

















Evolution of E. coli in Wild Animals in Mexico
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FIG 4 Distribution of virulence factor genes. (A) Frequency of virulence factors genes across functional groups and taxonomic orders. (B) Phylogenetic
distribution of E. coli virulence genes across wild animal host species. The tree shows the tree of life for hosts, where major orders are shown in shaded
boxes. Bar plots show the frequency of genes. Horizontal box plots represent the distribution of virulence genes for strains recovered from each host

across host orders.

closely related to humans, such as avian species, were colonized by strains carrying a
high number of virulence factors (Fig. 4A and B), suggesting that the pattern is not sim-
ply a reflection of the higher frequency of human- and livestock-associated genes in
the database.

Because both the physiology and ecology of the host species can affect the viru-
lence factors encoded in the genomes of infectious bacteria, we examined the relation-
ship between the number of virulence genes in E. coli isolates colonizing wild animals
and the 45 such features in the panTHERIA database. A previous study on four viru-
lence genes revealed that the body mass of the host species can be positively linked
with the number of virulence factors present in the gut microbiome, and this was
attributed to the gut complexity (19). However, our analysis of many more virulence
genes showed no such correlation, considering either adult, neonate, or weaning body
mass (Fig. S4A). Only the terrestriality, i.e.,, adaptation to living on land (P=0.03;
Spearman's r = —0.18), habitat breadth (P=0.05; Spearman's r = —0.24), diet breadth
(P=0.02; Spearman's r = —0.26), and social group size (P=0.02; Spearman's r = 0.27)
of hosts correlated significantly with E. coli virulence gene counts. More diverse habi-
tats and diets of the hosts were associated with fewer virulence genes, and the forma-
tion of larger social groups was associated with more virulence genes in E. coli isolates
colonizing these hosts (Fig. S4A and B). Larger social groups, as observed in Carnivora,
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FIG 5 Sharing of serotypes and distribution of LEE genes and effectors genes across hosts. (A) Distribution of serotypes shared between E. coli isolates
colonizing wild hosts and known pathovars across taxonomic orders of hosts. (B) Distribution of typed and nontyped LEE families across taxonomic orders
of hosts. (C) Distribution of virulence genes and LEE effector genes in typed LEE-positive, untyped LEE-positive, and LEE-negative strains.

Artiodactyla, and Primates (Fig. S4C), are known to increase the social transmissions of
infectious agents, such as E. coli, in animal societies, which may facilitate the dispersion
of virulence genes among these infectious agents (20). Although a larger sample set is
needed to examine the impact of potential confounding factors, the findings further
support the idea that a complex network of host- and environment-related factors
shapes the genomic characteristics of commensal E. coli strains.

Certain E. coli serotypes, which reflect O, H, and K antigen variation, are recognized
to cause virulence in human- and livestock-associated infection. We found 53 and 14
serotypes to be shared between our E. coli strains colonizing wild animal hosts and
those in domestic animal and human infections, respectively (Table S1). In total, we
identified 71 distinct serogroups and 14 strains among E. coli isolates colonizing wild
animals that were not typeable according to known serotype patterns, further under-
scoring their broad diversity. The serogroups of 74 strains overlapped with those of
known pathovars, including non-O157 Shiga toxin-producing E. coli (STEC) (n=40),
enterotoxigenic E. coli (ETEC) strains (n=12), enteropathogenic (EPEC) strains (n=11),
and enteroaggregative E. coli (EAEC) strains (n=11), across hosts (Fig. 5A; Table S1).
The pathovars are recognized to have nonhuman sources and are known to be
acquired by humans via direct contact with either animals or their feces, in petting
zoos and on farms (for STEC), or through the consumption of contaminated water and
food (for EAEC and ETEC), as previously reported in Mexico (21, 22). ETEC is also an im-
portant cause of diarrhea in domestic animals, notably in calves and piglets (23). Two
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strains from our wild host collection shared serotypes with human-pathogenic strains
and contained the genetic virulence hallmarks of their associated pathovars. One strain
belonged to O111:H8, a clinically relevant enterohemorrhagic E. coli (EHEC) serotype,
and contained both the enterocyte effacement (LEE) pathogenicity island (PAI) and the
toxin stx, gene. This strain was recovered from a wild sheep close to a city. The other
strain belonged to 078:H34 and was isolated from a parakeet carrying EAEC virulence
genes, including the gene for the plasmid-encoded, heat-stable enterotoxin toxin
(EAST-1) and aatA and aggR, encoding a transporter of a virulence protein and a viru-
lence regulator, respectively (Fig. 5). The serogroup was recently isolated from free
pigeons in Brazil, showing the circulation of the pathovar among birds (24). None of
the 74 strains whose serogroups were associated with STEC and ETEC pathovars were
found to carry a toxin gene. Since our strains were recovered from feces, the virulence
ability of their shared serotypes outside the gut in wild hosts is unclear. However, our
findings are in line with the idea that virulent pathovars in food animals have emerged
as a result of the acquisition of virulence factor genes by isolates belonging to sero-
types of wild-host origin.

We found the pathogenicity island LEE, which is a hallmark of STEC and EPEC patho-
vars, in 21 of the E. coli lineages from wild-animal hosts, and these hosts belonged to
six different taxonomic orders (Fig. 5B; Table S1). The LEE encodes factors required for
the colonization of the human intestine (25). However, the absence of the plasmid car-
rying E. coli adherence factors (pEAF) led us to classify these isolates as atypical EPEC
(aEPECQ), an E. coli class that is widely spread across food animals and humans (26). Our
LEE-positive E. coli strains also harbored other virulence factors that are typical of EAEC
and extraintestinal pathogenic E. coli (EXPEC) pathovars and that affect pathogenicity
(Fig. 5C). This included genes normally located on STEC virulence plasmids, such as
pO157, pO26, espP, and nle, all of which were significantly more frequent among our
LEE-positive strains than among our LEE-negative strains (P < 0.001 for two-sided
Bonferroni-corrected Fisher's exact test) (Fig. 5C). We found that 2 and 11 strains, all in
the B1, E, and D phylogroups, carried the LEE2 and LEE3 variants, respectively, while 8
strains, mainly in the B2 phylogroup, carried a nontypeable LEE. All three locus types
were broadly distributed among host taxonomic families, in agreement with their ben-
efitting E. coli colonization of animal guts in a general sense, as previously proposed
for bovine hosts (13). Our findings also agree with the virulence ability of aEPEC strains
spanning a broad host range and with the idea that virulence in STEC and EPEC strains
has evolved by commensal strains acquiring virulence factors sequentially (26). We
also identified a set of ExPEC-associated genes, encoding toxins (pic, sat, and vat), iron
uptake (iroN and iha), and serum resistance (iss) proteins (Fig. 5C). Whether the pres-
ence of these genes is sufficient for a strain to cause sepsis or bacteremia is unclear,
since the transition between asymptomatic colonization of the guts to the spreading
of the bacteria into the bloodstream strains is poorly understood for EXPEC strains (27).

We tested the sensitivity of our collection of E. coli isolates from wild animal hosts
to antibiotics in common use against human E. coli infections and found them to be
mostly sensitive, except that 65% of the strains were resistant to ampicillin (Table S1).
Their general susceptibility to antibiotics agrees with the lack of historical exposure of
E. coli colonizing wild animals to therapeutic levels of antimicrobials. However, despite
their general sensitivity to antibiotics, we found a range of AMR genes against beta-lac-
tamase, aminoglycosides, sulfonates, and ciprofloxacin in the genomes of different E.
coli lineages colonizing different host species (Fig. S5). This discordance between AMR
phenotypes and genotypes points to regulation mechanisms or other epistatic effects
that reduce the phenotypic penetrance of these resistance genes. The genomic con-
text of these AMR genes turned out to be diverse, with genetic linkage to a range of
phage genes and insertion sequence (IS) elements, including to 1S91 and IS10. For AMR
genes located on sufficiently long contigs, we explored the genomic context and
found similarity with broad-host-range Col plasmid (n=21) and chromosomal (n=3)
regions. The genomic contexts varied across host species; for example, while one strain
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from a member of the Pilosa, a placental mammal, harbored a distinct AMR gene cas-
sette consisting of tet, str, and sul genes, we found the AMR genes of four other strains,
from different mammalian species, to be sporadically distributed across the genomes.
Besides plasmid-borne resistance determinants, we identified a set of ciprofloxacin re-
sistance mutations in the parE, parC, and gyrA genes which emerged independently
across lineages (Fig. S5). The strains had been recovered from Carnivora, Rodentia, and
Passeriformes species. Four of the isolates belonged to the clinically relevant 017/77:
H18 serotype, which forms a highly relevant pathogenic group in phylogroup D that
was a clinical threat in the 1990s, predominantly in North America (28). Ciprofloxacin
was introduced into clinical settings in the 1980s (29), prior to the sampling time pe-
riod of our collection. The presence of ciprofloxacin resistance determinants in wild
hosts, therefore, suggests that either rapidly emerging resistance was transmitted from
wild hosts into human settings prior to the sampling time period or resistance preex-
isted in wild-host reservoirs.

DISCUSSION

We examined a collection of E. coli strains in wild hosts in Mexico to understand the
regional genomic epidemiology of these strains. We integrated available data on the
host species with the E. coli whole-genome sequencing data to understand the host-
associated population structure in the collection. Despite the limited size of the collec-
tion and its regional nature, we found it to be genetically diverse, containing represen-
tatives from all major phylogroups of E. coli. We also found some of our strains to
belong to local E. coli populations also colonizing lineages of domesticated/companion
animals in the region. Moreover, some of our wild-animal strains harbored virulence
and AMR genes that they shared with lineages identified as pathogenic to human and
livestock animals.

The absence of strong evidence for transmission of E. coli from wild animals, pre-
dominantly in Mexico, to human hosts suggests that wild hosts are not immediate
infection sources in human outbreak networks in the region. However, as our sampling
of E. coli isolates colonizing wild animals in the region is far from exhaustive, we cannot
exclude the possibility that such transmissions have occurred. The problem of nonex-
haustive sampling is prevalent in genomic epidemiological studies, most of which
have reported a clear genetic distinction between E. coli isolates found in humans,
food animals, and other sources and few incidents of E. coli transmission between
them (30-32). The problem is an issue not only of sample size but also of the breadth
of sources from which they are obtained, and expanding both such that strong conclu-
sions can be drawn from these negative results will remain a challenge.

We note that since our strains were recovered from feces, we are unable to ascer-
tain whether the presence of pathovar-associated genes in human and livestock strains
is sufficient to cause virulence, when introduced into the bloodstream in wild hosts.
However, our findings are consistent with E. coli isolates that colonize wild-animal
hosts serving as a source/sink for known pathogenic strains, serotypes, and genes.
Nonhuman origins for human EPEC strains were reported in a recent large-scale
genomic study, but the study examined only livestock sources (13). Our results comple-
ment these findings and suggest that evolution of virulent strains in some cases can
be traced back to wild-animal sources, highlighting the role of E. coli host diversity in
facilitating human infections. Besides virulent strains, our results demonstrate that wild
animals serve as reservoirs for antibiotic resistance and virulence genes and that these
can be transmitted to strains acting as human pathogens. This is in line with a recent
study that also demonstrated a major role of horizontal gene transfer (HGT), through
mobile genetic elements, in the recent spread of beneficial E. coli genes across niches
in Australia (8). A more dominant role of HGT, compared with mutations arising de
novo in the core E. coli genomes, was also shown in an in vivo study on the coloniza-
tion of the mouse gut by commensal E. coli strains (33).

Besides the limitations in scope imposed by sample size, we did not examine the
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intrahost diversity of E. coli strains. Genetically distinct strains reside within the gut, and
the genetic composition of E. coli genomes varies systematically across the different
regions of the gut. One or two resident E. coli clones most often dominate the microbial
community of the gut of any one individual (34), and the strains recovered from each spe-
cies in our study are likely to correspond to one such clone. However, different clones may
dominate in different individuals of the same species, and a broader sampling of each
host species is therefore required to better understand the E. coli-host species interaction.
Multisite sampling of individuals would also allow us to examine whether virulence genes
present in the dominant clone confer any fitness advantage over other clones and
whether these advantages persist across the species or even across larger taxonomic dis-
tances. Our study also neglected the degree of expression of antibiotic and virulence
genes (35), which helps determine the extent to which they exert their function and which
could shed light on the discordance between the presence of such genes in the genome
and the absence of an evident functional activity, in terms of antibiotic resistance.

Studies on E. coli genomics have largely focused on pathogenic clinical strains
under therapeutic conditions. However, to understand the evolutionary trajectories
from commensalism to pathogenicity, we must also decipher the genetics of com-
mensalism. Ours is one of a growing number of studies that focus on E. coli's nonhu-
man natural habitats and that seek to describe the distribution of genes and properties
in the global population of E. coli strains. The insights from these studies not only facili-
tate the diagnosis and tracking of infectious E. coli strains at an epidemiological level
but also may help to pinpoint genetic biomarkers for pathogenicity, which are poten-
tial targets for the development of therapeutic agents.

MATERIALS AND METHODS

Strain acquisition, sequencing, and genome assembly. We acquired a systematic collection of
commensal E. coli isolates from a previous study (5). The collection comprised 119 fecal strains from
hosts belonging to 55 animal species, 31 families, and 16 orders. Of these, 110 and 9 strains were from
mammals and birds, respectively. Also, 110 strains were recovered from Mexico and the rest were iso-
lated in Venezuela and Costa Rica during the 1990s. The antimicrobial susceptibility testing was con-
ducted on the whole collection for 8 antimicrobials clinically approved for treating E. coli infections,
including beta-lactams (ampicillin, cefotaxime, ceftazidime, cefuroxime, and cephalothin), aminoglyco-
sides (gentamicin and tobramycin), ciprofloxacin, and trimethoprim, as described in reference 36. The
full description of the strains with metadata is available in Table S1.

DNA was extracted with the QlAxtractor (Qiagen) kit according to the manufacturer’s instructions.
We prepared lllumina sequencing libraries with a 450-bp insert size and performed sequencing on an
lllumina HiSeq2000 sequencing machine with paired-end read lengths of 100 bp. Ninety-six samples
were multiplexed to yield an average depth of coverage of ~85-fold. Reads were then assembled and
improved with an automated pipeline, based on Velvet with default parameters. Assemblies were anno-
tated with an improvement assembly and Prokka-based annotation pipeline, respectively (37-39).
Details on assembly statistics, access codes for annotated assemblies, and gene annotations are avail-
able in Table S1. Roary, with the sequence identity value of 95% for orthologous groups, was used to
create a pan-genome from annotated contigs (40). The Roary output file is available on the GitHub direc-
tory for the project (www.github.com/dmoradigaravand/WildHostEcoliMexico). Roary identified 24,060
genes, composed of 2,855 genes in the core genome (present in at least 99% of strains), 357 genes in
the soft core genome (present in 95% to 99% of strains), 2,141 genes in the shell genome (present in
15% to 95% of strains), and 18,707 genes in the cloud genome (present in up to 15% of strains).
Multilocus sequence typing was performed on assemblies using a publicly accessible typing tool and
database (www.github.com/sanger-pathogens/mlst_check) with default parameter values to identify
sequence type (ST) clones. Multilocus sequence typing (MLST) results are provided in Table S1. We iden-
tified phylogroups using ClermonTyping (41).

We contextualized our collection with E. coli strains from the environment, livestock/domesticated
animals, and humans in the publicly available Enterobase data set (https://enterobase.warwick.ac.uk/).
Since we were primarily interested in recent evolution and transmissions between E. coli in wild hosts
and other hosts, we retrieved genomic data and metadata for all strains with an identical ST with at least
one strain in our collection on 26 April 2020. We included only strains for which prior consent was
obtained from the strain’s owners. In total, genomic data for 1,868 strains were retrieved. The accession
numbers and associated metadata are provided in Table S2. We then classified strains based on their
source of isolation, i.e., environment, livestock/domesticated animals, and human associated. We used
the above-mentioned pipeline to assemble the paired-end short reads and annotate the assemblies for
external samples.

We also examined the genetic relatedness between our strains and 138,507 E. coli strains, available
on the NCBI Pathogen Detection database (www.ncbi.nlm.nih.gov/pathogens) on 4 December 2020. We
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determined whether our strains fell in any SNP cluster, i.e., isolates that differ by <50 SNPs, with external
strains from wild-animal, food animal, and human hosts. Assuming a substitution rate of two SNPs/year
(42) for E. coli genomes, the SNP distance of 50 corresponds to 25 years. The accession numbers for these
clusters, which are indicative of recent divergences, are provided in Table S1. In addition to our strains,
we also examined a total of 22 external strains from wild hosts of Mexican origin in the NCBI database to
detect whether they are closely related to any other strain from human or food animal hosts. The acces-
sion numbers for these strains and their origins are provided in Table S1.

Mapping, variant calling, and phylogenetic analysis. We mapped short-read sequences to the E.
coli K-12 sequence (Biosample ID SAMN02604091), with SMALT v 0.7.4 (https://www.sanger.ac.uk/tool/
smalt-0/), with a minimum score of 30 for mapping. SAMtools and BCFtools were then employed to
annotate SNPs (43). SNPs at sites in which SNPs were present in less than 75% of reads were excluded.
We extracted SNPs from the core-genome alignment produced by Roary and mapped them to the E. coli
K-12 reference genome using the script available at https://github.com/sanger-pathogens/snp-sites. The
SNP alignment file for the core genome is provided in the GitHub directory (www.github.com/
dmoradigaravand/WildHostEcoliMexico).

Because E. coli genomes are too divergent to map to a single genome, we adopted an alignment-
free approach to analyze the phylogenetic tree for the collection composed of wild-type and external
strains. To this end, we first enumerated k-mers with a size of 50 from assemblies with the frequency-
based substring mining (fsm-lite) package (www.github.com/nvalimak/fsm-lite). We subsequently
counted the number of identical k-mers for pairs of isolates to produce a similarity matrix, which was
then converted into a distance matrix. The distance matrix was used as input for the ape (44) and phan-
gorn (45) packages to produce a neighbor-joining phylogenetic tree. The tree was visualized with iTOL
(46) and Figtree (http://tree.bio.ed.ac.uk/software/figtree/).

Virulence factors, antimicrobial resistance gene identification, and in silico serotyping and LEE
typing. Virulence factors and antimicrobial resistance genes were identified with the VirulenceFinder
and ResFinder (both chromosomal and plasmid-borne genes) online servers (https://cge.cbs.dtu.dk/
services/) using the Virulence Factor Data Base (VFDB) (47) and ResFinder database (48), respectively. We
employed a loose similarity and a minimum length cutoff of 60% to ensure that divergent genes were
detected. We merged the set of identified genes with those reported on the NCBI Pathogen Detection
database, i.e,, AMRFinderPlus, for our strains (49). We used the virulence gene panels defined in referen-
ces 13 and 27 for E. coli pathovars to determine the pathogenicity of strains from human and food ani-
mals. We provide the list of identified resistance and virulence factors in Table S1.

The genomic context of the AMR genes was explored in two ways. First, we searched the nucleotide
database to find similar annotated genomic regions with the contig that contains the resistance gene with
BLASTN. Second, to further examine whether genes are located on the plasmid or the chromosome, we
also utilized PlasmidSPAdes (version 3.9.0) (50) to first reconstruct plasmid assemblies and then screened
the contigs for the AMR gene with BLAST, as part of the assembly graph viewer Bandage (51). We identi-
fied LEE and serotypes with the typing method in the srst2 package, using a similarity threshold of 60%.
We then confirmed the presence of virulence factor genes by running BLASTN against assemblies. For the
O antigens produced by the Wzy-dependent pathway, variations in the unique genes wzx (encoding an O-
antigen flippase) and wzy (encoding an O-antigen polymerase) were examined (21). For the ABC trans-
porter-dependent pathway, variations in wzm (encoding an O-antigen ABC transporter permease gene)
and wzt (encoding an ABC transporter ATP-binding gene), involved in O-antigen synthesis, were studied.
All the databases for typing are available in the srst2 package, and results of typing are provided in
Table S1. To link serotypes with pathovars, we conducted a search in available online literature sources on
26 April 2020 to find whether the serotype has been reported in association with a pathovar. The links to
sources are provided in Table S1.

Association with ecological and taxonomical attributes of host species. We obtained the tree of
life for the wild host species with the R package rotl (22) and visualized the concordance between the
host tree and the core genome tree of colonizing E. coli strains with Dendroscope (52). We used the
treedist function in the ape package to compute the distance matrix from the phylogenetic tree. For E.
coli strains, the distance matrix was obtained from pairwise Hamming distances between core genome
sequences. We then used a Mantel test with 1,000 permutations as part of ade4 package (53) to assess
the correlation between the distance matrices for E. coli genomes and that for host species. To compute
the difference between the phylogenetic trees of E. coli strains and hosts, we used the treedist function,
as part of the phangorn package in R. By doing so, we computed the square root of the sum of squares
of differences in path length between each pair of tips in two trees (54). The path is defined as the num-
ber of edges within the tree that must be traversed to navigate from one tip to the other.

We dissected the relationship between virulence ability, measured as the total number of virulence
genes, and ecological and physiological attributes of each host species in the panTHERIA database (55).
The database includes a comprehensive species-level data set of life history and ecological and geo-
graphical traits of all known extant mammals. Spearman’s rank correlation coefficient values were com-
puted to assess the significance of the correlation between virulence gene count and attributes.

Positive selection analysis. We analyzed positive selection by reconstructing the ancestral
sequence for each gene in the core genome, identified by Roary, with FastML using the general time-re-
versible (GTR) model as the evolutionary model for nucleotide substitution (56). Subsequently, the
seqinR 1.0-2 package (57) was employed to compute the K, and K values for each strain, in comparison
to the ancestral sequence. We left out the strains with no synonymous changes, i.e., a K, of 0. For func-
tional enrichment analysis, COG (clusters of orthologous groups) categories of genes were extracted
from the annotation by Prokka and assigned to functional classes. We used COG categories (functional
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groups) for Escherichia coli K-12 substrain MG1655 on https://www.ncbi.nlm.nih.gov/research/cog/. We
repeated the analysis on genes that were present in 3,529 strains, which corresponds to >70% of strains.
The results of positive selection analysis for these genes are detailed in Table S3.

Bayesian analysis. We constructed a Bayesian tree using BEAST (58) to date the recent mixing
between E. coli from wild hosts and other strains in a clone in the B1 phylogroup. The clone was identified
with the clustering tool in the adegenet package (59). To this end, we used the pairwise SNP distance ma-
trix, reconstructed from multiple alignment of genomes mapped to the reference genome. We then used
the gengraph function as part of the adegenet package to compute the clusters in the population. The
function is based on hierarchical clustering of the pairwise SNP distance measures and involves a hyper-
parameter for the number of clusters. To tune the hyperparameter, we screened the SNP cutoff value for
identifying clusters in the wild host and global collection and used the clustering that remained
unchanged for the highest number of SNP cutoff values. As a result, the most robust clones were identi-
fied. In total, we found 90 clusters, including 14 clusters consisting of a total of 158 strains. These 14 clus-
ters belonged to the phylogroup B1 and contained a high number, i.e,, 30/119, of E. coli strains from wild
hosts. We then extracted the genomes of these strains from the multiple alignment.

The multiple alignment encompassed 2,176 variant sites and included 128 strains from the global
collection. We ran Gubbins (60) with 5 iterations to remove hypervariable sites from the genome align-
ment and produced a neighbor-joining phylogenetic tree. To assess the strength of the temporal signal,
we plotted the root-to-tip distance versus year of isolation and performed 10,000 bootstraps with
randomized years to attain a distribution for R? values. Subsequently, we compared the R? value for the
data distribution with the simulated distribution. The temporal signal for the data set was stronger than
95% of signals for bootstrapped samples. We provided the SNP alignment file for the strains the clade in
the GitHub directory (www.github.com/dmoradigaravand/WildHostEcoliMexico).

The multiple alignment was then used as input for BEAST. We examined a range of prior models,
including a strict molecular clock and a log-normal model of a relaxed molecular clock with constant
population size. Markov chain Monte Carlo (MCMC) simulations were performed three times for 50 mil-
lion generations with sampling every 10 generations. A cutoff 100 was chosen for the effective sample
size (ESS) of key parameters, i.e., the substitution rate, the tree root height, and the population size, for
the convergence of simulations. We used TreeAnnotator v1.10.4 to aggregate trees after removing 0.2 of
the tree as the burn-in phase. The 95% highest posterior interval (HPI) was used to report the certainty
on ages of ancestral nodes.

Data availability. Short-read data were submitted to the European Nucleotide Archive under the
BioProject accession number PRJIEB23294.
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