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cultured from wild fruit bat faeces.

e Novel tEPEC sequence types and bfpA Characterisation of typical enteropathogenic Escherichia coli (tEPEC) lineages and novel bfpA
variants indicate bat-specific tEPEC variants detected in Australian fruit bats (Pteropus poliocephalus)
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ARTICLE INFO ABSTRACT
Editor: Ewa Korzeniewska Enteropathogenic Escherichia coli (EPEC) is an important cause of diarrhoeal disease in human infants. EPEC
strains are defined by the presence of specific virulence factors including intimin (encoded by the eae gene) and
Keywords: bundle forming pili (Bfp). Bfp is encoded by the bfp operon and includes the bfpA gene for the major pilus

Grey-headed flying-fox

subunit. By definition, Bfp are only present in typical EPEC (tEPEC), for which, humans are considered to be the
Zoonotic disease

only known natural host. This study detected tEPEC in faecal samples from a wild Australian fruit bat species, the

g‘;eoiiiﬂ; grey-headed flying-fox (Pteropus poliocephalus). Whole genome sequencing of 61 E. coli isolates from flying-foxes
Intimin revealed that 21.3 % (95%CI: 13 %-33 %) were tEPEC. Phylogenetic analyses showed flying-fox tEPEC shared

evolutionary lineages with human EPEC, but were predominantly novel sequence types (9 of 13) and typically
harboured novel bfpA variants (11 of 13). HEp-2 cell adhesion assays showed adherence to human-derived
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epithelial cells by all 13 flying-fox tEPEC, indicating that they all carried functional Bfp. Using an EPEC-specific
duplex PCR, it was determined that tEPEC comprised 17.4 % (95%CI: 13 %-22 %) of 270 flying-fox E. coli
isolates. Furthermore, a tEPEC-specific multiplex PCR detected the eae and bfpA virulence genes in 18.0 % (95%
CI: 8.0 %-33.7 %) of 506 flying-fox faecal DNA samples, with occurrences ranging from 1.3 % to 87.0 % across
five geographic areas sampled over a four-year period. The identification of six novel tEPEC sequence types and
five novel bfpA variants suggests flying-foxes carry bat-specific tEPEC lineages. However, their close relationship
with human EPEC and functional Bfp, indicates that flying-fox tEPEC have zoonotic potential and that dissem-
ination of flying-fox tEPEC into urban environments may pose a public health risk. The consistent detection of
tEPEC in flying-foxes over extensive geographical and temporal scales indicates that both wild grey-headed
flying-foxes and humans should be regarded as natural tEPEC hosts.

1. Introduction

Enteropathogenic Escherichia coli (EPEC) is an important cause of
diarrhoea and mortality in infants in low- and middle-income countries
(Kaper et al., 2004; Levine et al., 2020), and prolonged diarrhoea in
children in high-income countries (Afset et al., 2004; Nguyen et al.,
2006). EPEC are characterised by their ability to cause attaching and
effacing lesions of the intestinal epithelium, resulting in microvilli
destruction and diarrhoea (Nataro and Kaper, 1998; Trabulsi et al.,
2002). All EPEC carry specific virulence factors, most notably a ~ 35 kb
chromosomal locus for enterocyte effacement (LEE) pathogenicity is-
land which encodes an outer membrane protein, intimin (encoded by
the eae gene), a type 3 secretion system, and several type-3 secreted
effectors, including a translocated intimin receptor (tir gene), EspA,
EspB, EspH and Map (Elliott et al., 1998; Wong et al., 2011). In addition
to the LEE-encoded genes, there are numerous non-LEE encoded (Nle)
type 3 secreted effectors (Wong et al., 2011) and adhesins (Bardiau
et al., 2010b) which may be associated with increased pathogenicity
(Wong et al., 2011).

EPEC strains which carry the EPEC adherence factor plasmid (pEAF)
are classified as typical EPEC (tEPEC) and those lacking this plasmid are
known as atypical EPEC (aEPEC) (Trabulsi et al., 2002). pEAF carries the
bundle forming pilus (bfp) operon and plasmid encoded regulators (per),
all of which are required for tEPEC pathogenicity in humans (Levine
et al., 1985). Bundle-forming pili facilitate the formation of stable
microcolonies on epithelial cell monolayers in vitro, giving rise to a
pattern known as localised adherence, which is characteristic of tEPEC
(Nataro and Kaper, 1998).

LEE has multiple evolutionary variants, with distinct EPEC lineages
being associated with specific LEE insertion sites and eae subtypes (Ingle
et al., 2016; Miiller et al., 2009). Multiple variants of the EAF plasmid
and bfpA allele also exist, but unlike LEE, they are not highly conserved
within tEPEC lineages (Lacher et al., 2007). EPEC lineages have his-
torically been characterised by O and H antigens (O:H serotype), with 12
classical EPEC O-serogroups recognised in 1987 (World Health Orga-
nisation, 1987) and multiple non-classical O-serogroups identified sub-
sequently (Lacher et al., 2007; Ori et al., 2019). The continuing
emergence of new EPEC O-serogroups indicates that the LEE (and pEAF
in tEPEC) can be acquired independently by diverse E. coli lineages
(Ingle et al., 2016; Lacher et al., 2007).

Humans, especially children, are the primary reservoir of EPEC and
humans are considered the only natural host for tEPEC (Chandran and
Mazumder, 2013; Nataro and Kaper, 1998). Only rarely have tEPEC
been identified in non-human hosts, with sporadic detections reported in
domestic animals; dogs, cats, pigs, lambs and cattle (Begum et al., 2014;
Blanco et al., 2005; Chandran and Mazumder, 2013; Goffaux et al.,
2000; Nakazato et al., 2004; Stephan et al., 2004; Wani et al., 2009), and
in wildlife; birds, bats, boar, coyote and deer (Alonso et al., 2017; Borges
et al., 2017; Chandran and Mazumder, 2013; Gioia-Di Chiacchio et al.,
2018; Ishii et al., 2007; Nowak et al., 2017; Saidenberg et al., 2012;
Sanches et al., 2017). In contrast, numerous studies have reported the
presence of aEPEC in companion animals and livestock (Chandran and
Mazumder, 2013; Goffaux et al., 2000; Ishii et al., 2007; Kobayashi
et al., 2003; Nakazato et al., 2004; Xu et al., 2017) and in diverse wild

mammal and bird species (Alonso et al., 2017; Bardiau et al., 2010a;
Borges et al., 2017; Carvalho et al., 2003; Chandran and Mazumder,
2013; Kobayashi et al., 2009; Mora et al., 2018; Nowak et al., 2017;
Sacristan et al., 2014; Saidenberg et al., 2012; Sanches et al., 2017; Xu
et al., 2017).

Although reports of the carriage of enteric bacterial pathogens by
bats are sparse (Agustin et al., 2019; Ajayi, 2020; Brygoo et al., 1971;
Cabal et al., 2015; Heard et al., 1997; Henry et al., 2018; Hohne et al.,
1975; Iovine et al., 2015; Islam et al., 2013; Nowak et al., 2017), tEPEC
have been isolated from two bat species (Nowak et al., 2017), and key
tEPEC virulence genes, eae and bfpA, have been identified in faecal DNA
from a further eight bat species (Cabal et al., 2015), suggesting bats may
be an important wildlife group associated with tEPEC carriage. How-
ever, genetic characterisation of tEPEC from bats is very limited, with
sequence typing performed on only four bat tEPEC isolates (Nowak
et al., 2017), and no whole genome sequencing has been undertaken to
examine phylogenetic relationships between bat and human tEPEC
strains. Additionally, the prevalence of tEPEC carriage in bat pop-
ulations has not been determined over geographical or temporal scales.
Thus, it is currently unknown if tEPEC detections in bats are sporadic
zooanthroponotic transmission, or if bats are tEPEC reservoir hosts and
pose a zoonotic risk.

Bats belong to the order Chiroptera which is divided into two sub-
orders, Yinpterochiroptera (predominantly fruit bats/flying-foxes but
includes some microbats) and Yangochiroptera (microbats) (Teeling
etal., 2005). On mainland Australia, there are four native species of fruit
bats (Pteropus spp.), each with different geographical distributions. The
only endemic species, the grey-headed flying-fox (Pteropus polio-
cephalus), is widely distributed across eastern Australia, and is the pre-
dominant fruit bat species in New South Wales, Victoria and South
Australia (Australian Government, 2021). Grey-headed flying-foxes,
occupy tree roosts and form large colonies that can number in the tens of
thousands (Australian Government, 2021). Movement of individuals
between colonies occurs frequently, with an average daily colony
turnover of 17.5 %, making them an extremely mobile metapopulation
(Welbergen et al., 2020). Grey-headed flying-foxes are highly urban-
adapted and are renowned for forming large colonies in parklands
located within cities, placing them, and their copious faecal deposits, in
close proximity to humans (Parry-Jones and Augee, 2001; Williams
et al., 2006). This close proximity provides increased opportunity for
zoonotic pathogen transmission to occur between humans and grey-
headed flying-foxes (Gibb et al., 2020). Exposure to faecal pathogens
may be via direct contact between humans and grey-headed flying-
foxes, or via indirect contact with their faeces or contaminated food and
water in the environment (Davy et al., 2023; Kruse et al., 2004). To date,
research examining zoonotic pathogens in grey-headed flying-foxes has
largely focused on viral pathogens (Boardman et al., 2020), with only
two reports of zoonotic enteric bacterial pathogens, both being Salmo-
nella enterica (McDougall and Power, 2021; Van Brussel et al., 2023).

This study investigated the occurrence of tEPEC in wild grey-headed
flying-foxes, hereafter referred to as flying-foxes, and examined the
genetic characteristics and evolutionary relationships between flying-
fox tEPEC strains and human EPEC strains using whole genome
sequence (WGS) data and analysis of key virulence genes.
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2. Materials and methods
2.1. Grey-headed flying-fox faecal sampling

Faecal samples were collected from five wild flying-fox colonies in
two Australian states; New South Wales (NSW, four colonies) and South
Australia (SA, one colony) (Fig. 1).

Faecal samples were collected at 10 sampling timepoints over a four-
year period, between March 2015 and April 2019 (Table S1). Adelaide
Botanic Park (ABP) was sampled on four occasions, Blackalls Park (BP)
on three occasions and Camellia Gardens (CG), Centennial Park (CP) and
Ku-ring-gai Flying-Fox Reserve (KFFR) were each sampled once
(Table S1). A total of 600 faecal samples were collected, of which, 468
were cultured for E. coli and 506 underwent DNA extraction (Table S1).

For NSW sites, faecal samples were collected opportunistically by
placing between six and 16 plastic drop sheets measuring 2.6 m x 3.6 m,
under multiple roost trees throughout the flying-fox colony. Between
five and 10 discrete faecal samples were selected from each sheet,
avoiding samples positioned close together to minimise the risk of
repeated sampling from the same individual. For sampling in SA, indi-
vidual flying-foxes were trapped using mist nets and then placed in clean
a cotton holding bag and transferred to the Adelaide Zoo veterinary
hospital for processing. Trapped flying-foxes were anaesthetised, and
rectal swabs taken from individuals or faeces collected from the clean
holding bags. Faecal samples for culture were transferred using a sterile
swab into a FecalSwab™ tube (COPAN, Brescia, Italy) or into sterile
faecal jars for those being used for DNA only analysis. All faecal samples
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were stored at 4 °C and cultured within 72 h of collection.

All sample collections were conducted under approval from Mac-
quarie University Animal Ethics Committee (No. 2017/013), the Uni-
versity of Adelaide Animal Ethics Committee (No. S-2015-028), and
under NSW Government Scientific Licence (No. SL101898) and SA
Department of Environment and Water Wildlife Scientific Permit (M-
23671-1, —2 and — 3).

2.2. Isolation and phylotyping of E. coli from grey-headed flying-fox
faecal samples

The E. coli strains were isolated by inoculating FecalSwab media
directly onto Chromocult Coliform Agar (Merck Millipore, Massachu-
setts, USA) followed by incubation overnight at 37 °C. E. coli colonies
were identified by their dark blue to violet appearance. Where
morphologically different E. coli colonies (based on colony and halo
colour) were present on the same plate, a representative colony of each
type was selected. Otherwise, a single colony was randomly selected.

All E. coli isolates were assigned to phylogroups A, B1, B2, C, D, E, F,
or cryptic clade I using the Clermont phylotyping method (Clermont
etal., 2013), as previously described (McDougall et al., 2022), using cell
lysate as the DNA template. Escherichia coli lysates were obtained by
culturing isolates in 10 mL Luria-Bertani (LB) broth, Miller (Difco Lab-
oratories, Detroit, USA) at 37 °C overnight, centrifugation (12,000 g, 10
min), resuspending E. coli pellet in 0.1 mL sterile PCR water, heating
(95 °C, 10 min) and centrifugation (12,000 g, 10 min).
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Fig. 1. Distribution of grey-headed flying-fox colonies across eastern Australia and the locations of sampled colonies. a. Red triangles indicate the geographical
distribution of flying-fox colonies in eastern Australia. The yellow triangle indicates the location of the sampled Adelaide Botanic Park colony in South Australia. The
map also shows the New South Wales (NSW) sampling area at low magnification. b. Map showing the NSW sampling sites at higher magnification. Yellow triangles
indicate the four sampled colonies in NSW. Red triangles indicate permanently occupied colonies and pink triangles indicate seasonally occupied colonies. Both
images were constructed using maps and May 2018 survey data sourced from the National Flying-Fox Monitoring Program (Australian Government) (http://www.

environment.gov.au/biodiversity/threatened/species/flying-fox-monitoring).
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2.3. E. coli whole genome sequencing

Phylotyping data was used to select a representative subset of E. coli
isolates (n = 61) for WGS (Table S2). Selected isolates were grown in 5
mL LB broth at 35 °C overnight with shaking at 150 r.p.m., after which
DNA was extracted using the ISOLATE II Genomic DNA Kit (Bioline,
London, UK). The concentration of gDNA was determined using a Qubit
dsDNA BR assay kit (Invitrogen, Waltham, USA). Libraries were pre-
pared for WGS using a Nextera XT DNA sample preparation kit (Illu-
mina, San Diego, USA) and the Nextera XT index kit (Illumina) with 0.5
ng of input DNA. WGS was performed on an Illumina MiSeq platform
using a 600-cycle MiSeq Nextera XT reagent kit v3 (2 x 300-bp paired-
end reads). Raw sequence reads were assembled as de novo genome
sequences using CLC Genomics Workbench 8 (CLC Bio, Aarhus,
Denmark). Raw sequence reads for all flying-fox E. coli isolates were
uploaded to NCBI Sequence Read Archive (SRA) under BioProject ID
PRJNA613581 and BioProject ID PRINA857315. Assembled sequences
are available in EnteroBase (Supplementary data 1).

2.4. Analysis of assembled DNA sequences

Assembled DNA sequences were screened for virulence factors (VFs)
using VirulenceFinder 2.0 (Joensen et al., 2014) (available at http://
www.genomicepidemiology.org/services/) and  Abricate = VFDB
(https://github.com/tseemann/abricate) (Chen et al., 2016) in Galaxy
Australia (available at https://usegalaxy.org.au/), including VFs asso-
ciated with EPEC; eae, esp genes, map, tir, bfpA, perA and Nle-effectors
(cif, nleB, nleE) and adhesins (efal, iha, IpfA, paa, toxB). Additional
screening for VFs which may be associated with EPEC included toxins
(astA, cdtAB, stx, vat), invasion protein ibeA, yersiniabactin (fyu4, irpl,
irp2) and miscellaneous VFs (iss, malX). Plasmid replicons were identi-
fied in paired raw sequence reads using PlasmidFinder 2.0 (Carattoli
et al., 2014) (available at http://www.genomicepidemiology.org/servi
ces/).

The eae and bfpA sequences were extracted from assembled DNA
sequences using Geneious Prime 2022.0.2 (Biomatters Limited, Auck-
land, New Zealand) and BLASTn searches performed (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) against eae allele reference sequences (listed in
Table S3) (Lacher et al., 2006; Wasilenko et al., 2012) and human bfpA
allele reference sequences (listed in Table S4) (Blank et al., 2003; Blank
etal., 2000; Lacher et al., 2007). ResFinder 3.2 (Zankari et al., 2012) and
PointFinder 3.1.0 (Zankari et al., 2017) (both available at http://www.
genomicepidemiology.org/services/) were used to screen sequences for
antimicrobial resistance. Serotypes (O:H) were assigned using SeroTy-
peFinder 2.0 (Joensen et al., 2015). Sequence type (ST) was determined
using Multi-Locus Sequence Typing (MLST) 2.0 (Larsen et al., 2012) and
fimH type using FimTyper 1.0 (available at http://www.genomicepi
demiology.org/services/). Novel strains were assigned a ST according
to the Achtman seven gene MLST scheme in Enterobase (http://enter
obase.warwick.ac.uk/species/index/ecoli).

Full-length bfp operon sequences of flying-fox tEPEC were obtained
by mapping raw sequence reads to an EAF plasmid reference sequence
from E. coli 0127:H6 E2348/69 (plasmid pMAR2, GenBank FM180569)
using Geneious Prime 2022.0.2 (Biomatters Limited, Auckland, New
Zealand). BLASTn searches of flying-fox bfp operons were performed
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to determine the closest
matches in GenBank. Full-length flying-fox bfp operon sequences are
available in GenBank and accession numbers are provided in Table S5.

2.5. Phylogenetic analysis and comparison of flying-fox, human and
animal EPEC

Phylogenetic relationships between all flying-fox phylogroup B2
E. coli isolates selected for WGS and additional Australian sourced
phylogroup B2 E. coli isolates (collection supplied by David Gordon,
Supplementary data 2) were inferred by core-genome alignment and
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identification of single nucleotide polymorphisms (SNPs) using the
Harvest suite of tools, including Parsnp (https://www.cbcb.umd.
edu/software/harvest), to construct a maximum likelihood phylogeny
(Treangen et al., 2014).

Based on the distribution of flying-fox EPEC in the phylogeny of
Australian sourced phylogroup B2 isolates, additional EPEC isolates
closely related to the flying-fox EPEC were identified in EnteroBase by
ST searches using Achtman seven gene MLST with up to two allele
mismatches (http://enterobase.warwick.ac.uk/species/index/ecoli)
(Supplementary data 3). Closely related EPEC which also carried the
shiga toxin virulence gene (stx), referred to as enterohaemorrhagic
E. coli (EHEC), were also included. Four phylogroup B2 EPEC clade trees
were then constructed using all flying-fox EPEC, Australian EPEC and
the additional EPEC isolates identified in Enterobase. The EPEC clade
tree phylogenies were inferred using core-genome alignment and the
Harvest suite of tools as described above (https://www.cbcb.umd.
edu/software/harvest) (Treangen et al., 2014).

The eae and bfpA phylogenetic trees were constructed using eae and
bfpA sequences extracted from B2 EPEC in all four clades also using core-
genome alignment and the Harvest suite of tools (https://www.cbcb.
umd.edu/software/harvest) (Treangen et al., 2014). Reference se-
quences and GenBank accession numbers for eae subtypes and bpfA
allele variants are described in Tables S3 and S4. All trees were anno-
tated using Interactive Tree of Life v5 (iTOL) (https://itol.embl.de)
(Letunic and Bork, 2019).

The LEE sequence was obtained for all bpf positive isolates (tEPEC
and EHEC) by mapping raw sequence reads to a LEE reference sequence
from E. coli strain RHB10-C14 (GenBank CP055967) using Geneious
Prime 2022.0.2 (Biomatters Limited, Auckland, New Zealand) and
BLASTn searches performed (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
to determine the LEE chromosomal insertion sites.

Whole genome single nucleotide polymorphism (SNP) analysis of all
flying-fox tEPEC and two flying-fox aEPEC isolates was performed using
CSI Phylogeny 1.4 (available at https://cge.cbs.dtu.dk/services/) (Kaas
et al.,, 2014). Paired raw sequencing reads were uploaded and SNP
analysis performed using default settings against the reference genome
EPEC E2348/69 variety 2 (GenBank LT827011). A SNP matrix was
constructed using SNP counts between all genomes.

2.6. HEp-2 adhesion assays with flying-fox tEPEC isolates

In vitro patterns of adherence by flying-fox tEPEC isolates to HEp-2
cells were determined using a modified Center for Vaccine Develop-
ment (CVD) method (Vial et al., 1990). Three human clinical E. coli
isolate controls were included; E2348/69 (tEPEC control), W1056
(aEPEC control) and HS (non-pathogenic commensal control). Two
flying-fox aEPEC isolates that lacked the bfp operon, but otherwise
shared almost identical genomes to two flying-fox tEPEC isolates, were
also included as controls in these assays. All bacterial isolates were
grown in Antibiotic Medium No. 3 Assay Broth (Oxoid, Basingstoke, UK)
for 16 h, without shaking at 37 °C. Approximately 10’ bacteria were
incubated with HEp-2 cell monolayers grown to ~70 % confluence in
the presence of 0.5 % D-mannose at 37 °C in 5 % CO,. After 3 h, the
monolayers were washed three times with PBS to remove non-adherent
bacteria and cells were then fixed with 3 % formalin in PBS before
staining with 10 % Giemsa stain. Assays were performed in triplicate
and adherent bacteria were observed by brightfield microscopy using a
Zeiss Axio Imager Z2 microscope. Nine representative images (x400
magnification) for each isolate were captured using a Zeiss Axiocam 506
digital camera and examined blind for adherence patterns; localised
adherence (LA), aggregative adherence (AA), diffuse adherence (DA),
indeterminate adherence (IA) and no adherence (NA), where non-
adherence was defined as <10 of 200 HEp-2 cells having 5 or more
adherent bacteria.
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2.7. EPEC-specific duplex PCR of E. coli isolates

To enable rapid screening for EPEC virulence factors in E. coli iso-
lates, two primer sets targeting eae and bfpA were designed using se-
quences obtained from the WGS of flying-fox EPEC. The primers were
eaeF 5'-GGCTGGCATGAGTCATACAATA-3' and eaeR 5-
CGTAACGGCTGCCTGATAAT-3' which give a product size of 373 bp and
bfpAF 5-CTGTATATTGGGCAGACCAGTT-3' and bfpAR 5-CGTTGCAA-
GACTAACACATGC-3' with a product size of 219 bp. A duplex PCR for
both genes was performed using GoTaq® Green Master Mix (Promega,
Madison, WI, USA), eae and bfpA primers at 0.5 pM each and 2 pL E. coli
isolate DNA (using cell lysate as described for the phylotyping PCRs).
The cycling conditions were 94 °C 3 min; 35 cycles of 94 °C 30's, 60 °C
30 s, 72 °C 1 min 30 s; 72 °C 5 min. Primer pairs were validated by
correlating PCR results from 20 flying-fox E. coli isolates with WGS re-
sults (Table S6).

2.8. tEPEC-specific multiplex PCR of faecal DNA

To determine the occurrence of tEPEC in all flying-fox faecal sam-
ples, the tEPEC-specific duplex PCR was adapted with the addition of
chuA phylotyping primers (ChuA.1b and ChuA.2) from the Clermont
quadruplex PCR method (Clermont et al., 2013), as an internal control to
confirm the presence of E. coli from phylogroups B2, D, E and/or F. All
primers were 0.4 pM each and the PCR performed using the E. coli
phylotyping PCR conditions as previously described. The faecal multi-
plex PCR was validated by correlating faecal DNA PCR results (n = 20) to
the corresponding E. coli PCR and WGS results (Table S6). The tEPEC
multiplex PCR was used to screen faecal DNA extracted using the Bioline
ISOLATE Faecal DNA Kit following the manufacturer’s instructions.
Faecal DNA samples that failed to amplify in the multiplex tEPEC PCR
underwent a 16S rRNA PCR to confirm PCR competency, using universal
eubacterial primers f27 and r1492 (Lane, 1991) with GoTaq® Green
Master Mix (Promega, Madison, WI, USA) and cycling conditions of
94 °C 3 min; 35 cycles 0of 94 °C 305s,58°C305s,72°C1 min30s;72°C5
min.

2.9. Statistical analyses

Counts of EPEC isolates (as determined by the presence of eae +/—
bfpA) in cultured E. coli or tEPEC virulence genes (eae and bfpA) in faecal
DNA samples were summarised as total count with percent and 95 %
confidence interval (CI) using the Wilson method (Wilson, 1927). To
estimate the overall prevalence of tEPEC positive faecal DNA samples, a
mixed-effects binomial regression was used whereby a random effect
was used to control for repeated measures from the same location. Re-
sults are expressed as estimated percentage with 95%CI.

3. Results
3.1. Detection of tEPEC in wild grey-headed flying-fox faecal samples

A total of 270 E. coli isolates were obtained from 468 flying-fox faecal
samples (Table S2). A subset of these isolates (61 of 270) underwent
WGS (Table S2), which revealed that 33 were EPEC, with 13 being
tEPEC (eae and bfpA positive) and 20 being aEPEC (eae positive and bfpA
negative). The remaining 28 isolates were negative for eae and bfpA, and
designated ‘Non-EPEC’.

The 13 flying-fox tEPEC isolates belonged to eight different sequence
types (STs). Additionally, nine of the 13 flying-fox tEPEC belonged to
one of six novel STs. The largest number of flying-fox tEPEC isolates (7 of
13) were serogroup O non-typable (ONT), with 048, 071, 091, 0109,
0180 and 0118/0151 each occurring once. The most frequent H-anti-
gens in the 13 tEPEC were H1 (n = 4), H45 (n = 3), H34 (n = 2) and H51
(n = 2), with H6 and H40 both occurring once. EPEC status, phylotype,
ST and serotype for all 61 flying-fox E. coli that underwent WGS are

Science of the Total Environment 902 (2023) 166336

provided in Table S7.

3.2. Phylogeny of Australian phylogroup B2 E. coli from flying-foxes,
humans and animals

Of the 61 flying-fox E. coli that underwent WGS, 47 were assigned to
phylogroup B2, which included the 13 tEPEC, 18 aEPEC, and 16 Non-
EPEC isolates (Supplementary data 2). The additional 109 Australian-
sourced phylogroup B2 E. coli sequences from humans and other ani-
mals included 18 EPEC and 91 Non-EPEC sequences (Supplementary
data 2). Phylogenetic analysis of these 47 flying-fox phylogroup B2
E. coli and 109 Australian-sourced phylogroup B2 E. coli, placed all EPEC
strains from flying-foxes, humans and other animals, into one of four
broad clades, designated Clades A, B, C and D (Fig. 2). The flying-fox
tEPEC were distributed within three clades, with most clustered in
Clade A (10 of 13), two in Clade C and one in Clade D (Fig. 2). Clade B
contained flying-fox aEPEC only.

3.3. Phylogeny of flying-fox tEPEC and globally sourced phylogroup B2
EPEC isolates

Six of 10 flying-fox tEPEC in Clade A belonged to a broad cluster
designated ST7799 ONT:H51, which also contained one human aEPEC
sourced from the United Kingdom (Fig. 3a). Of the four remaining
flying-fox tEPEC in Clade A, three ST2346 isolates were clustered with
an aEPEC of Australian mammal of unknown species (Fig. 3a). The tenth
flying-fox tEPEC in Clade A (ST8437) belonged to a cluster containing
predominantly human sourced aEPEC and one human sourced tEPEC of
serotype 033:H34 (Fig. 3a). Clade A contained tEPEC of the classical
serotype, 0142:H34, however, all 10 Clade A flying-fox tEPEC were
placed in other lineages (Fig. 3a).

The two flying-fox tEPEC in Clade C belonged to distant clusters. One
isolate exhibited a novel ST (§ST7796) and was clustered with a flying-fox
aEPEC of the same ST and serotype. The other isolate was clustered with
predominantly human sourced aEPEC (Fig. 3b). The single flying-fox
tEPEC isolate in Clade D exhibited a novel ST (ST9731) and was also
clustered with a flying-fox aEPEC of the same ST and serotype (Fig. 3c).
Overall, only three of 13 of flying-fox sourced tEPEC isolates shared STs,
serotypes and/or phylogenetic clusters with human associated EPEC
(Fig. 3).

Single nucleotide polymorphism (SNP) whole genome analysis of all
GHFF tEPEC and the two closely related aEPEC revealed little variation
between closely clustered isolates (0-5 SNP counts between genomes)
and large variations between tEPEC from different clades (9506-12,191
SNP counts between genomes) (Fig. S1). All flying-fox tEPEC had SNP
counts between 8443 and 10,006 against the reference genome tEPEC
E2348/69 (Fig. S1).

3.4. Virulence factors of phylogroup B2 tEPEC clades

The LEE-encoded genes, eae, espABDH, map and tir, were present in
almost all phylogroup B2 EPEC isolates in Clades A to D, whereas Nle-
effectors and adhesins were variable (Fig. 3, Fig. S2 and Table S8). Of
the 13 tEPEC isolates from flying-foxes, cif was present in six, followed
by nleB2 in three and nleB2 plus paa in one (Fig. 3 and Table S8). perA
was detected in all 13 flying-fox tEPEC, whereas efal, iha, IpfA, nleB1,
nleE and toxB were absent from these isolates (Fig. 3 and Table S8).

Other virulence factors (astA, cdtAB, vat, ibeA, fyuA/irp, malX)
showed variable distributions in flying-fox and human EPEC but were
somewhat conserved within closely related clusters (Fig. 3). Of the 13
flying-fox tEPEC, astA was present ten, ibeA and malX were both present
in two, and cdtAB and vat were present in one isolate each (Fig. 3). None
of the 13 flying-fox tEPEC isolates carried shiga toxin stx genes or yer-
sinabactin (fyuA/irp) (Fig. 3).
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Fig. 2. Phylogenetic tree of 47 phylogroup B2 E. coli isolates from grey-headed flying-foxes and 109 phylogroup B2 strains isolated from humans and animals in
Australia.

Labels indicate isolate name and sequence type (ST). Pathotypes: tEPEC, typical enteropathogenic E. coli; aEPEC, atypical enteropathogenic E. coli. STND, sequence
type not determined. Isolate source: ‘Mammal’ refers to mammals other than GHFF and humans. WGS data sourced by David Gordon. B2 isolate metadata is pre-
sented in Supplementary data 2.
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------------------------ B1317 6687 ONT H15 AUS  aEPEC
--------- ESC_DA2670AA 2356 0127 H45 UK  aEPEC

--------- ESC_KA3370AA 2356 0127 H45 UK  aEPEC

--------- ESC_NA1530AA 2356 0127 H45 NA  aEPEC

---------------- H679 7320 0127 H45 AUS  aEPEC

-------- ESC_GA2861AA 7320 0127 H45 USA  aEPEC

---------------- FF1136 9732 048 H1 AUS  tEPEC

------------ FF773 7797 ONT H1 AUS  tEPEC

------------ FF781 7799 ONT H1 AUS  tEPEC

ESC JA1882AA 7799 ONT H51 UK  aEPEC

FF796 7799 ONT H51 AUS  tEPEC

FF812 7799 ONT H51 AUS  tEPEC

FF787 7799 ONT H51 AUS  tEPEC

---------- M6712346 098 H45 AUS  aEPEC

FF8312346 ONT H45 AUS  EPEC

FF841 2346 0109 H45 AUS  EPEC

FF8512346 ONT H45 AUS  tEPEC

---ESC_OA1703AA 2346 O142 H34 AUS  aEPEC

---ESC_KA7616AA 2346 0142 H34 Nigeria tEPEC

-------- ESC_KAT7614AA 2346 O142 H34 Nigeria  tEPEC

------- ESC_CA1068AA 2346 0142 H34 NA  tEPEC

-------- ESC_BABBOSAA 2346 0142 H34 NA  aEPEC

-------- ESC_BAB771AA 2346 ONT HNT NA  aEPEC

-------- ESC_BAB764AA 2346 0142 H34 NA  EPEC

-------- ESC_CA1048AA 2346 O142 H34 NA  tEPEC

-------- ESC_CA0983AA 2346 O142 H34 NA  tEPEC

-------- ESC_BAB763AA 2346 O142 H34 NA  tEPEC

L] |---e-o ESC_CA1050AA 2346 0142 H34 NA  tEPEC

-------- ESC_CA1049AA 2346 0142 H34 NA  tEPEC

----ESC_CAO410AA 2346 033 H34 Mali  aEPEC

----ESC_DA7303AA 6441 033 H34 Nigeria tEPEC

------- FF1146 8437 0180 H34 AUS  tEPEC

Isolate source ----ESC_OAS754AA 2346 ONT H34 UK  aEPEC
----ESC_OA3285AA 2346 ONT H34 China  aEPEC

GHEF ----ESC_NA9889AA 2346 ONT H34 Denmark EHEC
----ESC_BA9829AA 5627 ONT H34 NA  aEPEC

Human ----ESC_FA4070AA 5627 ONT H34 UK  aEPEC
—- - - -ESC_BABSS0AA 2086 0124 H40 NA  aEPEC

Mammal  |----- ESC_CA0991AA 2086 033 H34 NA  aEPEC
-ESC_CA1122AA 2086 033 H34 NA  aEPEC

Avian L -----ESC_IA1794AA 1951 033 H34 USA  aEPEC
----- ESC_DA2392AA 1951 033 H34 UK  aEPEC

Unknown  Jf----- ESC_EA5288AA 1951 033 H34 UK  aEPEC
{——»ES(;CA?QQQAA 2086 033 H34 USA  aEPEC

---ESC_CAB419AA 6125 033 H34 NA  aEPEC

------------- H167 2086 ONT H34 AUS  aEPEC

I VFpresent [0 ESC_BAS795AA 2086 033 H34 NA  aEPEC
----- ESC_BAB793AA 2086 033 H34 NA  aEPEC
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Fig. 3. Comparative phylogenetics of phylogroup B2 enteropathogenic Escherichia coli of Clades A, C and D isolated from grey-headed flying-foxes and other sources.
Phylogenetic trees were constructed using Australian and closely related strains identified in EnteroBase and are presented with associated metadata and virulence
factors) a. Phylogroup B2 Clade A. b. Phylogroup B2 Clade C. c. Phylogroup B2 Clade D. Metadata abbreviations: GHFF, grey-headed flying-fox; ST, sequence type; O,
O-serogroup; H, H-antigen; NT, non-typable; esp., espABDH; bfp, bfp operon; per, perA; cdt, cdtAB; ibe, ibeABC; irp, irpl and irp2. Location abbreviations: AUS,
Australia; NA, not available; NTLD, Netherlands; UK, United Kingdom; USA, United States of America. Pathotype abbreviations: tEPEC, typical enteropathogenic
E. coli; aEPEC, atypical enteropathogenic E. coli; EHEC, enterohaemorrhagic E. coli. Isolate source: ‘Mammal’ refers to mammals other than GHFF and humans. Clade
trees isolate metadata is presented in Supplementary data 3.

3.5. Eae phylogenetic comparison of phylogroup B2 EPEC clades

Twelve eae subtypes were identified across the four phylogroup B2

EPEC clades, with each subtype largely conserved within clades and
closely related clusters (Fig. S3). Nine of the 12 eae subtypes were
detected in the 13 flying-fox tEPEC isolates, with the most frequent eae
subtypes being €8 (n = 3) and p (n = 3) (Fig. 4). Of the 13 flying-fox
tEPEC eae sequences, 11 showed between 99.65 % to 100 % identity
to reference sequences (Table S9). One sequence showed 97.45 %
identity while another sequence exhibited <94 % identity and was
designated a novel eae subtype (Table S9). The chromosomal insertion
site of eae and the associated LEE pathogenicity island was tRNA-Sec
(selC) for all 13 flying-fox tEPEC (Fig. 4).

3.6. Bfp phylogenetic comparison of flying-fox tEPEC

In contrast to the eae gene, bfpA allele type was not conserved within
clades or clusters (Fig. 4). Twelve of 13 flying-fox bfpA allele sequences
formed genetically distinct clusters (Fig. 4). Only two flying-fox bfpA
alleles were close matches to human sourced alleles. FF802 showed
99.15 % identity with the bfpA p1 reference allele (GenBank accession
No. AF304471) and FF1172 was a 98.63 % match to a non-reference
human bpfA variant designated (14 (GenBank accession No.
AB247933) (Table S10). All other flying-fox bfpA sequences (n = 11)
were < 94.84 % matches to reference bfpA alleles and considered to be

five novel bfpA variants, hereby designated FF-1 to FF-5 (Fig. 4). An
identical novel bfpA variant (FF-1) was detected in four flying-fox tEPEC
isolates from two different phylogenetic lineages that were collected at
two flying-fox colonies located approximately 1200 Km apart (Fig. 4).
Isolates FF781 and FF1136 shared an almost identical (99.49 %) novel
bfpA variant (FF-4), that also belonged to different lineages and were
collected at different sampling locations (Fig. 4). All three ST2346
flying-fox isolates shared the Novel-5 bfpA variant (Fig. 4).

3.7. Sequence variations in flying-fox bfpA alleles and bfp operons

Alignment of all flying-fox bfpA nucleotide sequences with seven of
the most closely related human bfpA alleles identified 135 positions of
nucleotide variation across the 20 bfpA sequences (Fig. 5a). The trans-
lated flying-fox bfpA amino acid sequences showed highly conserved
regions, particularly in the first third (N-terminal) and highly variable
regions in the last two-thirds (C-terminal) (Fig. 5b). These conserved and
variable regions in flying-fox bfpA alleles correlated with amino acid
polymorphisms in the human-associated bfpA reference alleles (Fig. 5b).

All 13 flying-fox tEPEC carried a full-length bfp operon and sequence
comparison showed that bfp operon type correlated with bfpA allele type
(Fig. 4). For flying-fox tEPEC with the same bfpA variant, little variation
(1-5 SNPs) was observed in the full-length bfp operon sequences
(Table S5). In BlastN searches, all full-length flying-fox bfp operon se-
quences showed 96.96 % to 97.78 % identity to bfp operons from human
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b e FF772 7795[01 18/} H34 AUS  aEPEC
| SRR - FF802 7796l0151)H34  AUS  tEPEC

ESC_OA5224AA 35 0145 H34 Sweden aEPEC

-ESC_JA2377AA 35 0145 H34 UK  aEPEC

-------- H515 1877 0145 H34 AUS  aEPEC

ESC_BAB794AA 1877 0145 H34 NA  aEPEC

ESC_JA6727AA 1877 0145 H34 UK  aEPEC

ESC_BA9842AA 1877 0145 H34 NA aEPEC

ESC_BA9837AA 1877 0145 H34 NA  aEPEC

ESC_DA2640AA 1877 0145 H34 UK  aEPEC

ESC_DA2345AA 4101 0126 H34 UK  aEPEC

ESC_DA2463AA 4101 0126 H34 UK  aEPEC

584 0132 H34 NA  aEPEC

584 0132 H34 NA  aEPEC

582 0132 H34 AUS  aEPEC

582 0132 H34 AUS  aEPEC

582 0132 H34 Germany EHEC

582 0132 H34 Kenya aEPEC

582 0132 H34 USA  aEPEC

582 0132 H34 USA  aEPEC

582 0132 H34 USA  aEPEC

582 0132 H34 USA  aEPEC

582 0132 H34 USA  aEPEC

582 0132 H34 USA  aEPEC

582 0132 H34 USA  aEPEC

FF898 8438 0132 H6 AUS  aEPEC

------------ ESC_BA9857AA 5499 0126 H6 NA aEPEC

------------ ESC_BA9859AA 5499 0126 H6 NA  aEPEC

--ESC_HA9204AA 583 O71 H6 Japan aEPEC

--------- FF782 583 O71 H6 AUS  tEPEC

--ESC_BA9779AA 583 O71 H6 NA  aEPEC

--ESC_GA3794AA 583 O71 H6 NA  aEPEC

--ESC_BABB48AA 583 O71 H6 NA  aEPEC

--ESC_FA3889AA 583 O71 H6 UK  aEPEC

----- ESC_LA3152AA 583 063 H6 NA  aEPEC

----- ESC_CAO184AA 583 063 H6 Kenya aEPEC

----- ESC_GAS970AA 583 063 H6 USA  EHEC

-ESC_HA9858AA 583 063 H6 UK EHEC

Isolate source -----ESC_HA2843AA 583 063 H6 Canada EHEC
----- ESC_DA9158AA 583 063 H6  NA EHEC

GHEERE [[|----- ESC_DA9142AA 583 063 H6 NA  EHEC
----- ESC_KAG221AA 583 063 H6 NTLD  EHEC

Human [l . ESC_KA6319AA 583 063 H6 NTLD  EHEC
----- ESC_FA3948AA 583 063 H6 UK EHEC

Mammal ---ESC_KAB320AA 583 0153 H6 NTLD  EHEC
Avian -ESC_GA5968AA 583 063 H6 USA  aEPEC
-ESC_KA1628AA 122 063 H6 UK  aEPEC

Food --ESC_KAG292AA 583 ONT He NTLD  EHEC
ood LT B045 583 ONT H6 AUS  tEPEC
Soil --ESC_BA9790AA 583 0125 H6 NA  aEPEC
--ESC_BA9820AA 583 0125 H6 NA  aEPEC

--ESC_CA3875AA 583 0125 H6 NA  aEPEC

Unknown --ESC_BA9B48AA 583 0125 H6 NA  tEPEC
--ESC_DA2657AA 583 0125 H6 UK  aEPEC

--ESC_AA9932AA 583 0125 H6 UK  tEPEC

Il \F present --ESC_NAIB93AA 583 O125 H6 Belgium EHEC
--ESC_NA9870AA 583 ONT H6 Denmark EHEC

associated tEPEC isolates in GenBank (Table S5).

3.8. Plasmid replicons in flying-fox tEPEC
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Fig. 3. (continued).

Plasmid replicons were identified in all 13 flying-fox tEPEC (mean

3.9, range 2-6), with all 13 tEPEC carrying at least one IncFII replicon,
11 of 13 tEPEC carried an IncFIB replicon and 9 of 13 carried at least one
IncI replicon (Table S11). The two paired aEPEC isolates (FF772 and
FF1173) belonging to the same ST and serotype as two tEPEC isolates
(FF802 and FF1172 respectively), notably lacked two and three IncF
replicons compared to their respective tEPEC pair (Table S11).

3.9. HEp-2 adhesion assays

All 13 flying-fox tEPEC and two flying-fox aEPEC isolates were
investigated in in vitro adhesion assays with HEp-2 cells. The two aEPEC
isolates (FF772 and FF1173) were also examined because they shared
almost identical genomes to two tEPEC isolates (five and one SNPs with
FF802 and FF1172 respectively), but lacked the bfp operon (Fig. S1). All
13 flying-fox tEPEC isolates showed the characteristic localised adher-
ence (LA) pattern associated with tEPEC after 3 h incubation with HEp-2
cells (Fig. 6a). Three isolates (FF773, FF812 and FF1136) showed very
strong LA that did not correlate to a specific bfpA variant or tEPEC
lineage (Fig. 6b). Both paired flying-fox aEPEC (FF772 and FF1173) that
lacked the bfp operon, were non-adherent after 3 h incubation (Fig. 6¢).

3.10. PCR determination of EPEC occurrence in all cultured E. coli
isolates

PCR screening for the defining EPEC virulence factors, eae and bfpA,
was performed with DNA from all 270 E. coli isolates cultured from 468
flying-fox faecal samples (Fig. 7c). EPEC-specific duplex PCR of E. coli
isolates determined that tEPEC comprised 17.4 % (47 of 270, 95%CI:
13.4 %-22.4 %) E. coli isolates, with occurrence ranging from 0.0 % to
65.6 % across the five flying-fox colonies (Fig. 7c). Additionally, 11.1 %
(30 of 270, 95%CI: 7.9 %-15.4 %) isolates were aEPEC, with occurrence
ranging from 0.0 % to 25.0 % across the five colonies (Fig. 7c). Indi-
vidual sample data for all E. coli isolates is provided in Supplementary
data 4 and all prevalence data is tabulated in Table S12).

3.11. PCR determination of tEPEC virulence genes in flying-fox faecal
DNA

Flying-fox faecal DNA samples (n = 506) from all five flying-fox
colonies, were screened directly for the presence of tEPEC using an
EPEC-specific multiplex PCR targeting the eae and bfpA virulence genes,
and an internal control gene, chuA (Fig. 7d). Overall, 18.0 % (95%CI: 8
%-33.7 %) of all flying-fox faecal DNA samples were positive for tEPEC
virulence genes (eae, bfpA and chuA) (Fig. 7d). For faecal samples ob-
tained from individual flying-foxes in the ABP colony (n = 95), the
highest occurrence of tEPEC positive samples was 87.0 % in February
2017 (40 of 46) and the lowest occurrence was 6.1 % in August 2017 (3
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Fig. 3. (continued).

of 49) (Fig. 7d). For faecal samples obtained from under flying-fox roosts
in NSW colonies (n = 411), the highest occurrence of tEPEC positive
samples was 22.0 % from the CG colony in January 2018 (11 of 50) and
the lowest occurrence was 1.3 % from the BP colony in December 2017
(1 of 75) (Fig. 7d). Individual sample data for all faecal DNA samples is
provided in Supplementary data 5 and PCR data in Table S13.

4. Discussion

In this study, we found that wild grey-headed flying-foxes across
eastern Australia carry diverse tEPEC lineages, including six novel
sequence types and five novel bfpA allele variants. Finding these diverse
and novel tEPEC lineages and bfpA variants was unexpected given that
tEPEC have been almost exclusively associated with human hosts
(Chandran and Mazumder, 2013; Nataro and Kaper, 1998). The inferred
phylogeny of flying-fox associated tEPEC and human-associated EPEC
indicates shared evolutionary lineages, with the largely conserved na-
ture of eae subtypes within EPEC clusters, and a common selC LEE
insertion site (Ingle et al., 2016) providing further support for shared
lineages. Subtyping of eae alleles indicated that the 10 Clade A flying-fox
tEPEC shared phylogenetic lineages with several human aEPEC lineages,
but not the classical tEPEC 0142:H34 (WHO, 1987) which also belongs
to Clade A. The presence of multiple novel bfpA allele variants in Clade A
flying-fox tEPEC suggests that they acquired bfp operons or EAF plas-
mids independently (Hazen et al., 2016), and then evolved as flying-fox
specific lineages. Additionally, the presence of almost identical novel bfp
operon variants in flying-fox tEPEC from different phylogenetic lineages

and different flying-fox colonies suggests that these bfp operons, and
probably EAF plasmids, are circulating within flying-fox microbiomes.
The two wild flying-fox colonies sharing novel bfpA allele and bfp operon
variants in phylogenetically distinct tEPEC are located over 1200 Km
apart and were sampled 13 months apart. Flying-foxes exhibit a high
level of movement between colony sites and are considered to be one
metapopulation (Welbergen et al., 2020). Over time, individual flying-
foxes can move distances >1200 Km, but they will rarely travel 1200
Km directly between NSW and SA (Boardman et al., 2021; Tidemann
and Nelson, 2004; Welbergen et al., 2020). The constant influx and
outflux of individuals between colonies (Welbergen et al., 2020) es-
tablishes transmission pathways for tEPEC and bfp operons between
flying-foxes in different colonies (inter-colony transmission), as previ-
ously documented with Klebsiella pneumoniae transmission between
flying-fox colonies (Vezina et al., 2022). These findings indicate that
these novel bfpA variants may be host specific to flying-foxes and have
been circulating within the flying-fox metapopulation for a long time.
Phylogenetic analysis and eae subtyping of the flying-fox tEPEC
isolates in Clades C and D also suggested that they share lineages with
human associated aEPEC rather than tEPEC. Two of these flying-fox
tEPEC belonged to divergent clusters void of human associated EPEC,
but harboured bfpA alleles that were closely related to human bfpA
variants. Interestingly, each of these divergent flying-fox clusters con-
tained paired isolates with almost identical genomes, but one was aEPEC
and the other tEPEC, indicating that either the tEPEC strains had
recently acquired the bfp operon or EAF plasmid, or more likely that the
aEPEC had lost the bfp operon (Hazen et al., 2016). Loss of pEAF by the
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bfpA
allele
variant
---------- ESC_BA8876AAST28 @ o3
--------- ESC_DA7303AAST6441 @ 3
--------- ESC_BA8B764AAST2346 @ o1
-------- ESC_CA1048AAST2346 @ a1
----- ESC_GAO338AAST7257 @ Novel
---------- FF787(ST7799] @ FF-1
--------- FF1146[ST8437] @ FF-1
---------- FF796(ST7799] @ FF-1
---------- FF812[ST7799] @ FF-1
_r ------- FF773[ST7797| @ FF-2
--------- FF782ST583 @ FF-3
" FF781[ST7799 @ FF-4.1
--------- FF1136[ST9732] @ FF-4.2
[1---------- FF851 ST2346 @ FF-5*
1 ---------- FF831ST2346 @ FF-5
H lecccccac-a- FF841ST2346 @ FF-5
e R R TR FF1172|ST9731] @ P14
_[ ---ESC_GA0209AAST589 @ f8
--------- FF802(ST7796] @ B1
--ESC_NA98B89AAST2346 @ f3
---------- B045ST583 @ B3
-ESC_EA1724AAST6553 @ B2
--ESC_NAS5583AAST1041 @ B3
--ESC_KA7616AAST2346 @ f4
--ESC_KA7614AAST2346 @ f4
--ESC_CAL049AAST2346 @ f5
--ESC_BA8763AAST2346 @ B5
--ESC_CA0983AAST2346 @ f5
--ESC_CA1050AAST2346 @ B5
--ESC_CA1068AAST2346 @ f32
-ESC_AA9932AASTS83 @ UD
-ESC_NA1893AAST583 @ UD
-ESC_BA9848AAST583 @ UD
-ESC_NA8326AAST582 @ UD
-ESC_NA9870AAST583 @ UD
-ESC_DA9158AAST583 @ UD
-ESC_DA9142AAST583 @ UD
-ESC_FA3948AAST583 @ UD
-ESC_GA5970AAST583 @ UD
-ESC_HA9858AAST583 @ UD
-ESC_KA6320AAST583 @ UD
e et 01 1 -ESC_KA6319AASTS83 @ UD
-ESC_KA6292AAST583 @ UD
-ESC_KA6221AASTS83 @ UD
Fig. 4. Phylogeny of bfpA alleles from Escherichia coli in Clades A, B, C and D
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bfp LEE eae Collection

operon insertion allele location

variant site subtype  (Date M/Y)

ND selC B2 N/A

ND s A NGR (/) Isolate source

ND selC a N/A GHFF

ND selC a N/A

ND selC B2 USA (3/2001) Lhuman

FF-1.1 selC €8 ABP (2/2017) Mammal

FF-1.2 selC A CP (3/2018) i

FF-1.1* selC €8 ABP (2/2017) Avian

FF-1.1* selC €8 ABP (2/2017) Soil

FF-2.1 selC Novel  ABP (2/2017)

FF-3.1 selC o2 ABP (2/2017) Unknown

FF-4.1 selC p3 ABP (2/2017)

FF-4.2 selC n CP (3/2018) Pathotype

FF-5.1* selC n ABP (8/2017) @ {EPEC

FF-5.1* selC ABP (8/2017)

FF-5.1 selC ﬁ ABP (8/2017) ® EHEC

Bl4-operon  selC B2 BP (4/2018)

ND selC a RGB (-/1997) B2 EPEC Clades
1-operon selC 0 ABP (2/2017)

= selC 2 DMK (~/2016) Clade A

ND selC a2 AUS (-/-) Clade B

ND selC p2 USA (2/1988)

ND selC K USA (-/-) Clade C

ND selC a N/A Clade D

ND selC o N/A

ND selC o N/A

ND selC o N/A

ND selC o N/A

ND selC o N/A

ND selC o N/A

ND selC o2 UK (—/-)

ND selC a2 BLG (-/2019)

ND selC o2 N/A

ND selC a2 GMY (~/2016)

ND selC o2 DMK (~/2016)

ND selC a2 N/A

ND selC a2 N/A

ND selC ) UK (8/2015)

ND selC a2 USA (1/2016)

ND selC a2 UK (1/2017)

ND selC a2 NTD (~/2017)

ND selC a2 NTD (~/2017)

ND selC a2 NTD (~/2008)

ND selC a2 NTD (~/2014)

The phylogenetic tree was constructed using bfpA sequences from tEPEC isolated from grey-headed flying-foxes (GHFF) and all bfpA positive isolates identified in
clade trees. Isolate labels indicate name and sequence type (ST). Black boxes denote novel STs. Pathotype abbreviations: tEPEC, typical enteropathogenic E. coli;
EHEC, enterohaemorrhagic E. coli. Columns indicate closest bpfA allele and eae subtype match to reference and GenBank sequences (provided in Tables S12 and S13).
bfpA alleles: novel, bfpA allele sequence <94 % identity with reference and GenBank sequences; UD, undefined, bfpA allele sequence was a 100 % match to an EHEC
associated bfpA allele (GenBank accessions CP039405, CP027551 and CP070230); ND, not determined. Asterix (*) indicates partial sequences obtained: FF851 bfpA,
94.4 % coverage; FF796, FF812, FF831, FF851 bfp operons, 98.0 % to 98.5 % coverage. Isolate source: ‘Mammal’ refers to mammals other than GHFF and humans.
Collection location: ABP, Adelaide Botanic Park flying-fox colony; BP, Blackalls Park flying-fox colony; CP, Centennial Park flying-fox colony; BLG, Belgium; DMK,
Denmark; GMY, Germany; NGR, Nigeria; RGB, Republic of Guinea-Bissau; USA, United States of America. Date M/Y, Collection date month/year. N/A, Not available.
Accession numbers for flying-fox bfp operon sequence variants are provided in Table S5.

prototypical tEPEC strain, E2348/69, during the course of infection in
humans has been reported previously (Levine et al., 1985).

The conserved regions of the flying-fox BfpA proteins are consistent
with conserved regions of human BfpA, which are predicted to be do-
mains with critical roles in the structural integrity of Bfp (Blank et al.,
2000). The variable regions in flying-fox BfpA proteins also correlate
with amino acid polymorphisms observed in human BfpA and are pre-
dicted to present diverse surface regions to the host immune system
(Blank et al., 2000). The characteristic LA to HEp-2 cells by all 13 flying-
fox tEPEC, including those with novel bfpA variants, indicates that
flying-fox tEPEC harbour functional bfp operons, as predicted by
sequence analysis and presence of other key virulence factors. The
absence of a bfp operon in the paired aEPEC isolates was correlated with
their inability to adhere to HEp-2 cells in vitro, in contrast to the LA
observed with their respective, closely related bfp positive tEPEC strains,
further indicating that bfp operons are responsible for the characteristic
LA. Although these novel tEPEC may be host specific to flying-foxes,
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their adherence to HEp-2 cells in vitro suggests they may be able to
adhere to human intestinal epithelial cells and should be considered
potential zoonotic pathogens.

The high occurrence of tEPEC in E. coli isolates from flying-foxes
(17.4 %) and consistent detection of tEPEC virulence genes in faecal
DNA samples from five wild flying-fox colonies over a four-year period
(18.0 %, 95%CI: 8 %-33.7 %) was unexpected given that tEPEC have
been almost exclusively associated with human hosts (Chandran and
Mazumder, 2013; Nataro and Kaper, 1998). Such high occurrences of
tEPEC have not been previously reported for any wildlife or domestic
animal species, with sporadic reported occurrences ranging from 1.1 %
to 8.0 %, including; dogs 1.1 % to 2.1 % (Chandran and Mazumder,
2013; Nakazato et al., 2004), lambs 0.9 % to 1.9 % (Wani et al., 2009),
cattle 2.1 % (Blanco et al., 2005), captive and wild birds in Brazil 1.2 %
t0 6.5 % (Borges et al., 2017; Gioia-Di Chiacchio et al., 2018; Saidenberg
et al., 2012; Sanches et al., 2017), wild boar 1.1 % (Alonso et al., 2017),
wild coyotes 5.8 % (Chandran and Mazumder, 2013) and fruit bats in
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2 cells by after co-incubation for 3 h. HEp-2 adherence pattern: LA, localised adherence; NA, non-adherent. b. Light microscopic images showing LA patterns for the
prototypical tEPEC control strain E2348/69 and strong LA by tEPEC FF1136. c. Adherence patterns of the paired aEPEC/tEPEC isolates FF772/FF802 and FF1173/
11

Fig. 6. Patterns of adherence of flying-fox EPEC to HEp-2 cells. a. Adherence patterns of flying-fox-associated tEPEC, paired aEPEC and control E. coli strains to HEp-
FF1172. Arrows indicate localised adherence pattern.
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eae and bfpA with isolate DNA. b. Representative image of an EPEC PCR gel targeting eae, bfpA and chuA with faecal DNA. B1, phylogroup B1; B2, phylogroup B2. c.
Occurrence of typical (tEPEC) and atypical aEPEC in E. coli isolates from grey-headed flying-foxes. The number of E. coli isolates tested is shown above the bars.
Sampling dates (month/year) are indicated underneath the locations. KFFR, Ku-ring-gai Flying-Fox Reserve; ABP, Adelaide Botanic Park; BP, Blackalls Park; CG,
Camellia Gardens; CP, Centennial Park. Individual sample data is provided in Supplementary data 4. d. Occurrence of typical (tEPEC) virulence genes in faecal DNA
from grey-headed flying-foxes. The number of faecal DNA samples tested is shown above the bars. Sampling dates (month/year) are indicated underneath the lo-
cations. KFFR, Ku-ring-gai Flying-Fox Reserve; ABP, Adelaide Botanic Park; BP, Blackalls Park; CG, Camellia Gardens; CP, Centennial Park. Individual sample data is

provided in Supplementary data 5.

the Republic of Congo 8.0 % (Nowak et al., 2017). In studies which
determined the serotype and/or sequence type of tEPEC from other
animal species, the vast majority were tEPEC strain types associated
with human infection, indicating zooanthroponotic transmission to non-
human hosts (Alonso et al., 2017; Borges et al., 2017; Carvalho et al.,
2007; Carvalho et al., 2003; Gioia-Di Chiacchio et al., 2018; Nakazato
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et al., 2004). A notable exception is the detection of tEPEC with novel
sequence types (n = 3) in two fruit bat species (Myonycteris torquata and
Epomops franqueti) in the Republic of Congo (Nowak et al., 2017). The
identification of six novel tEPEC sequence types and five novel bfpA
alleles in grey-headed flying-foxes, combined with the consistent
detection of tEPEC over a four-year period and across a large
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geographical distance (>1200 Km), indicates that tEPEC carriage is not
the result of zooanthroponotic transmission, but that grey-headed
flying-foxes are natural hosts of flying-fox-specific tEPEC lineages.

Flying-foxes have a short intestinal tract relative to body length, a
simple hindgut with no microbial fermentation chamber and a rapid
gastrointestinal transit time of 18-32 min (Tedman and Hall, 1985). A
study of Australian mammals suggested that in the absence of a modified
hindgut, E. coli can only establish intestinal populations in large bodied
species (Gordon and Cowling, 2003). Additionally, E. coli densities in the
intestinal microbiome decrease as the gastrointestinal transit time of
ingested food increases (O’Brien and Gordon, 2011). Laboratory models
using bio-reactors also indicate that bacterial populations are less likely
to establish in the gut when there is a fast transit time (Ballyk and Smith,
1999; Ballyk et al., 2001; Jones et al., 2002). However, bacterial strains
which can adhere to the intestinal mucosa are more likely to establish,
regardless of gut length or transit time (Ballyk and Smith, 1999; Ballyk
et al., 2001; Jones et al., 2002). Thus, the presence of adhesion factors,
such as Bfp in tEPEC, may allow these bacteria to persist in the flying-fox
intestinal tract, despite the rapid gastrointestinal transit time and simple
hindgut (Nowak et al., 2017). In addition, the attaching and effacing
capacity of all varieties of EPEC may allow them to remain in the in-
testinal tract for extended periods, giving EPEC an evolutionary
advantage over other enteric bacteria.

Carriage of aEPEC in flying-foxes was not an unexpected finding, as
diverse aEPEC have previously been associated with diverse mammalian
wildlife species (Alonso et al., 2017; Bardiau et al., 2010a; Chandran and
Mazumder, 2013; Mora et al., 2018; Xu et al., 2017) including bats
(Cabal et al., 2015; Iovine et al., 2015; Nowak et al., 2017). The flying-
fox sourced aEPEC isolates reported here typically shared STs, serotypes
and/or phylogenetic clusters with human associated aEPEC and were
detected in four wild flying-fox colonies geographically located up to
1200 Km apart over a four-year period. These findings suggest wide-
spread acquisition of diverse human-associated aEPEC by flying-foxes,
indicating they may also be reservoirs for potentially zoonotic aEPEC.

The occurrence and distribution of tEPEC and aEPEC varied
considerably in colonies from different locations and at different sam-
pling timepoints, which may relate to variables including exposure
levels to sources of EPEC in the environment (Sidhu et al., 2013; von
Holy et al., 2006), horizontal transmission rates between individuals
within a colony (Miihldorfer, 2013), climate (Gordon and FitzGibbon,
1999) or diet (Gordon and Cowling, 2003).

We do not know if EPEC are pathogenic for flying-foxes but the high
occurrence of tEPEC observed in apparently healthy adults sampled in
the ABP colony suggests that this is not the case. A study of EPEC in
flying-fox pups may be warranted given that EPEC are pathogenic for
human infants but infected adults are typically asymptomatic (Nataro
and Kaper, 1998).

5. Conclusions

Strains of tEPEC obtained from grey-headed flying-foxes do not
belong to the classical O:H serotypes associated with human infections
(Lacher et al., 2007), but instead predominantly belong to novel tEPEC
lineages and/or carry novel bfpA alleles, suggesting that flying-fox
tEPEC have evolved in a host-specific manner. HEp-2 adhesion assays
indicated that these novel flying-fox tEPEC isolates harbour functional
bfp operons. This study is the first to report the consistent detection of
tEPEC in a non-human host, over extensive geographical and temporal
scales. The high occurrences of tEPEC in large flying-fox colonies located
in urban environments has the potential for significant zoonotic and
public health risks. Future studies are warranted to examine the po-
tential infectivity of flying-fox tEPEC for humans, mechanisms of
adherence, and the microbiological role and dynamics of tEPEC in grey-
headed flying-foxes and other fruit bat species.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.166336.

13

Science of the Total Environment 902 (2023) 166336
CRediT authorship contribution statement

Fiona McDougall: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Resources, Data Curation, Writing -
Original Draft, Writing - Review & Editing, Visualization, Project
administration, Funding acquisition. David Gordon: Conceptualization,
Methodology, Formal analysis, Investigation, Resources, Data Curation,
Writing - Review & Editing. Roy Robins-Browne: Conceptualization,
Methodology, Validation, Formal analysis, Investigation, Resources,
Data Curation, Writing - Review & Editing, Visualization. Vicki Bennett-
Wood: Methodology, Validation, Formal analysis, Investigation, Re-
sources, Data Curation, Writing - Review & Editing, Visualization.
Wayne Boardman: Investigation, Resources, Data Curation, Writing -
Review & Editing. Petra Graham: Statistical analysis, Writing - Review &
Editing. Michelle Power: Conceptualization, Methodology, Investiga-
tion, Resources, Data Curation, Writing - Review & Editing, Supervision,
Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Assembled sequences for all flying-fox E. coli isolates are available in
EnteroBase (Supplementary data 1). Raw sequence reads for all flying-
fox E. coli isolates were uploaded to NCBI Sequence Read Archive
(SRA) under BioProject ID PRINA613581 (EPEC isolates) and BioProject
ID PRJNA857315 (Non-EPEC isolates). EnteroBase and BioSample
accession numbers for all flying-fox EPEC isolates and associated met-
adata are provided in a supplementary excel file (Supplementary data
1). Annotated sequences for novel flying-fox bfp operon variants have
been uploaded to GenBank (accession numbers are listed in Table S5).

Acknowledgements

This project was funded by a Holsworth Wildlife Research Endow-
ment from the Equity Trustees Charitable Foundation & the Ecological
Society of Australia (awarded to Fiona McDougall), a Lake Macquarie
Council Environmental Research Grant (awarded to Michelle Power and
Fiona McDougall), an Ian Potter Foundation (grant #20140156, awar-
ded to Michelle Power), and a Macquarie Research Development Grant
(awarded to Michelle Power).

We wish to thank Terry Reardon, Ian Smith, Kathy Burbidge and the
staff at the Animal Health Centre (Adelaide Zoo) for support in col-
lecting samples from the Adelaide Botanic Park flying-foxes, and Tim
Pearson, Juliane Schaer, Daniel Russell and Claudia Aguilar-Solis for
their assistance collecting samples from flying-fox colonies in New South
Wales.

We acknowledge the Wallumattagal clan of the Dharug Nation as the
original custodians of the Macquarie University land, the Boon Wurrung
and Wurundjeri People as the original custodians of the Doherty Insti-
tute and Murdoch Children’s Research Institute lands, and the Ngun-
nawal people as original custodians of the lands where the Australian
National University campus is built. We collected samples from the lands
of the Kaurna, Dharug, Eora, Tharawal and Awabakal Nations.

References

Afset, J.E., Bevanger, L., Romundstad, P., Bergh, K., 2004. Association of atypical
enteropathogenic Escherichia coli (EPEC) with prolonged diarrhoea. J. Med.
Microbiol. 53, 1137-1144.

Agustin, A.L.D., Atma, C.D., Munawaroh, M., Ningtyas, N.S.LI., Legowo, A.P.,
Sukmanadi, M., 2019. Bacterial pathogens from cave-dwelling bats that are a risk to


https://doi.org/10.1016/j.scitotenv.2023.166336
https://doi.org/10.1016/j.scitotenv.2023.166336
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0005
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0005
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0005
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0010
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0010

F. McDougall et al.

human, animal and environmental health on Lombok Island, Indonesia. EurAsian J.
Biosci. 13, 1509-1513.

Ajayi, A., 2020. Enteric viruses and bacterial species from the faecal droppings of bats in
selected bat colonies in Ondo State, Nigeria. J. Virol. Res. Rep. 106, 2-10.

Alonso, C.A., Mora, A., Diaz, D., Blanco, M., Gonzalez-Barrio, D., Ruiz-Fons, F., et al.,
2017. Occurrence and characterization of stx and/or eae-positive Escherichia coli
isolated from wildlife, including a typical EPEC strain from a wild boar. Vet.
Microbiol. 207, 69-73.

Australian Government, 2021. National recovery plan for the grey-headed flying fox
Pteropus poliocephalus. https://www.awe.gov.au/environment/biodiversity/threate
ned/publications/recovery/grey-headed-flying-fox. (Accessed 12 June 2023).

Ballyk, M., Smith, H., 1999. A model of microbial growth in a plug flow reactor with wall
attachment. Math. Biosci. 158, 95-126.

Ballyk, M.M., Jones, D.A., Smith, H.L., 2001. Microbial competition in reactors with wall
attachment: a mathematical comparison of chemostat and plug flow models. Microb.
Ecol. 210-221.

Bardiau, M., Grégoire, F., Muylaert, A., Nahayo, A., Duprez, J.N., Mainil, J., et al., 2010a.
Enteropathogenic (EPEC), enterohaemorragic (EHEC) and verotoxigenic (VTEC)
Escherichia coli in wild cervids. J. Appl. Microbiol. 109, 2214-2222.

Bardiau, M., Szalo, M., Mainil, J.G., 2010b. Initial adherence of EPEC, EHEC and VTEC to
host cells. Vet. Res. 41, 57.

Begum, J., Dutta, T., Chandra, R., Choudhary, P.R., Varte, Z., Bitew, M., 2014. Molecular
and phenotypic characterization of shigatoxigenic Escherichia coli (STEC) and
enteropathogenic E. coli (EPEC) from piglets and infants associated with diarrhoea in
Mizoram, India. Afr. J. Biotechnol. 13, 1452-1461.

Blanco, M., Schumacher, S., Tasara, T., Zweifel, C., Blanco, J.E., Dahbi, G., et al., 2005.
Serotypes, intimin variants and other virulence factors of eae positive Escherichia coli
strains isolated from healthy cattle in Switzerland. Identification of a new intimin
variant gene (eae-n2). BMC Microbiol. 5, 1-11.

Blank, T.E., Zhong, H., Bell, A.L., Whittam, T.S., Donnenberg, M.S., 2000. Molecular
variation among type IV pilin (bfpA) genes from diverse enteropathogenic Escherichia
coli strains. Infect. Immun. 68, 7028-7038.

Blank, T.E., Lacher, D.W., Scaletsky, I.C., Zhong, H., Whittam, T.S., Donnenberg, M.S.,
2003. Enteropathogenic Escherichia coli 0157 strains from Brazil. Emerg. Infect. Dis.
9, 113-115.

Boardman, W.S., Baker, M.L., Boyd, V., Crameri, G., Peck, G.R., Reardon, T., et al., 2020.
Seroprevalence of three paramyxoviruses; Hendra virus, Tioman virus, cedar virus
and a rhabdovirus, Australian bat lyssavirus, in a range expanding fruit bat, the
Grey-headed flying fox (Pteropus poliocephalus). PLoS One 15, e0232339.

Boardman, W.S., Roshier, D., Reardon, T., Burbidge, K., McKeown, A., Westcott, D.A.,
et al., 2021. Spring foraging movements of an urban population of grey-headed
flying foxes (Pteropus poliocephalus). J. Urban Ecol. 7, juaa034.

Borges, C.A., Cardozo, M.V., Beraldo, L.G., Oliveira, E.S., Maluta, R.P., Barboza, K.B.,
et al., 2017. Wild birds and urban pigeons as reservoirs for diarrheagenic Escherichia
coli with zoonotic potential. J. Microbiol. 55, 344-348.

Brygoo, R., Simond, J., Mayoux, A., 1971. Les Entérobactéries pathogenes chez Pteropus
rufus (Mégachiroptere) a Madagascar. Soc. Biol. Madag. 165, 1793-1795.

Cabal, A., Pereira, M.J., Aguiar, L.M., Dominguez, L., Fonseca, C., Alvarez, J., et al.,
2015. Direct detection of Escherichia coli virulence genes by real-time PCR in fecal
samples from bats in Brazil. J. Wildl. Dis. 51, 942-945.

Carattoli, A., Zankari, E., Garcia-Fernandez, A., Larsen, M.V., Lund, O., Villa, L., et al.,
2014. In silico detection and typing of plasmids using PlasmidFinder and plasmid
multilocus sequence typing. Antimicrob. Agents Chemother. 58, 3895-3903.

Carvalho, V.M., Gyles, C.L., Ziebell, K., Ribeiro, M.A., Catao-Dias, J.L., Sinhorini, L.L.,
et al., 2003. Characterization of monkey enteropathogenic Escherichia coli (EPEC)
and human typical and atypical EPEC serotype isolates from neotropical nonhuman
primates. J. Clin. Microbiol. 41, 1225-1234.

Carvalho, V.D., Irino, K., Onuma, D., Castro, A., 2007. Random amplification of
polymorphic DNA reveals clonal relationships among enteropathogenic Escherichia
coli isolated from non-human primates and humans. Braz. J. Med. Biol. Res. 40,
237-241.

Chandran, A., Mazumder, A., 2013. Prevalence of diarrhea-associated virulence genes
and genetic diversity in Escherichia coli isolates from fecal material of various animal
hosts. Appl. Environ. Microbiol. 79, 7371-7380.

Chen, L., Zheng, D., Liu, B., Yang, J., Jin, Q., 2016. VFDB 2016: hierarchical and refined
dataset for big data analysis—10 years on. Nucleic Acids Res. 44, D694-D697.

Clermont, O., Christenson, J.K., Denamur, E., Gordon, D.M., 2013. The Clermont
Escherichia coli phylo-typing method revisited: improvement of specificity and
detection of new phylo-groups. Environ. Microbiol. Rep. 5, 58-65.

Davy, C.M., Banerjee, A., Korine, C., Guy, C., Mubareka, S., 2023. Urban bats, public
health, and human-wildlife conflict. In: Moretto, L., Coleman, J.L., Davy, C.M.,
Fenton, M.B., Korine, C., Patriquin, K.J. (Eds.), Urban Bats: Biology, Ecology, and
Human Dimensions. Springer, Cham, Switzerland, pp. 153-166.

Elliott, S.J., Wainwright, L.A., McDaniel, T.K., Jarvis, K.G., Deng, Y., Lai, L.C., et al.,
1998. The complete sequence of the locus of enterocyte effacement (LEE) from
enteropathogenic Escherichia coli E2348/69. Mol. Microbiol. 28, 1-4.

Gibb, R., Redding, D.W., Chin, K.Q., Donnelly, C.A., Blackburn, T.M., Newbold, T., et al.,
2020. Zoonotic host diversity increases in human-dominated ecosystems. Nature
584, 398-402.

Gioia-Di Chiacchio, R.M., Cunha, M.P.V., De Sa, L.R.M., Davies, Y.M., Pereira, C.B.P.,
Martins, F.H., et al., 2018. Novel hybrid of typical enteropathogenic Escherichia coli
and Shiga-toxin-producing E. coli (tEPEC/STEC) emerging from pet birds. Front.
Microbiol. 9, 2975.

Goffaux, F., China, B., Janssen, L., Mainil, J., 2000. Genotypic characterization of
enteropathogenic Escherichia coli (EPEC) isolated in Belgium from dogs and cats. Res.
Microbiol. 151, 865-871.

14

Science of the Total Environment 902 (2023) 166336

Gordon, D.M., Cowling, A., 2003. The distribution and genetic structure of Escherichia
coli in Australian vertebrates: host and geographic effects. Microbiology 149,
3575-3586.

Gordon, D.M., FitzGibbon, F., 1999. The distribution of enteric bacteria from Australian
mammals: host and geographical effects. Microbiology 145, 2663-2671.

Hazen, T.H., Donnenberg, M.S., Panchalingam, S., Antonio, M., Hossain, A.,
Mandomando, L., et al., 2016. Genomic diversity of EPEC associated with clinical
presentations of differing severity. Nat. Microbiol. 1, 1-9.

Heard, D.J., De Young, J.L., Goodyear, B., Ellis, G.A., 1997. Comparative rectal bacterial
flora of four species of flying fox (Pteropus sp.). J. Zoo Wildl. Med. 28, 471-475.

Henry, R., Galbraith, P., Coutts, S., Prosser, T., Boyce, J., McCarthy, D.T., 2018. What'’s
the risk? Identifying potential human pathogens within grey-headed flying foxes
faeces. PLoS One 13, e0191301.

Hohne, K., Loose, B., Seeliger, H., 1975. Isolation of listeria monocytogenes in slaughter
animals and bats of Togo (West Africa). Ann. Microbiol. (Paris) 126, 501-507.

von Holy, A., Lindsay, D., Beuchat, L.R., 2006. Vectors and conditions for preharvest
contamination of fruits and vegetables with pathogens capable of causing enteric
diseases. Br. Food J. 108, 38-53.

Ingle, D.J., Tauschek, M., Edwards, D.J., Hocking, D.M., Pickard, D.J., Azzopardi, K.I.,
et al., 2016. Evolution of atypical enteropathogenic E. coli by repeated acquisition of
LEE pathogenicity island variants. Nat. Microbiol. 1, 15010.

Iovine, R.D., Dejuste, C., Miranda, F., Filoni, C., Bueno, M.G., Decarvalho, V.M., 2015.
Isolation of Escherichia coli and Salmonella spp. from free-ranging wild animals. Braz.
J. Microbiol. 46, 1257-1263.

Ishii, S., Meyer, K.P., Sadowsky, M.J., 2007. Relationship between phylogenetic groups,
genotypic clusters, and virulence gene profiles of Escherichia coli strains from diverse
human and animal sources. Appl. Environ. Microbiol. 73, 5703-5710.

Islam, A., Mikolon, A., Mikoleit, M., Ahmed, D., Khan, S.U., Sharker, M.A.Y., et al., 2013.
Isolation of Salmonella Virchow from a fruit bat (Pteropus giganteus). EcoHealth 10,
348-351.

Joensen, K.G., Scheutz, F., Lund, O., Hasman, H., Kaas, R.S., Nielsen, E.M., et al., 2014.
Real-time whole-genome sequencing for routine typing, surveillance, and outbreak
detection of verotoxigenic Escherichia coli. J. Clin. Microbiol. 52, 1501-1510.

Joensen, K.G., Tetzschner, A.M., Iguchi, A., Aarestrup, F.M., Scheutz, F., 2015. Rapid and
easy in silico serotyping of Escherichia coli isolates by use of whole-genome
sequencing data. J. Clin. Microbiol. 53, 2410-2426.

Jones, D., Le, D., Smith, H., Kojouharov, H.V., 2002. Bacterial wall attachment in a flow
reactor. SIAM J. Appl. Math. 62, 1728-1771.

Kaas, R.S., Leekitcharoenphon, P., Aarestrup, F.M., Lund, O., 2014. Solving the problem
of comparing whole bacterial genomes across different sequencing platforms. PLoS
One 9, €104984.

Kaper, J.B., Nataro, J.P., Mobley, H.L., 2004. Pathogenic Escherichia coli. Nat. Rev.
Microbiol. 2, 123-140.

Kobayashi, H., Miura, A., Hayashi, H., Ogawa, T., Endo, T., Hata, E., et al., 2003.
Prevalence and characteristics of eae-positive Escherichia coli from healthy cattle in
Japan. Appl. Environ. Microbiol. 69, 5690-5692.

Kobayashi, H., Kanazaki, M., Hata, E., Kubo, M., 2009. Prevalence and characteristics of
eae-and stx-positive strains of Escherichia coli from wild birds in the immediate
environment of Tokyo Bay. Appl. Environ. Microbiol. 75, 292-295.

Kruse, H., Kirkemo, A.-M., Handeland, K., 2004. Wildlife as source of zoonotic infections.
Emerg. Infect. Dis. 10, 2067-2072.

Lacher, D.W., Steinsland, H., Whittam, T.S., 2006. Allelic subtyping of the intimin locus
(eae) of pathogenic Escherichia coli by fluorescent RFLP. FEMS Microbiol. Lett. 261,
80-87.

Lacher, D.W., Steinsland, H., Blank, T.E., Donnenberg, M.S., Whittam, T.S., 2007.
Molecular evolution of typical enteropathogenic Escherichia coli: clonal analysis by
multilocus sequence typing and virulence gene allelic profiling. J. Bacteriol. 189,
342-350.

Lane, D., 1991. 16S/23S rRNA sequencing. In: Stackebrandt, E., Goodfellow, M. (Eds.),
Nucleic Acid Techniques in Bacterial Systematics. John Wiley and Sons, New York,
NY, pp. 115-147.

Larsen, M.V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H., Marvig, R.L., et al.,
2012. Multilocus sequence typing of total-genome-sequenced bacteria. J. Clin.
Microbiol. 50, 1355-1361.

Letunic, L., Bork, P., 2019. Interactive Tree Of Life (iTOL) v4: recent updates and new
developments. Nucleic Acids Res. 47, W256-W259.

Levine, M.M., Nataro, J.P., Karch, H., Baldini, M.M., Kaper, J.B., Black, R.E., et al., 1985.
The diarrheal response of humans to some classic serotypes of enteropathogenic
Escherichia coli is dependent on a plasmid encoding an enteroadhesiveness factor.
J. Infect. Dis. 152, 550-559.

Levine, M.M., Nasrin, D., Acacio, S., Bassat, Q., Powell, H., Tennant, S.M., et al., 2020.
Diarrhoeal disease and subsequent risk of death in infants and children residing in
low-income and middle-income countries: analysis of the GEMS case-control study
and 12-month GEMS-1A follow-on study. Lancet Glob. Health 8, e204-e214.

McDougall, F., Power, M., 2021. Occurrence of Salmonella enterica in grey-headed flying
foxes from New South Wales. Aust. Vet. J. 99, 517-521.

McDougall, F., Boardman, W., Power, M., 2022. High prevalence of beta-lactam-resistant
Escherichia coli in South Australian grey-headed flying fox pups (Pteropus
poliocephalus). Microorg. 10, 1589.

Mora, A., Garcia-Pena, F.J., Alonso, M.P., Pedraza-Diaz, S., Ortega-Mora, L.M., Garcia-
Parraga, D., et al., 2018. Impact of human-associated Escherichia coli clonal groups in
Antarctic pinnipeds: presence of ST73, ST95, ST141 and ST131. Sci. Rep. 8, 1-11.

Miihldorfer, K., 2013. Bats and bacterial pathogens: a review. Zoonoses Publ. Health 60,
93-103.


http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0010
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0010
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0015
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0015
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0020
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0020
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0020
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0020
https://www.awe.gov.au/environment/biodiversity/threatened/publications/recovery/grey-headed-flying-fox
https://www.awe.gov.au/environment/biodiversity/threatened/publications/recovery/grey-headed-flying-fox
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0030
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0030
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0035
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0035
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0035
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0040
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0040
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0040
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0045
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0045
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0050
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0050
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0050
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0050
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0055
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0055
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0055
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0055
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0060
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0060
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0060
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0065
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0065
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0065
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0070
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0070
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0070
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0070
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0075
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0075
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0075
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0080
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0080
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0080
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0085
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0085
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0090
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0090
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0090
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0095
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0095
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0095
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0100
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0100
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0100
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0100
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0105
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0105
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0105
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0105
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0110
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0110
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0110
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0115
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0115
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0120
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0120
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0120
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0125
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0125
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0125
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0125
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0130
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0130
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0130
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0135
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0135
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0135
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0140
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0140
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0140
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0140
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0145
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0145
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0145
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0150
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0150
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0150
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0155
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0155
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0160
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0160
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0160
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0165
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0165
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0170
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0170
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0170
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0175
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0175
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0180
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0180
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0180
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0185
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0185
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0185
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0190
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0190
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0190
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0195
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0195
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0195
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0200
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0200
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0200
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0205
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0205
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0205
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0210
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0210
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0210
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0215
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0215
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0220
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0220
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0220
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0225
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0225
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0230
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0230
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0230
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0235
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0235
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0235
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0240
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0240
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0245
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0245
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0245
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0250
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0250
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0250
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0250
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0255
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0255
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0255
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0260
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0260
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0260
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0265
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0265
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0270
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0270
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0270
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0270
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0275
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0275
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0275
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0275
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0280
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0280
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0285
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0285
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0285
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0290
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0290
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0290
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0295
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0295

F. McDougall et al.

Miiller, D., Benz, 1., Liebchen, A., Gallitz, 1., Karch, H., Schmidt, M.A., 2009. Comparative
analysis of the locus of enterocyte effacement and its flanking regions. Infect.
Immun. 77, 3501-3513.

Nakazato, G., Gyles, C., Ziebell, K., Keller, R., Trabulsi, L.R., Gomes, T., et al., 2004.
Attaching and effacing Escherichia coli isolated from dogs in Brazil: characteristics
and serotypic relationship to human enteropathogenic E. coli (EPEC). Vet. Microbiol.
101, 269-277.

Nataro, J.P., Kaper, J.B., 1998. Diarrheagenic Escherichia coli. Clin. Microbiol. Rev. 11,
142-201.

Nguyen, R.N., Taylor, L.S., Tauschek, M., Robins-Browne, R.M., 2006. Atypical
enteropathogenic Escherichia coli infection and prolonged diarrhea in children.
Emerg. Infect. Dis. 12, 597-603.

Nowak, K., Fahr, J., Weber, N., Liibke-Becker, A., Semmler, T., Weiss, S., et al., 2017.
Highly diverse and antimicrobial susceptible Escherichia coli display a naive bacterial
population in fruit bats from the Republic of Congo. PLoS One 12, e0178146.

O’Brien, C.L., Gordon, D.M., 2011. Effect of diet and gut dynamics on the establishment
and persistence of Escherichia coli. Microbiology 157, 1375-1384.

Ori, E., Takagi, E., Andrade, T., Miguel, B., Cergole-Novella, M., Guth, B., et al., 2019.
Diarrhoeagenic Escherichia coli and Escherichia albertii in Brazil: pathotypes and
serotypes over a 6-year period of surveillance. Epidemiol. Infect. 147, E10.

Parry-Jones, K., Augee, M., 2001. Factors affecting the occupation of a colony site in
Sydney, New South Wales by the grey-headed flying-fox Pteropus poliocephalus
(Pteropodidae). Austral Ecol. 26, 47-55.

Sacristan, C., Esperon, F., Herrera-Leon, S., Iglesias, 1., Neves, E., Nogal, V., et al., 2014.
Virulence genes, antibiotic resistance and integrons in Escherichia coli strains isolated
from synanthropic birds from Spain. Avian Pathol. 43, 172-175.

Saidenberg, A.B., Teixeira, R.H.F., Guedes, N.M.R., Allgayer, M.d.C., Melville, P.A.,
Benites, N.R., 2012. Molecular detection of enteropathogenic Escherichia coli in
asymptomatic captive psittacines. Pesqui. Vet. Bras. 32, 922-926.

Sanches, L.A., Gomes, M.d.S., Teixeira, R.H.F., Cunha, M.P.V., Oliveira, M.G.X.d.,
Vieira, M.A.M,, et al., 2017. Captive wild birds as reservoirs of enteropathogenic
E. coli (EPEC) and Shiga-toxin producing E. coli (STEC). Braz. J. Microbiol. 48,
760-763.

Sidhu, J.P., Ahmed, W., Hodgers, L., Toze, S., 2013. Occurrence of virulence genes
associated with diarrheagenic pathotypes in Escherichia coli isolates from surface
water. Appl. Environ. Microbiol. 79, 328-335.

Stephan, R., Borel, N., Zweifel, C., Blanco, M., Blanco, J.E., 2004. First isolation and
further characterization of enteropathogenic Escherichia coli (EPEC) 0157: H45
strains from cattle. BMC Microbiol. 4, 1-6.

Tedman, R., Hall, L., 1985. The morphology of the gastrointestinal tract and food transit
time in the fruit bats Pteropus alecto and P. poliocephalus (Megachiroptera). Aust. J.
Zool. 33, 625-640.

Teeling, E.C., Springer, M.S., Madsen, O., Bates, P., O’brien, S.J., Murphy, W.J., 2005.
A molecular phylogeny for bats illuminates biogeography and the fossil record.
Science 307, 580-584.

Tidemann, C.R., Nelson, J.E., 2004. Long-distance movements of the grey-headed flying
fox (Pteropus poliocephalus). J. Zool. 263, 141-146.

15

Science of the Total Environment 902 (2023) 166336

Trabulsi, L.R., Keller, R., Gomes, T.A.T., 2002. Typical and atypical enteropathogenic
Escherichia coli. Emerg. Infect. Dis. 8, 508-513.

Treangen, T.J., Ondov, B.D., Koren, S., Phillippy, A.M., 2014. The harvest suite for rapid
core-genome alignment and visualization of thousands of intraspecific microbial
genomes. Genome Biol. 15, 524.

Van Brussel, K., Mahar, J.E., Hall, J., Bender, H., Ortiz-Baez, A.S., Chang, W.-S., et al.,
2023. Gammaretroviruses, novel viruses and pathogenic bacteria in Australian bats
with neurological signs, pneumonia and skin lesions. Virology 586, 43-55.

Vezina, B., Judd, L.M., McDougall, F.K., Boardman, W.S., Power, M.L., Hawkey, J., et al.,
2022. Transmission of Klebsiella strains and plasmids within and between grey-
headed flying fox colonies. Environ. Microbiol. 24, 4425-4436.

Vial, P., Mathewson, J., DuPont, H., Guers, L., Levine, M., 1990. Comparison of two assay
methods for patterns of adherence to HEp-2 cells of Escherichia coli from patients
with diarrhea. J. Clin. Microbiol. 28, 882-885.

Wani, S., Hussain, 1., Fayaz, 1., Mir, M., Nishikawa, Y., 2009. Subtype analysis of stx1,
stx2 and eae genes in Shiga toxin-producing Escherichia coli (STEC) and typical and
atypical enteropathogenic E. coli (EPEC) from lambs in India. Vet. J. 182, 489-490.

Wasilenko, J.L., Fratamico, P.M., Narang, N., Tillman, G.E., Ladely, S., Simmons, M.,
et al., 2012. Influence of primer sequences and DNA extraction method on detection
of non-0157 Shiga toxin-producing Escherichia coli in ground beef by real-time PCR
targeting the eae, stx, and serogroup-specific genes. J. Food Prot. 75, 1939-1950.

Welbergen, J.A., Meade, J., Field, H.E., Edson, D., McMichael, L., Shoo, L.P., et al., 2020.
Extreme mobility of the world’s largest flying mammals creates key challenges for
management and conservation. BMC Biol. 18, 1-13.

Williams, N.S., Mcdonnell, M.J., Phelan, G.K., Keim, L.D., Van Der Ree, R., 2006. Range
expansion due to urbanization: increased food resources attract Grey-headed flying-
foxes (Pteropus poliocephalus) to Melbourne. Austral Ecol. 31, 190-198.

Wilson, E.B., 1927. Probable inference, the law of succession, and statistical inference.
J. Am. Stat. Assoc. 22, 209-212.

Wong, A.R., Pearson, J.S., Bright, M.D., Munera, D., Robinson, K.S., Lee, S.F., et al.,
2011. Enteropathogenic and enterohaemorrhagic Escherichia coli: even more
subversive elements. Mol. Microbiol. 80, 1420-1438.

World Health Organisation (WHO), 1987. Programme for Control of Diarrhoeal Diseases.
Manual for Laboratory Investigations of Acute Enteric Infections. World Health
Organisation, Geneva.

Xu, Y., Bai, X., Jin, Y., Hu, B., Wang, H., Sun, H., et al., 2017. High prevalence of
virulence genes in specific genotypes of atypical enteropathogenic Escherichia coli.
Front. Cell. Infect. Microbiol. 7, 109.

Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund, O., et al.,
2012. Identification of acquired antimicrobial resistance genes. J. Antimicrob.
Chemother. 67, 2640-2644.

Zankari, E., Allesge, R., Joensen, K.G., Cavaco, L.M., Lund, O., Aarestrup, F.M., 2017.
PointFinder: a novel web tool for WGS-based detection of antimicrobial resistance
associated with chromosomal point mutations in bacterial pathogens. J. Antimicrob.
Chemother. 72, 2764-2768.


http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0300
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0300
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0300
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0305
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0305
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0305
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0305
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0310
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0310
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0315
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0315
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0315
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0320
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0320
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0320
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0325
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0325
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0330
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0330
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0330
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0335
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0335
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0335
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0340
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0340
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0340
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0345
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0345
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0345
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0350
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0350
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0350
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0350
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0355
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0355
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0355
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0360
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0360
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0360
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0365
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0365
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0365
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0370
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0370
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0370
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0375
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0375
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0380
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0380
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0385
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0385
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0385
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0390
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0390
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0390
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0395
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0395
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0395
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0400
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0400
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0400
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0405
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0405
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0405
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0410
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0410
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0410
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0410
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0415
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0415
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0415
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0420
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0420
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0420
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0425
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0425
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0430
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0430
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0430
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0435
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0435
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0435
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0440
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0440
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0440
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0445
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0445
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0445
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0450
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0450
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0450
http://refhub.elsevier.com/S0048-9697(23)04961-6/rf0450

	Characterisation of typical enteropathogenic Escherichia coli (tEPEC) lineages and novel bfpA variants detected in Australi ...
	1 Introduction
	2 Materials and methods
	2.1 Grey-headed flying-fox faecal sampling
	2.2 Isolation and phylotyping of E. coli from grey-headed flying-fox faecal samples
	2.3 E. coli whole genome sequencing
	2.4 Analysis of assembled DNA sequences
	2.5 Phylogenetic analysis and comparison of flying-fox, human and animal EPEC
	2.6 HEp-2 adhesion assays with flying-fox tEPEC isolates
	2.7 EPEC-specific duplex PCR of E. coli isolates
	2.8 tEPEC-specific multiplex PCR of faecal DNA
	2.9 Statistical analyses

	3 Results
	3.1 Detection of tEPEC in wild grey-headed flying-fox faecal samples
	3.2 Phylogeny of Australian phylogroup B2 E. coli from flying-foxes, humans and animals
	3.3 Phylogeny of flying-fox tEPEC and globally sourced phylogroup B2 EPEC isolates
	3.4 Virulence factors of phylogroup B2 tEPEC clades
	3.5 Eae phylogenetic comparison of phylogroup B2 EPEC clades
	3.6 Bfp phylogenetic comparison of flying-fox tEPEC
	3.7 Sequence variations in flying-fox bfpA alleles and bfp operons
	3.8 Plasmid replicons in flying-fox tEPEC
	3.9 HEp-2 adhesion assays
	3.10 PCR determination of EPEC occurrence in all cultured E. coli isolates
	3.11 PCR determination of tEPEC virulence genes in flying-fox faecal DNA

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


