., 2014). Immunization with
chemically inactivated OMVs obtained from a virulent E. coli
0157 strain was also effective in the murine infection model.
Here, mice were immunized subcutaneously on days 0 and 21
and received an intraperitoneal challenge with concentrated cell
supernatants 2 weeks after application of second immunization.
While 90% of control mice died by day seven post-challenge, all
immunized mice survived (Fingermann et al., 2018).

Plant-Based Vaccines
Plant-based vaccines have been trialed with the idea that they can
easily be used for oral vaccination.
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Toxin-Targeted Plant-Based Vaccines

The inactive A-subunit of Stx2 was produced by expression in
a tobacco plant cell line (NT-1). Subsequent immunization of
mice by feeding or by parenteral immunization with an oral boost
resulted in increased Stx2 IgA and IgG levels. It was able to
protect mice from a lethal challenge with an EHEC strain. Sera
of immunized mice further neutralized toxicity in vitro (Wen
et al., 2006). For the treatment of porcine edema disease, which
is a severe and often fatal disease in pigs that is also mediated
by Stx (in this case subtype Stx2e), Hamabata et al. have recently
developed stx2eB-transgenic lettuce for immunization. Infection
of piglets with STEC after oral vaccination by feeding the lettuce
showed decreased levels of pathogenesis in lettuce-fed piglets
(Hamabata et al., 2019).

Virulence Protein-Targeted Vaccines

The immunization capacity of plant-codon optimized intimin
expressed in the NT-1 tobacco cell line was also assessed by
either i.p. injection of purified protein, feeding of transgenic
plant cells, or a combination thereof. Here, mice immunized
by injection and boosted by feeding developed neutralizing
antibodies against intimin and reduced the time of bacterial
shedding after challenge with E. coli O157:H7 (Judge et al., 2004).
In another approach, chimeric protein composed of the LEE-
encoded proteins EspA, intimin, and Tir (named EIT and further
described above) was codon-optimized for expression in tobacco
and canola plants. Using this plant-based expression strategy,
recombinant EIT was prepared, and immune responses in mice
were assessed after parenteral and oral immunization as well
as after a combination. Here, a combination of subcutaneous
injection and oral gavage yielded the highest immune responses
and resulted in significantly reduced fecal shedding of E. coli
0157:H7 after challenge (Amani et al., 2011).

INHIBITORS

Pyocins

R(rod)-type pyocins are bacterial structures that have developed
from phages and show a high similarity to bacteriophage tails.
R-type pyocins bind to the core polysaccharides in the outer
membrane of bacteria via specific receptor binding proteins,
resulting in selective targeting of certain bacteria. The LPS
recognition induces contraction of the phage-like tail and
puncturing of the bacterial cell envelope, leading to loss of
bacterial membrane potential and subsequent cell death. This
mechanism is best described for Pseudomonas aeruginosa, which
use pyocins to target competitors. However, by designing hybrid
proteins that possess the receptor binding proteins or tail fibers
of known bacteriophages, the specificity of the pyocins can
be changed (Kim et al, 2019). An EHEC O157:H7 specific
pyocin (AvR2-V10) developed by Scholl et al. was able to
specifically recognize and degrade O157 LPS and kill E. coli
0157:H7 without inducing Stx expression (Scholl et al., 2009).
A new version of this pyocin (AvR2-10.3) was tested in vivo
in a rabbit EHEC infection model. Here, reduced diarrhea
colonization and bacterial shedding, as well as less intestinal
damage, were observed (Ritchie et al., 2011). Furthermore, Scholl

et al. identified an O104-specific bacteriophage tail protein and
showed that fusion of this protein to the pyocin tail fiber resulted
in specific targeting and killing of 0104 strains by the pyocin
(AvR2-104.1) (Scholl et al., 2012), showing that this approach is
promising for a variety of different serotypes.

ALTERNATIVE APPROACHES USING
ANTIMICROBIAL AGENTS

Probiotics
Management of STEC-mediated diseases including HUS
onset (curative or preventive) by probiotics has also recently
been addressed in many studies. The administration of
certain probiotics to humans or reservoir animals may reduce
colonization and carriage of STEC, which will prevent and/or
reduce the risk of infection and transmission of the pathogenic
bacteria (Sargeant et al., 2007; Corr et al, 2009). Protective
and beneficial capabilities of probiotics have been described in
several studies in which probiotics have been applied prior to an
STEC infection of cultured cells or in mice (recently reviewed in
detail by (Eaton et al., 2011; Mogna et al., 2012; Chen et al., 2013;
Kakisu et al., 2013; Rund et al., 2013; Cordonnier et al., 2017;
Giordano et al., 2019)). Significant inhibitory effects against the
growth of STEC have been demonstrated for several Lactobacillus
strains (L. rhamnosus LR04, LRO6, L. delbrueckii, L. pentosus, L.
fermentum, L. crispatus, L. plantarum, L. lactis, L. kefir, L. gasseri
CCDM215, L. accidophila CCDM149, L. helveticus KLDS, L.
casei, L. paracasei NZU101), E. coli Nissle, Enterococcus faecium
YF5, Enterococcus faecalis (Symbioflor), Bifidobacterium longum,
and others. Moreover, use of direct-fed microbiota was found
to reduce shedding of E. coli O157:H7 in cattle (Peterson et al.,
2007; Callaway et al., 2009; Rahal et al., 2015; Wisener et al.,
2015; Giordano et al., 2019). The success seems to depend on the
probiotic strain(s), immunomodulation of the host, and their
metabolism and ability to modify the local milieu, e.g., by the
production of short chain acids, such as lactate, butyrate, and
acetate (Ogawa et al., 2001; Takahashi et al., 2004; Carey et al,,
2008; Fukuda et al., 2011), or/and occupy similar niches in the
intestinal tract in which they compete for adhesion to the gut
epithelium and nutrients. In fact, recent studies demonstrated
that the efficiency of colonization of the different gut section
by intestinal pathogens is dependent on the composition of the
microbiota (Baumler and Sperandio, 2016; Litvak et al., 2019).
Despite the observed beneficial effects in animals, it is very
difficult to extrapolate the data to humans, considering that the
beneficial ratio of probiotic to pathogen varied from 1:1 to 1:10°
colony forming units (CFU). Furthermore, it remains unclear
how and when the probiotic should be administered.

Phages

Another upcoming potential measure to prevent infectious
bacterial diseases is phage therapy, i.e., the application of lytic
phages to kill and decrease the number of pathogens in food,
animal reservoirs, or patients. One of the first attempts to
eliminate STEC from animals (e.g., mice, sheep, and cattle)
and food was performed with bacteriophages (e.g., the T-even
bacteriophage CEV1, rV5, WV8, WV7, wV1l, ell/2, and e4/1c),
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which have the potential to lyse E. coli 0:157:H7 (Raya et al,
2006; Sheng et al., 2006; Abuladze et al., 2008; Rivas et al.,
2010; Stanford et al., 2010). To date, a large variety of phages
have been isolated and shown to be highly effective in the
killing of STEC strains in vitro, but the application of individual
bacteriophages in vivo seemed less promising, likely due to the
fact that bacterial access of the phages in the gut is reduced,
or the intestinal environment is disadvantageous for phage
survival and/or replication (Niu et al., 2009; Dini et al., 2016;
Sabouri et al., 2017; Wang et al., 2017; Safwat-Mohamed et al.,
2018). However, more recently, use of certain phages and phage
cocktails including multiple STEC-specific phages for oral or
rectal administration to ruminants or for spraying on fruits and
vegetables has shown the potential of phage therapy to reduce
STEC carriage in domestic animals (Niu et al., 2009; Dini et al.,
2016; Sabouri et al,, 2017; Wang et al., 2017; Safwat-Mohamed
et al., 2018).

Antibiotics

Early studies investigating the effect of antibiotics in the
treatment of STEC infections have suggested that antibiotics
induce the bacterial SOS response, resulting in an increase
of Shiga toxin production and release (O’Brien et al., 1984;
Mubhldorfer et al., 1996; Kimmitt et al., 2000). This has
raised concerns that antibiotics may increase the risk of HUS
development (Zimmerhackl, 2000; Panos et al., 2006; Kakoullis
et al., 2019), and therefore, their use during STEC infections
has been contraindicated. However, not all studies were able to
confirm Stx induction or an increase in the amount of HUS
incidences in response to antibiotics. Furthermore, the effects of
antibiotics on stx expression vary greatly and are dependent on
the antibiotic class, the antibiotic concentration, the respective
STEC strain, as well as the Stx subtype (Walterspiel et al,
1992; Grif et al., 1998; Kimmitt et al., 2000; Ochoa et al., 2007;
Pedersen et al., 2008; Zhang et al., 2009; McGannon et al., 2010;
Bielaszewska et al., 2012; Nassar et al., 2013). While the results
obtained from some antibiotic classes, such as B-lactams, are
conflicting (Yoh et al., 1997, 1999; Grif et al., 1998; Yoshimura
et al,, 1999; McGannon et al., 2010; Muhlen et al., 2020),
ansamycins and chloramphenicol consistently yielded promising
results in in vitro studies (Kimmitt et al., 2000; Ochoa et al.,
2007; McGannon et al., 2010; Kakoullis et al., 2019; Muhlen
et al., 2020) while fluoroquinolones were regularly associated
with toxin induction (Zhang et al., 2000; Hiramatsu et al., 2003;
Bielaszewska et al., 2012; Berger et al., 2019; Muhlen et al., 2020).

Some animal studies used to mimic STEC- or Stx-mediated
disease in response to antibiotic treatment confirmed previous
in vitro results, while others were contradicting the in vitro data
(Zhang et al., 2000, 2009; Rahal et al., 2011a; Zangari et al., 2014;
Kakoullis et al., 2019). Interestingly, the in vivo studies confirmed
a detrimental effect of fluoroquinolone antibiotics (Zhang et al.,
2000; Hiramatsu et al., 2003; Muhlen et al., 2020) and a reduction
of disease pathology when animals were treated with rifamycin
antibiotics (Rahal et al., 2011a,b; Muhlen et al., 2020).

As studies using antibiotics that inhibit transcription or
translation, such as rifamycins, have regularly been shown
to inhibit Stx production in vitro and in vivo (Rahal et al,

2011a,b; Corogeanu et al., 2012; Fadlallah et al., 2015; Berger
et al, 2019; Muhlen et al, 2020) even after pre-treatment
with fluoroquinolone ciprofloxacin (Berger et al, 2019), this
opens up the possibility of a potential treatment regimen
for STEC infection using antibiotics combination therapy
consisting of a transcriptional inhibitor supplied in advance of
or simultaneously with an antibiotic such as ciprofloxacin, which
efficiently clears the bacterial infection.

Natural Products

Several studies have tested natural products for their ability
to reduce or prevent Stx-induced cell or tissue damage in cell
cultures in vitro or in animal infection models. An inhibition
of cytotoxicity of Stx of E. coli O:157:H7 was found for white
carob tree (Prosopsis alba) and Ziziphus mistol extracts (Pellarin
et al,, 2013) and for Ellagitannin from the Aleppo oak (Quercus
infectoria) (Voravuthikunchai et al., 2012). Moreover, bacterial
products such as lactic acid, linoleic acid, (Pittman et al., 2012),
green tea extracts (Isogai et al., 1998, 2001), fruit juices (Nogueira
et al., 2003), and other plant products (Takemasa et al., 2009;
Lacombe et al., 2010; Lee and Stein, 2011; Sheng et al., 2016;
Sewlikar and D’Souza, 2017; Patel et al., 2018) have been shown to
have a beneficial effect on STEC-infected cells and animals alone
or in combination of other agents, e.g., antibiotics.

CONCLUSIONS

Although almost four decades have passed since the first clinical
human HUS case (Centers for Disease Control, 1982) and the
incidence of HUS increases, a generally accepted and successful
therapy for STEC-induced HUS in patients is still missing.
Nevertheless, a number of promising approaches and clinical
studies employing different strategies have been performed.
Here, we have reviewed therapeutic strategies including Stx
toxin receptor analogs, Stx-specific antibodies, and alternative
antimicrobial agents. For some, a beneficial effect has been
reported, although the outcome seems to depend on multiple
factors, e.g., the dose of the agent, the STEC isolate/strain, the
Stx variants, the time point of administration, the route of
application, the severity of the infection/symptoms, and the type
of agent. Another important problem is that our information
about the concentration, activity, and the precise localization
of the toxins during the course of the infection is still scarce.
Further studies examining these issues and testing the efficacy
of Stx-inhibiting agents according to gained knowledge from
these experiments are required to select the most successful
regimens that could then be assessed in clinical trials. As
none of the current animal models mimic EHEC infections
and HUS development in humans, clinical trials and cohort
studies are urgently needed to evaluate whether newly developed
treatment strategies are effective. In this context, it should also be
mentioned that early detection of an EHEC infection is crucial
for the success of most newly developed therapeutics. Thus, the
development of fast and reliable diagnostic tools to screen for
Stx is also of utter importance. Moreover, a vaccination strategy
for humans, but also for cattle limiting STEC carriage in their
reservoirs would be of great benefit for public health.
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What is the current situation of possible therapies and
vaccines? While many different treatment strategies have been
employed in order to develop a therapeutic or prophylactic
treatment against STEC-induced disease, few have, to date,
progressed past Phase II trials. Several approaches including
monoclonal antibodies, receptor analogs such as Synsorb Pk, or
the use of Eculizumab looked promising, but when evaluated
systematically or in Phase IIT trials showed little evidence
of success. The disadvantage of monomeric antibodies may
likely be that the Stx receptor forms polymers, thus leaving
Stx docking spaces available. Newly developed antibodies and
neutralizing peptides therefore aim at providing multimeric
recognition sites to capture as many receptor-binding
sites as possible. These have, however, yet to be tested in
clinical trials.

Vaccine approaches face other difficulties. While STEC
infections are an important cause for diarrhea disease and
especially dangerous as they can lead to HUS and systemic
complications, the total amount of STEC infections is rather
low. Therefore, a prophylactic vaccine may only be of interest
for countries in which these infections are endemic. In general,
while phase II clinical trials can be carried out, the availability
of patients with STEC infections for phase III trials is limited.
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Biology and Biotechnology “Charles Darwin”, Universita Sapienza di Roma, Rome, ltaly, ° Gastrointestinal Bacteria Reference
Unit (GBRU), Public Health England, E. coli, Shigella, Yersinia and Vibrio Reference Service, National Infection Service,
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Department, Medicine Faculty, Universidad Nacional Auténoma de Mexico (UNAM), Mexico City, Mexico, ® Departamento de
Bacteriologia y Virologia, Facultad de Medicina, Instituto de Higiene, Universidad de la Republica, Montevideo, Uruguay

Enteroinvasive Escherichia coli (EIEC) cause intestinal illness through the same
pathogenic mechanism used by Shigella spp. The latter species can be typed
through genomic and phenotypic methods used for E. coli and have been proposed
for reclassification within E. coli species. Recently the first appearance of a highly
pathogenic EIEC 096:H19 was described in Europe as the causative agent of
two large outbreaks that occurred in Italy and in the United Kingdom. In contrast
to Shigella spp and to the majority of EIEC strains, EIEC 096:H19 fermented
lactose, lacked pathoadaptive mutations, and showed good fithess in extracellular
environment, similarly to non-pathogenic E. coli, suggesting they have emerged
following acquisition of the invasion plasmid by a non-pathogenic E. coli. Here
we describe the whole genome comparison of two EIEC O96:H19 strains isolated
from severe cases of diarrhea in Uruguay in 2014 with the sequences of EIEC
096:H19 available in the public domain. The phylogenetic comparison grouped all
the 0O96:H19 strains in a single cluster, while reference EIEC strains branched into
different clades with Shigella strains occupying apical positions. The comparison
of the virulence plasmids showed the presence of a complete conjugation region
in at least one 096:H19 EIEC. Reverse Transcriptase Real Time PCR experiments
confirmed in this strain the expression of the pilin-encoding gene and conjugation
experiments suggested its ability to mobilize an accessory plasmid in a recipient
strain. Noteworthy, the tra region was comprised between two reversely oriented IS600
elements, which were also found as remnants in another EIEC O96:H19 plasmid
lacking the tra locus. We hypothesize that an IS-mediated recombination mechanism
may have caused the loss of the conjugation region commonly observed in EIEC and
Shigella virulence plasmids. The results of this study support the hypothesis of EIEC
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Evolutionary Route of 096:H19 EIEC

originating from non-pathogenic E. coli through the acquisition of the virulence plasmid
via conjugation. Remarkably, this study showed the ability of a circulating EIEC strain to
mobilize plasmids through conjugation, suggesting a mechanism for the emergence of

novel EIEC clones.

Keywords: EIEC, phylogenomics, conjugation, evolution, emerging clones

INTRODUCTION

Enteroinvasive Escherichia coli (EIEC) cause disease in humans,
characterized by abdominal cramps, bloody and mucous diarrhea
(van den Beld and Reubsaet, 2012). EIEC are able to invade
and multiply in the human colonic epithelial cells analogously
to the mechanism used by Shigella spp (Nataro and Kaper, 1998;
Lan et al., 2004), making it difficult to differentiate between the
disease caused by the two microorganisms. The main virulence
genes of EIEC and Shigella are harbored on a large virulence
plasmid termed pINV. These include the mxi and spa genes
encoding a type three secretion system (T3SS) as well as the
ipaB, ipaC, ipaD, and icsA genes encoding effectors necessary
to invade and disseminate into the host cells (Pasqua et al.,
2017). The transmission of the infection occurs via the fecal-
oral route and the incidence of EIEC and Shigella infections is
higher in geographical areas where there is less or no access
to safe drinking water, health services, or electricity. However,
infection may also occur by the ingestion of contaminated food
or water. During the last decade an increase in the number of
cases of EIEC infections has been observed in Europe, with two
large outbreaks, suspected to be linked to the consumption of
contaminated food, occurred in Italy and in the United Kingdom
between 2012 (Escher et al., 2014) and 2014 (Newitt et al.,
2016). The strains responsible for both the outbreaks belonged
to the O96:H19 serotype and sequence type 99 (ST-99), which
had never been described as EIEC before 2012. A third isolate
sharing the same characteristics was also identified as the cause
of a sporadic case of EIEC infection occurred in Spain in 2013,
confirming the circulation of such clone in Europe (Michelacci
et al., 2016).

The genomic characterization of these three strains enabled
the detection of an IncFII plasmid larger than 200 kbp,
resembling the invasion plasmid of EIEC and Shigella and
harboring the virulence genes essential for intracellular
localization and spread, but in a genomic background different
from that of reference EIEC and Shigella strains (Michelacci et al.,
2016). This led to the hypothesis that 096:H19 EIEC clone might
have emerged after the acquisition of the virulence plasmid by
an E. coli with the phenotypic and biochemical properties of a
commensal E. coli strain (Michelacci et al., 2016).

In the present study, we report the description of two O96:H19
EIEC strains isolated from two patients in Uruguay in 2014
and describe the genomic comparison of their chromosome and
plasmids with those of the O96:H19 EIEC strains isolated in
Europe. Our data support the hypothesis that this EIEC clone
may have emerged and spread thanks to pINV mobilization
through conjugation and provide evidence that at least one of
the EIEC O96:H19 studied possessed a complete conjugation

region in the pINV and displayed a functional plasmid
mobilization machinery.

MATERIALS AND METHODS

Bacterial Strains and Genomes

Two EIEC strains from Uruguay were included in this study: the
strains V48 and V73 were isolated from fecal samples of an 18
month-old girl with bloody diarrhea and of a 14 year-old girl
with fever, vomiting, abdominal pain, bloody diarrhea and shock
in April and October 2014, respectively. The latter strain was
isolated form a case part of a foodborne outbreak and there was
no epidemiological link between the two cases (Peirano et al,
2018).

Genomes of EIEC 0O96:H19 available in the public domain
were included in the comparative analyses. These included those
of strains EF432, 152661 and CNM-2113/13, isolated during
EIEC outbreaks occurring in Italy (Escher et al., 2014; Michelacci
et al., 2016) and the UK (Michelacci et al., 2016; Newitt et al.,
2016) and from a sporadic case in Spain, respectively (Michelacci
et al,, 2016), and the genomes of four other EIEC 096:H19
strains described in a previous study on EIEC circulating in the
United Kingdom (details in Supplementary Table 1) (Cowley
et al., 2018). The presence of the ipaH genetic marker of EIEC
and Shigella was confirmed by PCR (Luscher and Altwegg, 1994)
or in silico in all the E. coli strains included in the study.

The E. coli K12 strain CSH26 Nal® (Sorensen et al.,
2003), showing resistance to nalidixic acid and sensitivity to
streptomycin and sulfamethoxazole, was used as recipient strain
in conjugation experiments with donor EF432 strain.

Genomes from reference EIEC and Shigella strains as
well as from EIEC strains recently described to circulate in
the UK and belonging to different serotypes (Cowley et al,
2018) were retrieved from international databases and analyzed
to give context to the phylogenetic comparison (details in
Supplementary Table 1).

DNA Extraction and Sequencing

The total DNA of the strains V48, V73, and CNM-2113/13
was extracted from two ml of overnight bacterial cultures
with the GRS Genomic DNA kit (GRISP, Porto, Portugal) and
sequenced on an Ion Torrent S5 platform (Life Technologies,
Carlsbad, USA). In detail, 400 bp fragments libraries were
prepared by using the NEBNext® Fast DNA Fragmentation &
Library Prep Set for Ion Torrent (New England Biolabs, Ipswich,
Massachusetts, USA). The template preparation and sequencing
run were performed with the ION 520/530 KIT-OT2 following
the manufacturer’s instructions for 400 bp DNA libraries on ION
530 chips.
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The genome of the 152661 strain from the outbreak in
the UK, already sequenced through Illumina technology for
routine surveillance of E. coli and Shigella by Public Health
England (Supplementary Table 1), was re-sequenced using a
MinION system (Oxford Nanopore Technologies Ltd, Oxford,
UK), producing long reads, with the aim of closing the complete
sequence of the chromosome and the plasmids harbored by
this strain.

In detail, total genomic DNA of 152661 strain was
extracted using the Wizard Genomic DNA Purification kit
(Promega, Madison, WI, USA) with significant modifications
from manufacturer’s instructions including no vortexing steps,
double incubation and elution times and pre-chilling of 70%
ethanol and 99% isopropanol before use. Library preparation was
performed using the SQK-RBK004 (rapid) library preparation kit
(Oxford Nanopore Technologies Ltd, Oxford, UK) according to
manufacturer’s instructions. The sequencing library was loaded
onto a FLO-MIN106 R9.4.1 flow cell and sequenced on the
MinION for 24 h.

The sequencing data generated during this project has been
uploaded to the EMBL-ENA sequence database in the study with
accession number PRJEB35723 and at NCBI Bioproject with Acc.
No. PRJNA315192 (details in Supplementary Table 1).

Bioinformatics Analysis

Basic Analyses: Trimming and Assembly

The bioinformatics analyses of Illumina and Ion Torrent
data were performed through the ARIES instance of the
Galaxy bioinformatics framework (https://www.iss.it/site/aries)
as previously described (Michelacci et al., 2016). Briefly,
FastQC was used for quality check and “FastQ Positional
and Quality Trimming” (Cuccuru et al, 2014) for trimming
the raw reads. The contigs were assembled from Illumina
and Ion Torrent trimmed data using SPADES version 3.12.0
(Bankevich et al, 2012), followed by the tool “Filter SPAdes
repeats” Galaxy Version 1.0.1 (https://github.com/phac-nml/
galaxy_tools/). Default parameters were applied in the two steps.

As for the sample 152661, the data deriving from Illumina
and Nanopore sequencing platforms were integrated. In detail,
data produced from the MinION in a raw FAST5 format was
basecalled and de-multiplexed using Albacore V2.3.3 (Oxford
Nanopore Technologies, ONT) and Deepbinner v0.2.0 (Wick
et al., 2018) to obtain sample-specific files in FASTQ format. Run
metrics were generated using Nanoplot v1.8.1 (De Coster et al.,
2018). The barcode and y-adapter were trimmed and chimeric
reads split using Porechop v0.2.4!. Finally, the trimmed reads
were filtered using Filtlong v0.1.1 with the following parameters:
min length = 1,000, keep percent = 90 and target bases = 550
Mbp, to generate ~100x coverage with the longest and highest
quality reads?.

Trimmed ONT FASTQ files were assembled using Canu v1.7
(Koren et al., 2017) and the filtered ONT FASTQ files were
assembled using both Unicycler v0.4.2 (Wick et al., 2017) with the
following parameters: min_fasta_length=1000, mode=normal.

! Porechop. https://github.com/rrwick/Porechop
2Filtlong. https://github.com/rrwick/Filtlong

The assembly showing the highest N50 and lowest number
of contigs, with an assembly size comprised between 5.3 and
6.0 Mbp, were used for the following analyses. Polishing of
the assemblies was performed in a three-step process, firstly
using Nanopolish v0.11.1 (Loman et al., 2015) with both
the trimmed ONT FASTQs and FAST5s files accounting for
methylation using the -methylation-aware=dcm and -min-
candidate-frequency=0.5.

Secondly, Pilon v1.22 (Walker et al., 2014) was applied with
Mumina FASTQ reads (Acc. No. SRR4181492) as the query
dataset with the use of BWA v0.7.17 (Li and Durbin, 2010)
and Samtools v1.7 (Li et al., 2009). Finally, Racon v1.2.1 (Vaser
et al, 2017) also using BWA v0.7.17 (Li and Durbin, 2010)
and Samtools v1.7 (Li et al., 2009) was used with the Illumina
reads for two cycles to produce a final assembly for each of the
samples. The chromosome from the assembly was re-circularized
and closed and re-orientated to start at the dnaA gene, as in
the reference sequence of K12 E. coli MG1655 strain (Acc. No.
NC_000913), using the —fixstart parameter in circlator v1.5.5
(Hunt et al., 2015).

The completely assembled sequence of 152661 resulting from
this process was used as such for chromosome and plasmids
comparison, strain characterization and phylogenetic analysis, as
described later.

WGS Analysis for Strain Characterization,
Chromosome, and Plasmids Comparison and
Phylogenetic Analysis

The WGS analyses for strain characterization and typing were
performed through ARIES webserver (https://www.iss.it/site/
aries). Multi Locus Sequence Typing (MLST) was inferred from
the trimmed Illumina and Ion Torrent reads using the SRST2
tool (Inouye et al.,, 2014) and applying the scheme developed
by Wirth and colleagues (Wirth et al, 2006). The “E. coli
Serotyper” tool (Galaxy Version 1.1) was used with default
parameters to interrogate the database of reference sequences for
the determination of the serotypes (Joensen et al., 2015). The
virulence genes typical of EIEC and Shigella were searched in
the genome sequences as previously described Michelacci et al.
(2016). Moreover, the assembled sequences of the EIEC 096:H19
strains were tested for the presence of virulence genes typical
of other pathotypes of E. coli (Joensen et al., 2014) performing
blastn analysis, using the threshold of minimum 90% of sequence
identity and 80% of gene coverage.

The complete list of Accession Numbers of the sequences
included in the comparison analysis is provided in
Supplementary Table 1.

The Prokka tool (Seemann, 2014) was used for the functional
annotation of the assembled sequences, using the E. coli specific
gene database. Blast Ring Image Generator (BRIG) software
v0.95 (Alikhan et al., 2011) was used with default parameters to
compare the completely assembled sequences of the chromosome
and virulence plasmid of the EIEC strains from Italy (EF432)
(Pettengill et al., 2015a) used as reference sequences, with those
of the other EIEC 096:H19 considered in this study. This analysis
also included the completely assembled sequence of the largest
plasmid of strain 152661 (Acc. No. CP046677).
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The presence of pathoadaptive mutations in cadA, cadB,
cadC, speG, nadA, and nadB was investigated and the sequences
of speA, speB, speC, speD, speE, and speF genes verified as
previously described (Michelacci et al., 2016) through the use of
MAUVE software (suggested development snapshot 2015-02-26)
(Rissman et al., 2009).

The detection of genetic elements involved in conjugation and
the design of the maps of the closed plasmids were performed
through the OriT Finder tool available online (http://202.120.
12.134/oriTfinder/oriTfinder.html) with default parameters by
uploading the annotated Genbank files produced with the Prokka
software. MAUVE software (Rissman et al., 2009) was used
for a deeper comparison of the conjugative regions in a set of
plasmid sequences selected on the basis of the results of the
BRIG analysis. The ISfinder webserver (https://www-is.biotoul.
fr) (Siguier et al., 2006) was used to characterize and compare the
insertion elements identified at the two sides of the conjugation
region of pINV from strain EF432.

The core genome MLST (cgMLST) comparison was
performed with the chewBBACA tool version 2.0.13 (Silva
et al., 2018) with default parameters and used the database
developed by EnteroBase (https://enterobase.warwick.ac.
uk/) and curated in the framework of INNUENDO project,
comprising the analysis of 2360 loci (Llarena et al., 2018) to
call the alleles. The Minimum Spanning Tree was generated by
analyzing the allelic matrix on the PHYLOViZ online web-based
tool (Ribeiro-Goncalves et al., 2016).

Analysis of the Expression of traA

Pilin-Encoding Gene

RNA was extracted from one ml of overnight cultures of
the strain EF432 grown at 30° and 37°C using the Norgen
RNA/Protein Purification Kit (Norgen Biotek, Thorold,
ON, Canada). In detail, 1 pg of extracted RNA was
used for DNA removal and retro-transcription with the
QuantiTect Reverse Transcription (Qiagen, Germantown,
MD, USA). Two pl of the ¢cDNA solutions were used in
Real Time PCR reactions targeting traA gene, encoding
the pilin, in 40 cycles of a two steps thermal profile (15s
at 95°C and 1min at 55°C) using the following primers
and probes: traA_FWD: AGTGATCCCGGTTGCTGTTT;
traA_REV:  GTACATGACTGCACCGACCA;  traA_probe:
CTTCTGCTGGTAAAGGCACG. The efficiency of the reaction
was evaluated by using serial dilution (107%,1072, 1073, and
107%) of a 11.3 ng/ul DNA preparation purified from an
overnight culture of EF432 strain as template in the same
amplification run. The reactions were duplexed with reagents
targeting gapA reference housekeeping gene, as previously
described (Fitzmaurice et al., 2004). A negative control reaction
was performed using non-retrotranscribed RNA. The efficiency,
R? and M values of the traA gene amplification were compared
to those of the reaction targeting gapA gene.

Bacterial Conjugation

Overnight cultures of donor strain EF432 and recipient strain
CSH26 Nal" were diluted 1:10 in TSB and refreshed for 1.5h.
Two ml of each culture were mixed and incubated for 3h at 37°C

without shaking. The selective marker for the recipient strain
was nalidixic acid, as EF432 was proved to be susceptible to its
presence in growth media. As no selection markers were found on
pINV, CongoRed was used as differential additive in combination
with nalidixic acid, due to its ability to identify E. coli strains
harboring pINV plasmid as red colonies (Maurelli et al., 1984).
One hundred pl of undiluted conjugation mix and 107}, 1072,
and 1073 serial dilutions were then plated and incubated at 37°C
on two different media: CongoRed TSA plates supplied with
10 pg/ml of nalidixic acid and LB plates containing 10 pg/ml
of nalidixic acid and 10 pug/ml of streptomycin. The colonies
obtained on the latter were then streaked on LB plates containing
10 pg/ml of sulfamethoxazole for confirming the presence of the
resistance plasmid of strain EF432.

RESULTS

Genomic Characterization of 096:H19
EIEC Strains Isolated From Uruguay

The genomic sequences of the V48 and V73 strains isolated in
Uruguay were assembled in 141 and 139 contigs with N50 values
0f 113,473 and 103,437 bp, respectively. In silico typing confirmed
the 096:H19 serotype and assigned to the strains the ST-99, the
same Sequence Type identified in the already described 096:H19
EIEC (Michelacci et al., 2016). The virulence gene content and
the presence of pathoadaptive mutations was investigated in the
strains from Uruguay and compared to the same information
obtained from the whole genome sequences of all the EIEC
096:H19 strains included in the study.

The results of the identification of the virulence genes typical
of EIEC and Shigella are shown in Supplementary Table 2.
All the strains showed the same virulence gene asset already
described for the O96:H19 isolated in Europe (Michelacci et al.,
2016). A major exception was the strain identified with the Acc.
No. SRR4786227 among the selected UK strains, which showed
a peculiar asset of plasmid-borne virulence genes. In particular,
the presence of the genes ipaH, ospG, virA, and virF and the
absence of the region known as “entry region,” encoding the T3SS
and its effectors were observed. On the other hand, the absence
of ospG virulence gene was identified in two of these (Acc. No.
SRR3578973 and SRR3578582), while in remaining one (Acc. No.
SRR3578770) ospG gene was present, but the genes virA and icsA
were lacking.

The detection of virulence genes of pathogenic E. coli other
than EIEC allowed identifying the presence of IpfA and capU
genes in all the 096:H19 strains. In particular, in the completely
assembled sequences available of strains EF432 and 152661, IpfA
gene was found on the chromosome while capU was detected in
the virulence plasmid pINV.

The analysis of pathoadaptive mutations highlighted their
absence in all the strains tested.

The comparison of the chromosomes of all the 096:H19
strains investigated is presented in Supplementary Figure 1, and
showed a similar structure in all the genomes investigated.
Nevertheless, some short fragments resulted only present in
the sequence of the completely assembled chromosomes of
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strains EF432 and 152661, mainly representing regions harboring
prophages and encoding tRNAs and rRNAs. The complete list of
these regions differentially present in the genomes, together with
the encoded functions derived from annotation is presented in
Supplementary Table 3.

Comparison of the Invasion Plasmids

The comparison of the sequences of invasion plasmids showed
the absence of the region comprising tra genes in four of
the nine O96:H19 strains assayed. The same region was
instead present in the sequence of the invasion plasmid of
the EIEC O96:H19 strain EF432 isolated in Italy (Figure 1).
In detail, the sequences of pINV of the strains V48, V73,
152661 and that of the strain with the Acc. No. SRR4786227
completely lacked these genetic loci. Conversely, the strain
from Spain CNM-2113/13 and three of the other isolates
from the UK showed the presence of this locus, although

apparently lacking some genetic fragments in the region
(Figure 1).

Interestingly, a fragment longer than 30 kbp, corresponding
to the “entry region” encoding the T3SS and its effectors, was
absent from the plasmid of SRR4786227 strain, confirming the
virulotyping results.

Mobilization Analysis of the Invasion

Plasmids of 096:H19 EIEC Strains

In order to investigate the possibility to mobilize the pINV by the
EIEC 096:H19 strain harboring the complete conjugative region,
a detailed search of the presence of the genetic elements involved
in conjugation was performed in the sequence of the plasmids of
strain EF432. In addition, a transcription assay on pilin-encoding
gene traA and a conjugation assay among EF432 and a recipient
strain were also carried out.
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Analysis of the Presence of Conjugation-Related
Genetic Elements

The presence of genetic loci involved in plasmid transfer through
conjugation was initially investigated on the closed sequences
of the plasmids of strains EF432 and 152661 (Pettengill et al.,
2015a). The maps of pINV plasmids from the two strains are
reported in Figures 2, 3, while the maps of the accessory plasmids
found in the same strains and harboring resistance genes (named
pRES hereafter), are included as Supplementary Figures 2, 3.
The complete list of the features involved in conjugation resulting
from these analyses is reported in Table 1, showing the presence
of the complete asset of conjugation-related regions only on
pINV plasmid from EF432 strain (pINVgg432). In particular,
pINV from EF432 harbored genes encoding the relaxase and
type IV coupling protein (T4CP), two essential components
of the ssDNA conjugation machinery, and a region of about
41 kbp encoding the Type Four Secretion System (T4SS). The
pRES plasmid harbored in the same strain, possessed part of the
conjugative features but lacked the T4SS gene cluster (Table 1).
On the other hand, either the pINV or the pRES plasmids present
in the strain 152661 lacked the origin of transfer (oriT), and
the T4SS gene cluster region present on this pINV consisted of
16 kbp only (Table 1). A deeper analysis showed the presence

of two identical and inverted copies of a 1258 bp-long IS600
element in the tra region (positions 72898- 74161 and 95672-
94409, Acc. No. CP011417) in pINVgg43;. The same region was
lacking in pINV of 152661 (pINVs53661), but remnants of IS600
elements (1121/1199 nucleotidic identity, 46 gaps) were found in
the corresponding positions (Figure 4).

The same analysis was performed to compare the tra region
of pINVEgpy3; with those partially found in the pINV of other
four isolates. The results, reported in Supplementary Figure 4,
showed a complete panel of tra genes only in the pINV of strain
CNM-2113/13. The traD gene encoding the T4CP was instead
absent from the remaining three plasmids. Additionally, the
genes traN and tral were absent in the pINV sequence of strain
SRR3578770. Finally, the presence of different short insertion
elements in all the strains but CNM-2113/13 was observed
(Supplementary Figure 4).

Transcription Assay of Pilin-Encoding Gene traA in
EF432 Strain

A reverse transcriptase Real Time PCR expression assay was
deployed to verify the transcription of traA gene, encoding
the main component of the conjugative pilus, present in
PINVEE432. The results showed that the traA gene was transcribed
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TABLE 1 | Analysis of the presence of conjugation-related genetic elements in the
closed sequences of the plasmids of the 096:H19 strains EF432 and 152661.

Strain and plasmid Feature encoded Location

EF432 pINV oriT region 74839..74924 (-)
293826 bp Relaxase 110756..114385 (+)
(Acc. No. CP011417) T4CP 102213..104438 (+)
T4SS gene cluster 74272..115151

EF432 pRES Relaxase 01885..7155 (-)
47606 bp T4CP 07155..9443 (-)
(Acc. No. CP011418)

152661 pINV Relaxase 146372..147019 ()
266880 bp T4ACP 0148908..149147 (-)
(Acc. No. CP046677.1) T4SS gene cluster 139934..155870
152661 pRES Relaxase 018019..23289 (+)
48742 bp T4CP 015758..18019 (+)

(Acc. No. CP046678.1)

in both the growth conditions used (incubation at 30° and
37°C), even if at lower levels than the housekeeping gapA
gene (Table 2). The efficiency results of the reactions targeting

traA and the housekeeping gene gapA, used as control,
were comparable.

Conjugation Between Donor EF432 Strain and
Recipient CSH26Nal E. coli K12 Strain

Conjugation experiments between donor strain EF432 and the
recipient E. coli K12 strain CSH26 Nal" were performed to assess
the ability of the strain EF432 to transfer one or both the pINV
and pRES plasmids to the recipient strain. No red transconjugant
colonies were identified on TSA plates supplemented with
nalidixic acid and Congo Red. PCR screening for the presence
of ipaH gene in a selection of 200 colonies also resulted negative.
This was in line with the lack of red colonies observed, as the
presence of pINV plasmid is associated with red color on plates
containing Congo Red (Sakai et al., 1986). Nevertheless, when
the conjugation mixture was plated on LB media supplemented
with streptomycin, one colony was detected, which was proven to
be also resistant to sulphametoxazole and negative to ipaH gene
in PCR, resembling a trans-conjugative colony of CSH26 Nal"
which got the accessory plasmid harboring the resistance genes
to the two antimicrobials present in EF432 strain.
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TABLE 2 | Results of the reverse transcription real time PCR expression assay for

traA and gapA genes.

serotypes detected during the same study (Cowley et al., 2018)
were included in the analysis for comparative purposes, as
well as the 4608 and 6.81 EIEC reference strains and genomes
from different Shigella species (Supplementary Table 1). The
statistics of this analysis are reported in Supplementary Table 4,
while the minimum spanning tree is shown in Figure 5. It is
important to note that, with the only exception of the 6.81
reference EIEC strain whose published sequence showed the
lowest quality, for all the other genomes alleles could be called
for almost all the loci included in the c¢gMLST scheme used

mean Ct Std. Dev. Ct mean Ct Std. Dev. Ct

traA traA gapA gapA
cDNA 30 28.71 0.21 22.06 0.42
cDNA 37 27.59 0.11 25.14 0.30
DNA 2,25 18.57 0.27 21.26 0.26
ng/reaction
DNA 2,25 x 107" 22.66 0.30 24.96 0.41
ng/reaction
DNA 2,25 x 1072 25.42 0.12 28.26 0.28
ng/reaction
DNA 2,25 x 1072 28.65 0.20 31.76 0.93
ng/reaction

Phylogenetic Analysis of EIEC 096:H19
Strains in Comparison With Reference

EIEC and Shigella Strains

A whole genome comparison of the population of EIEC 096:H19
genomes studied was performed using cgMLST. The strains
included were the EIEC strains isolated in Uruguay and EIEC
strains belonging to the serotype 096:H19, including those
isolated in the outbreaks occurred in Italy and the UK, the
strain isolated in Spain and isolates described in a previous
study on EIEC strains isolated from UK residents (Cowley
et al., 2018). Moreover, EIEC strains representative of all the

(Supplementary Table 4). The figure shows colors based on the
detected Sequence Type. The O96:H19 strains, all belonging to
ST-99, formed a homogeneous cluster. Two separate branches,
one comprising only EIEC strains belonging to ST-6 and the
second including all the other STs comprising all the Shigella and
EIEC reference strains, segregated far apart from each other in
terms of allelic distances and from the cluster of 096:H19 strains.
Noteworthy, all Shigella strains occupied terminal positions,
branching from one single EIEC strain typed as O28ac:H7
and showing the highest number of allelic distances from
096:H19 cluster.

DISCUSSION

The acquisition of genetic elements through horizontal gene
transfer represents a major genetic mechanism driving the
radiation of pathogenic Escherichia coli into different groups.
Besides, the loss of genetic functions that are not required or
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could even have an adverse effect on the life of the bacterial
pathogen offers additional advantages to certain pathogenic
E. coli populations. Among diarrheagenic E. coli, Enteroinvasive
E. coli (EIEC) are able to invade and replicate into the epithelial
cells in the colon of the human host, with the same mechanism
exerted by Shigella spp. (Pasqua et al., 2017). The key genetic
event characterizing the evolution of EIEC and Shigella consisted
in the acquisition of the pINV virulence plasmid, which harbors
the majority of genes involved in the invasion mechanism, in
combination with the accumulation of pathoadaptive mutations
in anti-virulence loci, which has been extensively demonstrated
either in EIEC or Shigella strains (Pasqua et al., 2017).

A novel EIEC 096:H19, emerging in Europe as a foodborne
pathogen associated with outbreaks and sporadic cases, showed
peculiar characteristics, such as lactose fermentation, motility,
and lack of pathoadaptive mutations (Michelacci et al., 2016).

In the present paper we investigated the hypothesis of the
emergence of such clone following an event of acquisition of the
pINV plasmid by a non-pathogenic E. coli and studied its ability
to exchange genetic material via conjugation. Additionally, we
describe the characterization of EIEC 096:H19 strains isolated
from two severe cases of infections occurred in Uruguay in 2014
(Peirano et al., 2018). The isolates from South America showed
the absence in their genomes of pathoadaptive mutations and
of chromosomal virulence genes usually found in EIEC and
Shigella, while showed the presence of gsp genes, encoding a
Type 2 Secretion System, also described in non-pathogenic E. coli

(Stathopoulos et al., 2000). After the first description of EIEC
096:H19 (Michelacci et al., 2016), the whole genome sequences
of other EIEC strains isolated in the UK were made available,
including several 096:H19 isolates (Cowley et al., 2018). Four of
these latter genomes were included in the present work and their
comparison with the genomes of the other EIEC strains studied
allowed to observe in one strain (Acc. No. SRR4786227) the lack
of the complete “entry region”of the pINV virulence plasmids of
EIEC and Shigella, which usually harbors the ipa-mxi-spa locus
(Pasqua et al., 2017) (Figure 1 and Supplementary Table 2). The
loss of such region had already been described in spontaneous
avirulent isolates of Shigella flexnerii (Venkatesan et al., 2001). It
is interesting to note that in both cases, the deletion also included
the region encompassing virA and icsA genes, not physically
linked to the “entry region,” but still pivotal for the pathogenesis
of Shigella and EIEC. While it is not possible to determine if such
regions were lost or had never been acquired, in another EIEC
096:H19 strain (Acc. No. SRR3578770) the region including
virA and icsA was absent from the plasmid, in presence of a
complete “entry region” (Figure 1 and Supplementary Table 2).
This finding provides the first evidence, to the best of our
knowledge, that the two regions can be acquired or lost in
separate events. Moreover, the absence of ospG observed in
two strains (Acc. No. SRR3578973 and SRR3578582), proving
instead positive either for the “entry region” or the virA-icsA
region, appeared in contrast with the previous hypothesis of co-
acquisition of these loci (Buchrieser et al., 2000). Even if it is not
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possible to exclude that the absence of ospG gene in one of the
strains could derive from a specific deletion event, its presence
in the other, lacking the “entry region” and the virA-icsA locus
(SRR4786227), suggests instead that the acquisition of 0spG locus
could have derived from an independent acquisition event.

Despite the absence of some EIEC virulence genes in many
of the O96:H19 strains isolated in UK, it should be considered
that they were all isolated from hospitalized or community cases
of gastrointestinal disease (Cowley et al., 2018). In this respect,
the reported presence of multiple transposons and insertion
elements in pINV plasmids of EIEC and Shigella (Pasqua et al.,
2017), together with previous reports of spontaneous loss of the
“entry region” from pINV plasmids resulting in avirulent strains
(Venkatesan et al., 2001), suggest that the loss of such virulence
region in SRR4786227 could have occurred during isolation and
subculturing of the strain.

The presence of the two virulence genes capU and IpfA in
the EIEC O96:H19 strains, encoding an hexosyltransferase of
Enteroaggregative E coli and rarely identified in S. flexnerii strains
(Fujiyama et al., 2008; Ikumapayi et al., 2017) and the main
subunit of the long polar fimbriae, frequently present in Shiga-
toxin producing E. coli (STEC) and rarely identified in EIEC
(Toma et al., 2006), respectively, may not be enough to explain
the association of the strain lacking the “entry region” with
gastrointestinal illness. Nevertheless, the conserved presence of
these two genes suggests a role for their products in the virulence
of EIEC O96:H19. Their function in the specific context of EIEC
pathogenesis would necessitate further investigation.

The comparison of the virulence plasmids of the EIEC
096:H19 strains carried out in this study also highlighted the
presence of a complete conjugation region in pINV of EF432
and CNM-2113/13 strains and a nearly complete region in
other strains analyzed (namely SRR3578973, SRR3578770, and
SRR3578582) (Figures1, 2, 4 and Supplementary Figure 4).
This region is completely lacking in pINV from reference
EIEC and Shigella strains (Pasqua et al., 2017). The production
of the completely closed sequences of the chromosomes and
the plasmids of the strains EF432 and 152661 allowed a
deeper investigation of the region involved in conjugation
both in the pINV and in the accessory plasmid harboring
resistance genes (pRES) found in the two strains (Figures 2,
3, Supplementary Figures 2, 3 and Table1). This analysis
confirmed the presence of the whole set of loci involved in
conjugation only in pINV from the EF432 strain, supporting
the hypothesis that this plasmid may be capable of transferring
to other E. coli strains through conjugation. The observation
of active transcription of the traA pilin-coding gene through
Real Time PCR and the result of conjugation experiments
suggesting the transfer of the accessory pRES plasmid to
a recipient strain strengthened such a hypothesis. As a
matter of fact, the pRES plasmid of EF432 carried the genes
conferring resistance to streptomycin and sulfametoxazole,
which could have both been transferred to the E. coli K12
CSH26 Nal" used as recipient in the conjugation experiments.
On the other hand, the pRES of this strain was negative
for the tra genes involved in conjugation and, as such,
could have been moved by exploiting an in trans-encoded

conjugation machinery, which was, in our system, harbored
on the pINVEgp432. The lack of identification of CSH26 Nal"
transconjugant strains which acquired the pINVEp43; could
be explained by the very low conjugation frequency (<1077)
previously reported for pINV plasmids of Shigella strains
(Sansonetti et al., 1981), in association with the lack of a
selective marker on pINVggy3;. Further work involving different
strategies such as tagging the plasmid with the insertion
of an antimicrobial resistance gene cassette would ease the
recovery of transconjugant clones confirming its capacity of
self-mobilization through conjugation.

Altogether, these results are strongly indicative of the presence
of a functional conjugation system at least in one 096:H19 EIEC
strain, EF432. A similar system could also be present in the
genome of the strain CNM-2113/13. Unfortunately, the sequence
of this strain was not available as a closed genome and the
fragmented contigs did not allow to completely characterize the
tra locus on the plasmid (Supplementary Figure 4). The finding
of the identification of two inverted copies of IS600, belonging
to IS3 family, at the two sides of the region of pINVEp432
encoding conjugative elements and the presence of remnants
of a similar IS600 sequence in the corresponding region of
the pINV 52261 (Figure 4) suggested that a recombination event
between these two copies could have led to the deletion of the
DNA stretch of about 23 kbp, resulting in a plasmid with a
defective conjugation region in the latter strain. This mechanism
could be part of the stabilization process of the pINV in EIEC
096:H19, resulting in progressive loss of conjugation ability,
as reported for Shigella species (Johnson and Nolan, 2009).
Nevertheless, the identification of other insertion elements and
of inversions in the tra region of other 096:H19 strains analyzed
suggests that multiple events could contribute to the inactivation
of the locus and the resulting stabilization of the plasmid.
Similarly, the observation of a mosaic virulence genes asset in the
PINV of several EIEC 096:H19, together with a variable pattern
in the presence of the conjugation region, supports the recent
emergence of the EIEC 096:H19 clone and could be related with
the activation of mobile genetic elements on the plasmid.

In order to visualize the phylogenetic relationships among the
EIEC 096:H19 strains, an analysis was conducted using the core
genome Multi Locus Sequence Typing, including reference EIEC
and Shigella strains for comparison (Figure 5). A low number
of allelic differences was observed among the different EIEC
096:H19 strains, which confirmed their recent evolution. This
was also supported by the low variability in the chromosome
structure as observed in the whole genome comparison
performed by BRIG analysis (Supplementary Figure 1) and
by the identification of prophages in the majority of the
differing regions.

The apical positions occupied by all the Shigella strains in the
minimum spanning tree, which shows these strains branching
from typical EIEC strains belonging to Sequence Types 270, 279
and 280 (Figure 5), support the reclassification of Shigella into
the E. coli species (Pettengill et al., 2015b) and are in line with
the high specialization of such strains for living as intracellular
pathogens. It is also interesting to note that all the EIEC strains
belonging to ST-6 formed a separate branch, supporting the
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previous hypothesis of a separate evolution for this EIEC clone
(Michelacci et al., 2016).

Altogether, the results of this study demonstrate that the
circulation of the highly virulent O96:H19 EIEC clone is
not restricted to Europe and provide evidences for its recent
emergence showing still active evolution mechanisms.

Noteworthy, the retention by some of the 096:H19 EIEC
strains of the genetic locus encoding a functional conjugation
machinery adds strong evidence to the hypothesis of the
emergence of novel EIEC clones through the acquisition of the
pINV plasmid by commensal or environmental E. coli strains via
conjugation. As a matter of fact, EIEC 096:H19 display, besides
the presence of the pINV plasmid, good growing abilities and
capacity of mobilization outside the cells (Michelacci et al., 2016).

It cannot be excluded that such a clone could have been
circulating even before its first description during the 2012
outbreak (Escher et al., 2014), and that it remained undetected
due to its peculiar characteristics. As a matter of fact, in routine
diagnosis, the identification of EIEC and Shigella usually relies
on the isolation of colonies lacking lactose fermentation, lysine
decarboxylase activity and motility.

Notably, a foodborne outbreak caused by a novel O8:H19
EIEC clone was also reported in North Carolina in 2018,
representing the first confirmed outbreak of EIEC infections
in the United States in 47 years, and the first report of EIEC
serotype O8:H19 (Herzig et al., 2019), confirming the importance
of preparedness in the detection of the EIEC pathotype. Further
work should be carried out to explore the possibility that other
EIEC types, including the mentioned O8:H19, may possess
hybrid characteristics encompassing the ability of striving outside
a eukaryotic cell and the presence of pINV, thus demonstrating
the evolutionary pathway connecting the E. coli genomic
continuum and Shigella strains.
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Urinary tract infections (UTls) affect more than 150 million people, with a cost of over
3.5 billion dollars, each year. Escherichia coli is associated with 70-80% of UTls.
Uropathogenic E. coli (UPEC) has virulence factors including adhesins, siderophores,
and toxins that damage host cells. Vacuolating autotransporter toxin (Vat) is a member of
serine protease autotransporter proteins of Enterobacteriaceae (SPATES) present in some
uropathogenic E. coli (UPEC) strains. Vat has been identified in 20-36% of UPEC and is
present in almost 68% of urosepsis isolates. However, the mechanism of action of Vat
on host cells is not well-known. Thus, in this study the effect of Vat in a urothelium model
of bladder cells was investigated. Several toxin concentrations were tested for different
time periods, resulting in 15-47% of cellular damage as measured by the LDH assay.
Vat induced vacuole formation on the urothelium model in a time-dependent manner.
Vat treatment showed loss of the intercellular contacts on the bladder cell monolayer,
observed by Scanning Electron Microscopy. This was also shown using antibodies
against ZO-1 and occludin by immunofluorescence. Additionally, changes in permeability
of the epithelial monolayer was demonstrated with a fluorescence-based permeability
assay. Cellular damage was also evaluated by the identification of cytoskeletal changes
produced by Vat. Thus, after Vat treatment, cells presented F-actin distribution changes
and loss of stress fibers in comparison with control cells. Vat also modified tubulin, but
it was not found to affect Arp3 distribution. In order to find the nature of the vacuoles
generated by Vat, the Lysotracker deep red fluorescent dye for the detection of acidic
organelles was used. Cells treated with Vat showed generation of some vacuoles without
acidic content. An ex vivo experiment with mouse bladder exposed to Vat demonstrated
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E. coli Vat Induces Cytoskeletal Changes

loss of integrity of the urothelium. In conclusion, Vat induced cellular damage, vacuole
formation, and urothelial barrier dysregulation of bladder epithelial cells. Further studies
are needed to elucidate the role of these vacuoles induced by Vat and their relationship
with the pathogenesis of urinary tract infection.

Keywords: urinary tract infection, Escherichia coli, virulence factors, vat, cell damage, vacuoles, cytoskeleton, cell

junctions

INTRODUCTION

Urinary tract infections (UTIs) are a public health problem that
affects more than 150 million people, with an estimated cost of
over 3.5 billion dollars each year (Flores-Mireles et al., 2015). For
the development of the disease, several risk factors exist such as
diabetes, vaginal infections, sexual activity, presence of a urinary
catheter, neurological disease, immunosuppression, and kidney
transplantation (Foxman, 2003; Nielubowicz and Mobley, 2010).

UTIs are caused mainly by bacteria, but sometimes can be
provoked by yeast or other fungi. The most frequent cause of
UTIs is uropathogenic Escherichia coli (UPEC), with a prevalence
of 70 to 80% worldwide (Flores-Mireles et al., 2015; Ramirez-
Castillo et al., 2018). Escherichia coli is typically found in the
gastrointestinal tract as part of the microbiota, and certain
commensal E. coli strains residing in the gut have the potential
to cause UTIs. The difference between purely commensal E. coli
strains and UPEC is the presence of certain virulence factors
in the pathogenic strains (Terlizzi et al., 2017). UPEC has the
capacity to attach, colonize and invade the urinary tract through
production of several virulence factors including adhesins,
siderophores, capsular polysaccharides and the production of
toxins (Kaper et al., 2004; Crépin et al., 2012; Lépez-Banda et al.,
2014).

One of the virulence factors identified in some UPEC
is the Vacuolating autotransporter toxin (Vat), which is a
member of the serine protease autotransporter proteins of
Enterobacteriaceae (SPATEs). The Vat toxin is a ~110 kDa
secreted protein exported by the Type Va secretion system and
belongs to the class II cytotoxic SPATEs (Henderson and Nataro,
2001; Dutta et al., 2002; Nichols et al., 2016). The vat gene has
been identified in both avian pathogenic E. coli (APEC) and
UPEC strains. It has been shown to generate the formation of
vacuoles in chicken embryo fibroblasts and contribute to the
development of cellulitis in chickens (Parreira and Gyles, 2003).
Although the mechanism of action of Vat and its implication
in the development of UTIs is not entirely known, the gene
sequences encoding the toxin were detected in 36% of UPEC
strains (Ramirez-Castillo et al., 2018). In a different study, the vat
gene was found in patients with cystitis (57.9%), pyelonephritis
(59.3%), prostatitis (72.4%) and septicemia (64.7%) (Parham
et al., 2005; Spurbeck et al., 2012; Nichols et al., 2016). Also, our
group recently published the prevalence of vat genes in UPEC
from Guadeloupe (Habouria et al.,, 2019) where vat sequences
were found in 333 isolates (48.7%) of the UTI strains. Despite the
fact that Vat is one of the most prevalent SPATEs in UPEC, the
mechanism of action and specific activity of this protein during
urinary infection has not been determined (Welch, 2016).

The bladder epithelial cell is an in vitro cell culture model
extensively studied because of the interaction of these cells
during the pathogenesis of infection (McLellan and Hunstad,
2016). The urothelium plays a significant role as a barrier
against biotic and abiotic agents, and disruption of this
barrier may lead to urinary tract disease (Parsons, 2007). The
characteristics of the urothelial wall are mainly imparted by the
integrity of the bladder cells. Interestingly, enteroaggregative and
enteropathogenic Escherichia coli induce epithelial cell damage
that involves virulence factors such as SPATEs (Gates and Peifer,
2005; Khurana, 2006; Windoffer et al., 2011; Sanchez-Villamil
et al., 2019). Thus, the objective of this study was to determine
the effects of the vacuolating autotransporter toxin, Vat, from
Escherichia coli on human epithelial bladder cells, in order to
elucidate the mechanism of action of this toxin, and to serve as
a basis for a more detailed study of this virulence factor, serving
as a precedent of its function in vivo.

MATERIALS AND METHODS
Bacterial Strains and Cell Culture

The vat autotransporter encoding gene was
amplified by PCR wusing specific primers (Forward:
TATTGGATCCTCCGCTCTGAACCGCCACGG; Reverse:

CAAGCTTCGTAATCAGATAATCGCAGC) from pathogenic
E. coli strain QT598 (Genbank accession QDB64244.1)
(Habouria et al., 2019), which with the exception of a single
Args3y to Hisssy substitution is identical to Vat (c0393) from
UPEC strain CFT073. PCR products contained 15 bp extensions
homologous to the pUCmT multi-cloning site. Linearized
pUCMT digested with Xhol and BamHI was used to clone
inserts by fusion reaction with the Quick-fusion cloning kit
(Biotool, #B2261). The plasmid clones were transformed into
E. coli DH5a then into E. coli BL21 for protein production
(Habouria et al., 2019). The model to test the cytotoxicity of
Vat was performed with human urinary bladder epithelial cell
line ATCC 5637 (American Type Culture Collection HTB-9).
The cells were maintained in RPMI 1640 (Sigma-Aldrich,
#R7509) supplemented with 10% heat-inactivated fetal calf
serum (Invitrogen, #16000044) without antibiotics.

Vat Production and Concentration

Escherichia coli BL21 (pUCmT::vat) was grown in 200ml
of Lennox Broth (LB) medium with ampicillin (100 pLg/ml)
overnight (37°C/100 rpm). The culture was centrifuged (2,370
x g for 10min at 4°C) and the supernatant filtered through
a 0.22 um membrane filter (Corning Inc, # R7509) (Salvadori
et al, 2001). The protein from the sterile supernatant was
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concentrated through a 50 kDa centrifugal filter unit (Millipore,
#UFC905024) by centrifugation (2,370 x g for 10 min at 4°C).
Quantification of the protein was determined by Bradford assay,
and the absorbance was measured at 595 nm, using a microplate
reader (Bio-Rad, #028007). To determine the concentration of
the protein the measurements were overlapped with a standard
linear curve. The protein was visualized using Coomassie blue
staining (Figure 1) after separation by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Dutta et al,
2002).

Cytotoxic Effect of Vat Toxin Measured by

Lactate Dehydrogenase Release Assay
Confluent cultures of the 5637 cell line were grown in 96-well
plates and were treated with different Vat concentrations
from the concentrated supernatant sample (5, 25, 50, 75,
100 ug/ml) in a final volume of 100 pl of RPMI per well,
and incubated at different times (3, 6, 12, and 24h) (Dutta
et al., 2002). Parreira and Gyles, 2003). The culture supernatant
from E. coli BL21 containing the empty vector (pUCmT) was
added volume/volume as a negative control to compare to
bladder cells exposed to Vat supernatant. Cell damage was
determined by lactate dehydrogenase (LDH) release using the
LDH-Cytotoxicity Assay Kit II (Biovision, #K313) according to
the manufacturer’s instructions; the absorbance was measured
at an optical density of 495nm using a microplate reader
(Fanizza et al., 2009). The background control (RPMI 1640-
medium only) and the lysis control (treatment with Triton
X-100) (Sigma, #T8787) were used (Peidace et al., 2013). All
the samples were tested by triplicate (n = 3). The results
were obtained and analyzed statistically using Dunnett’s multiple
comparisons tests.

Evaluation of Vacuole Formation in Bladder

Cells Following Exposure to Vat

The concentrated supernatant of the toxin was tested to
determine the effect on bladder cells in vitro as reported
previously for the effect of Vat on chicken fibroblast cell culture
(Parreira and Gyles, 2003). The 5637-bladder cell line was grown
in 8-well Lab-Tek chambers (Nunc, #7734853) until ~60%
confluence. The monolayers were exposed to 50 jg/ml of the
Vat toxin per well with a total volume of 300 1l RPMI 1640
and incubated for 0.5, 1, 3, 6, and 12h at 37°C with 5% CO,
(Greune et al., 2009; Habouria et al., 2019). After incubation, the
cells were washed three times with PBS and stained with Giemsa
dye (Hu et al., 2015). Vacuole formation was observed by optical
microscope (Zeiss, Primo star). A random semiquantitative
analysis of the images of the vacuolated cells per well was
done, and the results were statistically analyzed using a one-way
ANOVA multiple comparisons test.

Evaluation of Changes on Epithelial
Bladder Cell Junctions Induced by Vat

Cultures of bladder cells were grown in 8-well Lab-Tek II
chamber slides until reaching 100% confluence. The cultures
were exposed to 50pg/ml of Vat for 6h, 12h and 24h;

supernatant from a clone containing the empty vector was used
as a negative control. The integrity of the urothelial monolayer
was observed by Scanning Electron Microscopy. After exposure
to Vat for different time points, samples were fixed with 2.5%
Glutaraldehyde for 24 h, after that, the samples were dehydrated
using increasing concentrations of ethanol (60, 70, 80, 90, 96,
and 100%), incubating for 10 min in each step. At the end, the
samples were dried at 37°C/5% CO; for 12h (Nordestgaard and
Rostgaard, 1985). The slide was covered with 100 A of gold, using
Denton Vacuum Desk II. Images were obtained and analyzed
under JEOL JSM 5900LV, Scanning Electron Microscope.

The cell-cell distribution of ZO-1 and Occludin, tight junction
molecules, were analyzed by immunofluorescence, using the
same toxin exposition protocol as described above. Epithelial
cells were fixed with 3.7% formaldehyde. After washing with
PBS, the cells were permeabilized with 0.1% Triton X-100 for
5min and then incubated with blocking solution, PBS / 5%
BSA for 30min. To label ZO-1 and Occludin, it was used a
primary antibody Anti-ZO-1 (Abcam, #ab221547) and Anti-
Occludin (Abcam, #ab216327) respectively, incubating for 2h
at 37°C. Secondary antibody anti-rabbit conjugated with Alexa
fluor 488 for ZO-1 (Sigma-Aldrich, #SAB4600387) and Alexa
fluor 594 (ThermoFisher, #A-11012) for Occludin. The samples
were incubated for 2 h at 37°C. Then, samples were mounted with
ProLong Gold (Invitrogen, # P36930) antifade reagent (Bercier
et al., 2018). Images were obtained using a confocal microscope
(Zeiss, LSM700) with Zen Black software (2012).

Fluorescence-Based Permeability Assay
Permeability changes following exposure of the bladder
cell monolayer with Vat, were evaluated by a paracellular
permeability assay using FITC-Dextran 4 (FD4) (Sigma-Aldrich,
#60842-46-8) according to the method of Bercier et al. (2018).
Briefly, 5637 Bladder cells were seeded and incubated until 100%
confluence on Transwell polyester membrane cell culture inserts
(Sigma-Aldrich, #CLS3472). The Basolateral space was filled
with 300 .l PBS at the start the experiment. The apical chamber
was filled with 300 pl of RPMI containing 50 pl/ml of Vat and
1 mg/ml of FD-4. The control was established using the empty
vector supernatant in the same amount of cell media and FD4.
The permeability measurement was made at 6, 12, and 24h
using a FP-8000 Series Fluorometer. The numeric results were
interpreted as Relative Fluorescent Units (Bercier et al., 2018).
All the experiments were performed by triplicate and the data
analyzed statistically using two-way ANOVA comparisons tests.

Evaluation of Cell Damage and
Cytoskeletal Changes Caused by Exposure
to Vat

The F-actin, a-tubulin and Arp3 protein distribution changes
produced following Vat treatment were evaluated using bladder
cell cultures. Cell monolayers were cultured in 8-well Lab-Tek
chambers until 60% confluency was reached and cells were then
incubated with 50 pg of the Vat protein for 6h; as a control to
rule out a possible LPS effect on samples, cells were incubated
with the toxin simultaneously with 50 pg/ml of polymyxin B
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FIGURE 1 | Overexpression of Vat protein detected by SDS-PAGE. The filtered supernatants from overnight cultures of E. coli BL21 (pUCmT::vat) and E. coli BL21
empty vector were concentrated by Amicon filter units and the protein from the supernatant was migrated next to a protein marker (10-200 kDa). The gel was stained

(InvivoGen, #1405-20-5) (Tsuzuki et al., 2001; Lu et al., 2017).
Cells incubated with 50 pg/ml of heat-inactivated Vat at 95°C for
20 min provided another control (Salvadori et al., 2001; Simon
et al.,, 2018). After incubation, the cells were washed three times
with PBS and were fixed.

F-Actin labeling was done by permeabilizing the samples
and incubating with Alexa Fluor 488 phalloidin (Invitrogen,
#A12379) at 37°C, during 60 min (Guerrero-Barrera et al., 1996).
To observe the effect on a-tubulin after Vat incubation, samples
were permeabilized and blocked as described above. To label
tubulin in cells, anti-a-Tubulin (Sigma, #T5168) at 10 jLg/ml was
used as the primary antibody and incubated for 2h at 37°C.
This was followed by incubation with a secondary antibody
conjugated with Alexa fluor 488 for 2h at 37°C. The samples
were mounted (Invitrogen, # P36930) and images were obtained
by confocal microscope.

Labeling of Acidic Organelles in Bladder
Cells After Exposure to Vat

Samples were processed for fluorescence detection of acidic
organelles with Lysotracker Deep Red staining (Thermo Fisher,
# L12492) (Chen et al, 2015; Magry$ et al, 2018). Bladder
cells plated on 8-well glass slides were treated with 50 pg/ml
of Vat for 6h. After incubation, cells were washed three
time with PBS and were exposed to 300 pl of RPMI added
with Lysotracker Deep Red reagent at 10nM. After 1h
of incubation at 37°C, samples were washed and mounted
with Prolong Gold prior to analysis by confocal microscopy
(Nagahama et al., 2011).

Ex vivo Culture of Murine Urinary Bladder

Exposed to Vat
The animal protocol for this study was approved by the
animal ethics committee of the Autonomous University of

Aguascalientes, México in accordance with the NIH ethical
program. Eight BALB/c female mice were sedated and euthanized
to obtain by midline laparotomy urinary bladders. The procedure
was developed under sterile conditions (Durnin et al., 2018;
Gabella, 2019). In 12-well plates (Corning, #3513) the bladders
were placed in RPMI 1640 supplemented with 100 pug/mL
streptomycin, 100 U/mL penicillin, 50 mg/L gentamicin.
The tissues were exposed to 25, 50, and 100 pg of Vat
toxin and incubated for 24 or 48h at 37°C in 5% CO,.
The control tissue was incubated for 48h with supernatant
from a clone containing the empty vector. Another control
used was simply RPMI 1640 medium for 48h in order to
observe possible changes in the tissue during the cell culture
time period (Kannan and Baseman, 2006). Formalin-fixed
bladders were dehydrated and cleared automatically with a
Histokinette (Leica, #TP1020). Next, the tissues were embedded
in paraffin and 5 pm thick sections were obtained (Kim et al.,
2010; Najafzadeh et al, 2011). Tissues were stained with
hematoxylin and eosin (Prophet et al., 1995) and observed
under an optical microscope with a 40X objective (Zeiss,
Primo star).

Statistical Methods

GraphPad Prism 8.0 was the software used to evaluate the
quantitative data in this study. Dunnett’s multiple comparisons
tests were used to analyze the presence of statistically significant
differences (P < 0.05) between the cells exposed to empty vector
supernatant or following exposure to different concentrations
of Vat for the LDH release assay. One-way ANOVA, and
the multiple comparisons test was used to evaluate the
quantity of vacuolated cells per field generated depending on
the exposure time to Vat. Two-way ANOVA was used for
statistical comparisons of samples from the fluorescence-based
cell permeability assay.
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RESULTS

Cytotoxic Effect of Vat Toxin Measured by

Lactate Dehydrogenase Release Assay

LDH release from cells to the extracellular media is considered an
indicator of cell membrane integrity damage (Fanizza et al., 2009;
Radin et al.,, 2011). Vat treatment of bladder cells with different
toxin concentrations (5, 25, 50, 75, 100 pg/ml) at different times
(3, 6, 12, and 24 h) showed statistically significant differences in
comparison with the E. coli empty vector supernatant treatment
(P < 0.05) (Figure 2). LDH released to the media was dependent
on the time of exposure and concentration of Vat.

Vacuole Formation in Bladder Cells

Exposed to Vat

The bladder cells exposed to Vat during 6h showed vacuole
formation that increased in numbers with the time of exposition
(Figure 3A). There were no vacuoles observed following
exposure to toxin for 0.5 or 1h. Statistically significant vacuole
production (Supplementary Image 1) was found after 3h of
exposure to the toxin (Figure 3B).

Evaluation of Changes to Epithelial Cell

Junctions Following Exposure to Vat
Scanning Electronic Microscopy analysis of the bladder cell
monolayer, showed increased spacing between cells when it was
exposed to Vat, as well as changes in cell morphology (Figure 4).
After 6h of treatment, these spaces appeared in the monolayer
when compared to the control cells. This damage increased with
time of exposure and resembled alterations between cell-cell
junctions. In order to characterize cellular alterations due to Vat,
the localization of two important tight junction molecules, ZO-
1 and Occludin, were evaluated. Vat induced discontinuities in
the pattern of distribution of both ZO-1 and Occludin in bladder
epithelial cells following 12 and 24 h of treatment (Figure 4).

Fluorescence-Based Permeability Assay
for Epithelial Bladder Monolayer Cell
Culture Treated With Vat Toxin

Changes in monolayer integrity were confirmed by the
permeability assay. The quantification of FD4 fluorescence in
the supernatants of basolateral transwell chambers showed a
significative difference in permeability at 12 and 24 h of toxin
exposure with respect to the control (Figure 5). The fluorescence
increased by ~2-fold from 12 to 24 h of exposure.

Evaluation of Cell Damage Induced by Vat
Through Cytoskeletal Changes

Bladder cell cultures exposed to Vat were analyzed for alterations
of the cytoskeleton components actin and tubulin by confocal
microscopy. After 6h of exposure to Vat toxin, cells labeled
with phalloidin, revealed changes in F-actin distribution with a
diffuse pattern (Figure 6B) resulting in round cell shape, loss of
integrity of stress fibers, and disruption of cell-cell interactions.
In the control cells treated with the empty vector supernatant,
the F-actin cytoskeleton was intact with well-defined stress fibers
distributed along with the cytoplasm (Figure 6A). In control
cells, tubulin showed mainly a peripheral distribution and a
normal cell shape (Figure 6C). When cells were treated with
Vat toxin, this pattern changed, and tubulin was more diffuse at
the cell surface, and correlated with the altered morphology of
the cells (Figure 6D). Toxin activity was validated using control
samples, testing the cells with heat-inactivated toxin and by the
addition of polymyxin B to inhibit any potential cellular changes
that might be caused by traces of LPS present in the culture
supernatants (Supplementary Image 2).

Labeling of Acidic Organelles After

Exposure to Vat
Acidic organelles were found using Lysotracker Deep Red.
Figure 7 shows cells after 12h of Vat treatment (Figure 7B),

% LDH Release

FIGURE 2 | Cellular damage provoked by Vat toxin measured by LDH release. Cells from human urinary bladder cell line 5,637 were exposed during 3, 6, 12, and
24hto 5, 25, 50, 75, and 100 ng/ml of Vat toxin. As a control supernatant from the empty vector was used. After incubation, LDH in the cell culture supernatant was
measured. All toxin concentrations showed statistically significant differences compared to the control in a dose- and time-dependent manner. The percentage of cell
damage after toxin exposure resulted in 15 to 47% LDH release ("p < 0.05, two-way ANOVA, Dunnett’s test).

Empty Vector
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25 ug/ml Vat
50 pg/ml Vat
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FIGURE 3 | Effect of Vat in human urinary bladder cells 5637 at different time of exposition (A) Control cells exposed to empty vector for 6 h, showing normal cell
shape and distribution on the monolayer. The cells incubated for 6 h with 50 ng/ml of Vat toxin, exhibit cytoplasmic vacuole formation (black arrows). (B) Plotted
results of the vacuole formation showed a significative difference between 3 to 6h and 6 to 12h. (p < 0.05, ANOVA, Dunnett’s).

with the distribution of acidic organelles. A merged image
combining bright field and fluorescence (Figure 7C) identifies
cells containing multiple vacuoles that are not fluorescent (white
arrows), whereas acidic organelles are shown with black arrows.
Supplementary Image 3 shows that acidic organelles are also
produced by control cells. By contrast the vacuoles produced by
Vat are not labeled with Lysotracker.

Ex vivo Culture of Murine Urinary Bladder

Tissue Exposed to Vat

Bladder tissues exposed to different concentrations of Vat for
24 and 48 h showed partial cell desquamation of the urothelial
cells (Black arrow) in comparison with the controls. This effect
was dependent on toxin concentration (Figure 8). With 25 pg/ml
of toxin at 24h (Figure 7C), the most superficial urothelial
cells showed exfoliation from the underlying tissue. Treatment
with 50 ug/ml of Vat for 24h (Figure 8D) caused extended
changes in epithelial cell integrity, affecting deeper stratum.
Higher concentrations of Vat resulted in a thinner urothelium
in comparison with other samples, this suggests that Vat caused
a loss of normal integrity of the epithelial cell barrier. Also, Vat
treatment showed an alteration of the urinary bladder lamina

propria. After 48h of incubation with 25pug/ml of Vat, the
transitional epithelium was absent and the lamina propria was
loose and disorganized (Figure 8F). Treatment with 50 pg/ml
of toxin increased damage to the lamina propria, resulting in
loss of the normal bladder structure (Figure 8G). Similar results
were observed with 100 pg/ml of Vat at 48 h (Figure 8H). Tissue
changes were compared with bladder exposed to supernatant
from bacteria containing only the empty vector or only with
RPMI 1640 cell culture medium for 48h in order to validate
the ex vivo experiments and the action of Vat toxin on tissues
(Figures 8A,B).

Discussion

Exposure of bladder cells to the Vacuolating autotransporter
toxin caused vacuole formation, and these changes resembled
cytological changes observed previously in avian cell models
(Parreira and Gyles, 2003; Nichols et al, 2016). Also, cell
rounding of the bladder cells and the alteration in cell-cell contact
could result in the loss of integrity of the urothelial barrier.
This epithelial disruption has also been observed with another
vacuolating toxin, VacA, from Helicobacter pylori (Tombola et al.,
1999; de Bernard et al., 2004; Bercier et al., 2018).
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FIGURE 4 | Modification of cell junctions of the bladder urothelial monolayer after incubation with Vat. Analysis by scanning electron microscopy revealed loss of
integrity of the cell monolayer (White asterisks) starting at 6 h. The changes in the monolayer are more visible at 12 and 24 h after exposure to the toxin in comparison
to the control. The immunofluorescence labeling of ZO-1 and Occludin proteins show cell junction disruption in the cell monolayer.
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FIGURE 5 | Fluorescence-based permeability assay of a bladder epithelial cell monolayer treated with Vat toxin. The quantitative method showed changes in the
permeability of the monolayer exposed to the toxin. Comparison between the Vat toxin and the empty vector control supernatant had statistically significant

differences at 6 and 12 h of incubation (o < 0.05, two-way ANOVA).

Lactate Dehydrogenase (LDH) is a cytoplasmic enzyme that
is released into the extracellular medium when cell membrane
integrity is compromised. Time of exposure and dose effect
on cytotoxic activity of Vat was assessed by LDH release and
suggests that a high concentration and exposure time of at least
6h was required to achieve a high level (>50%) of cytotoxicity

for bladder cells in vitro. These results in comparison to other
bacterial toxins from Escherichia coli, Helicobacter pylori and
Clostridioides difficile toxin (Grossmann et al,, 2000; Roberts
et al, 2001; Radin et al., 2011), suggest that Vat likely plays a
subtle role in the pathogenesis of UTIs (Roberts et al., 2001;
Peterson et al., 2009).
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FIGURE 6 | Changes in the distribution of F-actin, a-Tubulin, and Arp3 cytoskeletal proteins detected after Vat treatment of bladder cells observed by confocal
microscopy. The negative control cells (A) showed a normal distribution of actin stress fibers with a normal cell shape and appearance. After exposure to Vat (B) the
cells acquired a rounded shape with loss of the cytoplasmic actin stress fibers. Normal tubulin distribution was observed in the control cells (C) with its presence
throughout the cell. Once cells were exposed to Vat (D) the distribution of tubulin was altered. Arp3 demonstrated a cytoplasmic dotted distribution (E) on the

untreated cells, and there was no evident change in Arp3 distribution when cells were treated with Vat (F).

Cell damage can also be evaluated through cytoskeletal
changes such as distribution of F-actin and tubulin that have
an effect on cell morphology and cell-cell association. Alfaro-
Aco and Petry (2015) have proposed that actin and tubulin
cytoskeleton components play a critical role in cytoprotection,
intercellular junction maintenance, shape definition and
intracellular vesicular transport (Tang et al., 2014; Gefen and

Weihs, 2015; Tran and Ten Hagen, 2017). Damage to these
cytoskeletal components, as observed after the exposure to Vat,
affects the normal cell distribution and morphology in vitro.
The alteration and redistribution of F-actin and a-tubulin in
the cytoskeleton correlated with the morphological changes in
cells, a decrease in monolayer integrity and the desquamation of
cells from the substrate, a phenomenon similar to what occurs
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FIGURE 7 | Characterization of the vacuoles produced in bladder epithelial cells after treatment with Vat. After 12 h of Vat exposure, samples were labeled with
Lysotracker deep red to identify acidic organelles (A-C). The vacuoles that incorporated Lysotracker reagent (Black arrows) show a red color. Some other vacuoles
were identified in the samples which did not have an acidic content (White arrows) (C,D).
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following exposure of cells to other SPATEs (Dautin, 2010;
Liévin-Le Moal et al., 2011; Glotfelty et al., 2014; Gasic and
Mitchison, 2019).

Vacuole formation within mammalian cells affects cell
homeostasis. A variety of secreted bacterial toxins can induce
vacuole production in cells with different functions in its
pathogenesis in the host (Lee et al., 2015; Shubin et al,
2016; Magrys et al, 2018). In order to determine the nature
of the vacuoles generated by the Vat toxin, the presence
of acidic organelles was determined in bladder cells. The
results obtained in this study by the overlaying of fluorescence
confocal microscopy and bright field image, reveals acidic
content in some vacuoles generated by Vat as well as
others vacuoles with non-acidic characteristics inside of them
(Nagahama et al., 2011; Chen et al., 2015). The non-lysosomal
nature of some vacuoles in bladder cells treated with Vat
is of interest and merits further investigation (Appelqvist
et al, 2013; Ram and Ramakrishna, 2014; Shubin et al,
2016).

Finally, our ex vivo experiment suggests that Vat can induce
detachment of epithelial cells comprising the urothelium of
the bladder, possibly as a direct effect of the toxin on the
adhesion molecules of the cell surface or due to an indirect
effect caused by changes in the morphology of the cells as
a consequence of alterations to the cytoskeleton. Further, the
lamina propia underlying the urothelium of the bladder was

affected by Vat at the highest concentration. This suggests
that some connective tissue molecules may be targeted by
the toxin. Proteolytic activity of Vat has been shown to
exhibit an elastase-like activity (Habouria et al, 2019). This
result is in agreement with our in vitro experiments in
which we observed the loss of intercellular contacts of cells
from the monolayer and in its integrity showed with the
permeability assay.

In conclusion, the effect of the vacuolating autotransporter
toxin from Escherichia coli was investigated by using a bladder
epithelial cell model. Cytotoxicity of Vat was dose-dependent
and suggested that Vat most likely acts as a cytopathic toxin
that alters bladder cell function with a limited degree of cell
death. Vat caused vacuole formation on bladder cells similar to
the cytopathic effects that were previously reported following
exposure of avian cells to E. coli culture supernatants containing
Vat. Also, the Vat toxin caused alterations on cell junctions,
affecting monolayer integrity, causing redistribution of tight
junction proteins and increasing urothelial cell permeability.
Furthermore, redistribution of actin and tubulin in bladder
epithelial cells occurred simultaneously with morphological
changes on cells. In addition, our results suggest that some
vacuoles on epithelial cells induced by Vat have not acidic
content. Finally, our ex vivo experiments on murine bladder
demonstrated that Vat caused alterations of the urothelium and
lamina propria of the bladder. It will be of future interest to
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FIGURE 8 | Effect of Vat on urinary bladder tissues. Mouse urinary bladders were incubated ex vivo with 25, 50, and 100 wg/ml of Vat toxin supernatant for 24 h or for
48h. After 24 h of Vat treatment (C-E), detachment of the urothelium from the underlying connective tissue was observed (Black arrows). This effect was dependent
on the toxin concentration. After 48 h of incubation, alterations in the lamina propria (Black asterisk) were visible on bladder samples with a loose and disorganized
connective tissue (F-H). Those changes were compared with bladders exposed to the empty vector supernatant and the control containing only RPMI 1640 medium

investigate whether Vat targets an adhesion molecule on the
epithelial cell surface or a specific component of the lamina
propria. As well, characterization of the composition of the
vacuoles induced by Vat may provide further evidence of how
this toxin contributes to the pathogenesis of UTIs caused
by UPEC.
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Supplementary Image 1 | Kinetics of vacuole formation induced by Vat toxin on
human urinary bladder cell line 5,637. Kinetics of vacuole formation (Black arrows)
showed cytoplasmic vacuoles after 3 h of toxin exposure, with vacuole formation
increasing over time.

Supplementary Image 2 | Distribution of F-actin, a-Tubulin, and Arp3
cytoskeletal proteins detected after treatment of bladder epithelial cells with Vat
observed by confocal microscopy. The negative control cells (A) show a normal
distribution of actin stress fibers with a homogeneous pattern. A similar pattern
was observed in samples exposed to 50 pg of heat-inactivated Vat toxin (B). After
exposure to Vat (C), the cells acquired a rounded shape with a loss of the
cytoplasmic actin stress fibers. This effect was also observed in cells treated with
Vat together with polymyxin B (D). Tubulin was distributed throughout the cell in
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Gut microbiota serves as a critical indicator for gut health during treatment of
pathogenic bacterial infection. Both Pulsatilla Decoction (abbreviated to PD, a traditional
Chinese medicine compound) and Levofloxacin Hydrochloride (LVX) were known to
have therapeutic effects to intestinal infectious disease. However, the changes of gut
microbiota after PD or LVX treatment remain unclear. Herein, this work aimed to
investigate the changes of intestinal flora after PD or LVX therapy of Escherichia coli
infection in rats. Results revealed that PD exhibited a valid therapeutic approach for E. coli
infection via the intestinal protection, as well as the inhibited release of IL-8 and ICAM-1.
Besides, PD was beneficial to rebuild the gut microbiota via restoring Bacteroidetes
spp in the composition of the gut microbiota. Comparatively, LVX treatment promoted
the infection and ravaged gut microbiota by significantly decreasing Bacteroidetes and
increasing Firmicutes. These findings not only highlight the mechanism of Chinese herbal
formula, but extend the application of PD as veterinary medicine, feed additive and
pre-mixing agent for improving the production of animal derived foods.

Keywords: Pulsatilla Decoction, Levofloxacin Hydrochloride, Escherichia coli, infection, gut microbiota

INTRODUCTION

Gut microbiota plays a fundamental role in providing the colonization resistance of intestinal
tissues against the exogenous pathogenic bacteria (Baumler and Sperandio, 2016). When it comes
to infectious diseases, the problem emerged as antibiotics, especially the broad-spectrum ones
cannot distinguish the intestinal beneficial bacteria from the exogenous harmful bacteria (Blaser,
2016; Lange et al., 2016). Many previous reports showed that antibiotic treatments altered the
composition of intestinal microbiota, resulting in an increased risk of many other illnesses (Blaser,
2011; Angelucci et al., 2019; Dierikx et al., 2020; Zwittink et al., 2020). For instance, intestinal
inflammation that is tightly linked with altered gut microbiota might be triggered by antibiotic
treatment (Belkaid and Hand, 2014; Slager et al., 2014; Becattini et al., 2016). Moreover, frequent
exposure of the pathogenic bacteria to antibiotics could lead to the antibiotic resistance crisis

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 120

June 2020 | Volume 10 | Article 319


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.00319
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.00319&domain=pdf&date_stamp=2020-06-30
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xiaoyeliu@pku.edu.cn
mailto:donghongbua@163.com
https://doi.org/10.3389/fcimb.2020.00319
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00319/full
http://loop.frontiersin.org/people/822864/overview

Liu et al.

PD and LVX Treatment of E. coli Infection

(Ventola, 2015; Yelin and Kishony, 2018). Worse still,
most recent researches revealed that the drug-resistant
pathogens could further promote the spread of resistant
plasmid in gut and then induce secondary infection
(Bakkeren et al., 2019; Wu et al., 2020).

Traditional Chinese medicine (TCM) includes diverse
Chinese herbs with low toxicity and less resistance, which has
gradually developed into a group of natural antimicrobial agents
(Li et al, 2019; Huang et al., 2020). Noticeably, Astragalus,
Berberine and many other herbs, which are compositional
in many Chinese herbal formulations, have not only the
antibacterial but also the anti-inflammatory effects (Auyeung
et al, 2016; Ma et al, 2018; Zhang et al, 2019). Pulsatilla
Decoction (PD) is a classic TCM compound for the treatment
of heat and dysentery (Hua et al, 2020). PD consists of four
classical herbs of Radix Pulsatillae, Rhizoma Coptidis, Cortex
Phellodendri, and Cortex Fraxini, which contains various
antibacterial and anti-inflammatory ingredients (Hu et al., 2009;
Yang et al., 2018). In modern medicine, PD is also proved to have
a good curative effect on bacterial diarrhea and inflammatory
bowel diseases (Wang et al., 2016; Yang et al., 2018; Hua et al,,
2019, 2020). As most Chinese herbal compounds were oral
administration, there was a large chance for them to interact
with intestinal microbes (Li et al,, 2019; Huang et al., 2020).
However, unlike the systemically studied inhibitory effect of
PD on pathogenic bacteria in gut, little is known about the
influence of PD treatment on gut microbiota. Therefore, in this
paper, we carefully investigated the gut microbiota changes after
antibiotic or TCM compound treatment on Escherichia coli
induced infection (Figure 1). As shown in Figure 1A, we chose
Levofloxacin Hydrochloride (LVX) as the antibiotic group, which
belonged to quinolones with a broad spectrum of antibacterial
effect against most Enterobacteriaceae bacteria (Perez-Pitarch
et al,, 2017). And PD was selected as the TCM compound group
to make a comparison on the treatment of E. coli infection and
the changes of rat intestinal microbiota. We believe our work
will benefit to understand the pharmacological action of PD, and
its applications of guarantee the intestinal health on the animal
source food.

RESULTS

PD Treatment Prevented the Intestinal
Damage Induced by Escherichia coli

Infection

The integrity of intestine indicated intestinal homeostasis and the
health of epithelial barrier (Dupaul-Chicoine et al., 2010; Konig
et al,, 2016). Therefore, we firstly compared the intestinal tissue
under PD or LVX treatment of E. coli infection by a HE staining
assay. We found that E. coli infection led to mucosa lamina
propria coagulation necrosis, focal necrosis with inflammatory
cell infiltration and mucosa lamina propria with congestion
(Figure 2A), suggesting that the infection was proceeding.
Compared with E. coli treated rats, oral supplementations of

Abbreviations: E. coli, Escherichia coli; PD, Pulsatilla Decoction; LVX,
Levofloxacin Hydrochloride.

LVX led to infection-mucosa lamina propria with inflammatory
cellular infiltrates, while PD had almost no damage on intestinal
tissue (Figures 2B,C). Additionally, in accordance with the
previous study which showed that PD effectively inhibited the
expression of proinflammatory cytokines including IL-1beta, IL-
6, and TNF-alpha (Hu et al., 2009), PD treatment also decreased
IL-8 and ICAM-1 induced by E. coli infection in our work
(Figure 2D).

LVX Reduced the Overall Abundances of

Intestinal Microbiota

To analyze the changes of gut microbiota abundances under
PD or LVX treatment, we firstly performed high throughput
sequencing on the V3-V4 hypervariable region of bacteria
16S rRNA gene with Illumina MiSeq to show the microbial
composition. Then a total of 764838 valid reads were obtained
from the 24 samples with an average of 30593 reads per
sample. The good’s coverage of all samples was 0.9977 =+
0.0007%, indicating that the 16S rRNA sequences represented
the majority of bacteria in the samples of this study. Rarefaction
curves indicated that the most diversity of the bacteria had
been covered (Figure3A). Rand-Abundance curves showed
that the abundance had been presented (Figure 3B). Weighted
Unifrac principal component analysis (PCA) revealed that
the gut microbiota structure changed significantly in response
to different administration. Furthermore, The first principal
component (PC1) distinctly separated LVX treatment from other
treatments (Figure 3C). Further hierarchical cluster analysis
revealed that the robust differences in LVX treatment compare
to normal saline (NS) treatment and PD treatment (Figure 3D).
Heatmap images also pointed out that the difference of
LVX treatment from other treatments (Figure4). Especially,
PD treatment did not change the major component of
intestine microbiota.

PD Treatment Protected Bacteroidales spp
and Did Not Facilitate the Relative
Abundance of Clostridiales spp and

Lactobacillales spp
To further understand the difference of PD and LVX treatment
on gut microbiota. We used the illumina sequencing assay to
analyze the microbiota. We observed four major phyla including
Firmicutes, Bacteroidetes, Proteobacteria, and Verrucomicrobia
in all treatments (Figure5A). Bacteroidetes abundance was
mostly distributed on NS (75.85 % 3.08) and PD (60.26 + 2.97)
treatment. While oral supplementations of LVX had dramatically
decreased the relative abundance of Bacteroidetes (0.17 % 0.08),
and increased firmicutes abundance (98.06 =+ 1.02). These
tendencies were more obvious than those of E. coli infection
without any treatments (Firmicutes, 58.53 £ 3.98; Bacteroidetes,
37.71 £ 4.651). The ratio of Firmicutes and Bacteroidetes
population is critical for intestinal integrity (Chen et al,, 2016),
the downregulation of this ratio by LVX might be the main reason
for the gut microbiota changes (Figure 5B).

Alternations of gut microbiota in all treatments were in
an order of Bacteroidales > Clostridiales > Lactobacillales
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FIGURE 1 | Comparison of the chemical components between Levofloxacin hydrochloride (LVX) and Pulsatilla Decoction (PD). (A) LVX belonged to one kind of
quinolone antibiotics, while PD was composed by four classical herbal formula, including radix Pulsatillae, Rhizome coptidis, Cortex phellodendri, Cortex fraxini. The
main components of PD were analyzed by LC-MS/MS analysis. (B) Scheme of LVX and PD treatment on E. coli infected rats.

(Figure 6A). As shown, Bacteroidales was most abundant in NS
(75.84 & 3.09) and PD (60.26 £ 2.97) treatments, followed by
Clostridiales (16.00 &= 2.13 and 24.09 + 2.91), and Lactobacillales
(5.40 £ 1.592) and (3.61 =+ 1.46). Oral administrations of
LVX had a significant impact on gut microbiota composition,
indicated by that the relative abundance of Bacteroidales (0.17
=+ 0.08) was nearly absent, while that of Lactobacillales (40.99 £+
4.78) and Clostridiales (52.46 + 3.89) were increased compared
with other treatments. Clostridiales was also abundant in E. coli
infection (58.53 4 3.98), and Lactobacillales was 1.31%, while
Bacteroidetes (37.70 & 4.65) was less than NS or PD treatment.
Oral administrations of Levofloxacin hydrochloride reduced
the relative abundance of Bacteroidales, but increased that of
Clostridiales or Lactobacillales compared with normal and PD
treatments. Intraperitoneal injection of E. coli also reduced the
relative abundance of Bacteroidales and increased Clostridiales
compared with NS and PD treatment.

We further compared the difference of microbiota
distribution at the genus level in four treatment. As shown
in Figures 6B-D, the proportion of Bacteroides, Prevotella and

Lactobacillales were increasingly different in four treatments.
Prevotella belonging to Bacteroidales was most abundant in
normal treatments (66.38 =+ 4.092). Bacteroides belonging
to Bacteroidales was most abundant in PD treatments
(3292 £ 7.44). Lactobacillus belonging to Lactobacillales
was mostly enriched in LVX treatments (35.73 £ 5.32). In
contrast, Prevotella and Bacteroides were nearly absent in
LVX treatment.

DISCUSSION

Among the intestinal microbial population, Bacteroidetes and
Firmicutes accounted for 90% of the total gut microbiota (Pascale
et al,, 2019). Our results showed that abundances of two phylum
in NS model, LVX and PD treatment were 99.22, 96.24, 98.23,
95.04%, respectively. It was evidential that a lower Bacteroidetes/
Firmicutes ratio (B/F ratio) reflected phylum-wide increase in
Firmicutes and/or reduction in Bacteroidetes, which were related
to many diseases, such as obesity (Pascale et al., 2019), colon
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cancer (Zhu et al, 2014) and immunosuppression (Xu and
Zhang, 2015). B/F ratio might also serve as an index to evaluate
the imbalance of gut microbiota from various illnesses. In
our study, we confirmed E. coli infection can disrupt the B/F
ratio. Treatment with PD resulted in a considerable increase
in the relative abundance of Bacteriodetes and the B/F ratio
(1.732), comparing to the E. coli group (0.644) or antibiotic
Levofloxacin hydrochloride groups (0.002). Furthermore, the
B/F ratio of 3.245 in normal rats was consistent with the
previous researches (Gu et al., 2013). Previous studies had
also suggested that the imbalance in the ratio of intestinal
bacteria played a vital role in the development of obesity
with induction of systemic inflammation, and acceleration
of fat deposition (John and Mullin, 2016). E. coli colonized
in GI tract could release toxins and inflammation cytokines,
causing breakdown of the tight junctional complexes between
the intestinal epithelial cells and disruption channel regulation.
They led to an influx of water and ions into the intestinal

lumen, causing infection (Viggiano et al, 2015). Our study
suggested that oral administration of PD significantly decreased
the level of proinflammatory IL-8, ICAM-1 and improved
intestinal histopathology injurie in comparison with the E.
coli group. Although antibiotic Levofloxacin hydrochloride also
decreased the level of proinflammatory ICAM-1 and improved
intestinal histopathology injurie in comparison with the E.
coli group, the level of IL-8 was elevated. After replenishing
PD, the levels of serum proinflammatory IL-8 and intestinal
histopathology injurie recovered to the normal level in the E.
coli -infected group, indicating that the symptoms of intestine
were improved. As a broad-spectrum antibiotic, Levofloxacin
hydrochloride treatment broadly killed bacterial populations,
such as Bacteroidetes, leading to the disturbed intestinal
microbiota. Therefore, the corresponding effect of treating
infection was inferior to that of PD. In the previous study,
the reduced Bacteroidetes and Firmicutes, combined with the
increased Proteobacteria caused antibiotic-induced imbalances
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in gut microbiota, which aggravated cholesterol accumulation
and liver injuries in rats fed with a high-cholesterol diet (Hu et al.,
2015). Bacteroidetes was known to promote the catabolism of
plant cell wall (Spence et al., 2006) and the increased abundance
of Bacteroidetes might ameliorate the intestinal mucosal barrier
function and ultimately enhanced the innate immune responses
(Sonnenburg et al., 2005). These results indicated that PD, which
could regulate the distribution of the intestinal flora through
increasing and/or restoring the B/F ratio, played an essential role
in combating E. coli-induced infection.

At order level, the compositions of four bacterial populations
were dominated by three orders: Lactobacillales (L), Clostridiales

(C), Bacteroidales (B). Lactobacillales and Clostridiales belonged
to Firmicutes. Bacteroidales belonged to Bacteroidetes.
The major difference lied in the ratio of Bacteroidales
/Lactobacillales+ Clostridiale: B/L+C (normal groups) =
3.54, B/L+C (model groups) = 0.65, B/L+C (LH groups) =
0.001, B/L4+C (PD groups) = 2.17, which was consistent with
the results at phylum level. Antibiotics also broadly reduced
Bacteroidales and increased Lactobacillales and Clostridiales
compared with normal rats. Obviously, Clostridiales was highly
presented in both model and antibiotic group. Treatment with
Pulsatilla Decoction could reduce the relative abundance of
Clostridiales. Clostridium difficile (Abu Faddan et al., 2016),
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78.83

a species belonging to order Clostridiales, produced multiple
toxins which might produce infection and inflammation. These
results suggested that Pulsatilla Decoction could modulate the
distribution of the intestinal flora in order level to alleviate
infection. In fact, Chinese herbal medicine compound has no
direct antibacterial effect in vitro but enhances the antibacterial
effect in vivo by mobilizing innate immunity. As report showed,
among 30 Chinese herbs, only Scutellaria barbata had the
100% antibacterial activity in vitro (Tsai et al., 2018). Actually,
Chinese herbs, such as Astragali Radix are benefit for intestinal
bacterial conversion (Zhou et al., 2012). Both Chinese herbs

and the gut microbiota had the regulation of innate immunity
(Wojcik et al., 2009; Wang et al,, 2019). Therefore, Chinese
herbs rarely has a direct antibacterial ability, but it can rely
on inhibiting bacterial growth proteins to inhibit infection (Si
et al,, 2016) or enhance the regulatory factors that promote
innate immunity to achieve antibacterial effect (Ma et al., 2013,
2018; Si et al., 2016; Wang et al., 2016; Yang et al., 2018; Pascale
2019). Consisting with the long-term research of our
labs that the integrity of barrier cells such as epithelial cells
and endothelial cells contributed to the bactericidal function
of immune cells such as neutrophils (Liu et al., 2016). The

et al.,
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traditional Chinese medicine compound promotes the innate
immune and antibacterial effect by protecting the integrity of
such barrier cells.

CONCLUSION

Our work compared the difference on gut microbiota in E. coli
infected rats after PD or LVX treatments. PD protected the
intestinal tissue and regulated the balance of gut microbiota
via restoring the composition of the gut microbiota in
Bacteroidetes spp. In contrast, LVX treatment leaded the
intestinal tissue damage, as well as ravaged gut microbiota by
significantly decreasing Bacteroidetes and increasing Firmicutes.
This work provided experimental data for the study of the
mechanism of Chinese medicine prescription in the treatment
of bacterial infection. It was also emphasized that the important
role of intestinal flora in the prevention and therapy of
bacterial infection.

METHODS AND MATERIALS

Animals

Specific pathogen-free male Sprague Dawley Rat (190-210g)
were supplied by Vital River Laboratory Animal Technology
(Beijing, China). Rats were kept at a temperature of 22 °C and 12-
hlight/dark cycle environment for at least 1 week before use, and
fed on the same batch of standard laboratory diet to minimize
the variation of environmental factors. The present study was
approved by the Institutional Animal Care and Use Committee
of the Academy of Military Medical Sciences (Beijing, China;
approval no. SYXK2014-0002). All animal care and experimental

procedures were conducted according to the Chinese Laboratory
Animals’ Welfare and Ethics guidelines.

Preparation of Pulsatilla Decoction (PD)

Extract Powder

PD consisted of four herbs including Radix Pulsatillae (60 g),
Rhizoma Coptidis (30 g), Cortex Phellodendri (45 g), and Cortex
Fraxini (60g). All those herbs were purchased from Tong Ren
Tang Medicinal Materials Company (Beijing, China), which was
authenticated by professor Pengyue Li from Beijing university of
Chinese medicine. Voucher specimens with specific storage code
were well-deposited at Beijing university of Chinese medicine.
PD were extracted twice with boiling water (1:10 and then 1:8,
w/v) for 1h. The water extracts were combined, concentrated
in vacuum into 2 g/mL, and then stored at 4°C until use.
Chromatographic fingerprint analysis on PD could be found in
our previous study.

Infection and Therapy

Rats were infected by intraperitoneal injection of E. coli Ojq;
(China Institute of Veterinary Drugs Control, O101: K91, K88,
1 x 10'! cfu/kg) for three consecutive days. Meanwhile, 10
rats were randomly selected for each group, which were subject
to the treatment with isovolumetric normal saline (NS) as
negative control, oral absorption of PD (7.5 g/kg) or levofloxacin
hydrochloride (LVX, Sangjing Pharmachceutical co., LTD, 100
mg/kg, mimicing the human dose of 500 mg/day), respectively.
Another three consecutive days were employed as therapeutic
schedule of infected rats, respectively. Blood samples were
collected before sacrifice. Serums of rats were selected by
centrifugation at 3,000 r/min for 10min at 4°C. Fresh fecal
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samples were collected at the day of sacrifice and then kept
at —80°C.

Histopathological Analysis
Intestine samples were fixed in 4% paraformaldehyde.
The jejunum of small intestine was selected prepared for

hematoxylin and eosin staining (HE staining). Olympus
microscope (Olympus Optical Co., Ltd.) was used to
observe and score the histopathological changes as
previous methods (Han et al, 2014). Each group contained
10 rats and all samples for pathological analysis were
blindly selected.
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ELISA

Cytokines IL-8 and ICAM-1 (ENZO life sciences) were detected
by enzyme-linked immunosorbent assay (ELISA) according to
the manufacturer’s instructions.

DNA Extraction, PCR Ampilification and

lllumina Sequencing

After PD and LVX treatments for 3 days, fresh fecal samples
from random selected 6 rats were collected individually. Then
these samples were frozen immediately in liquid nitrogen
and stored at —80°C for further analysis. Total DNA was
extracted from fecal samples by using the E.ZN.A® Soil DNA
Kit (Omega Bio-tek, Norcross, GA, USA) according to the
manufacturer’s protocol. The variable regions V3-V4 of the
16S rRNA were amplified. Equimolar concentrations of purified
PCR products were pooled and paired-end sequenced (2 x 300
bp) on an Illumina MiSeq platform (Illumina Inc., San Diego,
CA, USA).

Sequences data were subject to bioinformatic analysis.
Operational taxonomic Units (OTUs) were using UPARSE
software (version 7.1) (http://drive5.com/uparse/). The 16S
rRNA sequences of E. coli Oyg; to compare and distinguish
foreign E. coli from the local E. coli in gut. OTUs that
reached 97% similarity were used for Goods coverage and
rarefaction curve analysis (Schloss et al, 2011). Through
the classification operation, the sequences were divided
into many groups according to their similarities, and a
group was an OTU. According to different similarity levels,
all sequences could be divided into OTUs, and biological
information statistical analysis was usually performed on OTUs
at 97% similarity levels. Community structure comparisons
with Principal Component Analysis (PCA) were based on
weighted UniFrac distance. Hierarchical cluster analysis,
Rank-Abundance and heatmap were generated according to
R software package (http://www.R-project.org) (Wang et al,
2012).

Statistical Analysis

Data were expressed as means + standard deviation (SD) and
analyzed by using GraphPad Prism 8 software. The criterion
of significance was conducted using unpaired ¢-test by one-way
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Although extraintestinal pathogenic Escherichia coli (EXPEC) are designated by their
isolation site and grouped based on the type of host and the disease they cause, most
diarrheagenic E. coli (DEC) are subdivided into several pathotypes based on the presence
of specific virulence traits directly related to disease development. This scenario of a
well-categorized E. coli collapsed after the German outbreak of 2011, caused by one
strain bearing the virulence factors of two different DEC pathotypes (enteroaggregative
E. coli and Shiga toxin-producing E. coli). Since the outbreak, many studies have shown
that this phenomenon is more frequent than previously realized. Therefore, the terms
hybrid- and hetero-pathogenic E. coli have been coined to describe new combinations
of virulence factors among the classic E. coli pathotypes. In this review, we provide an
overview of these classifications and highlight the E. coli genomic plasticity that results
in some mixed E. coli pathotypes displaying novel pathogenic strategies, which lead
to a new symptomatology related to E. coli diseases. In addition, as the capacity for
genome interrogation has grown in the last few years, it is clear that genes encoding some
virulence factors, such as Shiga toxin, are found among different E. coli pathotypes to
which they have not traditionally been associated, perhaps foreshowing their emergence
in new and severe outbreaks caused by such hybrid strains. Therefore, further studies
regarding hetero-pathogenic and hybrid-pathogenic E. coli isolates are necessary to
better understand and control the spread of these pathogens.

Keywords: Escherichia coli, intestinal infection, extraintestinal infection, hybrid, hetero-pathogenic, pathotypes,
ExPEC, DEC

INTRODUCTION

Escherichia coli is a gram-negative, facultative anaerobic rod, which produces catalase but not
oxidase. Taxonomically, it belongs to class Gammaproteobacteria, order Enterobacteriales, and
family Enterobacteriaceae (Adeolu et al., 2016). Bacteria of this species inhabit the intestinal tract
of humans and other animals as an important member of their microbiota (Leimbach et al,,
2013). Moreover, the high adaptive capacity of E. coli permits it to survive for long periods of
no growth and in a variety of niches such as soil, water, food, and sediments (Leimbach et al.,
2013). Although most are innocuous, some strains of this species are pathogenic and can cause
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intestinal or extraintestinal diseases, which are related to a variety
of virulence genes acquired by the horizontal transfer of plasmids,
pathogenicity islands, transposons, and bacteriophages (Kaper
et al, 2004; Croxen and Finlay, 2010; Leimbach et al., 2013;
Johnson and Russo, 2018).

The pathogenic E. coli strains are classified according to the
infection site of isolation. Strains capable of causing diseases in
the human intestinal tract are designated as diarrheagenic E. coli
(DEC), which is subclassified into seven different pathotypes:
enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC),
enteroaggregative E. coli (EAEC), and enteropathogenic E. coli
(EPEC), both sub-grouped in typical and atypical Shiga toxin-
producing E. coli (STEC), diffusely adherent E. coli (DAEC),
and adherent-invasive E. coli (AIEC) (Kaper et al, 2004;
Croxen et al, 2013; Leimbach et al, 2013; Gomes et al.,
2016). Except for AIEC and DAEC, the differences among
most of these pathotypes are typically due to specific virulence
encoding genes that are directly related to the development
of the disease and host symptomatology and are used for
diagnostic purposes (Table1). AIEC has been postulated as
a cause of inflammatory bowel disease. However, at present,
there is no consensus on this issue (Palmela et al, 2018;
Perna et al,, 2020), and the putative virulence factors described
as involved in AIEC pathogenesis are common to strains
isolated from extraintestinal infections (Martinez-Medina et al.,
2009; Yang et al,, 2017). Furthermore, although DAEC is a
recognized enteric pathogen and the presence of genes encoding
afimbrial adhesins are occasionally used for screening this
pathotype, these genes are also present in other intestinal and
extraintestinal pathogenic E. coli as well as in commensal
strains, limiting their usefulness in defining the DAEC pathotype
(Croxen et al., 2013).

Unlike DEC, extraintestinal pathogenic E. coli (ExPEC) are
defined primarily by their site of isolation. The most clinically
important ExPEC groups are uropathogenic E. coli (UPEC),
neonatal meningitis-associated E. coli (NMEC), avian pathogenic
E. coli (APEC), and septicemic E. coli (SEPEC) (Ewers et al., 2007;
Santos et al., 2013; Johnson and Russo, 2018). EXPEC strains can
cause infection in diverse extraintestinal sites. Furthermore, a
strain that causes urinary tract infection in humans can also cause
infections in other human body sites or in animals, which makes
the use of the term ExPEC more appropriate than the pathotype
designation (Russo and Johnson, 2000). There is no single or
set of virulence factors exclusively associated with a specific host
or disease, but Picard et al. (1999) and Johnson et al. (2003)
have shown that the ability of EXPEC strains to cause disease in
immunocompetent subjects was associated with the presence of
two among five virulence markers (Table 1). The strains that bear
these traits were referred to as “intrinsic virulent” because they
are considered more pathogenic than those that do not harbor
these factors. Similarly, Spurbeck et al. (2012) have proposed a set
of four other genes to identify ExXPEC strains with uropathogenic
potential (Table 1). In general, ExXPEC virulence factors appear
partially redundant, involved in the ability of these strains to
colonize, evade immune system clearance, and survive in diverse
extraintestinal sites (Croxen and Finlay, 2010; Leimbach et al,,
2013; Johnson and Russo, 2018).

After the increased access to genome sequencing technologies,
several pathogenic E. coli genomes became available. These data
highlighted E. coli genomic plasticity and showed the distribution
of virulence factors among the pathotypes, including those traits
related to DEC definition. A remarkable example of plasticity
was the E. coli strain involved in 2011’s outbreak that displayed
the characteristics of two different pathotypes and led to severe
host symptoms. Consequently, the terms “hybrid” and “hetero-
pathogens” have emerged to designate potentially more virulent
strains that present a combination of virulence factors, which
were previously believed to be specific to each E. coli pathotype.
In this review, we bring together the reports on hybrid- and
hetero-pathogenic E. coli strains and discuss their potential
implication in more severe diseases.

DEFINING HETERO-PATHOGENS AND
HYBRID-PATHOGENS WITHOUT
DECONSTRUCTING PRIMARY CONCEPTS

Here we adopt the terms “hetero-pathogenic” or “hetero-
pathogen” to refer to strains that harbor virulence genes that are
characteristic of two or more DEC pathotypes. Hence, the hetero-
pathogens are strictly entero-pathogens, and their designation
is based on the presence of specific virulence factors-associated
DEC pathotypes. Their definition is straightforward because
genes that delineate DEC are well-defined. A limitation is that
the absence of defined virulence markers prevents the inclusion
of DAEC and AIEC in these definitions.

In contrast, “hybrid-pathogenic” or “hybrid-pathogen” strains
exhibit both DEC and ExPEC defining virulence factors or,
alternatively, are isolated from an extraintestinal infection and
encode DEC defining virulence factors. The alternate criterion for
designation as a hybrid-pathogen is required due to ambiguity in
the gene sets required to define EXPEC strains.

COMBINATIONS OF VIRULENCE FACTORS
THAT LEAD TO MORE SEVERE DISEASES

The current challenge concerning the hybrid- or hetero-
pathogenic E. coli strain classification is understanding
whether these virulence factors are, in fact, involved in
disease development and have clinical relevance that could be
considered in diagnosis. We present below some examples of
virulence marker combinations that were associated with more
severe diseases.

EAEC/STEC

The higher virulence of the hetero-pathogenic EAEC/STEC
group was highlighted when it caused the foodborne outbreak
that started in Germany in 2011 and spread out to Europe
and North America (Bielaszewska et al., 2011; Mellmann et al.,
2011; Rasko et al., 2011), affecting more than 4,000 persons in
16 countries (Center for Disease Control Prevention, 2013). In
Germany, as many as 3,816 cases were reported, 845 of which
progressed to hemolytic uremic syndrome (HUS) and with 54
deaths (Frank et al., 2011).
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TABLE 1 | Escherichia coli pathotypes and the virulence genetic markers used for their classification?.

Pathotype Subgroup Virulence genetic markers Observations

(function or virulence factor)

EAEC Typical (tEAEC) aggR (transcriptional activator) The occurrence of the aggregative adhesion pattern in
Hela/Hep-2 cells is the standard method to characterize EAEC
Atypical (@EAEC)  aatA and aaiG (plasmid and chromosomal secretion system,
respectively)
EPEC Typical (tEPEC) bfo (oundle-forming pilus), eae (intimin), and absence of stx (Shiga Characterized by the presence of LEE
toxin)
Atypical (@EPEC)  eae (intimin) and the absence of bfp and stx
STEC - stx (Shiga toxin) -
The presence of LEE pathogenicity island confers to EHEC the
ability to cause A/E lesion in the intestinal epithelium, as EPEC
EHEC stx (Shiga toxin) and eae (intimin)
ETEC - elt (heat-label toxin—LT) and/or est (heat-stable toxin—ST) -
EIEC - ipaH (multicopy family of effectors present in invasion plasmid and -
chromosome)
DAECP - dra or afa (AFA-Dr adhesins) No virulence factor confirmed as determinant of diarrhea was
described
AIECP - Unknown No virulence factor confirmed as determinant of inflammatory
disease
ExPEC® - Presence of at least two of five genes: pap (P fimbriae), sfa (S Intrinsic virulent strains are lethal in an animal model of sepsis; not
fimbriae), afa/dra (AFA-Dr adhesins), iuc/iut (aerobactin), and all extraintestinal isolates harbor this set of virulence genes
kpsMTII (capsular group Il)
UPECH - Simultaneous presence of the following genes: yfcV (fimbriae Yfc),  Strains harboring these four genes can cause urinary tract

vat (vacuolating autotransporter toxin), chuA (heme receptor), and
fyuA (yersiniabactin)

infection in animal models; not all strains isolated from UTI harbor
these four genes

@The table displays the virulence factors often used in surveillance studies and the diagnosis of intestinal infections. It does not represent the complete list of virulence factors that each
pathotype can harbor.

bThe classification of DAEC and AIEC was not based on the presence of specific virulence factors; consequently, it is not possible to identify the hybrid/hetero-pathogenic strains of
these pathotypes.

CAIl E. coli strains isolated from any extraintestinal infection are EXPEC. This term can also be used to classify strains isolated from diverse sources that harbor specific virulence factors
and are intrinsically virulent, being lethal to mice in the animal model (Picard et al., 1999, Russo and Johnson, 2000, Johnson et al., 2003).

JUPEC is the pathotype designation used to refer to EXPEC strains that were isolated from urinary tract infections or strains isolated from diverse sources that are capable of causing
urinary tract infections in an animal model (Spurbeck et al., 2012; Johnson and Russo, 2018).

Studies conducted in Germany and France showed no
evidence of zoonotic origin for this outbreak and that this hetero-
pathogen became well-established in the human population
(Monecke et al., 2011; Wieler et al., 2011; Auvray et al., 2012).
The success of this hetero-pathogen can be explained by its
genetic background, which combines the EAEC O104:H4 and the
STEC virulence profiles, comprising the aggregative adherence
(AA) pattern and the Stx2 production (Bielaszewska et al,
2011; Mellmann et al., 2011; Rasko et al, 2011). Another
factor that makes the EAEC/STEC outbreak alarming is that
infections caused by this hetero-pathogen frequently progress to
HUS, possibly because they present a set of proteins involved
in intestinal colonization such as IrgA homologue adhesin
(Tha), aggregative adherence fimbriae I (AAF/I), long polar
fimbriae (Lpf), and different serine-protease autotransporters of
Enterobacteriaceae (like Pic, SepA, etc.). These proteins could
work synergistically to make these strains better colonizers,
leading to persistent diarrhea and facilitating Shiga-toxin (Stx)
absorption (Navarro-Garcia, 2014).

Besides that, a study conducted at the German National
Reference Center with 2,400 STEC strains, isolated between
2008 and 2012, identified two additional hetero-pathogenic

EAEC/STEC strains that were isolated from a patient with
diarrhea and exhibited the AA pattern and the stx gene. One of
these strains produced AAF/ IV, while a new type of aggregative
fimbriae was described in the other (Prager et al.,, 2014; Lang
et al.,, 2018). Furthermore, before the German outbreak, other
EAEC/STEC hetero-pathogens were described in HUS cases
associated with outbreaks that occurred in France (serotype
0O111: H2) and HUS and bloody diarrhea in Japan (serotype O89:
HNM) (Boudailliez et al., 1997; Morabito et al., 1998; Iyoda et al.,
2000).

EHEC as a Long-Standing EPEC/STEC

Hetero-Pathogen

The enterohemorrhagic E. coli (EHEC) pathotype is involved
worldwide in many outbreaks, severe symptomatology, and lethal
outcomes to the human host (Levine, 1987; Kaper et al., 2004;
Croxen et al,, 2013; Gomes et al., 2016). This pathotype has been
classified based on different concepts. Some researchers classify
any STEC strain as EHEC based only on the patients” clinical
manifestations, including hemorrhagic colitis or HUS due to Stx
production (Doughty et al., 2002; Navarro-Garcia, 2014; Krause
etal., 2018; Lang et al., 2018; Torres et al., 2018). Others, instead,
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use molecular criteria based on the simultaneous presence of Stx
and the locus of enterocyte effacement (LEE) pathogenicity island
(PAI) to classify as EHEC (Kaper et al., 2004; Croxen et al., 2013;
Sadiq et al., 2014; Silva et al., 2019).

Herein the EHEC nomenclature has been used to refer to
the STEC subset that simultaneously harbors Stx and LEE. As
STEC strains can cause diarrhea and HUS in human subjects
independently of the presence of LEE (Luck et al., 2005; Croxen
et al., 2013; Krause et al, 2018), this PAI is an accessory set
of virulence genes that enhances STEC pathogenicity; thus, we
can consider it as a hetero-pathogen. Nevertheless, LEE PAI
is the major factor associated with the occurrence of attaching
and effacing (A/E) lesion and diarrhea by EPEC strains (Croxen
et al., 2013; Silva et al., 2019). LEE bears several virulence genes
encoding, e.g., intimin (eae), a type 3 secretion system, and other
effectors involved in A/E lesion formation, which are used to
clinically classify pathogenic E. coli strains as EPEC (Table 1).

The EPEC pathotype is sub-grouped based on the presence
of the bundle-forming pilus (BFP) in the strains classified
as typical and, on its absence, in the strains classified as
atypical. In general, EPEC/STEC hetero-pathogens comprise
atypical EPEC carrying Stx (Croxen et al, 2013; Eichhorn
et al.,, 2015; Gomes et al., 2016; Silva et al., 2019). The first
description of a typical EPEC strain bearing Stx was reported
by Gioia-Di Chiacchio et al. (2018), who identified eight E.
coli strains isolated from birds that carried Stx2, LEE, and BFP
simultaneously. The production of Stx2 was shown in all strains,
and two strains induced A/E lesions in cell cultures. All these
isolates belonged to the same serotype (O137:H6) and sequence
type (ST2678).

EPEC/ETEC

The first reported case of these hetero-pathogenic isolates was
of a 6-month-old child presenting acute watery and bloody
diarrhea (Dutta et al, 2015), a more severe symptom. The
virulence of this strain was assessed in vitro, showing that it
induced A/E lesions and produced a functional heat-label toxin
(LT) (Dutta et al.,, 2015). In 2016, a new type of EPEC/ETEC
strain bearing the heat-stable toxin (ST) instead of LT-encoding
genes was reported in healthy cattle (Askari Badouei et al.,
2016), but the ST expression was not evaluated. Hazen et al.
(2017) reported the identification of four EPEC/ETEC hetero-
pathogenic strains isolated from children, two of them being with
diarrhea, one asymptomatic, and another with lethal outcome.
The EPEC/ETEC strain isolated from the stools of the latter
child presented the autotransporter eatA accessory gene of ETEC,
which prompted the authors to suggest its consideration as a
hetero-pathogen (Hazen et al., 2017). However, from our point
of view, the presence of eatA is not an adequate criterion since
this factor is neither an ETEC pathotype defining marker nor a
marker related to the ETEC infection symptomatology. Although
this is the most recent report concerning these pathogens, the
study comprised strains that were isolated between 2008 and
2009 in Africa and Asia (Kotloff et al., 2012). Additionally, in all
cases, the EPEC strains had acquired plasmids bearing the ETEC
toxin-encoding genes.

ExPEC/STEC

The ExPEC/STEC hybrid is a high-risk pathogen for humans
due to the possibility of a systemic infection occurring in
concomitance with HUS, which might be aggravated by the
presence of a multidrug resistance phenotype, making treatment
even more difficult. Reports on the occurrence of HUS just
after E. coli urinary tract infection (UTI) are rare but have been
noted in different countries since 1979 (reviewed by Lavrek et al.,
2018). Many studies have reported the presence of Stx-converting
phages among UTT isolates, mainly in humans but also in animals
(Beutin et al., 1994; de Brito et al., 1999; Mariani-Kurkdjian et al.,
2014; Toval et al., 2014b; Cointe et al., 2018; Niiesch-Inderbinen
et al., 2018; Gati et al., 2019).

However, few reports have shown the occurrence of diarrhea
and extraintestinal infection, in the same patient, as being caused
by a single E. coli strain. Mariani-Kurkdjian et al. (2014) reported
the occurrence of an EHEC strain that caused diarrhea, HUS, and
bloodstream infection in an adult in France. This hetero-hybrid
pathogen harbors two variants of Stx2, the LEE PAI and one
virulence plasmid—(pAPEC-like plasmid) carrying the ompTp,
etsC, iss, hlyF, sitA, cvaA, iroN, and iucC virulence genes—which
is often present in APEC and NMEC strains. Moreover, the strain
fulfills the intrinsic virulence criteria by Johnson et al. (2003)
(Table 1) for consideration of EXPEC (Niiesch-Inderbinen et al.,
2018), which may explain the capacity of this pathogen to reach
the bloodstream and cause severe neurological symptomatology
(Mariani-Kurkdjian et al., 2014; Wijnsma et al.,, 2017). Other
studies from Switzerland and France have shown that this hetero-
hybrid pathogen, which belongs to serotype O80:H2 and ST301-
A, was also isolated from HUS cases followed by bacteremia
(confirmed by blood culture positive) (Soysal et al., 2016; Cointe
et al., 2018; Niiesch-Inderbinen et al., 2018). This hetero-hybrid
pathogen was also reported in human cases of diarrhea and
HUS without bacteremia and from calves with diarrhea in
Belgium, Switzerland, and the Netherlands (Fierz et al., 2017;
Wijnsma et al., 2017; De Rauw et al., 2019). Cointe et al. (2018)
also showed the occurrence of this hetero-hybrid pathogen in
human and animal subjects in other European countries, such as
Germany, Switzerland, Spain, and Slovakia. It is noteworthy that
the report of unusual severe neurological conditions was linked
with these hybrid strains, even in the absence of bacteremia,
and the HUS occurrence is higher than average (about 80%)
(Soysal et al., 2016).

Toval et al. (2014b) have shown other types of ExXPEC/STEC
hybrid strains isolated from humans in Germany. Some of these
were also hetero-hybrid pathogenic strains carrying different
subtypes of intimin. In addition, the authors demonstrated
the Shiga-toxin functionality in bladder cells and that some
strains cause UTI and pyelonephritis in animals. These data
were corroborated by another study (Gati et al.,, 2019) and by
the occurrence of one case of diarrhea followed by urosepsis
and HUS found to have been caused by another ExPEC/STEC
hybrid-pathogen isolated in the Netherlands (Ang et al., 2016).

ExPEC/EPEC

Diarrhea followed by bacteremia and multiorgan dysfunction
was the outcome of the patient from whom this hybrid-pathogen
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was isolated (Kessler et al, 2015). This hybrid strain called
attention also by the fact that a pathogen simultaneously bearing
PAIs from DEC and ExPEC could reach additional niches
and cause a severe disease. This EXPEC/EPEC strain harbored
ExPEC defining virulence factors, LEE, and BFP and belonged
to serotype O4:H1 and to ST12-B2, a recognized ST related
to extraintestinal infections. The phylogenetic analyses of the
strain showed that it clustered with other ExPEC lineages but
not with EPEC from phylogroup B2, as the EPEC prototype
strain E2348/69 (Kessler et al., 2015). Although not thoroughly
characterized, another ExXPEC/EPEC hybrid strain of serotype
012:K1: HNM was described, which drove a similar outcome.
This strain expressed a functional LEE PAI and invaded diverse
cell lineages (Bratoeva et al., 1994).

Not all ExXPEC/EPEC hybrids cause a disease in intestinal and
in extraintestinal niches. Although rare, these hybrid strains have
been isolated from diverse extraintestinal infections from human
subjects without diarrhea (Abe et al., 2008; Toval et al., 2014a;
Riveros et al., 2017; Valiatti et al., 2019). These strains harbored
the LEE, no ExPEC defining virulence factors, and belonged to
phylogroups A or B2. However, the reason why these strains
caused only extraintestinal infections is unclear.

COMBINATIONS OF VIRULENCE FACTORS
WITH UNCERTAIN INVOLVEMENT IN
MORE SEVERE DISEASES

The studies on the majority of the hybrid/hetero-pathogenic
strains that were reported so far lacked information regarding
host symptomatology or the expression of virulence factors.
Therefore, there is not enough data to determine if the acquisition
of new virulence factors necessarily implicates different or more
severe symptoms. The combination of virulence traits might
not implicate new pathogenicity features or increased virulence
because some of the hybrid/hetero-pathogenic strains identified
by molecular methods do not express both traits.

STEC/ETEC

Many reports on STEC/ETEC have shown its high frequency
among strains isolated from post-weaning diarrhea and edema
disease in piglets (Cheng et al., 2006; Barth et al., 2007, 2011;
Beutin et al., 2008; Byun et al., 2013). These hetero-pathogenic
strains were also isolated from other animals, food, diarrheic
human subjects, and some cases of HUS (Monday et al., 2006;
Miiller et al., 2007; Barth et al., 2011; Prager et al., 2011; Steyert
etal., 2012; Nyholm et al., 2015b; Leonard et al., 2016; Michelacci
etal., 2018; Bai et al., 2019; Yang et al., 2020).

Although often reported worldwide, studies conducted in
Finland and Sweden, which evaluated a large number of human
isolates, demonstrated that the occurrence of STEC/ETEC
hetero-pathogens was low (Nyholm et al, 2015b; Bai et al,
2019). In one of these studies, four STEC/ETEC strains were
reported, corresponding to 2.05% of the total 195 clinical strains
initially characterized as STEC isolated over 15 years. Severe
symptomatology promoted by this hetero-pathogen was reported

only in piglets, and little is known about the impact of these
strains, leading to different clinical conditions in human subjects.

The occurrence of multidrug-resistant (MDR) hetero-
pathogenic E. coli strains emphasizes their genome plasticity
and points to the role of horizontal gene exchange in favoring
the emergence of higher virulent MDR clones (Rasko et al,
2011), such as certain STEC/ETEC strains. Garcia et al. (2018)
showed a STEC/ETEC strain isolated from pig suffering from
post-weaning diarrhea, which carried a plasmid containing
multiple resistance genes and another one containing multiple
virulence genes. Other authors also reported a multidrug-
resistant phenotype among strains of this hetero-pathogenic
pathotype (Brilhante et al., 2019).

It is interesting to note the diversity of sequence types (STs),
phylogroups, and serotypes (more than 40) that was observed
among the STEC/ETEC hetero-pathogenic strains (Table 2).
Such diversity suggests that both the ETEC virulence plasmid
and Shiga-toxin-converting bacteriophages could be spread to a
broad range of genetic backgrounds, including those serotypes
related to more pathogenic strains previously described to cause
human disease such as 02:H27, O15:H16, O101:H-, O128:H8,
and O141:H8 (Nyholm et al., 2015b).

ExPEC Harboring EAEC Virulence Markers

In 1991, a community-acquired UTI outbreak occurred in
Copenhagen (Olesen et al., 1994). The genotypic and the
phenotypic characterization of the outbreak-related strains
showed that they belonged to the O78:H10 serotype, commonly
associated with diarrhea. The outbreak strains harbored the
complete set of EAEC defining virulence genes, expressed the
aggregative pattern of adherence, and belonged to ST10, like
the EAEC strains isolated from diarrhea. Interestingly, they
were also lethal in an animal model and hence considered as
ExPEC, clearly different from other EAEC strains isolated from
diarrhea (Olesen et al., 2012). To our knowledge, these findings
were the first evidence that some EAEC strains could cause an
extraintestinal infection. Nevertheless, it is important to consider
that, in the Copenhagen outbreak, there was no evidence that
the EAEC strains could cause diarrhea, although diarrheagenic
EAEC harboring ExPEC intrinsic virulence factors have already
been reported (Nunes et al., 2017).

It is important to note that strains classified as EAEC by
their virulence markers are not always causing diarrhea in
their hosts. In fact, Nataro et al. (1995) demonstrated that
only strain 042 among four EAEC strains studied induced
diarrhea in human volunteers, although all the strains carried the
EAEC virulence plasmid. Subsequently, many reports came out,
registering the isolation of strains from various extraintestinal
infections, which presented the EAEC defining genotype and
expressed the aggregative adherence pattern in vitro (Abe et al.,
2008; Nazemi et al., 2011; Toval et al., 2014a; Lara et al,, 2017;
Riveros et al., 2017; Freire et al., 2020). However, differently from
the EAEC strains of the Copenhagen outbreak, the presence of
the EXPEC markers are rare among the reported EAEC isolates
from extraintestinal infections (Abe et al., 2008; Toval et al,
2014a). Moreover, it is still unclear if the same strain can cause
infections in intestinal and in extraintestinal niches.
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TABLE 2 | Summarized characteristics of hybrid- and hetero-pathogens.

Isolation source Virulence traits Expression of Disease Outbreaks Serogroup MLST- References
the virulence or serotype phylogroup?
traits
EAEC/STEC Intestinal infections Stx and Yes Diarrhea, bloody Yes 0104:H4 ST678-B1 Morabito et al.,
aggregative diarrhea, and HUS 059:H- ST26-B1 1998; lyoda et al.,
fimbriae with aggR Orough:H- ST1136-B1 2000; Frank et al.,
regulator O111:H2 2011; Prager
089:H- etal., 2014; Lang
023:H28 etal., 2018
EPEC/STEC Intestinal infections in LEE PAI and Stx Intimin (various Yes Diarrhea, bloody Yes O157:H7 ST11-E Eichhorn et al.,
humans, animals’ gut, subtypes) and Stx diarrhea, and HUS 0145 ST32cplx-D 2015
environment, and food 0103 ST20cplx-B1
026
o111 ST29cplx-B1
ST29cplx-B1
Normal fecal sample LEE PAI, Stx-2f, |dentified only in Yes No 0137:H6 ST2678-B2 Gioia-Di Chiacchio
and BFP birds etal., 2018
EPEC/ETEC Intestinal infections LEE PAland LT or Regardless of the Yes Watery diarrhea No Unknown ST278cplx- Dutta et al., 2015;
ST presence of BFP B1 Askari Badouei
ST1788-A et al.,, 2016; Hazen
etal., 2017
EXPEC/STEC Diarrhea and Stx and EXPEC Yes—both UTI, hemorrhagic Yes® 02:H6 ST141-B2 Mariani-Kurkdjian
and extraintestinal infections intrinsic virulence characteristics are cystitis, HUS, 076:H19 ST675-B1 et al., 2014; Toval
EXPEC/EHEC®  simultaneously or factors expressed bacteremia Ont:H- ST10cplx-A et al., 2014b; Gati
extraintestinal infections In general, harbor 080:H2 ST165cplx-A etal., 2019
only Stx2 variant 0145:H-
ST32cplx-D
EXPEC/EPEC Extraintestinal infections LEE PAl only or Regardless of the LA or LAL pattern Cystitis, No or71 Unknown Vieira et al., 2001,
only or diarrhea followed LEE PAI and presence of BFP was observed in pyelonephritis, 078:H- ST2018-B2 Abe et al., 2008;
by extraintestinal EXPEC intrinsic some studies UTl-related O4:H1 ST12-B2 Toval et al., 2014a;
infection virulence factors bacteremia, and O12:K1:H- Unknown Kessler et al.,
diarrhea with 2015; Riveros
multiple organ etal., 2017;
dysfunction Lindstedt et al.,
2018; Valiatti et al.,
2019
STEC/ETEC Intestinal infections in Stx and ST toxin Various Stx2 Yes, but some Diarrhea, bloody No Various ST10cplx-A Nyholm et al.,
human and animals variants; Stx1 is strains express diarrhea, and HUS serogroups ST40cplx-B1 2015b; Garcia
frequently low just one toxin (>40 et al., 2018; Bai
serotypes) ST325-A et al., 2019
ST329-A
(Continued)
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pathotype, probably because of the broad host range of Shiga-
toxin-converting bacteriophages, since their occurrence has been
reported in different species including Citrobacter freundii and
Enterobacter cloacae, which were associated with HUS and
one outbreak (Tschipe et al, 1995; Paton and Paton, 1996).
Additionally, Fogolari et al. (2018) recently reported that the
presence of the Stx-converting phage could be found in other
Shigella species besides Shigella dysenteriae type 1, mainly in
Shigella flexneri. Moreover, viable Stx-converting phages were
shown to be present in water and sewage (Muniesa and Jofre,
1998; Beutin et al., 2008). Therefore, the prevalence in the
environment and the broad host range explain the capacity of
these phages to reach new bacteria. Interestingly, there has been
no report on the occurrence of the EIEC virulence plasmid
among other DEC or ExPEC pathotypes. Nevertheless, the
presence in EIEC of some ExPEC virulence genetic markers,
including those of UPEC pathogenicity islands, has already
been reported (da Silva et al., 2017). However, the reported
strains cannot be considered as hybrid pathogens since they
do not fulfill the molecular criteria proposed by Johnson
et al. (2003) for the classification of intrinsic virulent ExPEC
(da Silva et al., 2017).

Currently, there is not enough published data to confirm
if hybrid/hetero-pathogens are always more virulent than
their parental pathotypes. Although some studies pointed
out that the disease prognoses were worst (Bratoeva et al,
1994; Navarro-Garcia, 2014; Kessler et al., 2015; Ang et al,
2016; Soysal et al., 2016; Wijnsma et al., 2017), this question
has not been adequately addressed in all hybrid/hetero-
pathogenic strains, and more information about the
host symptomatology are necessary to better understand
their significance.
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Escherichia coli carrying prophage with genes that encode for Shiga toxins are
categorized as Shiga toxin-producing E. coli (STEC) pathotype. llinesses caused by
STEC in humans, which are often foodborne, range from mild to bloody diarrhea with
life-threatening complications of renal failure and hemolytic uremic syndrome and even
death, particularly in children. As many as 158 of the total 187 serogroups of E. coli are
known to carry Shiga toxin genes, which makes STEC a major pathotype of E. coli. Seven
STEC serogroups, called top-7, which include 026, 045, 0103, O111, 0121, 0145,
and O157, are responsible for the majority of the STEC-associated human illnesses. The
STEC serogroups, other than the top-7, called “non-top-7" have also been associated
with human illnesses, more often as sporadic infections. Ruminants, particularly cattle,
are principal reservoirs of STEC and harbor the organisms in the hindgut and shed in the
feces, which serves as a major source of food and water contaminations. A number of
studies have reported on the fecal prevalence of top-7 STEC in cattle feces. However,
there is paucity of data on the prevalence of non-top-7 STEC serogroups in cattle
feces, generally because of lack of validated detection methods. The objective of our
study was to develop and validate 14 sets of multiplex PCR (mPCR) assays targeting
serogroup-specific genes to detect 137 non-top-7 STEC serogroups previously reported
to be present in cattle feces. Each assay included 7-12 serogroups and primers were
designed to amplify the target genes with distinct amplicon sizes for each serogroup that
can be readily identified within each assay. The assays were validated with 460 strains
of known serogroups. The multiplex PCR assays designed in our study can be readily
adapted by most laboratories for rapid identification of strains belonging to the non-top-7
STEC serogroups associated with cattle.

Keywords: shiga toxin-producing Escherichia coli (STEC), top-7 STEC, non-top-7 STEC, Multiplex PCR assays,
cattle, feces
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INTRODUCTION

The polysaccharide portion, called the O-antigen, of the
lipopolysaccharide layer of the outer membrane of Escherichia
coli provides antigenic specificity and is the basis of serogrouping.
As many as 187 E. coli serogroups have been described based
on the nucleotide sequences of O-antigen gene clusters (DebRoy
et al., 2016). Escherichia coli serogroups that cause disease in
humans and animals are categorized into several pathotypes.
The serogroups that carry Shiga toxin genes on a prophage
are categorized as the Shiga toxin-producing E. coli (STEC)
pathotype. As many as 158 serogroups of E. coli are known
to carry Shiga toxin gene(s), which make STEC the most
predominant E. coli pathotype (Table 1). Illnesses caused by
STEC in humans, which are often foodborne, range from mild
to bloody diarrhea with life-threatening complications of renal
failure and hemolytic uremic syndrome (HUS), and even death,
particularly in children (Karmali et al., 2010; Davis et al., 2014).
Seven serogroups of STEC, 026, 045, 0103, O111, 0121, O145,
and O157, called “top-7,” are responsible for the majority of
human STEC illnesses, including food borne-outbreaks (Brooks
et al.,, 2005; Scallan et al., 2011; Gould et al., 2013; Valilis et al.,
2018). However, STEC serogroups other than the top-7, called
“non-top-7” have also been reported to cause human illnesses,
more often as sporadic infections, although a few are also known
to cause severe infections, such as hemorrhagic colitis and HUS
(Hussein and Bollinger, 2005; Bettelheim, 2007; Hussein, 2007;
Bettelheim and Goldwater, 2014; Valilis et al., 2018). In a recent
systematic review done by Valilis et al. (2018), 129 O-serogroups
of STEC were identified to be associated with clinical cases of
diarrhea in humans.

Ruminants, especially cattle, are a major reservoir of STEC
and harbor the organisms in the hindgut and shed them in

their feces. A number of studies have reported on the fecal
prevalence of the top-7 STEC in cattle because of the availability
of detection methods. For these serogroups, culture method
involving serogroup-specific immunomagnetic separation and
media for selective isolation and PCR assays to identify
serogroups of putative isolates have been developed, validated
and widely used (Bielaszewska and Karch, 2000; Chapman, 2000
Bettelheim and Beutin, 2003; Noll et al., 2015a). A number of
studies have reported shedding of non-top-7 STEC in cattle feces
(Table 2). However, not much is known about the prevalence
of these STEC serogroups in cattle feces, in terms of their
distribution and proportion of animals in a herd positive for
various serogroups, largely because of lack of isolation and
detection methods. Traditionally, identification of serogroups
or serotyping of E. coli, conducted by agglutination reaction
using serogroup-specific antisera, is restricted to a few reference
laboratories that possess the required antisera. However, the
method is time consuming and often exhibits cross-reactions
with other serogroups (DebRoy et al., 2011a). A number of PCR-
based assays, end point or real time, have been developed and
validated for the detection of one or more clinically relevant
serogroups of E. coli (Perelle et al., 2004; Monday et al., 2007;
Fratamico et al., 2009; Bai et al., 2010, 2012; DebRoy et al., 2011b;
Madic et al., 2011; Luedtke et al., 2014; Iguchi et al., 2015b;
Noll et al., 2015b; Sanchez et al., 2015; Shridhar et al., 2016a).
However, only a few mPCR assays have been described to detect
certain STEC serogroups that are non-top-7 (Iguchi et al., 2015b;
Sanchez et al., 2015; DebRoy et al., 2018).

In recent years, DNA microarray and whole genome
sequencing have been widely used to identify E. coli serogroups
and serotypes (Liu and Fratamico, 2006; Lacher et al., 2014;
Joensen et al., 2015; Norman et al., 2015). However, mPCR
assays targeting serogroup-specific genes to identify STEC is a

TABLE 1 | Serogroups that belong to the Shiga toxin-producing Escherichia coli pathotype.

o1 02/050 03 04 05 06 o7 08 09 010
011/0X19 012 013/0129/0135 014 015 016 017/044/073/077/0106 ~ O18ab/O18ac ~ O19 020/0137
021 022 023 025 0262 027 028ac/042 029 030 032
033 035 036° 037 038 039 040 Oo41 043 04582
046/0134 048 049 051 052 053 054 055 056 057
058 059 060 062/068 063 064 065 066° 069 070
o71 o74 075 076 078 079 080 081 082 083
084 085 086 087 088 089/0101/0162 090/0127 091 092 093
095P 096 097 098 0100 0102 01032 0104 0106  0O107/0117
0108 0109 0110 O1112 0112 0113 0114 0115 0116 0118/0151
0119 0120 O1212 0123/0186  0124/0164 0125 0126 0128/0X3 0130 0131
0132 0133 0136 0138 0139 0140 0141 0142 0143 0144
01452 0146 0147 0148 0149 0150 0152 0153 0154 0156
o157 0158 0159 0160 O161 0163 0165 0166 0167 0168/0X6
0169 0170 o171 0172 0173 0174 0175 0176 o177 0178
0179 0180 o181 0182 0183 0184° 0185 01870

aSerogroups (highlighted in blue color) considered as top-7 STEC.

bSerogroups (highlighted in green color) have not yet been reported in cattle feces, beef, or beef products.
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TABLE 2 | Serogroups of Shiga toxin-producing Escherichia coli other than the top-7 in gut contents or feces of cattle.

Cattle type Sample type O-serogroups reported References

Calves with diarrhea or Feces 02, 05, 08, 029, 055, 0149, 0153 (Smith et al., 1988)
dysentery

Calves Feces 02,0104, 0128, 0153 (Gonzalez and Blanco,

Bulls and dairy cows

Beef and dairy cattle, water
buffalo

Dairy cattle: cows, heifers,
calves; feedlot cattle

Dairy cows and calves

Cattle

Cattle

Dairy cows and calves
Calves, diarrheic
Cattle

Cows and calves

Calves with diarrhea
Cattle

Calves, healthy and
diarrheic

Dairy cows and calves

Dairy cow with diarrhea and
calves with a herd history of
ill-thrift and diarrhea

Beef and dairy cattle:
healthy and diarrheic calves;
Cattle at slaughter; Grazing
cows

Cattle at slaughter

Cattle at slaughter
Dairy cows and calves

Cattle
Cattle at slaughter
Beef and dairy cattle

Beef cattle at slaughter
Beef and feedlot cattle

Beef or dairy cattle, calves

Dairy cows, heifers, calves

Colonic contents
of bulls at
slaughter, rectal
content of dairy
cows

Rectal swab

Rectal swab

Fecal swab

Rectal swab
Culture from cattle
Rectal swab
Feces

Feces

Fecal swab

Feces

Feces or rectal
contents

Feces

Fecal swabs
Feces

Rectal swab

Feces

Rectal swab
Feces

Feces
Rectal swab
Rectal swab

Fecal from cecum
Feces

Feces (diagnostic
samples,
gastrointestinal
infections)

Rectal swab

03, 010, 022, 039, 075, 082, 091, 0104, 0105, 0113, 0116, 0126, 0136, 0139,
0156

011, 025, 0113, 0116

010, 015, 022, 076, 084, 0116, 01563, 0163, O171

02, 08,0 4, 06, 08, 09, 011, 015, 022, 025, 032, 040, 043, 082, 087, 0106,
0109, 0113, 0117, 0146, 0153, 0163, X3, X8

02, 08, 020, 022, 076, 082, 087, 088, 0113, 0146, 0152, 0156

08, 09, 011, 015, 017, 020, O78, 086, 0101

05, 018, 049, 069, 074, O76, 080, 084, 098, 0118, 0119, 0156, 0172
04, 05, 015, 017, 053, 080, 084, 092, 0118, 0119, 0128, 0153

074, 087, 090, 091, 0116

02, 04, 08, 09, 020, 022, 041, O74, O77, 078, 082, 090, 091, 092, 0105,
0113, 0116, 0132, 0136, 0146, 0150, 0162, 0163, 0165, O171

086, 08, 025, 052, 086, 0113, 0167, ONT

02,016, 022, 042, 070, O74, 084, 087, 0105, O109, 0113, 0132, 0136, 0146,
0153, 0156

0118

05, 08, 022, 38, 069, 084, 098, 0113, 0116, 0119, 0132, 01563, 0156
084

02, 05, 020, 038, 039, 074, 079, 091, 0113, 0116, 0117, 0118, 0141, O165,
0168, 0171

0X8, 01, 02, 06, 08, 015, 020, 022, 023, 039, 040, 046, 049, O74, O77, 084,
087, 088, 091, 096, 098, 0102, 0105, 0106, 0109, 0112, 0113, 0116, 0117,
0120, 0130, 0132, 0136, 0140, 0141, 0150, 0159, 0163, O171, 0172, OX177,
OX7, OX178

02, 08, 022, 043, 091, 0110, 0113, 0116, 0119, 0132, 0136, 0153, O172
012, 035, 098, 0165

05, 06, 07, 021, 028, 091, 0113, 0130, ONT

015, 084, 091, 0172

020, 022, 074, 079, 084, 0110, 0112, 0119, 0125, 0126, 0128, 0149, 0156,
0159, 0165, 0172, ONT

02, 08, 011, 0116

02, 03, 05, 06, 08, 028, 051, 068, 075, 076, 077, 081, 082, 084, 091, 093,
0101, 0104, 0108, 0110, 0113, 0116, 0130, 0149, 01563, 0154, 0160, 0163,
ONT

02, 05, 07, 08, 015, 022, 028, 041, 053, O71, O74, O75, 081, 084, 088, 098,
0112, 0113, 0118, 0119, 0123, 0130, 0146, 0159, 0163, 0174, 0175, 0177,
0178, 0179, O181

029, 091, 0112, 0119, 0125

1989)
(Montenegro et al., 1990)

(Suthienkul et al., 1990)

(Wells et al., 1991)

(Wilson et al., 1992)

(Beutin et al., 1993)
(Wray et al., 1993)
(Sandhu et al., 1996)
(Wieler et al., 1996)
(Beutin et al., 1997)
(Blanco et al., 1997)

(Beutin and Muller, 1998)
(Miyao et al., 1998)

(Wieler et al., 1998)
(Sandhu et al., 1999)

(Hornitzky et al., 2000)

(Parma et al., 2000)

(Pradel et al., 2000)

(Schurman et al., 2000)

(Cobbold and
Desmarchelier, 2001)

(Hornitzky et al., 2001)
(Leung et al., 2001)
(Geue et al., 2002)

(Gioffré et al., 2002)
(Hornitzky et al., 2002)

(Hornitzky et al., 2005)

(Moreira et al., 2003)

(Continued)
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TABLE 2 | Continued

Cattle type Sample type O-serogroups reported References
Cattle Fecal swab 022, 091, 0113, 0117, OX179 (Urdahl et al., 2003)
Calves Feces 07,022, 0113, 0118, 0119, 0123 (Leomil et al., 2003)
Cattle, diarrheic and healthy ~ Feces 02, 04, 06, 07, 08, 09, 015, 017, 020, 022, 028, 038, 039, 041, 049, 060, (Blanco et al., 2004a)
064, 065, 074, 077, 079, 080, 081, 082, 084, 088, 090, 091, 096, 0104,
0105, 0110, 0113, 0116, 0117, 0118, 0123, 0126, 0127, 0128, 0132, 0136,
0138, 0140, 0141, 0146, 0148, 0149, 0150, 0156, 0162, 0163, 0165, 0166,
0167, 0168, 0171, 0174, OX177, OX178, ONT
Cattle, grazing or feedlot Feces 02, 05, 08, 015, 020, 025, 038, 039, 074, 079, 091, 0113, 0116, 0117, 0118,  (Blanco et al., 2004b)

Cattle at slaughter
Cattle at slaughter
Cows and calves

Cattle at slaughter

Dairy cows, heifers, calves,

some diarrheic

Cattle

Cattle at slaughter

Beef and dairy cattle

Steers, feedlot

Cattle
Dairy cows

Beef cattle

Cattle, beef and dairy
Cattle, beef and dairy
Calves

Dairy cows

Beef Cattle

Cattle

Feedlot heifer

Dairy Cattle

Cattle

Cattle

Steers

Beef cattle
Dairy cattle

Dairy cattle
Beef cattle
Beef and dairy cattle

Cecal content
Cecal content
Feces

Feces

Rectal swab

Feces

Feces

Feces

Feces

Feces
Feces

Feces

Pen-floor feces
Feces

Rectal swabs
Feces

Rectal swabs

Feces

Colonic mucosal
tissue at necropsy

Feces

Feces
Feces

Recto anal
mucosal swab

Feces
Feces

Feces
Feces
Feces

0120, 0141, 0165, 0168, 0171, 0174, 0175, 0177, 0178, 0185, ONT

074, 091, 0109, 0110, 0116, 0117

02, 08, 011, 025, 091, 0104, 0112, 0113, 0143, 0171, 0174, ONT

02, 08, 077, 0113, 0116, 0136, O171, O177

02, 05, 08, 010, 015, 035, 064, 077, 0113, 0119, 0128, 0156, O177, ONT

022, 044, 077,079, 087, 088, 091, 098, 0105, 0112, 0113, 0136, 0178, 0181,
ONT

02, 04, 08, 020, 022, 041, 064, O77, 082, 091, 0105, 0113, 0116, 0117,
0118, 0126, 0128, 0136, 0141, 0146, 0150, 0156, 0162, 0163, 0168, O171,
0174, 0177, ONT

01, 02, 05, 08, 015, 022, 086, 091, 0113, 0116, 0117, 0136, 0148, O174,
0182, ONT

02, 010, 015, 022, O74, 082, 096, 0113, 0116, 0119, 0124, 0128, 0137, 0141,
0159, 0160, 063, 0174, 0177, 0178, ONT

02, 08, 09, 010, 023, 037, 049, 087, 098, 0132, 0135, 0136, 0139, 0153,
0154, 0156, 0172

02, 0683, 0148, 0149, 0174, ONT

02, 08, 05, 08, 011, 022, 039, 046, 064, 074, 079, 084, 088, 091, 0105,
0113, 0130, 0136, 0139, 0141, 0163, 0166, 0168, O171, 01788, O179, ONT

02, 07, 08, 015, 022, 039, 046, 073, 074, O79, 082, 091, 0113, 0116, 0130,
0136, 0139, 0141, 0153, 01683, 0165, 0178, 0179, ONT

02, 013, 020, 086, 0109, 0113, 0116, 0119, 0136, 0168, 0171, 0174, ONT
02, 08, 033, 069, 076, 088, 0113, 0118, 0136, 0150, 0153, 0171, OR, OX18
08, 011, 015, 091, O101, O171, ONT

08, 021, 0116, 0118, 0141, 0153, NT

02, 07, 08, 015, 022, 079, 084, 091, 0107, 0124, 0130, 0136, 0141, O163,
0174, 0179, ONT

01, 02, 05, 08, 055, 084, 091, 0109, 0113, 0136, 0150, 0156, 0163, 0168,
0174,177, UT

0165

02, 08, 010, 015, 020, 022, 039, 046, 055, O74, O77, O79, 082, 089, 091,
0105, 0113, 0116, 0141, 0171, 0172, 0153, 0165

O113,NT

02, 08, 06, 08, 022, O28ac, 055, 071, O74, 076, 082, 087, 088, 096, 0100,
0104, 0108, 0109, 0113, 0115, 0116, 0123, 0130, 0132, 0136, 0140, 0150,
0158, 0156, 0163, 0168, 0171, 0174, 0178, 0179, 0183, 0185

0101, 0109, O177

0178

03, 08, O18ac, 039, 048, 058, 077, 080, 088, 0104, O112ac, 0116, 0146,
0154, 0174, 0175, 0176, 0178, 0179, 0180

021, 022, 054, 055, 064, 069, 075, 078, 091, 092, 097, 0100, 0149, 0173
05, 08, 015, 022, 065, 074, 076, 081, 084, 096, 0116, 0165, 0166, 0177, ONT

017, 022, 040, 076, 087, 099, 0102, 0108, 0116, 0124, 0129, 0136, 0140,
0154, 0156, 0163

(Bonardi et al., 2004)
(Meichtri et al., 2004)
(Muniesa et al., 2004)
(Blanco et al., 2005)
(Irino et al., 2005)

(Mora et al., 2005)

(2weifel et al., 2005)
(Timm et al., 2007)
(Diarra et al., 2009)

(Scott et al., 2009)
(Fernandez et al., 2010)

(Masana et al., 2011)

Monaghan et al., 2011)
Ennis et al., 2012)
Fernandez et al., 2012)
Polifroni et al., 2012)
(Tanaro et al., 2012)

(
(
(
(

(Mekata et al., 2014)
(Moxley et al., 2015)
(Gonzalez et al., 2016)
(Jajarmi et al., 2017)
(Lee et al., 2017)
(Stromberg et al., 2018)

(Paquette et al., 2018)
(Navarro et al., 2018)

(Peng et al., 2019)
(Fan et al., 2019)
(Bumunang et al., 2019)

ONT, Non typeable O; UT, Untypeable; NT, nontypeable.
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TABLE 3 | Multiplex PCR assays running conditions for the detection of Shiga toxin-producing Escherichia coli (STEC) serogroups, other than top-7 serogroups.

Assays Number PCR Annealing  O-serogroups (amplicon size in bp)
of O cycles temperature
groups (°C)

Set-1 8 25 65 0109 (204), 091 (277), 0168 (336), 080 (406), 0156 (452), 084 (501), 086 (562), O4 (832)

Set-2 10 30 65 05 (176), 022 (246), 0171 (281), O175 (343), 013/0129/0135 (364), O119 (421), 0120 (535), 0123/0186 (619),
0138 (696), 0128 (768)

Set-3 9 30 64 025 (230), 079 (266), 0150 (313), 0116 (355), 033 (413), O75 (511), 0181 (595), 098 (675), O6 (783)

Set-4 10 30 63 0147 (230), 015 (288), 0O118/0151 (344), 0113 (419), 0126 (465), O178 (495), O76 (533), 0146 (640), 02/050
(819), 078 (992)

Set-5 9 30 61 020 (204), 055 (262), 087 (306), 092 (375), O8 (448), 0136 (528), 0163 (596), O7 (753), 062/068 (906)

Set-6 12 30 66 0115 (158), 039 (201), 038 (253), O74 (303), 0O107/0117 (357), 088 (394), 096 (457), ©O108 (515), O130 (567),
0132 (652), 0153 (741), 0141 (880)

Set-7 12 30 63 01 (152), O18ab/O18ac (199), 028 (028ac/042; 255), O35 (305), 037 (353), 040 (396), 043 (445),
017/044/073/077/ 0106 (5600), O51 (566), 069 (649), O53 (735), O70 (863)

Set-8 11 25 68 0140 (155), 0148 (201), 081 (248), 082 (301), 085 (353), 0105 (407), 0102 (453), 090/0127 (498), O124/0164
(570), O125ab/O125ac (652), O139 (859)

Set-9 9 25 63 021 (145), 049 (197), 0149 (253), 093 (299), 0110 (346), 0114 (396), O154 (499), O161 (646), 0169 (865)

Set-10 12 25 59 0152 (150), 0159 (202), 0170 (233), 0172 (278), 0174 (317), O176 (356), O177 (395), 046/0134 (455), O179
(505), 0182 (566), 0160 (655), O165 (735)

Set-11 11 30 62 08 (145), 010 (187), O11 (225), O112ab (270), 0101/0162 (309), 029 (348), 023 (403), 063 (455), O16 (505),
019 (574), 0131 (655)

Set-12 9 25 63 056 (250), O9 (309), 054 (351), 027 (382), O60 (443), 0143 (500), 0142 (538), 048 (793), 041 (942)

Set-13 7 25 58 0133 (294), 083 (362), 0167 (403), 0166 (462), 064 (727), O12 (885), O58 (1046)

Set-14 8 25 58 0100 (193), 0144 (245), 066 (301), O71 (344), 065 (381), 032 (452), 0173 (606), 0180 (744)

simpler, low-cost alternative method, readily adaptable to most
laboratories. Iguchi et al. (2015a) and DebRoy et al. (2016) have
analyzed the nucleotide sequences of O-antigen gene clusters
of 184 serogroups of E. coli and reported remarkable diversity
among different serogroups and a high level of conservation
of genes within a given serogroup in the O-antigen encoding
gene clusters and suggested that these gene sequences can be
targeted for serogroup identification. To understand the ecology
and prevalence of these STEC serogroups in cattle, it is essential
to detect the non-top-7 STEC serogroups shed in cattle feces in
order to determine their impact on food safety and human health.
Therefore, the objectives of the present study were to develop
and validate mPCR assays targeting serogroup-specific genes to
detect 137 non-top-7 STEC serogroups known to be associated
with cattle.

MATERIALS AND METHODS

Design of the Assays

A total of 14 mPCR assays, each targeting 7-12 STEC serogroups
were designed. The targeted genes to design primers for
serogroup detection included: wzx, which encodes for the O-
antigen flippase required for O-polysaccharide export (Liu et al.,
1996), wzy, which encodes for the O-antigen polymerase required
for O antigen biosynthesis (Samuel and Reeves, 2003), gnd,
which encodes for 6-phosphogluconate dehydrogenase for O
antigen biosynthesis (Nasoff et al., 1984), wzm, which encodes
for transport permease for O antigen transport, and orf469 and
wbdC, which encode for mannosyltransferase for O antigen

biosynthesis (Kido et al., 1995). The primers were designed
based on the available nucleotide sequences of the target
genes for each of the STEC serogroups from the GenBank
database. The sequences for each serogroup were aligned using
ClustalX version 2.0. The primers were designed to amplify the
target genes with distinct amplicon sizes for each serogroup
within an assay for easier visualization. The forward and
reverse primer sequences for these serogroups are provided in
Supplementary Tables 1A-N.

PCR Assay Conditions

The working concentrations of all primers in a primer mix were
4-7 pM/pl of each primer. The reaction consisted of 1 WL of
primer mix, 10 pL of BioRad iQ Multiplex Powermix, 7 pL of
sterile PCR grade water, and 2 pL of DNA template. The total
reaction volume was 20 pL. The number of PCR cycles and
annealing temperatures varied based on optimization for each
set (Table 3). The PCR protocol for specific gene target, for sets
no. 1-11, included an initial denaturation at 94°C for 5 min,
followed by 25 or 30 cycles of denaturation at 94° C for 30s,
annealing for 30s at 58-68°C, extension for 75s at 68°C and a
final step of extension at 68° C for 7 min. The assay conditions
for PCR sets no. 12, 13, and 14 were initial denaturation at
94°C for 1 min, followed by 25 cycles of denaturation at 94°C
for 30s, annealing for 30s at 58-63°C, extension for 60-80's at
72°C and final step of extension at 72°C (Table 3). All the other
conditions were similar for all 14 sets of assays. Amplicon size of
PCR products was determined using a capillary electrophoresis
system, QIAxcel Advanced System with QIAxcel DNA Screening
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TABLE 4 | Validation of multiplex PCR (mPCR) assays to detect “non-top-7" Shiga toxin-producing Escherichia coli..

mPCR assay Serogroups (No. of strains positive/No. of strains tested)

1 04 (5/5)2P, 080 (6/6)>°, 084 (4/4)2°, 086 (6/6)°°, 091 (4/4)2°, 0109 (5/5)224, 0156 (6/6)>°, 0168 (5/5)°

2 05 (4/4)°¢, 013/0129/0135 (2/2)°, 022 (7/7)2P¢, 0119 (2/2)°¢, 0120 (5/5)°, 0123/0186 (5/5)°, 0128 (6/6)°>°, 0138 (4/4)>°, 0171 (4/4)2°, 0175
(5/5)°
06 (4/4)2°, 025 (6/6)°, 033 (5/5)°, O75 (6/6)°°, O79 (2/2)P, 098 (3/3)2°, 0116 (8/8)2°, O150 (6/6)°°, 0181 (4/4)°
02/050 (4/4)20°, 015 (8/8)2P°, O76 (6/6)>°, O78 (4/4)2°, 0113 (5/5)%°, 0118/0151 (4/4)2P°, 0126 (5/5)2P°, 0146 (7/7)%°, 0147 (2/2)2°, 0178
(5/5)°
O7 (4/4)°°, 08 (20/20)2P°, 020 (1/1)2, 055 (6/6)2°, 062/068 (4/4)°, 087 (3/3)°, 092 (1/1)°, 0136 (6/6)22°, 0163 (4/4)2°
038 (3/3)2, 039 (3/3)°, O74 (4/4)2, 088 (5/5)2, 096 (4/4)2, 0107/0117 (3/3)2, O108 (1/1)2, O115 (1/1)°, 0130 (4/4)2, 0132 (2/2)2, O141 (3/3)°,
0153 (2/2)2

7 O1 (2/2)°¢, 017/044/073/077/0106 (6/6)>¢, 018 (4/4)>¢, 028 (3/3)>¢, O35 (3/3)>¢, O37 (3/3)>°, 040 (2/2)°, 043 (4/4)>°, 051 (4/4)>°, O53
(2/2)P2, 069 (3/3)°¢, O70 (3/3)°°

8 081 (3/3)°°, 082 (3/3)>¢, 085 (3/3)>°, 090/0127 (2/2)P°, 0102 (4/4)>°, 0105 (3/3)>°, O124/0164 (2/2)°, 0125 (3/3)>¢, 0139 (3/3)°°, 0140
(2/2)P°, 0148 (2/2)°

9 021 (3/3)°¢, 049 (2/2)P¢, 093 (2/2)°¢, 0110 (2/2)°¢, O114 (3/3)>¢, 0149 (3/3)>°, 0154 (3/3)>¢, 0161 (1/1)2, O169 (2/2)°°

10 046/0134 (5/5)%2¢, 0152 (2/2)°, 0159 (2/2)2°, 0160 (2/2)°, 0165 (4/4)%>°, 0170 (3/3)P°, 0172 (2/2)2, 0174 (2/2)>°, 0176 (2/2)P¢, 0177 (5/5)°9,
0179 (4/4)°, 0182 (4/4)a-Pe

11 03 (3/3)°¢, 010 (2/2)°¢, O11 (3/3)°°, 016 (1/1)2, 019 (3/3)°, 023 (3/3)>°, 029 (3/3)*P¢, 063 (3/3)>¢, 0101/0162 (1/1)4, 0112 (3/3)>¢, O131
(3/3)P

12 09 (2)2, 027 (1/1)8, 041 (2/2)2, 048 (2/2)2, 054 (2/2)2, 056 (1/1)8, 060 (2/2)2, 0142 (2/2)8, 0143 (2/2)°

13 012 (2/2)%, O58 (2/2)°, 064 (2/2)°, 083 (2/2)°, O133 (1/1)%, O166 (2/2)¢, O167 (1/1)°

14 032 (3/3)%, 065 (2/2)°, 066 (2/2)°, O71 (2/2)%, O100 (2/2)%, O144 (1/1)°, O173 (1/1)¢, 0180 (2/2)°

aStrains obtained from our culture collection.

bStrains obtained from Pennsylvania State University.
CStrains obtained from Michigan State University.
9Strains obtained from University of Nebraska.
€Strains obtained from Food and Drug administration.

Kit (Qiagen, Germantown, MD). DNA extracted from pooled
strains of known serogroups for each specific set was used as
positive controls and size markers for each set of assay.

Validation of PCR assays

The specificity of each assay was determined with pooled DNA of
the positive controls from the other 13 sets and top-7 STEC plus
0104 PCR assays. Additionally, each assay was validated with one
or more strains of the targeted serogroups. A total of 460 STEC
strains belonging to 137 targeted serogroups were used for the
validation of the assays (Table 4; Supplementary Tables 2A-N).
The strains were obtained from our culture collection (n =
104), E. coli Reference Center at Pennsylvania State University
(n = 223), Michigan State University (n = 42), University of
Nebraska (n = 5), and Food and Drug Administration (n =
86). Strains stored in CryoCare beads (CryoCare, Key Scientific
Products, Round Rock, TX) at —80°C were streaked onto blood
agar plates (Remel, Lenexa, KS) and incubated overnight at
37°C. Following incubation, colonies from the blood agar plates
were suspended in 1ml of distilled water, boiled for 10 min,
centrifuged at 9,300 x g for 5 min and the supernatant was used
for the PCR assays.

RESULTS

Out of the 158 serogroups of STEC, only five, which include
036, 066, 095, 0184, and 0187, have not been reported to be
present in cattle feces, beef or beef products (Table 1). A total of

14 mPCR assays, each targeting 7-12 O-types of 137 non-top-
7 serogroups, were designed (Table 3). Each set of mPCR assay
contained primer pairs that generated amplicons of different sizes
for each target serogroup that were readily differentiated using
a capillary electrophoresis system (Table 3; Figures 1A-N). The
PCR product size for all the assays ranged from 145 to 1,046
bp (Table 3; Figures 1A-N). The specificity of each assay was
confirmed when only the genes of the targeted serogroups were
amplified and none of the serogroups targeted by the other 13 sets
and top-7 plus 0104 PCR assays was amplified (data not shown).
The assays were validated with 460 strains of known serogroups,
and the results indicated that all the assays correctly identified the
target serogroups (Table 4). The 14 sets of mPCR assays did not
include the following 14 serogroups: 014, 030, 036, 052, 057,
059, 095, 097, 0104, 0158, 0183, 0184, 0185, and O187.

DISCUSSION

Of the known 187 serogroups of E. coli, 158 serogroups have
been shown to possess genes that encode for Shiga toxin 1, 2
or both. Serogroups, 026, 045, 0103, O111, 0121, O145, and
0157, are top-7 serogroups responsible for a majority of human
STEC illness outbreaks (Scallan et al., 2011; Gould et al., 2013).
Among the top-7, fecal shedding of the O157 serogroup has been
studied extensively, but relatively fewer studies have examined
fecal shedding of the other six non-O157 serogroups in cattle,
particularly in the United States (Renter et al., 2005; Cernicchiaro
et al,, 2013; Dargatz et al, 2013; Baltasar et al., 2014; Ekiri
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FIGURE 1 | QlAxcel images of the amplicons of serogroup-specific genes of 137 serogroups of Shiga toxin-producing Escherichia coli amplified by 14 sets (A-N) of
multiplex PCR assays. Positive control (PC) included pooled cultures of the known serogroups within each assay. Negative control (NC) included all reagents except

et al., 2014; Paddock et al.,, 2014; Dewsbury et al., 2015; Noll
et al., 2015a; Cull et al., 2017). Among the six top-7 non-O157
serogroups, 026, 045, and 0103 are the dominant serogroups in
cattle feces with prevalence ranging from 40 to 50%. However,
only a small proportion of these serogroups (2-6%) carry Shiga
toxin genes (Noll et al., 2015a). Because Shiga toxin genes are
located on a prophage, it is suggested that the serogroups lacking
these genes either have lost the prophage or have the potential
to acquire the prophage (Bielaszewska et al., 2007). A majority
of the non-0O157 top-six STEC have been show to carry Shiga
toxin 1 gene (Shridhar et al., 2017). There is evidence that the
type of stx gene carried by STEC in cattle is dependent on the
age of the animal and season. Shiga toxin gene of STEC strains
in adult cattle are predominantly of the stx2 type, whereas the
strains from calves primarily possess stx1 type (Cho et al., 2006;
Fernandez et al., 2012). In a study on E. coli 0157 in Argentina,
strains of 0157 detected in all seasons were predominantly of the
stx2 type, the proportion of strains containing stx1 decreased and
proportion of strains possessing both types increased in warm
seasons (Ferndndez et al., 2009).

Many PCR assays have been developed and validated,
generally targeting top-7 STEC serogroups, and often in
combination with major virulence genes (Shiga toxins 1 and 2,
intimin, and enterohemolysin: Bai et al., 2010, 2012; DebRoy
et al,, 2011b; Fratamico et al., 2011; Lin et al,, 2011; Anklam

etal., 2012; Paddock et al., 2012; Noll et al., 2015b; Shridhar et al.,
2016a). There is limited development of PCR assays targeting the
non-top-7 STEC in cattle feces. Individual primer pairs have been
described and PCR assays have been developed for each of the
187 serogroups of E. coli (DebRoy et al., 2018). However, there
are only a few multiplex PCR assays targeting non-top-7 STEC
serogroups (Iguchi et al., 2015b; Sanchez et al.,, 2015). Sanchez
et al. (2015) reported the development of three mPCR assays
targeting 21 of the most clinically relevant STEC serogroups
associated with infections in humans. The assays included, top-
7 serogroups and O5, O15, 055, 076, 091, 0104, 0118, O113,
0123, 0128, 0146, 0165, 0172, and O177. Iguchi et al. (2015b)
designed primer pairs to develop 20 mPCR assays, with each set
containing six to nine serogroups, to detect 147 serogroups that
included STEC and non-STEC.

Because cattle are a major reservoir of STEC, we designed a
series of multiplex PCR assays targeting serogroups, other than
the top-7, that have been shown to be associated with feces,
beef, or beef products. The nucleotide sequences of some of the
targeted serogroups included in our assays have been previously
shown to be 98-99.9% identical to other E. coli serogroups
(02/050, 013/0129/0135, 017/044/073/077/0106,
042/028ac, 046/0134, 062/068, 090/0127, 0107/0117,
0118/0151, 0123/0186, 0124/0164, O118/051; DebRoy et al.,
2016). Of the 158 known STEC serogroups, only five serogroups,
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036, 066, 095, 0184, and 0187, have not been detected in
cattle. The 14 sets of PCR assays did not include 0104 because
we have published a mPCR assay for the top-7 STEC and 0104
(Paddock et al., 2013). The reason for including O104 with the
top-7 STEC was because O104:H4, a hybrid pathotype of STEC
and enteroaggregative E. coli, was involved in a major foodborne
outbreak in Germany in 2011 (Bielaszewska et al., 2011). Cattle
have been shown to harbor serogroup 0104 in the gut and shed
in the feces, however, none of the isolates was the H4 serotype
and none possessed traits characteristic of the enteroaggregative
E. coli (Paddock et al., 2013; Shridhar et al., 2016b). The 14 sets of
mPCR assays did not include the following 13 serogroups: O14,
030, 036, 052, 057, 059, 095, 097, 0158, 0183, 0184, 0185,
and O187. Of the 13 serogroups, O14 and O57 have been shown
to contain no O-antigen biosynthesis gene clusters (Iguchi et al.,
2015a; DebRoy et al., 2016). The reason for not including the
remaining 11 serogroups (030, 036, 052, 059, 095, 097, O158,
0183, 0184, 0185, and O187) was because we were unable to
procure known strains of the serogroups required for validation.

STEC serogroups other than the top-7 have been reported
to be involved in sporadic cases and a few outbreaks of
human illness (McLean et al., 2005; Espie et al., 2006; Buchholz
et al, 2011; Mingle et al., 2012). Among the non-top-7 STEC,
certain serogroups, such as O1, 02, 08, O15, 025, 043, 075,
076, 086, 091, 0101, 0102, 0113, O116, 0156, 0160, and
0165, specifically certain serotypes within these serogroups, have
been involved in outbreaks associated with consumption of
contaminated beef in the US and European countries (Eklund
et al., 2001; Hussein, 2007). Many of the outbreaks included
cases of hemorrhagic colitis and HUS. Serogroups O91 (mostly
H21 and H14 serotypes) and O113 (mostly H21 serotype) have
been associated with severe cases of hemorrhagic colitis and
HUS in the US and other countries (Feng et al., 2014, 2017).
Obviously, the difference in virulence between serogroups and
serotypes is attributable to specific virulence factors encoded
by genes in the chromosome, particularly on large horizontally
acquired pathogenicity islands, or on plasmids (Levine, 1987;
Bolton, 2011).

In contrast to humans, cattle are generally considered to
be not susceptible to STEC infections. Only new born calves,
particularly those that are immunocompromised because of
deprived colostrum, have been shown to exhibit E. coli O157:H7
infections characterized by bloody diarrhea and attaching and
effacing lesions (Dean-Nystrom et al., 1998; Moxley and Smith,
2010). Other serogroups that have been associated with diarrheal
diseases of calves include O5, 08, 020, 026, O111, and O113
(Mainil and Daube, 2005). The majority of the serotypes causing
infections in calves carried only Shiga toxin 1 gene (Mainil and
Daube, 2005). Moxley et al. (2015) have reported isolation of
STEC 0165:H25 from the colonic mucosal tissue of an adult
heifer that died of hemorrhagic colitis.

Some of the serogroups detected in cattle feces such as O5,
08, 09, 011, 015, 020, 049, 059, 062, 065, 069, O71, O76,
078, 086, 087, 089, 091, 0100, O114, O115, O116, O119,
0120, 0128, 0138, 0139, 0141, 0143, 0147, 0159, 0163, 0167,
0172, 0174, and O180 have also been detected in swine feces
(Cha et al,, 2018; Peng et al., 2019). A few of the swine STEC

serogroups, particularly 08, 0138, 0139, O141, and O147, are
more often implicated in edema disease in weaned piglets and
young finishing pigs (Kaper et al., 2004; Melton-Celsa et al.,
2012).

Of the 158 STEC serogroups, 130 serogroups have been
associated with clinical cases of diarrhea in humans (Mainil and
Daube, 2005; Hussein, 2007; Valilis et al., 2018). Therefore, there
are 28 STEC serogoups that have not been reported to cause
human infections, which is interesting because Shiga toxins are
potent virulence factors. Either these STEC have not yet been
linked to an illness or they lack other virulence factors, such
as those needed for attachment and colonization, necessary to
cause infections. A further understanding and assessment of the
virulence potential of these serogroups will require sequencing of
the whole genome to obtain a comprehensive gene profile.

In conclusion, the multiplex PCR assays designed in our
study, which can be readily performed in most microbiology
laboratories, will allow for rapid identification of isolates
belonging to the non-top-7 E. coli STEC serogroups that are
prevalent in cattle feces, beef or beef products.
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Siderophore-microcins are antimicrobial peptides produced by enterobacteria, especially
Escherichia coli and Klebsiella pneumoniae strains. The antibiotic peptide is
post-translationally modified by the linkage of a siderophore moiety. Therefore, it can
enter and kill phylogenetically related bacteria by a “Trojan Horse” stratagem, by
mimicking the iron-siderophore complexes. Consequently, these antimicrobial peptides
are key determinants of bacterial competition within the intestinal niche, which is the
reservoir for pathogenic E. coli. The most frequent extraintestinal infections caused
by E. coli are urinary tract infections. Uropathogenic E. coli (UPEC) can produce
many virulence factors, including siderophore-microcins. Siderophore-microcins are
chromosomally encoded by small genomic islands that exhibit conserved organization.
In UPEC, the siderophore-microcin gene clusters and biosynthetic pathways differ from
the “archetypal” models described in fecal strains. The gene cluster is shorter. Thus,
active siderophore-microcin production requires proteins from two other genomic islands
that also code for virulence factors. This functional and modular synergy confers a
strong selective advantage for the domination of the colonic niche, which is the first
step toward infection. This optimization of genetic resources might favor the selection of
additional virulence factors, which are essential in the subsequent steps of pathogenesis
in E. coli infection.

Keywords: microcins, Escherichia coli, EXPEC, UPEC, genomic island (Gl), intestinal colonization, pathogenesis,
B2 phylogroup

INTRODUCTION

Escherichia coli lives as a commensal in the gut of warm-blooded animals (Tenaillon et al., 2010).
It is also a major pathogen that causes intestinal and extraintestinal diseases, such as neonatal
meningitis, nosocomial pneumonia, and bacteremia (Johnson and Russo, 2002; Kaper et al., 2004).
The most common extraintestinal E. coli infections are urinary tract infections (UTIs) caused by
uropathogenic E. coli (UPEC; Kaper et al., 2004; Flores-Mireles et al., 2015). UTIs are a serious
public health issue in terms of morbidity, mortality, selection of antibiotic-resistant bacteria, and
health care costs (Flores-Mireles et al., 2015).
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E. coli strains are divided into eight phylogroups: A, B1, B2, C,
D, E, E and G (Tenaillon et al., 2010; Chaudhuri and Henderson,
2012; Clermont et al., 2019). Most extraintestinal pathogenic E.
coli, including UPEC, belong to the E. coli phylogenetic group
B2 (Picard et al., 1999; Johnson and Russo, 2002; Jaureguy
et al,, 2008; Tourret and Denamur, 2016). The reservoir of
UPEC is gut microbiota, and E. coli from the B2 phylogroup are
now the most frequently recovered in human fecal samples in
industrialized countries (Touchon et al., 2009; Tenaillon et al,,
2010). They produce more virulence factors than strains from
other phylogroups (Picard et al., 1999), especially siderophore-
microcins (Mcc; Budic et al., 2011; Micenkova et al., 2016; Massip
et al., 2020).

Mcc are antimicrobial peptides with a molecular mass below
10 kDa, produced by enterobacteria (Asensio et al., 1976; Pons
et al, 2002). Siderophore-Mcc constitute a subclass of Mcc
characterized by their molecular masses (between 5 and 10
kDa) and their post-translational modifications. They are post-
translationally linked with a siderophore moiety derived from
enterobactin (Azpiroz and Lavifa, 2004; Thomas et al., 2004).
Enterobactin is an iron uptake system produced by a non-
ribosomal peptide synthetase (NRPS) pathway (for reviews, see
Fischbach et al., 2006; Miethke and Marahiel, 2007).

Four siderophore-Mcc have been described so far: MccE492,
MccHA47, Mccl47, and MccM. MccE492 is produced by Klebsiella
pneumoniae and was first described in human fecal strain
RYC492 (de Lorenzo and Pugsley, 1985). MccH47 was initially
studied in human fecal strain E. coli H47 (Lavifa et al., 1990). Like
MccM, it is synthesized by E. coli fecal strains Nissle 1917, CA46,
and CA58 (Davies and Reeves, 1975; Patzer, 2003; Vassiliadis
et al,, 2010) but also by many UPEC strains (Azpiroz et al., 2009;
Smajs et al., 2010; Abraham et al., 2012; Massip et al., 2020).
Mccl47 has only been mentioned in one study that focuses on
the genetic systems that encode Mcc in E. coli strains H47 and
CA46 (Poey et al., 2006).

In this review, we provide an overview of the current
knowledge concerning siderophore-Mcc genetic systems and
biosynthesis, their mechanisms of action, and their biological
relevance in E. coli.

SIDEROPHORE-Mcc GENE CLUSTERS,
SMALL GENOMIC ISLANDS

The overall organization of siderophore-Mcc gene clusters is
conserved. The G+C contents of siderophore-Mcc gene clusters
are significantly lower (from 33 to 43%) than those of their host
E. coli (51%) or K. pneumoniae (57.5%), which indicates that they
might have been acquired from different bacteria by horizontal
transfer (Duquesne et al., 2007). Moreover, siderophore-Mcc
gene clusters are generally flanked by direct repeats described
as acting as attachment sites in genomic islands (Azpiroz et al.,
2011). Genomic islands are mobile genetic elements that help
in the adaptation to a given environment. They contribute to
the evolution of bacteria and undergo repeated rearrangements,
deletions, and insertions (Dobrindt et al., 2010). Azpiroz et al.
(2011) demonstrated that the MccH47 genetic system can

be mobilized by site-specific recombination. Therefore, it was
suggested that the siderophore-Mcc gene cluster is a small
genomic island (Azpiroz et al., 2011).

Genes responsible for siderophore-Mcc biosynthesis and
export are gathered in large clusters (up to 13 kb) on the bacterial
chromosome (Figure 1). The minimal structure comprises the
gene that encodes the Mcc precursor peptide and the self-
immunity gene, which are grouped in an operon, and genes
responsible for the export of the siderophore-Mcc. Genes mceA,
mchB, mchS2, and mcmA encode precursor peptides of 103, 75,
77, and 92 amino acids for MccE492, MccH47, Mccl47, and
MccM, respectively (Gaggero et al, 1993; Lagos et al., 2001;
Poey et al., 2006; Duquesne et al., 2007). The mechanism of self-
immunity to siderophore-Mcc remains largely elusive. MccE492,
MccH47, Mccl47, and MccM have specific self-immunity
proteins. Studies of their sequence indicate that they are probably
membrane-bound, with two or three transmembrane helices
(Rodriguez et al., 1999; Lagos et al., 2001; Duquesne et al., 2007).

In general, the siderophore-Mcc gene cluster also bears genes
that encode post-translational modifications enzymes (Poey
et al., 2006; Duquesne et al., 2007). When several siderophore-
Mcc are encoded by a single gene cluster (e.g., MccH47 and
MccM in E. coli Nissle), genes responsible for post-translational
modifications and export can be shared (Poey et al., 2006). Genes
involved in post-translational modifications mceC, mchA, and
mcmL are homologous to iroB encoding a glycosyltransferase
from the salmochelin genetic system iroA (Lagos et al., 2001;
Patzer, 2003). Salmochelins are siderophores derived from
enterobactin through glycosylation (Fischbach et al., 2006).
Similarly, mceD, mchSI, and mcmK are homologous to iroD
encoding an enterobactin esterase (Lagos et al,, 2001; Patzer,
2003). Proteins Mcel, Mce]J, and their homologs MchC, MchD
link the Mcc precursor peptides with the siderophore moiety
derived from enterobactin, but the precise function of these
proteins remains unknown (Nolan and Walsh, 2008).

Siderophore-Mcc are transported outside the producing
bacteria by a three-component ATP-binding cassette (ABC)
exporter. Two components are encoded as an operon on the Mcc
gene cluster: the ABC transporter protein (MchF for MccH47
and MccM, MceG for MccE492) and the accessory protein of the
membrane fusion protein (MFP) family (MchE for MccH47 and
MccM, MceH for MccE492). These proteins are highly similar
with 92 and 94% identical amino acids between the two types
of ABC and MFP proteins, respectively. The third component of
this export system is the outer membrane protein TolC (Azpiroz
etal., 2001; Lagos et al., 2001; Patzer, 2003).

Although the general organization of the siderophore-Mcc
island is conserved, substantial differences can be found between
strains. Traces of recombination events can be detected at the
center of siderophore-Mcc gene clusters. In E. coli strain CA58,
genes encoding transposases are inserted between genes mchS2
and mchS3 encoding Mccl47 precursor and immunity peptides.
Since these two genes are normally organized in an operon, the
translation process is compromised, at least for mchS2, which
is downstream of the insertion sequence. Consequently, unlike
strain CA46, E. coli CA58 does not produce Mccl47 (Patzer, 2003;
Poey et al,, 2006; Vassiliadis et al., 2010).
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FIGURE 1 | Microcin (Mcc) gene clusters in Klebsiella pneumoniae RYC492, Escherichia coli CA46, CA58, H47, Nissle 1917, and 536 [modified from Massip et al.
(2019)]. Mcc precursor genes, immunity genes, and genes involved in Mcc export and post-translational modifications are indicated in yellow, red, blue, and green,
respectively. Truncated genes are shown with slashes. The names of the genes specifically involved in MccE492, MccM, MccH47, and Mccl47 are in green, red, pink,

and blue, respectively. Fur boxes proved important in the regulation of Mcc production are marked by a small flag.

In UPEC strain 536, the siderophore-Mcc island has
undergone considerable changes if strain CA46 is considered
as a reference. Only four genes remain: genes encoding MccM
precursor and immunity peptides, and two genes involved in
Mcc export, mcmM and mchF, which are truncated. In the
absence of a functional export system (association between ABC
and MFP proteins), strain 536 might not be able to secrete
siderophore-Mcc.

Finally, in E. coli Nissle and in the UPEC strains CFT073 and
ABUB83972, the island is truncated in the 5’ region. Compared
to the strain CA46 island, it is deprived of the MccI47 precursor
peptide and self-immunity genes, as well as post-translational
modification genes mcmL and mcmK (Patzer, 2003; Poey et al,,
2006). In strains bearing such a truncated island, genes encoding
transposases flank the 5’ region as remnants of recombination
events (Patzer, 2003). In the three E. coli strains Nissle, CFT073,
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and ABU83972, the truncated Mcc gene cluster is located on the
genomic island I that covers the serX tRNA locus [for reviews,
see Dobrindt et al. (2004, 2010)]. This genomic island also carries
the iroA locus with the mcmL and mcemK homologs iroB and
iroD. It is highly conserved in the three strains and in the
Mcc gene cluster in particular, with 100% similarity (Grozdanov
et al., 2004; Vejborg et al., 2010; Reister et al., 2014). Therefore,
Poey et al. (2006) suggested considering the siderophore-Mcc
gene cluster as “an islet inside an island.” It provides a selective
advantage, is acquired by horizontal transfer, and can undergo
significant rearrangements.

BIOSYNTHESIS OF SIDEROPHORE-Mcc
AND MODE OF ACTION

Siderophore-Mcc biosynthesis begins with the production of two
separate moieties: (1) a precursor peptide encoded by the Mcc
island and (2) enterobactin by an NRPS pathway (Figure 2A).
Glycosyltransferases MceC, MchA, or McmL catalyze the transfer
of one glucose to the 2,3-dihydroxybenzoic acid moieties of
enterobactin (Nolan et al., 2007; Vassiliadis et al., 2007). In
fact, unlike its homolog IroB, the catalytic efficiency of MceC
decreases with enterobactin glycosylation (Nolan et al., 2007).
Mcel] or their homolog MchCD then links the C-glycosylated
enterobactin to the serine and glycine-rich C-terminal region
of the precursor peptide (Nolan and Walsh, 2008; Vassiliadis
et al., 2010). The enterobactin esterase MceD, MchS1, or McmK
hydrolyzes the C-glycosylated enterobactin into a glycosylated
linear trimer of 2,3-dihydroxybenzoyl-serine (Nolan et al,
2007; Vassiliadis et al., 2007). Alternatively, the glycosylated
enterobactin could be linearized prior to its linkage to the
precursor peptide. None of these pathways could be excluded in
in vitro MccE492 synthesis experiments. Mcel] complex catalyzes
the attachment of glycosylated enterobactin, whether or not it
is linearized, and MceD can hydrolyze glycosylated enterobactin
whether or not it is linked to the precursor peptide (Nolan et al.,
2007; Nolan and Walsh, 2008). Enterobactin glycosylation is
catalyzed before linearization, because the catalytic efficiency of
MceC decreases with the linearization of the enterobactin scaffold
(Nolan et al., 2007).

The last step of the siderophore-Mcc maturation process is
concomitant with export. Siderophore-Mcc precursors carry an
N-terminal leader peptide of 15-19 amino acids, which probably
acts as a recognition signal for the ABC transporter (MceG
or MchF; Pons et al., 2002; Vassiliadis et al., 2010). The ABC
transporter N-terminal domain with a protease activity cleaves
the leader peptide during export (Azpiroz et al., 2001; Vassiliadis
et al.,, 2010). The precise role of the accessory protein (MceH
or MchE) has not been examined. However, it may act as a
connector between the ABC transporter and the outer membrane
protein TolC (Pons et al., 2002; Duquesne et al., 2007).

In strains such as E. coli Nissle, deprived of mcmL and mcmK,
the siderophore-Mcc synthesis pathway is slightly different
(Figure 2B). The enterobactin moiety is glycosylated by IroB
from the salmochelin pathway instead of the missing McmL.
Moreover, the periplasmic protein CIbP involved in colibactin

synthesis (Nougayrede et al., 2006) is essential for MccH47
and MccM production (Massip et al., 2019). Even if the exact
production pathway in such strains has not been elucidated, the
C-terminal domain of CIbP has been suggested to facilitate the
export of MccH47 and MccM, in which enterobactin moiety
would not be linearized in the absence of the esterase McmK
(Massip et al., 2019).

Siderophore-Mcc were labeled “Trojan Horse” toxins because
they enter target bacteria by the catecholate siderophore
receptors FepA, Fiu, or Cir (Figure 3), thanks to their post-
translational modification with an enterobactin moiety (Patzer,
2003; Thomas et al., 2004; Vassiliadis et al., 2010). Consequently,
they target enterobacteria that are phylogenetically similar and
can be competitors for space and resources in a given niche.
Once recognized by siderophore receptors, siderophore-Mcc
are translocated through the outer membrane using the energy
produced by the TonB machinery (Destoumieux-Garzon et al.,
2003). Once in the periplasm, MccE492 interacts with the
ManY/ManZ inner-membrane components of the mannose
permease. It triggers channel or pore formation and TonB-
dependent inner-membrane depolarization, followed by cell
death (Bieler et al., 2006). MccH47 has a different cellular target:
the ATP synthase (Trujillo et al,, 2001). To be more precise,
the Fy proton channel is required for MccH47 activity. MccH47
provokes an unregulated entry of protons, which dissipates
the membrane potential (Rodriguez and Lavina, 2003). The
mechanism of action of MccM has never been established, but
it is suspected to be the same as that of MccH47.

Siderophore-Mcc production is highly regulated by iron
concentration through the ferric uptake regulator (Fur) protein
(Patzer, 2003; Vassiliadis et al., 2007). This protein acts as a
transcriptional repressor and senses intracellular iron availability
(Bagg and Neilands, 1987). Fur boxes are located upstream of
mceX and mchX genes (Patzer, 2003; Vassiliadis et al., 2007).
At high iron availability, Fur-Fe>™ complexes repress mceX,
in which transcription is coupled with mcel] genes. Therefore,
Mcel] cannot catalyze the attachment of the enterobactin
moiety with the MccE492 precursor. Moreover, MceX acts as a
negative regulator of mceA and mceB genes. Therefore, a high
iron concentration allows a high expression of the MccE492
precursor, leading to a predominant synthesis of unmodified
Mcc (Marcoleta et al., 2018). This form has a low antibacterial
activity because it is not recognized by siderophore receptors
(Thomas et al., 2004).

IMPACTS OF SIDEROPHORE-Mcc
PRODUCED BY E. coli

E. coli causes various extraintestinal infections, of which UTIs
are the most frequent. E. coli is also a frequent cause of
neonatal meningitis, bacteremia, and nosocomial infections such
as nosocomial pneumonia (Johnson and Russo, 2002; Kaper
et al., 2004). The patient’s own intestinal flora is the reservoir
for these so-called extraintestinal pathogenic E. coli (Russo and
Johnson, 2000; Star¢i¢ Erjavec and Zgur-Bertok, 2015), especially
for UPEC (Yamamoto et al., 1997; Moreno et al., 2008). A
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FIGURE 2 | Biosynthetic pathways of siderophore-microcins (Mcc) (A) in strains carrying an “archetypal Mcc gene cluster” with genes encoding the enterobactin
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UPEC strain residing in the gut emerges from the rectal flora,
colonizes the perineal region and the urethra, and then migrates
to the bladder (Flores-Mireles et al., 2015). Therefore, effective
intestinal colonization is a prerequisite for UTI development.

In industrialized countries, most human fecal strains belong
to the B2 phylogroup, whereas most strains from Africa,
Asia, or South America belong to the A phylogroup (Gordon
and O’Brien, 2006; Tenaillon et al., 2010). The differences in
phylogroup distribution are probably linked to socioeconomic
factors, such as dietary and hygiene habits, which condition
the gut microbiota (Tenaillon et al, 2010). A 1-year study
in which the fecal strains of Swedish infants were monitored
revealed that E. coli from the B2 phylogroup had a capacity for
enhanced persistence in their intestinal microflora (Nowrouzian
et al., 2005). Studies of fecal E. coli in Australia and the Czech
Republic revealed that MccH47- and MccM-producing strains
are overrepresented in the B2 phylogroup (Gordon and O’Brien,
2006; Micenkova et al., 2016). Since E. coli siderophore-Mcc
target phylogenetically related Enterobacteriaceae, they probably
confer a selective advantage in the intestinal niche.

The proportion of B2 phylogroup strains seems to be higher
in UPEC than in fecal strains: 72 and 69% in UPEC (Abraham
et al., 2012; Massip et al., 2020), and 45 and 30% in fecal strains
(Tenaillon et al, 2010) in Australia and France, respectively.

Similarly, siderophore-Mcc-producing strains represent ~30%
of UPEC (Smajs et al, 2010; Abraham et al., 2012; Massip
et al., 2020), compared to ~15% of fecal strains (Gordon and
O’Brien, 2006; Micenkova et al., 2016). Like in fecal E. coli, there
are significantly more UPEC strains carrying siderophore-Mcc
genes among B2 phylogroup strains than among non-B2 strains
(Azpiroz et al., 2009; Abraham et al., 2012; Massip et al., 2020).
Most UPEC strains that produce siderophore-Mcc carry
a “truncated” Mcc gene cluster deprived of genes mcmL
and mcmK. Besides very rare exceptions, they also bear the
pks and salmochelin islands (Azpiroz et al, 2009; Massip
et al., 2020), which correspond with the functional synergy
recently demonstrated between these three gene clusters used
to synthetize MccH47 and MccM  (Massip et al, 2019).
The triple combination of “truncated” Mcc gene cluster, pks,
and salmochelin islands enables the production of at least
five virulence factors in addition to Mcc: the siderophores
enterobactin, salmochelins, and yersiniabactin (Martin et al.,
2013), colibactin (Nougayrede et al., 2006), and analgesic
lipopeptides (Pérez-Berezo et al., 2017). The versatility of these
three genomic islands leads to “genomic economy.” At least
three pleiotropic proteins are encoded by this triad: IroB, which
intervenes in Mcc and salmochelins syntheses (Fischbach et al.,
2005; Massip et al, 2019); CIbA, which triggers colibactin,
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analgesic lipopeptide, and enterobactin production (Nougayrede
et al., 2006; Martin et al., 2013; Pérez-Berezo et al., 2017); and
CIbP, which is involved in Mcc and colibactin pathways (Dubois
et al., 2011; Massip et al., 2019). Therefore, this type of E. coli
strain can adapt to various environments with a limited impact
on genome size. They persist and emerge from the polymicrobial
intestinal niche, adapt to a nutrient-poor environment, and evade
the host defense system.

Although this triple combination is frequent among UPEC,
it is not correlated with the clinical severity of the infection
(Abraham et al., 2012; Massip et al, 2020). Thus, it might
not be a virulence factor per se within the urinary tract.
However, a transcriptional analysis of the pyelonephritis strain
CFT073 grown in urine revealed that mchB and iroB are
among the 50 most upregulated genes (Snyder et al, 2004).
A similar study performed with the asymptomatic bacteriuria
strain ABU83972 and the probiotic strain Nissle, in addition
to CFT073, showed that microcin, colibactin, and salmochelin
genes are induced when the strains are grown in urine (Hancock
et al, 2010). Considering that MccH47 and MccM are the
most frequent Mcc in UPEC (Smajs et al., 2010; Abraham
et al, 2012), it suggests that the synergistic triad between
microcin, colibactin, and salmochelin islands could promote
urinary tract colonization (Massip et al., 2020). This hypothesis
is supported by a study that compared the whole genome
sequences of UTI and fecal isolates from the same patients.
The microcin M activity protein (McmM) was significantly
overrepresented in UTT isolates compared to strictly fecal isolates,
unlike the classical UPEC virulence factors (e.g., fimbriae;
Nielsen et al., 2017).
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Background: Diarrheagenic Escherichia coli (DEC) strains are a main cause of diarrhea
worldwide in children under 5 years old. DEC virulence is strongly regulated by
environmental conditions and metabolites produced by the gut microbiota in the intestinal
tract. In this study, we evaluated changes in gut microbiota-metabolome in children with
or without diarrhea produced by DEC pathotypes.

Goal: To determine gut microbiota composition and metabolome in stool samples
obtained from healthy children and children with diarrhea positive for DEC pathotypes.

Methods: We analyzed a total of 16 age-paired stool samples: 8 diarrheal samples
positive for one DEC pathotype and 8 stool samples from healthy children. To identify
the microbiota composition, we sequenced the V3-V4 region of the 16S rRNA and
determined operational phylogenetic units (OPU). OPU were then used to predict
metabolic pathways using the PICRUSt2 software. The presence of metabolites in stool
samples was determined by LC-MS. A correlation analysis was performed with the main
genera from each group and main metabolites. Bacteria associated with variance of main
metabolites were identified using the MIMOSA2 software.

Results: DEC and healthy groups showed a statistically different microbiota
composition. A decrease in Firmicutes together with an increase in Bacteroidetes and
Proteobacteria was found in the DEC group compared to the healthy group. Metabolic
pathway predictions based on microbiota diversity showed that pathways involved in
histidine and L-ornithine metabolism were significantly different between groups. A total
of 88 metabolites detected by LC-MS were included in the metabolome analysis. We
found higher levels of histamine and lower levels of ornithine in DEC samples than in
the healthy group. Histamine and L-ornithine were associated with a specific microbiota
species and the corresponding metabolic pathways.

Conclusion: Stool samples from healthy children and children positive for DEC displayed
a differential metabolome and microbiota composition. A strong correlation between a
gut microbiota species and certain metabolites, such as histamine and L-ornithine, was
found in the DEC group. This information might be useful to identify mechanisms and
signaling molecules involved in the crosstalk between microbiota and DEC pathotypes.

Keywords: Diarrheagenic Escherichia coli, microbiota, metabolome, diarrhea, children
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INTRODUCTION

Diarrheagenic Escherichia coli (DEC) is the most common
bacterial etiological agent of diarrhea in diverse subpopulations,
both in developing and industrialized regions, and it primarily
affects children under 5 years of age (Press, 2014). Generally,
DEC infection involves adherence and colonization of the
intestinal surface, production and secretion of virulence factors,
and diarrhea, along with intestinal inflammation (Croxen et al.,
2013). Even though there are data available about the regulation
of DEC virulence associated with induction of an inflammatory
response, information is limited to the environmental conditions
in the intestine that may modulate infection. Under well-defined
environmental conditions, expression of virulence genes occurs
at specific sites, allowing the bacteria to initiate the infection
process (Carlson-Banning and Sperandio, 2018; Alvestegui et al.,
2019). Most studies have focused on unraveling the molecular
mechanisms occurring inside the bacteria and little is known
about the environmental factors that regulate pathogenesis at a
specific time or place (Carlson-Banning and Sperandio, 2018).
Therefore, an understanding of the molecular basis of DEC
pathogenesis is necessary to design new strategies aimed at
controlling these infections worldwide.

In recent years, gut microbiota has played a significant
role in the regulation of pathogenic mechanisms. Published
evidence has supported the role of specific strains from the
normal gut microbiota in DEC virulence (Pacheco et al., 2012;
Curtis et al., 2014; Rolhion and Chassaing, 2016). Additionally,
several metabolites produced by the gut microbiota in the
intestinal tract could be mediating interactions between the
intestinal microbiota and enteric pathogens, such as DEC (Vogt
et al,, 2015). Given their abundance in the intestinal milieu,
short-chain fatty acids (SCFA) have been extensively studied as
signaling molecules for enteropathogens (Sun and O’riordan,
2013), including DEC, but the role of other metabolites must be
explored in order to get a broader picture of virulence regulation
by metabolites present in the intestinal lumen.

In this study, we determined gut microbiota and metabolome
composition in stool samples obtained from healthy children and
children with diarrhea positive for DEC pathotypes. Our data
shows that stool samples from healthy children and children
positive for DEC displayed a differential pattern of metabolites
and bacterial microbiota.

METHODS

Patients and Samples

Diarrheal and non-diarrheal stool samples were collected from
September 2018 to February 2019 from patients under 5 years old
treated at the Hospital Dr. Luis Calvo Mackenna (HLCM) and the
HLCM daycare center, respectively, located in Santiago, Chile. All
stool samples were stored at —80°C. Frozen stool samples were
screened for 22 enteric pathogens using FilmArray® GI testing
and selected samples were grouped as healthy (non-diarrheal,
no pathogens detected) and DEC (diarrheal, with only one
DEC pathotype detected). We excluded from the study children
who received antibiotics, probiotics, steroidal and non-steroidal
anti-inflammatory drugs 2 months prior to enrollment. Eight

age-paired samples for each group were chosen for this study
(Table 1).

Ethics

This study was conducted in accordance with Declaration of
Helsinki guidelines. The study protocol was approved by the
Ethics Committee of the Universidad de Chile. Written informed
consent was obtained from all parents on behalf of their children.

DNA Extraction and Sequencing

Total DNA was extracted from each stool using the QIAamp
Fast DNA Stool Mini kit (Qiagen), quantified using a Synergy
HT® spectrophotometer (Biotek™) and stored at —20°C. DNA
samples were shipped to Molecular Research LP (TX, USA) for
DNA amplification and sequencing of the V3-V4 regions of the
16S rRNA, using the Illumina miSeq 2x300 PE.

Microbiota Identification

Mlumina raw amplicons were processed as previously described
(Gallardo et al., 2017). Briefly, raw sequences were trimmed
and processed using MacQiime V1.9.1-20150604, according to
the default parameters for trimming (Caporaso et al., 2010).
Sequences were aligned using the SINA (Pruesse et al., 2012)
built-in resource on the ARB software (Ludwig et al., 2004) and
OPU were assigned using the Silval32 database as the reference
(Quast et al., 2013). OPU abundance was coded as an entry
matrix. Data were transformed applying double square root to
reduce variance between detected OPU. A redundancy analysis
(RDA) and ANOVA was performed using the Vegan (Oksanen
et al., 2019) and ggplot2 (Wickham, 2016) packages from the
RStudio 1.0.136 software. The most statistically representative
genera for each group were determined using the Indicspecies
package (De Caceres and Legendre, 2009) for R. Abundance
of taxa at different levels was determined, expressing OPU
abundance as percentages.

Metabolomic Analysis

The presence of metabolites in stool samples was determined
by liquid chromatography mass spectrometry (LC-MS) at MS-
Omics (Denmark). Briefly, PCR grade water was added to

TABLE 1 | Overall microbiota findings in stool samples for DEC and
healthy groups.

Characteristics DEC group Healthy group
Number of samples 8 8
Age in months 37 (27.8-48.3) 36.5 (34.3-48.5)
(Interquartile range)
Pathogen detected Shigella/EIEC (1)
(number of samples) STEC (1)
EAEC (3)
EPEC (3)
Exclusive OPUs 228 185

DEC, Diarrheagenic E. coli.

EAEC, Enteroaggregative E. coli.
EPEC, Enteropathogenic E. coli.
EIEC, Enteroinvasive E. col.

STEC, Shiga toxin-producing E. coli.
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500 mg of stool sample, vortexed and centrifuged. Supernatants
were filtered with a 0.2 pwm filter and filtered supernatants were
shipped to MS-Omics. A total of 156 metabolites were detected.
We used the KEGG database (Kanehisa and Goto, 2000) for
filtering only those with a bacterial or human origin and that were
present in at least 5 of 8 samples within groups; thus, a total of 88
metabolites were selected for analysis. Metabolomic analysis was
done using the MetaboAnalystR package (Chong and Xia, 2018)
for R considering peak intensities as the input format. Data were
normalized by sample median and log transformation without
other data scaling. A redundancy analysis for determining
metabolic structures was performed using the vegan package
(Oksanen et al., 2019). Exploratory research on metabolites was
performed using fold change analysis and a #-test; important
features were selected by volcano plot, selecting those with a
fold change of 2 or more and setting the ¢-test threshold at 0.05.
Sample clustering of exploratory selected metabolites was based
on their levels in samples, using hierarchical clustering, Euclidean
distance and Ward algorithms of the MetaboAnalystR package
(Chong and Xia, 2018) for R.

Combined Analysis and Statistics

Correlation between the main genera of each group and the
main metabolites detected was done using the corrplot package
(Wei and Simko, 2017) for R. Later, a metabolic prediction
was done based on the sequences of the representative OPU,
using the PICRUSt2 (Douglas et al.,, 2020) algorithm and the
PICRUSt (Langille et al,, 2013) default Greengenes database
as the reference (Desantis et al., 2006). Graphs were obtained
with STAMP 2.9 (Parks et al, 2014), and Welchs t-test
was used to determine significance of sequence contribution
to predicted pathways. Finally, using the Web version of
the MIMOSA2 (www.borensteinlab.com/software_ MIMOSAZ2.
html) package (Noecker et al., 2016) and the AGORA model,
sequences from the representative OPU and metabolites selected
from the prior volcano plot were used to determine a microbiota
explanation for the presence of metabolite levels within the
DEC groups. Representative OPUs were used to construct a
metabolic model containing the metabolic reactions that each
taxon is potentially capable of performing, assigning a score to
each taxon-metabolite relation. Total scores were compared to
metabolite measurements across all samples, and a regression
analysis to assess whether scores were positively or negatively
predictive of the observed metabolite levels in the samples was
done. Finally, decomposing the model allowed us to identify the
individual taxon contributions. The sum of the contributions
of all listed taxa is equal to the unadjusted R-squared of the
regression model used to predict each metabolite.

RESULTS

Metabolic Pathway Predictions Using
Microbiota Composition in Diarrheal and

Non-diarrheal Stool Samples
We identified a total of 755 OPU within 16 stool samples. The
redundancy analysis showed that microbiota composition was

statistically different among DEC and healthy groups, with a
distinctive community structure clustering (Figure 1; p = 0.002).
At phylum level, the DEC group presented a decreasing number
of Firmicutes (81.8 £ 3.6% vs. 68.3 = 7.5%, p < 0.001), as
well as an increasing number of Proteobacteria (4.1 £ 1.5% vs.
11.6 + 6%, p = 0.009) compared to the healthy group. We also
found differences in the proportion of Bacteroidetes (7.1 = 3.9%
vs. 12.7 & 6.7%, p = 0.06). All the taxa comparisons are shown in
Supplementary Figure 1.

Representative sequences of each OPU were used to
predict metabolic pathways that could be related to the
gut microbiota composition. Pathways involved in L-histidine
degradation presented a higher representation of sequences
associated with DEC groups compared to healthy groups. By
contrast, L-ornithine and L-histidine biosynthesis pathways
were less represented in DEC groups compared to healthy
groups (Figure2). All metabolic predictions are shown in
Supplementary Figure 2.

DEC Group Displayed a Distinctive
Metabolome Composition Compared to
Healthy Group

A total of 156 metabolites were identified in the 16 stool
samples included in this work. We discarded molecules
that are not metabolized by bacteria, such as sweeteners
or food additives. Therefore, a total of 88 metabolites were
included in the analysis. The redundancy analysis of normalized
data showed a distinctive metabolic composition for each
group (Figure3; p 0.001). Using a univariate analysis
of samples by volcano plot, we found 13 metabolites with
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FIGURE 1 | OPU community structure of healthy and DEC-positive stool
samples. Microbiota community distribution of each sample and its clustering
according to the sample group were analyzed by redundancy analysis. Green
and red circles represent microbiota compositions found in healthy and
DEC-positive stool samples, respectively. The analysis was conducted using a
sample classification as the explanatory matrix and relative OPU abundance as
the response matrix. Data were normalized with a double square root
transformation. Clustering significance was analyzed by ANOVA, using the
vegan package for R.
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FIGURE 2 | Predicted metabolic pathways related to the gut microbiota composition. Principal pathway prediction by PICRUSt2 algorithm using representative
sequences of main OPUs from each group and the Greengenes database as the reference. Graphs of predictions and significance values were obtained using STAMP
v. 2.1.3. Graphs represent the number of sequences in microbiota that have known genes involved in L-ornithine biosynthesis (A), L-histidine degradation (B), and
L-histidine biosynthesis (C). Box plots denote the top quartile, median, and bottom quartile, analyzed using Welch’s t-test.

ANOVA, using the vegan package for R.
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FIGURE 3 | Metabolomic structure of healthy and DEC-positive stool samples. Metabolomic structure of each sample and its organization according to the sample
group were analyzed by redundancy analysis. Green and red circles represent metabolome compositions found in healthy and DEC-positive stool samples,
respectively. The analysis was conducted using peak intensities of 88 LC-MS-detected metabolites from stool samples. Clustering significance was analyzed by

RDA1

a fold change >2 and p-value of t-test < 0.05 (Table2;
Figure 4). Alanine, N-butylformamide, piperidine, cadaverine
and histamine were significantly associated with the DEC group
compared to the healthy group. On the other hand, aspartic acid,
ornithine, citrulline, dimethylformamide, dehydroalanine, ethyl
acetoacetate, glucosamine and benzoic acid were significantly
associated with the healthy group compared to the DEC group.

We included guaiacol and diethyl malonate in the DEC and
healthy groups in the following analysis since these metabolites
where close to significance (fold change >2 and p = 0.05).
Dendrograms and heatmaps of the significantly associated
metabolites described above displayed a hierarchical organization
of samples similar to the a priori grouping of samples based on
health status (Figure 5).
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TABLE 2 | Changes of peak intensities of the 15 main LC-MS-detected
metabolites in DEC-positive stool samples compared to the healthy stool samples.

Compounds Fold Change (FC) P
Metabolites associated Alanine 12.66* 0.0005
to DEC group N-Butylformamide 6.34* 0.0085
Piperidine 11.09* 0.0183
Cadaverine 11.65% 0.0185
Histamine 9.32% 0.0204
Guaiacol 15.67 0.0517
Metabolites associated Aspartic acid —217* 0.0003
to healthy group Ornithine -2.19 0.0014
Citrulline —2.21* 0.0013
Dimethylformamide —2.59* 0.0029
Dehydroalanine —2.37* 0.0031
Benzoic acid —12.25* 0.0055
Glucosamine —4.61* 0.0073
Ethyl acetoacetate —2.56* 0.0154
Diethyl malonate —2.31 0.0582

Metabolites with statistically significant differential levels according to the t-test p-value
and fold-change value are indicated as main metabolites for each group. *p < 0.05.

Microbiota-Metabolome Correlation in
Samples From DEC and Healthy Groups

Among the identified taxa on samples, we found that Gemella
(p = 0.005), Escherichia (p = 0.003), Prevotella (p = 0.027),
Erwinia (p = 0.010), and Buttiauxella (p = 0.016) were the
genera significantly associated with the DEC groups. Instead,
Faecalitalea (p = 0.001), Lactococcus (p = 0.032), and Clostridium
(p = 0.010) were the genera significantly associated with the
healthy groups. Correlation between the abundance of these main
genera and the 15 metabolites with a fold change >2 showed a
clear pattern of link between the group’s associated genera and
metabolites in each group (Figure 6).

Using the MIMOSA2 software, a tool for the metabolic
model-based estimation of paired microbiome and metabolomic
datasets, we evaluated the representative microbiota sequences
and the abundance of the 15 metabolites described above. We
found specific genera and species that could explain the variance
of histamine and ornithine, metabolites distinctively found in the
DEC and healthy groups. In the case of metabolomic screening
for these metabolites, we found higher levels of histamine in
the DEC groups compared to healthy groups, which according

.EAspartic acid
: : Alanine
: H )
3- Citrulline
iOrnithine
Dimethylformamide : :
o ® behydroalanihe
Benzoic acid . C H
Glucosamine : :
— ® : N-Butylformamide
o : H L
S . Ethyl acetoacetate :
= y . ; Piperidine
oy : : . e i
o : +  Histamine ™ Cadaverine
- ; :
I Diethyl maloriate 1 Guaiacol
""""""""""""""""" i il il G - Bl
= : :
' '
= e
0- : :
1 ' 1 ! 1 ]
-5 0 5 10
Log2(FC)
FIGURE 4 | Volcano plot of LC-MS-detected metabolites in healthy and DEC-positive stool samples. Changes in normalized peak intensities of metabolites detected
in samples from the DEC group compared to healthy samples. The volcano plot summarizes both fold-change and t-test criteria for all metabolites. Metabolites with
significant differential levels according to the t-test p-value (p < 0.05) and fold-change value (FC > 2) were colored. Red and green dots represent metabolites found
significantly higher and lower, respectively, in the DEC group compared to the healthy group. Borderline metabolites (diethyl malonate and guaiacol) are represented as
empty circles.
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to the MIMOSA2 model could be explained mainly by the
presence of Enterobacter hormaechei, Bifidobacterium stercoris,
Shigella spp., and Citrobacter werkmanii/freundii. We also found
lower levels of ornithine in the DEC samples compared to
healthy groups (Table 2), which could be due mainly to the
presence of Streptococcus anginosus, Enterococcus faecalis and
Escherichia sp. (Figure 7).

DISCUSSION

Current knowledge of gut microbiota in diarrheal infections
reveals a distinctive composition and abundance of commensal
bacteria (Jeffery et al, 2019), but these differences are
insufficient to explain the mechanisms involved in infections
by enteric pathogens. Several reports strongly suggest that
DEC pathogenicity along the transit of the pathogen across
the gastrointestinal tract is finely regulated by gut microbiota,
the immune system and metabolites of the intestinal milieu
(Thaiss and Elinav, 2014). Therefore, gut metabolome could

provide relevant information to reveal the environmental signals
produced by gut microbiota that regulate DEC pathogenesis at a
specific time or place (Kumar and Sperandio, 2019).

Our previous evidence has indicated that children with
diarrhea by DEC display a distinctive microbiota composition
(Gallardo et al,, 2017). In this current study we have confirmed
our previous observations by analyzing microbiota composition
in stool samples from 8 age-paired children, either healthy or
with diarrhea by DEC (Figure 1). Considering that dysbiosis
could be related to a distinct metabolomic composition
(Noorbakhsh et al., 2019), we sought to identify the metabolome
composition of the samples included in this study. Interestingly,
our data showed a clear metabolomic structure statistically
different for each group (Figure 3), suggesting that metabolic
environment associated with DEC infection may contain specific
metabolites related to DEC pathogenicity. We identified 15
metabolites in stool samples significantly different between the
DEC and healthy groups (Figure 4), the levels of which were
associated with the main genera from DEC and healthy groups
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FIGURE 6 | Main genera and metabolites found in healthy and DEC-positive stool samples. Heatmap showing the correlation relationships between peak intensities
of the 15 main metabolites, and the abundance of the main genera associated with DEC or healthy groups. Blue and red dots represent positive and negative
correlations, respectively, between metabolites and genera. This analysis was done using the corrplot package for R.

(Figure 5). Considering this well-conserved metabolomic and
commensal community structure among the groups, we then
sought to identify which metabolic pathways could be involved
in what was observed. We found by functional predictions
from amplicon sequences that L-histidine biosynthesis and
degradation pathways, as well as the L-ornithine biosynthesis
route, were significantly different between the DEC and healthy
groups (Figure 6). These predictions are in agreement with the
low levels of ornithine and histidine detected in the DEC group
compared to healthy groups (Table 2; Supplementary Table 1).
Interestingly, we found that histamine, a product of L-histidine
decarboxylation, was significantly higher in the DEC group
compared to the healthy groups (Figure 4). In the gut, histamine
is produced by immune cells such as mast cells, and its secretion
could be influenced by cytokines such as IL-18, TNF-a, IL-12,
and IL-1, among others (O’'mahony et al., 2011). In commensal
bacteria, such as E. coli, histamine has been linked to endogenous
biosynthetic pathways (Kyriakidis et al., 2008) in Ca?*-mediated
signals (Theodorou et al., 2009) and its chemotaxis (Theodorou
et al., 2012). The role of histamine could be directly linked to E.
coli adherence, as evidence has shown that histamine inhibits the
clearance of E. coli from the host peritoneal cavity in a peritonitis
mouse model (Hori et al., 2002). Related to ornithine, we found
lower levels of this metabolite in the DEC samples than in the
healthy ones. L-ornithine can be produced in the urea cycle

by the enzyme arginase, using arginine as the substrate. Once
produced, L-ornithine is transformed to citrulline by the enzyme
ornithine carbamoyltransferase (Wu, 1998). Arginine levels were
similar in both groups, but citrulline and ornithine levels were
higher in healthy samples (Table 2). L-ornithine production has
been associated with a healthy gut mucosa. A recent study
showed that L-ornithine administered to mice resulted in goblet
cell production, mucin secretion and cell proliferation, which
are associated with a healthier gut environment (Qi et al,
2019). Together with these results, L-ornithine also induces
accumulation of IL-22 in intestinal tissues (Qi et al., 2019), a
cytokine involved in the reconstitution of gut epithelial cells,
improving mucus production by goblet cells, increasing the
production of antimicrobial peptides and modulating genes
involved in wound healing (Sun et al, 2012). Overall, these
observations suggest that histamine and L-ornithine might be
important signaling molecules in DEC pathogenesis and merit
further investigation.

MIMOSA2 modeling of the 15 metabolites statistically
associated with the study groups suggested that only 2 metabolite
(ornithine and histamine) variations depend on the presence
of specific taxa. Among the taxa associated with the positive
contribution of histamine and ornithine levels, Escherichia
sp., Streptococcus anginosus, Citrobacter werkmanii/Citrobacter
freundii, and other species were found to increase the variability

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 169

September 2020 | Volume 10 | Article 485


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Gallardo et al.

Microbiota-Metabolome Associated With Diarrheagenic Escherichia coli Infections

© 00000
[SRRE CER AN

Model R-squared

Histamine

Streptococcus anginosus
Enterobacter hormaechei
Veillonella dispar
Enterococcus durans
Enterococcus casseliflavus
Bifidobacterium breve
Atopobium rimae
Anaerostipes hadrus
Alistipes finegoldii
Enterococcus faecalis
Bifidobacterium stercoris
Shigella sp

Haemophilus parainfluenzae
Escherichia sp

Enterobacter cancerogenus
Cronobacter sakazakii
Citrobacter werkmanii / C.freundii
Rare/Low-abundance

Taxa

Contribution to variance

FIGURE 7 | Microbial contribution to metabolite variance. Prediction of microorganisms that positively contribute to variance of the levels for the 15 main metabolites
(blue = high contribution; red = low contribution). This analysis was done with the MIMOSA2 software using the microbiome and metabolome data found on each
group. R-square of the regression model used for prediction represents the sum of the contributions of all listed taxa to the metabolite variance. Red and green
horizontal bars represent the distribution of taxa abundance of proposed organisms among DEC and healthy groups, respectively.

Positive

. DEC group

. Healthy group

Distribution of
taxa abundance

o
A=
=
=

c

=
M
-

0% 50% 100%

I
I

0.0 0.1 02 03 04

of these metabolites (Figure 7). Within these genera, Escherichia
coli has been identified as being responsible for histamine
production (Barcik et al., 2016, 2017), suggesting that during
DEC infection, histamine levels could be modulated by pathogen
metabolism. For the other 13 metabolites, the metabolic potential
scores of identified taxa were not predictive according to
the MIMOSA?2, meaning that metabolite levels could not be
attributed to specific taxa of the DEC or the healthy group.
However, piperidine and cadaverine have been associated with
virulence in enteropathogens. A decrease in S. flexneri invasion
to cells was found in the presence of ornithine; this effect
was found to be counteracted by the presence of cadaverine,
a polyamine produced by lysine decarboxylation (Durand and
Bjork, 2009). In the intestine, cadaverine is cyclated to piperidine,
a molecule that reduces the invasion of S. typhimurium and
the recruitment of polymorphonuclear neutrophils (Kohler
et al., 2002). It would be interesting to evaluate the role that
piperidine and cadaverine might play in the virulence of DEC,
as well as the other metabolites significantly associated with the
DEC group.

Our study has limitations. We analyzed a small number
of samples and therefore our results should be considered as
an exploratory approach. However, our data provided valuable
information about the importance of gut microbiota and
metabolome analysis in understanding the regulatory mechanism
of DEC virulence. It is important to note that our metabolome
analysis did not include metabolites that have been previously
proven to have an impact on DEC virulence, such as SCFAs,
because the primary goal of this study was to identify new
pathways or metabolites that might be important to DEC
pathogenicity. From this study we obtained an effect size
value of 0.4377, which will be used to obtain the required
sample size for further studies to confirm our observations,
as well as in vitro infection experiments to evaluate the role
of metabolites significantly associated with the DEC group as
signaling molecules involved in DEC virulence regulation.

In conclusion, our study showed that stool samples from
healthy children and children positive for DEC displayed
a differential metabolome and microbiota composition. We
found a correlation between gut microbiota species and certain
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metabolites, information that might be useful in identifying
mechanisms and signaling molecules implicated in the crosstalk
between microbiota and DEC pathotypes that might participate
in the virulence of these pathogens.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/, PRINA623942.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethical Committee of Universidad de Chile. Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

PG participated in sample processing, performed sequences
and metabolites analyses, interpreted the data, and participated
in manuscript writing. MI participated in data analysis and

REFERENCES

Alvestegui, A., Olivares-Morales, M., Munoz, E., Smith, R, Nataro, J. P,
Ruiz-Perez, F., et al. (2019). TLR4 participates in the inflammatory
response induced by the AAF/II fimbriae from enteroaggregative Escherichia
coli on intestinal epithelial cells. Front. Cell Infect. Microbiol. 9:143.
doi: 10.3389/fcimb.2019.00143

Barcik, W., Pugin, B., Westermann, P., Perez, N. R,, Ferstl, R,, Wawrzyniak,
M., et al. (2016). Histamine-secreting microbes are increased in the gut
of adult asthma patients. J. Allergy Clin. Immunol. 138, 1491-1494 e1497.
doi: 10.1016/j.jaci.2016.05.049

Barcik, W., Wawrzyniak, M., Akdis, C. A., and O’'mahony, L. (2017). Immune
regulation by histamine and histamine-secreting bacteria. Curr. Opin.
Immunol. 48, 108-113. doi: 10.1016/j.c0i.2017.08.011

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman,
F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 7, 335-336.
doi: 10.1038/nmeth.f.303

Carlson-Banning, K. M., and Sperandio, V. (2018). Enterohemorrhagic Escherichia
coli outwits hosts through sensing small molecules. Curr. Opin. Microbiol. 41,
83-88. doi: 10.1016/j.mib.2017.12.002

Chong, J., and Xia, J. (2018). MetaboAnalystR: an R package for flexible and
reproducible analysis of metabolomics data. Bioinformatics 34, 4313-4314.
doi: 10.1093/bioinformatics/bty528

Croxen, M. A, Law, R. ], Scholz, R., Keeney, K. M., Wlodarska, M., and Finlay,
B. B. (2013). Recent advances in understanding enteric pathogenic Escherichia
coli. Clin. Microbiol. Rev. 26, 822-880. doi: 10.1128/CMR.00022-13

Curtis, M. M., Hu, Z., Klimko, C., Narayanan, S., Deberardinis, R., and Sperandio,
V. (2014). The gut commensal Bacteroides thetaiotaomicron exacerbates enteric
infection through modification of the metabolic landscape. Cell Host Microbe
16, 759-769. doi: 10.1016/j.chom.2014.11.005

De Caceres, M., and Legendre, P. (2009). Associations between species and
groups of sites: indices and statistical inference. Ecology 90, 3566-3574.
doi: 10.1890/08-1823.1

Desantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,
et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and

manuscript writing. RV participated in study design and data
analysis. FS participated in data analysis and manuscript writing.
JO participated in data analysis. MF participated in study design,
data acquisition and interpretation, manuscript writing, and final
approval of the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by FONDECYT grants 1160426 and
1200994 awarded to MF and 1161161 to RV. PG and MI were
supported by a doctoral fellowship from ANID.

ACKNOWLEDGMENTS

We are very thankful to Dr. Cecilia Noecker for her help and
guidance with MIMOSA?2 settings.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2020.00485/full#supplementary-material

workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069-5072.
doi: 10.1128/AEM.03006-05

Douglas, G. M., Maffei, V. J., Zaneveld, J., Yurgel, S. N., Brown, J. R., Taylor,
C. M., et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat.
Biotechnol. 38, 685-688. doi: 10.1038/s41587-020-0548-6

Durand, J. M. B, and Bjork, G. R. (2009). Metabolic control through ornithine
and uracil of epithelial cell invasion by Shigella flexneri. Microbiology 155,
2498-2508. doi: 10.1099/mic.0.028191-0

Gallardo, P., Izquierdo, M., Vidal, R. M., Chamorro-Veloso, N., Rossello-Mora,
R, O’ryan, M., et al. (2017). Distinctive gut microbiota is associated with
Diarrheagenic Escherichia coli infections in Chilean children. Front. Cell. Infect.
Microbiol. 7:424. doi: 10.3389/fcimb.2017.00424

Hori, Y., Nihei, Y., Kurokawa, Y., Kuramasu, A., Makabe-Kobayashi, Y.,
Terui, T., et al. (2002). Accelerated clearance of Escherichia coli in
experimental peritonitis of histamine-deficient mice. J. Immunol. 169,
1978-1983. doi: 10.4049/jimmunol.169.4.1978

Jeffery, I. B., Das, A., O’herlihy, E., Coughlan, S., Cisek, K., Moore, M., et al. (2019).
Differences in fecal microbiomes and metabolomes of people with vs without
irritable Bowel syndrome and bile acid malabsorption. Gastroenterology 158,
1016-1028.e8. doi: 10.1053/j.gastro.2019.11.301

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes
and genomes. Nucleic Acids Res. 28, 27-30. doi: 10.1093/nar/28.
1.27

Kohler, H., Rodrigues, S. P., Maurelli, A. T., and Mccormick, B. A. (2002).
Inhibition of Salmonella typhimurium enteropathogenicity by piperidine,
a metabolite of the polyamine cadaverine. J. Infect. Dis. 186, 1122-1130.
doi: 10.1086/344236

Kumar, A., and Sperandio, V. (2019). Indole signaling at the host-microbiota-
pathogen interface. mBio 10:e01031-19. doi: 10.1128/mBi0.01031-19

Kyriakidis, D. A., Theodorou, M. C., Filippou, P. S., Kyriakidis, K. D., and
Tiligada, E. (2008). Effect of histamine on the signal transduction of
the AtoS-AtoC two component system and involvement in poly-(R)-3-
hydroxybutyrate biosynthesis in Escherichia coli. Amino Acids 35, 45-52.
doi: 10.1007/s00726-007-0635-8

Langille, M. G., Zaneveld, J., Caporaso, J. G., Mcdonald, D., Knights, D., Reyes,
J. A., et al. (2013). Predictive functional profiling of microbial communities

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2020 | Volume 10 | Article 485


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00485/full#supplementary-material
https://doi.org/10.3389/fcimb.2019.00143
https://doi.org/10.1016/j.jaci.2016.05.049
https://doi.org/10.1016/j.coi.2017.08.011
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.mib.2017.12.002
https://doi.org/10.1093/bioinformatics/bty528
https://doi.org/10.1128/CMR.00022-13
https://doi.org/10.1016/j.chom.2014.11.005
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1099/mic.0.028191-0
https://doi.org/10.3389/fcimb.2017.00424
https://doi.org/10.4049/jimmunol.169.4.1978
https://doi.org/10.1053/j.gastro.2019.11.301
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1086/344236
https://doi.org/10.1128/mBio.01031-19
https://doi.org/10.1007/s00726-007-0635-8
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Gallardo et al.

Microbiota-Metabolome Associated With Diarrheagenic Escherichia coli Infections

using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814-821.
doi: 10.1038/nbt.2676

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Buchner, A., et al.
(2004). ARB: a software environment for sequence data. Nucleic Acids Res. 32,
1363-1371. doi: 10.1093/nar/gkh293

Noecker, C., Eng, A., Srinivasan, S., Theriot, C. M., Young, V. B, Jansson, J. K,,
et al. (2016). Metabolic model-based integration of microbiome taxonomic
and metabolomic profiles elucidates mechanistic links between ecological
and metabolic variation. mSystems 1:¢00013-15. doi: 10.1128/mSystems.
00013-15

Noorbakhsh, H., Yavarmanesh, M., Mortazavi, S. A., Adibi, P., and Moazzami,
A. A. (2019). Metabolomics analysis revealed metabolic changes in patients
with diarrhea-predominant irritable bowel syndrome and metabolic
responses to a synbiotic yogurt intervention. Eur. J. Nutr. 58, 3109-3119.
doi: 10.1007/s00394-018-1855-2

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D., et al.
(2019). vegan: Community Ecology Package. Retrieved from https://CRAN.R-
project.org/package=vegan

O’mahony, L., Akdis, M., and Akdis, C. A. (2011). Regulation of the immune
response and inflammation by histamine and histamine receptors. J. Allergy
Clin. Immunol. 128, 1153-1162. doi: 10.1016/j.jaci.2011.06.051

Pacheco, A. R., Curtis, M. M., Ritchie, J. M., Munera, D., Waldor, M. K., Moreira,
C. G, et al. (2012). Fucose sensing regulates bacterial intestinal colonization.
Nature 492, 113-117. doi: 10.1038/nature11623

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP:
statistical analysis of taxonomic and functional profiles. Bioinformatics 30,
3123-3124. doi: 10.1093/bioinformatics/btu494

Press, W. (2014). World Health Statistics. Geneva.

Pruesse, E., Peplies, J., and Glockner, F. O. (2012). SINA: accurate high-throughput
multiple sequence alignment of ribosomal RNA genes. Bioinformatics 28,
1823-1829. doi: 10.1093/bioinformatics/bts252

Qi, H,, Li, Y., Yun, H.,, Zhang, T., Huang, Y., Zhou, J., et al. (2019). Lactobacillus
maintains healthy gut mucosa by producing L-Ornithine. Commun. Biol. 2:171.
doi: 10.1038/s42003-019-0424-4

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/g
ks1219

Rolhion, N., and Chassaing, B. (2016). When pathogenic bacteria meet the
intestinal microbiota. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 371:20150504.
doi: 10.1098/rstb.2015.0504

Sun, X., Chalmers, L., Fu, X., and Zhao, M. (2012). A molecular link between
interleukin 22 and intestinal mucosal wound healing. Adv. Wound Care 1,
231-237. doi: 10.1089/wound.2011.0334

Sun, Y., and O’riordan, M. X. (2013). Regulation of bacterial pathogenesis
by intestinal short-chain fatty acids. Adv. Appl. Microbiol. 85, 93-118.
doi: 10.1016/B978-0-12-407672-3.00003-4

Thaiss, C. A., and Elinav, E. (2014). Exploring new horizons in microbiome
research. Cell Host Microbe 15, 662-667. doi: 10.1016/j.chom.2014.05.016

Theodorou, M. C., Theodorou, E. C., and Kyriakidis, D. A. (2012). Involvement
of AtoSC two-component system in Escherichia coli flagellar regulon. Amino
Acids 43, 833-844. doi: 10.1007/s00726-011-1140-7

Theodorou, M. C,, Tiligada, E., and Kyriakidis, D. A. (2009). Extracellular Ca2+
transients affect poly-(R)-3-hydroxybutyrate regulation by the AtoS-AtoC
system in Escherichia coli. Biochem. ]. 417, 667-672. doi: 10.1042/BJ20081169

Vogt, S. L., Pena-Diaz, J., and Finlay, B. B. (2015). Chemical communication in the
gut: effects of microbiota-generated metabolites on gastrointestinal bacterial
pathogens. Anaerobe 34, 106-115. doi: 10.1016/j.anaerobe.2015.05.002

Wei, T., and Simko, V. (2017). R Package “corrplot”™ Visualization of a
Correlation Matrix. Available online at: https://github.com/taiyun/corrplot.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York,
NY: Springer-Verlag.

Wu, G. (1998). Intestinal mucosal amino acid catabolism. J. Nutr. 128, 1249-1252.
doi: 10.1093/jn/128.8.1249

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Gallardo, Izquierdo, Vidal, Soto, Ossa and Farfan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

172

September 2020 | Volume 10 | Article 485


https://doi.org/10.1038/nbt.2676
https://doi.org/10.1093/nar/gkh293
https://doi.org/10.1128/mSystems.00013-15
https://doi.org/10.1007/s00394-018-1855-2
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.jaci.2011.06.051
https://doi.org/10.1038/nature11623
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1093/bioinformatics/bts252
https://doi.org/10.1038/s42003-019-0424-4
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1098/rstb.2015.0504
https://doi.org/10.1089/wound.2011.0334
https://doi.org/10.1016/B978-0-12-407672-3.00003-4
https://doi.org/10.1016/j.chom.2014.05.016
https://doi.org/10.1007/s00726-011-1140-7
https://doi.org/10.1042/BJ20081169
https://doi.org/10.1016/j.anaerobe.2015.05.002
https://github.com/taiyun/corrplot
https://doi.org/10.1093/jn/128.8.1249
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

1' frontiers

in Cellular and Infection Microbiology

ORIGINAL RESEARCH
published: 25 September 2020
doi: 10.3389/fcimb.2020.549919

OPEN ACCESS

Edited by:

Jorge Eugenio Vidal,

University of Mississippi Medical
Center, United States

Reviewed by:

Javier Sanchez-Villamil,

The University of Texas Medical
Branch at Galveston, United States
Miguel Angel Garcia Bereguiain,
University of the Americas, Ecuador

*Correspondence:

Roxane M. F. Piazza
roxane.piazza@butantan.gov.br
Mauricio J. Farfan
mfarfan@med.uchile.cl

In Memoriam:

This work is dedicated to Prof. Dr.
Mario J. Avila-Campos who conceived
and supervised this project

T These authors have contributed
equally to this work

*Present address:
Viviane Nakano,
GeneOne, DASA, Séo Paulo, Brazil

Specialty section:

This article was submitted to
Clinical Microbiology,

a section of the journal

Frontiers in Cellular and Infection
Microbiology

Received: 07 April 2020
Accepted: 25 August 2020
Published: 25 September 2020

Citation:

Merino VR, Nakano V, Delannoy S,
Fach R, Alberca GGF, Farfan MJ,

Piazza RMF and Avila-Campos MJ
(2020) Prevalence of Enteropathogens
and Virulence Traits in Brazilian

Children With and Without Diarrhea.
Front. Cell. Infect. Microbiol. 10:549919.
doi: 10.3389/fcimb.2020.549919

Check for
updates

Prevalence of Enteropathogens and
Virulence Traits in Brazilian Children
With and Without Diarrhea

Victor R. Merino '*, Viviane Nakano '™#, Sabine Delannoy?, Patrick Fach?,
Gabriela G. F. Alberca’, Mauricio J. Farfan®*, Roxane M. F. Piazza**and
Mario J. Avila-Campos'’

" Laboratdrio de Anaerdbios, Departamento de Microbiologia, Instituto de Ciéncias Biomédicas, Universidade of Sdo Paulo,
Séo Paulo, Brazil, ? Agence Nationale de Sécurité Sanitaire de I'’Alimentation, de I'Environnement et du Travail, Food Safety
Laboratory, Université Paris-Est, Champs-sur-Marne, France, ° Departamento de Pediatria y Cirugia Infantil, Facultad de
Medicina, Campus Oriente-Hospital Dr. Luis Calvo Mackenna, Universidad de Chile, Santiago, Chile, * Laboratério de
Bacteriologia, Instituto Butantan, S&o Paulo, Brazil

The use of molecular diagnostics for pathogen detection in epidemiological studies
have allowed us to get a wider view of the pathogens associated with diarrhea,
but the presence of enteropathogens in asymptomatic individuals has raised several
challenges in understanding the etiology of diarrhea, and the use of these platforms
in clinical diagnosis as well. To characterize the presence of the most relevant
bacterial enteropathogens in diarrheal episodes, we evaluated here the prevalence of
diarrheagenic E. coli pathotypes, Salmonella spp., and Yersinia enterocolitica in stool
samples of children with and without diarrhea using real-time quantitative PCR (gPCR).
We found that the presence of genetic markers associated with bacterial pathogens
was significantly higher in stool samples from the diarrhea group compared to the
control (P < 0.001). Bacterial loads in samples positive for eae and aggR markers
were also determined. Compared to samples from asymptomatic children, a significantly
higher number of copies of the eae gene were found in diarrhea samples. Also, the
presence of genetic markers associated with STEC strains with clinical significance was
evaluated in eae-positive samples by high-throughput real-time PCR. The data presented
herein demonstrated that asymptomatic children of an urban area in Brazil might be
enteropathogen reservoirs, especially for STEC.

Keywords: enteric pathogens, Escherichia coli pathotypes, diarrheal children, healthy children, molecular
diagnostics

INTRODUCTION

Diarrheal disease is the second most important cause of child morbidity and mortality in the
world, and is frequently due to contaminated food and water. Worldwide, 780 million individuals
lack access to safe drinking water and 2.5 billion lack adequate sanitation. Diarrhea is widespread
throughout developing countries. In low-income countries, children under 3 years old experience
on average three episodes of diarrhea every year (World Health Organization, 2017).
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Rotavirus and diarrheagenic Escherichia coli (DEC) are the
two most common etiological agents of moderate-to-severe
diarrhea in low-income countries (World Health Organization,
2017). Other pathogens such as Cryptosporidium, Shigella,
Campylobacter, Salmonella, and Yersinia species also cause
human bacterial gastroenteritis, but location-specific etiological
patterns also need to be considered (Bottone, 1999; Freitas Neto
etal., 2010; Marinou et al., 2012; Nunes et al., 2012; World Health
Organization, 2017; Lima F. M. et al., 2019; Leli et al., 2020).

Enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC),
typical and atypical enteropathogenic E. coli (tEPEC and aEPEC),
typical and atypical enteroaggregative E. coli (tEAEC and
aEAEC), and Shiga toxin-producing E. coli (STEC) and its
subgroup enterohemorrhagic E. coli (EHEC), enteroinvasive E.
coli (EIEC), and diffusely adherent E. coli (DAEC) comprise
DEC pathotypes (Kaper et al., 2004; Gomes et al., 2016). These
pathogens use many common features to colonize the intestinal
mucosa and trigger disease, but its initiation, progression, and
complications vary considerably (Croxen et al., 2013). Thus,
ETEC isolates carry the enterotoxins LT and/or ST on plasmids,
as well as colonization factors (CFs). tEPEC, aEPEC, and LEE-
positive STEC strains (EHEC) carry the locus of enterocyte
effacement (LEE) which contains eae, the gene that encodes
intimin, but only tEPEC has the bundle-forming pilus gene
(bfp). STEC strains, LEE-positive and -negative, carry the Shiga
toxin genes (stx1 and/or stx2). Some virulence factors for EAEC
for a certain group of isolates are found on the pAA plasmid,
and the presence of the aggR gene differentiates tEAEC from
aEAEC. EIEC and also Shigella spp. have the ability to invade
cells mainly through the pINV plasmid and acquired additional
virulence attributes mainly from chromosomal pathogenicity
islands (PAIs) (Croxen et al., 2013).

Nevertheless, the designation of certain isolates into a
pathotype is complicated due to the plasticity of the E. coli
genome resulting in the emergence of hybrid strains; besides,
DEC epidemiology varies in different regions of the world and
may depend on the host and environmental factors (Croxen et al.,
2013). It is important to note that DEC pathotypes have been
largely disregarded because of the lack of laboratory capabilities
(Piazza et al., 2010; Miliwebsky et al., 2016). Moreover, in several
case-control studies, it shows almost equal distribution, especially
in EPEC and EAEC pathotypes (Bueris et al., 2007; Hernandes
et al., 2009; Gomes et al., 2016; Imdad et al,, 2018; Dias et al.,
2020).

Besides LEE-positive pathogens and Shigella, Salmonella also
uses the type III secretion system (T3SS) apparatus to deliver
effector proteins into the host cell, and invA, an inner-membrane
component, is critical to the functioning of Salmonella T3SS
(Galan et al., 1992; Ginocchio and Galdn, 1995). In addition,
the most common virulence-associated gene in pathogenic
Yersinia enterocolitica proved to be ystA, which can therefore be
considered the best target gene to be amplified to evaluate the
presence of pathogenic biotypes (Peruzy et al., 2017).

The use of multiple pathogen detection platforms in
epidemiological studies have allowed us to get a broader view
of the pathogens associated with diarrhea, but the presence
of enteropathogens in asymptomatic individuals has raised

several challenges in understanding the etiology of diarrhea,
as well as the use of these platforms in clinical diagnosis (Liu
et al, 2012; Lima A. A. M et al., 2019). The use of real-time
quantitative PCR (qPCR) to determine bacterial loads in stool
samples appears as an alternative to associate a pathogen with
diarrheal cases.

To determine the most prevalent bacterial pathogens of
diarrhea in children, we used qPCR to detect and quantify
the presence of EPEC, ETEC, EAEC, STEC, EIEC, Shigella,
Salmonella, and Y. enterocolitica. Furthermore, in a subset of eae-
positive samples, we analyzed by high-throughput real-time PCR
the presence of genetic markers related to EHEC strains with
clinical significance.

MATERIALS AND METHODS

Sample Collection, Ethical, and Biosafety

Procedures

Stool samples were obtained from 110 children with diarrhea
(54 boys and 56 girls) and 150 children without diarrhea (71
boys and 79 girls), aged from 1 month to 7 years old. Stool
samples were collected from March 2008 through November
2010 at Hospital Municipal do Tatuapé, Hospital Infantil
Candido Fontoura, Hospital Infantil Menino Jesus and Centro
Educacional Unificado (CEU-Butantd) in Sao Paulo city, SP,
Brazil. Children did not display illnesses or comorbidities other
than diarrhea, and they were not under antibiotic treatment
for at least 3 months prior to sample collection. Diarrhea
was defined as three or more unformed stools in the 24h
prior to enrollment. The Ethics Committee of the Biomedical
Science Institute at the University of Sao Paulo approved this
study (2006/743). All procedures followed the management of
biosafety and biosecurity, since Biomedical Science Institute
at Sdao Paulo University guarantees excellent conditions for
workers and population, and environmental protection from
biohazards exposure.

DNA Extraction

Total DNA from 200mg of stool was obtained by using a
QIAamp DNA Stool Mini Kit (QIAGEN) according to the
manufacturer’s instructions, resuspended in 100 wL of ultrapure
water and stored at —80°C until use. DNA concentrations were
determined by spectrophotometer (NanoDrop 2000, Thermo
Scientific, USA), and 5 uL of each DNA sample were checked
for integrity on 1% agarose gel.

Identification of the Main Enteric
Pathogens by qPCR

qPCR assays for genes eae (attaching and effacing lesions),
ipaH (enteroinvasive mechanism), It (heat-labile toxin), st (heat-
stable toxin), aggR (aggregative fimbriae regulator), invA [inner
membrane component of the Salmonella T3SS apparatus],
and ystA (enterotoxin YstA Yersinia virulence plasmid) were
carried out in duplicate and performed in a total volume of
25 pL, containing 2X TagMan universal master mix (Applied
Biosystems, USA), 10 M of each primer, 10 uM of TagMan
probe, and 2 ng of DNA. Amplifications were performed in a
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thermal cycler programmed as follows: denaturation at 95°C for
10 min, followed by 45 cycles of two steps: denaturation at 95°C
for 15s and an annealing temperature at 60°C for 1 min. The
primer/probe sets used are shown in Supplementary Table 1. A
standard curve was also derived using 10-fold DNA dilutions
from the reference strains with their respective primer pairs.
Amplifications were adjusted to R* > 0.900. A P < 0.05 was
considered statistically significant. A sample was considered
positive for a target gene when the detected fluorescence
generated a curve above the background fluorescence, which
was established by the Rotor-Gene Q6000 analytical software
(Qiagen, Brazil).

Differentiation of Enteric Pathogens by

PCR

Samples positive for eae (n = 57) and ipaH (n = 15)
by real-time PCR were further screened for the eae, bfpA
(bundle-forming pilus for typical EPEC), ipaH, lacY (lactose
permease), and stxI and stx2 (Shiga toxins) genes by multiplex
PCR according to the protocol of Aranda et al. (2004) and
Pavlovic et al. (2011) for differentiation between EPEC/STEC and
EIEC/Shigella samples.

Characterization of the eae-positive
Samples by High-Throughput Real-Time

PCR

A LightCycler® 1536 (Roche, Meylan, France) was used
to perform high-throughput real-time PCR amplifications as
described previously (Delannoy et al., 2012b), except that 1
WL of sample DNA was used in each reaction for a final
reaction volume of 2 pL. The thermal profile was modified
as follows: 95°C for 1min, followed by 45 cycles of 95°C
for 0s, and 58°C for 30s. All ramp rates were set to 2°C/s.
The primers and probes used targeted genes encoding intimin
(eae, eae-alpha, eae-beta, eae-gamma, eae-epsilon, and eae-theta),
O group-associated genes for the top 7 serogroups (wzxoze,
rfbE_ o157, wzy o145, Wzx_o103, whdl o111, WzX_0121, WZX_045,),
flagellar antigens H11, H19, H2, H28, H7, and H8 (fliCHI1,
fliCH19, fliCH2, fliCH28, fliCH7, and fliCH8), urease (ureD),
effector proteins translocated by T3SS (EspL2 [ent {or espL2}],
NleB [nleB], NleE [nleE], NleA [nleA], NleF [nleF], EfA1 [efal],
EspN [espN], EspK [espK], and EspM1 [espM1]), and other
genetic markers including Z6065, Z2098, Z2099, terE, hlyA, ehxA,
and pagC and markers related to the CRISPR loci SP_O157_A,
SP_0157_B, SP_0157_C, SP_026_C, SP_026_D, SP_026_E
(Perelle et al., 2004; Fratamico et al., 2009, 2010; Bugarel et al,,
2010; Delannoy et al., 2012a, 2013, 2015, 2016; Piazza et al.,
2013). The wecA gene was used as a reference genetic marker
for E. coli (Bugarel et al., 2011). An inhibition control (IC) was
introduced in each sample to check for potential inhibition of the
PCR reaction due to intrinsic characteristics of the sample. IC
is a recombinant pBluescriptlISK+ plasmid containing the dsb
gene from Ehrlichia canis (Michelet et al., 2014). The plasmid was
added to each sample at a concentration of ~0.3 pg/pL. Primers
and probe specific for the Ehrlichia canis dsb gene were used to
detect IC (Michelet et al., 2014).

Statistical Analyses

We compared the presence of pathogen between groups using
the Fisher exact test. A comparison of bacterial loads in eae- and
aggR-positive samples between samples from children with and
without diarrhea was performed with a Mann-Whitney U-test.
A P < 0.05 was considered statistically significant. All statistical
analyses were performed in Stata v.12.1.

RESULTS

Prevalence of Enteropathogens in Stool
Samples Obtained From Children With and

Without Diarrhea

A total of 260 stool samples (110 from children with diarrhea
and 150 children without diarrhea) were collected from public
hospitals and schools, respectively, in Sao Paulo city (the largest
city in South America) from March 2008 through November
2010. The groups studied consisted of children between 1 month
and 7 years old, representing much of childhood. Each group was
further divided into 3 age groups: 0-11 months, 12-23 months,
and older than 24 months. The pathogens detected through
their representative genetic markers in the stool samples from
children with and without diarrhea of different age are reported
in Table 1.

No genetic markers were detected in 39 of 110 (35%)
children with diarrhea and 92 out of 150 (61%) without
diarrhea. The presence of genetic markers associated with
bacterial pathogens was significantly higher in stool samples
from the diarrhea group (71/110) compared to the control
(58/150) (P < 0.001). A significant increase in the number of
samples positive for one pathogen was found in the diarrhea
samples (46/110) compared to asymptomatic group (39/150)
(P = 0.0036). Although we observed statistical differences
between groups in samples with 3 or 4 pathogens, in both
groups, the number of samples is low, not allowing further
conclusions (Table 2).

Bacterial Loads in eae- and aggR-Positive

Samples

Quantification of bacterial loads was shown to be a promising
tool to identify the etiological agent of diarrheal diseases. Of all
the genes evaluated, aggR and eae were the markers most found
in diarrheal and asymptomatic children (71 and 56 samples,
respectively). We compared the copy number of eae and aggR
genes in all the samples positive for these markers in both
diarrhea and asymptomatic groups (Figure1). A significantly
higher copy number of eae was found in diarrhea samples (P <
0.039); no differences in aggR copy number were found between
groups (P = 0.43).

Prevalence of EHEC-Associated Virulence
Markers in eae-positive Stool Samples
From Children With and Without Diarrhea

In the control group, we detected 13% eae-positive samples
and 11% stx-positive samples, while in the diarrhea group, 34%
eae-positive samples, and 27%-stx positive samples were present,
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TABLE 1 | Distribution of virulence genes from enteric pathogens in fecal samples from children with and without diarrhea.

Asymptomatic group (n = 150)

Diarrhea group (n = 110)

Pathogens detected Genetic markers 0-11 months 12-23 months > 24 months Total 0-11 months 12-23 months > 24 months Total P-value
(n = 54) (n =59) (n=37) (n = 55) (n =50) (n=25)
STEC eae, stx1/stx2 2 4 0 6 9 0 11 0.19
EAEC aagR 15 9 1 25 10 8 0 18 0.016
EPEC Typ eae, bfp 0 1 0 1 1 0 0 1 0.44
EPEC atyp eae 0 0 0 0 3 1 0 4 0.033
ETEC It/st 3 1 0 4 1 3 0 4 0.38
EIEC ipaH, LacY 0 1 2 3 4 3 1 8 0.088
STEC EAEC eae, aggR, stx1/stx2 3 1 0 4 1 2 0 3 0.25
STEC EPECtyp eae, bfp, stx1/stx2 1 1 0 2 3 5 0 8 0.049
STEC ETEC eae, stx1/stx2, It/st 1 0 0 1 0 0 0 0 0.13
EAEC ETEC aggR, It/st 3 3 0 6 1 0 0 1 0.013
EAEC EPECtyp aggR, eae, bfp 2 1 0 3 0 0 0 0 0.02
EAEC EIEC aggR, ipaH, LacY 0 0 0 0 1 0 0 1 0.182
EAEC EPECatyp aggR, eae 0 0 0 0 1 1 0 2 0.098
EAEC Salmonella aagR, invA 0 0 0 0 0 1 0 1 0.18
STEC EAEC ETEC eae, stx1/stx2, aggR, It/st 1 1 0 2 0 0 0 0 0.057
STEC EAEC EPECtyp eae, aggR, stx1/stx2, bfp 0 1 0 1 2 0 1 3 0.2
STEC EPECtyp EIEC eae, stx1/stx2, bfp, ipaH, 0 0 0 0 1 0 0 1 0.18
LacYy
STEC EPECtyp ETEC eae, stx1/stx2, bfp, It/st 0 0 0 0 1 0 0 0.18
STEC EPECtyp Yersinia  eae, stx1/stx2, bfp, invA 0 0 1 0 1 0.18
STEC ETEC EIEC eae, stx1/stx2, It/st, ipaH, 0 0 0 1 0 0 1 0.18
LacYy
STEC EPECtyp ETEC EIECeae, stx1/stx2, bfp, It/st, 0 0 0 0 0 2 0 2 0.098
ipaH, Lacy
P < 0.05 was considered statistically significant.
DISCUSSION

TABLE 2 | Association of enteric pathogens in fecal samples from children with
and without diarrhea determined by virulence genes presence.

Asymptomatic group Diarrhea group

(n = 150) (n =110)

Number of pathogens Total Total P-value
detected

None 92 39 >0.001
Positive for 1 or more 58 71 >0.001
pathogens

1 pathogen 39 46 0.0036
2 pathogens 16 16 0.1734
3 pathogens 3 7 0.0354
4 pathogens 0 2 0.0486

and thus, the presence of these genes were significantly higher
in the diarrhea group. Surprisingly, our results indicated higher
percentages of the majority of the additional genetic markers that
are reported to be mostly predominant in EHEC in asymptomatic
children (Table 3). Comparing all genetic markers, no differences
were observed between the groups (P = 0.312), but the presence
of the genes stx2, ehxA, nleB, nleE, nleF, espM1, pagC, ent,
efal, espV, 22098, 22099, Z6065, terE, ureD, and SP_0O157 A, B,
and C were statistically significant in the asymptomatic children
compared to the diarrhea groups (P-values varying from 0.0001
to 0.0035) (Table 3).

A better knowledge of the distribution of pathogens linked to
stool contamination is important for evaluating the pathogen
loads in the environment as well as the associated health risks
(Zhang et al., 2016). Over the last few decades, new molecular
methods have become essential in allowing the rapid detection
and characterization of pathogens (Miliwebsky et al., 2016).

The present study was performed to determine the molecular
epidemiology of enteropathogens among children under seven
years old with and without acute gastroenteritis in Sao Paulo,
SP, Brazil. Virulence markers for DEC pathotypes were largely
detected confirming some other surveys in Latin America
and China (Ochoa et al., 2009; Moreno et al., 2010; Zhang
et al,, 2016; Lima A. A. M et al, 2019; Lima F. M. et al,
2019). Different results were reported in Western Kenya among
bacterial pathogens, where two species of Shigella were the most
prevalent (Swierczewski et al., 2013).

Our results showed that the genes encoding virulence
factors for Salmonella and Yersinia were detected in very low
frequencies, in agreement with another survey in counties near
Sao Paulo city (Lima F. M. et al., 2019).

Herein, DEC-associated genetic markers were detected in 71
out of 110 (65%) children with diarrhea and 58 out of 150
(39%) without diarrhea and significant differences were observed
between the two groups. These results are in agreement with
other studies in South American countries. In Northeast Brazil,
the presence of EPEC and EAEC were consistently associated
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FIGURE 1 | Quantification of eae- and aggR- markers in stool. Positive stool samples for aggR (left) or eae (right) markers from children with (diarrhea group) or without
(control) diarrhea were analyzed by quantitative gPCR. Data are presented as median log copy number/mg of stool sample £ IQR. *P < 0.05 (Mann-Whitney U-test).

with diarrhea (Maranhido et al., 2008; Moreno et al., 2010).
Furthermore, EAEC and STEC showed by multivariate logistic
regression analysis significant odds of being associated with a risk
for diarrheal diseases as well as norovirus, adenovirus, rotavirus,
and Giardia infection. Furthermore, EAEC enteric infections are
associated with a high clinical severity score plus moderate-to-
severe dehydration (Lima A. A. M et al., 2019).

The shifting in DEC epidemiology has been described in
different studies and geographical regions (Pérez et al., 2010;
Torres, 2017; Imdad et al., 2018; Pérez-Corrales and Leandro-
Sandi, 2019) including Brazil, where until the 1990s, EPEC,
mainly the typical EPEC serotypes producing EPEC adherence
factor (EAF), was the main cause of infantile diarrhea (Gomes
etal.,, 1991; Rosa et al., 1998; Regua-Mangia et al., 2004), and also
Salmonella species (8%), ETEC (7%), and Shigella species (5%)
were associated with diarrhea (Gomes et al., 1991), but it seems
that they are becoming more and more rare, as presented herein
and described elsewhere (Franzolin et al., 2005; Bueris et al., 2007;
Moreno et al., 2010; Lima A. A. M et al., 2019; Lima F. M. et al.,
2019; Ori et al., 2018).

The distribution of genes encoding either for one single
pathogen in the diarrhea group (66%) and in control (67%) or
in multiple coinfections, 34 and 33%, respectively, was similar in
the present study. However, except for Salmonella plus E. coli and
Yersinia plus E. coli, we cannot assure that we detected different
strains, since they were not isolated from stools. Nevertheless,
coinfections have been described, suggesting associations among
potential enteropathogens in the etiology of diarrhea (Orlandi
et al,, 2006; Lima F. M. et al, 2019). Indeed, some hybrid
strains possessing typical genes from different pathotypes
(heteropathogens) have recently emerged (Santos et al., 2020).
For example, the O104:H4 strain associated with the severe
German outbreak in 2011 was a hybrid of both EAEC and EHEC
(Brzuszkiewicz et al., 2011). More recently, enterohemorrhagic
E. coli hybrid pathotype O80:H2 has emerged in Europe as an

important serotype responsible for hemolytic uremic syndrome
(HUS) associated with extraintestinal infections in children
(Cointe et al., 2018). Also, coinfections have been reported,
detecting in stool samples the presence of EPEC and EAEC and
S. enterica houtenae and EAEC (Lima F. M. et al., 2019).

The incidence of intestinal infection caused by STEC is low
in the Brazilian population (de Souza et al, 2011; Ori et al,
2018; Lima F. M. et al,, 2019). Thus, it was surprising to find
more EHEC-associated genetic markers in the asymptomatic
group than in the diarrhea group, since these genetic markers
are usually more associated with E. coli strains of greater clinical
significance (Delannoy et al., 2012a,b, 2016; Piazza et al., 2013).
This suggests that these potential EHEC strains are not the
etiological agent of diarrhea in this sampled group, which
remains to be investigated.

Current methods for either screening or detecting of
enteropathogens by PCR, multiplex PCR, and qPCR have been
used worldwide, given the high sensitivity and specificity, which
are satisfactory parameters to ensure an adequate diagnosis
(Panchalingam et al., 2012). However, the presence of several
pathogens in diarrhea samples, as we observed, and the high
frequency of enteropathogens in asymptomatic children has
made it difficult to use these methods as a tool to identify the
etiological agent of diarrhea.

Here, we found a significantly higher copy number of eae
in diarrhea samples compared to samples from asymptomatic
children, suggesting that LEE-containing pathogens could be
the etiological agents responsible for diarrhea in children. Even
though we did not find differences between groups in the
number of copies for aggR, our data must be complemented
with a larger number of samples and/or selection of other EAEC
markers to support the use of gPCR for molecular diagnosis for
this pathogen.

Our study had the following limitations. The number
of samples was limited and we did not search for other
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TABLE 3 | Virulence profile determination of eae+ Escherichia coli from fecal
samples of children with and without diarrhea*.

Genetic markers 32 fecal samples 19 fecal samples P-value
with diarrhea without diarrhea
(%) (%)

bfp 1(3.1) 0(0) 0.2192
stx1 13.1) 3(15.8) 0.0513
stx2 8(25.0) 12 (63.2) 0.0035
ehxA 6(18.8) 13(68.4) 0.0002
hiyA 12 (37.5) 7(37.0) 0.4858
nieA 5(15.6) 2(10.5) 0.3043
nleB 12 (37.5) 14 (73.7) 0.0062
nleE 12 (37.5) 15 (79.0) 0.0020
nleF 13 (40.6) 15 (79.0) 0,0039
espM1 12 (37.5) 14 (73.7) 0.0062
pagC 6(18.8) 15 (79.0) 0.0001

ent 7 (22.0) 15 (79.0) 0.0001

efal 3(9.4) 9 (47.4) 0.0010
espK 6(18.8) 4(21.0) 0.4242
espN 13.1) 1(6.3 0.3477
espV 8(25.0) 13(68.4) 0.0012
72098 7 (22.0) 12 (63.2) 0.0016
72099 12 (37.5) 16 (84.2) 0,0006
76065 12 (37.5) 13(68.4) 0.0164
terE 29(91.0) 18 (94.7) 0.3151

ureD 14 (44.0) 15 (79.0) 0.0073
SP_0O157-A 6(18.8) 11 (568.0) 0.0021

SP_0O157-B 13.1) 7(37.0) 0.0007
SP_0157-C 6(18.8) 11(58.0) 0.0021

026_C 4(12.5) 1(6.3 0.2017
026_D 2(6.2) 1(6.3 0.4474

P < 0.05 was considered statistically significant. *General P value between groups 0.312.

relevant pathogens, such as rotavirus, norovirus, protozoa, and
helminthes. For bacterial loads, we only evaluated two markers,
which might be insufficient, considering that DEC harbors
several virulence determinants that can be used as a target for
diagnosis. Another limitation of the study was that we did not
isolate the pathogenic strains. This would be helpful to identify
if asymptomatic children might shed the bacteria and possibly
be contagious.

In conclusion, we found that the presence of genetic markers
associated with bacterial pathogens was significantly higher in
stool samples from the diarrhea group compared to the control.
Also, compared to samples from asymptomatic children, there
was a significantly higher copy number of the eae gene in
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Hybrid strains of Escherichia coli combine virulence traits of diarrheagenic (DEC) and
extraintestinal pathogenic E. coli (EXPEC), but it is poorly understood whether these
combined features improve the virulence potential of such strains. We have previously
identified a uropathogenic E. coli (UPEC) strain (UPEC 252) harboring the eae gene that
encodes the adhesin intimin and is located in the locus of enterocyte effacement (LEE)
pathogenicity island. The LEE-encoded proteins allow enteropathogenic E. coli (EPEC)
and enterohemorrhagic E. coli (EHEC) to form attaching and effacing (A/E) lesions in
enterocytes. We sought to characterize UPEC 252 through whole-genome sequencing
and phenotypic virulence assays. Genome analysis unveiled that this strain harbors a
complete LEE region, with more than 97% of identity comparing to E2348/69 (EPEC)
and O157:H7 Sakai (EHEC) prototype strains, which was functional, since UPEC 252
expressed the LEE-encoded proteins EspB and intimin and induced actin accumulation
foci in Hela cells. Phylogenetic analysis performed comparing 1,000 single-copy shared
genes clustered UPEC 252 with atypical EPEC strains that belong to the sequence type
10, phylogroup A. Additionally, UPEC 252 was resistant to the bactericidal power of
human serum and colonized cells of the urinary (T24 and HEK293-T) and intestinal (Caco-
2 and LS174T) tracts. Our findings suggest that UPEC 252 is an atypical EPEC strain
that emerges as a hybrid strain (aEPEC/UPEC), which could colonize new niches and
potentially cause intestinal and extraintestinal infections.

Keywords: Escherichia coli, UPEC, hybrid pathogenic strain, virulence factor, ExXPEC, urinary tract infection,
atypical EPEC

INTRODUCTION

Urinary tract infection (UTI) is one of the most prevalent diseases worldwide, affecting
both community and hospitalized subjects, resulting in impairment of the patients life
quality (Terpstra and Geerlings, 2016; Wurpel et al, 2016). Several factors, such as
surgical manipulation, diabetes, previous hospitalizations, and catheterization, are related to a
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higher risk for developing this disease (Saltoglu et al., 2015;
Redder et al., 2016). UTI most often results from bacteria
transitorily present in the gut microbiota that colonize the
perineum and ascend through the urethra. Alternatively, UTI
may occur after the introduction of bacteria directly into the
urinary tract, during the use of a bladder catheter or certain
sexual practices (Donnenberg and Welch, 1996; Finer and
Landau, 2004). Characteristics of the host, especially those
associated with immunity, also contribute to the occurrence and
severity of infections in the urinary tract.

The main agents of UTI are Gram-negative bacilli of
the family Enterobacteriaceae. Among them, uropathogenic
Escherichia coli (UPEC) are the most frequent (Donnenberg
and Welch, 1996; Heilberg and Schor, 2003), responding for
about 80% of all cases worldwide (Ronald, 2003; Hooton, 2012;
Korbel et al., 2017). UPEC strains belong to a group of E.
coli clones that are collectively referred to as extraintestinal
pathogenic E. coli (ExPEC), which are adapted to colonize
and cause disease in different extraintestinal host sites (Russo
and Johnson, 2000). The ability of EXPEC strains to colonize
and develop extraintestinal diseases is due to the presence
of a variety of virulence factors, including adhesins, toxins,
capsules, invasins, and iron uptake systems that are encoded
in Pathogenicity islands (PAI) present in chromosomes or
plasmids (Dale and Woodford, 2015). Currently, more than
50 virulence factors have their role in EXPEC pathogenicity
established (Johnson and Russo, 2018), but the ability of ExPEC
to colonize a variety of host sites varies among strains reflecting
their genetic diversity.

Despite the number of virulence factors related to ExPEC
pathogenicity, its classification is primarily performed by the
isolation site, and their pathotypes defined by the infection
source, with uropathogenic E. coli (UPEC) being the most
prevalent EXxPEC pathotype. Many studies focus on UPEC
virulence and epidemiology, mainly because of the disease’s
burden. Johnson et al. (2003) described a set of virulence factors
that could identify EXPEC strains by their intrinsic virulence, and
are thus considered more virulent strains (presence of at least
two among five markers: pap, sfa/foc, afa/dra, iuc/iut, kpsMTII).
Later, Spurbeck et al. (2012) described another set of virulence
markers that are epidemiologically linked with the uropathogenic
potential (simultaneous presence of chuA, fyuA, vat, and yfcV).
Together these methodologies enable the screening of the ExPEC
strains that either harbor intrinsic virulence or uropathogenic
potential, in diverse sources, like water, food, and gut, favoring
the identification of their reservoirs. However, these criteria
fail to classify all strains isolated from extraintestinal infections
(Spurbeck et al, 2012; Santos et al., 2013, 2020b; Freire
et al., 2020) and some clinical lineages with epidemiological
importance also do not meet these criteria (Bert et al., 2010;
Olesen et al., 2012; Manges and Johnson, 2015; Manges et al.,
2017, 2019; Campos et al., 2018; Yamaji et al., 2018; Santos et al.,
2020a,b).

Other clones of E. coli can cause intestinal infections
by different mechanisms and are collectively referred to as
diarrheagenic E. coli (DEC). DEC strains are classified into six
pathotypes named enterotoxigenic E. coli (ETEC), enteroinvasive

E. coli (EIEC), enteroaggregative E. coli (EAEC), Shiga toxin-
producing E. coli (STEC), diffusely adherent E. coli (DAEC),
and enteropathogenic E. coli (EPEC) (Kaper and Nataro, 1998;
Croxen et al., 2013; Gomes et al., 2016). EPEC strains are divided
into typical (tEPEC) and atypical (aEPEC) based on the presence
of the EAF (EPEC adherence factor) plasmid (pEAF) in tEPEC
and its absence in aEPEC (Trabulsi et al., 2002). pEAF encodes a
bundle forming pilus (BFP) that promotes bacterial aggregation
and, consequently, the formation of compact microcolonies that
characterize a localized adhesion (LA) pattern on the surface of
HeLa and HEp-2 epithelial cells (Scaletsky et al., 1984; Girén
etal., 1991).

Reports of E. coli strains that caused intestinal and
extraintestinal infections in the same host are uncommon.
However, recent studies have identified ExPEC strains
promoting intestinal infections followed by bloodstream
infections (Mariani-Kurkdjian et al., 2014; Kessler et al., 2015).
These strains that contain virulence factors of intestinal and
extraintestinal pathotypes are considered hybrid and potentially
more virulent pathogens. In these studies, the horizontal gene
transfer (HGT) of virulence factors occurred from ExPEC to
DEC and DEC to ExPEC.

Despite the recognized potential of HGT between pathogenic
E. coli strains, only a few studies have described this phenomenon
among DEC and UPEC in strains isolated from UTI and in
these studies the genetic background of strains involved was not
evaluated (Olesen et al., 1994; Garcia et al., 2000; Keller et al.,
2002; Matar et al., 2005; Ogura et al., 2007; Wallace-Gadsden
etal., 2007; Abe et al., 2008; Lara et al., 2017; Santos et al., 2020a).
A study evaluating fecal EAEC isolates identified that some
strains produced alpha-hemolysin (hlyA) and P fimbria (pap)
(Suzart et al., 1999), characteristics often found in UPEC strains,
suggesting that certain EAEC strains with specific virulence genes
would be potentially uropathogenic. Assessing the virulence
factors of strains isolated from UTI, we have previously (Falsetti,
1998; Abe et al., 2008) demonstrated in some UPEC isolates the
presence of the aggR and aat genes, as well as the aggregative
adhesion (AA) pattern on HeLa cells, which are properties that
define the EAEC pathotype. In addition to the UPEC isolates
bearing EAEC virulence genes, in the referred study, we identified
a UPEC strain (UPEC 252) carrying the eae gene (Abe et al,
2008), which encodes intimin, an outer membrane adhesive
protein that is fundamental for the intimate adhesion of EPEC
and EHEC strains to intestinal cells and subsequent formation
of attaching/effacing (A/E) lesions (Kaper et al, 2004). A/E
lesions are characterized by intimate bacterial adhesion to the
host cells, which undergoes the eradication of microvilli and
accumulation of actin filaments underneath the adhered bacteria,
thus promoting the formation of pedestal-like structures on the
cell surface (Moon et al, 1983). This type of lesion can be
identified in non-intestinal (HeLa and HEp-2 cells) and intestinal
epithelial (Caco-2) cell lineages in vitro, as well as in animal
and human enterocytes in vivo (Kaper et al., 2004). The genes
involved in A/E lesion formation are contained in a chromosomal
PAI called the locus of enterocyte effacement (LEE). Besides
eae, LEE encodes a type III secretion system (T3SS) and several
effectors and regulatory proteins, whose activities culminate in
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the production of the lesion (Mcdaniel et al., 1995). Regardless
of the detection of the eae gene in UPEC 252, the genetic
background of the strain has not been properly evaluated,
and its relationship with other pathogenic E. coli is unknown.
Furthermore, it is not known whether the DEC virulence genes
found in this strain are complete, nor if they are expressed and
play a role in the bacterial interaction with intestinal and urinary
tract cells. Therefore, this study aimed to provide information
about the genetic and virulence properties of UPEC 252, an E. coli
that was isolated from UTI and carries the eae gene characteristic
of EPEC and EHEC.

MATERIALS AND METHODS

Bacterial Strain

UPEC 252 was isolated, in 1998, from a 1-month-old female
patient hospitalized at Hospital Sdo Paulo, Sdo Paulo, Brazil,
with urinary tract infection (Falsetti, 1998; Abe et al., 2008). The
strain was stored in Lysogeny broth (LB) supplemented with 15%
glycerol and kept at —80°C. For routine use, it was grown in LB
at 37°C for ~18 h.

Genome Sequencing, Assembly,

Annotation, and Data Analysis

The genome of UPEC 252 was sequenced as previously published
(Valiatti et al, 2019). Briefly, DNA was extracted using the
Wizard® Genomic DNA Purification Kit and sequenced on
an Illumina Hiseq1500 platform. The paired-end reads were
assembled de novo using SPAdes (version 3.12.0) (Bankevich
et al., 2012) and the annotation was performed using Prokka
version 1.13.3 (Seemann, 2014). The reads used for UPEC 252
genome assembly were deposited in the Sequence Read Archive
(SRA) at NCBI under the accession number SRR9317828, and the
whole-genome sequences (WGS) were deposited in the GenBank
database under the accession number VFST00000000 (Valiatti
etal., 2019).

The WGS of UPEC 252 was submitted to the Center
for Genomic Epidemiology (CGE) to determine the strain
sequencing type (Multi-Locus Sequence Typing - MLST version
2.0) (Larsen et al., 2012), virulence profile (VirulenceFinder 2.0)
(Joensen et al., 2014), resistance profile (ResFinder 3.1) (Zankari
et al., 2012), and serotype (SerotypeFinder version 1.1) (Joensen
et al., 2015). To analyze the presence of virulence and resistance
genes, we also used ecoli_VF collection v0.1 (Leimbach, 2016)
and the ABRicate program!, which employes multiple databases:
VEDB (Chen et al, 2016), ARG-ANNOT (Gupta et al., 2014),
CARD (Jia et al., 2017), PlasmidFinder (Carattoli et al., 2014),
EcOH (Ingle et al., 2016), MEGARes 2.0 (Doster et al., 2020),
and NCBI AMRFinderPlus (Feldgarden et al, 2019). The
phylogenetic typing of the strain was determined using the
ClermonTyping tool (Beghain et al., 2018). Confirmation of the
identified genes of the LEE region and the non-LEE encoded
genes was carried out by aligning the DNA sequences of UPEC
252 with the DNA sequences deposited at the National Center for
Biotechnological Information (NCBI) using the BLAST program.

!Seemann, T. ABRicate. Available online at: https://github.com/tseemann/abricate

Comparative Genome Analyses of UPEC

252

To identify the UPEC 252 genome rearrangement, gain and
loss, different strategies were used. First, the annotated genome
of UPEC 252 was aligned using progressiveMAUVE (Darling
et al, 2010). In another approach, pangenome analysis was
performed using the Roary pipeline (Page et al,, 2015). In both
methods, the genome of UPEC 252 was compared with the
genome of the following strains: prototype EPEC E2348/69
(GCF_000026545.1), aEPEC  4581-2  (QYYF00000000.1),
prototype EHEC O157:H7 Sakai (GCF_000008865.2), EHEC
O111:H- 11128 (GCF_000010765.1), prototype UPEC CFT073
(GCF_000007445.1), prototype UPEC 536 (GCF_000013305.1),
prototype UPEC UMNO026 (GCF_000026325.1), an isolate from
asymptomatic bacteriuria VR50 (GCF_000968515.1), and K12
derived MG1655 (GCF_000005845.2).

UPEC 252 Phylogenetic Analysis

The phylogenetic tree that includes UPEC 252 was built using the
Phylogenetic tree tool of the Pathosystems Resource Integration
Center (PATRIC) (Wattam et al., 2017). A total of 140 E.
coli public genomes were used to build the tree, 95 genomes
of which were randomly chosen among strains belonging to
ST10 (Supplementary Table 1), while 45 others were selected by
similarity using the Mash algorithm in the PATRIC similarity
genome service (Supplementary Table 1). The tree was built
applying the codon tree methodology employing the alignment
of 1,000 single-copy coding-genes in the RAXML matrix. The E.
coli strains UMN026 (ST597-D), CET073 (ST73-B2), 536 (ST127-
B2), $88 (ST95-B2), E2348/69 (ST15-B2), 0157:H7 Sakai (ST11-
E),and O111:H- 11128 (ST16-B1) were added to the phylogenetic
tree as outgroups as well as the Escherichia fergusonni strain
ATCC35469. The final layout and annotation were accomplished
using iTOL v.4. (Letunic and Bork, 2019).

Analysis of Intimin Production and EspB

Secretion by Immunoblotting

For the immunoblotting assays, the bacterial inoculum was
standardized sub-culturing the strains at a dilution of 1/50 into
DMEM until they reached an OD600 =1.

Intimin production was analyzed using total protein extract,
followed by immunoblotting, as previously described by Towbin
et al. (1979) using a monospecific polyclonal antibody against
the conserved region of this protein (Int388-667) (Menezes et al.,
2010).

Secreted proteins were extracted as described by Zarivach et al.
(2007), and an immunoblotting assay using an anti-EspB primary
antibody (Guirro et al, 2013) and anti-rabbit secondary IgG
antibody (whole molecule)-Peroxidase (Sigma, Saint Louis, EUA)
was employed to evaluate the ability of UPEC 252 to produce
T3SS. A protein extract from the typical EPEC prototype strain
E2348/69 was used as a positive control (Santos et al., 2019).

Cell Culture and Maintenance

HeLa (ATCC® CCL-2), HEK293T (ATCC® CRL-1573),
Caco-2 (ATCC® HTB-37TM), and LS174T (ATCC® CL-
188) cell lineages were cultivated using Dulbecco’s Modified
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Eagle Medium (DMEM), high glucose, GlutaMax™ (Gibco-
ThermoFisher Scientific, USA) (2 g/L sodium bicarbonate, 4.5
g/L glucose) containing 15mM HEPES (Sigma, Saint Louis,
USA), 1x Penicillin-Streptomycin-Neomycin (PSN) antibiotic
mixture (GiBCO, USA), and 10% bovine fetal serum (BFS)
(GIBCO, USA). T24 cells (ATCC® HTB-4) were grown using
McCoy 5A (modified) medium (Gibco, USA) supplemented with
10% BFS and 1x PSN. All cell lineages were kept in 5% CO;
atmosphere at 37°C.

Suspensions of each cell type were seeded into 24-well
plates (1 x 10° cellsy mL per well) and kept in culture
according to the assay type. For qualitative assays, all cell
lineages were cultivated for 2-5 days until they reached 80%
confluency, except for Caco-2 cells, which were cultivated for 10
days to reach confluency, polarization, and differentiation. For
quantitative assays, all cells were cultivated until they reached
full confluency.

Determination of the Bacterial Adherence

Pattern

The adherence pattern was determined as described (Santos et al.,
2019) using HeLa cells in 6h of interaction in the presence
of 2% D-mannose (Sigma - USA) to prevent Type 1 fimbria-
mediated adhesion. Bacteria previously grown in LB for 18 h at
37°C were inoculated in 1 mL of cell media, at a 1:50 dilution, and
incubated at 37°C for 3 h. The preparation was then washed with
phosphate-buffered saline (PBS), fresh medium was added, and
incubation proceeded for an additional 3 h. After the 6 h period,
the cells were washed, fixed with methanol, stained with May
Griinwald and Giemsa (Merck, New Jersey, USA) and evaluated
by light microscopy (Hernandes et al., 2013). As controls, the E.
coli prototype strains producing the LA (tEPEC E2348/69), AA
(EAEC 042), and diffuse adhesion (DA) (DAEC C1845) patterns
were used, as well as a non-adherent laboratory strain (E. coli
HB101) (Hernandes et al., 2013).

Fluorescence Actin Staining (FAS) Assay
The FAS test was used as an indirect approach to verify the
ability of UPEC 252 to cause A/E lesions (Knutton et al,
1989). The test was performed in HeLa cells precisely as
described for the determination of adhesion patterns. At the
end of the assay, cells were fixed in 3% formaldehyde in
PBS, permeabilized with 1% Triton X-100, and incubated with
phalloidin for 20 min. Subsequently, coverslips were washed in
PBS, mounted on glycerol, and observed under fluorescence
microscopy (OLYMPUS BX60) (Olympus, Tokyo, Japan) with
immersion lenses. As positive and negative controls, the E. coli
E2348/69 (Jerse et al, 1990) and C1845 strains, respectively,
were used.

The percentage of cells with pedestal produced by the UPEC
252 and EPEC E2348/69 strains was quantified in three different
fields of view in a triplicated FAS assay. The results were shown
by the means of the number of infected cells with F-actin
accumulation foci (pedestals) &= SD. The unpaired bi-directional

Student’s ¢-test was used to compare means of the two strains, in
which P < 0.05 was considered statistically significant.

Transmission Electron Microscopy

For Transmission Electron Microscopy (TEM), HeLa cells were
grown onto ACLAR® film inserted into 24-wells plates, and
subsequently subjected to an adhesion assay for 3 h as described
above. In the end, the preparation was washed twice with
2% formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer pH 7.2 and kept overnight in the same buffer.
The material used was gradually infiltrated and embedded in
gelatin capsules and allowed to polymerize for 48 h in an oven at
60°C; semi-thin sections (300-500 jLm) were obtained and hot-
stained with 1% toluidine blue. Finally, ultrathin sections (70 nm)
were contrasted with uranium and lead citrate and visualized
on a Jeol JEM 1200EX II transmission electron microscope. The
typical EPEC E2348/69 and DAEC C1845 prototype strains were
used as a positive and negative controls, respectively.

Bacterial Interaction With Intestinal and

Urinary Tract Cell Lineages
The ability of UPEC 252 to interact with intestinal (Caco-2
and LS174T) and urinary tract (T24 and HEK293) cell lineages
was evaluated.

Adherence assays were performed as described above but in
3 h and the absence of D-mannose. For the quantitative adhesion
assays, after the 3 h incubation period, cells were incubated for
~30min with 1 mL sterile distilled water for cell lysis (Santos
et al., 2019). Then, the suspension containing lysed cells and
bacteria was subjected to serial dilutions and seeding onto
MacConkey Agar to determine the number of colony-forming
units (CFU) associated with the cells. The UPEC CFT073,
aEPEC 4581-2 and non-adherent E. coli HB101 were included as
controls. The One-way ANOVA followed by post hoc Tukey HSD
test was used to compare the results obtained in this experiment.

The quantitative invasion assay was performed in duplicates,
however, at the end of 3 h of incubation, one of the duplicates was
washed with PBS, lysed by incubation with sterile distilled water
for about 30 min, serially diluted, and plated onto MacConkey
Agar to obtain the total number of bacteria interacting with
the cells. The second duplicate was washed with PBS, incubated
for an additional hour with DMEM containing 100 p.g/mL
gentamicin to kill the extracellular bacteria; after the incubation
period, cells were washed, lysed, and the resulting preparations,
diluted and seeded onto MacConkey agar to obtain the number
of internalized bacteria (Luck et al., 2005). The invasion index
was defined by the ratio of the total number of internalized CFUs
by the total number of CFUs associated with the cells (externally
and internally), expressed as a percentage. The invasive Shigella
flexneri strain M90T was used as positive control while the non-
invasive strain Escherichia albertii 1551-2::eae, mutated in the eae
gene (Hernandes et al., 2008), was employed as a non-invasive
control in all cellular lineages tested, except for the HEK293T
cell lineage, where the DAEC C1845 strain was used as a negative
control. All quantitative assays were performed in biological and
experimental triplicates. The One-way ANOVA followed by post
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hoc Tukey HSD test was used to compare the results obtained in
this experiment.

Bacterial Resistance to the Human Serum

Complement

To determine the resistance of UPEC 252 to the human
serum complement, lyophilized human complement (Sigma,
USA) reconstituted in PBS was used. Bacterial cells grown
overnight in LB were washed twice and resuspended in PBS.
The bacterial suspension was seeded onto MacConkey agar for
CFU determination. The bacterial culture concentration was then
adjusted to ~1 x 107 CFU / mL in PBS. Then, 200 pl of
the adjusted inoculum and 200 pl of human serum pool were
mixed and incubated at 37°C for 4 h. Aliquots of the preparation
were collected at three different times (30, 60, and 240 min),
serially diluted, and plated onto MacConkey agar to obtain the
survived bacterial counts. Simultaneously, another assay using
serum inactivated by heating for 30 min at 56°C was performed.
The experiments were carried out in biological triplicates, and the
E. coli strain C600 and the Enterobacter spp. strain EB046 were
used as serum sensitive and resistant controls, respectively (Keller
et al., 1998). Additionally, the UPEC CFT073 and aEPEC 4581-2
strains were used as controls.

Biofilm Formation

Analysis of biofilm formation was carried out as described
previously (Lima et al.,, 2019). UPEC 252 was grown in LB at
37°C for 18 h. Then, 20 pl of the culture were added to 24-well
polystyrene plates containing 1 mL of DMEM GlutaMax™ and
incubated at 37°C for 24 or 48 h. After incubation, bacteria were
washed with PBS, fixed overnight with 1 mL of formaldehyde
(3%), and stained with 1% violet crystal. After successive washes,
the dye impregnated in the cells was solubilized with 95%
ethanol (Merck), supernatants were transferred to 96-well plates,
and the optical density of the solution was measured in a
spectrophotometer at 620nm (Hernandes et al, 2013). The
experiments were carried out in biological and experimental
triplicates. The EAEC 042, UPEC CFT073, aEPEC 4581-2, and E.
coli HB101 strains were used as controls. The One-way ANOVA
followed by post hoc Tukey HSD test was used to compare the
results obtained in this experiment.

Antimicrobial Sensitivity Test

The diffusion disc technique was used as proposed by Bauer
et al. (1966) to evaluate the antimicrobial susceptibility profile.
The diameters of growth inhibition halos were measured and
interpreted following the standards of the Brazilian Committee
on Antimicrobial Susceptibility Testing - BrCAST breakpoints
(EUCAST, 2020).

The antibiotics employed in this test were: amoxicillin-
clavulanic acid (20 4 10 pg), aztreonam (30 |Lg), cefepime (30
ng), ceftazidime (10 pg), ceftriaxone (30 pg), meropenem (10
ng), imipenem (10 pg), ertapenem (10 pg), gentamicin (10 pg),
amikacin (30 pg), tigecycline (15 pg), cefoxetin (30 pg), and
ciprofloxacin (5 pg).

RESULTS

Genetic Characterization of the LEE

Region and Non-LEE Effectors in UPEC 252

UPEC 252 was originally reported to harbor the eae gene, which
is a property characteristic of the EPEC and EHEC pathotypes
(Abe et al.,, 2008). This fact raised the question of whether this
strain would carry an intact LEE region, where the eae gene
is located, and, therefore, could be potentially more virulent.
Based on manual verification of the recently published genome
sequence of UPEC 252 (Valiatti et al., 2019), we observed that
the strain carried a complete LEE region (Table 1). Moreover, of
all the 55 non-LEE effectors screened, only the cif, nleB, nleBl,
nleB2, nleC, nleE, nleE, nleG, nleH1, nleH2, espL, and esp] genes
were found.

By examining the sequence of the LEE region using the
BLAST program, UPEC 252 showed identities ranging from 93
to 99% with EPEC, EHEC, and E. albertii strains isolated from
different sources and countries (Table 2). The highest identity
was found between UPEC 252 and aEPEC strain 13E0767 isolated
from cattle in Germany, and eight EHEC strains, five of them
belonging to the O111 serogroup, including the EHEC O111:H-
strain 11128 (Table 2).

Assessment of the LEE Region

Functionality

The functionality of the LEE was verified phenotypically. Initially,
Intimin and EspB expression was confirmed by immunoblotting,
in which both proteins exhibited their predicted molecular sizes
(Figure 1).

The ability of UPEC 252 to promote A/E lesion was then
assessed in HeLa cells, where it presented a mixed adherence
pattern either in the presence or absence of D-mannose, with
occasional loose clusters resembling the Localized Adherence-
Like (LAL) pattern (Figure2), as well as bacteria diffusely
attached to the cell surface, after 6h of interaction. The ability
of UPEC 252 to produce A/E lesion was then assessed by
the FAS test, which revealed the capacity of the strain to
mobilize actin. However, as observed by optical microscopy,
actin mobilization occurred only occasionally, ~30% of the
infected cells, 3-fold less of the mobilization caused by E2348/69
(Supplementary Figures 1, 2). Pedestal formation due to actin
mobilization was found on the cells surface by TEM (Figure 3),
showing that UPEC 252 bears a functional LEE capable of
producing A/E lesion in vitro.

UPEC 252 Genetic Background and Other

Virulence-Associated Genes

To understand the general genomic relationship of UPEC 252
with other E. coli isolates, phylogenetic analyses were performed,
showing that it belongs to serotype O71:H40 and to phylogroup
A. Multilocus sequence analysis conducted according to the
Warwick scheme identified the strain as belonging to ST10.
The phylogenetic tree built with strains of the ST10 showed
that this ST is composed of strains from various DEC
pathotypes, including strains presenting virulence encoding-
genes of different DEC pathotypes and ExPEC strains isolated
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TABLE 1 | Genes that comprise the LEE region of UPEC2522.

Gene Coverage %Coverage %ldentity Accession
espG 1-1,197/1,197 100.00 100.00 gi:260869665
escE 1-219/219 100.00 99.54 NP_290287
escK 1-199/199 100.00 99.50 AF022236.1
eschR 1-654/654 100.00 100.00 gi:215488994
escT 1=777/777 100.00 99.87 0i:260869699
etgA 1-459/459 100.00 99.35 NP_290279
griA 1-414/414 100.00 99.76 gi:260869695
escC 1-1,539/1,539 100.00 99.94 0i:215488986
escd 1-573/573 100.00 99.83 gi:260869691
espZ 1-297/297 100.00 99.66 gi:260869689
escV 1-2,028/2,028 100.00 100.00 gi:260869687
escO 1-378/378 100.00 98.41 NP_290267
sepQ/escQ  1-918/918 100.00 93.14 NP_290265
cesF 1-363/363 100.00 99.45 gi:260869681
tir 1-1,656/1,656 100.00 99.94 gi:260869679
eae 1-2808/2808 100.00 100.00 gi:260869677
sepL 1-1,056/1,056 100.00 100.00 01260869675
espD 1-1,143/1,143 100.00 100.00 gi:260869673
cesD2 135-408/408 67.16 99.27 gi:260869671
escG 1-279/279 100.00 96.77 NP_290251
espF 1-504/789 63.88 90.71 gi:260869668
escF 1-222/222 100.00 100.00 gi:260869670
espB 1-963/963 100.00 100.00 gi:260869672
espA 1-579/579 100.00 100.00 gi:260869674
escD 1-1,221/1,221 100.00 99.84 gi:260869676
cesT 1-471/471 100.00 100.00 gi:260869678
map 1-612/612 100.00 99.84 gi:260869680
espH 1-510/510 100.00 100.00 gi:260869682
escP 1-276/276 100.00 98.19 NP_290266
escN 1-1,341/1,341 100.00 99.92 gi:260869686
cesL 1-354/354 100.00 99.44 NP_290270
escl 1-429/429 100.00 93.24 NP_290272
sepD 1-456/456 100.00 100.00 gi:260869692
cesD 1-456/456 100.00 100.00 gi:260869694
ariR 1-372/372 100.00 100.00 gi:260869696
escU 1-1,038/1,038 100.00 100.00 gi:260869698
escS 1-273/273 100.00 99.63 0i:291285070
escL 1-615/615 100.00 99.67 NP_290284
cesAB 1-324/324 100.00 99.69 gi:15804247
ler 1-390/390 100.00 99.74 gi:215488999
rorfl 1-272/272 100.00 90.81 AF022236.1

aSummary of LEE genes identified by the ABRicate program. The percentage of coverage
and identity displayed were the highest identified, comparing UPEC 252 with O157: H7
Sakai (EHEC), O127: H6 E2348/69 (EPEC), and O111: H- 11128 (EHEC). Most proteins
presented belong to the E. coli O111:H- str 11128.

from different sites of infection (Figure4). UPEC 252 was
allocated in a cluster composed of aEPEC strains and two E.
coli strains isolated from extraintestinal infections (Figure 4).
Among the aEPEC strains with higher similarity, most were
isolated from humans without intestinal infection (Figure 4 and
Supplementary Table 1).

Regarding the virulence-encoding genes investigated, in silico
analysis revealed the presence of 17 virulence genes/operons,
as shown in Table 3, which are related to several pathogenicity
mechanisms. Genes related to iron acquisition, serum resistance,
and some adhesins were identified; although none of them are
recognized as classically related to extraintestinal infections,
except for malX (Table3), they might contribute to the
occurrence of extraintestinal infections. Several genes of
different efflux pumps related to resistance to antimicrobials
and other organic compounds were found in the UPEC 252
genome (Supplementary Table 2). However, no gene directly
related to antimicrobial resistance was identified. Additionally, a
phenotypic assay demonstrated that our strain was sensitive to all
tested antimicrobials (Supplementary Table 3). The pangenome
analyzes performed reinforced the phylogenetic relationship of
UPEC 252 and aEPEC (Supplementary Figure 3), but did not
evidence any gene that could be related to the establishment
of UTIL. Moreover, the genome alignment performed using
progressiveMAUVE  highlighted some insertion regions
(composed of genes with unknown function or bacteriophages)
in the UPEC 252 genome (Supplementary Figure4) in
comparison with EPEC/EHEC strains.

UPEC 252 Is Resistant to Serum

Complement Activity

As the analyses of the genome revealed the presence of the
traT and iss genes, UPEC 252 was tested regarding its ability to
resist the bactericidal power of human serum. Data demonstrated
that UPEC 252 was serum resistant in the assayed condition,
in which bacteria were incubated with serum complement in
the physiologic concentration (50%) for at least 4h, like the
serum-resistant control Enterobacter sp. strain EB046 (Figure 5).

UPEC 252 Does Not Produce Biofilm on

Abiotic Surfaces

The ability to form biofilm on an abiotic surface (polystyrene)
was tested at two different periods (24 and 48h), however,
under the conditions tested (cultivation in DMEM at 37°C) and
regardless of the incubation period, the UPEC 252 was not able
to form biofilm in vitro (Supplementary Figure 5).

Evaluation of the Ability of UPEC 252 to
Colonize and Invade Urinary and Intestinal

Tract Cells in vitro
The ability of UPEC 252 to adhere to urinary (T24 and HEK
293T) and intestinal (Caco-2 and LS174T) epithelial cells was
assessed using qualitative (Supplementary Figures 6, 7) and
quantitative (Figure 6) adherence assays, with incubation periods
of 3h. UPEC 252 was able to adhere efficiently to all cell
lines tested, and, when compared to UPEC (CFT073) and
aEPEC (4581-2) controls, it showed higher adherence capacity in
HEK293T, T24, and Caco-2 cells (p <0.0001) than in the LS174T
cell lineage (p <0.001).

Comparing UPEC 252 adherence capacity among the diverse
cell lineages used, the number of bacteria that adhered to the cells
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TABLE 2 | Comparison of the LEE region of UPEC 252 with strains available at the NCBI.

Strain Isolation year Place Pathotype Serogroup Source Identity Access number
Escherichia coli 13E0767 1998 Germany EPEC 0156 Cattle 99.97% CP020107.1
Escherichia coli FORC_042 2013 South Korea EPEC NA?2 Pork meat 99.93% CP025318.1
Escherichia coli 2013C-3304 2013 USA EHEC or1 Stool human 99.92% CP027593.1
Escherichia coli O111 RM9322 2009 USA EHEC o111 Stream 99.92% CP028117.1
Escherichia coli 2015C-3101 2014 USA EHEC o111 Stool human 99.92% CP027221.1
Escherichia coli O111:H- 11128 2001 Japan EHEC o111 Stool human 99.92% AP010960.1
Escherichia coli RM9975 2009 USA EHEC o111 Stool human 99.91% CP028432.1
Escherichia coli 95JB1 1995 Australia EHEC o111 Stool human 99.91% CP021335.1
Escherichia coli O157:H7 Sakai 1996 Japan EHEC 0157 Stool human 97.46% BAO00007.3
Escherichia coli O127:H6 E2348/69 1969 United kingdom EPEC o127 Stool human 97.19% FM180568.1
Escherichia coli 0121 RM8352 2009 USA EHEC o121 Sediment® 93.17% CP028110.1
Escherichia coli O121:H19 16-9255 2016 Canada EHEC o121 Flour 93.17% CP022407 .1
Escherichia albertii _EC06_170 2006 Japan NA NA Human 93.20% AP014857.1

aNA — Information not available or not applicable.
bthe strain was isolated from sediments from a stream.

of the urinary tract was higher when compared to the cells of the
intestinal tract (*** p < 0.01) (Supplementary Figure 8).
Invasion assays were performed to verify the ability of UPEC
252 to invade epithelial cells. To this end, HeLa, HEK293T,
and Caco-2 cells were infected for 3h in the absence of
mannose. Despite recovering internalized bacterial counts in
the order of 10* CFU/mL, the invasion indexes observed were
0.028% (HeLa cells), 0.024% (HEK293T cells), and 0.05% (Caco-
2 cells) (Supplementary Figures 9-11). These indexes were
considerably low in comparison with the index of the classical
invasive strain, Shigella flexneri M90T, used as a positive control.

DISCUSSION

In this study, we sought to perform a genotypic and phenotypic
characterization of UPEC 252, which carried the eae gene
(Falsetti, 1998; Abe et al., 2008) that is characteristic of the EPEC
and EHEC pathotypes, what suggested that this strain could be
capable of producing intestinal and extraintestinal infections in
the same patient.

The alignment of the sequence of the LEE of UPEC 252
with the LEE of other strains revealed high similarities (more
than 99.9% of identity) with aEPEC and EHEC strains isolated
in Europe, Asia, Oceania, and North America. Interestingly,
the strain whose genome showed the highest similarity was an
aEPEC strain isolated in Germany in the same year as UPEC
252 (1998). In addition, we investigated if UPEC 252 harbored
non-LEE genes that encode effector proteins that are secreted
by A/E lesion-producing pathogens by a T3SS (Deng et al,
2012). Twelve among 55 known non-LEE genes (cif, nleB, nleB1,
nleB2, nleC, nleE, nleE, nleG, nleH1, nleH2, espL, and esp]) were
identified. It should be noted that the non-LEE proteins are not
directly related to A/E lesion formation, but their activities may
contribute to increased bacterial virulence by other pathways
(reviewed by Gomes et al., 2016). The non-LEE genes found in
UPEC 252 are related to several pathogenic mechanisms, such

as inhibition of cell detachment and modulation of cell death
(cif and nleF); inhibition of phagocytosis (nleG, esp], nleH1, and
nleH2), modulation of pro-inflammatory signaling (nleB, nleBl,
nleB2, nleC, nleE, nleG, nleH1, and nleH2), and cytoskeleton
modulation (espL) (Dean and Kenny, 2009; Vieira et al., 2010;
Vossenkdmper et al., 2011; Wong et al., 2011; Salvador et al.,
2014).

Immunoblotting assays revealed that UPEC 252 produced
intimin and secreted the EspB protein, thus suggesting that the
LEE region was functional in this strain. Given the similarity of
UPEC 252 with aEPEC strains (presence of the LEE region, and
absence of pEAF and the stx genes), its adhesion pattern was
investigated on HeLa cells, using prolonged assays (6-h assay)
in the presence of D-mannose. Although UPEC 252 presented
a non-characteristic adhesion pattern, it adhered randomly,
forming loose microcolonies, which is the same pattern observed
in some aEPEC strains. Thus, the presence of the LEE region in
the UPEC 252 genome is probably contributing to the formation
of the observed loose clusters, but further studies should be
performed to confirm this hypothesis.

To corroborate the hypothesis of the ability of the UPEC
252 to produce A/E lesion, we employed the FAS test, which
is commonly used as an indirect measure to determine the
capacity of EPEC, EHEC, E. albertii, and Citrobacter rodentium
strains to remodel the host cell cytoskeleton (Knutton et al.,
1991; Lima et al.,, 2019; Tanabe et al., 2019). Although we have
verified that UPEC 252 can promote actin accumulation in HeLa
cells at the site of bacterial adhesion at only some fields and
3-fold less than a typical EPEC strain, TEM images revealed
the occurrence of pedestal-like structures on the cell surface.
Additional experiments are necessary to confirm further the
ability of this strain to promote A/E lesions in vivo since it has
been shown that not all LEE-positive strains that produce these
lesions are FAS positive in vitro (Bai et al., 2008).

Genomic analyses have improved our understanding of how
E. coli strains have evolved, revealing their genetic backgrounds,
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FIGURE 1 | Immunodetection of Intimin and EspB. The production of the adhesin intimin and the secreted protein EspB were detected by immunoblotting. (A)
Immunoblotting assay of UPEC 252 using an anti-intimin antibody (1:100) against the conserved region of the protein (Int388-667); (B) Immunoblotting assay of UPEC
252 using an anti-EspB antibody (1:3000). tEPEC strain E2348/69, positive control of production of intimin (94 kDa) and EspB (~ 40 kDa).

Aggregative adhesion: EAEC 042 (E); Non-adherent: E. coli HB101 (F).

FIGURE 2 | Adherence pattern of UPEC 252 to Hel a cells. The adherence pattern of the UPEC 252 (A) was obtained in a 6-h interaction assay in the presence of
2% D-mannose. Light microscopy images (microscopic magnification 1,000 x) shows the production of loose bacterial microcolonies similar to the LAL (localized
adherence-like) pattern of atypical EPEC. Controls: Localized adhesion: typical EPEC E2348/69 (B); LAL: aEPEC 3991-1 (C); Diffuse adhesion: DAEC C1845 (D),

and highlighting the occurrence of horizontal gene transfer. Our
phylogenetic analysis evidenced that UPEC 252 belonged to
phylogroup A, ST10, and serotype O71:H40. E. coli strains of
the ST10 have been frequently associated with UTI in several
countries, including Brazil (Gongalves et al., 2016; Hertz et al.,
2016; Campos et al., 2018). Other studies have also reported the
isolation of E. coli strains of the ST10 from the environment
and food, as well as from bloodstream infections and diarrhea,
evidencing the versatility of colonization of this ST (Arais et al.,
2018; Liu et al., 2018; Mohsin et al., 2018; Yamaji et al., 2018).

In addition, our analysis showed that ST10 is composed of E.
coli strains from various DEC pathotypes (ETEC, STEC, EPEC),

as well as commensals and strains isolated from a variety of
extraintestinal infections. Moreover, strains harboring combined
virulence-encoding-genes used as diagnostic markers of the
different DEC pathotypes (e.g, ETEC/STEC) were identified
among the ST10 strains. Furthermore, two strains isolated in
Europe (Sweden and England) from extraintestinal infections
and harboring the LEE region were detected. One of them was
isolated in 1995 from the urine of an inpatient that developed
urosepsis, while the other was isolated in a surveillance program
from a bloodstream infection in 2008 (Kallonen et al., 2017).
Altogether, these data corroborate with the hypotheses that
some E. coli STs could be considered a “melting pot” that
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pedestal-like structure formed under the adhered bacterium.

FIGURE 3 | Attaching-effacing lesion promoted by UPEC 252. Transmission electron microscopy (TEM) of UPEC 252 evidencing cytoskeleton rearrangement and
pedestal formation under the intimate bacterial adherence to Hela cell. (A) A/E lesion produced by UPEC 252; (B) A/E lesion produced by positive control typical
EPEC E2348/69; (C) Absence of A/E lesion in cells infected with the DAEC strain C1845, used as a negative control; (D) Non-infected cells. Asterisks indicate the

favors the emergence of hybrid strains, i.e., strains presenting
concomitantly virulence markers that define different E. coli
pathotypes (Gati et al., 2019). The ST10 complex could be a
candidate for this emergence because it encompasses all E. coli
pathotypes, and a variety of hybrid strains have been identified in
this ST (STEC/ETEC, EAEC/UPEC, and EPEC/ExPEC).

In this context, two hypotheses were raised: UPEC 252
could be an ExPEC strain that acquired the LEE island, or an
aEPEC strain that, over time, received EXPEC genes that allowed
it to establish UTIL. Our phylogenetic analyses supported the
latter hypothesis because UPEC 252 is inserted into a cluster
composed of aEPEC strains, suggesting that it has an EPEC
genomic background. The diversity of aEPEC strains and their
ability to acquire virulence genes by horizontal transfer were
demonstrated by Hazen et al. (2017) through genome analyses.
These authors showed that EPEC/ETEC hybrid strains were
genetically closer to EPEC, and later acquired ETEC virulence
genes. It is worth to mention that most aEPEC strains in the
UPEC 252 cluster were isolated from the gut of asymptomatic
human carriers, besides the two EXPEC strains that also harbored

the LEE and were isolated from extraintestinal infection of non-
diarrheic inpatients. These data suggested that this specific cluster
could harbor strains with an attenuated diarrheagenic phenotype,
which is reinforced by the few FAS positive signals produced by
UPEC 252 in HeLa cells mentioned above. However, more studies
are necessary to confirm this hypothesis because ST10 bears
other EPEC clusters in which several pathogenic EPEC strains
that had been isolated from diarrhea were detected (Ferdous
et al., 2016; Arais et al., 2018; Santos et al., 2019). Besides the
EPEC related genes, other virulence factors were identified in
the genome of UPEC 252, among which genes that are involved
in bacterial adherence to host cells, like E. coli laminin-binding
fimbriae (ELF), E. coli common pilus (ECP), and Type 1 fimbriae.
In UPEC strains, Type I fimbriae were demonstrated to be
essential for adherence to the bladder epithelium (Paneth cells)
at the early stage of UTI establishment (Connell et al., 1996;
Sokurenko et al., 1998). Analysis of the genome of UPEC 252
also revealed the presence of the iss and traT genes, which
confer to E. coli strains resistance to the bactericidal power
of human serum (Binns et al, 1979) that is the first line of
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‘Escherichia coli strain DA33133 (Feces)

“9 s s ez

FIGURE 4 | UPEC 252 phylogenetic tree. The phylogenetic tree was built with 140 public E. coli genomes belonging to ST10 using the codon-tree methodology of
1,000 single-copy proteins in the Maximum Likelihood-based matrix (RAXML). Labels are colored according to the E. coli pathotypes, which were determined by the
presence of specific virulence factors or type of infection: red, extraintestinal pathogenic E. coli (strains isolated from extraintestinal infections); orange, enterotoxigenic
E. coli (elt or est positive); light blue, Shiga toxin-producing E. coli (stx positive and eae and escV/ negative); green, enterohemorrhagic E. coli (stx, eae and escV
positive) cyan, strains harboring elt and stx (ETEC/STEC); yellow, strains isolated from diarrhea but of unknown DEC pathotype; lilac, enteropathogenic E. coli (eae
and escV positive, stx negative); dark red, extraintestinal pathogenic E. coli strains that, like UPEC 252, were isolated from extraintestinal infections but harbored
EPEC virulence genes; uncolored, strains with no pathotype assignment or not confirmed as causing disease. Strains from known origins are indicated in parenthesis.
Black stars indicate strains isolated from confirmed infections. UPEC 252 is labeled with a bold letter and indicated by a red star aside from the label. Bootstrap values
higher than 90 are indicated by a black circle in the branch.

host defense (Walport, 2001). The serum resistance ability of =~ whole human body, evading such a system and, consequently,
UPEC 252 was confirmed in experiments conducted in vitro.  aggravating the patient’s clinical condition.

This mechanism is essential for the pathogenicity of strains that We also identified the presence of malX in the genome of
reach the bloodstream since it allows bacteria to move across the =~ UPEC 252, which encodes enzyme II of the phosphotransferase
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system, and is used as the pathogenicity island marker of the
UPEC prototype strain CFT073, whose relationship with UTI
persistence and recurrence was previously demonstrated (Ejrnzes,
2011; Ejrnees et al., 2011). It is noteworthy that malX is essential

TABLE 3 | Virulence-encoding genes detected in UPEC 252.

Traits Virulence factor Gene/operon
Adhesins/Invasins E. coli laminin-binding fimbriae (ELF) elfACDG
Hemorrhagic E. coli pilus (HCP) hcpABC
Type | fimbriae fimABCDEFGHI
E. coli common pilus (ECP) ecpRABCDE
Curli adhesin CSgABC-CcsgEFG
Intimin-like adhesin FdeC eaeH
lbeB (CusC) invasive protein cusC
EhaB autotransporter Protein ehaB
Protectins Surface exclusion protein traT
Increased serum survival iss
Colicin V production protein CVPA
Iron acquisition system  Ferric hydroxamate system fhuACDB
FeS+ uptake coprogen receptor fhuE
Ferric enterobactin receptor fepA
Toxins Hemolysin/cytolysin A hlyE
Cytoskeleton-binding toxin CbtA cbtA
Pathogenicity island PTS system maltose-specific malX

marker

Virulence genes detected by VFBD and manually confirmed by BLAST.

for the persistence of E. coli strains in the intestinal tract of
healthy babies (Ostblom et al., 2011).

Biofilm production allows bacteria to persist in the host and
can be associated with the gravity of the infection (Hoiby et al.,
2011). UPEC strains have been shown to present varying levels
of biofilm production (Watts et al.,, 2010; Novais et al., 2012;
Ponnusamy et al., 2012; Agarwal et al.,, 2013; Tapiainen et al.,
2014; Flament-Simon et al., 2019). Herein, we showed that UPEC
252 is not capable of producing biofilm on abiotic surfaces under
the conditions tested.

The ability of bacterial strains to adhere to and invade host
cells are important mechanisms of virulence, which directly
implicates increased pathogenicity since these processes are
associated with persistent infections. We showed that UPEC 252
could adhere to different cell lines of the urinary and intestinal
tracts in vitro. A higher affinity with the urinary tract epithelial
cells was observed, which was expected, considering that it was
isolated from a urinary tract infection. However, whether UPEC
252 can interact with the intestinal epithelium and cause disease
in the intestinal tract remains to be investigated. Furthermore,
the ability to invade the host cells allows bacteria to overcome
the actions of the immune system and certain antibiotics (Lewis
et al,, 2016). Especially in female patients, UTIs often recur
even after antibiotic therapy (Dielubanza and Schaeffer, 2011;
Barber et al.,, 2013). Studies estimate that ~1-3rd of women
up to 24 years old will be affected by UTI, and about 25%
of these women will have at least one recurrent UTI in the
following 6 months (Foxman, 2014). According to Lewis et al.
(2016), recurrent UTIs are probably related to the invasiveness,
persistence, and multiplication of bacteria within the urinary

UPEC 252 NHS
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aEPEC 4581-2 NHS

CFU/mL
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the experiment. The experiments were performed in biological triplicates.

2 o
101_
10° T T T T T T T T
0 30 60 90 120 150 180 210 240
Minutes

FIGURE 5 | UPEC 252 serum resistance assay. Resistance to the bactericidal effect of the human serum was evaluated using a pool of human serum in PBS (50% of
final serum concentration) in a 4-h assay. NHS, normal human serum; iHS, heat-inactivated human serum. The prototypical K-12 derived laboratory strain, E. coli
C600, was used as a negative control, and the Enterobacter sp. strain EBO46 was used as a positive control. Strains CFT073 and aEPEC4581 were also included in
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FIGURE 6 | Quantitative adherence of UPEC 252 in different eukaryotic cell lineages. Quantitative assays were performed in a 3-h incubation period, in urinary (T24
and HEK 293T), and intestinal (Caco-2 and LS174T) tract cell lineages, in the absence of D-mannose. (A) HEK-293T cells; (B) T24 cells; (C) Caco-2 cells; (D) LS174T
cells. The bacterial strains CFT073, aEPEC 4581-2, and E. coli HB101 were used as UPEC, aEPEC and poorly adherent controls, respectively. “***P < 0.0001.

epithelium. Although the internalization rates of UPEC 252 were
considerably lower than those of a classical invasive strain (S.
flexneri), our findings evidenced the ability of this strain to
invade the three different cell lines tested (HeLa, HEK293T, and
Caco-2), suggesting that it may cause recurrent UTI, or even
persistent diarrhea, since it was also able to invade differentiated
intestinal Caco-2 cells. As in the present study, Owrangi et al.
(2018) verified the ability of UPEC strains to adhere to and
invade Caco-2 cells, with 10* CFU being recovered from the
intracellular compartment.

The occurrence in UPEC 252 of genes characteristic of DEC,
the isolation of an symptomatic urinary tract infection, and the
presence of EXPEC traits simultaneously suggests that it may
cause infections in both the intestinal and extraintestinal tracts,
and can be classified as a hybrid aEPEC/UPEC strain (Santos
et al., 2020a). Likewise, Lara et al. (2017) identified two UPEC
strains carrying EAEC and UPEC genes simultaneously. In the

same study, an E. coli strain isolated from bacteremia with
the same hybrid characteristics as the UPEC strains was also
found. By analyzing the presence of specific genes of the DEC
pathotypes, Salmani et al. (2016) identified UPEC strains that
carried the st, It, aggR, invE, and daaD genes; however, none
of them was positive for the eae gene. In contrast, Kim et al.
(2018) found six UPEC strains of serogroups 02, 015, O18, and
025 that carried eae; however, these authors did not demonstrate
whether these strains had complete and functional LEE regions.
In addition to our previous study (Abe et al., 2008), four
other studies have reported the occurrence of EPEC/ExPEC
hybrid strains (Toval et al., 2014; Kessler et al., 2015; Riveros
et al.,, 2017; Lindstedt et al., 2018). In two of them, the strains
were isolated from urinary tract infections and carried EPEC
virulence genes but were devoid of the most common ExPEC
virulence factors, like P fimbriae (Toval et al., 2014; Riveros
et al,, 2017). Interestingly, these strains also lacked the virulence
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genes used to classify the intrinsic virulence of pathogenic ExXPEC
strains, which is determined by the presence of at least two
among the following virulence genes: iuc/iut, pap, sfa, afa, and
kpsMTII (Johnson et al, 2003). In this context, these strains
were similar to UPEC 252, whose genome carried a few EXPEC
virulence-encoding genes. The other two studies reported on the
occurrence of E. coli strains from diarrheal patients that harbored
the ExPEC intrinsic virulence encoding-genes; in one of these
patients, bacteremia and multiorgan dysfunction development
were reported (Kessler et al., 2015; Lindstedt et al., 2018).
Notably, these reports included strains from three different STs
(ST12, ST28, and ST2018) of phylogroups B2 (Toval et al., 2014;
Kessler et al., 2015; Lindstedt et al., 2018) and one strain from
phylogroup A, whose ST was not determined (Riveros et al.,
2017).

Although some E. coli clones of ST10 are recognized as ExXPEC
strains involved in various human extraintestinal infections (Bert
et al., 2010; Manges et al., 2017; Yamaji et al., 2018), they do not
fulfill the molecular criteria to be recognized as intrinsic virulent
(Johnson et al., 2003, 2015) or uropathogenic (Spurbeck et al.,
2012) strains. The absence of the most common traits related to
ExPEC virulence does not limit their capacity to cause more than
10% of infections in some countries (Manges and Johnson, 2015;
Campos et al., 2018; Manges et al., 2019) nor their importance
as a recognized foodborne cause of extraintestinal infections
that has been continuously reported worldwide (Campos et al.,
2018; Yamaji et al., 2018; Manges et al., 2019). Additionally, we
identified two other strains that harbored the LEE and were
isolated from extraintestinal infections in the same phylogenetic
cluster of UPEC 252.

Despite the frequent reports about E. coli from ST10
harboring multidrug resistance genes, including mcr-1, blanpm,
and blacrx(Zhang et al., 2017; Garcia et al., 2018; Mohsin et al.,
2018; dos Anjos et al, 2019), UPEC 252 was shown to be
sensitive to the tested antimicrobials. The detection of some
resistance-related genes in UPEC 252 suggests that there is a
potential phenotype of resistance for this strain, which perhaps
was not detected due to the lack of other essential genes and /or
gene expression.

Finally, the data presented here contribute to the discussion
about hybrid E. coli strains, more specifically, hybrid strains
of UPEC, which have additional virulence mechanisms that
are characteristic of other E. coli pathotypes. Therefore, hybrid
UPEC strains may emerge as important pathogens in the world
scenario, and further studies are necessary to better understand
their virulence mechanisms, so that prevention, diagnosis, and
treatment can be more appropriately addressed.

CONCLUSION

UPEC 252 strain exhibits characteristics of ExPEC, EPEC
and EHEC strains, along with the ability to adhere to and

invade cells of the urinary and intestinal tracts in vitro.
Our findings suggest that UPEC 252 is an atypical EPEC
strain that emerges as a hybrid strain (aEPEC/UPEC), which
could colonize new niches and potentially cause intestinal and
extraintestinal infections.
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Diarrheagenic E. coli can be separated into six distinct pathotypes, with
enteroaggregative (EAEC) and diffusely-adherent E. coli (DAEC) among the least
characterized. To gain additional insights into these two pathotypes we performed
whole genome sequencing of ten DAEC, nine EAEC strains, isolated from Mexican
children with diarrhea, and one EAEC plus one commensal E. coli strains isolated from
an adult with diarrhea and a healthy child, respectively. These genome sequences
were compared to 85 E. coli genomes available in public databases. The EAEC and
DAEC strains segregated into multiple different clades; however, six clades were
heavily or exclusively comprised of EAEC and DAEC strains, suggesting a phylogenetic
relationship between these two pathotypes. EAEC strains harbored the typical virulence
factors under control of the activator AggR, but also several toxins, bacteriocins,
and other virulence factors. DAEC strains harbored several iron-scavenging systems,
toxins, adhesins, and complement resistance or Immune system evasion factors
that suggest a pathogenic paradigm for this poorly understood pathotype. Several
virulence factors for both EAEC and DAEC were associated with clinical presentations,
not only suggesting the importance of these factors, but also potentially indicating
opportunities for intervention. Our studies provide new insights into two distinct but
related diarrheagenic organisms.

Keywords: DAEC, EAEC, genomes, phylogeny, virulence factors, DAEC pathogenesis

INTRODUCTION

Worldwide, diarrheal disease remains a major cause of morbidity and is the eighth leading cause
of mortality, among children under 5 years of age from less developed regions of the world
(GBD 2016 Diarrhoeal Disease Collaborators, 2018). Diarrheagenic Escherichia coli pathotypes
(DEP) are important etiological agents of acute and persistent diarrhea in children (Ochoa
et al.,, 2009; Patzi-Vargas et al.,, 2015; Zhou et al., 2018), that can lead to death (Lanata et al,
2013; GBD 2016 Diarrhoeal Disease Collaborators, 2018), and cause traveler’s diarrhea in adults
(Paredes-Paredes et al., 2011; Jennings et al., 2017). Recent studies by our group have shown
that DEP have become the main etiologic agents of diarrheal disease among children requiring
hospitalization; DAEC and EAEC are the most prevalent pathotypes, surpassing Salmonella and
Shigella (Patzi-Vargas et al., 2015).
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DEP are classified into six well-described categories: shiga
toxin producing E. coli (STEC), which encompasses the
enterohemorrhagic E. coli group (EHEC); enterotoxigenic E. coli
(ETEC); enteroaggregative E. coli (EAEC); enteroinvasive E. coli
(EIEC); diffusely adherent E. coli (DAEC); and enteropathogenic
E. coli (EPEC). The latter is subdivided into typical EPEC
(tEPEC) and atypical EPEC (aEPEC) (Kaper et al., 2004). Overall,
pathogenic E. coli use adhesins, sugars (capsular polysaccharides
and lipopolysaccharides), toxins, invasion-promoting proteins,
iron acquisition systems, complement resistance factors or
immune evasion factors, to colonize, survive in, and injure their
hosts (Kaper et al., 2004; Nataro, 2005; Meza-Segura and Estrada-
Garcia, 2016). EAEC strains are characterized by their ability
to form a stacked-brick or aggregative adherence (AA) pattern
on HEp-2 cells, which is mediated by the aggregative adherence
fimbriae (AAF) (Kaper et al., 2004). AAF transcription and that
of at least other 44 EAEC chromosomal (aaiC) and plasmid-
borne genes (the anti-aggregative secreted protein dispersin),
are regulated by the Aggregative Adherence Regulator (AggR)
(Nataro et al., 1994; Estrada-Garcia and Navarro-Garcia, 2012).

Due to the importance of AggR, EAEC isolates were
subdivided into typical (tEAEC), i.e., aagR-positive, and atypical
(aEAEC), i.e., aagR-negative, groups (Nataro, 2005). The
recognition of tEAEC as strains carrying the aggR regulon was a
major step in EAEC molecular identification, since it was shown
that most EAEC strains previously characterized by the HEp-2
adherence assay harbored the aggR gene (Cerna et al., 2003). It is
noteworthy that tEAEC, as well as other DEP, may also acquire
other virulence factors (VF) by horizontal transfer and increase
their virulence. In 2011, for example, a hybrid pathogenic EAEC-
STEC O104:H4 that was responsible for a massive outbreak of
bloody diarrhea in 16 countries, mostly harbored tEAEC (aggA,
aggR, setl, pic, and aap) virulence genes and produced shiga toxin
2 (stx2) (World Health Organization, 2018).

Like EAEC, DAEC was classified based on its diffusely
adherent (DA) pattern on HEp-2 cells, promoted by Afa,
F1845, and Dr adhesins encoded by the afa, daa, and dra
operons, respectively. Most of these adhesins have affinity for
the human decay accelerating factor (hDAF; also known as
CD55) or for carcinoembryonic antigen cell adhesion molecules
(hCEACAMs), and both molecules are localized on the surface of
intestinal epithelial cells (Servin, 2014; Meza-Segura and Estrada-
Garcia, 2016). In contrast with EAEC, DAEC strains, aside from
the adhesins, have only been associated with one other VE the
secreted autotransporter toxin (Sat) (Servin, 2014; Meza-Segura
and Estrada-Garcia, 2016).

With the exception of tEPEC, aEPEC, STEC, and ETEC
strains, the phylogenetic relationship among different DEP
remains unclear (Lacher et al., 2007; Hazen et al., 2016; Montero
et al., 2019; Rasko et al., 2019).

To date, not a single DAEC genome, and only a few
different tEAEC genomes have been sequenced. Whole genome
sequencing (WGS) of these pathotypes, in conjunction with
previously reported E. coli genomes, will contribute to a greater
understanding of the E. coli pan- and core-genomes. The pan-
genome comprises the whole repertoire of genes identified in a
bacterial species or group, while the core-genome includes the

genes shared by all strains that encode for the proteins necessary
for basic biological functions. E. coli species are considered
to have an infinitely open pan-genome (Rouli et al, 2015),
as it includes commensals and several pathogenic groups of
strains capable of causing a wide variety of diseases, such as
diarrhea, urinary tract infection, sepsis, and neonatal meningitis
(Kaper et al., 2004). Therefore, E. coli phylogenetic analysis needs
recognize E. coli pathogenic groups (Rasko et al., 2011; Rouli
etal., 2015). WGS of DAEC and tEAEC may also help to identify
new VF and potential novel pathogenetic mechanisms.

In this study, we sequenced the whole genome of ten DAEC
and ten tEAEC strains identified as the sole pathogens isolated
from the stools of patients with diarrhea, as well as one
commensal E. coli strain isolated from a healthy child. These
genomes were analyzed for their phylogenetic association with
other E. coli strains and for the presence of genes encoding for VF.
The results revealed that DAEC and tEAEC are phylogenetically
related. However, strains of the different pathotypes harbor genes
encoding for different sets of VF. DAEC carry more genes
encoding for iron acquisition factors, while tEAEC harbor genes
encoding toxins and bacteriocins. These findings will help to
understand the molecular mechanisms that underlie the ability
of DAEC and tEAEC to cause disease and will facilitate the
identification of virulence gene profiles associated with more
virulent strains. Moreover, this study will give insight into the
origin and diversification of DAEC and tEAEC in reference to
other DEP and ExPEC genomes.

MATERIALS AND METHODS

Study Population

A 4-year study was conducted from March 2010 to July 2014 on
1,043 children < 10 years of age who sought medical care for
acute community-acquired diarrhea at the Hospital O’'Horan in
Merida, Yucatan. The clinical severity of each diarrheal episode
was determined by the Ruuska-Vesikari scoring system (RVSS)
(Ruuska and Vesikari, 1990). In addition, children who presented
bloody diarrhea but no shock, were classified as moderate
diarrhea, and those who presented hypovolemic shock, severe
electrolyte imbalance and/or seizures were classified as severe.
On admission, a trained nurse obtained demographic and clinical
information for each child on a standardized questionnaire.
Stools from each child were collected and screened for Escherichia
coli, Campylobacter spp., Salmonella sp., Shigella spp., Vibrio spp.,
and rotavirus, as previously described (Patzi-Vargas et al., 2015).

Ethics Statement

This study was approved by both the Hospital General O’Horan
Ethics Committee and the CINVESTAV Committee of Bioethics
for Human Research. Legal guardians were required to sign an
informed consent form. All children received medical treatment
according to the hospital protocols.

Identification of Diarrheagenic E. coli

From each patient, five E. coli like strains were selected. All
isolates were both biochemically confirmed as E. coli and
screened by two multiplex PCR for DEP genes. The first multiplex
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TABLE 1 | Patient’s clinical profile and strains genome characteristics.

Group Patient Gender Age DWD bwv Complications Clinical Strain
(years) outcome

DAEC CA0022 M 2.3 3 1 None Moderate MEX-1
CA0030 M 4.8 5 3 None Severe MEX-2
CA0063 F 2.4 4 3 None Moderate MEX-3
CA0170 M 0.1 4 1 S Severe MEX-4
CA0209 F 1.5 7 2 HS, S Severe MEX-5
CA0273 F 1.1 8 1 None Moderate MEX-6
CA0437 M 1.8 6 2 BIS, HN Severe MEX-7
CA0472 M 1.0 8 1 None Severe MEX-8
CA0582 M 2.7 5 2 HN, HK Severe MEX-9
CA1035 M 0.9 5 1 None Moderate MEX-10

tEAEC CA0008 F 0.9 3 2 None Moderate MEX-11
CA0036 F 2.8 2 1 BIS Severe MEX-12
CA0041 M 1.3 5 3 BIS Severe MEX-13
CA0155 M 1.5 4 1 None Mild MEX-14
CA0345 F 0.6 6 1 None Moderate MEX-15
CA0577 F 1.4 6 2 HN, HK Severe MEX-16
CA0B03 M 1.3 8 4 HN, HK Severe MEX-17
CA0714 M 1.1 7 1 None Moderate MEX-18
CA1036 F 1.2 9 1 HN, S Severe MEX-19
TE-001 F 54.0 3 1 None Moderate MEX-20

Commensal SE-001 F 2.0 - - - - MEX-21

DWD, Days with diarrhea; DWV, Days with vomit; HS, Hypovolemic shock; S, seizures; BIS, Blood in stool; HN, Hyponatremia; HK, hypokalemia.

PCR identifies the presence of distinctive loci defining ETEC,
EPEC, STEC and EIEC (Lopez-Saucedo et al., 2003), while the
second multiplex PCR specific genes for DAEC and tEAEC
(modified from Patzi-Vargas et al., 2013), including two plasmid-
borne (aap and aatA) and one chromosomal (aaiC) EAEC genes
(Supplementary Table 1).

DAEC and EAEC Strains Included for the

VF -Clinical Severity Study

Thirty-eight DAEC and 30 EAEC strains isolated as the sole
pathogen from children with diarrhea were selected for the
characterization of 29 VF-encoding genes by four different
multiplex PCR; one previously described (Guzman-Hernandez
et al.,, 2016) and three newly developed in this study. The full
description of the VF identified by each PCR assay, primers and
PCR conditions, are described in Supplementary Table 1.

DAEC and tEAEC Strains Included for WGS
For WGS, ten DAEC and nine tEAEC isolates were selected
from those children with the most severe diarrhea who were
not malnourished (Table 1). A tEAEC strain isolated as the only
enteric pathogen from a 56-year-old woman with acute diarrhea,
and a commensal E. coli strain from a healthy 2-year-old girl,
both from Mexico City, were included for comparison.

Genomic DNA was extracted by a phenol/chloroform method
(Neumann et al., 1992). DNA libraries were prepared using

the illumine TrueSeq DNA nano sample preparation kit and
sequenced on the Illumina MiSeq platform at CINVESTAV-
Langebio to generate tagged paired-end reads of 250 bases
in length. Quality control, trimming and filtering of raw
sequencing data was performed using Trim Galore v0.4.1%.
Genomes were assembled with SPAdes v3.9.0 (Nurk et al.,
2013; Prjibelski et al., 2014; Vasilinetc et al,, 2015), and the
accuracy of the assemblies was evaluated with REAPR 1.0.16
(Hunt et al., 2013). Pre-assembled contigs were scaffolded
using SSPACE_Standard_v3.0.pl (Boetzer et al, 2011) and
GapFiller_v1-10 (Boetzer and Pirovano, 2012).

Phylogenomic Analysis

Phylogenetic trees were constructed using a total of 107 genomes,
including the 21 genomes sequenced in this study and 79
publicly available genomes for pathogenic E. coli, six commensal
E. coli and one Escherichia fergusonii (Supplementary Table 2).
Open reading frames (ORFs) of all genomes were predicted by
GeneMark (Besemer and Borodovsky, 2005) and a Maximum
Parsimony pan-genome phylogenetic tree was constructed with
GetHomologues (Contreras-Moreira and Vinuesa, 2013), based
on the translated protein sequences of each genome, using
a combination of the orthoMCL and COGS as clustering

'Krueger F. Trim Galore 0.4.1. Available online at: https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/ (accessed on November 12th, 2015).
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algorithms. Single-copy genes of the E. coli core-genome were
retrieved with a custom Bash/Perl script deposited in Github?
MAFFT 7.3.10 was used to align all sequences (Katoh and
Standley, 2013). After alignment all sequences were concatenated
using the multigenomes2blocks pipeline (Vera-Ponce de Leon
et al, 2020) and the GTR+F+RI10 nucleotide substitution
model was obtained by ModelFinder (Kalyaanamoorthy et al.,
2017). The maximum-likelihood (ML) phylogenetic tree was
then calculated by IQtree v1.6.12 (Minh et al., 2020) with 1,000
Bootstrap replicates for internal branch support. Population
structure was calculated using a Bayesian analysis approach
(BAPS) by RhierBAPS package (Tonkin-Hill et al., 2018) in R
3.6.3. For this, two depth levels and a maximum clustering size of
20 (default = number of isolates/5; 107/5 = 21.4) were specified.
Seven different sequence clusters (SC) were identified, which
were further divided into 24 lineages (Supplementary Figure 1).
All scripts to replicate this experiment are deposited in Github?.
Pan- and core-genome phylogenetic trees were visualized and
edited using iTOL (Letunic and Bork, 2016).

Identification of ORFs Encoding for

Virulence Factors

For this study, we defined VF as molecules that enable a
microorganism to establish itself on or within a host of a
particular species and enhance its potential to cause disease. A
commensal E. coli strain was defined as an isolate from the stool
of subjects exhibiting no signs of diarrheal illness and that did
not display any known molecular markers that are associated
with DEP. The presence of genes encoding for bacterial VF was
analyzed by a Protein-Protein BLAST (BLAST 2.2.28+), using
the translated protein sequences of all predicted ORFs and the
virulence factor database (VFDB) (Liu et al., 2019). VF were
annotated when their coverage and identities were > 80%, after
BLAST searches. VF were included for the analysis only when
all genes or operons involved in their production or secretion
were identified (i.e., the Sit iron/manganese transport system
was only included when the genes encoding for sitA, sitB, sitC,
and sitD were present). Individual VF were grouped together
based on their function, including adhesins, bacteriocins, toxins,
iron acquisition systems (IAS), and complement resistance
or immune system evasion factors (CR/ISEF). The relative
frequency (RF) of these groups was calculated by adding together
the individual frequency of each VF in that group and dividing
the result by the total number of genomes.

Statistical Analysis

All statistical analyses were performed using GraphPad PRISM®
version 5.0 software. The incidence of individual VF was
evaluated by Fisher’s exact test (FET) and the RF of VF groups
by Mann-Whitney U-Test (MWUT). P < 0.05 were considered
statistically significant.

Data Availability
The genome sequence assemblies generated in this study
have been deposited in GenBank as part of the Bioproject

2 Available online at: https://github.com/avera1988/E.coli_PopulationStructure.

PRJNA588567 under the accession numbers listed in
Supplementary Table 2. The remaining data that support
the findings of this study are available from the corresponding
author upon request.

RESULTS AND DISCUSION

Pan-Genome and Core-Genome of E. coli,
DAEC, and EAEC

The clinical characteristics of each subject and the general
genomic features of their sequenced strains are summarized
in Table 1 and Supplementary Table 3, respectively. Almost all
children presented with moderate to severe diarrhea (95%) and
were < 5 years of age (95%). E. coli genome sizes obtained ranged
from 4.9 to 5.5 Mbp, similar to those reported for other DEP
genomes (Lukjancenko et al., 2010). To our knowledge, these are
the first DAEC genomes to be reported.

In order to establish the phylogenetic relationships among
the 21 genomes described in this work, 85 previously sequenced
E. coli genomes were used for comparison, including six
tEAEC, one aEAEC and ten tEAEC-STEC O104:H4, forty-
nine DEP, ten uropathogenic E. coli (UPEC), three neonatal
meningitis-causing E. coli (NMEC), six commensal and MG1655
K12 genomes (Supplementary Table 2). E. fergusonni (A\TCC®
35469™) (Farmer et al., 1985) was used as an outgroup to root the
phylogenetic trees. The comparative genomic analysis revealed
a pan-genome containing 25,726 genes, including 1,452 core-
genes, of which only 1,144 were single copy. This pan-genome
contained more genes than those previously described with a
similar number of genomes analyzed, reported with 13,000
16,373 genes (Rasko et al., 2008; Lukjancenko et al., 2010; Kaas
et al,, 2012). The number of genes included in the core-genome,
however, were comparable to previously published studies, in
which an average number of 1,631 genes was reported (Rasko
et al., 2008; Lukjancenko et al., 2010; Kaas et al., 2012).

Pan- and Core-Genome Phylogenetic
Clades Revealed DAEC and EAEC

Relatedness
For the pan-genome tree we selected those clades harboring
more than one DAEC or tEAEC genomes (I-VII), each of which
included some of the sequenced strains (Figure 1). Clade VI
contained only one tEAEC strain sequenced in this study, as
well as one hybrid EAEC-STEC and one aEAEC reference strain,
revealing that these three EAEC groups share a common set
of genes.

To analyze the evolutionary relationships among DEP we built
a core-genome phylogenetic tree, and the population structure
was analyzed using a Bayesian approach. All 107 genomes were
grouped into seven sequence clusters (SC), which were further
divided into 24 lineages (Supplementary Figure 1). Nineteen
of these lineages were selected and illustrated in the core-
genome tree as clades I-VI and a-m (Figure 2). The tree revealed
six different phylogenetic origins for each DAEC and tEAEC
pathotypes. Even though these two DEP were outnumbered by
other E. coli genomes, clades I-VI mostly comprised DAEC or
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tEAEC strains. Clades I and IV exclusively contained DAEC
and tEAEC genomes. Additionally, clade V, which mostly
harbored these two pathotypes (two DAEC and nine tEAEC),
also contained one aEPEC, one commensal and K12 strains.
Altogether, this results strongly suggest that DAEC and tEAEC
are phylogenetically related. Of note, nine of the 14 genomes
(64.3%) included in clade V were isolated from Mexican children,
suggesting a geographical cluster: two MEX-DAEC, five MEX-
tEAEC, the commensal MEX-21 and the JM221 tEAEC reference
strain, which was isolated from a Mexican child with diarrhea in
the 1980s (Mathewson et al., 1987). Clade VI solely contained
tEAEC and EAEC-STEC O104:H4 genomes, confirming that
EAEC-STEC 0104:H4 is more closely related to tEAEC than to
EHEC 0157:H7 (Rasko et al., 2011).

The core-genome tree also revealed that DAEC clustered
together with UPEC strains (clades III, ¢, and d). Clade
III and c harbored exclusively DAEC and UPEC genomes,
whereas clade d also included an aEPEC and a commensal
strain. This was not unexpected, given that UPEC strains
carrying afa/daaldra operons have been identified among UTI
patients (Servin, 2014).

Additionally, the core-genome tree revealed associations
between other E. coli groups (clades a, b, e-m). Clades
a and b encompassed typical EPEC strains that resemble
previously described EPEC9 and EPEC1 phylogenomic lineages,
respectively, whereas clade m belongs to the B1 phylogroup and
comprises two aEPEC strains, including the prototype E110019
strain (Lacher et al., 2007; Hazen et al., 2016). Moreover, clade h
supports the notion that EHEC O157:H7 evolved from O55:H7
aEPEC (Zhou et al., 2010). Clade k harbors EPEC, aEPEC and
EHEC genomes, similar to EPEC2 phylogenomic lineage (Lacher
et al., 2007; Hazen et al., 2016). Phylogenetic relatedness was
also observed between aEPEC and EHEC strains belonging to
the O26:H11 serotype (clade L); these strains undergo transient
interconversions via loss and gain of Stx-encoding phages
(Bielaszewska et al., 2007).

Of interest, four ETEC (40%) and two EIEC (66.6%)
genomes formed clades i and j, respectively, suggesting a specific
phylogenetic origin for each pathotype (Rasko et al.,, 2019). In
addition, clades e and f, containing NMEC and UPEC strains,
revealed that these ExPEC groups are phylogenetically related.
The fact that commensal E. coli genomes were widely distributed
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and clustered with strains from different pathogenic groups,
confirms the great diversity of E. coli genomes (Figure 2).

Analysis of DAEC and tEAEC VF by
Function Reveals Different and Novel

Pathogenic Mechanisms

In order to identify new DAEC and tEAEC pathogenic
mechanisms, virulence factors were grouped by function:
adhesins, bacteriocins, toxins, iron acquisition factors (IAF),
complement resistance or Immune system evasion factors
(CR/ISEF), and bacterial secretion systems. With the exception of
adhesins, all genes identified among these groups are mentioned
in Table 2. In addition, the genes encoding for the following
14 adhesins were identified: antigen 43 (Agn43), calcium-
binding antigen 43 homolog (Cah), curli, EaeH surface protein,
E. coli common pilus (ECP), EHEC autotransporter encoding
genes A (EhaA) and B (EhaB), E. coli YcbQ laminin-binding

fimbriae (Elf/Ycb), pyelonephritis-associated pilus (Pap), Stg
fimbria, toxigenic invasion loci A/haemagglutinin from E. coli
K1 (Tia/Hek), type 1 fimbria (TIF), trimeric autotransporter
adhesin UpaG, and autotransporter adhesin UpaH. Most of these
adhesins have been implicated in adhesion to epithelial cells,
autoaggregation and biofilm formation. The relative frequency
(RF) of adhesins was similar among DAEC (RF 7.4), tEAEC
(RF 7.5), and commensal (RF 7.0) E. coli strains, revealing that
adherence is a key event for initiating E. coli commensal and
pathogen colonization, and that its success relies on multiple
adhesins that recognize receptors on the intestinal and bladder
epithelium (Kaper et al., 2004; Flores-Mireles et al., 2015).

Since the information on DAEC VF is scarce, it was interesting
to find that DAEC harbored significantly more IAF than both
tEAEC (4.30 vs. 3.06 p = 0.0023) and commensal E. coli (4.30 vs.
2.29 p = 0.0256), suggesting that IAF may play an important role
in DAEC virulence (Table 2). Iron is essential for E. coli survival,
facilitating numerous essential cellular activities, such as peroxide
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TABLE 2 | Distribution of groups of virulence factors among DAEC, EAEC, and commensal E. coli genomes.

Genome Bacteriocins CR/ISEF IAF Toxins Secretion Total
systems

# VF # VF # VF # VF # VF #
MEX-1-DAEC 1 CcdAB 2 OmpA, TraT 4 Aer, Ent, Sit, Ybt 0 - 0 - 7
MEX-2-DAEC 0 - 4 Iss, KPS, OmpA, TraT 5 Aer, Ent, Chu, Sit, Ybt 3 HIyE, Sat, TieB 1 ETT2 13
MEX-3-DAEC 1 CcdAB 4 Iss, KPS, OmpA, TraT 4 Aer, Ent, Sit, Ybt 3 HIyE, Sat, TieB 0 - 12
MEX-4-DAEC 1 CcdAB 4 Iss, KPS, OmpA, TraT 5 Aer, Chu, Ent, Sit, Ybt 2 HIYE, Sat 1 ETT2 13
MEX-5-DAEC 1 CcdAB 5 Iss, KPS, OmpA, TcpC, TraT 4 Aer, Chu, Ent, Ybt 1 Vat 0 - 11
MEX-6-DAEC 1 CcdAB 4 Iss, KPS, OmpA, TraT 4 Aer, Ent, Sit, Ybt 3 HIyE, Sat, TieB 0 - 12
MEX-7-DAEC 1 CcdAB 3 Iss, OmpA, TraT 4 Aer, Ent, Sit, Ybt 0 0 0 - 8
MEX-8-DAEC 1 CcdAB 3 KPS, OmpA, TraT 6 Aer, Chu, Ent, Hop, Sit, Ybt 3 EspC, Sat, TieB 0 - 13
MEX-9-DAEC 0 - 3 Iss, KPS, OmpA 3 Chu, Ent, Ybt 3 EAST1, EatA, HIYE 1 ETT2 10
MEX-10-DAEC 1 CcdAB 4 Iss, KPS, OmpA, TraT 4 Chu, Ent, Sit, Ybt 2 HIVE, Sat 1 ETT2 12
RF 0.80 3.6 4.30 2.00 0.40 11.10
MEX-11-tEAEC 1 CcdAB 4 Iss, KPS, OmpA, Pic 3 3: Aer, Ent, Ybt 2 2: HIyE, ShET1 1 Aai "
MEX-12-tEAEC 1 MccH47 3 OmpA, Pic, TraT 2 EntA, Ybt 3 3: EAST1, HIyE, ShET1 1 Aai 10
MEX-13- tEAEC 2 CcdAB, MccH47 4 Iss, KPS, OmpA, Pic 3 Aer, Ent, Ybt 5 EASTT, HIyA, HIYE, Sat, ShET1 1 Aai 15
MEX-14-EAEC 2 CcdAB, MccH47 2 OmpA, Pic 3 Aer, Ent, Ybt 5 HIyA, Pet, SepA, ShETT, SigA 1 Aai 13
MEX-15-EAEC 2 CcdAB, MccH47 2 OmpA, Pic 2 Ent, Ybt 4 EAST1, HIYE, Sat, ShET1 1 Aali 1Al
MEX-16-EAEC 1 CcdAB 3 OmpA, Pic, TraT 1 Ent 2 2: HIyE, ShET1 1 Aali 8
MEX-17-EAEC 1 CcdAB 2 OmpA, Pic 3 Aer, Ent, Ybt 4 EAST1, Sat, SepA, ShET1 1 Aali 1Al
MEX-18-EAEC 1 CcdAB 2 Iss, OmpA 3 Ent, Sit, Ybt 1 HIYE 0 - 7
MEX-19-EAEC 1 CcdAB 3 KPS, OmpA, TraT 5 Aer, Chu, Ent, Sit, Ybt 3 HIyA, HIVE, Sat 1 ETT2 13
MEX-20-EAEC 0 - 5 Iss, KPS, OmpA, Pic, TraT 4 Chu, Ent, Sit, Ybt 4 EAST1, HIyE, SepA, ShET1 1 Aai 14
042-EAEC 2 CcdAB, MccH47 4 KPS, OmpA, Pic, TraT 4 Chu, Ent, Sit, Ybt 4 EAST1, HIYE, Pet, ShET1 2 Aai, ETT2 16
55989-EAEC 1 CcdAB 2 OmpA, Pic 3 Aer, Ent, Ybt 4 EAST1, Pet, ShETT, SigA 1 Aai 1Al
C43/90-EAEC 2 CcdAB, MccH47 3 OmpA, Pic, TraT 3 Aer, Ent, Ybt 4 EAST1, HIyE, Sat, ShET1 1 Aai 13
48/93-EAEC 2 CcdAB, MccH47 3 Iss, OmpA, Pic 3 Aer, Ent, Ybt 3 HIyE, Sat, ShET1 1 Aai 12
JM221-EAEC 1 CcdAB 3 Iss, OmpA, Pic 3 Aer, Ent, Ybt 3 HIyE, Sat, ShET1 1 Aai 11
17-2-EAEC 1 CcdAB 3 Iss, KPS, OmpA 4 Aer, Ent, Sit, Ybt 5 EASTT, HIyA, HIVE, Sat, ShET1 1 Aali 14
RI 1.31 3.0 3.06 3.50 1.00 11.88
MEX-21-Com 0 - 3 Iss, OmpA, TraT 3 Aer, Ent, Sit 1 HIyE 0 - 7
HS-Com 0 - 1 OmpA 1 Ent 0 - 0 - 2
SE11-Com 1 CcdAB 2 Iss, OmpA 1 Ent 0 - 0 - 4
SE15-Com 1 CcdAB 3 KPS, OmpA, TraT 4 Chu, Ent, Sit, Ybt 2 EspC, TieB 0 - 10
IAI1-Com 0 - 2 Iss, OmpA 1 Ent 0 - 0 - 3
ED1A-Com 1 CcdAB 2 KPS, OmpA 5 Aer, Chu, Ent, Sit, Ybt 2 Sig, TieB 0 - 10
MS145-7-Com 1 CcdAB 2 OmpA, TraT 1 Ent 0 - 0 - 4
RI 0.57 2.1 2.29 0.71 0.00 5.71

CR/ISEF, Complement resistance/Immune system evasion factors; IAF, Iron acquisition factors; Rl, Relative incidence; VF, Virulence factors; CcdAB, CcdA/CcdB type-Il toxin-antitoxin system; MccH47, Microcin H47; Iss, Increased

serum survival protein; KPS, group Il Capsule; OmpA, Outer membrane protein A; Pic, Protein involved in colonization; TcpC, Tir domain containing protein; ChuA, E. coli hemin uptake system; Ybt, Yersiniabactin; Aer, Aerobactin; SitA,

Sit iron/manganese transport system; EAST1, EAEC heat stable toxin 1; HIyA, a-Hemolysin; HIyE, Hemolysin E; Pet, Plasmid encoded toxin; Sat, Secreted autotransporter toxin;, SepA, Secreted serine srotease A; ShET-1, Shigella

enterotoxin 1, SigA, Shigella IgA-like protease homolog; Vat, Vacuolating autotransporter toxin; Aai, Aai-type V! M"z’a*"‘" cystem; ETT2, E. coli Type Ill secretion system 2.
4
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reduction, electron transport, and nucleotide biosynthesis (Gao
et al., 2012). In other pathogenic E. coli groups, such as UPEC,
IAS play an important role in virulence in vivo (Torres et al., 2001;
Flores-Mireles et al., 2015). Shigella has also evolved multiple
strategies for sequestering iron and other elements from the host
(Wei and Murphy, 2016).

As shown in Table2, tEAEC carried significantly more
bacteriocins than DAEC (p = 0.0005) and commensal E. coli (p
= 0.0167). tEAEC genomes were the only ones to harbor the
Microcin H47 (43%) system. Microcin H47 was first found in
the non-pathogenic, probiotic Nissle 1917 E. coli strain and is
highly prevalent among ExPEC strains (Micenkova et al., 2014).
It exhibits antibacterial activity against enteric pathogens such
as Adherent Invasive E. coli (AIEC) and S. enterica serovar
Typhimurium (Sassone-Corsi et al., 2016; Palmer et al., 2018). It
is plausible that DAEC, and particularly tEAEC, use bacteriocins
to eliminate competing bacteria in the gut, including other
pathogenic species. Likewise, tEAEC had significantly more
toxins (Figure 2) than DAEC (3.50 vs. 2.0, p = 0.007) and
commensal E. coli (3.50 vs. 0.71, p = 0.0321), providing evidence
that toxins play an important role in tEAEC virulence (Estrada-
Garcia and Navarro-Garcia, 2012). DAEC had significantly more
toxins than commensal strains (2.00 vs. 071, P = 0.0418), thus
maybe toxins play a role in DAEC pathogenesis as well.

Two secretion systems were identified among the sequenced
genomes: (1) the E. coli Type III secretion system 2 (ETT2),
which was first discovered through the genome analysis
of enterohemorrhagic E. coli O157:H7 (Ren et al., 2004),
and (2) the tEAEC Aai type six secretion system (T6SS),
which is regulated by AggR and its function is as yet
unknown (Dudley et al., 2006).

ETT2 was more prevalent in DAEC (40%) than in tEAEC
(12.5%) and was absent in all commensal strains (Table 2).
With exception of MEX-20 tEAEC genome, the whole ETT2
gene cluster was identified in all strains of clades I, II, III,
g and h. It has been reported that ETT2 participates in the
invasion of endothelial cells by NMEC strain EC10 (Yao et al,,
2009) and may have functional importance in infection among
human pathogenic E. coli strains isolated from blood samples
(Fox et al.,, 2020). Aai-T6SS was only identified among tEAEC
genomes (P < 0.0001). T6SS was initially associated with bacterial
virulence in eukaryotic host cells, but currently the main role
of T6SS is thought to involve bacterial competition via killing
of neighboring bacteria by the injection of antibacterial proteins
directly into their periplasm after cell-cell contact (Navarro-
Garcia et al., 2019).

CR/ISEF were significantly more prevalent in DAEC (RF
3.60 vs. 2.14, P = 0.0043) and tEAEC (RF 3.00 vs. 2.14, P
= 0.0008) than among commensal strains, but there was no
difference between these two pathotypes. CR/ISEF may play an
essential role in DAEC pathogenesis, since the initial binding
of Afa/F1845/Dr adhesins to hDAF could potentially result
in a decreased inactivation of the complement cascade, thus
production of CR/ISEF could protect DAEC from the action
of complement (Duan and Mukherjee, 2016; Meza-Segura and
Estrada-Garcia, 2016).

Novel and Common VF Genes Found
Among DAEC and tEAEC Strains

Because very little is known about DAEC VF this section
highlights the new VF genes identified for this pathotype. We also
describe common tEAEC and commensal VF genes (Table 3).
When compared to tEAEC, Cah was highly prevalent among
DAEC genomes (90% vs. 37.5%, p = 0.0143), and was absent
from commensal bacteria (Table 3). cah has been described to
be widespread among STEC and has only been identified in one
commensal E. coli strain (Torres et al., 2002; Montero et al.,
2014; Carter et al.,, 2018). Cah shares high sequence similarity
with AIDA-1, an adhesin that mediates DAEC diffuse adherence
pattern to HeLa cells, and with Antigen 43. In E. coli O157:H7,
Cah is known to be involved in autoaggregation and biofilm
formation (Carter et al., 2018). The gene encoding for the
enterotoxin TieB (senB) was also significantly more prevalent
in DAEGC, since it was absent in tEAEC genomes (p = 0.0140,
Table 3); there was no significant difference between DAEC and
commensal E. coli genomes in the frequency of senB. TieB is
an enterotoxin that was initially described in EIEC (Nataro
etal.,, 1995). Additionally, UPEC strains carrying senB have been
associated with both pyelonephritis and urosepsis, suggesting
that TieB may play a role in UPEC virulence in humans (Mao
etal., 2012).

Similarly, the gene encoding for the plasmid-encoded outer
membrane protein TraT was more prevalent in DAEC than
in tEAEC (90 vs. 37.5%, P = 0.0143). TraT is a complement-
resistance molecule that is believed to enhance E. coli serum
resistance by inhibiting later stages of the membrane attack
complex activity or by altering C3 deposition on the bacterial
surface and affecting outer membrane permeability (Miajlovic
and Smith, 2014). traT was detected in a significantly higher
proportion of E. coli strains isolated from patients with
bacteraemia/septicaemia and enteric infections when compared
to E. coli strains isolated from healthy subjects (Montenegro et al.,
1985).

IAS is the most prevalent functional group associated with
DAEC and we identified two genes that were significantly
more prevalent in DAEC than in tEAEC genomes: Chu, which
binds host hemoproteins (60 vs. 18.8%, p = 0.0461), and Sit
iron/manganese transport system, for the utilization of ferric
iron (80 vs. 31.25%, p = 0.0414) (Table 3). Mice infected with
chuA-inactivated UPEC strains resulted in attenuation of UPEC
virulence in vivo, indicating that this heme receptor is a VF in
UPEC (Torres et al., 2001). Sit has been described as the sole
iron-uptake system in S. flexneri that allows this strain to survive
and form plaques in a monolayer of eukaryotic cells, suggesting
a direct role in S. flexneri pathogenesis (Runyen-Janecky et al.,
2003). Furthermore, in S. enterica serovar Typhimurium the Sit
system transports manganese (Kehres et al., 2002).

In contrast with DAEC, toxins play an important role in
tEAEC virulence (Estrada-Garcia and Navarro-Garcia, 2012).
As shown in Table 3, ShET1 (81%) and HIlyA (25%) were
only identified among tEAEC genomes, as both toxins play a
role in tEAEC pathogenesis. ShET1 is an oligomeric toxin that
induces intestinal secretion via intracellular increase of cAMP
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TABLE 3 | Virulence factors encoded in DAEC, tEAEC, and commensal E. coli genomes.

Virulence factor DAEC EAEC Commensal
n =10 (%) n =16 (%) n =7 (%)
Adhesins
Antigen 43 10 (100.00) 16 (100.00)8 3(42.86)
Calcium-binding antigen 43 homolog (Cah) 9 (90.00)" 6 (37.5) 0(0)
Curli 10 (100) 15 (93.75) 7 (100)
EaeH surface protein 8 (80.00) 10 (62.5) 6 (85.71)
E. coli common pilus (ECP) 7 (70.00) 11 (68.75) 5(71.43)
EHEC autotransporter encoding gene A (EhaA) 0(0) 4 (25.00) 3 (42.86)
EHEC autotransporter encoding gene B (EhaB) 9 (90.00) 16 (100) 5(71.43)
E. coli YcbQ laminin-binding fimbriae (EIf/Ycb) 3(30.00) 14 (87.50)* 5(71.43)
Pyelonephritis-associated pilus (Pap) 0 (0) 3(18.75) 0(0)
Stg fimbriae 2 (20.00) 5 (31.25) 3 (42.86)
Toxigenic invasion loci A/ haemagglutinin from E. coli K1 (Tia/Hek) 3 (30.00) 4 (25.00) 00
Type 1 fimbriae 8(80.00) 11 (68.75) 6 (85.71)
Trimeric autotransporter adhesin UpaG 4 (40.00) 5(31.25) 6(85.71)8
Autotransporter adhesin UpaH 1 (10.00) 0(0) 0(0)
Bacteriocins
CcdA/CcdB type-Il toxin-antitoxin system 8 (80.00) 14 (87.50) 4 (57.14)
Microcin H47 (MccH47) 0 (0) 7 (43.75)* 0(0)
Complement resistance/Immune system evasion factors
Increased serum survival protein (Iss) 8 (80.00) 7 (43.75) 3 (42.86)
Group Il Capsule (KPSMII) 8 (80.00) 6 (37.5) 2 (28.57)
Outer membrane protein A (OmpA) 10 (100) 16 (100) 7 (100)
Protein involved in colonization (Pic) 0 (0) 13 (81.25)*8 0 (0)
TIR domain-containing protein C (TcpC) 1(10.00) 0(0) 00
Plasmid-encoded outer membrane protein TraT 9 (90.00)* 6 (37.5) 3 (42.86)
Iron acquisition factors
Aerobactin 8 (80.00) 10 (62.5) 2 (28.57)
E. coli hemin uptake system (Chu) 6 (60.00)* 3(18.75) 2 (28.57)
Enterobactin 10 (100) 16 (100) 7 (100)
Hemoglobin-binding protease (Hbp) 1(10.00) 0(0) 0 (0)
Sit iron/manganese transport system 8 (80.00)* 5(31.25) 3 (42.86)
Yersiniabactin 10 (100)' 15 (93.75)8 2 (28.57)
Secretion systems
Aai Type VI secretion system 0 (0) 14 (87.50)*8 0 (0)
E. coli Type |ll secretion system 2 (ETT2) 4 (40.00) 2 (12.50) 00
Toxins
EAEC heat-stable enterotoxin 1 (EAST1) 1(10.00) 9 (56.25)*8 0(0)
a-Hemolysin (HIiyA) 0(0) 4 (25.00) 0(0)
Hemolysin E (HIYE) 6 (60.00) 13 (81.25)8 1(14.29)
Plasmid-encoded toxin (Pet) 0 (0) 3(18.75) 0(0)
Secreted autotransporter toxin (Sat) 6 (60.00)' 8 (50.00) 0 (0)
Secreted serine protease A (SepA) 0 (0) 3(18.75) 0 (0)
Shigella enterotoxin 1 (ShET1) 0(0) 13 (81.25)*8 0(0)
Shigella IgA-like protease homolog (SigA) 0 (0) 2 (12.50) 1(14.29)
Enterotoxin TieB 4 (40.00)* 0(0) 2 (28.57)
Vacuolating autotransporter toxin (Vat) 1(10.00) 0(0) 0 (0)
Other
Escherichia coli putative arylsulfatase (AslA) 1(10.00) 13 (81.25) 3 (42.86)
Dispersin 0(0) 15 (93.75)*8 0(0)
Dispesin translocator (Aat) 0 (0) 15 (93.75)*8 0 (0)
ETEC autotransporter A (EatA) 1(10.00) 0(0) 0 (0)
Shigella flexneri Homolog Shf 1(10.00) 7 (43.75) 2 (28.57)

*P < 0.05 between DAEC and EAEC, Fisher exact test.
P < 0.05 between DAEC and commensal, Fisher exact test.
8P < 0.05 between EAEC and commensal, Fisher exact test.
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and cGMP (Fasano et al., 1997). Sat toxin, previously reported
to be significantly associated with DAEC strains (Meza-Segura
and Estrada-Garcia, 2016), was similarly distributed among the
genomes of both pathotypes (Table 3).

The Protein involved in colonization (Pic) was exclusively
found and highly prevalent (81%) in tEAEC. Pic and ShET1 are
encoded on the same chromosomal locus, encoded on opposite
strands. Pic was first described in tEAEC (Henderson et al., 1999),
since then it has been identified in EHEC, EPEC, and UPEC,
as well as in other pathogens of the Enterobacteriaceae family
(Abreu and Barbosa, 2017). Pic is a secreted autotransporter able
to cleave C2, C3/C3b, and C4/C4b, and works synergistically
with human Factor I and Factor H (FH), thereby promoting
inactivation of C3b. It is thereby considered a CR/ISEF (Abreu
and Barbosa, 2017). Also, E. coli Ycb laminin-binding fimbriae
(Elf/Ycb) was significantly more frequent among tEAEC than
DAEC genomes (87.5 vs. 30%, P = 0085). Elf contributes to
the adherence of STEC to human intestinal epithelial cells, and
to cow and pig gut tissue in vitro (Samadder et al., 2009). To
the best of our knowledge, this is the first time Elf/Ycb has
been described among DAEC and tEAEC strains. As expected,
the genes encoding for dispersin (aap) and its translocator
(aatA) were significantly associated with tEAEC (Patzi-Vargas
et al., 2015). Obviously, the presence of these virulence genes
should be corroborated among tEAEC and DAEC strains from
other regions of the world, to confirm its importance in the
pathogenesis of these strains.

Association of DAEC and tEAEC Virulence
Genes With Clinical Severity of Diarrheal

Disease

The presence of 29 E. coli virulence genes, identified by PCR,
among the 38 DAEC and 30 tEAEC strains is shown in Table 4.
In agreement with the comparative genome analysis, genes
encoding for ChuA and SitA were more prevalent among DAEC
isolates, while AaiC (T6SS), AatA, dispersin (aap), EAST1 (astA),
MccH47 (mchB) and Pic, among tEAEC isolates. In addition,
PCR results revealed for the first time the presence of five genes
significantly associated with DAEC strains: iss, kps MII, fyuA,
and iutA. On the other hand, hlyA, papC, pet and sepA were
significantly associated with tEAEC isolates.

DAEC strains harbored significantly more IAS encoding
genes, while tEAEC strains harbored more toxin and bacteriocin
genes (Figure 3), as previously shown in the ORF genome
analysis (Table 2).

Of the 38 DAEC strains, 20 (52.6%) had the afaC-ang43-
SfyuA-iutA-kpsMII-sat-fimA virulence gene profile (VGP), which
harbors two genes encoding for IAS yersianiabactin (fyuA) and
aerobactin (iutA) siderophore receptors. Both yersiniabactin and
aerobactin genes are found more frequently among pathogenic
E. coli strains and have been involved in UPEC virulence
(Garcia et al.,, 2011; Flores-Mireles et al., 2015). Yersiniabactin
binds copper to protect pathogens during infection; direct mass
spectrometroscopy showed that it also binds nickel, cobalt, and
chromium, and transports these metals by its receptor FyuA
(Koh et al., 2017). Detection of urinary Ybt and serological

TABLE 4 | Prevalence of 29 selected virulence genes among DAEC and tEAEC
strains identified as the only pathogens isolated from children with diarrhea.

Group Gene DAEC, tEAEC,
n = 38 (%) n =30 (%)
Adhesins agn43 36 (94.74) 30 (100)
fimA 27 (71.05) 23 (76.67)
papC 1(2.63) 6 (20.00)*
Bacteriocins ccdB 26 (68.42) 26 (86.67)
mchB 0(0) 9 (30.00)*
Complement iss 25 (65.79)* 12 (40.00)
resistance/Immune
system evasion
kpsMII 28 (73.68)" 13 (43.33)
pic 0(0) 21 (70.00)
traT 23 (60.53) 17 (56.67)
Dispersin aap 2 (5.26) 29 (96.67)8
Dispesin aatA 0(0) 28 (93.33)%
translocator
Iron acquisition iroN 0(0) 0(0)
systems
chuA 22 (57.89)" 8 (26.67)
fyuA 38 (100)* 24 (80.00)
iutA 33 (86.84)" 13 (43.33)
SitA 24 (66.16)% 3(10.00)
Secretion systems aaiC 0(0) 21 (70.00)8
eivA 12 (31.58) 6 (20.00)
Toxins astA 4 (10.53) 13 (43.33)"
catB 0(0) 0(0)
cnf 0(0) 1(3.33)
hlyA 0(0) 8 (26.67)"
hlyE 18 (47.37) 18 (60.00)
pet 0(0) 5 (16.67)"
sat 23 (60.53) 11 (36.67)
SepA 0(0) 4 (13.33)"
SigA 0(0) 2 (6.67)
SsubAB 0(0) 0(0)
vat 2 (5.26) 0(0)

*P <0.05, Fisher exact test.

§P < 0.0001, Fisher exact test.

agn43, Antigen 43; fimA, Type | fimbriae; papC, P fimbriae; ccdB, CcdA/CcdB type-
Il toxin-antitoxin system; mchB, Microcin H47, iss, Increased serum survival protein;
kpsMill, group Il Capsule; pic, Protein involved in colonization; iroN, Salmochelin;
chuA, E. coli hemin uptake system; fyuA, Yersiniabactin; iutA, Aerobactin; sitA, Sit
iron/manganese transport system; aaiC, Aai-type VI secretion system subunit C; eivA,
E. coli Type Ill secretion system 2 subunit eivA; astA, EAEC heat stable toxin 1, cnf-
1, Cytotoxic Necrotizing Factor-1; cdtB, Cytolethal Distending Toxin, hlyA, a-Hemolysin;
hlyE, Hemolysin E; pet, Plasmid encoded toxin; sat, Secreted autotransporter toxin; sepA,
Secreted serine srotease A; sigA, Shigella IgA-like protease homolog; subAB, Subtilase
cytotoxin; vat, Vacuolating autotransporter tox.

detection of the outer membrane Ybt importer (fyuA) have been
implicated in clinical UTI (Koh et al., 2017). It also appears
that the aerobactin system is important in UPEC virulence (Gao
et al., 2012). Therefore, the presence of several IAF in DAEC
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CR/ISEF, Complement resistance/Immune system evasion factors; IAF, Iron acquisition factors.
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genomes should be advantageous not only for its virulence, but to
overcome the host “nutritional immunity” which limits bacterial
growth by sequestering metals in the intestine (Lopez and Skaar,
2018). sat, kpsMII, and fimA, also included in this common
VGP, belong to the functional groups of toxins, CR/ISEF and
adhesins, respectively. In animal models, SAT-producing UPEC
and DAEC strains may cause damage to the renal and intestinal
epithelium, respectively (Guyer et al., 2002; Taddei et al., 2005).
Seventy percent of NMEC strains harbored the kpsMII gene
that encodes for the K2 capsule (Wijetunge et al., 2015). K2
provides protection against complement-mediated killing of
UPEC CFTO073 strain and has been shown to be important for
UTI pathogenesis (Buckles et al., 2009). Among UPEC strains
it has been shown that type 1 pilus (fimA) participates in
the colonization of both the uroepithelium and the intestinal
epithelium (Flores-Mireles et al., 2015; Spaulding et al., 2017).
Furthermore, the type 1 pilus plays an essential role in ETEC
virulence, acting in concert with specific ETEC colonization
factors (CF) promoting optimal bacterial adhesion to cultured
intestinal epithelium and to epithelial monolayers differentiated
from human small intestinal stem cells (Sheikh et al., 2017).

Of the 30 tEAEC strains, aggR-ang43-aap-aatA-aaiC-pic-ccdB
was the predominant VGP (56.67%). pic also comprised part of
the most prevalent gene profile (setIA-setIB-pic) identified in
tEAEC strains isolated from Peruvian children with diarrhea,
but not in strains isolated from asymptomatic children, and
was also significantly associated with both acute diarrhea and
prolonged diarrhea (Duan and Mukherjee, 2016). Pic’s role

in EAEC pathogenesis is multi-factorial: it is a mucinase,
induces intestinal mucus hypersecretion, and is involved in gut
colonization and complement inactivation; thus it appears that
pic is a potential marker for virulent tEAEC strains (Estrada-
Garcia and Navarro-Garcia, 2012; Abreu and Barbosa, 2017).
CcdA/CcdB toxin-antitoxin system may increase the probability
of tEAEC colonization by inhibiting the growth of competing
organisms in the gut. To the best of our knowledge, this is the
first study to identify this bacteriocin among tEAEC strains.

Specific DAEC or tEAEC VGP and
Adhesins Were Associated With Fever,
Age, Hyponatremia, and Disease Severity

We explored associations between the clinical characteristics
of the diarrheal episode and specific VGP in DAEC and
tEAEC. The agn43-ccdB-fyuA-iutA-kpsMII-sat-sitA-traT DAEC
VGP was significantly associated with fever > 38°C (7/12, 58.3%
vs. 3/26, 11.5% p = 0.0047). It is unknown whether any of
the molecules encoded by these genes directly induces secretion
of IL-1, the cytokine that induces fever (Endres et al., 1987).
However, we have previously shown that both DAEC reference
strain C1845 and a clinical DAEC isolate induce the production
of IL-188 from Caco-2 confluent cells in vitro (Patzi-Vargas et al.,
2013). Furthermore, DAEC and tEAEC strains isolated from
patients with fever had a higher number of toxin-encoding genes
(RF 2.0 vs. 1.3, P = 0.0231) and overall more virulence genes
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(RF 11.5vs. 9.43, P = 0.0037) than strains isolated from children
without fever.

The aap-aatA-agn43-fimA-fyuA VGP was only found among
tEAEC isolates from children aged < 2-years (18/24, 75%, P =
0.0157), while the mchB-hlyE-iutA-kpsMII VGP was exclusive
to older children (3/5, 60%, P = 0.0027). It has been suggested
that DAEC strains from children and adults constitute two
different populations (Mansan-Almeida et al., 2013); this may
be the case for tEAEC strains as well. Sat was found to be
associated with hyponatremia in tEAEC diarrhea (4/5, 80%
vs. 7/25, 28%, p 0.0472). In a ligated rabbit ileal loop
assay, SAT produced a copious amount of fluid similar to
that observed with ETEC LT toxin, as well as villous edema,
vacuolization and loss of internal villous structure (Taddei et al.,
2005), that may result in loss of electrolytes and hyponatremia.
In both DAEC and tEAEC strains, fimA (type 1 pilus) was
more common in isolates from children < 24 months than
in older children (22/27, 81.5% vs. 5/11, 45.45%, P = 0.0471;
and 22/24, 91.67% vs. 1/6,16.67%, P = 0.0008; respectively).
As observed for ETEC, type 1 pilus may enable more effective

bacterial adhesion of DAEC and tEAEC strains to the intestinal
epithelium of younger children (Sheikh et al., 2017). tEAEC
strains isolated from cases with dehydration signs had a higher
number of genes encoding for adhesins (RF 3.43 vs. RF 2.74,
P =0.0126).

Hypothetical DAEC Model of Pathogenesis

Based on the variety of novel genes identified among DAEC
genomes, we propose the following model for DAEC
pathogenesis (Figure4). Afa/F1845/Dr adhesins bind to
hDAF/CD55 and hCEACAMs, localized on the apical pole
of human intestinal epithelial cells, which results in DAEC
characteristic diffuse adherence pattern. A novel adhesin,
Cah, was found among most DAEC strains, suggesting that
it could also participate in the initial adherence of DAEC, in
the aggregation of bacteria and in the formation of biofilm,
as it has been described before for STEC (Torres et al,
2002; Carter et al., 2018). Also, Cah shares high sequence
similarity with AIDA-1, an adhesin that also mediates
DAEC diffuse adherence pattern to HeLa cells (Torres

Adherence to intestinal epithelial cells
Healthy IECs DAEC infection O DA pattern (@  Biofilm (Cah) ®
QRO QRO RO QRO
= =
Pathogenesis
Complement resistance ® Iron acquisition
44444
Hd/s //((//
2B 2B @\ /@\\
= =
= =
_> p \
Iron Complement
= Y 4 G ETT2 X 5
/ hDAF f hCECAMs =1/ ® R ,/ DAEC ® St @ acquisition (1359) ¥ Gb »  resistance
system factors
FIGURE 4 | Molecular pathogenesis of DAEC (1). DAEC expresses Afa/F1845/Dr adhesins that interact with the decay accelerating factor (also known as Dr or CD55)
and (2) are responsible for the characteristic diffuse adherence (DA) pattern exhibited by this pathotype (3). The production of Cah may assist in the initial adherence to
enterocytes or with production of biofilm (3). Adherence of the bacteria may dampen the inhibitory activity of hDAF, which could result in a decreased inactivation of
the complement. However, DAEC strains carry a wide variety of complement resistance factors, which might protect the bacteria (4). Iron acquisition systems are
common among DAEC, suggesting an important role for iron scavenging in DAEC infection, which may facilitate bacterial replication and colonization (5). The serine
protease Sat is also common among DAEC strains and it is associated with the loss of cell shape and potentially detachment from epithelial layers. Finally, the ETT2
type 3 secretion system may deliver intracellular effectors to the enterocytes, which may induce cytoskeletal modifications.
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et al, 2002). DAEC intrinsically has an effect on the host
complement system since it binds hDAF/C55, hampering the
capacity of this molecule to inhibit the complement-cascade
amplification. The expression of CR/ISEF by DAEC could
protect the bacteria from the action of the complement. For
example, traT, which inhibits later stages of the membrane
attack complex activity, was highly prevalent among DAEC
strains. Moreover, these strains also express a wide variety
of iron acquisition systems, such as Chu, which binds host
hemoproteins, and Sit iron/manganese transport system
for the utilization of ferric iron, allowing DAEC to capture
these elements that are indispensable for bacterial growth
and to replicate faster than resident microbiota. Also, the
most common DAEC VGP afaC-ang43-fyuA-iutA-kpsMII-sat-
fimA, contained two IAS, the yersianiabactin and aerobactin
siderophore receptors.

Among DAEC strains, we found the whole gene cluster
encoding ETT2, which could be potentially involved in the
polymerization of actin observed during DAEC infection
(Riveros et al, 2011), as it has been shown for the type
three secretion system of EPEC and EHEC (Kaper et al,
2004). Sat, the only previously described DAEC VE was
also identified in the most common DAEC VGP. Sat may
be responsible for tight junction alteration and increased
secretion of fluids into the lumen during the course of
DAEC infection. We identified a gene encoding for a second
toxin, TieB, for which a mechanism of action has not yet
been described.

CONCLUSIONS

Comprehensive WGS and identification of VF for DAEC
and tEAEC strains reveal for the first time that these two
pathotypes are phylogenetically related. Given this relationship,
we hypothesized that the two pathotypes would harbor a shared
set of VF (as do EPEC and STEC, for example), supplemented
by different factors that mediate their divergent pathogenic
lifestyles. This was in fact the case, as most VF were shared
between the two pathogens with few exceptions. Moreover, our
work is the first comprehensive genomic analysis of DAEC, and
as such identified several novel VF groups and genes among
DAEC strains, including the ones encoding for Cah, Iss, Kps MII,
Sit, TieB, and TraT; the analysis has allowed us to suggest for the
first time a pathogenetic paradigm for this pathotype. Lastly, our
work suggests clinical application by identifying common and
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Escherichia coli as a Multifaceted
Pathogenic and Versatile Bacterium

Vania Santos Braz', Karine Melchior and Cristiano Gallina Moreira™"

Department of Biological Sciences, School of Pharmaceutical Sciences, Sao Paulo State University (UNESP),
Araraquara, Brazil

Genetic plasticity promotes evolution and a vast diversity in Escherichia coli varying from
avirulent to highly pathogenic strains, including the emergence of virulent hybrid
microorganism. This ability also contributes to the emergence of antimicrobial
resistance. These hybrid pathogenic E. coli (HyPEC) are emergent threats, such as
0104:H4 from the European outbreak in 2011, aggregative adherent bacteria with the
potent Shiga-toxin. Here, we briefly revisited the details of these E. coli classic and hybrid
pathogens, the increase in antimicrobial resistance in the context of a genetically
empowered multifaceted and versatile bug and the growing need to advance
alternative therapies to fight these infections.

Keywords: treatment, genetic mobility, pathogenesis, Escherichia, multiresistant

INTRODUCTION

Escherichia coli (or E. coli) is a Gram-negative versatile bacterium, easily found and amenable to
natural and random genetic alteration. There is a vast collection of sequenced E. coli genomes which
exhibit different sizes and genomic diversity among commensal and pathogens, indicating a great
assortment within the same bacterial species. They comprise of non-pathogenic bacteria that may
act as commensals and belong to the normal intestinal microbiota of humans and many animals.
There are also pathogenic variants, divided as diarrheagenic and extraintestinal pathogens, with
different pathotypes and various natural hybrid strains (Tables 1 and 2). These variants can be
facultative or obligate pathogens. The facultative bacteria are part of the intestinal tract and may act
as opportunistic pathogens when outside of their natural habitat, causing various types of
extraintestinal infections. On the other hand, intestinal obligate pathogenic variants cause
infections in distinct conditions, from moderate diarrhea to more threatening cases, as lethal
outcome (Kaper et al., 2004; Kohler and Dobrindt, 2011).

E. coli pangenome studies indicate enormous capacity to evolve by gene acquisition and genetic
modification. Besides, these genomes have a mosaic-like structure consisting of a core genome,
encoding essential cellular functions, and an accessory genome with flexible strain-specific
sequences. Thus, E. coli is a model well established for studying the interdependence of genome
architecture and the lifestyle of bacteria (Touchon et al., 2009; Dobrindt et al., 2010).

Based on virulence factors in E. coli genomes and phenotypic traits, the human pathotypes of
diarrheagenic E. coli (DEC) are differentiated from non-pathogenic E. coli and extraintestinal
pathogenic E. coli (ExPEC). The ExPEC are classified as uropathogenic E. coli (UPEC), sepsis-
causing E. coli (SEPEC) and neonatal meningitis-associated E. coli (NMEC) (Kaper et al., 2004).
Recent pathogenomics and phenotypic classification have revisited the DEC group as nine distinct
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TABLE 1 | Classic E. coli pathotypes main features: extraintestinal (EXPEC) and diarrheagenic (DEC).

E. coli Pathotype
(DEC and ExPEC)

Main virulence traits

Clinical
manifestation

Antimicrobial resistance
(AMR) commonly found

Mobile genetic
resistance
determinants

References

Shiga toxin- Shiga-toxin Not associated ~ Streptomycin, Ampicillin, ND Jerse et al., 1990;
producing (STEC) with human Tetracyclin and Kaper et al., 2004;
diseases sulphonamides Day et al., 2017
Enterohemorrhagic  EscF, EscC, EspA, EspB, EspD, Intimin, Tir, and Foodborne Streptomycin, Ampicillin, Resistance Knutton et al., 1989;
(EHEC) Shiga-toxin Bloody diarrhea Tetracyclin and plasmid-mediated Mellies et al., 1999;
and HUS sulphonamides (as pO157, Kaper et al., 2004;
pO111-CRL115, Garmendia et al.,
pO26-CRL125, 2005; Day et al.,
pO145-13514) 2017
Enteropathogenic EscF, EscC, EspA, EspB, EspD, Intimin, Tir, EAF Watery diarrhea  Streptomycin, Ampicillin, Resistance Tobe et al., 1999;
(EPEC) plasmid (tEPEC) and Bfp (tEPEC) Tetracyclin, Trimethoprim and ~ plasmid-mediated Trabulsi et al., 2002;
Sulfamethoxazole (as pEAF, MB80, Kaper et al., 2004;
pB171_90, Ingle et al., 2018
PED208)
Enteroaggregative  pAA plasmid, aggregated fimbriae adhesion (AAF), Acute and Ampicillin, Trimethoprim, Resistance Regua-Mangia et al.,
(EAEC) AggR regulator and dispersin chronic Sulfamethoxazole, Nalidixic plasmid-mediated 2009; Aslani et al.,
diarrhea acid, and ciprofloxacin (as pAA), 2011; Gomes et al.,
chromosomal 2016; Pawtowska
gyrB and parC and
mutations Sobieszczanska,
2017; Chattaway
etal, 2017
Enteroinvasive Plasmid pINV and invasins Bacillary Carbapenem, fosfomycin- Resistance Kaper et al., 2004;
(EIEC) Dysentery trometanol, nitrofurantoin, plasmid- Baylis et al., 2006;
chloramphenicol, B-lactams, mediated, Gomes et al., 2016;
nalidixic acid, ampicilin and chromosomal Pawtowska and
fluoroquinolones gyrB and parC Sobieszczanska,
mutations 2017
Enterotoxigenic Thermostable (ST) and thermolabile (LT) enterotoxins ~ Watery Ampicillin, sulfamethoxazole, Resistance Kaper et al., 2004;
(ETEC) diarrhea, tetracycline and azithromycin ~ plasmid-mediated Medina et al., 2015;
known as (distinct Inc type ~ Gomes et al., 2016;
traveler’'s conjugative Pawfowska and
diarrhea plasmids) Sobieszczanska,
2017
Diffusely-adhering Afa/Dr adhesins Acute diarrhea  Ampicillin, Trimethoprim, Resistance Kaper et al., 2004;
(DAEC) to Sulfamethoxazole, plasmid- Nash et al., 2010;
assypmtomatic  Fosfomycin, piperacillin, mediated, Servin, 2014;
cases tetracycline, ciprofloxacin, co-  chromosomal Gomes et al., 2016
trimoxazole, nitrofurantoin, gyrB and parC
oxacillin, bactericin, cloxacilin, mutations
chloramphenicol, and nalidixic
acid
Adherent-invasive  type VI secretion system, type | pili, long polar Chronic gut Ampicilin and ciprofloxacin Resistance Kaper et al., 2004;
(AIEC) fimbriae inflammation plasmid- Nash et al., 2010;
and Crohn’s mediated, Barrios-Villa et al.,
disease chromosomal 2018
gyrB and parC
mutations
Cell-detaching K-hemolysin, pyelonephritis-associated pili and Diarrhea in Amoxicillin-clavulanic acid, Resistance Elliott et al., 1998;
(CDEC) cytotoxic necrotizing factor 1 (CNF1) infants, cell ampicillin, mezlocillin, plasmid- Fabrega et al., 2002;
detaching, and  piperacillin, tetracycline, mediated, Okeke et al., 2002;
inked to Crohn”  trimethoprim, trimethoprim- integrons Kaper et al., 2004;
s disease sulfamethoxazole, Rakitina et al., 2017
cases spectinomycin, streptomycin
and sulfonamide
Uropathogenic P fimbriae, certain other mannose-resistant adhesins,  Urinary and Fluoroquinolone, Resistance Kaper et al., 2004;
(UPEC) and type 1 fimbriae, K capsule, Hemolysin, Bloodstream aminoglycosides, plasmid- Mobley et al., 2009;
Aerobactin infections trimethoprim- mediated, Petty et al., 2014
sulfamethoxazole and transposons,
carbapenems integrons,
chromosomal
(Continued)
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TABLE 1 | Continued

E. coli Pathotype
(DEC and ExPEC)

Main virulence traits

Clinical
manifestation

Antimicrobial resistance References

(AMR) commonly found

Mobile genetic
resistance
determinants

gyrA, gyrB, park,
parC and marA

mutations
Sepsis-causing Type 1, P, and S fimbriae, K capsule K1/K5, Bacteremia and Carbapenems Resistance Kaper et al., 2004;
(SEPEC) hemolysin, aerobactin, yersiniabactin, salmochelin, sepsis plasmid- Mokady et al., 2005;
CNF1, secreted autotransporter toxin, serum mediated, Nagarjuna et al.,
resistance, and colicin V integrons 2018
Neonatal ompTp, hlyF, cvaC, etsA, cvaA, etsB, cvaB, iss, iutA, Meningitis, and ~ Streptomycin sulfisoxazole, Resistance Korhonen et al.,
meningitis- and tsh bacteremia in ampicillin, tetracycline, plasmid-mediated 1985; Kaper et al.,

associated (NMEC)

ND, non-described.

pathotypes, proposed by their differential features and the essential
virulence genes defining each subgroup, such as Shiga toxin-
producing E. coli (STEC), enterohemorrhagic E. coli (EHEC),
enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC),
enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC),
diffusely-adhering E. coli (DAEC), adherent-invasive E. coli (AIEC),
and cell-detaching E. coli (CDEC) (Kaper et al., 2004; Pawlowska
and Sobieszczanska, 2017) (Table 1).

Herein, we briefly describe the diversity of these classic and
novel emerging E. coli pathotypes and their genetic plasticity in a
multifaceted organism. The mobile genetic elements are
responsible for the appearance of novel hybrid strains with
distinct assortment of virulence and antimicrobial resistance
traits, bringing up the urgent need to reconsider the forms of
treatment for these infections.

TYPES OF E. COLI: MANY FLAVORS
WITHIN A SINGLE BACTERIAL SPECIES

E. coli is one of the most genetically versatile microorganisms and is
able to colonize and persist in several niches, both in the
environment or in hosts. Commensal E. coli strains colonize the
gastrointestinal tract of humans a few hours after birth, resultingin a
symbiotic relationship between the microbiota and its host
(Ducarmon et al., 2019). However, the mechanisms by which E.
coli ensures this efficient symbiosis is not well known. It could be
related to its high ability to use nutrients in the colon (Fabich et al.,
2008; Ducarmon et al., 2019). Several studies have shown that
competition for nutrients between microbiota and pathogens limits
the colonization of the pathogens, leading to fierce competition
among these microorganisms (Lustri et al., 2017).

Occasionally, pathogenic E. coli cannot be distinguished from
commensal E. coli, only based on specific virulence factors, as some
previously described in EXPEC strains (Kohler and Dobrindt, 2011).
However, this scenario is changing due to sophistication and
availability of molecular typing methodologies. New computational
approaches bring countless important information about host-
pathogen relationships, reservoir, clinical diagnoses, and novel
ExPEC transmission pathways (Johnson and Russo, 2018). Often,

neonates

chloramphenicol, kanamycin
and trimethoprim-
sulfamethoxazole

2004; Logue et al.,
2012

virulence genes are located in transmissible genetic elements such as
genomic islands, bacteriophages, insertion sequences (ISs), integrons,
plasmids, and transposons; hence, they can be easily exchanged
among different bacteria (Hacker et al., 2003; Dobrindt et al., 2010).
They also carry multiple antibiotic resistance genes that have been
under strong selective pressure as consequence of the extensive use of
antibiotics (Brzuszkiewicz et al., 2009).

Common genetic changes in E. coli genomes ensure high
diversity due to the gain and loss of genes through genetic
modification events. There are many strains of ExPEC that
normally colonize the gut asymptomatically, as members of the
intestinal microbiota. Nonetheless, only a subset of ExPEC as
UPEC, SEPEC and NMEC are responsible for the vast majority of
infections such as urinary tract infections, sepsis, and meningitis
(Kaper et al., 2004). There is a great variety of virulence factors in
ExPEC strains, such as adhesins (fimbrial and non-fimbrial),
siderophores, toxins, invasins, the ability to survive in serum,
among others. Moreover, many of these virulence factors may
occur combined within the same strain and act synergistically.
Despite extra factors, the septic strains always possess at least an
adherence system, an iron uptake system and genes for serum
survival (Biran and Ron, 2018; Johnson and Russo, 2018) (Table 1).

The genetic evolution in E. coli pathogenesis employs horizontal
transfer mechanisms within same and across similar species.
Therefore, the IS, transposons and integrons may facilitate novel
rearrangements within the genome, such as duplication and
suppression of genes and also capture of new genes. This genetic
material transit can result in greater flexibility concerning various
features, such as the transition of pathogenic bacteria between
humans and animals, resistance to antimicrobials, appearance of
emerging pathogens due to the gain of virulence genes, increased
pathogenicity, among other features (Frost et al., 2005; Brigulla and
Wackernagel, 2010; Dobrindt et al., 2010; Jackson et al., 2011;
Sheppard et al.,, 2018). All these conditions may contribute to the
virulence of these bacteria, like the bacteriophage importance in the
pathogenesis. The horizontal transfer between different strains
favors the emergence of new pathogenic strains with
discrepancies in the bacteriophage repertoire affecting directly
their virulence (Manning et al., 2008; Ogura et al., 2009; Dobrindt
et al., 2010; Jackson et al., 2011).
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TABLE 2 | Hybrid pathogenic (HyPEC) main features described.

HyPEC Main Hybrid virulence traits Clinical manifes- Antimicrobial References
features identified tation resistance (AMR)
described

0104:H4  Hybrid EAEC  Aggregative typical fimbriae, Diarrhea, HUS Quinolones and B-lactams  Bielaszewska et al., 2011; Rasko et al., 2011; Muniesa
EAEC/ with STEC Shiga toxin et al., 2012; Navarro-Garcia, 2014; Ribeiro et al., 2019
STEC
080:H2 Hybrid STEC  Intimin, Shiga toxin and pS88- HUS, B-lactams Peigne et al., 2009; Mariani-Kurkdjian et al., 2014
STEC/ with EXPEC  like plasmid Bacteremia
EXPEC
02:H6 Hybrid STEC  o-hlyA, cnf1 and clb genes Diarrhea, ND Bielaszewska et al., 2014
STEC/ with UPEC Urinary tract
UPEC infections, HUS
ST131 Hybrid PAA plasmid Urinary infections,  B-lactams Boll et al., 2018
UPEC/ EXPEC with Bloodstream
EAEC EAEC infections and

Diarrhea
EPEC/ Hybrid EPEC  Intimin, LEE island, ST and LT Diarrhea, B-lactams, SUT, and Dutta et al., 2015
ETEC and ETEC toxin Mild fever and quinolones

cough
STEC/ Hybrid STEC  Intimin, Shiga toxin (Stx2) and  Acute diarrhea ND Lindstedt et al., 2018
ETEC and ETEC LT toxin and HUS
0137:H6 Hybrid EPEC  Intimin, BFP, Shiga toxin Diarrhea and HUS  ND Gioia-Di Chiacchio et al., 2018
(ST2678) and STEC (Stx2) and AIDA-I
EPEC/ autotransporter
STEC
STEC/ Hybrid STEC  Intimin, Shiga toxin, ST and Acute diarrhea ND Nyholm et al., 2015
ETEC and ETEC LT toxins and HUS
EPEC/ Hybrid EPEC  Intimin, BFP, ST and LT toxins Diarrhea, ND Hazen et al., 2017
ETEC and ETEC Mild fever and

cough

HyPEC, Hybrid Pathogenic E. coli; HUS, Hemolytic Uremic Syndrome; ND, non-described; SUT, Trimethoprim-sulfamethoxazole.

The co-evolution of bacterial genomes with plasmids, besides
potential genetic and phenotypic gain may impact cellular
metabolism to ensure the maintenance and stability of the
plasmid (Jackson et al, 2011). Many ExPEC virulence genes
are encoded within plasmids, often belonging to the ColV family,
which encodes colicin, serum survival factors and iron uptake
systems (Biran and Ron, 2018). Similarly, intestinal pathogens
carry a variety of types of plasmids, associated with virulence,
majorly belonging to the incompatibility group IncF, which has
transfer functions (Carattoli, 2009). There are virulence plasmids
essential for some pathotypes of E. coli, such as pINV and pAA,
respectively, in EIEC and EAEC, according to each own group
features (Kaper et al., 2004).

Although, all ExPEC and DEC pathotypes are not enough to
fully classify all pathogenic E. coli strains, since these bacteria are
so variable, allowing constant appearance of distinct hybrid-
formed strains within this dynamic bacterial species. The
carriage of virulence genes essential to the pathogenesis of each
pathotype and the ability to adapt to different conditions allow
the emergence of hybrid pathogenic E. coli (HyPEC).

GENETIC PLASTICITY AND EMERGENT
E. COLI PATHOGEN: HYPEC

E. coli has an astonishing facility to amend very well, replicate
and disseminate. These features allowed the advent of novel
HyPEC. Acquired virulence genes and novel functions appear

from mutation, recombination and other genetic changes.
All these genetic differences have increased the occurrence of
novel hybrid and antimicrobial resistance among DEC and
ExPEC (Dobrindt et al., 2003; Bielaszewska et al., 2007; Khan
et al., 2018).

Recently, a HyPEC strain received widespread attention after
an outbreak of foodborne bloody diarrhea and hemorrhagic
uremic syndrome (HUS) in Germany. This outbreak of E. coli
0104:H4 was associated with consumption of raw fenugreek
sprouts, as a hybrid EAEC strain with STEC features, like Shiga
toxin presence. This HyPEC was quickly sequenced and
unraveled its intricate nature, but even with a quick response
and identification it was not enough to avoid 3,842
hospitalizations with many fatalities in Europe and North
Africa (Bielaszewska et al., 2011; Rasko et al.,, 2011). Emerging
processes are responsible for the HyPEC occurrences. Herein, the
combined enteroaggregative features in a rare serotype was
responsible to high attachment to cells and a biofilm formation
(Navarro-Garcia, 2014; Ribeiro et al., 2019). Moreover, this
strain has gained stx2 gene lambdoid phage integrated in the
genome, thus it may release the Shiga-toxin. These features have
increased HUS occurrence during the outbreak on this HyPEC
when compared to STEC (Muniesa et al., 2012).

Many distinct genetic hybrid examples are reported in E. coli,
such as STEC/ExPEC O80:H2 serotype, which caused HUS and
bacteremia due the presence of stx2 and eae genes from STECs
and pS88-like plasmid, described in meningitis, urosepsis and
avian pathogenic strains of EXPEC (Peigne et al., 2009; Mariani-
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Kurkdjian et al., 2014). The STEC/UPEC strain O2:H6 serotype,
a STEC with virulence genes as o-hlyA, cnfl, and clb from UPEC
that have ability to cause diarrhea and urinary tract infections
(Bielaszewska et al., 2014). The EPEC/ETEC strain has acquired
the LEE island and encodes the LT toxin (Dutta et al., 2015). The
broadly reported multidrug resistant E. coli ST131 is example of
highly virulent EXPEC associated with urinary and bloodstream
infections. It has also acquired enteroaggregative diarrheagenic
phenotype due to pAA plasmid presence (Boll et al., 2018). Many
others HyPEC are described as case report, but not fully
characterized. Here, we have briefly sampled some of the
acquired genes by these strains, their direct impact in virulence
and their hybrid nature (Table 2). Comparable to these HyPEC,
the coined terms hybrid- and hetero-pathogenic E. coli have been
recently described as new combination of virulence factors
among classic E. coli groups. Together, they show differences
between typical and atypical subgroups within the EAEC and
EPEC pathotypes and hybrids, such as EPEC/STEC, ExPEC/
EPEC and ExPEC/EAEC hybrids (Santos et al., 2020). Similar to
our approach here, this study shows how this topic is critical in
the field.

The high prevalence of classic pathogenic E. coli and
appearance of HyPEC occur via similar genetic mechanisms,
which also enable bacteria to resist the presence of distinct
antimicrobials. Bacteria resistant to various classes of
antibiotics are related to the complex combination of intrinsic
and acquired resistance genes, which may act synergistically (Cag
etal, 2016; Khan et al., 2018). Together that brings multiresistant
bacteria, as an alarming factor reported worldwide in several
bacterial species. WHO has prioritized studies on AMR bacteria,
including Enterobacteriaceae, based on recent surveillance
reports (WHO, 2018).

EMERGING HYBRIDS AND ALTERNATIVE
THERAPIES

The complex combination of multidrug-resistant bacteria and
emerging hybrid bacteria with intrinsic or acquired bacterial
virulence factors disseminated by genetic mobility elements, the
intense and inappropriate use of antibiotics have simultaneously
favored the emergence of resistance to various antibiotics (Khan
et al., 2018). That is a special challenge to these hybrid strains,
since these HyPEC gathered virulence traits and acquired
antibiotic resistance, together these points raise the importance
to alternative treatments. These options are crucial to reduce the
use of antibiotics and the consequent increase of antimicrobial
resistance. Novel therapies are urgent to replace prophylactic and
treatment with antibiotics by probiotics, prebiotics, enzymatic
compounds, vaccines, monoclonal antibodies, phage therapy,
antivirulence compounds, among other possibilities (Gadde
et al., 2017).

Recently, different vaccine strategies have been used for
pathogenic E. coli infection as an alternative to antibiotic
therapy (Rojas-Lopez et al., 2018), including vaccines with
attenuated toxins (McKenzie et al., 2007; Bitzan et al., 2009),

attenuated bacterial cell (Calderon Toledo et al., 2011),
individual components of virulence factors such as Shiga toxin
(Liu et al,, 2009), EspA or Intimin (Oliveira et al., 2012), small
peptides (Zhang et al., 2011), DNA (Garcia-Angulo et al., 2014)
or polysaccharides (Ahmed et al.,, 2006; van den Dobbelsteen,
2016), as well detailed in the literature. Commercial vaccines
have aimed the use to protect livestock, such as poultry, swine
and bovine herds, against respectively to APEC, like Poulvac®
E. coli, ETEC and EHEC infections (Sadeyen et al., 2015; Nesta
and Pizza, 2018). Vaccines with a modern approach and
technology still are a promising strategy to protect against
emergent HyPECs infections in humans and livestock.

Recent studies have revisited the phage therapy as a
biological alternative, which employs strictly lytic phages
uncapable of lysogenization (Carter et al., 2012). Studies have
demonstrated ability of phages to decrease biofilm formation in
UPEC (Chibeu et al., 2012), increased mice rate survival in E.
coli-induced pneumonia (Dufour et al., 2015). Moreover, lytic
bacteriophages were used to infect and kill bacteria harboring
phage-dependent conjugative plasmid to avoid emergence of
multiresistant bacteria (Ojala et al., 2013; Tagliaferri et al., 2019).
The phages cocktail EcoShield"™ is already commercialized
(Intralytix) and it has been reported to significantly reduce the
E. coli O157:H7 contamination on surfaces and food (Abuladze
et al, 2008; Carter et al., 2012). Additionally, mutual use of
phages with antibiotics have emerged, with SPR02 and DAF6
phages combined with enrofloxacin have shown promising data,
rescuing chickens challenged with avian pathogenic E. coli
infection (Tagliaferri et al., 2019).

The novel approach via antivirulence-directed compounds
works disarming the pathogens’ ability to cause disease by
inhibiting their virulence factors, favoring the host’s immune
defenses during the bacterial clearance. These compounds do
not induce bacterial resistance as antibiotics, because they
disarm the pathogen, instead of directly targeting its growth.
Therefore, as they are directed to specific factors for
pathogenesis, they potentially reduce the selection of
resistance and limit collateral damage to the microbiota.
Some virulence inhibitors are effective against many
pathogens, molecules such as LED209, HC102A, HC103A,
Artemisinin, and Ethoxzolamide, by inhibit different two-
component systems as QseBC in E. coli and other
enteropathogens (Sperandio et al., 2003; Rasko et al., 2008;
Yang et al., 2014; Xue et al., 2015; Kim et al., 2020), Bicyclic 2-
pyridones, Biaryl mannoside, Nitazoxanide and FNO075,
avoiding the initial bacterial adhesion; and compounds like
Toxtazins A and B, Ebselen, 7086, 7812, 7832, BPT15, and
BBH7, blocking toxins and secretion systems (Payne, 2008;
Johnson and Abramovitch, 2017).

CONCLUSION

The forces that shape the evolution in E. coli comprise
vast repertoire, affecting genetic flexibility and excessive
permissiveness to acquire and donate DNA via horizontal gene
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transfer. These features guarantee the spread of antibiotic
resistance as well as virulence factors inherited among the
various pathotypes of E. coli. The exact identification and
assessment assist researchers to better understand this
bacterium modification, diagnosis, public health and treatment.
E. coli strains with multiple and distinct factors are probably very
common but unreported, since these E. coli strains have
developed many strategies to persist in different settings and
successfully infect the host. These strategies result in an immense
variety of microorganisms, ranging from avirulent to extremely
virulent strains that can cause intestinal or extraintestinal
diseases. E. coli strains have great potential for dissemination
and capacity to pass along hereditary elements. Currently,
these HyPEC strains are a very concerning threat that
demands more studies and the development of novel
treatment methods.
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