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ABSTRACT Shiga toxin-producing Escherichia coli (STEC) are zoonotic pathogens with
significant public health implications. The interplay between humans, domestic animals,
wildlife, and environmental reservoirs such as water bodies influences their circulation.
This study aimed to evaluate the role of the environment in the dissemination of STEC.
Fourteen STEC isolates were recovered from stream water and feces of wild animals
collected between 2022 and 2024 in a tourist and wild village-like region in Uruguay. All
isolates carried the stx2 gene, and one also harbored stx7 and eae (E. coli 0157:H7). The
remaining isolates were LEE-negative. Most isolates were susceptible to tested antibiot-
ics. Whole genome sequencing (WGS) revealed a wide diversity of serotypes, sequence
types, and virulence gene profiles. Pangenome analysis revealed genomic variability
among the analyzed isolates, suggesting the presence of adaptive mechanisms and
potential ecological plasticity. The Locus of Adhesion and Autoaggregation (LAA), a
pathogenicity island described in some LEE-negative strains, was detected complete in
three isolates and partially in three others. Core genome SNP-based phylogenetics and
cgMLST analysis (chewBBACA) indicated that the local isolates clustered with strains
previously reported from food, livestock, and wildlife across the Americas and Europe,
suggesting genetic relatedness. These findings underscore the STEC's environmental
diversity and potential public health risk of STEC circulating in a One Health context.
The seasonal detection of the isolates, genomic features, and phylogenetic relationships
suggests ongoing interactions between human activity, wildlife, and water sources as
key factors in STEC ecology.

IMPORTANCE Understanding the presence of Shiga toxin-producing Escherichia coli
(STEC) in the environment is essential to assess potential exposure pathways for animals
and humans. In this study, we analyzed STEC isolates recovered from wildlife and
environmental samples within a single watershed under a One Health framework.
Comparative genomic analyses revealed considerable diversity and the presence of
shared virulence determinants, including the Locus of Adhesion and Autoaggregation
(LAA) pathogenicity island. The detection of related lineages across ecological compart-
ments may suggest possible exchange between environmental and animal reservoirs.
These findings provide novel evidence of the environmental presence and dissemina-
tion of STEC in this watershed and highlight the importance of integrating genomic
surveillance across environmental, animal, and human sectors to better understand the
ecological dynamics and public health implications of this pathogen.

KEYWORDS LAA pathogenicity island, wildlife, environmental STEC, STEC LEE negative,
non-0157 STEC
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higa toxin-producing Escherichia coli (STEC) is a zoonotic pathogen mainly associated

with livestock, especially bovine, serving as its principal reservoir. Although STEC
infects multiple animal species, human cases exhibit the most severe clinical manifesta-
tions, ranging from self-limited diarrhea to hemolytic uremic syndrome (HUS). Children,
immunosuppressed individuals, and the elderly are at higher risk of developing severe
disease (1). The pathogen’s virulence largely depends on Shiga toxins (Stx1 and Stx2),
with Stx2 being strongly associated with HUS development (2-4). However, several other
virulence factors play crucial roles (5) and contribute significantly to the pathogenic
potential of specific strains (6). For example, intimin, encoded by the eae gene, is the
primary adhesion factor in STEC and is located within the locus of enterocyte effacement
(LEE) (7). Despite this, LEE-negative strains can cause severe disease through alternative
intestinal adhesion mechanisms. In this context, the adhesion and autoaggregation
(LAA) locus represents an important pathogenicity island that contributes to STEC strains
adhesion and aggregation properties (8).

Although foodborne transmission remains the most recognized infection route,
growing evidence underscores the importance of environmental pathways in STEC
epidemiology (9, 10). Animal excrement—not only from ruminants but also from wild
birds and mammals—along with inadequate human waste management, contributes to
the contamination of water bodies, facilitating the dissemination of STEC into surface
and groundwater (11-13). STEC can persist for extended periods in aquatic environ-
ments, demonstrating its adaptability to diverse conditions. This persistence underscores
that outbreaks may also be linked to the consumption of meat, water, and vegetables
contaminated with livestock manure or feces from wildlife inhabiting nearby areas.
Additionally, exposure through recreational water activities has been documented as
a potential source of infection (14). Despite this, waterborne STEC infections are likely
underreported due to challenges in detection, including low bacterial loads, inadequate
sampling protocols, and the lack of STEC-specific monitoring in water quality assess-
ments (15).

Conventional methods used to detect STEC in environmental samples have inherent
limitations that may lead to underreporting. In many cases, the bacterial load in
these types of samples falls below the detection threshold of traditional techniques
(16). Isolation of STEC from environmental and wildlife samples was performed using
standardized filtration and enrichment protocols. Following isolation, whole genome
sequencing (WGS) was employed to provide high-resolution characterization of the
isolates, enabling the study of virulence traits, lineage dissemination, and zoonotic
potential.

In Uruguay, STEC has been detected in cattle, humans, and food. Some of these
strains carry potentially zoonotic genetic variants (17, 18). Although reporting of
foodborne ilnesses (FBIs) is mandatory (19), the actual incidence of HUS is estimated to
be high, similar to other countries in the region (20). Several STEC serogroups have been
identified in this context, including 0111, 026, 0121, 0103, and the serotype O157:H7,
in both human cases and food sources (21-24). Additionally, serogroups O111 and 0103
and other non-O157 strains have been reported in cattle (25, 26) and bovine carcasses
(27). Despite the evidence, the role of the environment in disseminating this pathogen
remains poorly understood.

In this context, the main objective of this study was to describe the presence and
genomic diversity of STEC in a small watershed with tourism, agriculture, and livestock,
providing insights into potential environmental reservoirs.

To address the potential role of the natural environment in the local epidemiology of
STEC, we investigated its presence in stream water and wildlife feces within a watershed
with both rural and urban characteristics. We hypothesized that the natural environment
could act as a reservoir for STEC, contributing to the dissemination of this zoonotic
pathogen. To explore this possibility, we characterized the recovered isolates in terms
of antimicrobial phenotype, virulence potential, and phylogenetic relationships using

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.03153-25 2

Downloaded from https://journals.asm.org/journal/spectrum on 01 December 2025 by 190.64.49.18.


https://doi.org/10.1128/spectrum.03153-25

Research Article

whole genome sequencing (WGS), core genome SNP-based analysis, and core genome
multilocus sequence typing (cgMLST).

MATERIALS AND METHODS
Water and fecal sampling

Sampling was conducted bimonthly between 2022 and 2024 (28) within the Los
Chanchos stream micro-basin, located in Villa Serrana village, Lavalleja, Uruguay. The
micro-basin covers approximately 72 km? of extension, with a permanent population of
270 people and around 4,000 moving there annually, during the high seasons (school
holidays and peak tourist activity: April, May, July, September). Land use in the area is
dominated by cattle grazing, small-scale agriculture, and forested areas (Fig. S1). Seven
sampling sites were selected along Los Chanchos stream micro-basin in Villa Serrana
village, Lavalleja, Uruguay. The selection included the most representative land uses and
land cover in the basin: grassland with the presence of cattle, urbanization, and forest
(Fig. S1). At each sampling point, 1,000 mL of water was collected in sterile bottles
for further processing. Additionally, three fresh fecal samples from wild animals were
collected per sampling point in the stream surroundings, obtaining approximately 10 g
of each sample. The origin of the feces was identified by a person trained for that
purpose and verified with camera trap placed at the sampling sites (see Fig. S1). Feces
were stored in sterile containers and were kept refrigerated (4°C) until arriving at the
laboratory.

Water and fecal sample processing

From each sampling site, three replicate water samples of 100 mL were filtered using
0.45 pm pore size nitrocellulose filters (Millipore) (29). The filters were placed on m-FC
agar plates (HiMedia) and incubated for 18 h at 44.5°C. After incubation, those plates
where blue colonies indicated the presence of fecal coliforms (FC) were processed
sequentially, as follows: stx7 and stx2 screening was performed on FC-positive filters
by PCR. Fifty blue colonies per stx-positive filter were selected, streaked on tryptic soy
agar plates (TSA, Britania) and incubated for 18-24 h at 37°C for E. coli isolation.

For the fecal samples, 10 g aliquots were inoculated in tryptic soy broth (TSB, Britania)
at a 1/10 dilution and incubated at 37°C for 18-24 h. After enrichment in TSB, aliquots
were streaked onto MacConkey agar plates (Oxoid), and up to 50 Lactose-positive (pink)
colonies from three agar plates were selected and transferred to TSA (18-24 h at 37°C) to
obtain isolates.

Characterization of the isolates

Up to 50 colonies from TSA plates, from each collected sample (water and feces) were
selected and grouped into five pools of 10 colonies each. DNA extraction was performed
using the heat block method (30). Conventional PCR was conducted to partially amplify
the stx7 and stx2 genes (31). Positive pools were further analyzed by individual PCR to
identify stx7 and/or stx2 positive colonies. Confirmed stx-positive isolates were identified
as E. coli based on conventional biochemical tests and molecular confirmation by 16S
rRNA gene amplification (32).

Antibiotic resistance was determined using the Kirby-Bauer disk diffusion method
according to CLSI guidelines (2025) (33). The antibiotics tested included ampicillin (AMP),
ciprofloxacin (CIP), nalidixic acid (NA), trimethoprim-sulfamethoxazole (STX), enrofloxacin
(ENR), gentamicin (GN), tetracycline (TE), cefuroxime (CXM), amikacin (AK), fosfomycin
(FOT), amoxicillin-clavulanic acid (AMC), cefepime (FEP), ceftriaxone (CRO), cefoxitin
(FOX), ceftazidime (CAZ), and imipenem (IMI). For molecular characterization, PCR was
performed to detect genes encoding intimin (eae), enterohemolysin (ehxA), autoaggluti-
nating adhesin (saa), and the serogroups most frequently associated with human STEC
outbreaks (0157, 026, 0103, 0145,0111, 0121, 045) (25).
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DNA extraction and genome sequencing of STEC isolates

Fourteen strains belonging to all sampling points were selected, and DNA extraction was
performed using the Monarch kit, following the manufacturer’s protocol (New England
Biolabs). Whole-genome sequencing (WGS) was conducted using the Illumina NovaSeq
6000 platform (lllumina, San Diego, USA) at MicrobesNG. A paired-end sequencing
protocol with short reads of 250 bp was employed (34).

Basic bioinformatics analysis

Using the reads provided by the sequencing company, bioinformatics analyses were
conducted on the Galaxy Aries platform following a protocol established by the EU
Reference Laboratory for E. coli at the Istituto Superiore di Sanita (35, 36). The quality
of the reads was assessed using FastQC (37). Trimming was performed using the FastQ
Positional and Quality Trimming tool (38), using a minimum Phred quality score for
right-side trimming of 25, a left-side trimming of 20, and an average Phred quality score
for right-side trimming of 27. Kmerfinder was used to verify the purity of the reads (39).
Genome assembly was performed using SPAdes Genome Assembler (40). The obtained
assemblies were filtered using the Filter SPAdes Repeats tool, and the assembly quality
was evaluated using QUAST (41). The trimmed reads were used to characterize the
genomes with E. coli Virulotyper, SeroTypeFinder, Shiga toxin typer (42), and ABRicate
with ResFinder database (43). To identify the pangenome of the 14 bacterial isolates, a
genomic annotation was performed using Prokka v1.13.7 (44).

The presence or absence of virulence-associated loci was assessed based on Prokka
annotations and Virulotyper outputs. The absence of the Locus of Enterocyte Effacement
(LEE) was inferred from the lack of its main structural and regulatory genes (eae, ler, tir,
esc, and esp), which together define this pathogenicity island (45).

The phylogroup of each E. coli genome was determined in silico using the exten-
ded Clermont scheme (46). Briefly, the presence/absence of the genetic markers chuA,
yjaA, and TspE4.C2 was assessed by BLASTn (v2.15.0+) against reference sequences.
Phylogroups were assigned as follows: A (chuA~), B1 (chuA*, yjaA~, TspE4.C27), B2 (chuA®,
yjaA*, TspE4.C27), D (chuA*, yjaA*, TspE4.C2"), and E (chuA*, yjaA~, TspE4.C2").

The LAA pathogenicity island was detected using the Geneious platform, following
the protocol described by Montero et al. (47, 48). As a reference, a fully closed genome
of STEC 091:H21 was used, which contains the complete LAA pathogenicity island in
a single contig (strain: P15-385, accession: JAEKGL0O00000000) (49). The LAA island is in
the genomic region between positions 3,867,470 and 3,954,019 bp. The strains under
study were arranged relative to the reference strain using the MCM algorithm. Once
the sequences were ordered, an alignment was performed using the Mauve Progressive
software, allowing the identification of collinear blocks (LCBs) corresponding to the
aligned regions (50). After identifying the LAA pathogenicity island, the presence of
the modules associated with this island and their genomic contexts was evaluated. The
following procedure was followed: the aligned genomes were concatenated, and the
fragment containing the pathogenicity island was extracted and saved as a separate file
in .gbk format. Finally, the Easyfig tool was used to visualize the similarities between the
fragments analyzed (51).

Phylogeny of LEE-Negative STEC strains

In addition to the 14 genomes analyzed in this study, 92 LEE-negative STEC genomes
were retrieved from the NCBI database. These genomes were selected based on the
following criteria: (i) regional STEC genomes and (ii) STEC genomes isolated from
environmental matrices or wildlife, comparable to those included in our study (Table S1).
To determine the phylogenetic relationships among the strains, a core gene alignment
was performed using the Roary pangenome pipeline (52), categorized genes into core
(conserved in all isolates), accessory (variably present), and unique genes, enabling
insights into evolutionary dynamics, virulence, and ecological adaptation. Only sites with
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variations (SNPs) were extracted from the core genome alignment using the “Finds SNP
sites from a multi-FASTA alignment file” tool (53). Subsequently, a SNP-based phyloge-
netic tree was generated using IQ-TREE Phylogenomics (54). Tools such as FigTree (55)
and iTOL were used to visualize the tree (56).

To complement the SNP-based phylogenetic analysis, a cgMLST approach was
applied using chewBBACA v2.8.5 (57). Allele calling was performed with the Escheri-
chia/Shigella schema (INNUENDO project), which includes 2,360 loci. The allele distance
matrix was generated with the Allele Distance module, and pairwise comparisons
between local and reference genomes were used to assess relatedness. Isolates differing
by <10 alleles were considered to be closely related (58).

RESULTS
Phenotypic characterization: typing the STEC collection

A collection of 14 STEC isolates was obtained from environmental samples collected in
Villa Serrana, Uruguay, including stream water and feces from wild animals (Table 1).
Most isolates were detected during periods of increased tourist activity, such as Easter
Week (April-May), winter holidays (July), and the school recess (September).

All the isolates were confirmed as E. coli and tested positive for the stx2 gene. The
stx1 and eae genes were detected in only one isolate (F113). None of the remaining
isolates carried other LEE-associated genes (ler, tir, esc, esp), confirming the absence of
this pathogenicity island (45). Isolates were sensitive to all tested antibiotics. However,
reduced susceptibility to AK was detected according to the criteria established by the
CLSI 2025 (Table 1).

Genomic characterization of environmental STEC
Pangenome analysis

A pangenome analysis was performed to explore the genetic diversity and possible
adaptive mechanisms of STEC environmental isolates. The average genome length was
4,872,997 bp, with an average GC content of 51%, typical of the E. coli species. A total
of 9,601 genes were identified, including 1,830 core genes (shared by 99%-100% of
isolates), zero soft-core genes (95%-99%), 3,364 shell genes (15%-95%), and 4,407 cloud
genes (£15%).

Genome analysis

As determined by PCR, all isolates carried the Shiga toxin 2 (stx2) gene, while one isolate
(F113) also encoded the Shiga toxin 1 (stx7). The subtypes stx1a, stx2a, stx2b, stx2c, and
stx2d were identified. The eae gene was detected only in F113 isolate, corresponding to
the O157:H7 serotype. Four serotypes and four sequence types were identified in the
isolates obtained from fecal samples, while seven serotypes and five sequence types
were detected in the water isolates. All 14 STEC genomes were assigned to E. coli
phylogroups using the extended Clermont scheme (Table 1). The majority belonged to
phylogroup A (n = 11), while single isolates were classified into phylogroups B1 (n = 1), D
(n=1),andE(n=1).

Diversity of virulence genes was identified, including those related to toxin pro-
duction, adhesion, colonization, and others associated with antimicrobial resistance,
adaptation, and in the response to and evasion of adverse environmental conditions, as
detailed in Fig. 1.

Antimicrobial resistance genes and pathogenicity determinants

In silico analysis identified mdfA in 13 out of 14 isolates, associated with macrolide
resistance. The tet(34) gene was also detected in five isolates. The most frequently
identified plasmid replicon was IncFIB(AP001918) (nine isolates), followed by IncB/O/K/Z
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TABLE 1 Origin, site of collection, phenotypic and genomic characterization of STEC isolates from wildlife feces and water samples®

Strain Date Landuseand Tourist Host/origin Phenotypic  stx Serotype  Phylogroup  Sequence type
cover activity resistance subtype
profile
F112-CAVS1 Sep-22 Grassland High Mazama DS (AK) stx2d 015:H27 A 2388
F114-CAVS1 /cattle gouazoubira® -* stx2d 0O15:H27 A 2388
F113-CBVS9 Urbanization Sus scrofa* - stxla 0157:H7 B1 1
, Stx2c
11F1-CBVS9 Nov-22 Urbanization Low Sus scrofa DS (AK) stx1a 0-H21 A 1248
, Stx2a
11F2-CBVS9 - stxla 0O-:H21 A 1248
, Stx2a
15F2-CBVS10  May-23  Urbanization High Sus scrofa - stx2a 0163:H19 A 679
15F4-CBVS10 DS (AK) stx2a 0163:H19 A 679
BI5 Jul-22 Urbanization High Los - stx2d 0O174:H21 E 677
CAVS34 Sep-22 Grassland High Chanchos - stx2a 0120:H1 D 104
/cattle stream
CAVS59 Urbanization - stx2c 06:H34 A 7616
CBVS84 Forest - stx2a O15:H49 A N/A?
CBVS85 - stx2a O116:H49 A 2520
CAVS18 Nov-22  Grassland Low - stx2b O-H16 A 295
/cattle
CAVS123 Aug-24  Grassland Low - stx2c 091:H7 A 677
/cattle

“Decreased sensitivity (DS), Amikacin (AK).
®Mazama gouazoubira (deer).

“Sus scrofa (wild boar).

“N/A indicates allele missing.

¢~" indicates none resistance detected.

(five isolates). Other replicons included IncFIC(FII), IncX4, and ColRNAI, each found in a
single isolate (Fig. 1).

Genome alignment with closed genome of P15-385 strain (091:H21) revealed the
presence of the LAA pathogenicity island in STEC isolates from feces and water. Out of
14 genomes, 3 harbored the complete LAA island, while 3 additional genomes contained
a partial LAA island. The remaining eight genomes showed no evidence of LAA, due
to various reasons detailed below. The LAA island was identified downstream of the
pheV gene. As shown in Fig. 2, isolates 15F2, 15F4, and CBVS85 harbored the complete
pathogenicity island, with all four conserved modules and the presence of the main
proteins described by Montero et al. (48, 59). In contrast, 11F1, 11F2, and CAVS18
contained an incomplete LAA island. Specifically, the 11F1 and 11F2 genomes harbored
modules II, 1ll, and 1V, while the CAVS18 genome harbored only modules Il and IV. On
the other hand, in F112 and F114 genomes, an insertion different from the LAA island
was identified (data not shown). The CAVS34 and CAVS59 genomes showed no evidence
of the LAA island. As expected, the F113 genome corresponds to LEE-positive STEC and
does not contain LAA. Finally, BI5, CAVS123, and CBVS84 genomes have multiple contigs
in the island region, which prevented a precise analysis; therefore, these isolates were not
considered in the LAA island evaluation.

Phylogenetic relationship of LEE-negative isolates

As observed in the phylogenetic tree (Fig. 3), 15F2 and 15F4 Sus scrofa (wild boar) isolates
(0163:H19) obtained in 2023, clustered within Clade A together with other O163:H19
isolates from diverse origins, including meat products in the USA (2006), Chile (undated),
and Uruguay (2004), and from bovine feces in the USA (1996, 1999) (48).
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FIG1 Heatmap of presence/absence of virulence, toxins, adherence, adaptation, antimicrobial resistance, and protein effectors genes in the analyzed genomes.

Each row represents a genome, and each column corresponds to a specific gene. The presence is indicated in purple, while the absence is shown in green. Figure

made with RStudio.

Isolates BI5 (O174:H21) and CAVS123 (091:H7), recovered from the stream in 2022 and
2024, respectively, formed Clade B along with isolates from diverse sources and time
periods: human feces in Canada (1988), food and bovine feces in the USA (1989-2010),
bovine feces in Chile (undated), human feces in the Netherlands (2013), and a HUS case
in Germany (2000) (48) (Fig. 3). Except for CAVS123, all isolates belonged to serogroup
0174 and harbored the LAA island; however, CAVS123 shared the H21 flagellar antigen
with them. Although genome fragmentation prevented confirmation of the LAA island in
CAVS123.

Group 1 included isolates 11F1 and 11F2 (O—:H21), genetically identical and recovered
from Sus scrofa (wild boar) in 2022. These isolates shared a common ancestor with Group
2—formed by F112 and F114 (015:H27), two almost identical isolates from Mazama
gouazoubira (deer) feces (Fig. 3). Group 2 isolates (F112 and F114) showed close related-
ness to those from the small intestine of Odocoileus virginianus (deer) (indicated in violet
in Fig. 3). Notably, Group 1 strains carried three modules of the LAA island, while Group 2
strains lacked it (48) (Fig. 3).

Module I Module II Module Il Module IV

P ¢ é P &

* == P15-385_091:H21

=| 15F2_0163:H19

»tﬂNNphe Virulence genes

im0 s CBVSSS5 0116:H49

|| CAVS18_0-H16

11F1_0-H21

P15-385_091:H21

FIG 2 Comparison of the genetic structure of LAA pathogenicity island present in STEC from water and feces. 15F2 and CBVS85 are shown with a complete LAA

island (four modules). Isolates with partial LAA island (two modules for CAVS18 and three modules for 11F1) are also shown. Arrows represent predicted genes

and direction of transcription. The names of the major virulence genes present in the island are shown (purple). Conserved regions between islands are shaded

gray, and color intensity indicates nucleotide identity levels (69%-100%). Figure made with Easyfig.
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FIG 3 Phylogenetic relationships among LEE-negative STEC isolates. In addition to the 14 isolates recovered in this study (including strain F113, corresponding

to 0157:H7), 92 previously published LEE-negative STEC genomes were used to construct a maximum likelihood phylogenetic tree (midpoint-rooted) based on

genome-wide SNPs. Colors indicate different clades or groups. Isolates from this study are shown in bold. Tree generated using FigTree/iTOL.

Additionally, CBVS84 and CBVS85 isolates formed Group 3, with a recent common
ancestor. Both shared the H49 antigen and were isolated in the same year and month. In
contrast, CAVS18 (November 2022) and CAVS123 (August 2024), collected from nearby
locations, showed genetic divergence despite geographic proximity (Fig. 3).

Finally, isolate F113 (O157:H7) exhibited a high genetic distance from most of the
analyzed isolates, showing marked genetic distance from most other isolates (Fig. 3).
It was the only LEE-positive isolate included in the phylogenetic analysis, used as a
comparative reference for a high-pathogenicity STEC lineage. However, it did not cluster
as an external clade in relation to the LEE-negative genomes considered in this analysis.

Furthermore, cgMLST analyses showed close allelic similarities between local strains
and previously published STEC genomes from diverse countries and sources (48). For
example, isolate 15F2 differed by 14-28 alleles from strains in clade A (48), while isolate
CAVS123 showed 12-32 allele differences with strains in clade B (48).

DISCUSSION

In this study, we demonstrated the presence and genomic diversity of STEC in environ-
mental and wildlife samples from a rural-touristic region. Our findings indicate the
presence of STEC in both water and wildlife feces, with diverse virulence and antimicro-
bial resistance genes and pathogenicity islands, including LAA island. STEC detection
and isolation were more frequently observed during months corresponding to school
holidays and peak tourist activity in Villa Serrana (April, May, July, September). This
pattern raises the hypothesis that ecological and anthropogenic factors may influence
the environmental dynamics of STEC although additional data are needed to confirm
such associations. These findings underscore the potential role of natural environments
as reservoirs and transmission interfaces for STEC and reinforce the value of integrated
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studies. Seasonality, wildlife—human interactions, and land use are possible modulators
of STEC occurrence and dissemination in shared environments.

Virulence and environmental adaptation genes

E. coli have acquired genotypic and phenotypic traits enabling adaptation to diverse
environments (57, 58).

All 14 isolates carried the stx2 gene, and one also was stx7*. Subtypes stx1a, stx2a,
stx2b, stx2c, stx2d, and stx1a were detected, all associated with severe disease (59,
60). Subtypes stx1a, stx2a, stx2¢, and stx2d also are the most prevalent in STEC from
cattle (61). Among free-ranging ruminants, Cervids (including Mazama gouazoubira) are
important reservoirs, with stx2b (detected here) being predominant and linked to human
infection (62). According to the reviewed literature, multiple Stx2 subtypes have been
detected in deer to date. This suggests that these isolates could contribute to water
contamination and, under certain circumstances, represent a potential outbreak risk to
human health (63).

STEC was also found in Sus scrofa (wild boar) (3, 64). It is worth noting that in
Uruguay, Sus scrofa hunting is promoted by the Ministry of Environment due to its status
as an invasive species (65). However, meat, intended for human consumption, is not
included in the National Food Safety Regulations (66), which could pose as an additional
transmission route of STEC to the population.

Hemolysin genes hlyE and ehxA were detected in all isolates and in five Sus scrofa
isolates, respectively, promoting erythrocyte lysis and bacterial proliferation (67-69).
Additional toxins included cdt, subA (with one isolate also carrying saa), and toxB,
consistent with previous reports for LEE-negative STEC (70-72). Adhesion and coloniza-
tion factors identified were fdeC, yehB, yehA, yehD, IpfA, csgA, and iha, while the eae
gene was detected only in the single LEE-positive strain (F113). Genes IpfA, iha, and
fdeC enhance adhesion and invasion, particularly when co-expressed with other fimbrial
components, while csgA and nipl support biofilm formation and resistance to environ-
mental stress (73-81).

Finally, multiple genes involved in environmental persistence and host immune
evasion were detected, including iss (bloodstream survival), terC (tellurium adaptation),
and gad (acid response) (82-84). Together, these factors may contribute to the capacity
of LEE-negative STEC to survive and persist across diverse ecological niches. However,
the presence of these genes does not guarantee its expression; further studies should be
performed to confirm these assumptions.

Phenotypic and genomic antibiotic resistance

With respect to antibiotic resistance, the mdf(A) gene was detected in 13/14 isolates.
It codifies to a common efflux pump in E. coli, whose expression is associated with
resistance to macrolides, as well as lincosamides and streptogramin B (MLS) (85).
Additionally, the tet(34) gene was detected in five isolates. Since its discovery until
today, tetracyclines have been used intensively in agriculture as well as in human
and veterinary clinical settings (86). Despite studies questioning its classification, the
tet(34) gene has been classified as a determinant of tetracycline resistance by enzymatic
inactivation (87, 88). In addition, this determinant is not mentioned in a recent study (89).
Despite this uncertainty, the database used in this study continues to include tet(34) in
its latest update (90). In our analysis, the finding of the tet(34) resistance gene was not
associated with phenotypic resistance.

Report on the LAA pathogenicity island

According to the literature consulted, this is the first report describing the LAA island in
Uruguay. Although a previous study inferred its presence based on the partial detection
of some virulence genes involved (27), the presence of the LAA island in STEC was not
confirmed. Due to its modular nature, the LAA island can be found in different isolates
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as a complete structure (with all four modules) or incomplete (with one, two, or three
modaules). Its association with disease has only been documented when the island is
complete (48).

We detected the presence of the hes gene (module | marker) exclusively in genomes
harboring the complete LAA island. This gene encodes a heat-resistant agglutinin (Hra
family) involved in colonization processes such as cell adhesion and aggregation (48).
The complete LAA island was identified in the 0163:H19 (15F2 and 15F4) and O116:H49
(CBVS85) serogroups, both previously described in regional isolates from Uruguay,
Argentina, and Chile, primarily from cattle (48). Interestingly, the 0163:H19 serogroup
was also reported in Sus scrofa feces from the USA (48). This serogroup was also reported
in 2001, lacking the LAA island (48).

In contrast, incomplete LAA islands—as observed in serotype O-:H21 (11F1 and 11F2),
which only contain modules Il, Ill, and IV—did not harbor the hes gene. This serotype has
also been reported in cattle carcasses from Uruguay (27).

From an ecological standpoint, the LAA island encodes factors associated with
adhesion and self-aggregation, which may promote biofilm formation and survival in
harsh or host-free environments. These properties could confer a selective advantage in
ecosystems, particularly aquatic habitats, by enhancing survival by forming protective
cellular aggregates. However, it is important to note that the presence of LAA does not
necessarily predict pathogenic potential since LEE-negative STEC carrying this island
are frequently detected in food and environmental samples but remain poorly studied
associated with human infections (91).

Pan-genome study

The STEC pangenome reflects remarkable genetic plasticity, which is characteristic of its
highly dynamic and promiscuous accessory genome. In this study, the mean genome
size of the isolates was similar to that reported in environmental E. coli from lakes,
sewage, and marginal urban areas. This suggests that, although STEC strains possess
genetic elements associated with virulence, their overall genome size does not differ
significantly from other environmental populations of the species (57).

Within the accessory genome, shell genes include virulence factors, antibiotic
resistance genes, and elements related to adaptation to different environments or
hosts. Cloud genes represent the most variable component of the pangenome, such as
plasmids, phages, and genomic islands. These genes may play a key role in the diversity
and evolution of STEC, contributing to new metabolic or virulence capabilities (92).
Consistently, the high proportion of variable genes detected in our data set suggests
a high genetic diversity, which could reflect adaptations to different environments,
hosts, and selective pressures. This diversity likely facilitates the maintenance of STEC
in non-human reservoirs and the emergence of novel lineages with distinct genetic
features.

Given that the LEE-negative genotype is common among environmental STEC
isolates, we focused on strains lacking the LEE pathogenicity island to better understand
the epidemiological and evolutionary relevance of these strains within the regional STEC
population. We extended our analysis to include regional LEE-negative STEC genomes
from environmental and wildlife sources available in public databases.

The phylogenetic analysis of LEE-negative STEC revealed high genetic diversity and
allowed the identification of clustering patterns among strains obtained from differ-
ent hosts and geographical locations. The close relationship between F112 and F114
(Mazama gouazoubira) genomes and the labeled isolates (purple color in Fig. 3) obtained
from the small intestine of Odocoileus virginianus could reveal a phylogenetic link within
the Cervidae family. This finding reinforces the hypothesis that certain STEC clones could
be adapted to specific hosts and share similar ecological niches (93).

Isolates 15F2 and 15F4 (O163:H19) showed a strong relationship with historical
isolates of the same serotype from various sources in the Americas. The coincidence with
the associated strains (depicted in violet in Fig. 3) suggests a wide geographic spread
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of this variant. The close relationship with IMP-871, isolated in Uruguay in 2004 from a
meat product, could indicate either the maintenance of this serotype in the country or a
reintroduction through various transmission routes (48).

On the other hand, the BI5 and CAVS123 isolates, obtained in 2022 and 2024,
respectively, clustered with multiple O174:H21 isolates, including human feces (Canada,
Netherlands, Germany), bovine feces (Canada, Chile, USA), and food (USA). Notably, the
0174:H21 strain BI5 was assigned to phylogroup E—the lineage typically associated with
enterohemorrhagic E. coli 0157:H7. The detection of phylogenetically related strains in
diverse hosts and environments supports the idea that STEC can disperse and adapt to
different epidemiological chains. The relationship of these isolates with those detected in
clinical cases confirms the zoonotic potential of these variants, emphasizing the need for
further studies to evaluate their pathogenicity and transmission mechanisms (94).

As for the relationship with the complete or partial presence of LAA island, phyloge-
netic analysis revealed distinctive patterns among the isolates. On the one hand, isolates
15F2 and 15F4 (0163:H19) showed a close relationship with previously described strains
from different geographical origins and sources, consistently harboring the complete
LAA island. This suggests that the LAA island has been conserved within the lineage,
potentially providing a specific adaptive advantage. In contrast, F112 and F114 (O15:H27)
genomes, closely related to Odocoileus virginianus isolates, lacked the LAA island. Its
absence could indicate an evolutionary loss or a failure in its acquisition. In isolates
BI5, CBVS84, and CAVS123 (0174:H21, O15:H49, and 091:H7), the LAA investigation
was inconclusive due to genome fragmentation in the insertion region. However, given
its phylogenetic relationship to strains on which the island has been identified, it is
presumed to be present in its complete form. All together, these results suggest that the
presence of LAA may be associated with specific phylogenetic lineages and influenced
by ecological factors or selective pressures in different hosts and environments.

A notable finding was the clustering of CBVS84 and CBVS85 isolates, obtained from
the same stream area. Despite sharing a recent common ancestor, these isolates exhibit
differences in their virulence and adaptation genes, which could indicate diversification
driven by environmental pressures or colonization in different ecological niches. In
contrast, CAVS18 and CAVS123 isolates showed significant genetic divergence despite
their geographical proximity. This suggests that, although both isolates may have shared
a common environment, they could have evolved independently or been introduced at
different times from different sources. This finding highlights the complex dynamics of
STEC isolates and suggests that multiple lineages can coexist and differentiate within the
same geographic region in short periods.

Although cgMLST distances exceeded the strict clonal threshold of 10 alleles, the
observed differences (12-32 alleles) were comparatively low considering the 20- to
30-year temporal gap. This may indicate limited variability whithin certain STEC lineages,
as has been described for 024:H11 ST29 (72). These results suggest that low allelic
differences over extended periods may reflect genome stability or the persistence
of specific clones across regions. Beyond our data set, integrating cgMLST with SNP-
based phylogenetics represents a complementary approach that strengthens resolution
and provides a broader framework to understand the evolutionary dynamics of STEC
lineages.

The diversity and prevalence of STEC in natural environments and wildlife underscore
the need for regular surveillance programs under a One Health approach. Integrat-
ing environmental, livestock, and wildlife monitoring could enable early detection of
emerging variants and strengthen prevention strategies. Given the discordance between
clinical epidemiological data and the frequent detection of STEC in food and environ-
mental reservoirs (91), systematic monitoring becomes crucial to better contextualize the
public health significance of these findings. These observatios are in accordance with our
actual work; however, the relatively small number of isolate requires future studies with a
broader temporal sampling and a higher number of sequences.
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Conclusion

Our findings reveal a diverse population of environmental STEC strains carrying
numerous genes that may contribute to adaptive and evolutionary advantages. These
strains differ genetically from the classical LEE-positive STEC previously reported in
Uruguay, which have been mainly associated with human clinical cases, bovine disease,
and foodborne contamination. Although one LEE-positive O157:H7 strain was detected
in a Sus scrofa specimen, most isolates belonged to alternative lineages, several of which
carried the LAA pathogenicity island. The detection of similar genomic features among
environmental isolates and those from wildlife and livestock highlights their circulation
across different host and ecosystems. These results point to the prevalence of distinct
LEE-negative lineages in natural settings and reinforce the importance of continued
surveillance within a One Health framework.
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