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Abstract

Reservoirs and Within-Host Dynamics of Antibiotic Resistance Associated with Small-
Scale Poultry Production in Northwest Ecuador

By

Nikolay P. Braykov

Small-scale poultry production that includes non-therapeutic use of antibiotics is becoming
increasingly common in developing countries, contributing to an environmental reservoir of
antibiotic-resistant (AR) bacteria and posing a threat to human health. We conducted a
multifactorial experiment in a poultry farming facility to assess the effect of non-therapeutic
antimicrobial use and high stocking density on the within-host dynamics of resistant and
susceptible Escherichia coli in broiler chickens. To validate conclusions from the
experiment, we used data from an observational study in 17 remote communities in
Northwest Ecuador, which allowed to assess the potential for transmission of AR between
different ecological reservoirs, including ‘production birds' (broiler chickens and laying
hens raised for sale), coop surfaces and soil, household soil and drinking water. In both
studies we found high levels of resistance associated with production birds, and evidence
suggesting that AR strains associated with poultry production have a source external to our
study system. The effect of management practices on the ecology of AR in E. coli was limited.
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CHAPTER [: ENVIRONMENTAL RESERVOIRS OF ANTIBIOTIC RESISTANCE IN 17
VILLAGE COMMUNITIES — AN OBSERVATIONAL STUDY!

CHAPTER SUMMARY

Small-scale poultry production that includes non-therapeutic use of antibiotics is
becoming increasingly common in developing countries, contributing to an environmental
reservoir of antibiotic-resistant (AR) bacteria and posing a threat to human health. We
assessed the potential for transmission of AR from 'production birds' (broiler chickens and
laying hens raised for sale) to the surrounding environment in Northwestern Ecuador. We
sampled 300 production birds, and 455 'household birds' (raised for domestic use) from
291 households in 17 villages between 2010-2013. We also sampled drinking water,
household soil and food preparation surfaces, coop surfaces and soil, and surveyed water,
sanitation and antibiotic use practices. Up to three E. coli isolates per sample were tested
against 12 antibiotics. We observed: 1) high levels of AR overall, particularly in production
birds, which had over 60% of isolates resistant to tetracycline and sulfonamides, and
significantly more AR than household birds (p<0.01); 2) a phenotypic resistance pattern to
amoxicillin/clavulanate, cephalothin, cefotaxime and gentamicin particular to isolates from
production birds and coop surfaces. The prevalence of this signature pattern of AR
associated with poultry production declined with bird age and was associated with a
particular purchase site. 3) Higher prevalence of resistance for all antibiotics tested in coop

versus household samples (p<0.01). No difference in AR profiles was observed between

1 Appears as Braykov NP, Eisenberg ], Grossman M, Zhang L, Cevallos W, Vasquez K, Mufios D, Marrs

Currently in preparation for submission to Antimicrobial Agents and Chemotherapy



water samples from farming versus non-farming households, or across villages with
different farming intensity. These results suggest that AR strains associated with poultry

production likely originate from outside sources and are passed to the immediate

environment.



INTRODUCTION

Antibiotic resistance (AR) is a growing public health concern in the United States
(US Centers for Disease Control and Prevention 2013) and globally(World Health
Organization (WHO) 2014).The overuse and misuse of antimicrobials in human medicine
(Turnidge and Christiansen 2005; Bergman et al. 2006) and in animal agriculture, where
the vast majority of antimicrobials are used in the production of food animals for purposes
of growth promotion and disease prevention (Sarmah, Meyer, and Boxall 2006),
contributes to the evolution and spread of resistant pathogens (Silbergeld, Graham, and
Price 2008). Although the mechanism that links human resistance and agriculture remains
to be fully elucidated (Phillips et al. 2004; Marshall and Levy 2011a) it is known that farmed
animals and the broader environment, particularly soil, serve as reservoirs of antimicrobial
resistance genes that can be exchanged across species (Forsberg et al. 2012; Baquero,
Tedim, and Coque 2013; Perry and Wright 2013; Finley et al. 2013). Numerous resistance
genes in human pathogens have been found to have environmental origins (Wright 2010),
and the environmental resistome is enriched and mobilized when soil and water are
contaminated with runoff from farms (Davis et al. 2011), or antibiotic residues (Ding et al.
2014; Sarmah, Meyer, and Boxall 2006). Multiple pathways link resistance in these
reservoirs to human health: epidemiological studies going back to the 1970s show an
association between antibiotic use on farms and colonization with livestock-associated
strains in workers (S. B. Levy, FitzGerald, and Macone 1976) and surrounding communities
(Neyra et al. 2014). Wide attention has been paid to direct pathogen transmission through

the food chain (Barton 2014).

The non-therapeutic use of antibiotics for growth promotion has been banned in all
European Union countries since 2006 (Castanon 2007), and the United States is also

working towards phasing out the practice on precautionary grounds (US Food and Drug



Administration 2013). However, in many developing countries, non-therapeutic use of
antibiotics in animal husbandry has continued, and has even been promoted as a strategy to
address under-nutrition (Angulo and Collignon 2005). Poultry production is rapidly
growing worldwide and is a heavy user of antibiotics to enhance growth and prevent
disease (Dibner and Richards 2005). Backyard poultry farming that employs growth
promotion is advanced as a development strategy in Africa, Asia and Latin America
(Agricultural Research Council 2010; Food and Agriculture Organization 2011). Given the
sustained global increase in poultry and concurrent use of agricultural antibiotics, there is a
need for more ecological studies examining connections between animals in intensive
production, the surrounding environment and potential human health impacts, especially

where animals are raised in close proximity to human communities.

In this study we examine the link between animal husbandry and environmental
reservoirs of AR in a field site in rural Ecuador, where small-scale poultry farming has been
promoted by development agencies. We take advantage of an ongoing study in Northwest
Ecuador where we have been carrying out research on the transmission of diarrheal
diseases since 2003 (Eisenberg et al. 2012; Eisenberg et al. 2006). We compared AR in the
poultry production environment, including samples from production birds (broilers and
laying hens raised for sale) and coop soil and surfaces, versus the domestic environment,
including samples from household birds raised for domestic use, household drinking water,
and household soil and surfaces. We isolated Escherichia coli as a sentinel organism to
examine phenotypic patterns of resistance in the intensive production versus domestic
environment. Our study integrates these epidemiological data with additional qualitative
(ethnographic) information to characterize poultry production in the region, and set a
foundation for further ecological modeling of the contribution of poultry agriculture to the

development of AR in humans.



METHODS
Study area

The study was conducted between August 2010-July 2013 in a remote region of
Esmeraldas Province, in northern coastal Ecuador populated primarily by Afro-
Ecuadorians, as well as the Chachi indigenous group, and people of mixed ethnicity.
Community members primarily consume untreated surface source water and sanitation
facilities are inadequate (K. Levy et al. 2012). Our research team has been working in a total
of 31 communities in this region since 2003; the study sites and region are described in
detail elsewhere (Eisenberg et al. 2012; Eisenberg et al. 2006). The present study was
carried out in a subset of 17 villages where we were able to collect environmental and

animal samples.

Previous research has shown that the observed antibiotic resistant patterns when
comparing villages of varying remoteness to a road was driven by transmission rates of
resistant bacteria, the introduction of antibiotic resistant bacteria to villages of the region
from outside sources, and human antimicrobial use (Eisenberg et al. 2012). The new road
has increased access to resources, including antibiotics, different poultry breeds suitable for
intensive farming, feed and veterinary drugs, and has led to the rise of household-level
commercial poultry farming. Production is also supported by foreign and local development

authorities as an inexpensive source of protein and a tool to eradicate poverty.

Ethnography

To understand the context of the sampling and biological analysis, ethnographers
conducted structured interviews with local stakeholders, including poultry farmers,

veterinary pharmacy owners, hatchery owners, and community leaders. Information was



gathered on the practices, organization, economics and history of poultry farming, including

antibiotic use, rearing and consumption of different kinds of birds..

Household surveys

We visited villages monthly to record the total number of production birds in each
community. In addition, we conducted a detailed survey within 10 days of sample collection
on the type, size, age, origin and intended use of flocks, the brand and types of feed used,

and supplementation with antibiotics.

Informed consent was obtained from all participating households. The Institutional
Review Boards of the University of Michigan, Universidad San Francisco de Quito, Trinity

College, and Emory University approved all interaction with human subjects.

Poultry feed samples

We collected seven samples of the most commonly sold brand of feed (Nutril) from
a veterinary store in the central trading city of Borbon in July 2009. Every type of feed sold
was sampled, including starter, fattening, and finishing feed for broilers and layer hens.
Chemical extractions were carried out at Emory University laboratories in April 2010, and
mass spectrometry analysis was carried out in the lab of John Barr at the U.S. Centers for
Disease Control and Prevention. Samples were tested for the presence of the following
antibiotics: lincomycin, virginiamycin, bacitracin, flavomycin, avilomycin, tylosin,
nitrofurantoin, chloramphenicol, tetracycline, sulfamethazine, sulfathiazole. With the
exception of nitrofurantoin, the first 8 drugs in the panel belong to antibiotic classes that
are exclusively used to treat and prevent infections with Gram-positive bacteria, and were

therefore not included in susceptibility testing of E. coli isolates.



Sample collection & laboratory analysis

In villages with production poultry farming, teams visited 1) all households with
active poultry coops, and 2) an equivalent number of non-farming households that were
located as far as possible from coops. If villages had no poultry farming at the time of the
visit, a minimum of three, and maximum of ten, non-farming households were chosen at

random, depending on the size of the village.

Poultry samples

Two types of birds were sampled in the communities. 'Production birds' included
breeds of laying hens raised for egg production or broiler chickens that are raised in coops
for 6-7 weeks before slaughter, eating formulated feed containing antibiotics and produced
by poultry suppliers. In addition to the antibiotics pre-mixed in the feed, birds are
commonly given antibiotics as prophylaxis via water. Capacity of coops ranged from ~50-
100 birds of a single age for a typical single household coop to ~1000 birds of multiple ages
for the group facility. Thirteen households in 7 villages were engaged in rearing production
birds. In each coop we sampled five production birds, or five birds of each age group (in

weeks) if more than one batch was being raised concurrently.

'Household birds' included varietals not intended for commercial sale that are not
held in coops, eat scraps and ground maize rather than formula feed, and do not receive
antibiotics. We sampled 5-10 household birds from each village, regardless of whether the

villagers were actively engaged in production poultry farming.

For all birds, we collected sterile cloacal samples using swabs that were placed in
Cary Blair transport medium (Becton Dickinson, Franklin Lakes, NJ ) and streaked directly

on McConkey-Lactose agar for isolation.



Environmental samples

Samples from household drinking water, soil from house surroundings, and kitchen
surfaces were collected from households associated with production or household bird
samples, in order to characterize the domestic environment. In addition, soil and surface

samples were collected from coops in order to characterize the production environment.

Household water

During the first half of the study period, spanning the period between August 2010
and January 2012, we collected 50mL water samples from two different household storage
containers in Whirl-Pak bags (NASCO Corp., Fort Atkinson, WI) in the same manner that
water was dispensed for drinking. If there was only one drinking water container available,
then the second sample was taken from water used to wash dishes or bathe. For the
remainder of the study period, only one sample per household was obtained from drinking
containers in order to reduce sampling effort, as there were no notable differences in the E.

coli recovered across repeated samples.

Samples were processed using membrane filtration for isolation of E. coli. Two
volumes varying between 3-50mL of water were filtered depending on the expected
concentrations of E. coli for a particular water source, based on prior field testing. Because
the goal was to recover and isolate E. coli, it was not necessary to keep the quantities
uniform. Membranes were plated onto Chromocult agar (Merck, Darmstadt, Germany) and

incubated at ambient temperature for 48 hours.

Soil

During the first half of the study period, we collected two samples of approximately

15cm3 from around the house and from around the poultry coop, if one was present. Soil



from just below the surface was placed into a conical tube using a sterile plastic spoon that
was discarded after use. Samples were stored on ice until processing in the lab, within 4-6
hours. For the second part of the study period, only a single sample was obtained from the
household yard, due to the rarity of coops and difficulty in recovering E. coli from these

samples.

Each soil sample was diluted with 30mL of deionized water and mixed thoroughly
to obtain a 2:1 dilution. A second dilution was made with an additional 10mL of deionized
water. The supernatant of the original sample and the dilution were streaked separately

onto Chromocult agar for isolation.

Surfaces

During the first half of the study period, we collected household surface samples
from two locations: where food was prepared (e.g., a cutting board) and where food was
eaten (e.g., a table). A 28x30cm plastic stencil was used to define a consistent sampling area.
If the area was dry, we used a cotton tip applicator that had been submerged in 1mL 0.9%
NaCl solution to obtain the sample. If the area was wet, a dry swab was used and placed in
Cary Blair transport medium (Becton Dickinson, Franklin Lakes, NJ). Two surface samples
from the inside or outside of the coop, usually constructed from cement or wood, were also
taken using the same procedures. Surface samples were plated directly onto Chromocult
agar and streaked for isolation. For the second part of the study period, surface samples

were not collected due to the low rate of isolate recovery.

Sample processing

All plates were incubated at ambient temperature, ranging from 32-350C. After

approximately 24-48 hours, up to four 4-methylumbelliferyl-beta-D-glucuronide (MUG) -
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positive E. coli colonies from each sample isolated on Chromocult agar were randomly
selected and transferred onto MacConkey Lactose (MKL) agar to confirm the presence of E.
coli. If E. coli was not initially isolated upon first plating on Chromocult agar due to its low
abundance or contamination with other bacteria, efforts were made to re-isolate colonies
on Chromocult agar before transferring onto MKL agar. After a 24-hour incubation at 37°C,
lactose-positive (lac+) E. coli colonies were transferred from MKL back onto Chromocult to

ensure pure isolates, and incubated for another 24 hours.

We randomly selected up to four E. coli colonies from soil and fecal samples and two
from water and surface samples to test for AR. More isolates from soil samples were used
than from water or surfaces because we expected higher microbial diversity in soil. The
selected colonies were streaked onto nutrient agar slants and incubated for 24 hours at
37°C. Bacteria from these slants were then placed into a 0.9% NaCl solution to obtain a
turbidity matching a 0.5% McFarland Standard. Using this solution, bacteria were plated

onto Mueller-Hinton Agar, creating a lawn for resistance testing.

Antibiotic sensitivity was assessed using the Kirby-Bauer disc diffusion method (Bauer et al.
1966), with 12 antibiotics: ampicillin, amoxicillin/clavulanate, cefotaxime, cephalothin,
chloramphenicol, ciprofloxacin, enrofloxacin, gentamicin, streptomycin, sulfisoxazole,
trimethoprim/sulfamethoxazole and tetracycline (Becton Dickinson, Franklin Lakes, NJ).
Beta-lactams (ampicillin, amoxicillin/clavulanate, cefotaxime, cephalothin),
fluogoruinolones (ciprofloxacin, enrofloxacin) trimethoprim/sulfamethoxazole and
sulfisoxazole are commonly used as first- or second-line agents to treat E. coli infections in

humans, and tetracycline, chloramphenicol and sulfonamides are frequently used as
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additives in animal feed. Zones of inhibition were measured after a 24-hour incubation

period.

Statistical analysis

Our main outcome of interest was the zone of inhibition around each of the tested
antimicrobial discs. A secondary outcome was the categorical interpretation of the zone

(susceptible or non-susceptible) based on our custom breakpoints.

Most studies of AR construct antibiograms using categorical interpretations
(susceptible, resistant) of minimum inhibitory concentrations or corresponding disk
diffusion zone of inhibition. The categorization is based on externally defined consensus
breakpoints set by organizations such as the US Clinical Laboratory Standards Institute
(CLSI) or its European equivalent EUCAST. Using the distributions of zones of inhibition of
each antibiotic for all isolates in our data, we derived custom susceptibility breakpoints that
may more accurately reflect the local population of bacterial strains compared to externally
defined breakpoints based on wild-type cutoff values (Wiggins 1996). These custom
breakpoints might have limited clinical utility, but are more consistent with the objective of

our study to describe the local ecological dynamics of E. coli resistance phenotypes.

To define susceptibility breakpoints, we fitted two-component mixture models to
zone diameter distributions of production bird isolates to index isolates into susceptible
and resistant populations. We selected among three expectation maximum algorithms from
R’s mixtools package(Benaglia et al. 2009): a parametric, semi-parametric and non-
parametric specification that accounted for repeated measurement data to account for
multiple isolates cultured from each sample. Among those, the best-fit model was selected
based on the log-likelihood statistic. Custom breakpoints were set where the density

estimates for the fitted distributions intersect, as described by Budczies et al., (2012). These
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updated breakpoints were rounded to the nearest whole number and used to categorize all

isolates in our data as susceptible and resistant.

We used differences in the modality of zone distributions to identify patterns that
distinguished phenotypic resistant patterns associated with particular sources of isolates,
e.g., production versus household birds or coop versus household surfaces. Distributions
were considered unimodal, suggesting a population of all resistant or all susceptible
bacteria, if Hartigans' dip statistic (which measures multimodality in a sample) had a P-
value >0.1, failing to reject the null hypothesis of unimodality (Hartigan and Hartigan 1985),
or if the estimated proportion of a component in a mixture was lower than 0.01 (Diaz-
Muioz et al. 2013). Otherwise, the distributions were considered bimodal suggesting a

mixture of both susceptible and resistant bacterial populations.

We compared the kernel density estimates of zone distributions and the
percentages of non-susceptible isolates across categories of interest (type and source of
sample). To account for the hierarchical, unbalanced nature of the data when comparing
across categories, we used generalized linear mixed models (GLMM) to model the outcome
of AR. An identity link function was used for continuous outcome measures (inhibition zone
size; GLMM-ANOVA), and a binomial one for the categorical interpretation of the zones
(susceptible and non-susceptible; GLMM-logit). In all specifications, we used nested random
effects with varying intercepts and slopes by sample, household and village levels to capture

unobserved heterogeneity between the multiple levels and account for repeated sampling.

In addition to examining resistance to each drug, the resistance profile for each
isolate was used to perform hierarchical cluster analysis. We normalized the zones of
inhibition, computed Euclidean distances between each isolate, and ran a hierarchical

clustering algorithm with an agglomeration method based on the average distance between
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categories, implemented in R’s flashClust package(Langfelder and Horvath 2012). Support

values were calculated via multiscale bootstrap resampling with n=1000 replications.

All analyses were carried out in R version 3.0.1 (R Foundation for Statistical

Computing, Vienna, Austria).
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RESULTS

Quantitative characterization of poultry production

Monthly census surveys show wide variability in the number of production birds
being raised over time. Fifteen villages where data were available were categorized based
on the maximum number of birds recorded by our surveillance surveys during the study
period (high intensity: >500 birds, n=4; medium intensity: 150-500 birds, n=7; low
intensity: <150 birds, n=4; no data available, n=2). In all villages production was
intermittent, with periods when no broilers were raised. At the time of sampling visits,

birds were actively farmed in 7 villages.

Qualitative characterization of poultry production

Ethnographic interviews also confirmed that poultry production varies widely both
over time and in scale: while some households periodically maintain flocks of ~10 birds,
others consistently house hundreds. Most backyard coops are located within 50m of houses
in raised open structures or directly below the family home. Two villages in the region had
large facilities (for housing up to 1500 birds of multiple ages) built with foreign and local
government aid, located away from other houses, and run cooperatively by a group of

community members.

Ethnography also confirms that poultry production in this region is highly
intermittent and characterized by “boom and bust” cycles. Development projects commonly
provide training, birds and initial supplies. However, once outside support is withdrawn,
production may become unsustainable due to fluctuating demand, outbreaks of diseases

and other factors negatively impacting yield, and lack of reinvestment in the flock. This is
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particularly true in remote communities where resale is often difficult, or when markets are

episodic (e.g., for holidays) or seasonal.

Villagers state convenience as a key reason for engaging in farming: the production
cycle is highly integrated, with a single firm providing hatchery-raised animals and branded
feed. Feed and additional supplies (antibiotic supplements and vaccines) are acquired from
local veterinary pharmacies or development agency offices. Little training is required to

engage in production, as suppliers provide detailed manuals with guidelines.

Most farmers raised broiler chickens for meat production, with fewer households
raising laying hens. The dominant broiler breed reached a maximum weight of 3.5-4 kg
within 8 weeks, but birds were usually slaughtered around week 6 as decreasing marginal

weight gain after that point makes longer cycles less profitable.

Poultry feed came from three local manufacturers (Pronaca, Agripac, and Nutril).
Corn was the principal ingredient in all varieties, with additional protein from seafood
added to accelerate growth. The ingredients of the feed listed unspecified "antibiotics."
Guidelines from suppliers and veterinarians instructed villagers to add additional antibiotic
and vitamin supplements to the animals' water on certain days. For example, Nutril's
guidelines suggest application of unspecified "vitamins" on days 1-3, 8, 16-17, 22, 25, and
"antibiotics" on days 9-10 and 23-24, as well as when a respiratory infection was noted.

n

Several of the packets branded as " vitamins" for sale by veterinary supply stores had
antibiotics listed in the ingredients (in particular, oxytetracycline, streptomycin, and
enrofloxacin), suggesting that administration of vitamins may also have introduced these
antibiotics to the animals, even in the absence of additional antibiotic administration. There

was no evidence that villagers were instructed in the practice of ceasing supplementation

with antibiotics one week prior to slaughter. Villagers cited a wide variety of practices with
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respect to application of these supplements, with some applying more than the
recommendations called for and others not supplementing their flock at all, usually due to

financial constraints.

In contrast to production birds, household birds were hatched in villages and raised
for local consumption. These birds are markedly different in appearance and better suited
to local conditions. Interviews with local farmers and veterinary store owners confirmed
that these birds were rarely if ever given antibiotics. They were fed corn, yucca, coconut,

and scraps of food instead of commercial feed.

Chemical analysis of commercial poultry feed

Analysis by mass spectrometry detected antibiotics in all types of Nutril-brand feed
that were sampled. Feed intended for broilers and laying hens contained virginiamycin,
chloramphenicol and lincomycin. Tetracycline was found in plain ground corn not
formulated specifically as poultry feed (). Our surveys determined that the majority of birds
(75% of 81 flocks surveyed) were given Nutril-brand feeds. Two of the four antibiotics
added to the feed (tetracycline and chloramphenicol) are active against E. coli and were

included in our testing panel.

Sample characterization

Counts of isolates and samples positive for E. coli included in the analysis are shown
in Table 1. Household birds (N=360) were sampled from 226 households in all 17 villages,
yielding 1089 isolates. Production birds (N=262) were actively being raised at the time of
sampling in 35 households in 10 villages, yielding 786 isolates. In seven of the villages,
sampling visits coincided with periods when there were no flocks in production, either

because nobody in the community was engaged in poultry farming during the entire
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surveillance period (2 villages), or because no community member had active flocks at the
time of the visit (5 villages); we only collected samples of household birds from these

villages.

Environmental samples were collected from 190 households in 17 villages. E. coli
was recovered in 114 and 187 of household water and soil samples, respectively. In the first
98 houses that were visited we collected household surface samples, and were able to
recover E. coli from 54 samples. Coop surface and soil samples were also collected if there
was a coop present on site (with or without active farming), and were positive in 32 and 34
cases, yielding 77 and 96 isolates, respectively. In the second half of the study, including 9 of
17 villages, the protocol was modified and sampling of these sites ceased due to low

recovery rates.
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Table 1: Counts of E. coli isolates, by sample type collected from 17 villages in
Esmeraldas Province, Ecuador, 2010-2013. Production birds include broilers and

laying hens.

# of E. coli | # of | # of | # of

Sample type Isolates Samples |Households | Villages
POULTRY 1875 622 226 17
Production 786 262 35 10
Household 1089 360 206 17
ENVIRONMENT 1460 529 190 17
Household water 326 144 114 17
Household soil 863 265 187 17
Coop soil 96 34 17 6
Household surfaces | 98 54 46 8

Coop surface 77 32 14 5

Custom susceptibility breakpoints

Table 3 shows the official resistant and susceptible breakpoints defined by CLSI, and

the custom values estimated using our approach and subsequently applied in the analysis,

as well as the percentage of isolates that would be classified as resistant under each

scenario. Figures showing the fitted mixture models are available in . For all drugs, the

custom breakpoint was lower than the official susceptible one, but for most drugs the

custom breakpoints were in the officially defined intermediate range. While for most drugs

the use of custom breakpoints in place of official ones would change <10% of classifications,

for amoxicillin/clavulanate, cephalothin, streptomycin and enrofloxacin the use of custom

breakpoints resulted in a >30% difference in how isolates were classified. Use of the CLSI
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breakpoints would have resulted in classifying isolates that were more likely to belong to
the susceptible population as resistant. This point is well illustrated by comparing results
for enrofloxacin and ciprofloxacin: the zones of inhibition for these very similar antibiotics
had a Person correlation of 0.951, and one would expect the proportion of isolates resistant
to each to be similar. The use of CLSI breakpoints would have classified 24% of isolates as
enrofloxacin-resistant and 12.4% as ciprofloxacin-resistant, while our custom breakpoints

yield frequencies of 10.9% and 11%, respectively.
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Table 2: Official and custom susceptibility breakpoints. Custom breakpoints used to
derive categorical resistance profiles for all N=3860 isolates used in the analysis.

Drug CLsI Custom % Non- | % Non-
breakpoin | breakpoin | susceptibl | susceptibl
t range, | t, mm e, CLSI | e, custom
Resistant— susceptibl | BPs
Susceptibl e BPs | (N=3860
e, mm (N=3860 isolates)
isolates)
Amoxicillin/clavulanate 13-18 14.62 12.77% 7.89%
Ampicillin 13-17 12.38 28.22% 23.06%
Cefotaxime 22-26 25.59 10.22% 10.19%
Cephalothin 14-18 9.4 60.84% 8.34%
Chloramphenicol 12-18 15.8 12.41% 11.90%
Ciprofloxacin 15-21 18.2 12.44% 11.03%
Enrofloxacin 16-23 15.35 24.11% 10.94%
Gentamicin 12-15 13.17 6.06% 5.40%
Streptomycin 11-15 8.51 39.43% 14.06%
Sulfisoxazole 12-17 12.83 34.36% 32.83%
Tetracycline 11-15 14.33 43.33% 43.30%
Trimethoprim/sulfamethoxazole 10-16 13.86 29.78% 29.57%

Note: Custom breakpoints were defined using two-component mixture models to
zone distributions using parametric, semi-parametric and non-parametric expectation
maximum algorithms for repeated measurement data to account for multiple isolates
cultured from each sample. The best-fit model was selected based on the log-likelihood
statistic. Custom breakpoints were set where the density estimates for the fitted
distributions intersect. These updated breakpoints were rounded to the nearest whole
number and used to categorize all isolates in our data as susceptible and resistant. CLSI
breakpoints based on accepted veterinary breakpoints (Clinical and Laboratory Standards
Institute (CLSI) 2009), or clinical ones for drugs not approved for veterinary use (Clinical
and Laboratory Standards Institute (CLSI) 2012)
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Antibiotic resistance in poultry samples

Production vs household poultry

Production birds, including broilers and laying hens, had a notably higher
proportion of resistant isolates than household birds. Seventy eight percent of production
birds and 34% of household ones were resistant to tetracycline. More than half of
production bird isolates were resistant to sulfisoxazole and
trimethoprim/sulfamethoxazole (69% and 63%, respectively), as compared to 20% and
17%, respectively, in household birds (Table 2). The lowest resistance was to gentamicin
(16% of production and 1% of household bird isolates) and amoxicillin/clavulanate (18%
and 2%). The difference between production and household bird isolates was significant
(P<0.01) for all drugs by GLMM-logit, also reflected by significantly lower zones of
inhibition (P<0.01 for all drugs by GLMM-ANOVA) (Figure 1). When the CLSI breakpoints
(shown as dotted line in Figure 1) were used in place of custom ones (dashed line), the
results were similar with the exception of a non-significant difference for cephalothin
(P=0.56) where 60% and 63% of production and household isolates would have been

classified as resistant.

Examining the differences in the modality of zone distributions, we observed a
phenotypic pattern or resistance unique to production birds. Distributions for
amoxicillin/clavulanate, cephalothin, gentamicin and streptomycin, shown in the top row of
Figure 1, showed bimodal tendencies for production birds, suggesting a mixed population of
susceptible and resistant strains, and unimodal tendencies for household birds, suggesting
the presence of strains susceptible to these drugs. The estimated proportion of the resistant
population in the best-fit mixture model was <0.01 for these four drugs; P >0.1 by

Hartigan’s Dip Test for all but cefotaxime. We refer to this particular phenotypic pattern
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hereafter as a 'production bird signature,’ as this pattern suggests the presence of resistant
phenotypes unique to production birds not found in household birds. In contrast,
distributions for all other drugs were bimodal for both types of poultry, suggesting that the
same resistance phenotype is present in both samples, although for all drugs the resistance

phenotype was more prevalent in production birds.



Table 3: Percentage of E. coli isolates resistant to a panel of 12 antibiotics, by sample type

AMC | AM CTX CF c CIp ENO | GM S G TE SXT
POULTRY 9.01 | 26.24 | 13.44 | 10.61 | 15.68 | 16.11 | 15.89 | 7.25 | 19.79 | 40.27 | 52.64 | 36.32
Production 18.32 | 44.91 | 24.55 | 22.52 | 28.37 | 29.64 | 29.52 | 15.78 | 36.39 | 69.08 | 78.12 | 63.23
Household 230 |12.76 | 542 |202 |6.52 |6.34 |6.06 |1.10 |7.81 |19.47 |34.25| 16.90
ENVIRONMENT 6.44 | 1897 |6.03 |541 |7.05 |452 |459 |3.01 |6.71 |23.29|31.30| 20.89
Household water 12.27 | 26.38 | 460 |10.12 | 6.13 |4.29 |4.60 |2.15 |4.60 |26.07|29.14 | 23.01
Household soil 417 | 1530|545 |232 |6.14 |336 |336 |267 |498 |18.19 | 27.46 | 15.87
Coop soil 417 |17.71 833 |833 |938 |729 |7.29 |521 |12.50| 3542 |53.13 |35.42
Household surfaces | 2.04 | 20.41 | 3.06 |2.04 |6.12 |1.02 | 1.02 |0.00 |9.18 | 24.49 |28.57 | 19.39
Coop surface 15.58 | 28.57 | 19.48 | 20.78 | 19.48 | 19.48 | 19.48 | 11.69 | 24.68 | 51.95 | 59.74 | 51.95

23

Note: numbers show percentage of isolates classified as resistant based on their zone of inhibition. Categorical interpretation is based on

breakpoints derived as described in the Methods section. The number of isolates tested for each sample type is shown in Table 1. AMC -

amoxicillin/clavulanate, AM - ampicillin, CTX- cefotaxime, CF - cephalothin, C - chloramphenicol, CIP - ciprofloxacin, ENO - enrofloxacin,

GM - gentamicin, S - streptomycin, G - sulfisoxazole, TE - tetracycline, SXT - trimethoprim/sulfamethoxazole.
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Figure 1: Kernel density estimates of inhibition zones and categorical interpretation
of susceptibility tests of E. coli isolates from production (red) and household (blue)
bird samples;

overlapping portions colored in grey. Production birds include broilers and laying hens.
Percentage of resistant isolates in each sample are shown in corresponding colors. Dashed
lines show the custom susceptibility breakpoint derived from using a mixture model and
used to derive that categorical interpretation. Dotted lines show the consensus clinical
breakpoints used by CLSI (Clinical and Laboratory Standards Institute (CLSI) 2010). For
production birds N=786 isolates from 262 birds; for householdbirds N=1089 isolates from
360 birds.
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Production birds by age

The prevalence of resistant phenotypes tended to decrease with bird age (Figure 2)
for all drugs (P<0.05 by GLMM-ANOVA) except those with the highest resistance levels (i.e.,
sulfisoxazole, trimethoprim/sulfamethoxazole and tetracycline). This suggests that
production birds arrive pre-colonized with strains resistant to some drugs, likely acquired
outside the study system, and this carriage declines with age. Age was not available for
household birds. However, the oldest group of production birds (>6 weeks) still had
resistance levels that were significantly higher than those among household ones (P<0.01
by GLMM-ANOVA and GLMM-logit). When using CLSI breakpoints, the decline in resistance
from youngest to middle age groups was of similar significance. However, there was an
uptick from the middle to the oldest age group in resistance to cephalothin, enrofloxacin,

ciprofloxacin and streptomycin.



26

Figure 2: Categorical resistance of E. coli isolates from production birds (broilers and
laying hens), by age of bird

Dots show the frequency of resistant isolates for each age group. Generalized linear mixed
effects model of the zone of inhibition regressed against age, with bird included as a random
effect, showed a significant decline in resistance (P<0.05) for all drugs with the exception of
sulfisoxazole (P=0.82), trimethoprim/sulfamethoxazole (P=0.9) and tetracycline (P=0.47).
N=452 isolates from 164 birds.
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Production birds by point of purchase

The prevalence of resistance among production birds <2 weeks differed by the location
where chicks were purchased (Figure 3) for all drugs (P<0.01 by GLMM-logit), with the
exception of tetracycline (P=0.08). Resistance, particularly to the production bird signature
drugs (shown in the top row of Figure 3), was always highest for chicks purchased in Town
B, a large city outside the immediate study system. Results would be similar in terms of
significance if CSLI breakpoints had been used, with the exception that the frequency of

resistance to cephalothin in Town B would not differ significantly from that in Town C.
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Figure 3: Antibiotic resistance in E. coli isolates from production birds (broilers and
laying hens) of age <2 weeks by purchase location

Location based on survey conducted at time of sample collection. Town A (N=34 isolates
from 12 samples) and Town C (N=24 isolates from 9 samples) were significantly different
(P <0.05) from Town B (N=48 isolates from 17 samples) by GLMM-ANOVA and GLMM-logit.
(N=106 isolates from 38 samples)
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Production birds with added antibiotics in water

Detailed surveys on poultry rearing practices were available for 122 birds in 27
households, including a question about antibiotic administration to the flock's water supply,
in addition to antibiotics provided in the commercial feed. Farmers reported adding
penicillin+streptomycin, tetracycline, sulfonamide, sulfametazine+trimethoprim,
piperacillin, erythromycin, sulbactam, and/or enrofloxacin. Out of 20 farming households
surveyed in detail about poultry raising practice, 16 (80%) reported supplementation with

antibiotics. No significant differences were observed between birds with and without
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reported supplemental antibiotic administration (P >0.05 for all drugs by GLMM-ANOVA

and GLMM-logit).

Antibiotic resistance in environmental samples

Soil and surface isolates from coops and households

Resistance patterns in coops were different from households, but very similar to
those in production birds. Surface isolates from coops showed higher resistance levels than
surface isolates from the domestic environment (P<0.05 by GLMM-logit and GLMM-ANOVA
with the exception of ampicillin and chloramphenicol) (Figure 4). In addition, surface
isolates from coops also exhibited the production bird signature pattern of resistance

(shown in the top row of Figure 4).
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Figure 4: Kernel density estimates of inhibition zone profiles and categorical
interpretation of susceptibility tests for E. coli isolates from household and coop
surfaces, and production birds (broilers and laying hens)

Kernel density estimates for the distributions of coop (red), household (blue) and
production bird (dashed purple) isolates, with the overlapping portions between coop and
household colored in grey. Percentage of resistant isolates in each sample are shown in
corresponding colors. Dashed vertical lines show the custom susceptibility breakpoint
derived from using a mixture model and used to derive that categorical interpretation.
Dotted lines show the consensus clinical breakpoints used by CLSI (Clinical and Laboratory
Standards Institute (CLSI) 2010). For coops N=77 isolates from 32 samples; for households
N=90 isolates from 54 samples; for production birds N=901 isolates from 300 birds.
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Water and soil isolates by farming history of household

Using household survey data on past experiences with production poultry farming,

we divided households into those that had farmed production birds within the past year,
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had farmed production birds over one year before the sampling event, and those that had

never farmed production birds.

For household water samples, inhibition zone profiles and their categorical
interpretations showed no significant differences across groups (P>0.05 by GLMM-ANOVA,
). For household soil samples, the only significant differences were for
amoxicillin/clavulanate (P<0.01 by GLMM-ANOVA), ampicillin (P =0.04), cephalothin
(P<0.01), sulfisoxazole (P <0.01) and trimethoprim/sulfamethoxazole (P = 0.03), and
households that had never farmed poultry actually had a slightly higher proportion of

resistant isolates ().

Water and soil isolates by farming history of village

We were also interested in whether poultry farming had an effect on resistance
profiles at a larger scale. Using the monthly survey data on poultry production, villages
were categorized into high, medium and low-intensity farming, respectively defined as
>400 broilers, 100-400 and <100 broilers raised in the one year prior to environmental
sampling. A comparison of resistance profiles showed no difference between the three
categories for household water samples, with the exception of ampicillin (P=0.008 by
GLMM-logit) and sulfisoxazole (P = 0.01), where samples from villages without poultry
farming in the past year had higher frequency of resistant isolates (). The same comparison
for soil samples showed no difference between groups, with the exception of
amoxicillin/clavulanate (P =0.03 by GLMM-logit), gentamicin (P < 0.01) and tetracycline (P
< 0.01), where samples from villages with mid-intensity poultry farming in the past year

tended to be less resistant than those from high- or low-intensity villages ().

Cluster analysis of resistance patterns across all sample sources
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To visualize the relative similarity of AR patterns across all sample types, we
performed hierarchical clustering analysis using the normalized zones of inhibition. The
dendrogram, including bootstrap support values (Figure 5), shows that production bird and
coop surface isolates form a distinct clade from householdbirds, water and soil isolates.
Coop soils and cloacal isolates from household birds raised in villages with active farming

are closest to the production bird phenotypic pattern.

Figure 5: Hierarchical clustering by sample type and location

Based on resistance profiles of N =3860 E. coli isolates of environmental and poultry
samples. Numbers show p-values from multiscale bootstrap resampling with n=1000
replications
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DISCUSSION
In this study we used an ecological lens to examine environmental and animal
reservoirs of AR in the context of small-scale poultry farming. We found that: 1) High levels
of AR were found in both the production and household environment, although production
birds and coops showed substantially higher levels of resistance than household birds and
domestic environmental samples. 2) Production birds exhibited a distinct phenotypic
pattern from household birds. The phenotypic signature associated with production birds
was more prevalent among younger animals and was associated with a particular source of
chicks, suggesting the introduction of AR from outside sources; 3) Surfaces of poultry coops
showed a phenotypic profile distinct from household soil and water samples and similar to
that of production birds, underscoring the potential of poultry production to serve as a
source of resistant strains for villagers through occupational exposure. However, poultry
farming status did not have an effect on AR in isolates from water or soil, at the household

or community level.

In E. coli isolates that we recovered from production birds we found very high levels
of resistance to drugs wused in human medicine, particularly tetracycline,
trimethoprim/sulfamethoxazole and sulfamethoxazole, to which over half of isolates were
resistant. Rates of resistance to broad-spectrum antibiotics amoxicillin/clavulanate (15%)
and fluoroquinolones (30%) was substantially higher than that found via abattoir
surveillance carried out on industrial farms in United States (9% and <1%, respectively)
(USDA 2011) and in Canada (8% to nalidixic acid) (Public Health Agency of Canada 2012).
Even in household environment we found relatively high levels of resistance to broad-
spectrum antibiotics, particularly in drinking water where the proportion of isolates
resistant to amoxicillin/clavulanate, ampicillin and cephalothin was higher than that in

household birds.



33

In line with studies from other regions in the world, AR in intensively farmed
animals tends to be higher than in free-range or organically-raised varieties (van den
Bogaard et al. 2001; Obeng et al. 2012; YOUNG et al. 2009; Walk et al. 2007). For example, a
study of 20 poultry flocks with over 500 birds from Germany found resistance rates and
mean minimum inhibitory concentrations of bacteria isolated from organic keeping systems
had lower values than those from conventional ones, especially for E. coli. Free-range
Tibetan pigs (N=232) had lower levels of resistance among E. coli and Enterococci than
intensively raised pigs from other parts of China, particularly to tetracycline and other

antibiotics known to be used in farming (Li et al. 2014).

The higher prevalence of resistance in intensively-farmed versus conventionally-
raised animals in similar studies is explained by the administration of systemic antibiotics
in feed and water (Diarra et al. 2007; Avrain et al. 2003). However, our study was
observational and we were unable to vary this exposure. From the survey data we have, we
did not detect differences between birds reportedly receiving antibiotic supplements to the
diet, in addition to what is already present in commercially mixed feed. While this counters
the results of other studies (Diarra et al. 2007; Bonnet et al. 2009a), the exposure in our
data was based on self-reporting and therefore subject to recall and/or misclassification
bias. We find more evidence in support of an alternative explanation that production
chickens are colonized with resistant strains in the hatcheries prior to their arrival in village

coops.

Resistance to amoxicillin/clavulanate, cefotaxime, cephalothin and gentamicin was
particular to production bird isolates, as determined by a mixture model analysis of the
zones of distribution. A genotypic analysis of human isolates from the same study system

(Moser et al. 2015) points to a molecular basis for these phenotypic groupings. Resistance
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to these drugs in human isolates was characterized by a synergistic interaction between
production bird exposure and the presence of the intl gene, a marker for the carriage of
mobile genetic elements that can house a wide range of linked resistance genes at a low

fitness cost (Rowe-Magnus, Guerout, and Mazel 2002).

Resistance to the four “signature” drugs identified above, and to fluoroquinolones,
streptomycin, chloramphenicol and ampicillin, decreased with animal age and was higher
among birds sharing the same origin. The decline of resistance with production bird age
suggests that farmed poultry start their growth cycle pre-colonized with antibiotic resistant
bacteria, rather than acquiring resistance in the village environment as a result of any
particular farming practice. This pattern has been previously reported in the literature. A
study of 293 E. coli isolated from French laying hens, which reported higher carriage in
younger birds of blacrx.m genes that confer resistance to most beta-lactam antibiotics
(Chauvin et al. 2013). A large case-control study in Canada of 197 isolates from broilers
sampled longitudinally and exposed to different antibiotic regimens also found an overall
decrease in the prevalence of resistance between days 7 and 35 in both cases and controls,

and a concurrent decrease in carriage of int1 and tet genes (Diarra et al. 2007).

While it is possible that the decline in resistance prevalence is part of the normal
course of E. coli community dynamics or changes in the host’s physiology, our hypothesis
that this production bird signature is imported from outside the study villages is further
supported by the result that chicks purchased from a veterinary store in one particular
town - a large regional center - were several times more likely to be resistant to all drugs,
especially the ones with the production bird signature. Our ethnographic interviews with a

veterinary store owner in this town revealed that he regularly supplemented the chicks'
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drinking water with antibiotics as soon as they arrived at his shop, and before re-sale to

customers.

We found that frequently touched surfaces of poultry coops had resistance profiles
most similar to those of production birds, likely due to environmental proximity and
transmission via the hands of farm workers. Drinking water and backyard soils exhibited

resistance patterns more similar to those of household birds.

We did not detect a difference in AR profiles between water samples from farming
versus non-farming households, and we observed no indication that villages with higher
farming intensity had higher rates of AR. The lack of observed effect of poultry production
on the domestic environment may have to do with the large monthly variation in the
number of raised production birds within and across villages. It is possible that the
intermittent nature of intensive production does not sustain sufficient pressure to affect
bacterial populations within the household environment. However, it is also possible that
the frequency of sampling and culturing methods we used did not offer enough power to
detect the effect of added systemic antibiotics that other studies have reported (Avrain et al.

2003; da Costa et al. 2011; van den Bogaard et al. 2001; Diarra et al. 2007)

Ascertaining the role of poultry farming in the broader environmental transmission
and the community ecology of AMR at a landscape (village) level will require additional
sampling and a metagenomic approach. However, the high rates of AR we observed on the
surfaces of poultry production facilities in these villages may present a more localized
occupational risk for acquisition of AR by poultry farmers, and has the potential to impact
humans living in the communities through contact with farmers as well as poultry
consumption. In a related study in the villages under study here, we found that human fecal

samples from poultry farmers exhibited higher levels of phenotypic and genotypic (class-1
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integron) resistance, with prevalence of int1 among farmers of production birds over twice
as high as those that raised household ones (Moser et al. 2015). Thus, small-scale farming
may present occupational risk to farmers and villages in our study system, similar to what
has been found in larger-scale industrial operations (van den Bogaard et al. 2001; Alalj,
Scott, and Norby 2010; Neyra et al. 2014). The idea that farming is an occupational risk for
AR is supported by literature dating back to the 1970s (S. B. Levy, FitzGerald, and Macone

1976), see review (Marshall and Levy 2011b).

Study limitations and avenues for future research

This study was limited by several factors. First, our study relies on variations in the
use of antibiotics and the intensity of poultry production inherent to the local context of the
study region that are difficult to characterize and control for. Because of the nature of our
visits to the villages, we were unable to exploit the wide variability in animal density over
time to look more closely at the correlation between temporal variability and resistance
patterns. Second, our analysis relies on phenotypic resistance data, and therefore we did
not have the opportunity to account for the multiple genetic determinants and expression
patterns that underlie resistance. Third, we did not test for resistance to two of the three
antibiotics that our chemical analysis found in the poultry feed - virginiamycin and
lincomycin, both narrow-spectrum antibiotics active against Gram-positive bacteria and not
E. coli. Future studies should culture Enterococcus spp. as an additional sentinel species to
capture potential effect of antibitoci selection on Gram-positive organisms, as past research
has suggested effects differ for bacterial species(da Costa et al. 2009). Fourth, we use E. coli
as a sentinel organism and rely on culture-based methods, capturing only a fraction of the
complex, multilevel interactions between environment, host, microorganism and

horizontally-transferred genetic elements. Future similar studies could use a metagenomic
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approach to characterize the diversity of environmental and animal reservoirs, as well as
the patterns and mechanisms of resistance gene exchange between these bacterial

communities (Forsberg et al. 2012).

Despite these limitations, our study provides a large dataset to characterize
prevalence of resistance among animals and household environments in the context of
small-scale farming. These type of data are sorely needed to understand the implications of
the expansion of small-scale poultry farming in developing countries currently promoted as

an economic development strategy.

This study utilized unique interdisciplinary methods to provide insights into the
ecology of AR at the interface of humans and animals. First, unlike most environmental
studies that summarize AR using clinical antibiogram methods, we used modeling
techniques to better classify isolates into resistant and susceptible bacterial populations.
Our approach is not suitable for classifying clinical isolates as it disregards pharmacokinetic
and pharmacodynamics propertie, but may be better-suited for ecological studies. Although
our conclusions were not sensitive to the use of custom susceptibility criteria, we show that
the use of clinical breakpoints may misclassify over 30% of isolates in some instances,

potentially leading to problems in the interpretation of results.

Further, we show that the use of the full phenotypic resistance profile (i.e., the full
distribution of zones of inhibition or minimum inhibitory concentrations) represents a cost-
effective way to study the epidemiology of drug-resistant strains in the absence of
molecular data (Krumperman 1983; Sayah and Kaneene 2005). Analyzing the distribution
of zone diameters in addition to categorical interpretations allowed us to identify a
signature phenotypic pattern unique to production birds that suggest that AR associated

with poultry production likely originates outside of the studied communities. A broader
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implication of these findings is that focusing on poultry hatcheries and sources along the
distribution chain may be more important than local management practices in controlling

the spread of AR associated with small-scale poultry farming.

Finally, our ethnographic and survey data allowed us to characterize the variability
inherent to the small-scale poultry farming in this region. Many of the drivers of the "boom
and bust" nature of the enterprise that we identified through ethnography, such as access to
capital and seasonality in markets as barriers to reinvestment, are likely at work in other
developing regions as well. The variability of intensity of poultry farming across space and
time has implications for the spread of AR in this region, and likely plays a role in limiting
the impact of farming to the immediate production environment. Future studies should
consider incorporating information and methods from multiple fields into an eco-

epidemiological framework.
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CHAPTER II: IMPACT OF ANTIBIOTIC EXPOSURE AND STOCKING DENSITY ON THE
GENOTYPE AND RESISTANCE PHENOTYPE OF E. CoLI SHED BY BROILER CHICKENS
— A FACTORIAL EXPERIMENT?2

CHAPTER SUMMARY

Antibiotics are routinely used in animal husbandry for growth promotion and
prophylaxis, promoting the development of antibiotic resistance (AR) and contributing to
the emergence of multidrug-resistant organisms that threaten human health. A factorial
experiment was conducted in a facility in Northwest Ecuador to describe the within- and
between-host dynamics of AR among Escherichia coli isolated from broiler chickens raised
under different antibiotic treatments and stocking densities. Three flocks (1a, 2a, 2b) of 72
newly hatched chickens were sequentially raised in single, 6-chicken and 34-chicken cages
and administered tetracycline (flock 1a) or enrofloxacin (flocks 2a and 2b) via water and
virginiamycin via food on days 9 and 24. Flocks 1a and 2a were raised on fresh litter, and
flock 2b was raised on the litter used by 2a. We collected cloacal samples on days 1 (prior to
caging), 19-21 and 38 and tested three isolates against a panel of 12 drugs. The presence of
four resistance genes (tetA, tetB, int1, qnrb) was determined using dot-blot hybridization.
Isolates were genotyped on a microarray platform with 28 markers. Flocks arrived at the
facility colonized with genotypically and phenotypically different communities of E. coli. The

addition of antibiotics did not affect the prevalence of resistant phenotypes and genes, and

2 Appears as Braykov NP, Zhang L, Cevallos W, Burbano N, Lépez N, Marrs C, Foxman B, Trueba G,
Eisenberg J, Levy K. Impact Of Antibiotic Exposure And Other Management Practices On The Phenotypic
And Genotypic Composition Of Drug-Resistant E. Coli In Broiler Chickens (Poster #8). The 11th Annual
DSAC Student Research Symposium. January 2014. Atlanta, GA;

Currently in preparation for submission.
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the genotypic profile of communities. Increasing stocking density did not increase the
prevalence of resistant phenotypes and genes. However, the genotypic profiles of chickens
raised in single cages diverged from those that shared cages with 6 or 34 birds. There was a
turnover of genotypes and phenotypes between each of the three sampling time points,
particularly from first to second. Resistance genes were strongly associated with some
resistance phenotypes and played a role in shaping community dynamics. Broilers that
arrive pre-colonized with strains carrying integrons are more likely to carry such strains
prior to slaughter, as well as strains phenotypically-resistant to sulfonamides and
aminoglycosides. We conclude that chickens come pre-colonized with resistant strains and
acquire the profile of the environment that they are brought into. The effect of management
practices on the development of resistance at temporal scales of one flock are limited.
Future studies should control for initial strain make-up, assess resistance at more frequent
time intervals following drug administration, look at multiple host generations over longer

time frames, multiple species or metacommunities of gut bacteria..
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INTRODUCTION

The overuse and misuse of antibiotics hastens the evolution of antimicrobial
resistance in human pathogens (Goossens et al. 2005), commensals (Marshall, Ochieng, and
Levy 2009) and the environment (Martinez 2009). Infections with antibiotic-resistant
bacteria are a growing public health threat, contributing to over 23,000 deaths per year in

the United States (US Centers for Disease Control and Prevention 2013).

While efforts are focused on improving prescribing practices in the clinical context
(MacDougall and Polk 2005), insufficient attention is being paid to antibiotics used in the
intensive rearing of food production animals (Hollis and Ahmed 2013), which constitutes
over 80% of antibiotic volume sold in the US (US Food and Drug Administration 2012).
Agricultural use exerts selection pressure that can have an important impact on the
evolution of resistance in commensal bacteria in human and animal hosts (Smith et al. 2002;

Marshall and Levy 2011b).

The use of antibiotics in farmed animals has been associated with higher frequency
of colonization with resistant bacteria (da Costa et al. 2011; Bager et al. 1997; van den
Bogaard et al. 2001), and livestock production has been implicated in the emergence of
clinically-relevant resistant pathogens(Rodri et al. 1999; Price et al. 2012). Resistant
bacteria can be transmitted to humans via foodborne transmission on retail meat (Vincent
et al. 2010; Schroeder, White, and Meng 2004), occupational exposure in farm workers and
surrounding communities (van den Bogaard et al. 2001; S. B. Levy, FitzGerald, and Macone
1976), interactions with wildlife (Radhouani et al. 2014) and environmental pathways

(Wellington et al. 2013; Silbergeld, Graham, and Price 2008)
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Commercial poultry accounts for the largest share of livestock production in the
Unites States (United States. Dept. of Agriculture. Foreign Agricultural Service 2014) and is
rapidly growing in developing countries (Chang 2003). Going back to the foundations of
modern animal production the 1940s, the poultry industry was the first to adopt antibiotics
for the non-therapeutic purpose of growth promotion (Jones and Ricke 2003), and is
currently the 2nd largest consumer of agricultural antibiotics worldwide with global
demand projected to increase by 67% by 2050 (Boeckel et al. 2015). Over 30 compounds
have been approved as feed additives in the rearing of broilers and laying hens, including
anticoccidal agents indicated exclusively for veterinary use, bust also tetracycline, penicillin,
chloramphenicol, fluoroquinolones, which are still used in the treatment and prevention of

human infections (Jones and Ricke 2003; Dibner and Richards 2005).

The rationale for adding sub-therapeutic doses of antibiotics to poultry feed is
twofold: first, antibiotic increase feed-conversion ratios by altering gut microbiota and
decreasing competition with the host for nutrients (Dibner and Richards 2005; Smirnov et
al. 2005), and by affecting the physical development of the chicken’s intestinal system
(Miles et al. 2006). Second, they prevent disease and lower mortality that arises in the
crowded conditions typical of intensive farming (Dibner and Richards 2005; da Costa et al.
2011). In 2012, the average stocking density of broiler flocks in the US was 0.84 ft2
(~0.08m?2) per chicken placed (United States. Dept. of Agriculture. Animal and Plant Health
Inspection Service 2013). High stocking density increases disease transmission by making
contact more frequent, and by increasing susceptibility to infection as a result of stress

(Dibner and Richards 2005).

Existing research on poultry has separately investigated the links between resistance

and subtherapeutic antibiotics or stocking density (Guardia et al. 2011; Funk et al. 2007),
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and tends to focus on foodborne pathogens such as Campylobacter spp (van Boven et al.
2003; Avrain et al. 2003; Carrique-Mas et al. 2014) or Salmonella spp. (Carrique-Mas et al.
2014; Campioni, Zoldan, and Falcdo 2014; Schwaiger, Schmied, and Bauer 2008). In the
current study we focus on Escherichia coli as representative of commensal microbiota,
which acts as an important reservoir in the promulgation of resistance genes (da Costa et al.

2008; Pleydell et al. 2007).

We report on results from a factorial experiment in Northwest Ecuador that was
designed to address how modifiable management practices (antibiotics, cage density, litter
change) affect within- and between-host population dynamics of drug-resistant E. coli in

industrially farmed broilers. A-priori, we expect that:

1. Across flocks, chickens start with same level of low or no phenotypic resistance, and
similar genotypic makeup as they all come from the same source.

2. Broilers whose water was supplemented with antibiotics active against E. coli will
have higher prevalence of resistant phenotypes and resistance genes, as antibiotics
in the treatment group exert selection pressure..

3. Treatment will affect the genotypic make-up of commensal flora and clear the
majority-susceptible strains, decreasing the diversity of E. coli genotypes and
making communities dissimilar across treatment groups.

4. Prevalence of resistant phenotypes and resistance genes will be higher in cages with
more animals, as the high stocking density increases the opportunity for the sharing
of resistance genes.

5. Genotypic diversity will be associated with high stocking densities at later days, as

animals living closer together have more opportunities to exchange strains of E. coli.
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6. Genotypic dissimilarity between stocking density treatments will be significant and
will increase at later time points, as communities are formed in separately caged

animals and under different ecological conditions.
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METHODS

Study design

Three flocks of 72 broiler chickens were consecutively raised between February and
October 2010 at a poultry farming facility in the Esmeraldas region of Northern Ecuador.
The facility, feed and bird stock were supplied by the Procesadora Nacional de Alimentos
C.A. (PRONACA), an integrated poultry manufacturer that is among the largest in the

country.

To test the hypothesis that non-therapeutic antibiotic use selects for resistant
enteric bacteria, we designed each trial as a balanced factorial experiment where newly
hatched chicks were randomized to four treatment groups of 18 birds each: control,
antibiotic treatment in water, antibiotic treatment in feed, and antibiotic treatment in both

water and feed.

The first flock (trail 1a) received tetracycline treatment in water and was raised on
fresh litter, the second (trial 2a) received enrofloxacin in water and was raised in fresh
litter, and the third (trial 2b) received enrofloxacin in water and was raised on the litter
used by the 2a trial. Date from a fourth trial with tetracycline and used litter was never
collected as the entire flock was infected with Mycobacterium and had to be sacrificed
prematurely. The antibiotic added to the feed was virginiamycin, which has no activity
against E. coli. Antibiotics were administered in routine doses and intervals recommended
by PRONACA: on days 9 and 10 and 23 and 24 of the growth cycles, 5g/ton of virginiamycin
were added to the feed mixture, and solutions of 5mg/kg of tetracycline and 7.5 mg/kg of

enrofloxacin were dissolved in the daily water dose (5ml dissolved in 101 of drinking water
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on days 9-10, 20ml in 201 on days 23-24). All birds, including controls, received monensin

(90ppm concentration at 110g/ton) in their feed as anticoccidial prophylaxis.

To test the hypothesis that higher stock density increases the potential for chicken-
to-chicken transmission of resistant strains/sharing of genotypes, in each treatment group
we raised 6 birds in single cages, 6 together in a single enclosure of the same size, and 6 in a
group of 34 raised in the same enclosure. Cage sizes were 55X55cm (~0.3m2 per chicken)
for single birds, 100x100cm for 6-chicken enclosures (1m2 or ~0.16m2 per chicken),

187x180cm (3.3m2 or ~0.1m2 per chicken) for 34-chicken enclosures.

Sample processing

Cloacal samples were obtained on days 1 (prior to placement in cages), 19-21 and
38 (pre-slaughter) and were plated for isolation on Chromocult Agar (Merck, Darmstadt,
Germany). Three distinct colonies were selected at random and transferred to MacKonkey
Lactose Agar, and were then transferred back to Chromocult tri-petri dishes to ensure pure
cultures. Samples were also plated on agar enriched with tetracycline and enrofloxacin to
select for isolates resistant to each antibiotic. One colony per sample per enriched media

was randomly selected for further testing.

Antibiotic susceptibility testing

Susceptibilities to beta-lactams (BL, incl. ampicillin, amoxiclav, cefotaxime,
ceftazidime, caphalotin), aminoglycosides (AG, incl. streptomycin and gentamicin),
fluoroquinolones (FQ, incl. ciprofloxacin and enrofloxacin), sulfonamides (S),
chloramphenicol (C) and tetracycline (TE) were measured using standard Kirby-Bauer disk
diffusion methods (Bauer et al. 1966) with commercially prepared discs (Becton Dickinson,

Franklin Lakes, NJ).
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Genotyping

Isolates were fully genotyped based on presence/absence of 28 genes using a high-
throughput dot-blot hybridization on the Library-on-a-Slide (LOS) array platform
developed previously in our laboratory with internal gene probes prepared with primers
listed in (Zhang et al. 2004). Hybridization conditions and the analysis of the probing
results have been described in detail elsewhere (Kong et al. 2006; Zhang et al. 2012). In
addition to the randomly chosen 28 genes, the arrays assessed the presence of class-1
integrons (intl), plasmid-mediated quinolone resistance (qnrb), and two tetracycline genes

(tetA and tetB).

Statistical analysis

Our main outcomes of interest were 1) the proportion of resistant isolates to each
antibiotic class based on the categorical interpretation (susceptible or non-susceptible) of
the zone of inhibition; 2) the prevalence of resistance genes (intl, qnrb, and tetA or B
combined as a single variable); 3) the Bray-Curtis dissimilarity and Shannon diversity

indices of genotypes collapsed at the chicken and sample levels.

Phenotypic resistance and gene prevalence

To classify isolates as phenotypically resistant or susceptible, we derived custom
breakpoints to each of the 12 drugs by fitting two-component mixture models to zone
diameter distributions of production bird isolates to index isolates into susceptible and
resistant populations. An isolate was considered resistant to an antibiotic class if it was

classified as non-susceptible to one or more of the test drugs belonging to that class.

To fit a mixture model, we compared the fits of 3 expectation maximum algorithms

from R’s mixtools package (Benaglia et al. 2009): a parametric, semi-parametric and non-



48

parametric specification that accounted for repeated measurement data to account for
multiple isolates cultured from each sample. Among those, the best-fit model was selected
based on the log-likelihood statistic. Custom breakpoints were set where the density
estimates for the fitted distributions intersect. These updated breakpoints were rounded to
the nearest whole number and used to categorize all isolates in our data as susceptible and
resistant. Custom susceptibility breakpoints that may more accurately reflect the local
population of bacterial strains compared to externally defined breakpoints based on wild-
type cutoff values (Wiggins 1996). These custom breakpoints might have limited clinical
utility, but are more consistent with the objective of our study to describe the local

ecological dynamics of E. coli with regard to antibiotic susceptibility.

We compared the percentages of non-susceptible isolates and of gene prevalence,
across categories of interest (day of sampling, cage density, trial, sample type etc.). To
account for the hierarchical, unbalanced nature of the data when comparing across
categories, we used generalized linear mixed models (GLMM) with a binomial link function
to model the outcome of AR fitted by maximizing a Restricted Maximum Likelihood
Criterion at convergence in R’s Ime4 package (Bates, Maechler, and Bolker 2013).
Univariate, bivariate and bivariate models with interactions were assessed. The best-fit
model was chosen to minimize the Akaike Information Criterion. When modeling
phenotypic resistance, a separate regression was considered for each drug class as
resistance mechanisms to the tested drug classes are independent. In all specifications, we
used nested random effects with varying nested intercepts by sample and bird to capture

unobserved heterogeneity between the multiple levels and account for repeated sampling.
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Genotypic profile

The 28 gene probes included in the microarray protocol were randomly chosen, but
could still exhibit a substantial degree of correlation. To avoid biased comparisons of
diversity and similarity, we clustered the markers based on their expression (as a binary
value) across the entire set of isolates. We used the BHC Hierarchical Bayesian clustering
package in R, designed to automatically determine the optimal number of clusters in
microarray data (Savage et al. 2009). The method performs bottom-up (agglomerative)
hierarchical clustering, using a Dirichlet Process (infinite mixture) to model uncertainty in
the data, and Bayesian model selection to decide at each step which clusters to merge

clusters (Savage et al. 2009).

Alpha Diversity within groups

To measure the genotypic diversity of communities with a measure of uncertainty,
we computed a bootstrapped Shannon-Weiver index (H) for different subsets of the data
(Jost 2006). First, we constructed a species-site matrix for the presence/absence of
clustered genotype markers across samples. We aggregated these data from the isolate to
the sample and chicken levels, summing the abundance of clusters in each sample. This
matrix was passed to the H.value function in R’s vegetarian package (Charney 2015), which
uses a bootstrapping procedure with n=500 iterations to compute mean and standard error

estimates for H (Chao 2004).

To describe and visualize the richness and evenness of genotypic profiles of isolates,
and map their correspondence to the gene and phenotype profiles, we used a parallel axis

produced by a modified version of R’s function ggparallel (Hofmann and Vendettuoli 2015).
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Beta-diversity and dissimilarity across factors

To reduce dimensionality in the genotype data and visualize the genotypic similarity
between samples across different categories, we performed an unconstrained ordination
using Nonmetric Multidimensional Scaling (NMDS). We aggregated the species-site matrix
from the isolate to the sample and chicken levels, summing the abundance of clusters in
each sample, and computed a matrix of Bray-Curtis pairwise dissimilarities that was passed

as an argument to the metaMDS function in R’s vegan package (Oksanen et al. 2012).

To partition the genotypic variance among multiple factors in the experiment, we
used an analysis of dissimilarity model (Adonis), a multivariable permutation test for fitting
linear models to distance matrices (Oksanen et al. 2012). The treatment group, stocking
density, day of sampling and gene profile were added to the model in that order. The
software performs n=1,000 permutations stratified by trial and produces a table with

pseudo-F statistics and a corresponding P- and R-squared values for each covariate.

RESULTS

Sample characteristics

A total of 1683 E. coli isolates were cultured from 575 samples obtained from 215
broilers (Table 1) raised in the periods February 2 - March 11, 2010 (trial 1a), June 24 -
August 3, 2010 and 10 September- 16 October, 2010 (trial 2b). The sample yield is lower
than the theoretical maximum as E. coli was not successfully isolated from all chickens at all
sampling points. In addition, X samples for which there were no genotypic data available

were dropped from the analysis.
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Table 4: Number of chickens, samples and isolates in each flock

Trial Chickens | Samples | Isolates

la 72 191 555
tetracycline/new
litter

2a 71 187 555
enrofloxacin/new
litter

2b 72 197 573
enrofloxacin/used
litter

Prevalence of resistance over time and treatment group, by flock

The proportion of resistant isolates from samples taken over the broilers’ life
followed a different trajectory across trials (Figure 1). In trial 1a, comparing pre-slaughter
(day 38) to pre-caging (day 1), it decreased for beta-lactams (P<0.01), sulfonamides
(P<0.05), showed no change for tetracycline (P=0.48) and fluoroquinolones. The GLMM
univariate model did not converge for chloramphenicol due to rare occurrence of the
outcome. In trial 2a resistance increased significantly for all drug classes, and started with
very low levels, particularly for flouroquinolones and beta-lactams (0.7% and 8.7%,
respectively). In contrast, in trial 2b levels of resistance were very high (>50% for
fluoroquinolones, sulfonamides, beta-lactams and tetracycline) before the chicks were even
placed in cages, and decreased for sulfonamides, fluoroquinolones and beta-lactams
(P<0.001), increased for aminoglycosides and chloramphenicol (P<0.001) and did not

change for tetracycline (P=0.41).

Contrary to our hypothesis, the proportion of resistant isolates across treatment
groups relative to antibiotic-free controls differed on day 1, and overall differences and

diminished by day 38 (Figure 7). In bivariate models with sample time and treatment
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group (forest plots shown in Supplementary figure 8), time was significant in all trials in
all models (P<0.001), and treatment factors were generally not, with the exception of lower
resistance among Water treatment among sulfonamides, fluoroquinolones and
chloramphenicol in trial 2a, and lower resistance in Water, Food and Both among
fluoroquinolones in trial 2b. Testing for treatment variable and time interactions did not
improve model fit, with the exception of a significant interaction between time and
treatment group for sulfonamides in trial 1a, where chickens in the Both and Food groups
had higher resistance relative to controls on days 19 and 21, but those just in water did not

(P=0.32), and a similar effect for sulfonamides in trial 2b.
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Figure 6: proportion of resistant isolates over time, by trial

A) Trial 1a (tetracycline/fresh litter) B) Trial 2a (enrofloxacin/fresh litter) C) Trial 2b (enrofloxacin/used litter)
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Figure 7: proportion of resistant isolates over time and across treatment groups, by trial

A) Trial 1a (tetracycline/fresh litter) B) Trial 2a (enrofloxacin/fresh litter) C) Trial 2b (enrofloxacin/used litter)
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Prevalence of resistance over time and stocking density, by flock

There were no differences in the proportion of resistant isolates across stocking densities
over time (Figure 8). In bivariate models with sample time and treatment group (), fixed
effects for time showed the same significance and direction as in univariate models. Cage
densities were generally not associated with resistance. In trial 2b the 34- and 6-chicken
cages started with a higher resistance to sulfonamides and beta-lactams on day 1. However,
in GLMM models, thirty-four chicken cages had a higher resistance only to sulfonamides.
Testing for interactions did not improve model fit in any of the trials, with the exception of
sulfonamides in trial 2b where on day 38 there were significantly more resistant isolates

(P<0.05) in 34-chicken cages than in singles.



Figure 8: proportion of resistant isolates over time and across stocking density groups, by trial
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Association between phenotypic resistance and gene carriage

Associations between phenotypic resistance and gene prevalence for pooled data
are shown in Figure 9. Carriage of intl was associated with resistance to all drugs
(P<0.001), particularly sulfonamides and fluoroquinolones. Predictably, tetA or tetB
carriage was highly predictive of tetracycline resistance and was also associated with
elevated levels of resistance to all classes (P<0.001). Surprisingly, qnrB carriage was either
not significantly related, or was protective of resistance to fluoroquinolones, sulfonamides,

beta-lactams and aminoglycosides (P<0.001).

Association between resistance genes

In pooled data from day 1 of all trials, the presence of intl was very strongly
associated with carriage of tet A or tetB (univariate OR 3092.4, 95% CI 493-15,343 with
random effect for bird), negatively collinear with qnrB; tetAB was negatively associated
with qnrB presence (univariate OR 0.041, 0.01- 0.1). When all time points were considered,
those associations became weaker (univariate ORs of 3.43[2.1-4.34] for int1 and qnrB, 0.18

[0.06-0.4] and non-significant association for tetAB and qnrB).

Prevalence of resistance genes over time and across trials

As expected from the gene-phenotype associations outlined above, the prevalence of
resistance genes over time and across treatment groups (A) followed the same patterns as
the relevant phenotypes. In trial 1a ~75% of the control group isolates had intl on day 1,
compared to just under 50% in the other groups, which manifested itself in high phenotypic
resistance to sulfonamides, fluoroquinolones and aminoglycosides in that group (Figure
7A). Similarly, in trial 2a, there were no intl isolates on day 1, and an unusually high
prevalence of qnrb (>80%, B), which manifested itself in very low resistance to

fluoroquinolones, beta-lactams and sulfonamides (Figure 7B). In contrast, in trial 2b there
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was very high carriage of intl and tetAB on day1 (C), particularly in the Control and Both
groups (~75%), which mapped to high levels (>75%) of sulfonamide, beta-lactam,

fluoroquinolone and tetracycline resistance (Figure 7C).

Effects of pre-colonization with integrase 1 on pre-slaughter resistance

To test a secondary hypothesis that pre-colonization with intl is linked to high
resistance when they are slaughtered, we used univariate GLMM models on the pooled data
to assess the univariate odds of isolating resistant E. coli on day 38 if a chicken tested
positive for intl on day 1. While all estimated effects were positive, the effects were
significant for aminoglycosides (OR 6.39, 2.01-19.97) and sulfonamides (OR 2.01, 1.07-

3.87). In addition, int1 on day 1 was predictive of int1l on day 38 (OR 2.31 1.21-4.8).
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Figure 9: forest plots of univariate associations of phenotypic resistance and carriage of resistance genes

Forest plot showing Odds Ratios and 95% Confidence Intervals from Generalized Linear Mixed Effect Models fitted by maximizing a
Restricted Maximum Likelihood Criterion with nested random effects for sample and chicken. Colors reflect the direction of the effect.
Type 3 like p-values calculated using an approximation for degrees-of-freedom. Estimates with P-values <0.05 are in bold, and are

annotated with stars corresponding to P<0.05(*), P<0.01(**), P<0.001 (***). Intercept estimates not shown.

A) intl B) tetAB C) qnrb

Forest plots, univariate ORs o Forest plots, univariate ORs
Forest plots, univariate ORs

Fixed effects, Fluoroquinolone Fixed effects, Beta-lactam

Fixed effects, Fluoroquinolone

3251.5
L]

Fixed effects, Tetracycline

7.74
L 1

Fixed effects, Chloramphenicol

281.83 ***
et gt W R

Fixed effects, Beta-lactam

11.20 ***
.

Fixed effects, Aminoglycoside

42.28 ***
e

Fixed effects, Sulfonamide

2786.44 ***
s 1

Fixed effects, Fluoroquinolone

6.85 ***
-

Fixed effects, Tetracycline

12704454.54
Ty

Fixed effects, Chloramphenicol

Fixed effects, Beta-lactam

5.71 ***
-

Fixed effects, Aminoglycoside

Fixed effects, Sulfonamide

4.29 *+

Fixed effects, Tetracycline

Fixed effects, Chloramphenicol

0.74

0.27 ***
.

Fixed effects, Aminoglycoside

0.39 =**

Fixed effects, Sulfonamide

0.40 ***



60

Phenotypic and genotypic dynamics over time, by trial

A parallel axis plot was used to visualize the dynamics of phenotype and genotype
abundances over time and across trials, as well as the correspondence between each
phenotype and genotype (Figure 10). Across trials, genotypes on day 1 had and uneven
abundance of 9-13 unique genotypes, with clear correspondence to 12-14 phenotypes.
Dominant genotypes were unique to trials. In subsequent sampling points, the richness of
both phenotypes and genotypes became more even and increased considerably with 41-42
genotypes corresponding to 22-26 phenotypes. Unique genotypes no longer corresponded

to singular, unique phenotypes.
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Figure 10: proportion of resistant isolates over time and across stocking density groups, by trial

The parallel axis plot shows the relationships between the abundance of genotype and phenotype over day of sampling, where the axes
between the columns link corresponding observations in each category. Each block is colored separately with colors chosen from spectral

palette. Each panel is a sampling day.
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B) Trial 2a (enrofloxacin/fresh litter)
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C) Trial 2b (enrofloxacin/used litter)
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Diversity dynamics by treatment and cage density

Contrary to expectations, the diversity of genotypes measured as average Shannon
index (H) within treatment groups (Figure 11) for the pooled data from all experiments
increased from day 1 by ~40% and remained at similar levels on the subsequent sampling
points. While there were differences between treatment groups on day 1, those did not
persist at later time points. Similarly, the diversity of genotypes within cage density groups

(Figure 12) for the pooled data did not differ between the cages at later time points.

Figure 11: Dynamics of genotypic diversity within treatment groups

Error bars are 95% bootstrap confidence intervals calculated according to (Chao 2004).
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Figure 12: Dynamics of genotypic diversity within stocking density groups

Error bars are 95% bootstrap confidence intervals calculated according to Chao (2004)

Alpha-diversity (Shannon-Weiver index) of Samples by num_pollos N=575

16-

group

Single

meanH

34

01 19-21 38
dia

Diversity dynamics by presence of resistance genes

The Shannon diversity of pooled data from all samples followed different temporal
patterns based on the presence of resistance genes (Figure 13). On day 1, samples that
were positive for intl were over three times less diverse on average as those without the
gene. The difference was of lesser magnitude for tetA or tetB and of opposite direction for
gnrB. The proportion of isolates carrying a gene in each timepoint was not drastically
skewed: 78/279, 114/294 and 178/286 samples were positive on days 1, 19-21 and 38 for
int1, 104/279, 176/294 and 169/286 for tetA/tetB, and 64/279, 125/294 and 97/286 for

gnrb.



Figure 13: Dynamics of genotypic diversity, by presence of resistance genes

Error bars are 95% bootstrap confidence intervals calculated according to Chao (2004)
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Genotypic dissimilariy between experimental trials on different days

The genotypes were dissimilar across trials (P<0.001 for all restricted and
unrestricted comparisons) , and although the magnitude of the dissimilarity was largest
when the sample was restricted to dayl (R-sq=0.26), it was still significant in the

subsequent sampling time pointe (0.04 and 0.052),

Genotypic dissimilariy between sampling days

Of the variation in the genotype that is explained by the sample day variable, the
vast majority is from day 1. There were significant differences (P<0.001, R-squared 0.096)
between the genotypes in each of the 3 sampling days in an Adonis model with N=1000
permutations stratified by trial. When the sample was restricted just to days 19 -21 and 38,
the significance of the difference decreased (P =0.035), as did the proportion of explained
variation (R-sq=0.00576). The test was stratified by trial because the results in the
preceding section showed trials have different genotypes, and we can assume each trial was

independently conducted.

Genotypic dissimilariy between treatment groups on different days

Treatment group did not explain a significant proportion of the variation (P=0.35,
R-squared 0.004) in the pooled sample stratified by time and trial. Results were similar
when the sample was restricted to each time point. The test was stratified by trial and time
point because the results in the preceding sections showed these variables explain a

significant share of the variation.

Genotypic dissimilariy between stocking density groups on different days
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The stocking density explained a small, but significant proportion of the variation in
genotype (R-sq = 0.0124, P <0.001), which increased over time. In restricted comparisons,
the difference between the single and 34 and single and 6-chicken cages was significant
(P<0.01). However, that between 6 and 34-chicken cages was not (P=0.08). In comparisons
restricted to particular time points, there were no significant differences between stocking
density groups on day 1 (P =0.19), but the difference was significant in the sample when day

1 was excluded (R-sq = 0.17, P <0.001).

Genotypic dissimilarity in a multivariable model

In the Adonis model adjusted for all relevant analysis variables (Table 5), treatment
group (treat_full) did not explain a significant fraction of the variation genotypes. All other
covariates did (P<0.001). The time of sampling (dia) explained approximately half of the
explained variation (R-sq = 0.096), and the presence of resistance genes and stocking

density group (num_pollos) accounted for roughly similar proportions of the variance.

Table 5: Multivariable analysis of dissimilarity (Adonis) model

Variables added in specified order, with N=1000 permutations stratified by trial

Df SumsOfSgs MeanSqgs F.Model R2 Pr(>F)
treat_full 3 0.490 0.1632 1.115 0.00491 0.322
num_pollos 2 1.238 0.6189 4.228 0.01241 0.002 **
dia 2 9.678 4.8392 33.054 0.09705 0.001 ***
intl 1 1.066 1.0661 7.282 0.01069 0.001 ***
tetAB 1 2.397 2.3973 16.375 0.02404 0.001 ***
gnrb 1 2.282 2.2820 15.588 0.02288 0.001 ***
Residuals 564 82.571 0.1464 0.82801
Total 574 99.722 1.00000

Signif. codes: @ ‘***° 9.001 ‘**’ 9.01 ‘*’ .05 ‘.’ 0.1 ‘1
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DISCUSSION

In this set of factorial experiments, we investigated the effect of modifiable
management practices — antibiotic administration and stocking density - on the dynamics of
antimicrobial resistance and the genotypic makeup of E. coli communities in commercial
broilers. We found that: 1) the three flocks arrived at the facility colonized with
genotypically and phenotypically different communities of E. coli; 2) the addition of
antibiotics did not affect the prevalence of resistant phenotypes and genes, or the genotypic
profile of communities; 3) increasing stocking density did not increase the prevalence of
resistant phenotypes and genes. However, the genotypic profiles of chickens raised in single
cages diverged from those that shared cages with 6 or 34 birds; 4) there was a turnover of
genotypes and phenotypes between each of the three sampling time points, particularly
from first to second; 5) resistance genes were strongly associated with some resistance
phenotypes and played a role in shaping community dynamics. Broilers that arrive pre-
colonized with strains carrying integrons are more likely to carry such strains prior to

slaughter, and be resistant to sulfonamides and aminoglycosides.

Contrary to our expectations, each of the three flocks came into the facility with
different resistance phenotype and genotype makeup. The difference is particularly
pronounced for experiments 2a and 2b, where the former flock had a complete absence of
intl and correspondingly minimal levels of fluoroquinolone and beta-lactam resistance, and
the latter had very high levels. As sampling was conducted prior to the placement of chicks
in their cages, this finding confounds flock-level comparisons and limits our ability to test
for the effects of raising chickens on fresh versus used litter. The finding is also consistent
with our observational study in 17 village communities in the same region, where broilers

under 2 weeks of age and sourced from a particular veterinary store had very high levels of
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resistance to broad-spectrum antibiotics. Difficulties in reproducing results of similar
experimental designs with multiple flocks are also reported in the literature (Piddock et al.
2008), as is the role of hatcheries as sources of resistant bacteria(Musgrove et al. 2006). To
avoid confounding from comparisons between experimental groups, future studies of flocks
in open systems like ours could clear and recolonize the chicken’s gastrointestinal tract
prior to start of the experiment by giving high doses of antimicrobials and transplanting

lyophilized intestinal microflora of specific pathogen-free chickens (van Boven et al. 2003).

More importantly, we found that prior to their slaughter, batches of chicks that had
come from hatcheries carrying high levels of resistance genes were over twice as likely to
continue to carry such genes and exhibit resistance to multiple antibiotic classes. This
suggests that poultry from these facilities contributes to a well-studied reservoir of
resistance in retail meat (Schroeder, White, and Meng 2004). Mobile genetic elements that
confer resistance or aid in its transfer, such as integrases, have been found to pass from
retail meat into the community (Leverstein-van Hall et al. 2011) and from the community to
the hospital (Leverstein-van Hall et al. 2002). In addition, farm workers, their families and
surrounding communities might be at higher risk of colonization with resistant strains if

working with animals carrying resistant bacteria (Neyra et al. 2014; Rinsky et al. 2013).

We did not observe an expected increase in the prevalence of resistance in
treatment groups, particularly those that were given antibiotics with activity against E. coli
(enrofloxacin and tetracycline) in water, the route thought to exert the greatest selection
pressure. Although most studies conclude that antibiotics select for more resistance (da
Costa et al. 2009; Bonnet et al. 2009b), our finding is also consistent with published work
specific to poultry and E coli: Diarra et al. (2007) worked with a flock of 900 chickens that

were given several antibiotic growth promoters, including penicillin and salinomycin; the
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authors report a decrease in the overall presence of resistance, and a high frequency of
multi-drug resistance independent of the use of antibiotics. Van Boven et al. (2003) studied
the within-host dynamics of E. coli and Campylobacter jejuni in a flock of 32 birds that was
raised in isolators and sampled daily for 50 days. They found that sample counts for both
species decreased after treatment with fluoroquinolones, but whereas there was an
increase in the frequency of C. jejuni, that was not observed in E. coli. Lack of selection in
other pathogens has also been reported in pigs treated with tetracycline (Funk et al. 2007;

Oliveira et al. 2010)

There are several explanations for the lack of treatment effects we observed: first, as
effects of antibiotics on gut microbiota can be highly transient and reversible(Robinson and
Young 2010; Antonopoulos et al. 2009; Pleydell et al. 2007), it is possible that we missed a
temporary amplification of the resistance population as we sampled chickens on days 19-21
and 38, which was more than 10 days following the addition of antimicrobials in water.
Second, the antimicrobial dose we sued may not have been sufficient to produce an effect
that can be captured by our sampling. Third, our system was not closed: although chickens
were randomized into treatment and control groups, the air in the facility was shared and
constantly circulated, were interacting in the non-single cages. It is possible that high
resistance in antibiotic-treated chickens was transmitted to controls via chicken-to-chicken
contact in 6 and 34-chicken cages. However, in this case we would expect a positive
interaction between treatment group variables and cage density, which was not observed.
Finally, observations on within-host dynamics of AMR are highly dependent on the
microbiological method used. For instance, when an observational study from Denmark
estimated the proportion of Vancomycin-resistant enterococcus in pigs by measuring
sample-level bacterial population frequencies, as opposed to the frequency of cultured

resistant isolates, the authors reached a new conclusion that VRE had persisted in Danish
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pigs 5 years after the withdrawal of antibiotics from the agricultural system(Garcia-Migura

etal. 2007).

Effects of selection could be ascertained more clearly if the microbiota is sampled
mode widely, more frequently, or over a longer period of time. Future studies should look
at multiple species, or preferably employ metagenomic approaches (Stanley, Hughes, and
Moore 2014; Van Der Wielen et al. 2002; Sergeant et al. 2014; Danzeisen et al. 2011). If
culture-based methods are used, bacterial counts should be performed to estimate the
population size and estimate the frequency of resistant colonies at the level of each sample
(Pleydell et al. 2007; van Boven et al. 2003). The high levels of resistance generally
associated with intensive agriculture likely accumulate over longer periods of time than a
single production cycle. Research looking at horizontally transferred microbial communities
over multiple generations of animals can assess dynamics at these scales.

We also found limited effects of varying stocking density on the prevalence of
resistance. The dilution of the hypothesized effect could also be due to the openness of the
system, and has been observed in similar factorial design where pigs were raised in
adjacent pens of varying stocking density that shared an air supply (Funk et al. 2007). We
did find that microbial communities in single-cage chickens started out similar, but diverged
from communities of chickens raised in six and 34-bird cages. A study that placed high- and
low-density flocks in isolators also found that high density changed the composition and
abundance of the bacterial community by the 3rd week of age, and had a negative impact on

broiler growth (Guardia et al. 2011).

Our genotypic data revealed an increase in genotype diversity and evenness,
particularly after the first sampling time point. This hints at the importance of strain

turnover over the life of the chicken. Samples were less dissimilar between days 19-21 and
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days 38, and differed across experiments, suggesting that the community composition did
not converge to some stable makeup that was acquired from the coop environment. A
similar instability of resistance phenotype and gut genotypes over the life course of the host
has been observed in chickens (Bonnet et al. 2009b) and calves (Hoyle et al. 2005), and is
most likely part of the normal physiological changes in the animal gut, particularly as

microbial communities get established in the first days of life.

Our study has several limitations: first, the experimental system as not closed to the
outside environment, potentially confounding comparisons due to influence of external
factors: birds in our experimental groups shared an air supply, and other chickens were
being raised in the facility. Second, we were limited by the use of culture-based methods,
which have known shortcomings (Ovreas 2000). The scope of our study is thus limited only
to the dynamics of E. coli. Substantially more insight into microbial communities would be
gained if we performed bacterial counts to estimate population sizes, or if metagenomic
methods were used to look at the abundances of multiple taxa. Finally, our objectives were
to look at the population dynamics of the E. coli community and relevant resistance
phenotypes and genes. We cannot distinguish between the amplification of resistant clones
and the emergence of new resistance mechanisms. Despite these limitations, our work is
still the first to our knowledge to apply this factorial design of antibiotic treatment and
stock density in poultry, and also benefits from the use of population biology approaches to

define antimicrobial resistance and study its dynamics.

In conclusion, the commensal microbiota of commercially raised broilers has high
levels of antimicrobial resistance and resistance genes, which are likely to persist as birds
are slaughtered and distributed. At the level of individual flocks and farming operation,

management practices such as antimicrobial regimens and stocking densities have a limited
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impact on the ecology of drug-resistant E coli. External factors and physiological processes

play a larger role in shaping the dynamics of antimicrobial resistance.



75

REFERENCES

Agricultural Research Council. 2010. “Fowls for Africa.”

Alali, W Q, H M Scott, and B Norby. 2010. “Assessing the Similarity of Antimicrobial
Resistance Phenotypes among Fecal Escherichia Coli Isolates from Two Aggregated
Occupational Cohorts of Humans versus Swine Using Cluster Analysis and
Multivariate Statistics.” Preventive Veterinary Medicine 94 (1-2) (April 1): 77-83.
doi:10.1016/j.prevetmed.2009.11.014.
http://www.ncbi.nlm.nih.gov/pubmed/20022646.

Angulo, FJ, and Peter Collignon. 2005. “The Routine Use of Antibiotics to Promote
Animal Growth Does Little to Benefit Protein Undernutrition in the Developing
World.” Clinical Infectious ...: 1007-1013.
http://cid.oxfordjournals.org/content/41/7/1007.short.

Antonopoulos, Dionysios A., Susan M. Huse, Hilary G. Morrison, Thomas M. Schmidt,
Mitchell L. Sogin, and Vincent B. Young. 2009. “Reproducible Community
Dynamics of the Gastrointestinal Microbiota Following Antibiotic Perturbation.”
Infection and Immunity 77: 2367-2375. doi:10.1128/IA1.01520-08.

Avrain, Laetitia, Florence Humbert, Rolande L’Hospitalier, Pascal Sanders, Christine
Vernozy-Rozand, and Isabelle Kempf. 2003. “Antimicrobial Resistance in
Campylobacter from Broilers: Association with Production Type and Antimicrobial
Use.” Veterinary Microbiology 96 (3) (October 30): 267-276.
doi:http://dx.doi.org/10.1016/j.vetmic.2003.07.001.
http://www.sciencedirect.com/science/article/pii/S0378113503002396.

Bager, F, M Madsen, J Christensen, and F M Aarestrup. 1997. “Avoparcin Used as a
Growth Promoter Is Associated with the Occurrence of Vancomycin-Resistant

Enterococcus Faecium on Danish Poultry and Pig Farms.” Preventive Veterinary
Medicine 31: 95-112. doi:10.1016/S0167-5877(96)01119-1.

Baquero, Fernando, Ana P Tedim, and Teresa M Coque. 2013. “Antibiotic Resistance
Shaping Multi-Level Population Biology of Bacteria.” Frontiers in Microbiology 4
(March) (January): 15. doi:10.3389/fmicb.2013.00015.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3589745&tool=pmcentr
ez&rendertype=abstract.

Barton, Mary D. 2014. “Impact of Antibiotic Use in the Swine Industry.” Current
Opinion in Microbiology 19C (June 21): 9-15. doi:10.1016/j.mib.2014.05.017.
http://www.ncbi.nlm.nih.gov/pubmed/24959754.



76

Bates, Douglas, Martin Maechler, and Ben Bolker. 2013. “Ilme4: Linear Mixed-Effects
Models Using S4 Classes.” R Package Version 0.999999-2.: 999999. doi:citeulike-
article-id:1080437. http://cran.r-project.org/package=Ime4.

Bauer, A. W., W. M. Kirby, J. C. Sherris, and M. Turck. 1966. “Antibiotic Susceptibility
Testing by a Standardized Single Disk Method.” American Journal of Clinical
Pathology 45: 493—496.

Benaglia, Tatiana, Didier Chauveau, David R Hunter, and Derek S Young. 2009.
“Mixtools: An R Package for Analyzing Finite.” Journal of Statistical Software 32:
1-29.

Bergman, Miika, Solja Huikko, Pentti Huovinen, Pirkko Paakkari, and Helena Seppéla.
2006. “Macrolide and Azithromycin Use Are Linked to Increased Macrolide
Resistance in Streptococcus Pneumoniae.” Antimicrobial Agents and Chemotherapy
50 (11) (November): 3646-50. doi:10.1128/AAC.00234-06.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1635217&tool=pmcentr
ez&rendertype=abstract.

Boeckel, Thomas P Van, Charles Brower, Marius Gilbert, Bryan T Grenfell, and Simon
A Levin. 2015. “Global Trends in Antimicrobial Use in Food Animals.”
doi:10.1073/pnas.1503141112.

Bonnet, Claudie, Fatoumata Diarrassouba, Roland Brousseau, Luke Masson, Edward
Topp, and Moussa S Diarra. 2009a. “Pathotype and Antibiotic Resistance Gene
Distributions of Escherichia Coli Isolates from Broiler Chickens Raised on
Antimicrobial-Supplemented Diets.” Applied and Environmental Microbiology 75
(22) (November): 6955-62. doi:10.1128/AEM.00375-09.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2786528 &tool=pmcentr
ez&rendertype=abstract.

. 2009b. “Pathotype and Antibiotic Resistance Gene Distributions of Escherichia
Coli Isolates from Broiler Chickens Raised on Antimicrobial-Supplemented Diets.”
Applied and Environmental Microbiology 75 (22) (November): 6955—-62.
doi:10.1128/AEM.00375-09.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2786528 &tool=pmcentr
ez&rendertype=abstract.

Budczies, Jan, Frederick Klauschen, Bruno V. Sinn, Balazs Gyorffy, Wolfgang D.
Schmitt, Silvia Darb-Esfahani, and Carsten Denkert. 2012. “Cutoff Finder: A
Comprehensive and Straightforward Web Application Enabling Rapid Biomarker
Cutoff Optimization.” PLoS ONE 7. doi:10.1371/journal.pone.0051862.

Campioni, F, M M Zoldan, and J P Falcdo. 2014. “Characterization of Salmonella
Enteritidis Strains Isolated from Poultry and Farm Environments in Brazil.”



77

Epidemiology and Infection 142 (7) (July): 1403-10.
doi:10.1017/S0950268814000491. http://www.ncbi.nlm.nih.gov/pubmed/24625654.

Carrique-Mas, J J, J E Bryant, N V Cuong, N V M Hoang, J Campbell, N V Hoang, T T
N Dung, et al. 2014. “An Epidemiological Investigation of Campylobacter in Pig
and Poultry Farms in the Mekong Delta of Vietnam.” Epidemiology and Infection
142 (7) (July): 1425-36. doi:10.1017/S0950268813002410.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4045178 &tool=pmcentr
ez&rendertype=abstract.

Castanon, J I R. 2007. “History of the Use of Antibiotic as Growth Promoters in
European Poultry Feeds.” Poultry Science 86 (11) (November): 2466—71.
doi:10.3382/ps.2007-00249. http://www.ncbi.nlm.nih.gov/pubmed/17954599.

Chang, Hui-shung. 2003. “Overview of the World Broiler Industry : Implications for the
Philippines.” Asian Journal of Agriculture and Development 4 (2).

Chao, Anne. 2004. “Species Estimation and Applications.” In Encyclopedia of Statistical
Sciences, 7907-7916. doi:10.1002/0471667196.ess5051.
http://dx.doi.org/10.1002/0471667196.ess5051.

Charney, Noah. 2015. “R Package © Vegetarian > Jost Diversity Measures for Community
Data Version 1.2.”

Chauvin, Claire, Laetitia Le Devendec, Eric Jouy, Maena Le Cornec, Sylvie Francart,
Corinne Marois-Créhan, and Isabelle Kempf. 2013. “National Prevalence of
Resistance to Third-Generation Cephalosporins in Escherichia Coli Isolates from
Layer Flocks in France.” Antimicrobial Agents and Chemotherapy 57 (12)
(December): 6351-3. doi:10.1128/AAC.01460-13.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3837867 &tool=pmcentr
ez&rendertype=abstract.

Clinical and Laboratory Standards Institute (CLSI). 2009. “Performance Standards for
Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated from
Animals; Approved Standard” 28 (3): 1-99.

. 2010. “Performance Standards for Antimicrobial Susceptibility Testing ; 20th
Informational Supplement.” Vol. 27. Wayne, PA.

. 2012. Performance Standards for Antimicrobial Susceptibility Testing ; Twenty-
Second Informational Supplement. Vol. 32. Wayne, PA: Clinical and Laboratory
Standards Institute.

Da Costa, Paulo Martins, Anabela Belo, José Gongalves, and Fernando Bernardo. 2009.
“Field Trial Evaluating Changes in Prevalence and Patterns of Antimicrobial
Resistance among Escherichia Coli and Enterococcus Spp. Isolated from Growing



78

Broilers Medicated with Enrofloxacin, Apramycin and Amoxicillin.” Veterinary
Microbiology 139 (3-4) (November 18): 284-92. doi:10.1016/j.vetmic.2009.06.006.
http://www.ncbi.nlm.nih.gov/pubmed/19581058.

Da Costa, Paulo Martins, Alexandra Bica, Paulo Vaz-Pires, and Fernando Bernardo.
2008. “Effects of Antimicrobial Treatment on Selection of Resistant Escherichia
Coli in Broiler Fecal Flora.” Microbial Drug Resistance (Larchmont, N.Y.) 14 (4)
(December): 299-306. doi:10.1089/mdr.2008.0859.
http://www.ncbi.nlm.nih.gov/pubmed/19025467.

Da Costa, Paulo Martins, Manuela Oliveira, Bruno Ramos, and Fernando Bernardo.
2011. “The Impact of Antimicrobial Use in Broiler Chickens on Growth
Performance and on the Occurrence of Antimicrobial-Resistant Escherichia Coli.”
Livestock Science 136 (2-3) (April): 262-269. do0i:10.1016/j.1ivsci.2010.09.016.
http://linkinghub.elsevier.com/retrieve/pii/S1871141310005366.

Danzeisen, Jessica L, Hyeun Bum Kim, Richard E Isaacson, Zheng Jin Tu, and Timothy
J Johnson. 2011. “Modulations of the Chicken Cecal Microbiome and Metagenome
in Response to Anticoccidial and Growth Promoter Treatment.” PloS One 6 (11)
(January): €27949. doi:10.1371/journal.pone.0027949.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3218064 &tool=pmcentr
ez&rendertype=abstract.

Davis, Meghan F, Lance B Price, Cindy Meng-Hsin Liu, and Ellen K Silbergeld. 2011.
“An Ecological Perspective on U.S. Industrial Poultry Production: The Role of
Anthropogenic Ecosystems on the Emergence of Drug-Resistant Bacteria from
Agricultural Environments.” Current Opinion in Microbiology 14 (3) (June): 244—
50. doi:10.1016/j.mib.2011.04.003.
http://www.ncbi.nlm.nih.gov/pubmed/21621451.

Diarra, Moussa S, Fred G Silversides, Fatoumata Diarrassouba, Jane Pritchard, Luke
Masson, Roland Brousseau, Claudie Bonnet, et al. 2007. “Impact of Feed
Supplementation with Antimicrobial Agents on Growth Performance of Broiler
Chickens, Clostridium Perfringens and Enterococcus Counts, and Antibiotic
Resistance Phenotypes and Distribution of Antimicrobial Resistance Determinants
in Escheric.” Applied and Environmental Microbiology 73 (20) (October): 6566—76.
doi:10.1128/AEM.01086-07.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2075079&tool=pmcentr
ez&rendertype=abstract.

Diaz-Munoz, Samuel L, Olivier Tenaillon, Daniel Goldhill, Kristen Brao, Paul E Turner,
and Lin Chao. 2013. “Electrophoretic Mobility Confirms Reassortment Bias among
Geographic Isolates of Segmented RNA Phages.” BMC Evolutionary Biology 13 (1)
(January): 206. doi:10.1186/1471-2148-13-206.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3848951&tool=pmcentr
ez&rendertype=abstract.



79

Dibner, J. J., and J. D. Richards. 2005. “Antibiotic Growth Promoters in Agriculture:
History and Mode of Action.” Poultry Science 84 (4) (April 1): 634-643.
doi:10.1093/ps/84.4.634. http://ps.oxfordjournals.org/cgi/doi/10.1093/ps/84.4.634.

Ding, Guo-Chun, Viviane Radl, Brigitte Schloter-Hai, Sven Jechalke, Holger Heuer,
Kornelia Smalla, and Michael Schloter. 2014. “Dynamics of Soil Bacterial
Communities in Response to Repeated Application of Manure Containing
Sulfadiazine.” PloS One 9 (3) (January): €92958.
doi:10.1371/journal.pone.0092958.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3966856&tool=pmcentr
ez&rendertype=abstract.

Eisenberg, Joseph N S, William Cevallos, Karina Ponce, Karen Levy, Sarah J Bates,
James C Scott, Alan Hubbard, et al. 2006. “Environmental Change and Infectious
Disease: How New Roads Affect the Transmission of Diarrheal Pathogens in Rural
Ecuador.” Proceedings of the National Academy of Sciences of the United States of
America 103: 19460—-19465. doi:10.1073/pnas.0609431104.

Eisenberg, Joseph N S, Jason Goldstick, William Cevallos, Gabriel Trueba, Karen Levy,
James Scott, Bethany Percha, et al. 2012. “In-Roads to the Spread of Antibiotic
Resistance: Regional Patterns of Microbial Transmission in Northern Coastal
Ecuador.” Journal of the Royal Society, Interface / the Royal Society 9 (70) (May 7):
1029-39. doi:10.1098/rsif.2011.0499.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3306639&tool=pmcentr
ez&rendertype=abstract.

Finley, Rita L, Peter Collignon, D G Joakim Larsson, Scott a McEwen, Xian-Zhi Li,
William H Gaze, Richard Reid-Smith, Mohammed Timinouni, David W Graham,
and Edward Topp. 2013. “The Scourge of Antibiotic Resistance: The Important
Role of the Environment.” Clinical Infectious Diseases : An Official Publication of
the Infectious Diseases Society of America 57 (5) (September): 704—10.
doi:10.1093/cid/cit355. http://www.ncbi.nlm.nih.gov/pubmed/23723195.

Food and Agriculture Organization. 2011. “A Global Agenda of Action in Support of
Sustainable Livestock Sector Development.”
http://www.fao.org/ag/againfo/programmes/en/global agenda.html.

Forsberg, K. J., A. Reyes, B. Wang, E. M. Selleck, M. O. A. Sommer, and G. Dantas.
2012. “The Shared Antibiotic Resistome of Soil Bacteria and Human Pathogens.”
Science. doi:10.1126/science.1220761.

Funk, Julie, Thomas E Wittum, Jeffrey T LeJeune, Pdivi J Rajala-Schultz, Andrew
Bowman, and Andrew Mack. 2007. “Evaluation of Stocking Density and
Subtherapeutic Chlortetracycline on Salmonella Enterica Subsp. Enterica Shedding
in Growing Swine.” Veterinary Microbiology 124 (3-4) (October 6): 202-8.
doi:10.1016/j.vetmic.2007.04.018. http://www.ncbi.nlm.nih.gov/pubmed/17482387.



80

Garcia-Migura, Lourdes, Ernesto Liebana, Lars Boge Jensen, Simon Barnes, and Eve
Pleydell. 2007. “A Longitudinal Study to Assess the Persistence of Vancomycin-
Resistant Enterococcus Faecium (VREF) on an Intensive Broiler Farm in the United
Kingdom.” FEMS Microbiology Letters 275 (2) (October): 319-25.
doi:10.1111/j.1574-6968.2007.00911 .x.
http://www.ncbi.nlm.nih.gov/pubmed/17825067.

Goossens, Herman, Matus Ferech, Robert Vander Stichele, and Monique Elseviers. 2005.
“Outpatient Antibiotic Use in Europe and Association with Resistance: A Cross-
National Database Study.” The Lancet 365 (9459): 579-587. do0i:10.1016/S0140-
6736(05)17907-0. http://www.sciencedirect.com/science/article/B6T1B-4FFX4C2-
15/2/9561b1cbc8062c¢a8be8df0d77a4d27cd.

Guardia, S, B Konsak, S Combes, F Levenez, L Cauquil, J-F Guillot, C Moreau-
Vauzelle, M Lessire, H Juin, and I Gabriel. 2011. “Effects of Stocking Density on
the Growth Performance and Digestive Microbiota of Broiler Chickens.” Poultry
Science 90 (9) (September): 1878—-89. doi:10.3382/ps.2010-01311.
http://www.ncbi.nlm.nih.gov/pubmed/21844251.

Hartigan, J. A., and P. M. Hartigan. 1985. “The Dip Test of Unimodality.” The Annals of
Statistics. doi:10.1214/a0s/1176346577.

Hofmann, Heike, and Marie Vendettuoli. 2015. “R Package © Ggparallel * Variations of
Parallel Coordinate Plots for Categorical Data Version 0.1.1: 1-6.

Hollis, Aidan, and Ziana Ahmed. 2013. “Preserving Antibiotics, Rationally.” The New
England Journal of Medicine 369: 2474-2476. doi:10.1056/NEJMp1312654.
http://search.proquest.com/docview/1470965961?accountid=15299\nhttp://sfx.cbuc.
cat/uoc?url ver=7239.88-
2004&rft val fmt=info:ofi/fmt:kev:mtx:journal&genre=article&sid=ProQ:ProQ:hea
Ithcompleteshell&atitle=Preserving+Antibiotics,+Rationally&title=The+New+Engl
and+Journal+of+Medicine&issn=00284793 &date=2013-12-
26&volume=369&issue=26&spage=2474&au=Hollis,+Aidan,+PhD;Ahmed,+Ziana,
+BASc&isbn=&jtitle=The+New+England+Journal+of+Medicine&btitle=&rft id=i
nfo:eric/&rft_id=info:doi/.

Hoyle, D. V., C. M. Yates, M. E. Chase-Topping, E. J. Turner, S. E. Davies, J. C. Low,
G. J. Gunn, M. E. J. Woolhouse, and S. G. B. Amyes. 2005. “Molecular
Epidemiology of Antimicrobial-Resistant Commensal Escherichia Coli Strains in a
Cohort of Newborn Calves.” Applied and Environmental Microbiology 71 (11)
(November 3): 6680—-6688. doi:10.1128/AEM.71.11.6680-6688.2005.
http://aem.asm.org/cgi/doi/10.1128/AEM.71.11.6680-6688.2005.

Jones, F., and S. Ricke. 2003. “Observations on the History of the Development of
Antimicrobials and Their Use in Poultry Feeds.” Poultry Science 82 (4) (April 1):



81

613-617. doi:10.1093/ps/82.4.613.
http://ps.oxfordjournals.org/cgi/doi/10.1093/ps/82.4.613.

Jost, Lou. 2006. “Entropy and Diversity.” Oikos. doi:10.1111/j.2006.0030-1299.14714.x.

Kong, Y., M. D. Cave, L. Zhang, B. Foxman, C. F. Marrs, J. H. Bates, and Z. H. Yang.
2006. “Population-Based Study of Deletions in Five Different Genomic Regions of

Mycobacterium Tuberculosis and Possible Clinical Relevance of the Deletions.”
Journal of Clinical Microbiology 44: 3940-3946. doi:10.1128/JCM.01146-06.

Krumperman, P H. 1983. “Multiple Antibiotic Resistance Indexing of Escherichia Coli to
Identify High-Risk Sources of Fecal Contamination of Foods.” Applied and
Environmental Microbiology 46: 165—170.

Langfelder, Peter, and Steve Horvath. 2012. “Fast R Functions for Robust Correlations
and Hierarchical Clustering.” Journal of Statistical Software 46.
/pmcc/articles/PMC3465711/?report=abstract.

Leverstein-van Hall, M a, C M Dierikx, J Cohen Stuart, G M Voets, M P van den
Munckhof, A van Essen-Zandbergen, T Platteel, et al. 2011. “Dutch Patients, Retail
Chicken Meat and Poultry Share the Same ESBL Genes, Plasmids and Strains.”
Clinical Microbiology and Infection : The Official Publication of the European
Society of Clinical Microbiology and Infectious Diseases 17 (6) (June): 873-80.
doi:10.1111/j.1469-0691.2011.03497 .x.
http://www.ncbi.nlm.nih.gov/pubmed/21463397.

Leverstein-van Hall, M. a., a. Paauw, a. T. a. Box, H. E. M. Blok, J. Verhoef, and a. C.
Fluit. 2002. “Presence of Integron-Associated Resistance in the Community Is
Widespread and Contributes to Multidrug Resistance in the Hospital.” Journal of
Clinical Microbiology 40 (8) (August 1): 3038-3040. doi:10.1128/JCM.40.8.3038-
3040.2002. http://jecm.asm.org/cgi/doi/10.1128/JCM.40.8.3038-3040.2002.

Levy, Karen, Kara L Nelson, Alan Hubbard, and Joseph N S Eisenberg. 2012.
“Rethinking Indicators of Microbial Drinking Water Quality for Health Studies in
Tropical Developing Countries: Case Study in Northern Coastal Ecuador.” The
American Journal of Tropical Medicine and Hygiene 86: 499-507.
do0i:10.4269/ajtmh.2012.11-0263.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3284371&tool=pmcentr
ez&rendertype=abstract.

Levy, S B, G B FitzGerald, and A B Macone. 1976. “Changes in Intestinal Flora of Farm
Personnel after Introduction of a Tetracycline-Supplemented Feed on a Farm.” The
New England Journal of Medicine 295: 583-588.
doi:10.1056/NEJIM197609092951103.



82

Li, Peng, Dongfang Wu, Kunyao Liu, Sizhu Suolang, Tao He, Xuan Liu, Congming Wu,
Yang Wang, and Degui Lin. 2014. “Investigation of Antimicrobial Resistance in
Escherichia Coli and Enterococci Isolated from Tibetan Pigs.” PloS One 9 (4)
(January): €95623. doi:10.1371/journal.pone.0095623.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3991701&tool=pmcentr
ez&rendertype=abstract.

MacDougall, C, and Ron E Polk. 2005. “Antimicrobial Stewardship Programs in Health
Care Systems.” Clin Microbiol Rev 18 (4). doi:10.1128/CMR.18.4.638.
http://cmr.asm.org/content/18/4/638.short.

Marshall, Bonnie M, and Stuart B Levy. 2011a. “Food Animals and Antimicrobials:
Impacts on Human Health.” Clinical Microbiology Reviews 24 (4) (October): 718—
33. d0i:10.1128/CMR.00002-11.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3194830&tool=pmcentr
ez&rendertype=abstract.

.2011b. “Food Animals and Antimicrobials: Impacts on Human Health.” Clinical
Microbiology Reviews 24 (4) (October): 718-33. doi:10.1128/CMR.00002-11.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3194830&tool=pmcentr
ez&rendertype=abstract.

Marshall, Bonnie M, Dorothy J Ochieng, and Stuart B Levy. 2009. “Commensals:
Underappreciated Reservoir of Antibiotic Resistance” 4 (5): 231-238.

Martinez, Jose Luis. 2009. “Environmental Pollution by Antibiotics and by Antibiotic
Resistance Determinants.” Environmental Pollution (Barking, Essex : 1987) 157:
2893-2902. doi:10.1016/j.envpol.2009.05.051.

Miles, R D, G D Butcher, P R Henry, and R C Littell. 2006. “Effect of Antibiotic Growth
Promoters on Broiler Performance, Intestinal Growth Parameters, and Quantitative
Morphology.” Poultry Science 85: 476—485. doi:10.1093/ps/85.3.476.

Moser, Kara A., Lixin Zhang, lan Spicknall, Karen Levy, Carl F. Marrs, Betsy Foxman,
Gabriel Trueba, William Cevallos, James Trostle, and Joseph N. S. Eisenberg. 2015.
“Linking Antibiotic Resistant Escherichia Coli Found in Production Chickens, Free-
Range Chickens, and Humans: A Phenotypic and Genotypic Community-Level
Analysis in Rural Ecuador (in Preparation).”

Musgrove, M T, D R Jones, J K Northcutt, N A Cox, M A Harrison, P J Fedorka-Cray,
and S R Ladely. 2006. “Antimicrobial Resistance in Salmonella and Escherichia
Coli Isolated from Commercial Shell Eggs.” Poultry Science 85: 1665—-1669.
doi:10.1111/5.1751-0813.1997.tb15713 x.

Neyra, Ricardo Castillo, Jose Augusto Frisancho, Jessica L. Rinsky, Carol Resnick,
Karen Colleen Carroll, Ana Maria Rule, Tracy Ross, Yaqi You, Lance B. Price, and



83

Ellen Kovner Silbergeld. 2014. “Multidrug-Resistant and Methicillin-Resistant
Staphylococcus Aureus (MRSA) in Hog Slaughter and Processing Plant Workers
and Their Community in North.” Environmental Health ... 122 (5): 471-477.
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4014760/.

Obeng, Akua Serwaah, Heather Rickard, Olasumbo Ndi, Margaret Sexton, and Mary
Barton. 2012. “Antibiotic Resistance, Phylogenetic Grouping and Virulence
Potential of Escherichia Coli Isolated from the Faeces of Intensively Farmed and
Free Range Poultry.” Veterinary Microbiology 154: 305-315.
doi:10.1016/j.vetmic.2011.07.010.

Oksanen, Jari, F Guillaume Blanchet, Roeland Kindt, Pierre Legendre, R B O’Hara,
Gavin L Simpson, Peter Solymos, M Henry H Stevens, and Helene Wagner. 2012.
“R Package ‘Vegan’: Community Ecology Package.” R Package Version.
doi:10.4135/9781412971874.n145. http://cran.r-project.org/package=vegan.

Oliveira, M, V Santos, a Fernandes, F Bernardo, and C L Vilela. 2010. “Antimicrobial
Resistance and in Vitro Biofilm-Forming Ability of Enterococci from Intensive and
Extensive Farming Broilers.” Poultry Science 89 (5) (May): 1065-9.
doi:10.3382/ps.2008-00436. http://www.ncbi.nlm.nih.gov/pubmed/20371861.

Ovreas, L. 2000. “Population and Community Level Approaches for Analysing Microbial
Diversity in Natural Environments.” Ecology Letters 3 (3) (May): 236-251.
doi:10.1046/j.1461-0248.2000.00148.x. http://doi.wiley.com/10.1046/j.1461-
0248.2000.00148.x.

Perry, Julie A, and Gerard D Wright. 2013. “The Antibiotic Resistance ‘Mobilome’:
Searching for the Link between Environment and Clinic.” Frontiers in Microbiology
4: 138. doi:10.3389/fmicb.2013.00138.
http://www.frontiersin.org/Journal/10.3389/fmicb.2013.00138/abstract.

Phillips, Ian, Mark Casewell, Tony Cox, Brad De Groot, Christian Friis, Ron Jones,
Charles Nightingale, Rodney Preston, and John Waddell. 2004. “Does the Use of
Antibiotics in Food Animals Pose a Risk to Human Health? A Critical Review of
Published Data.” The Journal of Antimicrobial Chemotherapy 53 (1) (January): 28—
52. do0i:10.1093/jac/dkg483. http://www.ncbi.nlm.nih.gov/pubmed/14657094.

Piddock, L J V, D Griggs, M M Johnson, V Ricci, N C Elviss, L K Williams, F
Jorgensen, et al. 2008. “Persistence of Campylobacter Species, Strain Types,
Antibiotic Resistance and Mechanisms of Tetracycline Resistance in Poultry Flocks
Treated with Chlortetracycline.” The Journal of Antimicrobial Chemotherapy 62 (2)
(August): 303—15. doi:10.1093/jac/dkn190.
http://www.ncbi.nlm.nih.gov/pubmed/18467308.

Pleydell, E J, P E Brown, M ] Woodward, R H Davies, and N P French. 2007. “Sources
of Variation in the Ampicillin-Resistant Escherichia Coli Concentration in the Feces



84

of Organic Broiler Chickens.” Applied and Environmental Microbiology 73 (1)
(January): 203-10. doi:10.1128/AEM.01482-06.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1797143 &tool=pmcentr
ez&rendertype=abstract.

Price, Lance B, Marc Stegger, Henrik Hasman, Maliha Aziz, Jesper Larsen, Skytt
Andersen, Talima Pearson, et al. 2012. “Staphylococcus Aureus CC398 : Host
Adaptation and Emergence of Methicillin Resistance in Livestock™” 3 (1): 1-7.
doi:10.1128/mBi0.00305-11.Editor.

Public Health Agency of Canada. 2012. “Canadian Integrated Program for Antimicrobial
Resistance Surveillance (CIPARS) Annual Report.”
http://publications.gc.ca/collections/collection_2014/aspc-phac/HP2-4-2012-2-
eng.pdf.

Radhouani, Hajer, Nuno Silva, Patricia Poeta, Carmen Torres, Susana Correia, and
Gilberto Igrejas. 2014. “Potential Impact of Antimicrobial Resistance in Wildlife,
Environment and Human Health.” Frontiers in Microbiology 5 (February)
(January): 23. doi:10.3389/fmicb.2014.00023.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3913889&tool=pmcentr
ez&rendertype=abstract.

Rinsky, Jessica L, Maya Nadimpalli, Steve Wing, Devon Hall, Dothula Baron, Lance B
Price, Jesper Larsen, Marc Stegger, Jill Stewart, and Christopher D Heaney. 2013.
“Livestock-Associated Methicillin and Multidrug Resistant Staphylococcus Aureus
Is Present among Industrial, Not Antibiotic-Free Livestock Operation Workers in
North Carolina.” PloS One 8 (7) (January): e67641.
doi:10.1371/journal.pone.0067641.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3699663 &tool=pmcentr
ez&rendertype=abstract.

Robinson, Courtney J., and Vincent B. Young. 2010. “Antibiotic Administration Alters
the Community Structure of the Gastrointestinal Microbiota.” Gut Microbes.
doi:10.4161/gmic.1.4.12614.

Rodri, Nica, Javier Garau, Mariona Xercavins, Teresa Llovet, and A N A Rui. 1999.
“Emergence and Dissemination of Quinolone-Resistant Escherichia Coli in the
Community” 43 (11): 2736-2741.

Rowe-Magnus, Dean a., Anne-Marie Guerout, and Didier Mazel. 2002. “Bacterial

Resistance Evolution by Recruitment of Super-Integron Gene Cassettes.” Molecular
Microbiology 43 (6) (March): 1657—-1669. doi:10.1046/j.1365-2958.2002.02861 .x.
http://doi.wiley.com/10.1046/j.1365-2958.2002.02861 .x.

Sarmah, Ajit K, Michael T Meyer, and Alistair B a Boxall. 2006. “A Global Perspective
on the Use, Sales, Exposure Pathways, Occurrence, Fate and Effects of Veterinary



85

Antibiotics (VAs) in the Environment.” Chemosphere 65 (5) (October): 725-59.
doi:10.1016/j.chemosphere.2006.03.026.
http://www.ncbi.nlm.nih.gov/pubmed/16677683.

Savage, Richard S, Katherine Heller, Yang Xu, Zoubin Ghahramani, William M Truman,
Murray Grant, Katherine J Denby, and David L Wild. 2009. “R/BHC: Fast Bayesian
Hierarchical Clustering for Microarray Data.” BMC Bioinformatics 10: 242.
doi:10.1186/1471-2105-10-242.

Sayah, RS, and JB Kaneene. 2005. “Patterns of Antimicrobial Resistance Observed in
Escherichia Coli Isolates Obtained from Domestic- and Wild-Animal Fecal Samples
, Human Septage , and Surfce Water.” Applied and .... doi:10.1128/AEM.71.3.1394.
http://aem.asm.org/content/71/3/1394.short.

Schroeder, Carl M., David G. White, and Jianghong Meng. 2004. “Retail Meat and
Poultry as a Reservoir of Antimicrobial-Resistant Escherichia Coli.” Food
Microbiology. doi:10.1016/S0740-0020(03)00074-1.

Schwaiger, K, E.-M. V Schmied, and J Bauer. 2008. “Comparative Analysis of Antibiotic
Resistance Characteristics of Gram-Negative Bacteria Isolated from Laying Hens
and Eggs in Conventional and Organic Keeping Systems in Bavaria, Germany.”
Zoonoses and Public Health 55 (7): 331-341. doi:10.1111/j.1863-
2378.2008.01151.x. http://dx.doi.org/10.1111/1.1863-2378.2008.01151.x.

Sergeant, Martin J, Chrystala Constantinidou, Tristan a Cogan, Michael R Bedford,
Charles W Penn, and Mark J Pallen. 2014. “Extensive Microbial and Functional
Diversity within the Chicken Cecal Microbiome.” PloS One 9: €91941.
doi:10.1371/journal.pone.0091941.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3962364&tool=pmcentr
ez&rendertype=abstract.

Silbergeld, Ellen K, Jay Graham, and Lance B Price. 2008. “Industrial Food Animal
Production, Antimicrobial Resistance, and Human Health.” Annual Review of Public
Health 29 (January): 151-69. doi:10.1146/annurev.publhealth.29.020907.090904.
http://www.ncbi.nlm.nih.gov/pubmed/18348709.

Smirnov, A, R Perez, E Amit-Romach, D Sklan, and Z Uni. 2005. “Mucin Dynamics and
Microbial Populations in Chicken Small Intestine Are Changed by Dietary Probiotic
and Antibiotic Growth Promoter Supplementation.” The Journal of Nutrition 135:
187-192.

Smith, David L, Anthony D Harris, Judith A Johnson, Ellen K Silbergeld, J Glenn
Morris, and Harris A D Smith DL Johnson JA, Silbergeld EK, Morris JG Jr. 2002.
“Animal Antibiotic Use Has an Early but Important Impact on the Emergence of
Antibiotic Resistance in Human Commensal Bacteria.” Proc. Natl. Acad. Sci. USA
99 (64) (April 30): 6434-6439. doi:10.1073/pnas.082188899.



86

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=122966&tool=pmcentre
z&rendertype=abstract.

Stanley, Dragana, Robert J. Hughes, and Robert J. Moore. 2014. “Microbiota of the
Chicken Gastrointestinal Tract: Influence on Health, Productivity and Disease.”
Applied Microbiology and Biotechnology. doi:10.1007/s00253-014-5646-2.

Turnidge, John, and Keryn Christiansen. 2005. “Antibiotic Use and Resistance?proving
the Obvious.” The Lancet 365 (9459) (February 12): 548-549.
http://linkinghub.elsevier.com/retrieve/pii/S0140673605179203.

United States Department of Agriculture. 2011. “Annual Animal Report, National
Antimicrobial Resistance Monitoring System (NARMS).”

United States. Dept. of Agriculture. Animal and Plant Health Inspection Service. 2013.
“Poultry Industry Manual: Foreign Animal Disease Preparedness and Response Plan
(FAD PReP)/National Animal Health Emergency Management System (NAHEMS)
Guidelines.”

United States. Dept. of Agriculture. Foreign Agricultural Service. 2014. “Livestock and
Poultry: World Markets and Trade.”

US Centers for Disease Control and Prevention. 2013. “Antibiotic Resistance Threats in
the Unites States 2013.” Cdc. doi:CS239559-B.

US Food and Drug Administration. 2012. “Antimicrobials Sold or Distributed for Use in
Food-Producing Animals.” Washington, D.C.
http://www.fda.gov/downloads/ForIndustry/UserFees/AnimalDrugUserFeeActADU
FA/UCM416983.pdf.

. 2013. “Guidance for Industry The Judicious Use of Medically Important
Antimicrobial Drugs in Food-Producing Animals.”
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Guidance+for+In
dustry+The+JudicioustUse+tof+Medically+Important+Antimicrobial+Drugs+in+Fo
od-Producing+Animals#0.

Van Boven, Michiel, Kees T Veldman, Mart C M de Jong, and Dik J Mevius. 2003.
“Rapid Selection of Quinolone Resistance in Campylobacter Jejuni but Not in
Escherichia Coli in Individually Housed Broilers.” The Journal of Antimicrobial
Chemotherapy 52 (4) (October): 719-23. doi:10.1093/jac/dkg402.
http://www.ncbi.nlm.nih.gov/pubmed/12951353.

Van den Bogaard, a E, N London, C Driessen, and E E Stobberingh. 2001. “Antibiotic
Resistance of Faecal Escherichia Coli in Poultry, Poultry Farmers and Poultry
Slaughterers.” The Journal of Antimicrobial Chemotherapy 47 (6) (June): 763-71.
http://www.ncbi.nlm.nih.gov/pubmed/11389108.



87

Van Der Wielen, P. W J J, D. A. Keuzenkamp, L. J A Lipman, F. Van Knapen, and S.
Biesterveld. 2002. “Spatial and Temporal Variation of the Intestinal Bacterial

Community in Commercially Raised Broiler Chickens during Growth.” Microbial
Ecology 44: 286-293. doi:10.1007/s00248-002-2015-y.

Vincent, Caroline, Patrick Boerlin, Danielle Daignault, Charles M. Dozois, Lucie Dutil,
Chrissi Galanakis, Richard J. Reid-Smith, et al. 2010. “Food Reservoir for
Escherichia Coli Causing Urinary Tract Infections.” Emerging Infectious Diseases
16: 88-95. d0i:10.3201/eid1601.091118.

Walk, Seth T, Janice M Mladonicky, Jaclyn a Middleton, Anthony J Heidt, Julie R
Cunningham, Paul Bartlett, Kenji Sato, and Thomas S Whittam. 2007. “Influence of
Antibiotic Selection on Genetic Composition of Escherichia Coli Populations from
Conventional and Organic Dairy Farms.” Applied and Environmental Microbiology
73 (19) (October): 5982-9. doi:10.1128/AEM.00709-07.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2074991&tool=pmcentr
ez&rendertype=abstract.

Wellington, Elizabeth M H, Alistair B Boxall, Paul Cross, Edward J Feil, William H
Gaze, Peter M Hawkey, Ashley S Johnson-Rollings, et al. 2013. “The Role of the
Natural Environment in the Emergence of Antibiotic Resistance in Gram-Negative
Bacteria.” The Lancet Infectious Diseases 13 (2) (March): 155-65.
doi:10.1016/S1473-3099(12)70317-1.
http://www.ncbi.nlm.nih.gov/pubmed/23347633.

Wiggins, BA. 1996. “Discriminant Analysis of Antibiotic Resistance Patterns in Fecal
Streptococci , a Method to Differentiate Human and Animal Sources of Fecal
Pollution in Natural Waters.” Applied and Environmental Microbiology.
http://aem.asm.org/content/62/11/3997.short.

World Health Organization (WHO). 2014. “Antimicrobial Resistance: Global Report on
Surveillance 2014.”

Wright, Gerard D. 2010. “Antibiotic Resistance in the Environment: A Link to the
Clinic?” Current Opinion in Microbiology 13 (5) (October): 589-94.
doi:10.1016/j.mib.2010.08.005. http://www.ncbi.nlm.nih.gov/pubmed/20850375.

YOUNG, I, A RAJIC, B ] WILHELM, L WADDELL, S PARKER, and S A McEWEN.
2009. “Comparison of the Prevalence of Bacterial Enteropathogens, Potentially
Zoonotic Bacteria and Bacterial Resistance to Antimicrobials in Organic and
Conventional Poultry, Swine and Beef Production: A Systematic Review and Meta-
Analysis.” Epidemiology & Infection 137 (09): 1217-1232.
href="http://dx.doi.org/10.1017/S0950268809002635.

Zhang, Lixin, Usha Srinivasan, Carl F Marrs, Debashis Ghosh, Janet R Gilsdorf, and
Betsy Foxman. 2004. “Library on a Slide for Bacterial Comparative Genomics.”



88

BMC Microbiology 4 (March 22): 12. doi:10.1186/1471-2180-4-12.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=39432 1 &tool=pmcentre
z&rendertype=abstract.

Zhang, Lixin, Jingping Xie, Mayuri Patel, Arsala Bakhtyar, Garth D. Ehrlich, Azad
Ahmed, Josh Earl, et al. 2012. “Nontypeable Haemophilus Influenzae Genetic
Islands Associated with Chronic Pulmonary Infection.” PLoS ONE 7.
doi:10.1371/journal.pone.0044730.



89

SUPPLEMENTARY MATERIAL

Supplementary table 1: Chemical analysis of feed samples of the most commonly sold
brand of feed (Nutril) purchased at a veterinary store in the large regional center.

Samples were tested for the presence of lincomycin, virginiamycin, bacitracin, flavomycin,
avilomycin, nitrofurantoin, chloramphenicol, tetracycline, tylosin, sulfamethazine,
sulfathiazole by mass spectrometry.

Type of animal Type of feed Result

Laying hen Pre-initial laying hen feed chloramphenicol

Laying hen Laying hen feed tetracycline, virginiamycin
Broiler chicken Initial feed virginiamycin

Broiler chicken Initial feed chloramphenicol,

virginiamycin

Broiler chicken Fattening/finishing feed virginiamycin

Broiler chicken Fattening/finishing feed chloramphenicol, lincomycin

Any Ground corn tetracycline
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Supplementary figure 1: Monthly census of production birds (broilers and laying
hens) in 15 study sites

Sites split into groups based on maximum recorded number of birds at any sampling visit.
Discontinuity in the lines represents missing data not collected due to logistical limitations.
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Supplementary figure 2: Histograms of inhibition zones for production bird E. coli isolates and the fitted two-component

mixture models

The proportion of isolates estimated to correspond to each of the two distributions is shown in the legend. We used expected maximum
(EM) algorithms for repeated measurement data to account for multiple isolates cultured from each sample. We compared parametric
(parEM), semi-parametric (spEM) and non-parametric (npEM) expectations. The best-fit model was selected based on the log-likelihood
statistic, shown at the bottom of the graph. Custom breakpoints were set where the density estimates for the fitted distributions intersect.
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Supplementary figure 3: Kernel density estimates of inhibition zone profiles and
categorical interpretation of susceptibility tests for E. coli isolates from household
drinking water samples, by farming history of household

Based on survey data, households were divided into those that had farmed broiler chickens
or laying hens ('production birds') within the past year (N = 82 isolates from 38 samples),
had farmed production birds over one year before the sampling event (N = 61 isolates from
28 samples), and those that had never farmed production birds (N = 188 isolates from 76
samples). Colored numbers show the percentages of resistant isolates according to the
custom susceptibility breakpoint, where the color corresponds to the exposure. There were
no significant differences between groups (P >0.05 by GLMM-ANOVA and GLMM-logit)
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Supplementary figure 4: Kernel density estimates of inhibition zone profiles and
categorical interpretation of susceptibility tests for E. coli isolates from household
soil samples, by farming history of household

Based on survey data, households were divided into those that had farmed broiler chickens
or laying hens ('production birds') within the past year (N = 225 isolates from 71 samples),
had farmed production birds over one year before the sampling event (N = 185 isolates
from 58 samples), and those that had never farmed production birds (N = 451 isolates from
131 samples). Colored numbers show the percentages of resistant isolates according to the
custom susceptibility breakpoint, where the color corresponds to the exposure. There were
significant differences between groups for amoxicillin/clavulanate (P<0.01 by GLMM-
ANOVA), ampicillin (P =0.04), cephalothin (P<0.01), sulfisoxazole (P <0.01) and
trimethoprim/sulfamethoxazole (0.03).
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Supplementary figure 5: Kernel density estimates of inhibition zone profiles
and categorical interpretation of susceptibility tests for E. coli isolates from
household drinking water samples, by intensity of farming in the year prior to
sampling

Villages were split into high-intensity (>400 birds; N = 113 isolates from 55 samples), mid-
intensity (100-400 birds; N = 40 isolates from 19 samples) and low-intensity (<100 birdss;
N =173 isolates from 70 samples) based on maximum recorded number of birds in the one
year preceding the sampling visit. There were no significant differences between groups
with the exception of ampicillin (P =0. 008 by GLMM-logit) and sulfisoxazole (P = 0.01), in
which cases samples from villages without poultry farming in the past year had higher

resistance.
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Supplementary figure 6: Kernel density estimates of inhibition zone profiles and
categorical interpretation of susceptibility tests for E. coli isolates from household
soil samples, by intensity of farming in the year prior to sampling

Villages were characterized as high-intensity (>400 birds; N = 279 isolates from 90
samples), mid-intensity (100-400 birds; N = 135 isolates from 44 samples) and low-
intensity (<100 birds; N = 449 isolates from 131 samples) based on maximum recorded
number of birds in the one year preceding the sampling visit. There were no significant
differences between groups with the exception of amoxicillin/clavulanate (P =0.03 by
GLMM-ANOVA), gentamicin (P < 0.01 by GLMM-logit) and tetracycline (P < 0.01 by GLMM-
ANOVA), in which cases samples from villages with mid-intensity poultry farming in the
past year tended to be more resistant than those from high- or low-intensity villages.
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Supplementary table 2: oligonucleotide primers used in the amplification of
resistance genes

Targeted Primer Size Reference or
genetic type Sequence (5" - 3’) GenBank Accession
marker (bp) No.

int1 Forward GGAATGGCCGAGCAGATCCT | 881 Cocchi et al.(2007)
Reverse CTGCGTTCGGTCAAGGTTCT

qnrB Forward
Reverse

tetA Forward TTGGCATTCTGCATTCACTC 475 AJ419171
Reverse GTATAGCTTGCCGGAAGTCG

tetB Forward CAGTGCTGTTGTTGTCATTAA | 571 EF646764
Reverse GCTTGGAATACTGAGTGTAA
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Supplementary figure 7: forest plots of bivariate models for the proportion of resistant isolates over time and across stocking

density groups, by trial

Forest plot showing Odds Ratios and 95% Confidence Intervals from Generalized Linear Mixed Effect Models fitted by maximizing a
Restricted Maximum Likelihood Criterion with nested random effects for sample and chicken. Colors reflect the direction of the effect.

Type 3 like p-values calculated using an approximation for degrees-of-freedom. Estimates with P-values <0.05 are in bold, and are
annotated with stars corresponding to P<0.05(*), P<0.01(**), P<0.001 (***). Intercept estimates not shown.
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Supplementary figure 9: proportion of resistant isolates over time and across
stocking density groups, by trial
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