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Abstract

Background: Livestock systems have been proposed as a reservoir for antimicrobial-resistant (AMR) bacteria and
AMR genetic determinants that may infect or colonise humans, yet quantitative evidence regarding their epidemio-
logical role remains lacking. Here, we used a combination of genomics, epidemiology and ecology to investigate
patterns of AMR gene carriage in Escherichia coli, regarded as a sentinel organism.

Methods: We conducted a structured epidemiological survey of 99 households across Nairobi, Kenya, and whole
genome sequenced E. coli isolates from 311 human, 606 livestock and 399 wildlife faecal samples. We used statisti-
cal models to investigate the prevalence of AMR carriage and characterise AMR gene diversity and structure of AMR
genes in different host populations across the city. We also investigated household-level risk factors for the exchange
of AMR genes between sympatric humans and livestock.

Results: We detected 56 unique acquired genes along with 13 point mutations present in variable proportions in
human and animal isolates, known to confer resistance to nine antibiotic classes. We find that AMR gene community
composition is not associated with host species, but AMR genes were frequently co-located, potentially enabling the
acquisition and dispersal of multi-drug resistance in a single step. We find that whilst keeping livestock had no influ-
ence on human AMR gene carriage, the potential for AMR transmission across human-livestock interfaces is greatest
when manure is poorly disposed of and in larger households.

Conclusions: Findings of widespread carriage of AMR bacteria in human and animal populations, including in
long-distance wildlife species, in community settings highlight the value of evidence-based surveillance to address
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antimicrobial resistance on a global scale. Our genomic analysis provided an in-depth understanding of AMR determi-
nants at the interfaces of One Health sectors that will inform AMR prevention and control.

Keywords: Antimicrobial resistance, AMR, One Health, Escherichia coli, Genomics

Background

Rising levels of bacterial infections resistant to last-line
antimicrobial agents represent a global health crisis [1],
and the role of livestock in rising levels of antimicrobial-
resistant bacterial infections observed in humans has
been the subject of much speculation [2]. Humans and
livestock are linked in many ways, including direct con-
tact through agriculture, consumption of livestock prod-
ucts by humans and shared environments contaminated
with human sewage and manure from livestock.

The links between human and livestock populations
provide an opportunity for either population to act as a
reservoir from which antimicrobial-resistant bacteria or
their antimicrobial resistance (AMR) determinants could
be transmitted in either direction [3]. Wildlife has also
been documented to carry antimicrobial-resistant bacte-
ria [4] and can contact both humans and livestock in a
range of different environments [5]. The role of livestock
keeping in the emergence and transmission of AMR bac-
teria to human (and potentially wildlife) populations is
still not well understood.

Cities in low-income countries have been posited as
‘melting-pots’ of both infectious disease and AMR, due
to poor hygiene and sanitation, densely populated human
settlements found alongside livestock and a rich assort-
ment of wildlife, and largely unregulated antimicrobial
usage. Here, we focused on the role of livestock keep-
ing within households across Nairobi, Kenya, as a high-
risk urban interface for the emergence and transmission
of AMR bacteria between humans and animals. We use
Escherichia coli, a common commensal and pathogenic
bacterium [6] in vertebrates, to investigate the dispersal
of AMR between human and animal hosts in 99 house-
holds across Nairobi using an epidemiologically struc-
tured analytical framework.

Current surveillance of AMR tends to focus on track-
ing specific resistance phenotypes and genotypes sepa-
rately in human and animal populations, without making
epidemiological comparison of resistances between the
two [7]. The application of high-resolution whole genome
sequencing on spatiotemporally related isolates may
help us to improve our understanding of drivers of AMR
dispersal across the human-animal interface [8]. Here,
using whole genome sequence analysis of E. coli isolates
obtained from cohabiting human and animal popula-
tions, we determined the prevalence and mechanisms
of resistance and characterised AMR gene diversity and

structure of AMR genes in different host populations
across the city. At a finer scale of individual households,
we use ecological models to investigate risk factors for
the exchange of AMR genes between sympatric humans
and livestock, thus shedding light on pathways of AMR
transfer at household interfaces.

Methods

Study design

A cross-sectional study targeting synanthropic wildlife
and sympatric human and livestock populations in Nai-
robi, Kenya, was carried out from August 2015 to Octo-
ber 2016 as part of the Urban Zoo Project [9]. Briefly,
Nairobi city was stratified into administrative subloca-
tions according to socioeconomic status, identifying 70
possible sub-locations. Thirty-three sub-locations were
chosen to maximise spatial distribution, socio-economic
diversity and attempt to capture the diversity of livestock-
keeping practices across the city [10]. For each sub-loca-
tion, three households—two livestock keeping (small
livestock only (poultry, rabbits and goats) and large live-
stock (cattle and pigs) with or without small livestock)
and one non-livestock-keeping—were selected at ran-
dom within the dominant housing type. A total of 99
households were involved in the study (Additional file 1:
Figure S1).

Sample collection and microbiological methods

In each household, a questionnaire was used to col-
lect data on (i) household composition, food consump-
tion, medical history and socio-economic variables and
(ii) livestock ownership and management practices. The
household area including outdoor spaces (metres?) was
measured using ArcGIS and livestock and human abun-
dance data derived from each household. Details of
taxon-specific methods used to trap wildlife and to col-
lect samples from humans and animals are described
in the supplementary methods and elsewhere [9]. Col-
lected faecal samples were transported on ice to one of
two laboratories (University of Nairobi or Kenya Medi-
cal Research Institute) within 5 h of collection. Samples
were enriched in buffered peptone water for 18 h and
plated onto eosin methylene blue agar and incubated for
18 h at 37 °C. One colony from each plate was selected
and sub-cultured for a further 18 h on the second round
of EMBA. Subsequently, one purified colony from each
plate was selected at random (hereafter referred to as an
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‘isolate’) and confirmed as E. coli by biochemical testing,
using triple sugar iron agar, Simmons citrate agar and
motility-indole-lysine media.

Whole-genome sequencing

DNA was extracted from bacterial isolates using com-
mercial kits (Purelink® Genomic DNA Mini Kit, Invitro-
gen, Life Technologies, Carlsbad, CA) at the International
Livestock Research Institute, Nairobi, Kenya, and trans-
ported under licence to The Wellcome Trust Centre for
Human Genetics, Oxford, UK. Whole-genome sequenc-
ing was carried out at the Wellcome Trust Centre for
Human Genetics on the Illumina HiSeq 2500 platform.

Bioinformatic analysis

Sequenced reads were filtered for quality and trimmed
for adaptors with BBDuk (v38.46), k=19 mink=11
hdist=1 ktrim =r minoverlap=12 qtrim=rl trimq=15.
The following sequencing quality thresholds were used
based on Quast: (i) at least 3 Mb aligned to EC958, (ii) a
maximum assembly length of 6.5 Mb, (iii) GC content of
between 50 and 51% and (iv) assembly N50 of > 30 kb or
a maximum of 100 cgMLST missing loci. A total of 1316
genomes passed this quality threshold.

Detection of antimicrobial resistance genes

Acquired antibiotic resistance genes were identified from
the assemblies using starAMR [11], with percent identity
(>95%) and coverage (>60%), against the ResFinder data-
base downloaded on 25 September 2019 [12]. Chromo-
somal mechanisms of fluoroquinolone resistance were
identified by screening isolates using PointFinder [13] for
the presence of associated amino acid changes in the qui-
nolone resistance-determining regions of gyrA and parC
alleles.

Distribution of AMR genes by host types

Hosts were categorised into five broad types: (i) humans;
(i) livestock birds, poultry dominated by chickens;
(iii) livestock mammals consisting of ruminants and
monogastric livestock; (iv) wild birds, predominantly
seed-eating birds such as house sparrows; and (v) Wild
mammals, predominantly rodents and bats. Differences
in the distribution of AMR genes between hosts were cal-
culated using the chi-squared tests and one-way ANOVA
using R package stats. Tukey’s multiple-comparison
test was performed post hoc for pairwise comparisons
between the groups, and p values of<0.05 were consid-
ered significant.

Alpha diversity
Comparisons of alpha diversity between host groups
were conducted using the Richness index (observed
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richness) (defined as the number of unique AMR genes
in an isolate), Simpson diversity index and Shannon
index using the diversity function in the vegan package
[14]. The Kruskal-Wallis test was applied, and statisti-
cal differences were corrected for multiple comparisons
using a Bonferroni correction.

Rarefaction analysis

To estimate whether or not differential sampling bias
could be, in part, responsible for the observed diversity
of resistance determinants in the isolates, we performed
a sample-based rarefaction analysis and rank abundance
analysis [15] using the package iNEXT [16]. Rarefac-
tion extrapolation curves were plotted using a doubling
in sample size as defined by Chao and Jost [17], and 999
bootstrap replicates were used to estimate 95% confi-
dence intervals.

Co-occurrence network of acquired resistance genes
Co-occurrence patterns among pairs of acquired AMR
genes based on presence/absence data were assessed
using Veech’s pairwise co-occurrence approach [18] via
the cooccur package [19]. We excluded antimicrobial
resistance genes (ARGs) whose total abundance was
lower than 0.5% [20]. This method employs a proba-
bilistic approach to determine which AMR gene pairs
co-occur more (positive co-occurrence) or less often
(negative co-occurrence) than is likely by chance. Net-
works of AMR gene pairs considered to have significant
positive co-occurrence and were commonly found were
visualised using the igraph package [21].

Beta diversity

To test for differences in AMR gene assemblage between
host populations, permutational multivariate analysis of
variance (PERMANOVA) on the Jaccard Distance Matrix
of ARG composition was performed using the adonis
function in the vegan package with 999 permutations. In
the adonis analysis, ‘host group’ was used as a fixed fac-
tor and a strata argument set to ‘household ID’ to con-
strain randomizations within each household. Principal
coordinate analysis (PCoA) was used to ordinate the Jac-
card Distance Matrix in the vegan package and visual-
ised using ggplot2 [22]. Confidence ellipses were drawn
around isolates from each host group, using a 95% confi-
dence interval.

Modelling AMR gene exchange at the household level

To investigate the potential drivers of AMR gene carriage
in humans, we used a zero-inflated Poisson general linear
mixed effects model (GLMM) with counts of the individ-
ual AMR genes (also referred to as AMR gene length) in
each of the isolate aggregated at the antibiotic class level
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as the dependent variable. Risk factors analysed included
the following: household size (persons in a household as
a function of household area), disposal practices (manure
disposed in the household compound or outside), toilet
sharing, kinds of livestock kept in the household (small
livestock only, large livestock+ / — small livestock and no
livestock). Moreover, for households that kept livestock,
a separate zero-inflated Poisson GLMM was fitted to
investigate the influence of household size and manure
disposal practices (manure disposed in the household
compound or outside) on AMR gene length.

Analyses were performed using the glmmTMB pack-
age [23] and significance was determined using the
Wald x* tests via package car [24]. The top-ranked
model was selected using minimal Akaike Information
Criterion using the package MuMlIn [25]. To account
for the nested nature of our sampling design, house-
hold site (#=99) was included as a random effect. We
plotted the diagnostic plots of the zero-inflated Pois-
son model, including random effects, to check that the
model assumptions were not violated using the package
DHARMa [26]. All analysis was conducted in R v4.0.3.

Results

A total of 1316 isolates were sequenced of which 311
were (23.6%) from humans and 606 (46.1%) from 13 dif-
ferent species of livestock primarily composed of poultry
(n=324), goats and sheep (n=134), cattle (n=61), pigs
(n=49) and rabbits (#=38). In addition, 399 (30.3%)
of the genomes were obtained from 63 wildlife species,
primarily comprised of wild birds (n=245), rodents
(n=130), bats (#n=20) and primates (n=4) (Additional
file 1: Table S1).

Distribution of antimicrobial resistance genes

and mutations across human and animal populations
Analysis of the 1316 genomes identified 56 unique ARGs,
along with 13 point mutations (seven in parC region,
four gyrA and two parE). In total, these genes and muta-
tions confer resistance to a total of nine antibiotic classes
(Additional file 1: Table S2). Nearly half (607 isolates,
46.2%) of the E. coli isolates analysed were pan-suscep-
tible, where no AMR genes or mutations were detected.
A significantly larger proportion of pan-susceptible iso-
lates was recovered from wildlife (225 isolates, 56.4%)
than humans (100 isolates, 32.2%) and livestock (282
isolates, 46.5%) (p<0.001, Kruskal-Wallis, Bonferroni
corrected). Sixty percent (n=100), 45.5% (n=282) and
36.6% (n=225) of human, livestock and wildlife isolates
respectively carried AMR mechanisms known to confer
resistance to three or more antibiotic classes (or multi-
drug resistance carriage), representing an overall carriage
of 46.3% (n=609) (Additional file 1: Figure S2).
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Across all isolates, the most common AMR genes were
sul2 (41.3%), strA (36.8%), strB (37.2%), tetA (35.6%) and
blarg, s (23%) conferring resistance to sulphonamides,
aminoglycosides, tetracyclines and beta-lactams respec-
tively (Fig. 1). Of note, 365 (27%) isolates harboured
at least one of seventeen different extended-spectrum
B-lactamase (ESBL) genes. Eight human, three livestock
(two ducks and one pig) and four wildlife (three wild
birds and one rodent) isolates carried the clinically rel-
evant blapy a5 gene.

The distributions of most (61/69, 88.4%) of the AMR
genes and mutations did not significantly differ between
the host groups. Nevertheless, eight ARGs (blare g
catAl, dfrA7, dfrAS8, strA, strB, sull, sul2) were signifi-
cantly more common in human isolates than in live-
stock and wildlife, whilst strA, strB and sul2 genes were
detected at higher rates in livestock isolates than in wild-
life (p <0.05, Kruskal-Wallis, Bonferroni corrected).

Probabilistic modelling of acquired AMR genes co-
occurrence revealed 158 (41.7%, n=378) pairs of AMR
genes co-occurring significantly more frequently than
expected, 22 (5.8%) pairs of AMR genes co-occurring
significantly less frequently than expected and n=198
(52.3%) random AMR genes associations (observed fre-
quency of co-occurrence does not significantly depart
from expected) (Additional file 1: Figure S3). The most
common co-occurring gene combination comprised of
strA, strB and sul2. This combination of three genes was
present in 465 isolates (35.3%, n=1316) either singly or
in combination with other ARGs and was significantly
more common in humans than animal hosts (X2=38.2,
p<0.0001, chi-squared test). Further, the strA-strB-sul2
gene combination significantly co-occurred with tetA in
334 (25.1%) isolates and with both tetA and bla g, ;5 in
190 (14.4%) isolates (p<0.001, chi-squared test) (Addi-
tional file 1: Figure S4).

Analysis of alpha and beta diversity of AMR genes

Human isolates had more acquired AMR genes than live-
stock and wildlife isolates (median 4 vs. 1 vs. 0; p <0.0001)
(Fig. 2a). Similarly, human isolates had more acquired
AMR genes than all livestock and wildlife groups with
the exception of poultry isolates (p <0.001, Kruskal-Wal-
lis, Bonferroni corrected). Poultry isolates had higher
AMR carriage than ‘livestock mammals; ‘wildlife avian’
and ‘wildlife mammals’ isolates (p <0.001, Kruskal—Wal-
lis, Bonferroni corrected) (Fig. 2b). This pattern was con-
sistent with both Simpson and Shannon alpha-diversity
indexes (Additional file 1: Figure S5). Rarefaction analy-
ses showed that 83%, 69% and 82% of the resistance gene
diversity that could be sampled from human, livestock
and wildlife populations respectively was captured by
our sample size (Fig. 3a and Additional file 1 Table S3).
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Fig. 1 Prevalence of 56 AMR genes and 13 AMR-conferring point mutations in 311 human, 606 livestock and 399 wildlife £. coli isolates collected

Additionally, rank abundance curves of the observed
AMR gene diversity indicated that only a few of these
genes dominated the community, whilst most occurring
rarely (Fig. 3b).

However, these differences in the relative abundance
and alpha diversity of AMR genes were not reflected in
the overall AMR gene community composition when
compared between host groups via beta diversity, which
did not significantly differ between human and animal
host groups (Fig. 2c, Adonis, p>0.05).

Drivers of AMR gene carriage at the household level

Next, we assessed whether livestock keeping, and live-
stock keeping practices, influenced AMR gene carriage
in humans. First, we analysed whether AMR gene com-
position in isolates from humans varied with respect to
their livestock-keeping status. Permutational multivari-
ate analysis of variance (PERMANOVA) analysis showed
that the AMR gene composition of humans keeping
livestock did not differ from that of humans not keeping
livestock (adonis R*=0.01, p=0.98, Fig. 4). Consistently,
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the AMR gene composition of humans did not vary
depending on the kind of livestock kept in the household
(Adonis R?<0.01, p=0.97).

Results from mixed-effects models corroborated this
result and did not support the hypothesis that the pres-
ence of livestock (small or large+/—small) influences
the risk of human AMR gene carriage (p >0.05) (model 1,
Table 1). The impact of livestock is, however, moderated
by manure management practices: human AMR gene
carriage is significantly higher if manure was kept inside
the household perimeter compared to disposing of exter-
nally (OR=1.4, p=0.03, 95% CI [1.02-1.8]) (model 2,
Table 1; Fig. 5a). Furthermore, our model indicated that
human carriage of AMR genes was significantly associ-
ated with increasing household size (OR=5.77, p=0.003,
95% CI [1.85-18.04]) (model 2, Table 1; Fig. 5b).

Discussion

This study combines epidemiological approaches and
genomic analyses to understand AMR on systematically
collected E. coli isolates obtained from sympatric human

and animal populations in a rapidly developing urban
landscape. We showed that whilst patterns of carriage,
diversity and assemblages of resistance mechanisms in
E. coli are generally similar across human, livestock and
wildlife hosts, some differences exist across the three
groups, attributable to host-specific drivers. Our analyses
indicate that differences in carriage of AMR mechanisms
in humans were not associated with livestock keeping per
se but instead associated with livestock-keeping prac-
tices that influence environmental contamination such as
manure disposal practices, and household size.

Nearly half of all isolates (46.3%) carried AMR gene
mechanisms known to confer resistance to three or more
antibiotic classes. The most common resistance mecha-
nisms encoded in the mapped genomes were associated
with resistance to sulphonamides, aminoglycosides,
tetracyclines and beta-lactams, in agreement with our
earlier studies exploring phenotypic patterns expressed
by bacteria [5, 27] and in previous studies in Africa [28,
29]. Most AMR genes (88.5%) were found in similar pro-
portions in both human, livestock and wildlife isolates,
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highlighting their ubiquitous distribution in both reser-
voirs, while a minority (12.5%) were significantly more
common in human than in animal isolates. Previous

studies in similar settings of Thailand [30], Nigeria [31]
and Vietnam [32] that compared isolates from humans
and livestock indicated the ubiquitous distribution of
AMR across host niches. There was a greater abun-
dance and diversity of acquired AMR genes in humans
and poultry than in other livestock and wildlife groups.
This finding is possibly attributable to the high antibiotic
usage in humans and the rapidly growing intensive poul-
try farming system [33] or the frequent contact between
humans and poultry, although reliable data are lacking.
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We detected ESBL carriage in 27% of our isolates, with
three wild birds and one rodent carrying the highly clini-
cally relevant bla -y ;s gene. Several studies conducted
mostly in E. coli have identified AMR genes including
ESBL-carrying bacteria in numerous species of wildlife
dominated by wild birds [34—37]. Community settings
in Nairobi—potentially contaminated with animal waste
and human sewage from human settlements and hospital
settings—could act as pools of AMR to which wildlife are
exposed. That urban wildlife likely represent a net sink
for AMR genes was further supported by the fact that
they contained significantly more pan-susceptible iso-
lates than human or livestock. These results highlight the
need for ecosystem-wide surveillance of AMR in urban
areas. The finding that our sampling effort captured the
majority of AMR gene diversity in the study populations
highlights the viability of future surveillance studies of
ARGs with similar sample sizes and epidemiologically
structured designs. However, to increase the likelihood of
detecting new AMRs mechanisms in these populations,
especially in animal hosts, additional sampling and lon-
gitudinal effort, potentially combined with metagenomic
sequencing, are needed.

We found that overall AMR community composi-
tion overlapped among host groups and that AMR gene
communities of humans keeping livestock were not dif-
ferent from those of people who did not keep livestock.
In complex urban interfaces such as Nairobi, humans,
livestock and wildlife are linked in many ways, includ-
ing direct contact, consumption of livestock products

by humans and shared contaminated environments for
example through human sewage and manure from live-
stock [38]. These results corroborate earlier phylogenetic
findings from the same study population that indicated
inter-host resistome and pangenome similarity irre-
spective of genomic relatedness [9]. This connected-
ness presumably allows a circular flow of AMR bacteria
and AMR determinants across host groups, potentially
explaining the observed overlap [32, 39]. It might also
be speculated that selection for AMR due to overlapping
patterns of antibiotic use in both human and livestock
populations explains the similarity in AMR gene com-
munities. We could not test these hypotheses using our
data; a combination of rigorous epidemiological designs,
involving longitudinal studies with repeated sampling on
the same individual or animal, and high-resolution phy-
logeographic methods are still required to understand
the exact direction and frequency of AMR transmission
[8]. Importantly, our data do not deny a potential role for
livestock in the propagation of AMR determinants in this
system but suggest that this role, should it be significant,
is through the dissemination of livestock (and human)
waste in a broader environment, and that individual host
contact with that broader environment determines the
individual level risk of acquiring AMR infection.

Our analysis suggests that the potential for AMR trans-
mission across human-livestock interfaces is greatest
when manure is poorly disposed of, and when house-
hold size is larger. Environmental exposure to manure—a
common soil fertiliser in crop farming—provides an ideal
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environment for the amplification and persistence of
AMR determinants [40, 41] and can have adverse effects
on the health of ecosystems and humans. Similarly, over-
crowded urban environments typically associated with
inadequate hygiene also contribute to the dispersal of
AMR bacteria and resistance determinants. Infrastruc-
tural improvements focused on water, sanitation and
hygiene and biosecurity improvements such as pre-treat-
ment of manure are needed to de-risk ecosystems and
food chains.

By only sequencing a single E. coli isolate from each
host, the within-host genetic diversity of E. coli was not
considered in this study. Recent studies have revealed
that in some bacteria there is considerable within-host
diversity and AMR gene diversity [42]. In this study, the
decision to sequence a single isolate from each host was
made as a cost-based trade-off between the depth of
sampling E. coli genetic diversity within each individual
host and the number of unique individuals from which
samples could be included. Future research could benefit
from the recent development and use of metagenomics
to characterise the abundance, diversity and structure of
acquired resistomes [43].

Findings from this study fill important data gaps con-
cerning the frequency of AMR genes in human and ani-
mal reservoirs in LMICs and provide further support
for sustainable application of WGS and genomic epide-
miology in contributing to surveillance efforts of AMR
mechanisms circulating in different ecosystems [44, 45].
Further studies are required to understand whether our
findings will be reproduced in other geographical areas,
and to investigate whether the noticed AMR carriage in
this study is transient or a more permanent colonisation
[46].

Conclusions

In conclusion, we present a genomic study of E. coli in
sympatric human and animal populations in a rapidly
developing urban setting. By stepping outside of the
‘blame game’ of livestock, and human health, our study,
applying a ‘One Health’ approach, demonstrates that
AMR genes conferring resistance to critically important
antimicrobials for both human and veterinary medicine
are widespread in humans, livestock and wildlife hosts.
We found that human and animal AMR gene profiles
were similar but did not detect an association between
livestock keeping and AMR gene numbers or composi-
tion in humans. Instead, the impact of keeping livestock
on human AMR carriage was mediated by practices
associated with livestock keeping, namely the presence
or absence of animal manure in the household and with
household size. Taken together, our study serves as a
model for the targeted sampling to harness the power of
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whole genome sequencing for understanding the epide-
miology of AMR across developing urban landscapes, a
key in developing effective strategies to reduce the devel-
opment and spread of such resistance in the future.
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