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Evolutionary genomic analyses of canine E. coli infections
identify a relic capsular locus associated with resistance to

multiple classes of antimicrobials
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ABSTRACT Infections caused by antimicrobial-resistant Escherichia coli are the leading
cause of death attributed to antimicrobial resistance (AMR) worldwide, and the known
AMR mechanisms involve a range of functional proteins. Here, we employed a pan-
genome wide association study (GWAS) approach on over 1,000 E. coli isolates from sick
dogs collected across the US and Canada and identified a strong statistical association
(empirical P < 0.01) of AMR, involving a range of antibiotics to a group 1 capsular
(CPS) gene cluster. This cluster included genes under relaxed selection pressure, had
several loci missing, and had pseudogenes for other key loci. Furthermore, this cluster
is widespread in E. coli and Klebsiella clinical isolates across multiple host species. Earlier
studies demonstrated that the octameric CPS polysaccharide export protein Wza can
transmit macrolide antibiotics into the E. coli periplasm. We suggest that the CPS
in question, and its highly divergent Wza, functions as an antibiotic trap, preventing
antimicrobial penetration. We also highlight the high diversity of lineages circulating in
dogs across all regions studied, the overlap with human lineages, and regional preva-
lence of resistance to multiple antimicrobial classes.

IMPORTANCE Much of the human genomic epidemiology data available for E. coli
mechanism discovery studies has been heavily biased toward shiga-toxin producing
strains from humans and livestock. E. coli occupies many niches and produces a wide
variety of other significant pathotypes, including some implicated in chronic disease.
We hypothesized that since dogs tend to share similar strains with their owners and are
treated with similar antibiotics, their pathogenic isolates will harbor unexplored AMR
mechanisms of importance to humans as well as animals. By comparing over 1,000
genomes with in vitro antimicrobial susceptibility data from sick dogs across the US and
Canada, we identified a strong multidrug resistance association with an operon that
appears to have once conferred a type 1 capsule production system.
KEYWORDS antibiotic resistance
Resistance has now been documented for nearly every antimicrobial that has
ever been developed (1), and many genes and mutations from numerous patho-
gens have been identified that confer such resistance. There are still, however, many
unidentified genes and variants present in all or most bacterial pathogens. One
explanation for this gap is that the databases of isolate genotypes and phenotypes
used to validate antimicrobial resistance (AMR) prediction algorithms are heavily biased
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toward bacterial isolates recovered from food production animals and human blood-
stream infections.

Companion animals may be exposed to antimicrobial-resistant bacteria from their
owners, hospitals, food, or environment, allowing sentinel surveillance of zoonotic
infections that are not being captured in human- and livestock-focused approaches.
Now, after 6 years of surveillance conducted by the Veterinary Laboratory Investigation
and Response Network (Vet-LIRN) (2), an unprecedented set of high-quality complete
genomes and AMR phenotypes of pathogenic Escherichia coli in dogs is available. Recent
studies of extraintestinal pathogenic E. coli (EXPEC) in dogs from North America (3)
and Australia (4) found that dogs and humans are both colonized by a broad range of
the same genotypes, which the authors suggest is likely a consequence of shared gut
carriage of bacteria strains between dogs and humans because of close proximity and
possibly shared diets. Elankumaran et al. identified certain genotypes as likely “spill-
back” zoonotic infections. Harrison et al. found that the abundance of AMR determinants
in companion animal strains was higher than in those from food production animals.
However, neither study compared the genomes and phenotypes for the discovery of
novel AMR determinants.

GWAS methods for bacteria have been developed that use, as the variable for genetic
correlation, the gene presence/absence characteristics typical of the bacterial accessory
genome (pan-GWAS) (5). The size of the accessory genome of different species of
bacteria varies a great deal, with E. coli having one of the largest (6, 7). Pan-GWAS of E. coli
has been used to identify genetic associations for antibiotic resistance and bloodstream
infections (8, 9) and compare E. coli gene content between dog and human isolates
(10). Although AMR has been assessed and analyzed in dogs for a range of bacterial
species and in a variety of settings and geographic regions [e.g., (11-14)], we are not
aware of a publication that employs pan-GWAS to assess the association of genes with
resistance phenotypes in E. coli from dogs. The collection analyzed herein involves the
periods 2017-2020 and includes in vitro susceptibility data for 34 different antibiotics
and over 1,000 isolates from clinical cases or necropsies. Here, we employ a pan-GWAS
perspective on E. coli isolates from sick dogs collected as part of the US National Action
Plan and its surveillance for resistant bacteria in animals (2, 15). We then go on to explore
with evolutionary genetic and protein structural modeling approaches the molecular
character of one of the top ranked candidate AMR loci arising from the pan-GWAS
analysis that result in working hypotheses regarding how it might function as an AMR
mechanism in the cell.

MATERIALS AND METHODS
Samples and genome sequencing

No research animals were used for this study. Pathogenic E. coli isolates from dogs were
collected as part of a previously described surveillance program (2). Briefly, 30 animal
diagnostics laboratories participating in the Vet-LIRN AMR monitoring program each
saved the first four clinical (from a sick or dead animal) E. coli isolates from unique
canine cases submitted for diagnostic testing by veterinarians each month. Deidentified
isolates were cryopreserved in glycerol and shipped to one of the six assigned sequenc-
ing reference laboratories. Whole genome shotgun sequencing of pure cultures was
performed using Illumina chemistry (DNA Prep or Nextera XT library preparation), and
sequencing was performed on the MiSeq platform (v2 or v3 chemistry with 2 x 250 bp
reads). Genomes meeting standardized benchmarks (16) were then uploaded to NCBI,
from which they were retrieved for this study. Sample sources included urine, wound,
tracheal wash, ear swab, and a variety of tissues. Isolates included in this study were
collected from 2017 to 2020 and covered 11 different geographical regions of Canada
and USA. All genomes are available in the following NCBI BioProjects: PRINA318591,
PRINA324565, PRINA324573, PRINA481346, PRINA503851, and PRINA318589, all under
the umbrella of BioProject PRINA314609.
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Genome assembly, capsular polysaccharide gene cluster diagrams, phyloge-
netic reconstruction, population genetics, and serotyping

All BioProjects were registered with the NCBI Pathogen Detection system (https://
www.ncbi.nlm.nih.gov/pathogens/), which performs assemblies from raw lllumina data
uploaded to Sequence Read Archive (SRA) and deposits those into GenBank. Any
missing assembly was assembled using SKESA (17). Any assembly with >200 contiguous
sequences (contigs) was excluded from the study. All genomes were verified to have a
canine host in the metadata and identified as E. coli. The final compiled and curated set
of dog E. coli genome sequences was 1,778. All genome assemblies were annotated with
Prokka v1.14.5 (18). Core genome alignments were generated within Panaroo v. 1.2.9 (19)
using the MAFFT algorithm (20). Gaps were then eliminated using Gblocks v. 0.91b (21,
22), and Panaroo was used to generate gene presence/absence matrices for downstream
analyses. Trees were built using IQ-TREE (23) v. 2.0.3 and viewed in iTOL (24). Multilocus
sequence typing (MLST) was performed according to the Achtman scheme using the
MLST tool (25), which makes use of the PuUbMLST database (26). Serotype predictions
were performed with ECTyper (27) for O and H antigens and Kleborate (28) for K
antigens. Python package pyGenomeViz (https://github.com/moshi4/pyGenomeViz) was
used to plot the aligned capsular polysaccharide (CPS) clusters. The R package RhierBAPS
v1.0.1 (29) was used for hierBAPS clustering of the genomes, performed on the same
multiple sequence alignment used for the construction of the phylogenetic tree.

Pangenomics, plasmid identification, and Scoary

In vitro antimicrobial susceptibility data (either by a minimum inhibitory concentra-
tion or disk diffusion) and interpretations were collected from the veterinary diagnos-
tic laboratories participating in the study, compiled and coded into binary data for
each antimicrobial reported (0 = susceptible; 1 = resistant). The laboratories provi-
ded susceptibility interpretations according to their standard procedures for clinical
testing, and this interpretation was used for analysis. If no interpretation or an intermedi-
ate susceptibility was provided, those results were omitted. Correlation of resistance
phenotypes with accessory gene presence/absence was performed with Scoary v. 1.6.16
(5). Short lists of candidate loci correlated with resistance were compiled from genes
passing both empirical P and Bonferroni correction, at P < 0.01. We were interested in
determining putative novel antimicrobial resistance genes, as well as evaluating which of
those genes were chromosomal; hence, we first identified those that were known AMR
genes, as well as genes carried on plasmids. Significant Scoary genes were compared
with known AMR determinants using the AMRFinderPlus (30) database, and genes likely
carried on plasmids were identified using Deeplasmid (31). Deeplasmid applies a deep
learning model to classify and separate plasmids from bacterial chromosomes and was
used to predict plasmids from all assembled genome contigs. Panaroo gene clusters
were designated as plasmid-borne only if >10% of the cluster members were located on
the predicted plasmids. This resulted in our grouping of the Scoary significant genes into
the following four categories: (i) known AMR locus carried on a plasmid, (ii) on a plasmid
but not a known AMR gene, (iii) known AMR gene not on a plasmid, and (iv) not a known
AMR gene and not on a plasmid. Our efforts to identify putative novel antimicrobial
resistance genes focused on genes estimated to be chromosomally encoded because
significant Scoary genes judged to be on plasmids may simply be correlated with a
resistance phenotype due to linkage on a plasmid carrying a known AMR locus. Plasmids
were identified from assemblies using ABRicate (Galaxy Version 1.0.1) with the plasmid-
finder database version 2020-Apr-19.

Natural selection

We tested for gene-wide signatures of selection intensity differences across two genes
arising from the pan-GWAS Scoary analysis that were correlated with resistance and
were components of a group 1 operon for CPS that lacked several critical genes. Our
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hypothesis was that the absence of critical genes could render this CPS locus non-func-
tional, resulting in a signal of relaxed selection in these two individual CPS genes, and
that this in turn could be related to their role in AMR. The two genes in question were
allelic variants of wza (polysaccharide export protein) and wzi (capsule assembly protein).
The relaxation of selective strength can drive evolutionary innovation and/or foreshadow
loss of function; newly developed evolutionary genetic statistical approaches provide the
means to identify genes evolving under such relaxed selection pressure (32).

We generated codon-aware alignments following the procedure available at
the Github repository (github.com/veg/hyphy-analyses/tree/master/codon-msa). Briefly,
in-frame nucleotide sequences were translated and then aligned using MAFFT v7.471
(20). Aligned protein sequences were then mapped back to the nucleotide sequence,
and a single copy of each unique sequence was retained. Alignments were screened for
the presence of genetic recombination using the genetic algorithm for recombination
detection (GARD) method (33). If GARD identified supported recombinant breakpoints,
then alignments were partitioned accordingly and a maximum likelihood phylogeny was
inferred for each partition using RaxML-NG v0.9.0git (34) under the GTR+I nucleotide
substitution model. Where necessary, we used phylotree.js (35) to label phylogenetic
branches (based on the gene they coded for) for downstream selection analyses. The
Hypothesis testing using Phylogenies (HyPhy) v.2.5.43 software package (36) was used
to infer signals of selection and gene-wide signals of selection intensity were compared
using RELAX (32).

Structural comparison

To generate predicted structural models of Wza2 proteins (EII3491725.1, EII6415193.1,
EFO5660681.1, and QDM04109.1), GfcE (POA932), and Wzal from Klebsiella michiga-
nensis (WP_224378673.1), we used AlphaFold 2.0 (37) accessed with ColabFold (38).
The models were generated as monomers, without structural templates and with the
mmseqs2_uniref_env multiple sequence alignment (MSA) mode. Predicted structures
were then visualized using UCSF ChimeraX (39). AlphaFold 2 predicted structures for
Wza2, gfcE, and Wza1, which presented overall similar domain architecture and folding
compared with the X-ray crystal structure of Wzal (PDB 2j58), and an overall high
predicted local distance difference test (pLDDT) confidence score (>84) was chosen
to map conservative and non-conservative amino acid substitutions. This mapping
was performed by identifying substituted positions from protein alignments (20) and
comparing the sequence derived from Wza1l reference structure (PDB 2j58) with the
corresponding sequences of the AlphaFold 2 predicted structures. Visualizations and
highlighting of substituted residues were performed using UCSF ChimeraX. The first 20
residues of Wza1 (PDB 2j58) are absent in the mature protein structure as they constitute
the protein’s signal peptide (40). As such, the corresponding residues in the AlphaFold
2 predicted structures were not displayed. The MatchMaker structural alignment tool
in UCSF ChimeraX was used to generate octameric representations of the AlphaFold
2 predicted protein monomers, with the Wzal reference structure (PDB 2j58) used as
an octameric template. The octameric representation allowed us to identify residues in
domain 2 of each monomer facing the inner pore cavity.

We computed a pairwise TM-score with the tmscoring method (41, 42) between
5 Wzal, 38 Wza2, and four gfcE predicted monomeric structures. All structures were
predicted using AlphaFold 2 as described above, and a heatmap for the matrix was
constructed to identify structural relationships between pairs.

Phenotypic characterization of strains harboring wza2

In vitro susceptibility of 36 strains identified as harboring wza2 was repeated by antibiotic
susceptibility testing (AST) on the automated Sensititre platform (Thermo Fisher,
COMPANT1F panel) and interpreted using the CLSI VET01S standard (43). Susceptibility for
cefovecin was also measured by disc diffusion on Mueller Hinton agar using commercial
30 ug discs (Thermo Fisher).
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Transcriptomics on three of the strains was performed in LB medium with 0.5 ug/mL
reconstituted cefovecin (Zoetis) or an equivalent amount of sterile water (same diluent
as the antibiotic). Three fresh colonies from each strain were separately inoculated into
1 mL of the broth and incubated at 37°C with shaking for 5 h. Cultures were then
immediately pelleted, the supernatant was removed, and the pellet was resuspended
in an RNA stabilizer (DNA/RNA shield, Zymo Research). These suspensions were stored
at room temperature until processed by the Cornell Transcriptional Regulation and
Expression Facility, where RNA extraction and library preparation were performed using
Trizol and the NEB directional library preparation kit. Sequencing was performed with PE
2 X 150 bp read length on the NovaSeq 6000 instrument with 20M reads per sample.
Reads were trimmed for low quality and adaptor sequences with TrimGalore v0.6.0 (44), a
wrapper for cutadapt (45) and fastQC (46). Reads were mapped to the specific reference
genome for that strain using STAR v2.7.0e (47). SARTools and DESeq2 v1.26.0 were used
to generate normalized counts and statistical analysis of differential gene expression (48,
49). All RNA-seq data have been deposited to NCBI SRA under the BioProject accession
PRJNA1053349.

RESULTS
Pan-genome, core-genome phylogeny, and population genetics

The pangenome content for 1,778 canine E. coli isolate genomes meeting all quality
thresholds was open, with a total of 23,956 genes (Fig. 1A) and a core genome size
nearing plateau at 3,179 genes (Fig. 1B). Additional break-down of components into core
(3,191 clusters), shell (16502 clusters), soft-core (235 clusters), and cloud (4028 clusters)
is represented in Fig. 1C. Core and soft-core are genes present in 99% and 95%-99%
of genomes. Cloud genes are defined as those clusters which contain a single gene
(singletons), plus those which have more than one gene, but its organisms are proba-
bly clonal due to identical general gene content (colloquially defined as strain-specific
genes). Shell genes are defined as those clusters that neither belong to the core genome
nor to the cloud genome.

A core genome phylogeny with AMR data, phylogroup, and geographic region
mapped to it appears in Fig. 2. Eight different phylogroups were represented in that
phylogeny, with the majority of isolates falling within B1 and B2, including most of the
multidrug-resistant (MDR) clades, with the exception of one major MDR group represen-
ted in each of phylogroups A, C, and F. Based on this core-genome phylogeny, there
was no evidence for clustering of separate E. coli genotypes in different geographic
regions, and there was also no clustering by sample type (Fig. S1) or year (not shown).
An examination of accessory gene content did support distinct clusters, not correlated
with geographic variation or sample type (urine versus non-urine) but was correlated
with phylogroup. HierBAPS analysis identified 20 distinct genetic clusters at hierarchical
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FIG 2 Core genome phylogeny of E. coli sampled from dog hosts across US and Canadian regions participating in the surveillance program, with geographic

regions, phylogroups, and antibiotic resistance phenotypes annotated on that phylogeny. The map was created using the ne_states function within the

rnaturalearth R package, the geom_sf function within the sf R package, and ggplot2.

level two clustering, with a minimum cluster size of N > 16 (Fig. S2). The genetic clusters
showed no correlation with geographic regions or year and were highly mixed with
isolates from different regions of USA and Canada.

The MLST data depicted a similar mixed picture (Fig. S3) and indicated that ST372
was the predominant ST in all regions of the USA and Canada studied. Sequence type
singletons (N = 152) appeared in each region as well. The predominant predicted serovar
was 083:H31, followed by O4:H5 and O6:H31 (Fig. S4). No O antigen type 157 was
predicted, but several H7 combinations with different O types were found. Sixteen of
the canine ST372 strains carried a pUTI89 plasmid (IncFll (29)_1_pUTI89) that has been
described as a marker of human infection (51). These were distributed across different
serotypes including 083:H31, 04:H31, and O15:H31, which correspond to the ST372
M, G, and L clusters identified by the pan-GWAS analysis performed Elankumuran et
al. comparing globally distributed human and dog isolates (10). One strain from our
study (ECOL-18-VL-OH-ON-0048) was closely related (SNP distance of 36) to human strain
MVAST4963 characterized by Elankumuran et al. as belonging to cluster K. A majority of
the dog-associated propanediol operon components highlighted by Elankumuran et al.
in clusters G and M1/2 were annotated in the accessory content of 331 of our dog strains,
which harbored pduA, pduB, pduC, pduE, pduf,pdul,pduN pduO, pduP, and pduU. The
complete gene presence/absence matrix from our set is available in the data repository
(https://doi.org/10.7298/pdzk-rq02.2).

Pandemic ExPEC lineages (as reviewed by LW Riley) (52) ST131 (53), ST127 (54),
ST73, ST69, and ST95 were also prominent across multiple regions. Canine-derived
ST131 strains identified included both 025:H4 and O16:H5 predicted serotypes. Thirty
of 55 had two parC point mutations in common with Clade C reference strain EC958
(GCA_000285655.3), and 7 of those also harbored a blaCTX-M beta-lactamase gene. All
canine ST131 strains had a pmrB E123D point mutation predicting Colistin resistance,
although this phenotype was not assessed. The NCBI Pathogen detection browser
identified 11 matched clusters from this set, and those were primarily comprised of
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clinical strains presumed to be from humans. The canine strains were from urine,
wounds, and one lung. The K1 capsule gene neuC, a hallmark of neonatal meningitis
causing E. coli (NMEC) (55), was detected in 70 isolates, and kpsF was detected in 598
isolates.

In vitro antimicrobial resistance characterization

In vitro AST data for 50 antimicrobials (or combinations) were obtained from the
participating veterinary diagnostic laboratories. Of these, 12 antimicrobials (Bacitra-
cin, Danofloxacin, Florfenicol, Moxiflacin, Oxytetracycline, Rifampin, Spectinomycin,
Sulphamethoxine, Tiamulin, Tilmicosin, Tulathromycin, and Tylosin) did not include
interpretations and were excluded from further downstream analysis. Four additional
antimicrobials (Ciprofloxacin, Levofloxacin, Ofloxacin, and Oxacillin) had only one value
and were also excluded. Thirty-four antimicrobials with sufficient interpretation data
were used for pan-GWAS analysis on the corresponding 1,133 genomes.

In vitro MDR was relatively common and varied depending on region (Fig. 2; Fig. S5).
Resistance to >5 classes of antimicrobials was seen at low levels (<5%) in 3/4 Canadian
regions and 4/7 US regions. Resistance to 3-5 antimicrobial classes occurred in every
region and was highest in central Canada (24%), followed by west south-central US
(17%). In contrast, the proportion of isolates harboring known antimicrobial resistance
genes for multiple classes (based on AMR Finder annotation) was similar for either 3-5
or >5 classes, with the exception of two Canadian regions, which had a higher proportion
of strains with >5 AMR gene classes.

AMR gene correlation with in vitro susceptibility

Accessory gene content was correlated with resistant/susceptible coding of the AMR
data using Scoary, and the genes judged to be significantly correlated (P < 0.01 for both
empirical P and Bonferroni) to resistance were divided into our four genomic categories
for each antibiotic (Fig. 3).

The total number of significantly correlated genes varied widely depending on the
antibiotic, with as few as two (ticarcillin) and as many as 288 (tetracycline). The majority
of Scoary-significant genes fell within the category of plasmid-borne but not known AMR
—in other words, plasmid cargo genes—and this ranged from 44%-91%. The smallest
category was “known AMR not on a plasmid,” so likely chromosomal. The category we
focused particular attention on, with regard to identifying putatively novel AMR loci, was
the “putative chromosomal AMR gene!” Due to the large number of genes identified, we
focused on those associated with MDR. Protein annotations for the top six genes within
this category that were Scoary-significant for resistance to multiple antibiotics were
(number of antibiotics resistant in brackets) the following: Wzi, capsule assembly protein
(10); transcription regulator (9); hypothetical relaxase (8); Wza, polysaccharide export
protein (8); transcription regulator (8); and lucC, aerobactin synthase (8). (Table S1). Due
to two of these being adjacent to each other on the chromosome, and the strong
association with susceptibility of the colanic acid wza, we chose to focus on those for this
study and not discuss the other findings.

Wza and Wzi and their associated group 1 CPS

Two group 1 CPS genes—wza and wzi—were correlated with resistance to cefovecin,
other cephalosporins, and several other antibiotics (Table S1). Wza is a polysaccharide
export protein, and Wzi is a capsule assembly protein involved in group 1 capsules in
both E. coli and Klebsiella (56). Wzi is only present in group 1 CPS (57). The wza sequences
in our analysis (Excel Table S2; Fig. 4) that were correlated with MDR are wza group 1
allelic variants with protein sequence divergence ranging from 0%-10%. A similar level of
divergence of 0%-13% was apparent when our set of 38 Wza was compared with other
Wza group 1 sequences randomly chosen from NCBI to reflect a range of sequence
divergence. For the purposes of discussion in this manuscript, hereinafter, all Wza
proteins from the group 1 CPS arising from these canine E. coli genomes are referred to
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< 0.01 with both empirical P and Bonferroni correction) by the antibiotic tested.

as Wza2 and other Wza group 1 chosen from GenBank for comparison are referred to as
Wzal. Three distinct types of wza genes are present in E. coli: those within group 1
capsules, colanic acid operon, and the group four capsule operon (referred to as gfcE)
(57). All three form separate monophyletic clusters (Fig. S6). The most abundant form in
our E. coli isolates was wza-colanic acid (hereinafter referred to as wzaCA) (n = 1089),
followed by gfcE (group four wza) (n = 289) and then wza2 (n = 38). wzaCA is a soft-core
gene in our analysis, which is to be expected, because colanic acid production in E. coli is
common (56). No E. coli genomes with wza2 had wzaCA. Those genomes with wzi always
also had wza2 and gfcE (38/38); six genomes had gfcE only; 245 genomes had wzaCA and
gfcE and 884 genomes had wzaCA only. wzaCA was associated with susceptibility to a
variety of antibiotics, including cefovecin and other cephalosporins (Table S1). Phyloge-
nies of solely wza2 and wzi from canine strains had a similar pattern consisting of two
distinct clades, one of high divergence and the other a group of 18 identical, plus three
nearly identical, sequences. There were 11 different MLST sequence types represented in
these wza2/wzi carrying isolates, with 18 isolates belonging to ST162 (Fig. 4). Phylogenies
of our group 1 Wza2 with the inclusion of homologous sequences of Wza1 from GenBank
did not support the monophyly of the dog derived sequences (Fig. S7). The closest
relatives of our Wza2 and Wzi arose from a mixture of E. coli and Klebsiella pneumoniae
(Fig. S8). Resistant and susceptible isolates to cefovecin and the other seven (in the case
of Wza2) or nine (Wzi) antibiotics came from both the divergent and non-divergent
clades of these gene-specific trees. Upon searching the NCBI database for the wza2

August 2024 Volume 90 Issue 8

10.1128/aem.00354-24

Applied and Environmental Microbiology

8


https://doi.org/10.1128/aem.00354-24

Full-Length Text

GCA_007012305.1 ——@E—B-— I I END- »
GCA_019811395.1 — @ B+ » B ED D 2 s _— 744
- GCA_012644265.1 @9 B I0-B ED-5 b
- GCA_013075065.1 4@l B-»D - I0 ) EID B - } 224
- GCA_014094975.1 —@- 9+ B> I B ED 5 »
--GCA_012653545.1 —GEEE—P-G @+ 5

GCA_014935805.1 2l [_J=4 9172
CA_020457495.1- - = s 8
- GCA_012315555.1 GE-B 4G+ B HES B
-+« GCA_013050305.1 MEE-9-4H-+10 B } 10
-+~ GCA_013094695.1 a4 BDrE P -» »
GCA_019212685.1 - D » - _+—58
.- .GCA_012457645.1 - BB - 58
-+GCA_020457585.1 - P 4D B> BRI — 744
------- GCA_012327485.] ——EEE-B-)—ED I DI - 155
GCA_013050065.1 — B> ) ED B> - B } 744
--+-GCA_020457755.1 ——— @8-I D 1D - - »
b GCA_012688685.1 — -5 D I D T— 1431 W vz
= - GCA_012320945,1 ——@uEE-9->— I ) D 1> 361 wzbl-6
b GCA_019085765.1 — @B I EVED BB B BB - e
3 +++GCA_012248005.1 — - — D I D B wbap
k- -~ GCA_012315585.1 —GEEE-B-— MM ED-B-D  BS BB -
. -+ GCA_012359115.1 —umm- B> I D' ID L x;?l 5
boveeeiiie . GCA_012457625, 1 —@E-D->—-ID> ID-
[ A ESEauaa M tyrosine kinase-1(wzc)
L ..+GCA_012701105.1 B tyrosine kinase-2(wzc)
b -+~ GCA_D12916465.1— »D flippase-1-3
ko -+~ GCA_012919725.1 - pap2
k -+ GCA_013055725.1 glycosyltransferase
k- ---GCA_014975045.1 »D —162 acyltransferase
b GCA 017835455.1 »e W calF
b GCA_019153745.1 B onda
---GCA_019195615.1~ 1 »p o ug
+-GCA_019211965.1 — @5 B I D 505 5 - B rbABCD
-~ GCA_019212205.1 a» [ >0 B tansposon
b GCA_019811935.1 — @) EB-I D S hypothetical
boveesiiiniiii . GCA_020413045.1 — @ -)— B
b GCA_020413065. 1 ———@-B-—E- B D e others

Applied and Environmental Microbiology

FIG 4 Group 1 CPS gene content from the 38 isolates carrying wza2 and wzi genes that were correlated with resistance to

multiple antibiotics. The phylogeny is based on wza2 with the respective genome IDs as labels. ST of each genome is listed on

the right. Color-coding of the isolate genome accessions denotes resistant (red) and susceptible (blue). Group 1 capsules that

do not extend to gnd are because of truncated contigs.

operon, strains from food production animals, as well as humans, were close matches
(Fig. S8). Active transcription of the wza2 operon was verified for 3 of the dog strains (Fig.
S9), with and without cefovecin added at the MICsq level established in the original
publication (58). The levels of normalized transcripts with and without the treatment
were nearly identical.

A typical E. coli group 1 CPS operon consists of about 12-14 genes between galF
and gnd on the E. coli chromosome (Fig. 4), comprising two separate groups. The 5
part of the locus contains four genes (wzi, wza, wzb, and wzc), always present, and
the 3’ region is serotype-specific, variable in gene content and includes enzymes for
producing sugar nucleotide precursors, glycosyltransferases (GTs), and two integral inner
membrane proteins (Wzy and Wzx) (57). All but two of the CPS depicted in Fig. 4 do not
possess the essential gene content for group 1 capsule production. Two essential loci
are wzx and wzy, which typically exist together in the same operon. The two sequences
that do appear to have intact group 1 capsule gene content are GCA_007012305.1
and GCA_013094695.1. Much of the evolutionary history behind wza2 and its group
1 accompanying wzi is likely linked to lateral gene transfer (LGT) events mediated
by the transposons that are prevalent in the CPS of these particular genomes (Fig.
4). One prominent transposon evident in our group 1 CPS sequences is “DDE-type
integrase/transposase/recombinase” and is present in the majority of these 38 genomes,
residing one or two genes upstream of galF. This same transposon is found in the
majority of wzaCA containing soft-core genomes in our data set, immediately upstream
of wzaCA, suggesting a common LGT history at some point between these different
wza types. Other transposons are also present, including in some instances, as many
as four immediately adjacent to one another, residing between galF and wzi (Fig. 4).
Two common transposons were Insertion Sequences (IS) 1S3 and 1S30 elements; 1S30
occurring in 8 of 38 genomes and in all but one occasion flanked by IS3, suggesting
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these paired IS elements represent a possible composite transposon. Both these IS
elements share a high sequence identity with other E. coli transposons of the same type.

Relaxed selection

Discerning a signal of selection intensity in targeted sequences (test) requires a
comparative group (reference)—in our case, the wzi reference group was comprised of
other homologous wzi sequences obtained from NCBI, from outside our study collection.
Because E. coli carries different homologous versions of wza, our reference groups for
wza?2 included E. coli wza from wild-type group 1 capsules (wzal), the colanic acid
operon (wzaCA), and the group 4 capsule operon (gfcE). These different forms of wza are,
respectively, monophyletic (Fig. S7). In analyses of selection pressure intensity (Table 1),
both wza2 and wzi were judged to be evolving under relaxed selection—the entire wza2
gene relative to wzaCA and in the case of wzi, GARD fragment 6 relative to reference
wzi sequences. wza2 comparisons to wzal were significant for relaxed selection for a 5’
region that included primarily the sequence encoding the signal peptide (nucleotides
1-135; GARD fragment 1: k = 0.24, P-value = 0.006). To get an additional comparative
perspective on how wza2 might differ from wzal, we compared wzal with the same
outgroup set of wzaCA, and in this case, wzal was significant for relaxed selection for a
3" ~57% of the gene (contained within GARD fragment 2: k = 0.67, P-value = 0.002), but
not for the 5" ~43%. Comparisons of both wza2 and wzaT to gfcE were not significant for
relaxed selection. gfcE compared with wzaCA was significant for relaxed selection in the
3" ~55% of the gene. Taken collectively, this suggests that there is a history of relaxed
selection in wza2, and what distinguishes it from wza1 in this regard is the 5" ~12% of the
gene, which is only under relaxed selection in wza2. Test results for each of the relevant
comparisons can be found in Table 1.

Wza protein structure comparisons

Previous studies have suggested a possible role of Wza group 1 from E. coli K30 isolates
in translocating antibiotic into the bacterial cell, via the central pore that forms in the
octameric structure of the protein [summarized by Sun et al. (59)]. This prompted us to

TABLE 1 RELAX results of wzi, wzaCA, wzal, wza2, and gfcE®

Gene(s) analyzed GARD fragment RELAX
k P value
wzi vs. NCBI wzi sequences (test: wzi, 1 XX XX
reference: NCBI wzi sequences) 2 XX XX

3 XX XX

4 XX XX

5 XX XX

6 0.24 0.006

7 XX XX
wza2 vs. wzaCA 1 0.8 0.048
(test: wza2, reference: wzaCA) 2 0.5 0
wzal vs. wzaCA 1 XX XX
(test: wzal, reference: wzaCA) 2 0.67 0.002
gfcE vs. wzaCA 1 XX XX
(test: gfcE reference: wzaCA) 2 0.2 0.014
wza2 vs.wzal 1 0.54 0.011
(test: wza2, reference: wzal) 2 XX XX

3 XX XX

4 XX XX

5 XX XX

“The k parameter measures the selection intensity. Intensified selection is inferred when k > 1 and relaxed when k
< 1 along test branches.
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FIG5 Heatmap generated from computed pairwise TM scores between WzaCA, Wza1, Wza2, and GfcE protein structures. TM

scores are between 0 and 1, the closer to 1 (red), the more similar the structures being compared; the further from 1 (blue), the

less similar. All sequences used in this study (WzaCA, Wza2, and GfcE) are also annotated based on either their resistance (RES)

or susceptibility (SUS) status for cefovecin.

investigate structural comparisons between resistant and susceptible isolates carrying
Wza2 as well as between Wza2 and Wzal and WzaCA and GfcE. Structural models of
octamers constructed using AlphaFold 2 and compared using Tm-scores (Fig. 5 and 6)
suggest that Wza2 has a similar overall structure to Wza1. Comparisons to WzaCA and
group 4 GfcE suggest that group 1 Wza (Wza2 and Wza1) was more similar to GfcE than
WzaCA. Structural differences between Wza2 from cefovecin-resistant and susceptible
isolates were overall not apparent.

We experimented with the computational docking of cefovecin with Wza2, Wza, and
GfcE using SeamDock (60). These data are located in the supplemental data repository.
If one considers the entire search space of the protein, cefovecin docked with all three
of these proteins but tended to be in different places and could be inside or outside the
inner cavity. For Wza2, cefovecin docking was outside either ring 2 or 3. However, if one
considers just the internal cavity as a search space (a logical premise for the transmission
of an extracellular antibiotic), for both Wza1 and Wza2, cefovecin docks in the D2 domain
of the protein in the region where there were a number of non-conservative substitu-
tions. Wza2 was predicted to bind with a slightly better affinity to the antimicrobial
(—6.5 kcal/mol vs —5.7 kcal/mol) and included ionic interaction, hydrophobic contact,
hydrogen bonds, and weak hydrogen bonds; Wza1 (2j58) did not include any ionic
interaction or weak hydrogen bonds. Overall, we consider that these docking results
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FIG 6 Inferred dendrogram of WzaCA, Wza1l, Wza2, and GfcE protein pairwise TM scores. The scores were hierarchically

clustered with the unweighted pair group method with arithmetic mean (UPGMA). All sequences used in this study (WzaCA,

Wza2, and GfcE) are also annotated based on either their resistance (RES) (highlighted in orange) or susceptibility (SUS) status.

should be regarded with a degree of circumspection since the results are quite sensitive
to the initial parameters. Therefore, we consider that although it is likely that cefovecin
could indeed dock within the internal pore of Wza1l and Wza2, we cannot confidently
conclude that a greater binding affinity of the antibiotic within the internal pore would
be expected with Wza2.

An ESPript (61) alignment comparison of a resistant representative of Wza2 and the
original 2j58 crystal structure (40) protein sequence identified several non-conservative
amino acid changes in Wza2 that mapped to domain D2 in the monomer and the R2
ring in the octamer and tended to cluster along the inner pore of the protein (Fig. 7A).
Mapping of non-conservative changes involving a susceptible Wza2 with a seemingly
intact group 1 capsule (GCA_013094695.1) was overall similar, but with two notable
differences, and these were N181 an K184 compared with K181 and Q184 in the resistant
representative. These changes at 181 and 184 were, however, not consistent across other
comparisons of resistant and susceptible isolates.
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FIG 7 Changes between Wza1 (crystal structure 2j58) and Wza2 mapped on a model of the monomer and the octamer of

a representative resistant (panel A) and susceptible (panel B) Wza2, distinguished by conservative (gray) vs non-conservative

(red) mutations. A conservative mutation is considered one that does not dramatically change the biochemical properties of

the residue (e.g., L to | or R to K) and the opposite for non-conservative (e.g., D to R). Within the R2 ring (D2 domain of the

monomer), there are six non-conservative mutations at positions facing the inner pore cavity, and on the outer “lip” within the

R4 ring, there are two mutations in the D4 domain from basic residues to asparagines (N).

DISCUSSION

We found wide variation for both in vitro and predicted resistance profiles in this set
of >1,000 E. coli isolates from sick dogs, supporting that dogs may be a reservoir of
pathogenic and MDR E. coli with unexplored mechanisms of importance to humans. This
could be due to shared exposures to strains from food (62), humans (63), or hospital
environments (64, 65). Our population genetics findings indicate recurring sequence
types, and predicted serotypes, across every region studied. The most predominant
serotype predicted (n = 110) was 083:H31, which has been highlighted (10, 66) as a
subset of ST372 shared between human and canine ExPEC strains worldwide but is also
highly similar to a strain considered to be a probiotic (67). The next most common
serotype, O4:H5 (n = 93) is considered to be highly uropathogenic in humans and several
animal hosts (68). The high number of strains harboring ExPEC-associated factors may
originate from enteric strains of animal owners that could easily be passed back and
forth in households. Food is also an important consideration, as Liu et al. (69) attributed
8.4% of extraintestinal E. coli infections in humans to strains isolated from commercial
meat, based on accessory gene content. Our findings are consistent with Elankumuran et
al. in the prevalence of pdu propanediol metabolism genes in canine strains, which they
hypothesize could be a host adaptation due to diet (10). This is a promising direction for
future analyses.

The E. coli capsule is a cell surface structure composed of long-chain polysaccharides
involved in protecting the cell, as well as acting as a major virulence component, playing
an important role in the bacteria evading or counteracting the host immune system. It
has also been suggested that E. coli capsules may act as a physical barrier to impede
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antibiotics entering the cell (70), resulting in antibiotic resistance. Our goal was to try
and identify novel chromosomal loci correlated with AMR. Our Scoary analysis supported
two chromosomal genes, wza and wzi, from group 1 cluster as strongly correlated with
resistance to cefovecin, other cephalosporins, and a variety of other antibiotics. Wza
is an integral outer membrane protein, essential for capsule export and exists as an
octamer, with a large central cavity, or pore, 100 A long and 30 A wide (40), through
which polysaccharides are translocated across the periplasm and outer membrane (71).
Earlier studies of E. coli wzal deletion mutants indicated that wzal deletion strains
were resistant to a number of macrolides (72) and that complementation of wzaT in
a strain bearing a deletion of this gene could restore the wild-type susceptibility to
erythromycin (73). Su et al. measured the diameter of the Wzal octamer protein pore
as approximately 17 A and estimated the size of erythromycin as 12 A, suggesting that
the pore may be large enough to allow transmission of the antibiotic into the periplasm
[summarized by (59)]. The strong correlation of the wza2/wzi from the group 1 cluster
with an array of antibiotics suggests that an opposite effect of inhibition of antibiotic
transmission occurs in these widely dispersed strains. This in turn led us to hypothesize
that structural differences might be apparent between Wza2-resistant and susceptible
strains and possibly this could be related to an inhibition of antibiotic transmission by
Wza2.

Based on AlphaFold 2 models compared using Template Modeling score (Tm-score),
there were no discernable differences between Wza2 from cefovecin-resistant and
susceptible isolates, and there were no differences in comparisons of the protein
structure of Wza2 compared with Wzal. Differences were apparent between the two
group 1 Wza (Wza2 and Wzal) and WzaCA and GfcE, although the Tm scores were
still relatively high, indicating very similar folds (42). The colanic acid operon and the
associated wzaCA gene from that operon are absent from the wza2-carrying isolates,
but gfcE was present. In isolates where WzaCA is present (which is the vast majority
of isolates), it is significantly associated with susceptibility to cephalosporins, as well as
a number of other antibiotics, and the other genes in that colanic acid operon share
the same pattern. It is possible that WzaCA is a portal for antibiotic transmission, but
to our knowledge, this is an untested idea. It is the case that wzal, wzb, and wzc from
colanic acid have been reciprocally interchanged with those same three homologous
genes from group 1 and function normally (74) in both operons. In comparisons between
Wza1 (2j58 PDB crystal structure sequence) and Wza2 sequences, there were a number
of non-conservative amino acid substitutions (changing either the polarity or the charge
and two instances of A to the cyclic amino acid P) lining the inner pore of Wza2 (Fig.
7). Water interaction with the polarity of the inner pore of Wzal has been suggested
as important in facilitating the export of polysaccharides (40). It is possible that these
Wza2 substitutions could involve electrostatic interactions with antibiotic molecules
that might affect antibiotic transmission; however, there was no consistent correlation
between resistant and susceptible isolates carrying Wza2 regarding the specific character
of such substitutions. In our relaxed selection analysis, wza2 was under relaxed selection
relative to wzaCA across the entire gene. wzal was also under relaxed selection relative
to wzaCA, but only in the 3’ ~57% of the gene (GARD fragment 2); it was not under
relaxed selection in the 5 ~43% of the gene (GARD fragment 1). The two GARD
fragments are judged to have distinct evolutionary histories, with a putative recombina-
tion break-point separating the two halves. GARD fragment 1 in wza2 is the region where
these non-conservative changes reside. This suggests that relaxed selection pressure
on this ~12% of the gene resulted in random nonsynonymous mutations yielding the
non-conservative amino acid changes that happen to line the inner pore of the octamer.
We suggest that this signal of relaxed selection is a consequence of missing essential
gene content in these group 1 capsule sequences, rendering the group 1 CPS non-func-
tional.

It is important to consider that Wza is only one protein in the group 1 CPS assembly
pathway. Of particular importance is the interaction that occurs between Wza and Wzc.
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This second protein is thought to regulate the opening of the PES (polysaccharide export
sequence) domain of Wza within the periplasm, which is in a closed conformation in the
absence of Wzc interaction. Collins et al. proposed that the polysaccharide enters the
central pore of Wza through the opened PES domain and, then moving along the central
cavity, exits to the extracellular space through the alpha-helical domain of Wza (75). The
interaction with Wzc is thought to trigger the active or open conformation of Wza. Thus,
if this association of Wza and Wzc is disrupted because of sequence changes arising from
a relaxation of selective constraints on Wza2, then an antibiotic entering the pore at the
alpha-helical domain of Wza may not be able to exit into the periplasm or cytoplasm
because of a closed conformation of Wza, essentially functioning as an antibiotic trap.

Additional genes within the Wza2 CPS cluster sequence were also correlated with
AMR (Table S1). The clearest example of this was wzi; however, other genes do show
a bias toward resistance but do not pass our strict statistical criteria because of the
reduced sample number for those particular genes, due to their partitioning into
different variants. As an example, our data set has two variants of wzc; hence, the Scoary
analysis treats them as separate loci, and one of them is significant for empirical P (P <
0.01) but does not pass the Bonferroni correction. Similarly, wbaP (UDP-Gal:phosphoryl-
polyprenol Gal-1-phosphate transferase), involved in the first step in biosynthesis of
group 1 CPS, is present in several of our CPS, is significant for empirical P (P < 0.01), but
does not pass Bonferroni correction. The interactive necessities of the Wzx/Wzy pathway
in capsule production suggest that focusing on a single locus as the potential AMR
mechanism may be misguided. Failure of the pathway could affect the transmission of
antibiotics through the Wza2 pore, ultimately into the periplasm and the cytoplasm, thus
rendering the isolates resistant.

These Wza2 capsule clusters carry many of the genes necessary and typical of a
functional capsule one assembly locus; however, the gene content is variable between
isolates, except in the members of the low divergence Wza2 clade (ST162), and in the
majority of instances, they are missing some key loci. Although different serotypes carry
gene-specific loci, genes encoding Wzx and Wzy, defining the Wzx/Wzy pathway, are
always present in a functional group 1 CPS locus (57). Wzx translocates the O-antigens
across the inner membrane, where the O units are polymerized by Wzy. This latter
protein is known to exhibit low sequence conservation both between and within
bacterial species (76). Our Wza2 genomes carry examples of five different putative
Wzy proteins, with low sequence homology. Some form of Wzy, and its representation
within this CPS cluster sequence, is essential for group 1 capsule production in E. coli.
Certain Salmonella serotypes employ a Wzy polymerase that is located elsewhere in
the genome, outside the CPS cluster sequence (77), but this is not reported for E. coli.
Wzx, the O-antigen flippase protein, is also missing from the majority of these CPS
sequences. Only two of these genomes appear to have both Wzx and Wzy in the CPS
sequence, although it is possible this number could be increased by a few, since several
contigs are prematurely truncated upstream of gnd (Fig. 5). Thus, key components of the
Wzx/Wzy pathway are missing from these putative group 1 CPS cluster sequences. That
fact, combined with the relaxed selection evident for wza2 and wzi, suggests this CPS
locus is no longer functional as a group 1 capsule assembly system. More specifically,
we suggest that a recombinant history, at least partially mediated by the transposons
associated with these capsule sequences, resulted in shuffling the gene content in these
CPS, rendering it non-functional for capsule production, and this in turn is reflected
in the relaxed selection for wza and wzi. Although our examination of Wza protein
structure proved inconclusive with regard to distinct patterns associated with resistance,
our proposed model would still be that the antibiotic may get trapped in the pore of
Wza2, but this could be due to a host of interactive anomalies either involving the core
components of Wzi, Wza2, Wzb, and Wzc or involving other missing components in the
biosynthetic region of this operon.

All 38 of our isolates carrying the CPS locus depicted in Fig. 5 carry the group 4 cluster
sequence, with its wza homolog, gfcE. Our working hypothesis is that these isolates
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originally carried the group 4 CPS capability and then independently acquired the group
1 CPS via LGT from various lineages. The surrounding gene content of the group 4 CPS
is conserved in Wza2 isolates, with the seemingly requisite operon composition for a
functioning group 4 capsule (78, 79) and is similarly conserved in non-Wza2 isolates
from our collection, suggesting an ancient syntenic inheritance. In contrast, independent
LGT events are suggested by the gene content variability of the group 1 CPS between
Wza2 isolates, and the wide diversity in STs of this group. Homologous recombination
events are undoubtedly part of the history of this group 1 CPS locus, and some of
this recombination likely involved the colanic acid operon. All E. coli group 1-producing
isolates are unable to produce colanic acid, and it has been suggested that this locus may
have been lost during chromosomal rearrangements involving group 1 CPS loci (57).

In our case, the same transposon is present just upstream of galF in our group
1 sequences (Fig. 4) and is just upstream of wza in the vast majority of colanic acid
operons in our set of sequences from dogs. IS elements have been implicated previously
in the history of group 1 CPS and suggested as a likely factor continuing to mediate
recombination between strains (80). Colanic acid and group 1 capsules have similar
chemical structure (57) and share similarities in the operon structure, and the wza, wzb,
and wzc genes can be interchanged (74). Our wza2 gene tree phylogeny identifies
an identical sequence clade of wza2 sequences, all from ST162, that include in their
respective cluster sequence, at least one gene locus common in colanic acid operons,
gmd, involved in GDP-fucose biosynthesis from mannose-6-phosphate (Man6P). All of
this points to an extensive, and likely ongoing, history of LGT between colanic acid
and group 1. ST162 is a globally distributed MDR pandemic lineage that has been
isolated from clinical, environmental, domestic, and wild animal samples (81), including
an endangered species, the Andean condor (82), and, most recently, a pygmy sperm
whale (83). Our results suggest the possibility that wza2 and/or the group 1 CPS from
ST162 could be a contributing factor to its MDR phenotype.

Our hypothesis is that the majority of our Wza2 group 1 CPS have lost their previ-
ous role in capsule production, due to extensive recombination and the consequent
loss of certain critical genes. This loss of function is further supported by the signal
of relaxed selection we see in genes from this CPS locus that were correlated with
resistance. Ultimately, we suggest this has had the unexpected effect of these G1C
serendipitously developing into an MDR AMR mechanism. The majority of known AMR
mechanisms involve functional loci, and mutations therein, resulting in (i) changes
in membrane permeability, which limit the uptake, (i) modification of a target, (iii)
enzymatic inactivation, and (iv) active efflux. There are, however, other examples in
Gram-negative bacteria where an analogous loss of function to our proposal for the
Wza2 operon results in AMR. For example, colistin resistance in Acinetobacter bauman-
nii is due to mutations within genes essential for lipid A biosynthesis (Ipx operon),
eliminating the ability to produce lipid A and therefore lipopolysaccharide (LPS) (84).
An important difference in this A. baumannii study compared with our proposal is that
colistin resistance due to loss of LPS has the corollary effect of increased sensitivity to
other clinically relevant antibiotics; we see no such evidence of that in the wza2/group 1
isolates examined here.

The Wza2 cluster sequences are very widely distributed, nearly intact, across a
number of bacteria species (Fig. S8), particularly, E. coli and Klebsiella pneumoniae,
isolated from different host species (including other mammals, birds, plants, and fly).
Whether one considers Wza2 as the primary resistance mechanism, or the probable
inactive group 1 CPS cluster, the wide dispersal range of these sequences suggests that
this resistant CPS may be a much more important source of AMR than just in this set
of dog isolates. Although Wzi and Wza2 were two of only a small handful of putatively
novel chromosomal loci correlated with resistance to multiple antimicrobials, it is also
true that not all of these 38 genomes carrying these two genes were devoid of any
possible confounding influence of known resistance mechanisms, of either plasmid or
chromosomal origin. We focused exclusively on gene presence/absence here, and our
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study did not include mutational resistance. Given the large number of known AMR
mechanisms in E. coli, and in our specific data set (Fig. S5), this is to be expected.
However, in further attempts to specifically associate a cause-effect relationship of these
loci to AMR, it will be important to eliminate the confounding influence of known AMR
mechanisms on the role of these putative novel antimicrobial resistance genes. Ongoing
and future work in our laboratories regarding Wzi/Wza2 will involve knockouts of these
genes and others in the Wza2 CPS cluster, within several strains of the germane genetic
background that are devoid of known resistance mechanisms. Another future direction
needed is to characterize any capsules that may be formed by these strains.

As genomic surveillance expands to additional hosts, microbes, and geographic
regions, the importance of collecting paired AST data cannot be understated. The
merging and binary coding of this data is challenging, particularly for microbe-antimi-
crobial combinations that do not have breakpoints available, or when the dilutions on
commercial panels do not have a sufficient range for an accurate MIC determination.
Different laboratories also use different platforms, methods, and criteria for interpreta-
tion. Additionally, some breakpoints in veterinary medicine are intentionally set low
to discourage use. Here, we conservatively chose to include only the definitive interpre-
tations provided to clinicians, omitting the intermediate phenotypes and the MIC or
disk diffusion diameters where no interpretation was provided to the clinician. Due to
the limitations imposed by the aforementioned factors, we chose to focus on genes
associated with eight or more antimicrobials after correction for repeated measures.
Interestingly, with this strict criterion, we found different versions of the same gene
(wza) to be associated with either susceptibility or resistance (Table S1). The strong
association with cefovecin observed may have been facilitated by heavy demand for
susceptibility testing of this third-generation cephalosporin in dogs (and cats). As we also
saw resistance to antimicrobials of human medical importance in these same dog strains,
stewardship of these treatments in our companion animals is of utmost importance.
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