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HIGHLIGHTS GRAPHICAL ABSTRACT

o Feces on the sidewalks of San Francisco
contain multi-drug resistant bacteria

o The majority of fecal samples lacked the
human mtDNA marker, suggesting
canine origin

e Genomic sequencing of E. coli reveals
recent putative canine-human trans-
mission events

e Environmental surveillance of street
fecal contamination provides insights on
spillover of antimicrobial resistance

ARTICLE INFO ABSTRACT

Editor: Kyle Bibby The transmission of antimicrobial resistant bacteria in the urban environment is poorly understood. We utilized
genomic sequencing and phylogenetics to characterize the transmission dynamics of antimicrobial resistant

Keywords: Escherichia coli (AMR-Ec) cultured from putative canine (caninep) and human feces present on urban sidewalks in

ESBL

San Francisco, California. We isolated a total of fifty-six AMR-Ec isolates from human (n = 20) and canine, (n =
36) fecal samples from the Tenderloin and South of Market (SoMa) neighborhoods of San Francisco. We then
Antimicrobial resistance analyzed phenotypic and genotypic antimicrobial resistance (AMR) of the isolates, as well as clonal relationships
Canines based on cgMLST and single nucleotide polymorphisms (SNPs) of the core genomes. Using Bayesian inference,
Environment we reconstructed the transmission dynamics between humans and canines, from multiple local outbreak clusters
using the marginal structured coalescent approximation (MASCOT). Our results provide evidence for multiple
sharing events of AMR-Ec between humans and caninesp. In particular, we found one instance of likely trans-
mission from canines, to humans as well as an additional local outbreak cluster consisting of one caninep, and one
human sample. Based on this analysis, it appears that non-human feces act as an important reservoir of clinically
relevant AMR-Ec within the urban environment for this study population. This work showcases the utility of
genomic epidemiology to reconstruct potential pathways by which antimicrobial resistance spreads.
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N. Walas et al.
1. Introduction

Antimicrobial resistance (AMR) is a global health crisis with more
than 28 million antimicrobial-resistant infections occurring in the US
each year (Centers for Disease Control and Prevention (U.S.), 2019). In
2019, E. coli was estimated to be the top contributor to deaths attrib-
utable to bacterial AMR (Murray et al., 2022). Despite the increasing
rates of AMR bacterial infections, these pathogenic species targeted by
antibiotics constitute a small proportion of the gut microbiome. None-
theless, resistance to common antimicrobials can pass between this
population and the normal gut flora or surrounding environmental
bacteria (Woolhouse et al., 2015). Studies have shown E. coli, a key
species associated with AMR, to be a member of the gut microbiome in
about 90 % of individuals (AbuOun et al., 2020; Tenaillon et al., 2010).
In 2020, the Global Antimicrobial Resistance and Use Surveillance
System (GLASS) estimated the global prevalence of ciprofloxacin-
resistance in E. coli from environmental and clinical settings ranged
from 8.4 % to 92.9 % (Wang et al., 2023; World Health Organization,
2020). Models predict over half of E. coli invasive species may become
3rd generation cephalosporin resistant by 2030 (Alvarez-Uria et al.,
2018). Increasing rates of resistance in such populations have been
attributed to the circulation of specific resistant bacterial clonal species
as well as transmission of antimicrobial resistance genes (ARGs), often
mediated by mobile genetic elements such as integrons, transposons,
and plasmids (Carattoli, 2009; Zhang et al., 2020).

The global dissemination of antimicrobial resistant bacteria (ARB)
such as E. coli is best described using the One Health approach where
humans, animals, and the environment act as overlapping domains of
transmission (Zhang et al., 2020; Robinson et al., 2016). Despite this,
research has focused heavily on clinical interventions to reduce AMR
transmission in human pathogens. Studies have suggested animals and
the environment play equally important roles as reservoirs (Musoke
et al., 2021), but the extent of their contribution to the AMR trans-
mission cycle is still not well understood (Robinson et al., 2016). It is
known, however, that uncollected fecal waste and runoff contaminated
with ARGs from human and livestock waste exacerbates the natural
exchange of resistance genes from environmental bacteria to animal and
human pathogens (Reinthaler et al., 2003).

Domesticated animals have long been established as a reservoir for
AMR but there is still controversy regarding the exact role canines play
in transmission to humans and environmental contamination. Canines
have been shown to act as vectors for clinically relevant extended
spectrum f-lactamase (ESBL) producing bacteria and genes in urban
settings (Damborg et al.,, 2015). With regard to humans, various
cohabitation studies have shown a wide range of overlap in the resis-
tance profile of domesticated canines and their respective owners
(Marchetti et al., 2021; Zhao et al., 2022). For example, Johnson et al.
showed that a strain of uropathogenic E. coli appeared to move between
a canine and humans in the same household (Johnson et al., 2003).
These relationships were not found in different settings, most likely due
to limitations in sampling time and the transient nature of microbiota in
the gut (Roken et al., 2022).

Another challenge in studying the burden of non-human reservoirs
on AMR transmission to humans is the lack of computational tools to
robustly infer transmission directionality. The majority of studies
investigating the role of animals, for example, use the co-occurrence of
resistance as an indicator of spread or rely on methods that are insuffi-
cient to conclude directionality (Muloi et al., 2018). For example, ver-
tical evolution of shared bacterial species has traditionally been
investigated using phylogenetic modeling. However, these analyses are
usually constrained to the core genome of bacteria due to the high de-
gree of conservation (Keller and Ankenbrand, 2021) and largely ignore
metadata during model generation (Ingle et al., 2021). Phylodynamics,
which uses genetic data to infer epidemiological dynamics, is an
increasingly popular framework that can be used to infer transmission
events. It has been widely used to study viral transmission networks
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(Ingle et al., 2021), but its application to bacterial pathogens (Guinat
et al., 2021) has lagged due to the often more complex evolutionary
mechanisms (e.g., mobile genetic elements). Applying phylodynamics to
understand the transmission dynamics of AMR-Ec between species has
the potential to help inform disease control strategies and public health
interventions.

Most studies investigating the role of non-human hosts in AMR have
been conducted in low- and middle-income countries (LMICs) that are
known to bear the greatest burden of AMR due to a range of political,
economic, and infrastructure factors (Robinson et al., 2016; Pokharel
et al.,, 2019). Few studies (Damborg et al., 2015) have detailed the
resistance profiles of canines with regards to its contribution to envi-
ronmental contamination of ARGs which is imperative to understanding
the risk of transmission and ultimate burden on human infections in
surrounding settings. Therefore, the aim of this study was to charac-
terize the prevalence of AMR-Ec in human and putative canine (canine)
fecal samples found on the sidewalks of San Francisco, CA, USA where
the density of unhoused individuals is high. We used a novel phylody-
namic model, the marginal approximation of the structured coalescent
(MASCOT), which has been previously used to investigate transmission
directionality in respiratory viruses and bacterial pathogens (Bedford
et al., 2020; Canini et al., 2023; Perets et al., 2022; Miiller et al., 2021).
To our knowledge, this is the first application of such an approach to
interhost transmission of multidrug resistant bacteria isolated from the
environment. Results from this study can be used to better understand
the public health risk of antimicrobial resistance from environmental
fecal contamination.

2. Materials and methods
2.1. Sample collection and DNA isolation

Fecal samples were located based on open defecation hotspots that
were determined by San Francisco's 311 municipal system that allows
citizens to report issues to the city's department of public works. Samples
were collected from a perimeter of 20 blocks in the Tenderloin and
SOMA neighborhoods and included sidewalks on either side of the
street. Biospecimens were collected on Wednesday mornings before
daily street cleaning in September and October of 2020, and were pre-
sumed to be less than 24 h old based on observations. Samples were
placed into one-liter biohazard bags (Millipore Sigma, Darmstadt, Ger-
many) and stored in a cooler with ice packs for a maximum of 4 h before
being transferred and stored in 1.5 mL cryotubes at —20 °C.

The QIAamp 96 Virus QIAcube HT Kit was used to purify DNA. DNA
was first extracted from 100 mg of stool using a bead beating tube and 1
mL Qiagen Buffer ASL. As a positive control for DNA extraction, G-block
from IDT matching sequence for phocine herpesvirus was spiked in. The
bead beating tubes were vortexed for 5 min, incubated at room tem-
perature for 15 min, and centrifuged at 14,000 rpm for 2 min, in
alignment with previous study methods (Knee et al., 2021). Extraction
was completed using the QIAamp 96 Virus 281 QIAcube HT Kit and
done on the QIAcube. The extracted nucleic acids were stored at 4 °C for
less than 24 h before being stored at —80 °C.

Human and non-human fecal samples were determined using a
previously validated dPCR method to detect human mitochondrial DNA
(mtDNA) with a sensitivity and specificity of 100 % and 97 %, respec-
tively (Zhu et al., 2020). This assay was not formally validated on canine
fecal detection, but canine consensus sequences showed a similar
number of mismatches as pig samples during assay development and
design. The assay was able to distinguish between human and pig
samples using orders of magnitude during validation. Therefore, cross
reactivity between the human mtDNA and canine sequences was not
determined to be a major concern. Additional visual inspection of the
feces suggested all originated from large mammals, which in downtown
San Francisco is limited to humans and canines, such as domesticated
dogs and the rare coyote. A QIAGEN QIAcuity Four machine was used to
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run 40 pL reactions on QIAcuity Nanoplate 26K 24-wll plates. Reactions
included 2 pL template, 27.2 pL nucleotide-free H20, 1x CIAcuity PCR
MasterMix, 400 nM sun probe, and 800 nM of forward and reverse
primers. Cycles consisted of 2 min at 95 °C, 40 cycles of 15sat 95 °C, and
30 s at 59 °C. Positive and negative controls were run each day of
analysis. Qubit dsDNA results were used to normalize gene copy esti-
mates with a positive cut-off log-adjusted value of 1.

2.2. Isolate selection and phenotypic analysis

In order to identify resistant isolates, fecal samples were first
streaked with a sterile rayon swab on three plates containing MacCon-
key, MacConkey and Ampicillin (32 pg/mL), and MacConkey and Cef-
triaxone (1 pg/mL) mediums. Plates were inverted and incubated for
18-24 h at 37 °C and up to six random lactose positive colonies were
selected from each plate and inoculated in LB broth. If no lactose posi-
tive colonies were identified, a lactose negative sample was selected.
Broth cultures were incubated for 18-24 h at 37 °C then stored ina 15 %
glycerol solution at —80 °C. Individual colonies were confirmed to be
E. coli through indole production verification using pre-specified
methods (MacWilliams, 2012). In short, isolates were grown on trypti-
case soy agar and incubated for 18-24 hat 37 °C. A 1 pL inoculation loop
was used to place a small amount of sample on filter paper and Indole
DMACA Spot solution was applied.

Indole positive, E. coli isolates were then grown on Mueller Hinton II
agar for 18-24 h at 37 °C. Three to five isolates were then selected from
the growth plate and placed into Mueller Hinton II cation adjusted broth
which was adjusted until the optical density (OD) was between 0.10 and
0.12. The sample was then streaked onto a Mueller Hinton II agar for
disc diffusion susceptibility testing. We used a disc diffusion panel of ten
antimicrobials in accordance with the Clinical and Laboratory Standards
Institute (CLSI) guidelines (CLSI, n.d.): ampicillin (AMP; 10 pg disc),
ertapenem (ETP; 10 pg disc), ciprofloxacin (CIP; 5 pg disc),
trimethoprim-sulfamethoxazole (SXT; 25 pg, disc, 1:19), nitrofurantoin
(NIT; 300 pg, disc), cefepime (FEP; 30 pg, disc), piperacillin-tazobactam
(TZP; 110 pg, disc, 10.5:1), cefazolin (CFZ; 30 pg, disc), cefotaxime
(CTX; 30 pg, disc) and ceftazidime (CAZ; 30 pg, disc). E. coli ATCC®
25922™ from the American Type Culture Collection was used as a
reference strain against all samples tested. Isolates resistant to at least
one antimicrobial and with a unique resistance profile were selected for
whole genome sequencing. If more than one bacterial isolate showed
identical resistance profiles and originated from the same fecal sample,
one isolate was randomly chosen as a representative for testing.

2.3. Whole genome sequencing, assembly, and analysis

DNA for whole genome sequencing was purified from AMR isolates
using the Qiagen DNeasy Blood and Tissue extraction kit. Whole-
genome sequencing data was generated using an Illumina NovaSeq
6000 platform with a paired-end protocol (Nextera XT library; Illu-
mina). Quality of reads was assessed using FastQC v0.11. De novo as-
semblies of the paired short reads were generated using Unicycler
v.0.3.0b which acts as a SPAdes optimizer (Wick et al., 2017). Contigs
below 500 bp were excluded from the final draft assemblies. Quality of
assembled sequences was assessed using QUAST v5.0 (Mikheenko et al.,
2018).

Antimicrobial resistance genes, plasmid types, and virulence genes
were identified using the ABRicate tool (version 1.0) (Seemann, n.d.-a).
The ResFinder database was used to detect resistance genes with a 90 %
minimum match and 80 % minimum length. The PlasmidFinder data-
base was used to detect the plasmid replicons in isolates with an 80 %
minimum coverage and identity. The VFDB and Ecoli_VF databases were
used to detect virulence genes with an 80 % minimum coverage and
identity. Pathotypes of diarrheagenic E. coli were screened according to
the presence of previously defined virulence genes (Vidal et al., 2005).
Plasmid content of the isolates was determined by assigning contigs of
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draft genomes as plasmid or chromosomal using mlplasmids (Arre-
dondo-Alonso et al., 2018) and MOB-suite (Robertson and Nash, 2018).
Contigs smaller than 1000 base pairs were filtered out of the analysis.
The E. coli reference database was used for MOB-suite analysis with a
stringent cut-off of a Mash distance of 0.05 (Matlock et al., 2021; Rob-
ertson and Nash, 2018). MOB-suite results were used in place of
mlplasmids for contig calls with a minimum posterior probability below
75 % from mlplasmids. Contigs with discrepant results from the two
programs were not included in the final analysis.

MLST version 2.19 (Seemann, n.d.-b) was used to perform in silico
multilocus sequence typing (MLST), based on seven housekeeping genes
(adk, fumG, gyrB, icd, mdh, purA, and recA). cgMLSTFinder version 1.1
(Jolley and Maiden, 2010; Clausen et al., 2018) accessed through the
Center for Genomic Epidemiology was used to assign the cgMLST to
each E. coli isolate. Isolates were considered epidemiologically linked
with a genetic distance, calculated by the number of allele differences
divided by the number of alleles shared between two isolates, below
0.0105 according to previous methods (Kluytmans-van den Bergh et al.,
2016). Phylogroup assignment was determined using the in silico Cler-
mont 2013 PCR typing method tool EzClermont (Waters and Pritchard,
n.d.).

2.4. Phylogenetic and MASCOT analysis

Assembled draft genomes were annotated using Prokka version 1.12
(Seemann, 2014). Pan-genome analysis was completed using ROARY
version 3.13 (Page et al., 2015) with a core gene defined as being present
in over 99 % of the isolates. Core genome alignment comprised of 2905
core genes was generated using the MAFFT setting in ROARY. SNP-sites
(Page et al., 2016) was used to extract 200,473 single-nucleotide poly-
morphisms (SNPs) from the core genome alignment. A maximum-
likelihood tree was then calculated using RAXML version 8.2.12 (Sta-
matakis, 2014) with the general time-reversible model (GTRCAT) and
100 bootstrap replicates. Recombination events detected by Clonal-
FrameML version 1.12 (Didelot and Wilson, 2015) were masked to
produce a recombination free phylogenetic tree. The tree was then
visualized in iTol version 6.5.8 (Letunic and Bork, 2007).

To infer the transmission dynamics between canines, and humans,
we first split the dataset into local outbreak clusters according to pre-
vious methods (Miiller et al., 2020). We defined a local outbreak cluster
as any set of sequences that are at most 200 SNPs apart in alignment with
previous literature (Clausen et al., 2018; Kluytmans-van den Bergh et al.,
2016). MASCOT was then used jointly on all outbreak clusters inferring
the effective population size of E. coli in humans and canines,, the rates
of transmission between them, and the rate of introduction of E. coli into
either compartment. We assumed a rate of evolution of 4 SNP's per year,
based on the rate estimate for Shigella sonnei from previous literature
(Miiller et al., 2022). As a site model, we used a GTR + I'4 with estimated
rates. Additionally, we reconstructed the host type of internal nodes in
the local outbreak clusters, as well as the posterior distribution of host
transfers, as the number of edges for which parent and child node are
inferred to be in different hosts. Tree output was visualized using den-
sitree (Bouckaert, 2010) and ggtree (Yu et al., 2017).

2.5. Statistical analysis and data visualization

The quantitative output of the number of ARGs in a species was
recoded as a binary, presence or absence, categorical variable in the
statistical tests. Contingency tables based on ARG presence or absence in
the species were then generated and analyzed using the non-parametric
two-tailed Fischer's Exact test due to the small sample size. The same
methodology was used to analyze virulence gene presence. The signifi-
cance value was set at 5 %.

All data manipulation and analyses were done using R Studio Soft-
ware version 1.4.1073 in tandem with the following R packages: ggplot
(Wickham, 2016), dplyr (Wickham et al., 2021), stringr (Wickham,
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2019), tidyr (Wickham, 2020), and ggsankey (Sjoberg, 2022). Spatial
distribution of sample sites was visualized using QGIS (QGIS Associa-
tion, 2022) with a pseudo-Mercator projection.

3. Results
3.1. Putative canine and human fecal sample characteristics

We sampled sixty fecal samples over the course of five weeks from
September to October 2020 in San Francisco, CA, USA that were sus-
pected to be human or canine,, based on visual discrimination by field
staff. The range of sample sites covered one mile and spanned from the
Tenderloin district to south of Market Street (Fig. 1). Source attribution
by mtDNA analysis was possible on 59 of the 60 fecal samples and
determined that 20 % (12/59) originated from humans and 80 % (47/
59) originated from non-humans (Zhu et al., 2020; Barker et al., 2023).
Due to the large size and visual appearance, all non-human fecal samples
were assumed to be putative canine (caninep) feces; canines were
commonly observed in the area during sampling. In total, 205 E. coli
isolates were collected across the fecal samples, 125 originated from
MacConkey plates, 72 from MacConkey and Ampicillin plates, and 7
from MacConkey and Ceftriaxone plates. The 205 isolates originated
from fifty-six (human =20; canine, = 36) unique fecal samples. All
isolates were phenotypically resistant to at least one antimicrobial as
determined by disc diffusion methods and were sent for whole genome
sequencing (Supplemental Table 3). Between two and three phenotyp-
ically unique AMR-Ec were isolated from 58 % (7/12) of human fecal
samples and 19 % (9/47) of canine, samples. The final set of antimi-
crobial resistant E. coli isolates (AMR-Ec) originated from 33 of the 60
fecal samples: nine (75 %) from confirmed human fecal samples and 24
(51 %) from canine, fecal samples.

3.2. Resistance, plasmid carriage, and pathotypes in human and canines

The resistant isolates from both sources showed a similar distribution
in phenotypic resistance (Fig. 2A). Close to 100 % of the isolates from
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both sources were phenotypically resistant to the penicillin, ampicillin,
and the first-generation cephalosporin, cefazolin. A larger proportion of
human isolates compared to canine, isolates were phenotypically
resistant to the trimethoprim-sulfamethoxazole (75 %, 52 %) and cip-
rofloxacin (40 %, 8 %) respectively. Phenotypic resistance to the third
and fourth generations of cephalosporin drugs cefotaxime, ceftazidime,
and cefepime was higher in humans (20 %, 20 %, 15 %) compared to
canines;, (5 %, 14 %, 3 %). Despite being phenotypically resistant to
cefazolin in almost 100 % of the isolates, none of the isolates carried
cefazolin specific resistance genes.

With regards to antimicrobial resistance genes (ARGs), we identified
a total of 28 ARGs, with 5 ARGs found only in humans and 9 ARGs found
only in canines,. Although only 50 % of ARGS were shared by both
species, there was no significant difference in the presence of resistance
genes between two species (Table 1). The mean number of ARGs per
isolate was 7.20 in human and 5.11 in caninesp. The most common
resistance gene was the broad spectrum mdf(A) gene, present in all
isolates, followed by the p-lactamase gene blargy.1p present in 65 % (n =
13) and 70 % (n = 25) of isolates in humans and caninesy, respectively.
The class A p-lactamase blatgp 04 was only present in one human isolate.
There was no overlap in the carriage of the blacrx.m extended-spectrum
B-lactamase (ESBL) genes between the two species (Fig. 2B). The only
ESBL gene detected in canine,, isolates was blacrx.m-27 while human
isolates carried blacrx.m.s5 and blactx-m-15.

We detected twenty-seven plasmid replicons, six of which were
unique to canines;, and ten to humans (supplemental table 1). Col156
was the most prevalent replicon in human isolates (n = 15) and second
most prevalent in canine;, isolates (n = 15). IncFIB was the most prev-
alent in canine, isolates (n = 20) and third most prevalent in human
isolates (n = 13). In terms of ARG localization, a greater proportion of
ARGs in human isolates were plasmid bound compared to canine;, iso-
lates (Fig. 3). Only one of the detectable p-lactamase genes, blactx-m-15,
in human isolates was chromosomal. Seven of blapxa.1 (n = 1) and
blatgwm-18 (n = 6) p-lactamase genes were chromosomal in canines,,. The
ESBL genes blacrx.m-27 (n = 1) and blacrx.m-55 (n = 2) in caninep, and
human isolates, respectively, were detected on plasmid-called contigs.

Source Sample Collection Data
: A Human € September 9th, 2020
|:I United States @ Dog @ September 23rd, 2020
@ September 30th, 2020
@ October 14th, 2020
0/ 500 1,000 mi
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Fig. 1. Sixty fecal samples were collected over a one-mile range in the Tenderloin and SoMa neighborhoods of San Francisco, CA, USA. Samples were collected over
one month period on four collection dates. Spatial distribution of sample sites was visualized using QGIS in a Pseudo-Mercator projection.
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Fig. 2. Isolates from humans and dogs were selectively plated on MacConkey, MacConkey and Ampicillin, and, MacConkey and Ceftriaxone, and assessed for
phenotypic resistance (A). Sequences of isolates determined by whole genome sequencing were analyzed using the ResFinder database with ABRicate (B).

Plasmid replicon type could not be identified for the majority of resis-

E. coli pathotypes determined that one canine, isolate belonging to

tance genes carrying plasmid contigs. Human fecal samples carried an
IncK2/Z plasmid contig carrying sulfonamide, trimethoprim, and ami-
noglycoside genes. Three of the seven detected plasmid replicons were
shared between species. We found plasmid contigs carrying blargm.1s
and identified as belonging to IncFIA, IncFIA/IncFIC and IncFIA/IncFII
replicons in human (n=1,n=2,n=1) and canine, (n=3,n=4,n=1)
isolates (Table 2).

Pre-defined virulence genes used to identify the six diarrheagenic

ST131 carried the daaE gene indicative of diffuse adherent E. coli. About
25 % of human and canine, isolates carried the virulence gene eae.
Virulence gene carriage was not significantly different between the two
species (Supplemental table 2).

3.3. Clonal and phylogenetic relationships spanned species

Twenty-eight sequence types were detected, including the well-



N. Walas et al.

Table 1
Distribution of ARGs between Human and Canine Isolates.

Resistance Gene Human (%, n = Canine (%, n = p-

group 20) 36) value®

Aminoglycoside aac (3)-1la 5.0 0.0 0.357
aac(6')-1b- 5.0 0.0 1.000
cr
ant(3")-Ia 5.0 2.78 1.000
aph(3")-Ib 60.0 41.7 0.266
aph(6)-1d 65.0 41.7 0.163
aac(3)-11d 0.0 11.1 0.285
aadA2 0.0 11.1 0.285
aadA5 55.0 38.9 0.428

p-lactamase blactxm1s 10.0 0.0 0.123
blacrxmzr 0.0 5.6 0.533
blacrx-m-s5 10.0 0.0 0.123
blaoxa1 5.0 2.8 1.000
blatgm.1 65.0 69.4 0.772
blargm-104 5.0 0.0 0.357

Macrolide erm(B) 10.0 0.0 0.123
mdf(A) 100.0 100.0 1.000
mph(A) 45.0 19.4 0.064

Quinolone qnrS1 0.0 2.8 1.000

Sulfonamide sull 50.0 27.8 0.146
sul2 70.0 44.4 0.095

Tetracycline tet(A) 50.0 25.0 0.080
tet(B) 25.0 139 0.468

Trimethoprim dfrAl 10.0 0.0 0.123
dfrA5 5.0 0.0 0.357
dfrA8 5.0 2.8 1.000
dfrA12 0.0 111 0.285
dfrA14 5.0 0.0 0.357
dfrA17 55.0 38.9 0.275

@ Alpha value of 0.05.

known pandemic lineages 131, 69 and 1193 (Fig. 4). Human isolates
spanned 11 STs and canine,, isolates spanned 17 STs. The most common
phylogroup was A (n = 17) followed by B2 (n = 15) and B1 (n = 13).
Phylogroups B2 contained human isolates carrying the ESBL genes
blactx-m-55 and blacrx-m-15 and belonging to the pandemic lineages
ST1193 and ST131, respectfully. Canine,, isolates containing ESBL gene
blacrx-m-27 belonged to phylogroup F (Fig. 4).

Core genome MLST revealed six epidemiologically linked clonal
groups (Table 3), using previously defined thresholds (Kluytmans-van
den Bergh et al., 2016). All clonal groups contained isolates carrying the
B-lactamase gene, blargm.1p. Five of the clonal groups contained two
isolate pairs that originated from canine, fecal samples. Three of the
clonal groups belonged to the pandemic lineages ST131, ST69 and ST10.
Clonal group 2 belonging to ST69 contained isolates sampled on
different days. The largest clonal group was group 6 with isolates orig-
inating from both human (n = 1) and canine, (n = 5) fecal samples and
spanning three sampling dates.

By performing Bayesian phylogenetic inference from local outbreak
clusters using MASCOT, we found support for at least two host transfers
of E. coli between humans and canines,, (Fig. 5A). In particular, one of
the local outbreak clusters shows that human samples are nested in a
clade of canine, sequences (Fig. 5B). Additionally, we found a second
outbreak cluster with sequences from humans and caninesp, which in-
dicates a second host transfer. In this case, however, the root of the local
outbreak clusters lies several years in the past, and as such, may have
taken different routes of transmission that are not accounted for in the
model. The different E. coli isolates contained largely consistent plasmid
profiles within the same local outbreak clusters (Fig. 5C).

4. Discussion

Our study suggests that non-human sources of fecal contamination
may play an important role in the spread of AMR in urban settings
within high-income countries. Because the global prevalence of resistant
infections is projected to increase and therapeutic alternatives are
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limited, it is important to understand interspecies transmission and
evolutionary dynamics to develop effective mitigation practices. Our
results demonstrated that on average humans presented a 0.5 times
higher proportion of antimicrobial resistant E. coli (AMR-Ec) isolates
compared to caninesp, but the ARGs present in the isolates were similar
between the two species. We were surprised to find that despite the high-
profile reports of human fecal waste in San Francisco heavily featured in
the media (Amato et al., 2022), the majority of our samples belonged to
non-human sources.

Our results show that carriage of drug-resistant pathotypes of E. coli
was similar between species, in accordance with overall pathogen car-
riage from previous research (Barker et al., 2023). Aside from one isolate
in canines;, determined to be diffuse adherent E. coli, neither species
carried any of the six diarrheagenic E. coli pathotypes based on previ-
ously defined definitions. A comparable percentage of E. coli in both
species did carry the virulence gene eae, which is known to enhance
virulence of STEC infections (Hua et al., 2020), but did not carry the
additional stx1/stx2 or bfp genes of STEC and typical enteropathogenic
E. coli, respectively. Both human and caniney, E. coli showed high rates of
ampicillin and trimethoprim-sulfamethoxazole phenotypic resistance,
suggesting the need for drug monitoring and appropriate administration
for community-acquired bacterial infections. The lack of cefazolin spe-
cific resistance genes in both species was surprising considering the high
rate of phenotypic resistance to the drug. Cefazolin resistance has been
shown to be mediated by ampC p-lactamases (Kawamura et al., 2022),
which were not detected in this study group. The high counts of blargy.
18, known to confer resistance to structurally similar first-generation
cephalosporin, cephalothin (Wick and Preston, 1972), in addition to
the presence of other p-lactamase genes are most likely are conferring
resistance to cefazolin, but further investigation is needed to confirm
this. It is also possible the observed phenotype counts are due to genetic
mechanisms that were not explored in this study such as efflux pumps
and porins which are known to confer cross-resistance to multiple an-
tibiotics (Ishii et al., 2021; Bratu et al., 2008).

In alignment with previous studies (Salinas et al., 2021; Zhao et al.,
2022; Musoke et al., 2021) our results also show there was some overlap
in the resistance genes and plasmids found in human and canine;, sam-
ples. The most frequent ARG in both species was the broad-spectrum
macrolide gene mdf(A), followed by the non-ESBL gene, blargy.is-
Only 50 % of the ARGs were present in both species but their presence
was not significantly different. The limited sample size may explain why
some resistance genes were only detected in one species and why no
significant difference in gene presence was found. Nevertheless, the
similarity in the distribution and prevalence of shared ARGs suggests a
similar composition of resistance between the two species despite recent
findings challenging this notion (Rgken et al., 2022). This discrepancy
with the literature may be explained by multiple factors such as envi-
ronmental setting and sampling window, as E. coli presence in the gut is
known to be highly dynamic due to selection pressure and clonal
competition (Loayza et al., 2020).

Both species had a high prevalence of the Col156 and IncFIB plasmid
replicons in addition to various other replicon types unique to the spe-
cies. The ESBL genes, blacrx-m-s5 and blacrx.m-27 were exclusively found
on plasmid-called contigs in humans and canines), respectively. The
missing replicon assignment to the majority of ARG carrying plasmid
fragments is most likely due to a lack of plasmid markers on the short-
read contigs (Juraschek et al., 2021). Nevertheless, three IncF-type
plasmids harboring the non-ESBL blatgy.1p gene were found in both
species. IncF plasmids are well known to disseminate a range of resis-
tance genes including blacrx..1s5 (Kim et al., 2011) while being stably
maintained without antimicrobial pressure (Lucas et al., 2018). This
suggests plasmid mediated ARG exchange and persistence between the
two species may be occurring regardless of antimicrobial usage in the
community.

This potential for ARG exchange is further supported by the overlap
in clonal species between the two sources. The maximum-likelihood
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Fig. 3. Contigs containing ARGs determined by ResFinder were assigned as plasmid or chromosomal according to mlplasmids and MOB-suite in human (A) and
canine (B) isolates. Distribution of localization was visualized using ggsankey in R studio.

phylogenetic tree showed no clustering by species, with canine, and
human isolates equally distributed across sequence types and phy-
logroups. Core genome MLST found six epidemiologically related clonal
groups across canine, fecal samples, three of which belonged to
pandemic linages ST131, ST69, and ST10. The clonal group ST2541
contained epidemiologically linked isolates from both human and can-
ines, over multiple sample dates, suggesting recent clonal dissemination
across the two species. Past studies in Brazil (Melo et al., 2018) and
Norway (Toombs-Ruane et al., 2020) have found ST2541 to be prevalent
in stray and domestic canines, but to our knowledge this is the first
instance of it occurring in both humans and canines of the same study
base.

Our phylodynamic analyses demonstrate that there is potential to
utilize genomic sequencing to reconstruct host transfer events on a local
scale. Our analyses also suggest that there is cross-species sharing of
E. coli between canines, and humans, with the samples in the same
outbreak clusters having the same or very similar plasmid profiles.
Similar plasmid profiles between local outbreak clusters inferred from
chromosomal DNA suggest that at the time scales we are investigating,
plasmids are largely maintained even during cross-species transmission.
Using more isolates or explicitly tracking the movement of plasmids

Table 2

between different bacterial lineages could shine additional light into the
cross-species transmission of E. coli (Miiller et al., 2022). With relatively
few host transfers captured by the genomic data, quantifying the rates of
host transfers is complex. This could be enabled by larger datasets and
could be used to, for example, estimate the number of cases in each
species directly caused by host transfers (Clausen et al., 2018; Page et al.,
2015). For this analysis, we were unable to find geographically matched,
clonally related E. coli isolates in public databases to supplement this
analysis. Knowing these rates could potentially be used to parameterize
epidemiological models to predict the impact of interventions to reduce
the burden of ARB gene carrying E. coli.

This paper makes no statements suggesting a direct transmission
route from canines to humans in the urban built environment, but our
findings suggest recent clonal sharing of resistant bacterial clones be-
tween human and non-human species. One possible explanation for the
high similarity and transmission of the AMR-E. coli in humans and
canines, is cohabitation between the two species such as canine
ownership, which has been shown to contribute to E. coli sharing and
long-term colonization (Johnson et al., 2016; Toombs-Ruane et al.,
2020; Habib et al., 2023). Alternatively, the similarity could be due to
shared exposure sources such as intermediate hosts unaccounted for in

Distribution of ARG carrying plasmid replicons between human and canine isolates.

Plasmid replicon type

Resistance genes

Number of isolates (n = 20)

Sequence types (n = 36)

IncFIA
IncFIA/IncFIB/IncFIC
IncFIA/IncFIC

IncFIA/IncFII

IncFIB/Incl-gamma/K1
IncFIC
IncK2/Z

blatgm.1p

blatgm.1s
blatgm-1p

blatgw.1s, aac(3")-1Ib
blatgm.1s

blargm 18, aph(3')-Ib,
aph(6)-1d, sul2
blatgm.1s

blargm1s
aph(6)-1d, dfrA14, sul2

Human (1) 131 (1), 29 (1), 69 (2)
Canine (3)

Human (1) 58 (1)

Human (2) 29 (2), 569 (1), 10 (2)
Canine (3)

Canine (1) 162(1)

Canine (1) 69

Human (1) 10

Canine (1) 8857 (1)

Canine (2) 969 (2)

Human (1) 131 (1)
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200,473 SNP sites among the core genome of E. coli isolates with bootstrapping of 100 replicates. ClonalFrameML was used to correct the branch lengths of the tree to
account for recombination. Fecal sample source, phylogroups, sequence type and ARG carriage of each isolate is indicated. Tree clades are indicated by gray shading.

Table 3
Epidemiologically linked clonal groups of isolates.
Clonal Number of ST cgST Avg allele Phenotypic Genotypic resistance profile Sample Sampling date
group isolates difference resistance profile mtDNA (n)
1 2 131 136,431 0 AMP, KZ, SXT aac(3)-11d_1, aadA2, blargy.1s, dfrA12, Canine 9/30/20
mdfA, mphA, sull_5, tetA
2 2 69 133,094 1 AMP, KZ blargm.1s, mdfA Canine 9/23/20, 9/30/20
3 2 969 40,914 0 AMP, KZ blargy.1p, MdfA, tetA Canine 9/23/20
blargm.1s, mdfA
4 2 155 62,601 2 AMP, KZ, SXT aadA2, aph(3")-Ib, aph(6)-Id, blargy.1p, Canine 9/30/20
dfrA12, mdfA, sull_5, sul2_3,
5 2 10 78,278 1 AMP, SXT aadA5, aph(3")-Ib, aph(6)-Id, blargy 18, Canine 10/14/20
dfrA17, mdfA, mphA, sull_5, sul2 2, tetA,
6 6 2541 130,412 2 AMP, KZ, SXT aadA5, aph(3")-Ib, aph(6)-Id, blargm.1p, Human (1) 9/23/20, 9/30/20,
AMP, CTX, KZ, SXT dfrA17, mdfA, sul2_14 Canine (5) 10/14/20

aadA5, aph(3")-Ib, aph(6)-Id, blargm.1s,
dfrA17, mdfA, sul2 21

our sampling scheme, shared food waste consumption, or contact with
communal contaminated wastewater run-off. A wider sampling
approach with more environmental samples would help refine insight
into proposed transmission pathways. Regardless, the human fecal

samples likely originated from open defecation due to lack of access to
sanitation facilities for the unhoused population in San Francisco
(Amato et al., 2022). Individuals experiencing homelessness have been
shown to be at greater risk for exposure to infectious diseases due to
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Fig. 5. Transmission of E. coli between canine and humans. (A) Maximum clade credibility tree of the different outbreak clusters inferring using MASCOT. The color
of each edge denotes the inferred location of the child node of that edge. The color scale denotes the certainty of the node state reconstruction. The size of each node
denotes the posterior support for a clade. For each tip in the tree, we show the antibiotic resistance profile based on the location of the resistance genes on either a
plasmid or the chromosome (or an undetermined location). Any sequences that are linked by edges are in the same outbreak cluster, while unlinked sequences are in
different outbreak clusters. (B) Inferred number of host jumps. Host jumps are computed as the number of edges for which parent and child nodes are in different
states. The total number denotes the posterior distribution of host jump events in either direction.

compounding factors (Fazel et al., 2014; Liu et al., 2020). Residence in
areas where fecal contamination is prevalent, such as sidewalks, can
lead to increased exposure to AMR-E. coli resulting in spillover, gene
exchange and E. coli colonization from canine feces through the
environment.

Our study has several limitations. Firstly, we were not able to gather
individual data for fecal samples, so it is possible some fecal samples
originated from the same human or caniney,. It is possible the non-human
fecal samples originated from animals other than canines, though this is
less likely due to the limited wildlife ecology of downtown San Francisco
and the appearance of the feces. Secondly, we were not able to establish

the extent of contact between the individual hosts contributing the fecal
samples, which would help support inference on direct transmission
events as opposed to alternative pathways that may be mediating clonal
sharing between the two hosts. Due to the lack of funding, we were not
able to sample other potential reservoirs that would help us identify the
likely transmission pathways. Our limited sample size restricts in-
ferences we can make from our study group to the larger San Francisco
community.

In conclusion, our study found a high degree of similarity in AMR-
E. coli in human and canine, fecal samples on the sidewalks of San
Francisco as well as one recent host transfer event from canines, to
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humans. Our results support the wider use of phylodynamic methods in
bacterial surveillance to refine insights on cross-species AMR sharing
that may warrant further investigation. We discovered a wide variety of
resistance genes including a high prevalence of macrolide and f-lacta-
mase genes in canines,. The prevalence of canine, phenotypic and
genotypic resistance suggests domesticated and stray canines play an
important role as a reservoir and vector for environmental contamina-
tion of ARGs. Canines are required to be on leash when off personal
property, and owners are required to remove and dispose properly of
any feces. Despite these ordinances there remains a high frequency of
canine feces on San Francisco sidewalks. This study supports public
health efforts to report and remove both human and non-human feces on
city streets, such as San Francisco's municipal 311 program, as well as
increased signage and enforcement of ordinances. Public health mea-
sures should be continued in order to reduce the spread of AMR in the
environment and reduce the risk of AMR transmission to vulnerable
communities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.170139.
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