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Abstract

Extended-spectrum beta-lactamase (ESBL) Escherichia coli (E. coli) is an emerging patho-
gen of high concern given its resistance to extended-spectrum cephalosporins. Broiler
chicken, which is the number one consumed meat in the United States and worldwide, can
be a reservoir of ESBL E. coli. Backyard poultry ownership is on the rise in the United States,
yet there is little research investigating prevalence of ESBL E. coliin this setting. This study
aims to identify the prevalence and antimicrobial resistance profiles (phenotypically and
genotypically) of ESBL E. coliin some backyard and commercial broiler farms in the U.S.
For this study ten backyard and ten commercial farms were visited at three time-points
across flock production. Fecal (n = 10), litter/compost (n = 5), soil (n = 5), and swabs of feed-
ers and waterers (n = 6) were collected at each visit and processed for E. coli. Assessment
of ESBL phenotype was determined through using disk diffusion with 3" generation cepha-
losporins, cefotaxime and ceftazidime, and that with clavulanic acid. Broth microdilution and
whole genome sequencing were used to investigate both phenotypic and genotypic resis-
tance profiles, respectively. ESBL E. coliwas more prevalent in backyard farms with
12.95% of samples testing positive whereas 0.77% of commercial farm samples were posi-
tive. All isolates contained a blactx.m gene, the dominant variant being blactx-um-1, and its
presence was entirely due to plasmids. Our study confirms concerns of growing resistance
to fourth generation cephalosporin, cefepime, as roughly half (51.4%) of all isolates were
found to be susceptible dose-dependent and few were resistant. Resistance to non-beta lac-
tams, gentamicin and ciprofloxacin, was also detected in our samples. Our study identifies
prevalence of blactx.m type ESBL E. coliin U.S. backyard broiler farms, emphasizing the
need for interventions for food and production safety.
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Introduction

Extended-spectrum beta-lactamases (ESBL) are enzymes that confer resistance to a commonly
used group of antibiotics in medicine, beta-lactams, such as penicillin and cephalosporins.
Pathogens that produce ESBL are known for their resistance to cephalosporins, particularly
extended-spectrum (3rd generation) cephalosporins that were developed to cover a wider
range of Gram-negative pathogens [1, 2]. Public health concerns regarding resistance to these
vital antimicrobial therapies have greatly increased because of ESBL spread worldwide.
Extended-spectrum beta-lactamase (ESBL) producing Enterobacterales, such as Escherichia
coli, are listed as a “serious threat” to public health in the CDC’s 2019 Antimicrobial Resistance
Threats report for the United States [3]. While the increased prevalence of ESBL pathogens in
hospital settings is of concern, prevalence has also been associated with food animals, particu-
larly broilers [1, 4-6]. Broilers are chickens grown for meat consumption and are known for
high rates of ESBL E. coli contamination [6-8]. This is alarming as broiler chicken is the num-
ber one consumed meat in the United States and worldwide [9, 10]. Given the large “flux” of
chickens into the market and hence domestic kitchens, even low prevalence microbes have the
potential to have large and ramifying effects.

The production of broiler chickens is dominated by integrated commercial production;
however, backyard poultry ownership has increased in the United States [11-13]. The USDA
defines backyard poultry farms as those that have less than 1,000 birds [14]. In some cases,
these birds are kept as pets and are not consumed. In others, they are consumed exclusively by
the owners. In others, meat products or eggs are still produced by the birds and may be sold to
customers from the backyard farm or at a local farmers market. This growth in ownership of
backyard chickens has outpaced our understanding of the identity, prevalence, and ecology of
antimicrobial-resistant (AMR) pathogen prevalence in U.S. backyard farm environments [11].
For example, our understanding of ESBL E. coli prevalence and resistance in backyard broiler
production in the United States is minimal, which is concerning considering potential transfer
of ESBL E. coli from broilers to farm owners, or others in the home [15]. The primary public
contact with commercially produced chickens is as butchered and packaged meat; however,
owners of backyard chickens have the potential for more points of contact. Elkhoraibi and col-
leagues (2014), conducted a survey and found many United States poultry owners considered
their birds to be “safer” to consume [11]. This mindset could cause decreased standards for
biosecurity and hygiene protocols, leading to increased risk of pathogen exposure [11].
Though there are few backyard studies in the United States, at least some backyard chickens
can host extensively resistant organisms such as ESBL E. coli. For example, a Shah and col-
leagues found ESBL E. coli in 29% of the backyard poultry farms they tested in Washington
[16]. Without a better understanding of ESBL E. coli prevalence in these U.S. farm systems, it
is difficult to develop anticipatory interventions, guidance, guidelines or policies.

We sought to compare the AMR profiles of commercial and backyard chickens in a portion of
the Southeastern United States. Our longitudinal study follows birds in backyard and integrated
commercial farm flocks and details the prevalence and AMR profiles (phenotypic and genotypic)
of ESBL E. coli. Our study aims to better understand the prevalence of ESBL E. coli in these pro-
duction systems in order to lay groundwork for improving food and production safety.

Methods
Farm

Backyard farms in our study are considered to be farms that raise broilers at a residential prop-
erty for meat consumption, either by the household or sold to the public for consumption at
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local farmers markets or the farm itself. Criteria for inclusion were that birds are broiler breeds
raised for meat consumption. In this study, all backyard flocks were Cornish Cross. Few simi-
larities were noted, but all farms did not have birds from the same hatchery or acquire the
same feed. Farms varied in litter management (though the rule for almost all farms was new
flock starts on new litter), cleaning protocols, and feed/water supplementation. Flocks varied
from 22 to 1,000 birds in a flock. Commercial integrated flocks are broilers raised for meat
consumption as part of large commercial companies. All commercial integrated flocks were
raised in indoor intensive flocks. No other species were housed on these farms. Flocks con-
tained 13,500 to 30,900 birds in a flock (mean flock size = 20,630 birds). Farm management
such as litter management and feed/water supplementation mostly depending on commercial
company of origin. All commercial flocks contained Ross 708 broilers. These farms will be
referred to as commercial for the rest of the paper.

Ten backyard flocks from 8 farm locations and ten commercial flocks from ten different
houses from ten different locations. For the commercial farms, the flocks sampled were split
amongst three different companies (Company One = 2 flocks, Company Two = 2 flocks, Com-
pany Three = 6 flocks). Backyard farms were all different, except farm 1 and 7 and farm 5 and
9. These two pairs were the same farm, but sampled in a different season (ex: first visit spring
and second visit fall). Flocks were sampled at brooding, grow out, and finishing in order to
encompass all production stages. These three timepoints throughout production fell at days
10, 31, and 52 for backyard farms and days 10, 24, and 38 for commercial farms. Commercial
integrator farms were sampled at a shorter timeline because birds were processed faster than
they are in the backyard environment. All sampling occurred between April 2021 and April
2023.

At each farm visit, fecal (n = 10), soil (n = 5), litter or compost (n = 5), and feeder and
waterer swabs (n = 6), were collected at each visit. The litter or compost sample depended on
what was available at the farm visit. All commercial samples under this category were litter,
given it was always available. For backyard farms typically birds were on litter for the first visit,
but were on pasture for the remaining. Therefore, compost samples were collected instead, as
many owners put old litter samples into their compost piles.

The North Carolina State University Institutional Animal Care and Use Committee
(IACUC) reviewed and approved the work done with broilers for this study. The IACUC
approval number is: 20-249.

Isolation of ESBL E. coli

The protocol for isolating ESBL E. coli was a modified version of the 2021 National Antimi-
crobial Resistance Monitoring System protocol [17]. To isolate E. coli, 90 mL of buffered
peptone water was poured on to each sample in sterilize closure bags. The sterilize closure
bag was then placed in an automatic shaker at 200 rpm for 15 minutes, and then incubated
overnight at 35°C. After incubation, the bag was massaged before using a 10 pL inoculation
loop to t-streak the buffered peptone water and sample mixture onto a MacConkey plate
with 4 pg/mL of Cefotaxime. One plate was created per sample. Plates were placed in an
incubator at 35°C for 24 hours. After incubation, a 1 uL loop was used to grab a pink colony,
briefly swirl it in a 5mL tube of tryptone water, and then immediately plate on blood agar.
One colony was collected per plate. The inoculated tryptone tubes and blood agar were
incubated at 35°C for 24 hours. The tryptone tubes were used to conduct an indole test by
placing 5 drops of Kovac’s reagent on the inner side of the tube so it slides into solution.
Tubes that created a pink ring with the addition of Kovac’s reagent were deemed E. coli and
were tested for the ESBL phenotype.
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ESBL testing

Processed isolates were assessed through a disc diffusion for the ESBL phenotype through the
procedures explained in Jacob et al., 2020 [18]. First, a 0.5 McFarland suspension was created
with a 24 hour fresh culture on blood agar. A cotton tip swab was then used to create a lawn of
bacteria across a Mueller Hinton agar plate. The four antibiotic disks (Cefotaxime 30 ug, Cefo-
taxime with Clavulanic acid 30 pg, Ceftaxidime 30 ug, Ceftazidime with Clavulanic acid 30 ug)
were separated into quadrants of the plate. After incubation at 35°C, the zone of inhibition sur-
rounding the antibiotic disks was measured. If the zone of inhibition surrounding the antibi-
otic disc with either cefotaxime or ceftazidime (3™ generation cephalosporins) alone was at
least 5 mm larger than the zone of inhibitions surrounding the disk with the 3 generation
cephalosporin with clavulanic acid (beta lactamase inhibitor), the isolate was deemed to be
ESBL.

Antimicrobial susceptibility testing

Each isolate deemed to have the ESBL phenotype was tested using the Thermo Scientific Sensi-
titre ™ ESB1F plates. Testing was conducted by following the National Antimicrobial Resis-
tance Monitoring System (NARMS) 2020 Manual of Laboratory Methods for E. coli [19].
Briefly, the isolate was used to create a 0.5 McFarland suspension using 5 mL tube of deminer-
alized water. Next, 10 uL of the suspension was placed in 11 mL of Mueller Hinton Broth and
vortexed. The sensititre machine (Thermo Fisher) was then used to place 50 uL of the Mueller
Hinton with isolate suspension into the ESBF sensititre plate. The antimicrobials tested by the
plate are: ceftazidime (TAZ; 0.25-128 pg/mL), cefazolin (8-16 pg/mL), cefepime (FEP;

1-16 pug/mL), cefoxitin (FOX; 4-64 ug/mL), cephalothin (CEP; 8-16 ug/mL), cefpodoxime
(POD; 0.25-32 pug/mL), cefotaxime (FOT; 0.25-64 ug/mL), ceftriaxone (AXO; 1-128 ug/mlL),
imipenem (IMI; 0.5-16 pg/mL), meropenem (MERO; 1-8 pg/mL), gentamicin (GEN;

4-16 pg/mL), ampicillin (AMP; 8-16 pg/mL), ciprofloxacin (CIP; 1-2 ug/mL), piperacillin/
tazobactam constant 4 (P/T4; 4/4-64/4 pg/mL), ceftazidime/clavulanic acid (T/C; 0.12/4-128/
4 ug/mL), and cefotaxime/clavulanic acid (F/C; 0.12/4-64/4 pg/mL). Plates were covered and
placed in the incubator at 35.0°C for 24 hours. After incubation, the plates were viewed using a
Manual Viewbox (Thermo Fisher). Minimum inhibitory concentration (MIC) was deter-
mined by identifying the antimicrobial concentration that inhibited bacterial growth. The
ESBL phenotype was also confirmed through broth microdilution according to CLSI guide-
lines. Breakpoints for susceptible, intermediate, resistant, and susceptible dose-dependent
were determined through combined CLSI and NARMS breakpoints [20, 21]. A three two-fold
dilution for either cefotaxime with clavulanic acid or ceftazidime with clavulanic acid was
needed to count as ESBL, in accordance with CLSI guidelines [20].

DNA isolation and whole genome sequencing

Bacterial genomic DNA was extracted using the Qiagen DNeasy PowerLyzer Microbial Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s recommendation. A NanoDrop
2000/2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts) and a
Qubit Flex Fluorometer (Thermo Fisher Scientific) were used to deter mine the concentration
and quality of DNA. DNA libraries were prepared using the Illumina DNA Prep Kit (Illumina,
San Diego, California) according to manufacturer’s instructions. The DNA libraries were then
re-quantified using the Qubit Flex Fluorometer. Sequencing was performed on the Illumina
MiSeq System using MiSeq Reagent Kit v3 600 cycles (Illumina). All isolates can be found
under the BioProject number: PRJNA293225.
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Bioinformatic pipeline

This project used the same pipeline that is described in Hull et al, 2021 [22]. Whole genome
sequence forward and reverse reads (fastq) were assembled (fasta) de novo with Shovill v1.1.0
using SPAdes v3.15.2 [23]. The quality of genome assembly was assessed with QUAST v5.0.2
and the resulting fasta files were blasted against AMR databases through ABRICATE version
1.0.1 [24, 25]. De novo assembly of forward and reverse reads was repeated for plasmid detec-
tion using Shovill and PlasmidSPAdes genome assembler v3.15.2. Plasmid fasta files were also
further analyzed for antimicrobial resistance genes, virulence factors, and plasmid replicons
using ABRICATE v1.0.1 [25]. ABRICATE databases run for whole genome fasta files and plas-
mid fasta files include CARD, MEGAres, VFDB, and Plasmidfiner [26-30]. Amazon Web Ser-
vice was utilize for computation and storage of data.

Phylogenetic tree

The phylogenetic tree was assembled through using online open-access tool REALPHY v1.13
[31]. Tree information and other relevant metadata were downloaded into Interactive Tree of
Life (iTOL) for visualization [32].

Statistics

CDC EpiCalc Info StatCalc v5.5.11 software was used to conducting Fisher’s exact two-tailed
test when appropriate [33]. Prevalence was determined through counting the total number of
positive samples and dividing by the total number of samples collected within a farm type
(backyard/commercial).

Results

Opverall, we found 12.95% (n = 101/780) of our backyard farm samples and 0.77% (n = 6/780)
of commercial farm samples tested positive for ESBL E. coli. This fifteen fold difference in
prevalence between backyard and commercial farms was statistically significant (Fisher’s Exact
Test: p-value < 0.05) with ESBL E. coli more common in backyard farms. Prevalence was
found in eight of the ten backyard flocks sampled but in just two of the ten commercial farms.
In terms of sample type, a little over half came from fecal samples (61.4%; n = 62/101) and the
rest came from environmental sources (soil: 12.87%, n = 13/101; litter/compost: 17.82%,

n = 18/101; feeder and waterer swabs: 7.92%, n = 8/101) (Fig 1). Commercial farms positive
samples were found in fecal (50%, n = 3/6) and litter (50%, n = 3/6) samples. All flocks, back-
yard and commercial, that tested positive in litter samples also tested positive in fecal samples
on the same visit. All soil samples that tested positive also had fecal samples test positive in the
same visit, except for one sample. This soil sample tested positive in the second visit, but the
there was only one positive fecal sample in the first visit. In addition, two waterer swabs tested
positive in two different farms that did not have any other samples test positive in any other
visit.

The individual isolates of ESBL E. coli differed with regard to the antimicrobials which they
were resistant and the “generation” of those antimicrobials. Of importance with ESBL patho-
gens are generations of cephalosporins. Cephalosporins come in 5 generations, each later gen-
eration improving the spectrum of infections which it can cover, particularly when it comes to
improving action against Gram-negative pathogens [34]. Antimicrobial susceptibility testing
revealed expected phenotypic resistance to 3rd generation cephalosporins, but concerning
resistance to later 4™ generation cephalosporin, cefepime. All isolates from both backyard and
commercial farms were resistant to 1* generation cephalosporins, cefazolin and cephalothin.
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ESBL E. coli Distrubution Among Samples

Hl Fecal
= Soll
-4 HOmMIerca =3 Litter/Compost
>
L = Feeder/Waterer Swabs
:
w

Backyard

| SO S S B S S S B B S B S B B S S

0 50 100
Percent of Positive Samples

Fig 1. ESBL E. coli sample distribution. Displays the sources of where positive samples were found. The number of
isolates corresponding to each sample type are displayed by bar graph height.

https://doi.org/10.1371/journal.pone.0304599.9001

Resistant and intermediate isolates were found to 2" generation cephalosporin, cefoxitin, in
backyard farms (resistant n = 3/101; intermediate n = 15/101). One intermediate isolate to
cefoxitin was found in commercial farms. All isolates from backyard and commercial farms
were resistant to 3" generation cephalosporins, cefotaxime, cefpodoxime, and ceftriaxone. In
backyard farms 16.83% (n = 17/101) of isolates were resistant and 1.98% (n = 2/101) isolates
were intermediate, or have an unknown therapeutic effect, to 3" generation cephalosporin cef-
tazidime [35]. Farms. All commercial isolates (n = 6/6; 100%) were susceptible dose-dependent
to 4" generation cephalosporin, cefepime. Susceptible dose-dependent isolates are said to be
clinically effective only if a higher drug exposure is used [20]. In backyard farms, there was a
mix of susceptible (n = 35/101; 34.65%), susceptible dose-dependent (n = 49/101; 48.51%), and
resistant (n = 17/101; 16.83%) isolates to cefepime. All commercial isolates and almost all back-
yard isolates (n = 99/101; 98.02%) were resistant to ampicillin (penicillin), and the rest were
intermediate (n = 2/101; 1.98%). All isolates in backyard and commercial farms were suscepti-
ble to carbapenems, imipenem and meropenem, as well as a penicillin with beta-lactamase
inhibitor, penicillin-tazobactam. In backyard isolates, few were resistant to non-beta lactams,
gentamicin (aminoglycoside, n = 3/101) and ciprofloxacin (fluoroquinolone, n = 3/101). All
MIC results are listed in Table 1 (Table 1). Overall, antimicrobial susceptibility testing revealed
resistance mostly characteristic of ESBL pathogens, except for resistance to 4™ generation
cephalosporin, cefepime.

Our research detected genes associated with extended-spectrum beta-lactamase enzymes,
which can confer resistance to beta-lactam antimicrobials in the previous paragraph. All iso-
lates contained one of the following extended-spectrum beta-lactamase genes: blacrx a1
(n=61/107; 57.00%), blactx.m.15 (n = 2/107; 1.87%), blactx-m.s5 (n = 21/107; 19.63%), and
blactx.m-¢5 (n = 23/107; 21.50%). All six commercial isolates had the blacrx_a.; detected.
Other beta-lactamase genes, not extended-spectrum, were also detected and: ampC (n = 107/
107; 100%), ampCI (n = 89/107; 83.17%), and TEM-1 (n = 22/107; 20.56%). Beta-lactamase
ampC is associated with cephalosporin, penicillin, and even beta-lactamase inhibitor resistance
[36]. TEM-1 is known to be responsible for 90% of ampicillin resistance in E. coli [26].

Other genes associated with specific non-beta lactam antimicrobials were also identified.
Aminoglycoside resistance genes aac(3)-Ile (n = 3/107; 2.80%), ant(3”)-Ila (n = 3/107; 2.80%),
aph(3”)-1b (n = 9/107; 8.41%), aph(3’)-1a (n = 19/107; 17.76%), and aph(6)-1d (n = 12/107;
11.21%) were detected. Three isolates that contained the same three aminoglycoside resistance
genes (aac(3) -1le, ant(3”)-1la, and aph(3’)-Ia) were the only isolates that displayed phenotypic
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Table 1. Commercial and backyard ESBL E. coli squashtogram.

Distribution of MIC (ug/mL) (# of isolates)

Antimicrobial® Source % resistant 0.12 0.25 0.5 1 2 4 8 16 32 64 128 256
AMP Commercial 98.02% 0 2 99
Backyard 100% 0 0 6
P/T4 Commercial - 101 0 0
Backyard - 6 0 0 0
FAZ Commercial 100% 0 0 101
Backyard 100% 0 0 6
CEP Commercial 100% 0 0 101
Backyard 100% 0 0 6
FOX Commercial 2.97% 45 38 15 3
Backyard - 4 1 1 0 0
FOT Commercial 100% 0 0 0 0 0 11 42 20 12 16
Backyard 100% 0 0 0 0 0 0 1 3 2
F/C Commercial - 98 0 0 0 1 2 0 0 0
Backyard - 6 0 0 0 0 0 0 0 0 0
TAZ Commercial 16.83% 4 17 33 19 9 2 17 0 0 0
Backyard - 0 0 5 1 0 0 0 0 0 0
T/C Commercial - 65 34 2 0 0 0 0 0 0 0 0
Backyard - 5 1 0 0 0 0 0 0 0 0 0
POD Commercial 100% 0 0 0 0 2 2 17 80
Backyard 100% 0 0 0 0 0 0 1 5
AXO Commercial 100% 0 0 0 2 17 37 23 6 16
Backyard 100% 0 0 0 0 1 1 3
FEP Commercial 16.83% 22 13 43 6 14
Backyard - 0 0 6 0
CIP Commercial 2.97% 98
Backyard - 6
GEN Commercial 2.97% 98 0 3
Backyard - 6 0 0
IMI Commercial - 101 0 0 0 0 0
Backyard - 6 0 0 0 0 0
MERO Commercial - 101 0 0 0
Backyard - 6 0 0 0

The plate range of antibiotic concentration is displayed by the white regions. The numbers indicate the number of isolates displaying the MIC. Bold numbers indicate

isolates considered to be resistant. If a number is displayed in the gray region, it means the MIC is greater than the plate concentration range.

*Antimicrobials: AMP, Ampicillin; P/T4, Piperacillin/tazobactam; FAZ, Cefazolin; CEP, Cephalothin; FOX, Cefoxitin; FOT, Cefotaxime; F/C, Cefotaxime/clavulanic

acid; TAZ, Ceftazidime; T/C, Ceftazidime/clavulanic acid; POD, Cefpodoxime; AXO, Ceftriaxone; FEP, Cefepime; CIP, Ciprofloxacin; GEN, Gentamicin; IMI,

Imipenem; MERO, Meropenem.

https://doi.org/10.1371/journal.pone.0304599.t001

resistance to gentamicin (n = 3/107; 2.80%). All three of these isolates were from the same

farm visit. Ciprofloxacin resistance was noted in three isolates; however, it is uncertain

whether more isolates were also resistant. The plate layout concentrations do not allow for
accurate determination of resistance or susceptibility at lower concentrations given NARMS/
CLSI breakpoints. However, we were able to definitively identify the three resistant isolates
and all contained various point mutations that confer resistance to ciprofloxacin. Two of these
isolates contained gyrA_D87N and gyrA_S83L point mutations which are known to confer flu-

oroquinolone resistance [37].
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All isolates contained at least one plasmid and 88.79% (n = 95/107) isolates contained plasmids
with detectable antimicrobial resistance genes. The top three plasmids detected are: IncFIB
(AP001918)_1 present in 84.11% (n = 90/107), IncI1_1_Alpha in 61.68% (n = 66/107), and Inc-
FIC(FII)_1 in 55.14% (n = 59/107). Of the beta-lactamase associated genes, blacrx m.1> blacrx.m.
55 blactx m.es» and TEM-1 were present in plasmids. All blacrx a; genes are present due to plas-
mids as well as 90.48% (n = 19/21) of blacrx m.s5 genes, 39.13% (n = 9/23) of blacrx m.¢5 genes,
and 85.71% (n = 18/21) of TEM-1 genes. After plasmid assembly a single CMY-59 gene, correlated
with a beta-lactamase, was identified that was not detected in the whole genome sequencing data
[26]. This discrepancy is probably due to gene identification after plasmid assembly, but is impor-
tant to note as it is a beta-lactamase gene [38]. The three gentamicin resistant isolates containing
aminoglycoside resistance genes aac(3) -Ile, ant(3”)-Ila, and aph(3’)-Ia, were all found on plas-
mids. All phenotypic, genotypic, and plasmid data described above are displayed in Fig 2.

Discussion

Extended-spectrum beta-lactamase (ESBL) producing bacteria, including E. coli, are emerging
pathogens of high concern given their resistance to beta-lactams, the most commonly used
group of antibiotics in medicine [39]. Studies have also noted the concern of zoonotic spread
of ESBL E. coli from poultry to humans and vice versa, which heightens the need to better
understand this bacteria given the increase in backyard poultry ownership [16, 40-42]. Studies
conducted in outside of the United States (India, Nepal, and Brazil) and indicate varying
results when it comes to commercial or backyard systems containing a higher load of ESBL
pathogens [40, 43, 44]. In our case, a higher prevalence was reported in backyard farms. Back-
yard farm studies conducted in other countries attribute misuse of antibiotics as a potential
reason for prevalence in this setting [8, 45]. However, as evidenced by our current study and
the Shah et al. study [4], antibiotic use is not a requirement for ESBL E. coli prevalence in poul-
try farm systems. In fact, our study detected resistance to later generation cephalosporins (4
generation, cefepime) as well as antimicrobials used in treatment of certain ESBL infections,
despite no use of antibiotics on the backyard chickens we studied. We identified ESBL E. coli
in both bird fecal samples and farm environment, highlighting the need to better understand
this pathogens epidemiology in order to promote production and food safety.

A key question in thinking about the ESBL pathogens in chicken ecosystems is that of the
origin of these microbes. This can be considered in proximate or more ultimate contexts. In a
proximate context, the first question is where these pathogens were found. Our findings sug-
gest a potential interplay between the chickens and their immediate environments with regard
to ESBL E.coli. A larger proportion of positive samples came from fecal samples as opposed to
environmental samples, indicating broilers themselves can be a reservoir of ESBL E. coli which
could therefore spread into the farm environment. All farm visits where litter samples tested
positive, fecal samples did as well. Given almost all backyard farms place fresh litter with each
new flock of birds, this supports farm environmental contamination could be due to the birds.
It has been estimated that hatcheries can be a potential source of beta-lactam resistance genes
in E. coli [46]. In this study, two pairs of flocks came from the same hatchery. In each case, one
flock had fecal contamination with ESBL E. coli whereas the other did not, though they came
from the same hatchery. Although these birds were purchased from the same hatchery, the
purchases occurred at different time periods (18 months difference at least). Transportation of
birds to the farm could also be a source of contamination [47]. We recognize this is a small
sample size and our study does not resolve the more ultimate questions of origin of these
microbes, but indicates the need for further studies investigate different batches of birds from
the same hatchery or how transportation could affect pathogen prevalence.
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Fig 2. Phenotypic and genotypic characterization dendrogram. Details the phenotypic resistance and genotypic resistance as well as
phylogeny of the collected ESBL E. coli isolates. The isolate labeling on the dendrogram is as follows: SRR#_Farm Type and number_Sample
Source. Phenotypic resistance to the antimicrobials listed is represented with a solid circle, intermediate is represented by an open circle,
and no circle indicates susceptibility. For cefepime, an open circle indicates susceptible dose-dependent, as opposed to intermediate. Whole
genome AMR gene presence is indicated by a square. Open squares indicate the gene was detected in plasmid data. Plasmid detection is
indicated by a star.

https://doi.org/10.1371/journal.pone.0304599.9002

Though the birds themselves could be a source of ESBL E. coli, our data suggest this may
not always be the case. In backyard farms there were two water samples that tested positive
when no other samples tested positive from any visit on those two farms. In addition, a soil
sample tested positive in the second visit to a farm, in which no fecal samples tested positive in
that same visit. We hypothesize bird exposure to other species could be playing and integral
role. A unique difference between backyard and commercial farms is that all backyard farms
we sampled had other species such as dogs, cats, caprine, bovine, swine, etc. These other spe-
cies on the farm may not have antimicrobial restrictions. Dogs, cats, bovine, and swine can
also be a source of ESBL E. coli and sharing the same farm environment could cause broiler
exposure [48-51]. In many of the backyard farms, other animal species could have close con-
tact with the broilers which raises concern of potential zoonotic transmission. From there,
infected broilers could be further contaminating the environment. In addition, exposure to
wildlife or different water types have been noted as potential sources for spread of ESBL genes
[40]. We hypothesize backyard farms in more natural (or at least less anthropogenic) settings
are more prone to wildlife exposure, as birds are more exposed to the elements and water treat-
ment could differ in various farm locations [52, 53]. Collectively, we need a better understand-
ing of the factors that lead ESBL E. coli to be so much more common on backyard farms if we
are going to reduce the prevalence of these microbes or even mitigate their exposures. Also
unclear is whether the high prevalence of ESBL E. coli on backyard farms is relatively new. The
first accounts of ESBL pathogens in the United States were in the late 1980s and do not pre-
clude even earlier records [54]. Overall, factors not related to direct antimicrobial use on broil-
ers may facilitate the spread of ESBL E. coli.

There are multiple different types of ESBLs. In our study, whole genome sequencing
revealed that all ESBL E. coli isolates contained blacrx wm type genes. CTX-M stands for Cefo-
TaXime-hydrolyzing beta-lactamase isolated in Munich (M); this type is known to preferen-
tially hydrolyze cefotaxime relative to ceftazidime, both third generation cephalosporins [1,
55]. Our genomic result is consistent with our phenotypic results, as all of our isolates dis-
played cefotaxime resistance but around 16% displayed resistance to ceftazidime (n = 17/107).
blacrx M variants represent unique molecular lineages. As revealed by whole-genome sequenc-
ing, the most common blacrx M type found in this study was blacrx.a.1 (n = 61/107). Other
studies of broilers have also found blacrx u type to be the most common in broiler chickens,
especially blacrx m.1 [7, 56, 57]. Variants blacrx. v ss and blacrx a5 Were also detected and
have been reported to be found in retail chicken meat in South Korea [58]. One U.S. study
found blacrx m.es prevalent in Salmonella in chicken retail meat [59]. blacrx m.15 Was noted
in just a few isolates in our study; however, this variant appears to be dominating worldwide
[55, 60]. It has been associated with chickens in other countries, but is of concern in both
human and companion animal hospital settings [51, 56, 61, 62]. It is possible that backyard
chickens are one context in which this ESBL type may move out of anthropogenic settings and
into other species and habitats.

Identification of blacrx.m.15, potentially gives greater insight into the epidemiology of this
pathogen in terms of a potential source and emphasizes the ease of contamination. blacrx .15
type Enterobacteriaceae has been noted as a concern in hospitals in the Southeastern U.S.,
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where our research was conducted [62]. Chen and colleagues in 2014 conducted a study in
which most of the patients presented with ESBL presented with ESBL infection upon hospital
arrival, indicating they did not acquire it from their current visit [62]. This would indicate
acquisition of ESBL Enterobacteriaceae from outside the hospital; however, most of these
patients in had also been hospitalized within the past year prior to the study [62], leaving open
the possibility that they acquired the pathogen on a previous visit. It is still ambiguous as to
where ESBL E. coli originates, but it appears to fester in a variety of environments. Further
research is necessary to delineate if hospitals could potentially be a source contributing to the
transmission of ESBL pathogens to humans (and eventually backyard broilers). Given the
prevalence of ESBL pathogens in our study, hospitals seem unlikely to be the sole source of
these pathogens. However, farm owners enter the bird’s immediate environment more regu-
larly than is done for commercial birds and could, in some cases, be vectoring pathogens to
their birds. We did not ask farm owners if any members of the family had been in a hospital or
other intensive healthcare setting recently, but this could be an important question for future
studies. Overall, the blacrx v family is globally emerging as the most prominent ESBL type
and is important to consider especially given the threat of transmission between non-human
animals and humans, or vice versa [6, 63-65]. Our study establishes the presence of blactx.m
type ESBLs in backyard broiler farms in a portion of the Southeastern U.S. and raises concern
for zoonotic transmission in a home environment.

Our study revealed expected resistance to penicillin and 3™ generation cephalosporins, as
resistance is commonly associated with ESBL pathogens [1]. However, we also found resis-
tance to 4 generation cephalosporin, cefepime, which is not typically included in the ESBL
resistance repertoire. Our study revealed many susceptible dose-dependent and few resistant
isolates to cefepime. Concern of resistance to cefepime has been documented and studies show
cefepime should not be considered a treatment option of ESBL infections considering this
growing resistance [63, 66]. Though we attribute a lot of the resistance phenotypically shown
by our isolates to be from blacrx.pm enzyme production, we also had overlapping ampC and
TEM-1 genes detected. These genes overlapped with blacrx a type genes, which has been seen
in other studies as well, potentially contributing to the phenotypic resistance profile [7, 64].
Though resistance is expected with these genes, it should not be taken lightly especially when
resistance occurs in the later generations that cover a broader range of infection, such as
extended-spectrum cephalosporins. Later generation cephalosporins are valuable and resis-
tance to them is a public health threat. Our study confirms the presence of not just ESBLs, but
cefepime resistant isolates in backyard broiler farm systems.

We also tested for two clinically important antimicrobial classes, ciprofloxacin (fluoroquin-
olone) and gentamicin (aminoglycoside). These antimicrobials are not in the beta-lactam
group. They are widely used in treating urinary tract infections (UTT’s) and ESBL infections
[67]. In our study, phenotypic resistance to ciprofloxacin was noted in three isolates as was
gentamicin, though not in the same isolates. Concern of resistance to these antimicrobials has
been noted especially when treating ESBL pathogens [67-69]. The ability to use non-beta-lac-
tam antibiotics in cases of ESBL infection offers clinicians a solution just short of using last
resort drugs; however, it appears growing resistance may shut down this option with increas-
ing frequency [70]. Potential co-selection of aminoglycoside and fluoroquinolone resistance
with ESBL pathogens has been noted and is a concerning public health burden as it limits
treatment options [71, 72]. Though resistance to these particular antimicrobials was not wide-
spread in this study, prevalence of antimicrobial resistance genes particularly to aminoglyco-
side were noted on plasmids, which are known for spread of AMR genes, in particular ESBL
genes [73].
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Plasmids could play a role in mediating the prevalence of antimicrobial resistance genes in
environments, even in the absence of antimicrobial use. Our research found that all blacrx a1
genes were carried on plasmids and the majority of blacrx a.65 Were carried on plasmids. It is
well documented that the exchange of plasmids has facilitated the emergence of ESBL, particu-
larly blactx_m type ESBL [6, 15, 74]. The most common plasmid found in this study was the
IncFIB(AP001918)_1 plasmid. IncF plasmids are of particular concern in blacrx.m gene
spread in Enterobacteriaceae [56, 75]. Previous studies have revealed that plasmids associated
with ESBL pathogens are similar between human and broiler sources; this is important to con-
sider when it comes to zoonotic spread between the two species [15, 76]. This further empha-
sizes a need for an interdisciplinary approach to this issue as plasmids enhance the spread of
ESBL genes between a variety of sources, as they appear to not be limited to just broilers or
humans [76]. Overall, a better understanding of the plasmids involved is important for under-
standing the zoonotic spread of these critical ESBL genes between broilers and humans.

Carbapenems are known as a last resort antimicrobial that is effective in multidrug resistant
infections [77]. With the rise of ESBL pathogens, the increased need for carbapenem use is pre-
dicted to lead to eventual resistance to this “last resort” drug [1]. We did not observe resistance
to carbapenems in our ESBL E. coli isolates (imipenem and meropenem). We also observed
that all isolates were susceptible to piperacillin tazobactam, a penicillin with beta-lactamase
inhibitory that can be used in case of ESBL infection [78]. Surveillance needs to continue in
order to monitor potential prevalence in disease causing microbes and understand the spread
of such important resistance.

Conclusion

Our study establishes the prevalence of blacrx wm type ESBL E. coli in backyard broiler produc-
tion systems in a portion of the Southeastern United States. While blacrx.nm type ESBL E. coli
were also found in commercial farms, the prevalence was significantly lower compared to
backyard farms. While we believe further research is necessary to determine why, we feel a
couple major contributing factors could be zoonotic transfer from other non-human animal
species or humans on the farm as well as bird exposures prior to farm arrival. This study also
supports concerns of increasing resistance to fourth generation cephalosporin, cefepime, as we
found susceptible dose-dependent and resistant isolates. Through our work, we highlight the
importance of considering zoonotic transmission between broilers and humans, especially
with the growing popularity of backyard poultry ownership in the United States. Overall, we
emphasize the need to continue surveillance and consider factors that could be exacerbating
the prevalence of these pathogens in the broiler farm environment.
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