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ABSTRACT The emergence of multidrug-resistant Escherichia coli ST131 is a major
worldwide public health problem in humans. According to the “one health” approach,
this study investigated animal reservoirs of ST131, their relationships with human strains,
and the genetic features associated with host colonization. High-quality genomes origi-
nating from human, avian, and canine hosts were classified on the basis of their acces-
sory gene content using pangenomic. Pangenomic clusters and subclusters were specifi-
cally and significantly associated with hosts. The functions of clustering accessory genes
were mainly enriched in functions involved in DNA acquisition, interactions, and viru-
lence (e.g., pathogenesis, response to biotic stimulus and interaction between organ-
isms). Accordingly, networks of cooccurrent host interaction factors were significantly
associated with the pangenomic clusters and the originating hosts. The avian strains
exhibited a specific content in virulence factors. Rarely found in humans, they corre-
sponded to pathovars responsible for severe human infections. An emerging subcluster
significantly associated with both human and canine hosts was evidenced. This ability
to significantly colonize canine hosts in addition to humans was associated with a spe-
cific content in virulence factors (VFs) and metabolic functions encoded by a new patho-
genicity island in ST131 and an improved fitness that is probably involved in its emer-
gence. Overall, VF content, unlike the determinants of antimicrobial resistance, appeared
as a key actor of bacterial host adaptation. The host dimension emerges as a major
driver of genetic evolution that shapes ST131 genome, enhances its diversity, and favors
its dissemination.

IMPORTANCE Until now, there has been no indication that the evolutionary dynamics
of Escherichia coli ST131 may reflect independent and host-specific adaptation of this
lineage outside humans. In contrast, the limited number of ST131 reports in animals
supported the common view that it rather reflects a spillover of the human sector. This
study uncovered a link between host, ST131 population structure, and virulence factor
content which appeared to reflect adaptation to hosts. This study helps to better
understand the reservoir of ST131, the putative transmission flux, associated risks and
the evolutionary dynamics of this bacterial population and highlights a paradigm in
which host colonization stands as a key ecological force of the ST131 evolution.

KEYWORDS ST131, Escherichia coli, population structure, extended-spectrum beta-
lactamase, antibiotic resistance, virulence, veterinary microbiology, veterinary
epidemiology, genome analysis, host colonization, one health, population genetics,
virulence factors
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ultidrug-resistant (MDR) Escherichia coli of sequence type 131 (ST131) has rapidly

and globally disseminated over the last decades in human medicine, becoming
the dominant MDR bacteria responsible for extraintestinal infections across the world
(1-3). E. coli ST131 is therefore regarded as a major threat to human health given its
high antimicrobial resistance (AMR) level and the broad spectrum of infections it
causes (3).

Single nucleotide polymorphism (SNP)-based genome analysis defined three ST131
clades and subclades (4-7). They also differed by the content in accessory genes
involved in AMR and virulence. The predominant subclade C2 harbor mutations in the
gyrA/parC genes conferring resistance to quinolones and extended-spectrum S-lacta-
mase (ESBL)-encoding gene blacry .15 (4-9). Initial findings on accessory virulence fac-
tors (VFs) define ST131 as extraintestinal pathogenic E. coli (2, 9-11). However, the dis-
tribution of VFs within ST131 remains poorly known, and VF content may rely more on
persistence in the host rather than by conferring disease and probably results from a
fine tuning of the VF content (12, 13).

Reports on E. coli ST131 agree with a much lower prevalence of ST131 outside the
human sector (14). In animals, data are fragmented, and most of them report ST131
isolates from avian sources (4, 15-17) and companion animals (2, 18). Factors involved
in host colonization and the role of these reservoirs in the evolutionary dynamics of
ST131 lineages have not been investigated.

In this study, we showed how AMR and VF networks connected ST131 lineages to
hosts, thereby providing new information on factors involved in host colonization. We
also identified a emerging ST131 lineage strongly associated with the canine host,
which underscores the impact of host diversity in the evolutionary dynamics of ST131.

RESULTS

Phylogenomic classification of genomes. We gathered a data set of 800 high-qual-
ity ST131 E. coli genomes originating from three main hosts (avian, n = 140; canine, n =
100; human, n = 508) and seven geographic areas (see Table S1 in the supplemental
material). Core genome SNP-based phylogeny and clade assignation (here termed phy-
logenomic classification) showed the clades and subclades (see Fig. S1) previously
reported (4-8, 19). Interestingly, the calculation of host trait heritability (20) revealed
that 75, 88, and 35% of host variance could be explained by genome variance for
human, avian, and canine hosts, respectively. Our ST131 E. coli genome data set there-
fore contained significant information explaining host colonization.

Pangenomic classification of genomes. Since the accessory genome may include
crucial genes for bacterial adaptation, we conducted a pangenomic analysis of the
ST131 E. coli genomes to extract accessory genes. The partitioning of ST131 genomes
based on accessory genes revealed three major clusters (Cl1, CI2, and CI3) subdivided
into nine subclusters (ClI1.1, CI2.1 to CI2.5, and CI3.1 to CI3.3) (Fig. 1; see also Fig. S2)
supported by Adonis tests (P value of <0.001). Using correlation index as a metric, clus-
ters overlapped with clades at 91%, whereas subclusters only overlapped with sub-
clades at 61% (Fig. 2a). Subcluster CI3.3 formed a new entity, including human and ca-
nine strains harbored by a phylogenetic branch of subclade C2. Subcluster Cl3.2
included the predominant clades C1 and C2 (except strains Cl3.3), subclade B4, and
strains from B5. Cluster CI2 corresponded to most clade B and corresponding subclus-
ters except B4 and B5 strains. Cluster 1 and subcluster 1.1 corresponded to clade A.
Table S2 summarizes subcluster-subclade relationships and key features of both classi-
fications. The pangenomic classification was globally consistent with the phylogenetic
tree but provided a novel classification related to accessory gene distribution.

Host and pangenomic classification. The ST131 hosts were linked to the pange-
nomic clusters by a Cramer’s correlation index of 60% and of only 42% for the clades.
We therefore investigated the significant links (false discovery rate [FDR]-adjusted P
value of <0.05) between hosts, clusters, and subclusters (Fig. 2b to d). The avian source
was significantly associated with cluster CI2 and corresponding subclusters (Fig. 2b
and c¢), which gathered 96% of avian strains. A total of 77% of the CI2 strains were from
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FIG 1 Pangenomic classification of ST131 genomes based on their accessory gene content. Clusters
(a) and subclusters (b) were inferred from MCA and PAM clustering. The ellipses are 95% confidence
ellipses.

avian hosts, while only 16% were from human hosts. Conversely, human host was asso-
ciated with the other clusters Cl1 and CI3 (Fig. 2b), which combined >90% of strains
isolated from humans. Subclusters CI1.1, CI3.1, and CI3.2 and, to a lesser extent, CI3.3
were significantly associated with human hosts (Fig. 2c). The canine hosts exhibited a
similar distribution among the clusters and clusters, suggesting a cross-transmission
between human and dogs. However, CI3.3 was the only subcluster significantly associ-
ated with canine hosts, showing a significant enrichment in canine hosts within sub-
cluster CI3.3 (Fig. 2¢). CI3.3 was undetected before 2010, and its rate increased (~3%/
year) among the CI3 strains between 2010 and 2015 (Fig. 2d), suggesting that these
strains, isolated in Europe, Asia, and North America, were emerging among ST131.
Overall, there was not a strict specificity of clusters or subclusters for host, but there
were significant and preferential associations.

Distribution of VFs among clusters and subclusters. A total of 9,407 genes were
involved in the clustering of ST131 genomes (permutation test, FDR-adjusted P value
of =0.05; see Fig. S3). The functions significantly purified from these clustering genes
were housekeeping functions (Fig. 3a). Enriched GO terms corresponded to functions
involved in virulence and host interactions (Fig. 3b). We therefore investigated the dis-
tribution of VFs among the clusters and subclusters to explain their ability to colonize
different hosts. The resulting binary matrix revealed 32 persistent VFs and VFs signifi-
cantly associated with the pangenomic clusters (Fig. 4).

Fifteen VFs were preferentially associated with cluster CI2 strains, which exhibited
the most distinct VF profile. Seven VFs had both a sensitivity and specificity of associa-
tion higher than 70% and are well-known VFs of avian pathogenic E. coli (APEC) (21).
The association of APEC VFs with cluster CI2 strains agreed with their preferential
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FIG 2 Relationships of pangenomic classifications of ST131 genomes with originating hosts. (a) Pangenomic clusters and
subclsuters in the context of the SNP-based phylogenetic tree and associated data as rings (R) numbered from the inner to the
outside. (b) Index of correlation (IndVal) and prevalence (%) of clusters Cl1 to CI3 with originating hosts. (c) IndVal association
index of subclusters CI1.1 to CI3.3 with the hosts. (d) Subcluster CI3.3 rate among cluster CI3 between 2008 and 2015 within
canine hosts. The IndVals are reported as pie charts. The significant associations are indicated by black dots (permutation test,
FDR-adjusted P value of <0.05). The prevalence of cluster Cl1 is reported as blue bars, that for cluster CI2 is reported as red bars,

and that for cluster CI3 is reported as green bars.

association with avian hosts and their rare isolation from humans. Cluster CI1 differed
by significant associations to four VFs, and cluster CI3 differed by significant associa-
tions to eight VFs (Fig. 4). However, strains of cluster CI1 and CI3 shared six significantly
associated VFs that can explain their similar affinity for humans.
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FIG 3 (a and b) Significantly purified (a) and enriched (b) GO terms among the GO annotations of
9,407 accessory genes significantly involved in the clustering of ST131 strains. The enrichment factors
are the ratio of GO term frequencies in the clustering genes and in the whole pangenome. Inversely,
the purification factors are the ratio of GO term frequencies in the whole pangenome and in the
clustering genes. GO IDs are indicated with the corresponding definitions. The enrichment and the
purification in GO terms were assessed by Fisher tests. The P values were adjusted for multiple
testing by the FDR procedure (variable significance: *, P < 0.05; **, P=<0.01; ***, P=<0.001).

The number of VFs significantly associated with the subclusters (see Fig. S4) varied
between 11 and 18; the richest subcluster being subcluster CI3.3 (Fig. 5). The count of
VFs shared by the subclusters uncovered a high number of VFs accumulated for the
subcluster ClI3.3, which was identified as a main cluster of canine strains, and for the
combinations of subclusters associated with avian and human hosts (Fig. 5). The con-
sistent relationships between VF distributions among subclusters and hosts suggests a
host-associated selective pressure shaping VF content.

Networks of VFs among clusters and subclusters. The combinations of VFs signif-
icantly associated with subclusters and hosts (permutation test, FDR-adjusted P value
of <0.05) using a network approach based on Jaccard’s correlation coefficient (Fig. 6a).
Three VF networks emerged from the data. The first network showed a high density of
strong and significant connections within VFs and with all CI2 subclusters, which were
also strongly and similarly linked to the avian source. Conversely, it was scarcely con-
nected to the other VF networks, subclusters, and hosts, showing that strains Cl2
clearly diverged by VF content. The second VF network was a weakly structured and
connected to subclusters Cl1.1, CI3.1, and CI3.2 to CI3.3, which were linked to human
host. The subcluster CI3.2, which was the strongest subcluster connected to the VF net-
work, was also the subcluster most strongly linked to the human source, suggesting
that the presence of the VF network enhances human colonization. The third network
was densely structured and only connected to subcluster CI3.3. CI3.3 shared therefore
links with two VF networks, showing that the CI3.3 strains accumulate VFs that could
explain its association with both human and canine hosts.

The genes included in the VF network specific to CI3.3 were localized on the same
contig and constituted a pathogenicity island (PAI) (see Fig. S5a). In addition to VF genes,
the PAl-encoded genes involved in fermentative and ethanolamine metabolisms, which
are important for bacterial growth and gut colonization (12, 22). Accordingly, the growth
of CI3.3 strains provided higher CFU rates than CI3.2 strains after overnight incubation at
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FIG 4 VFs were significantly associated with the pangenomic clusters using IndVal as an association metric. (a)
VFs preferentially associated with cluster Cl1; (b) VFs preferentially associated with cluster CI2; (c) VFs
preferentially associated with CI3 and (d) Venn’s diagram reporting VFs significantly associated with the clusters
and their combinations. The IndVals are reported as pie charts, and the significant values (adjusted P value of
=0.01) are indicated by a black dot. The significance was assessed by permutation tests, and the P values were
adjusted for multiple testing by the FDR procedure. The prevalence of VFs within each cluster is indicated as a
bar plot (CI1 in blue, CI2 in red, and CI3 in green).

37°C in Luria-Bertani broth (see Fig. S5b). In a conventional mouse model, where the ani-
mals were orally infected with 108 CFU, CI3.3 isolates were recovered at higher rates from
the feces than were CI3.2 isolates (see Fig. S5c). CI3.3 thus has specific features that
improve its fitness and could favor its emergence.

Distribution of AMR genes among ST131 clusters and subclusters. AMR genes
were significantly associated with one or two ST131 clusters (see Fig. S6). CI2 did not
share AMR markers with the other clusters, and the prevalence of AMR genes was
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adjusted for multiple testing by the FDR procedure (statistical significance, adjusted P =< 0.01).

overall lower in this cluster than in the others. The most prevalent AMR genes were the
tet(B) and tet(D), which target antibiotics frequently used in veterinary medicine. In
contrast to CI2, CI1 and (mainly) CI3 strains accumulating AMR genes target antibiotics
that are critical and widely used in human medicine (see Fig. S6). The numbers of AMR
genes significantly associated with subclusters were heterogeneous and varied
between 0 and 16 (see Fig. S7 and S8 in the supplemental material). The co-occurrence
of AMR genes and their associations to subclusters and hosts revealed three AMR net-
works (Fig. S6b). Two were well structured by dense and strong links; one was signifi-
cantly linked to CI3.2 and Cl3.3, and the second was significantly linked to Cl2.4 and
Cl2.5. However, all subclusters were not linked to AMR networks.

DISCUSSION

Until now, there has been no indication that the evolutionary dynamics of ST131
reflect an independent and host-specific adaptation of this lineage outside humans. In
contrast, the limited number of ST131 reports in animals support the common view
that it rather reflects a spillover of the human sector. This study uncovered a link
between host, ST131 population structure, and VF content. Host colonization requires
hijacking host colonization resistance systems, which differ among hosts (23). The
changes in VF prevalence among hosts may reflect adaptations to these constraints,
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since the primary role of VFs is to establish commensal relationships with the host
rather than virulence per se (24).

The strains preferentially hosted by humans were linked to a sparse VF network,
showing less need for specific VFs in human colonization. Accordingly, human strains
were observed in all clades and clusters. Previous studies have established humans as
the preferential host of ST131 (2), and humans are indeed the preferential host of clade
A ST131 strains, which are rooting the ST131 phylogenetic tree (4-6, 8). Human coloni-
zation is therefore an old and intrinsic feature of ST131. However, the density and the
strength of connections between VFs and the clusters strongly associated with humans
(CI3.2) increased with the association intensity of clusters with human hosts, suggest-
ing that accessory VFs enhance human colonization and can explain the ecological
success of subcluster ClI3.2 (MDR subclades C1 and C2) in humans.

Within the core-genomic clade B, previously identified as a foodborne uropathogen
(16), we identified subclusters preferentially associated with avian hosts, essentially
poultries. These subclusters shared a specific VF network, suggesting that the avian ec-
ological niche generates selective pressure to maintain the coexistence of specific VFs.
These VFs have been previously observed in avian pathogenic E. coli and E. coli strains
responsible for severe human infections such as sepsis and neonatal meningitidis (21).
These pathovars, responsible for systemic infections in avian species and more rarely in
humans, are similar and two faces of the same pathovar (21). Human invasive infec-
tions by ST131 may be therefore a coincidental by-product of ST131 adaptation to
avian habitat. The results also show that avian hosts are the preferred reservoir for
these invasive strains and humans and that an occasional host that could be infected
through contacts with avian reservoirs.
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A novel subcluster, CI3.3, was significantly associated with canine hosts. The preva-
lence of these strains increased rapidly in our data set between 2008 and 2015 in
humans and even more in canine hosts. Most strains were collected from Europe (71%,
n=44) and France (53%, n=33), so further studies are needed to assess whether there
is truly a heterogeneous prevalence among geographic areas or whether this overre-
presentation is specific to our collection. Although CI3.3 strains are closely related to
the human subcluster CI3.2 (both belong to clade C2), they contained a specific PAl in
the ST131 population. This PAl is related to those reported in adherent-invasive E. col,
which are highly competitive E. coli in the context of the gut (21). Preliminary results
on the in vitro growth, as well as the in vivo survival, in the digestive tracts of mice
showed that the CI3.3 isolates reached higher CFU rates and survived better in mice
than CI3.2 isolates. This PAl may therefore enhance host colonization and explain CI3.3
emergence. The constraints resulting from canine host colonization may have been an
evolutionary force that shaped the emergence of this new lineage in ST131 and tied it
to the ST131 population structure.

The heritability suggested that bacterial genomes contained significant information
explaining dog colonization. Accordingly, the genotype corresponding to subcluster
3.3 was enriched in canine hosts. However, this heritability was lower than for humans
and avian hosts, showing that other major factors, independent of the genome, may
be involved in dog colonization. Except for the overrepresentation of subcluster 3.3,
the distribution of subclusters in canine hosts was closely related to that in humans, in
agreement with previously reported data (25). An increase in multiresistant E. coli ge-
notypes was also demonstrated for farmers and employees in direct contact with
broilers (26). Close and direct contacts with animals, especially with pets, probably
favor human-animal cross transmissions. The impact of such transmissions may be lim-
ited for the avian hosts, which are food-producing animals living at distance of most
humans, but can explain the similarity in ST131 subclusters that we observed in
humans and canine hosts.

Distinct cooccurring AMR networks were also preferentially associated with differ-
ent ST131 hosts. However, unlike VF networks, they appear to be not required for host
colonization, since they are absent from several ST131 clusters. This observation agrees
with a previous study stating that AMR is not a major driver of ST131 ecological suc-
cess (9). AMR genes targeting molecules widely used in humans, such as fluoroquino-
lones and third-generation cephalosporins, were preferentially observed in strains orig-
inating from human hosts. In contrast, AMR genes targeting molecules widely used in
veterinary medicine, such as cyclins, were preferentially observed in strains originating
from avian hosts. AMR profiles are therefore probably the consequence of host-associ-
ated antibiotic selective pressure. Since VFs appear as major factors of host coloniza-
tion, AMRs may therefore emerge in hosts secondarily as a response to antibiotics
administered to hosts. They appear as second-line adaptation factors and can conse-
quently enhance the colonization of host in the presence of antibiotics.

Overall, avian ST131 strains formed a distinct cluster rarely found in humans but re-
sponsible for severe infections. Conversely, humans were the main reservoir of the
other clusters and the probable source of emerging strains frequently observed in
dogs, exhibiting a specific VFs and an improved fitness. This study helps us to better
understand the reservoir of ST131, the putative transmission flux, associated risks, and
the evolutionary dynamics of this bacterial population and highlights a paradigm in
which host colonization stands as a key ecological force of the ST131 evolution.

MATERIALS AND METHODS

Genomic data set. The genome data set was generated from previously published data (4-6, 8, 27),
Enterobase (https://enterobase.warwick.ac.uk), and 200 E. coli strains ST131 isolated from humans
(n=138) and animals (n=62) that were sequenced for this study. It includes clinical and fecal isolates
from both humans and animals. Strain names and metadata are reported in Table S1.

DNA sequencing. Genomic DNA was extracted using a QlAxtractor (Qiagen, Valencia, CA), and
library preparation was performed by using a Nextera XT DNA sample preparation kit (lllumina, San
Diego, CA) according to the lllumina protocol. The libraries were sequenced with the Illlumina
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NextSeq500 platform (150-bp paired-end reads) at an average depth of mapped reads of 132.8 == 60.9
(mean = the standard deviation) with a minimum of 46-fold and an average breadth of coverage of
94.4% *+ 2.6% using the EC958 genome as reference (6, 28). The sequences were submitted to ENA
(BioProject PRJEB42322).

Genome assembly and quality control. Contaminant searches were performed for each sample using
centrifuge (29). Quality control metrics were examined across the whole collection as a batch report to ensure
a mean read base-pair quality score of Q=20 and a read length of 70% of the original read length. Quality-
filtered lllumina reads were assembled using Unicycler (30). Contigs were annotated using Prokka (31).

Low-quality genomes were excluded as previously described (6). Genomes were excluded based on
the sequence coverage, the number of unmapped bases (in the mapping reference EC958 genome), the
number of uncalled bases due to low coverage or mixed-base calls, the number of scaffolds, and the
estimated genome size and the numbers of open reading frames, as previously described (6).
Consequently, the genome selected from lllumina short reads assemblies (n=796) had Ny, values of
185,053 = 77,812 bp (mean = the standard deviation), lengths of 5,191,763 = 142,233 bp, 133 + 92 con-
tigs, and 4,880 * 160 genes. The three PacBio assemblies and the complete genome (NC_013654) had
one to six contigs with an Ny, of 4,925,610 = 181,939 bp, were 5,079,569 *+ 294,615 bp long, and con-
tained 4,908 = 429 genes.

Gene annotation. A total of 17,157 orthologous genes, including 4,146 persistent and 13,011 accessory
genes, were identified from the pangenomic analysis. They were annotated with the gene ontology func-
tional enrichment annotation tool (32). To define the presence of specific genes and their alleles, we used
ARIBA (33), DIAMOND (34), and the following databases: MLST database, serotypeFinder O:H typing data-
base, the fimH typing database, and curated databases of VF genes and AMR genes/SNPs, including VFDB,
Res-Finder, NDARO, and CARD. A total of 621 virulence genes were identified and clustered as 96 VFs.

Comparative genomic analysis. The genome assemblies were aligned against the reference strain
EC958 (6) to call SNPs using BactSNP (35). A maximum-likelihood phylogeny was then generated by
RAXML-ng v0.9 (36) based on the resulting core genome alignment filtered for recombination using
Gubbins v2.2 (37). Clade and subclade classifications were assigned as previously reported (4-8, 19). The
pangenome was created with PPanGGOLIN (38).

Intestinal colonization. The animal protocols were approved by the French Ministry of Education,
Research and Innovation (permit numbers 16354 and 22507), and all animals were used in accordance
with European Community guidelines (86/609/CEE). Experiments were performed using 6- to 8-week-
old C57/BL6 male mice (Charles River) in a specific-pathogen-free animal facility at the University of
Clermont Auvergne. They received oral gavage with a 200-u! suspension containing 108 CFU of CI3.3
(n=10) or CI3.2 (n=10) E. coli producing ESBL CTX-M-15. Fecal samples were collected, diluted in sterile
phosphate-buffered saline, and then plated on the selective chromogenic medium CHROMID ESBL
(bioMérieux) to quantify the number of these bacteria in gut. No cefotaxime-resistant bacteria were
found in noninfected mice, and the identification of E. coli isolates was confirmed by mass spectrometry
using the Vitek MS system (bioMérieux).

Pangenomic clustering. Multiple correspondence analysis (MCA) was performed to convert the ma-
trix reporting accessory gene presence or absence in ST131 genomes as a three-dimensional distance
matrix using package FactoMiner in R. The accessory genes observed at high (=97%) or low (=3%) fre-
quency were filtered out owing to their weak discriminating power and the effect of low-frequency cate-
gories (39). The distance matrix was then used in R for clustering the genomes by partitioning around
medoids to assign clusters and subclusters with the cluster package. Their number was determined with
the same package on the basis of the Gap algorithm using Tibs2001SEmax metric (goodness of cluster-
ing measure) (40). The clusters were visually checked in the MCA plot using 95% confidence ellipses.
Four outliers were excluded.

Statistical approaches. The indexes and statistical tests were also calculated in R with packages
ade4, jaccard, corrplot, and vegan. Heritability was calculated as previously reported (20). The indicator
values (IndVals) that were used to assess the association of a target feature to a target group were calcu-
lated in R from the following equation (41):

N, N,
Indval = =% x =£ = VA x B,
N E

with N, being the number of occurrences of the target feature within the target group; N, being the
number of occurrences of the target feature in all groups (e.g., all subclusters); E, being the number of
members within the target groups (i.e.,, number of strains within the target subcluster); A being the
probability that the target feature (e.g., a virulence gene) belongs to the target group (e.g., a subcluster),
namely, the specificity; and B being the probability of finding the target feature in the target group,
namely, the sensitivity (or fidelity). Permutation test (500 permutations) was used to identify the signifi-
cant associations (a < 0.05), and the P values were adjusted for multiple testing by the FDR procedure.
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