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ABSTRACT

Antimicrobial resistance (AMR) is regarded as a global health threat, characterized by
rising resistant bacteria and rapid development of resistance genes to existing
antibiotics used in clinical and veterinary settings. AMR has negative impacts and
affects human, animal, and the environment. In Botswana, Africa, AMR is not well
understood, particularly in rural settings with poor sanitation. The misuse and overuse
of commonly used antibiotics like 3-lactam antibiotics, combined with the complex
environment in poor rural communities, could contribute to the high occurrence and
diversity of extended R-lactamase (ESBL) encoding bacteria that are difficult to treat.
To understand the spectrum of AMR in Botswana, it is critical to use the one health

approach to characterize the occurrence and diversity of antibiotic resistance.

The study was conducted in the town of Palapye, in a rural Boseja ward, and focused
on ESBLs encoding bacteria and resistance genes isolated from various water, soil,
and healthy animal feces within a single household. In this study, the characterization
of ESBL encoding bacteria from a rural community settlement was explored using
two main approaches: the culture dependent (isolation) and culture independent
(genomics) methods. In the culture dependent method, viable bacteria from animal
feces and environmental samples (such as soil and pond water) were isolated using
selective agar, and then randomly selected isolates were tested for phenotypic
antibiotic resistance profiles on nutrient agar supplemented with six R-lactam
antibiotics (penicillin (16 g/ml), ampicillin (32 g/ml), cephalosporin (32 g/ml),
meropenem (4 g/ml), cefotaxime (64 g/ml), and cefoxitin (32 g/ml)). Following that,
DNA from bacterial isolates and uncultured samples were explored using a culture
independent approach involving next generation sequencing (NGS) methods such as
whole genome, shotgun metagenomics sequencing method and bioinformatics tools.
Based on the output from NGS (whole genome sequence and shotgun metagenomics)
online analysis tools were used to assemble the raw reads into consensus contigs using
PATRIC (Unicycler). The contigs were further analyzed for antibiotic resistance genes
(ARGsS), virulence and plasmids using ResFinder, CARD/RGI, VirulenceFinder and
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PlasmidFinder bioinformatics programs, respectively. Additionally, the species
present in the whole genome bacterial isolate was determined by KmerFinder whereas
in the shotgun sequence data, taxonomic classification was achieved by Kraken2

which revealed bacterial diversity on animal feces and environmental sources samples.

A total of 21 samples from pond water (n=3), different animal feces (such as chicken,
dogs, ducks) (n=9) and different soil samples (n=9) which were collected in triplicates
from a single household were cultured to isolate viable microorganisms. Overall, both
selective media plates had growth for all the samples which were equally picked for
further characterization. A total of 336 isolates were randomly picked from the
triplicate plates from each sample source and were analyzed for antibiotic
susceptibility test against six 3-lactam antibiotics, where 42.9 % (144/3360) were from
different animal feces, 42.9 % (144/336), were from surrounding soil samples and 14.2
% (48/336) were from pond water. There was an overwhelming resistance to all the
six R-lactam antibiotics across all 336 isolates from animal feces, surrounding soil
samples and pond exhibited 100 % resistance to penicillins (penicillin and ampicillin),
100 % resistance to cephalosporins (Cephalosporin, 2" generation cephalosporins:
Cefoxitin, 3 generation cephalosporin: cefotaxime) and 100 % resistance to

carbapenem (meropenem).

The results of NGS of cultured and uncultured samples revealed a diversity of genes
encoding resistance to various antibiotics, including B-lactam antibiotics (blasnv,
blaoxa, blatem, blaoke-s, blacmy), tetracycline (tetB(P), tet(J), tet (W), tet(Q)), phenicol
(cat, catA3), aminoglycosides (aph(6)-l1d, aac(6-iid), macrolides (mef(A)),
trimethoprim (dfrA14, dfrA15), fluoroquinolone (OgxA, OgxB) and sulfonamide (sul
1, sul 2). Furthermore, plasmid groups revealed from the samples were ColpVC,
ColRNAI, Col (MG828), Col3M, Col (BS512), IncR, and IncFIB(K), and the
virulence related genes namely colicin gene (cia), tellurium ion resistance gene (ter
C), ferric aerobactin receptor gene (iutA), ABC transporter protein gene (mchF), Outer
membrane protein gene (traT), and glutamate decarboxylase gene (gad) were detected
from the various samples. Chromosomal mutations were also detected (gyrA, gyrB,
parA, OmpK35, OmpK36, OmpK37).

xii



The bacterial genome sequencing revealed the cultured dog feces sample to be a mixed
culture containing five bacterial organisms namely, Proteus mirabilis strain
(CRPM10), Citrobacter sp. (RHB21-C05), Paeniclostridium sordellii strain
(AM370), Proteus mirabilis strain (AR_0059) and Proteus mirabilis strain
(PmSC1111) respectively. Taxonomic profiling from shotgun metagenomic analysis
revealed the presence of different microbial communities in animal feces (dog) and
environmental sources. The most prevalent species in animal feces, pond water and
soil sample were shown to be Klebsiella with 44 %, 49 % and 44 % respectively. It
was followed by Proteus species with relative abundance from animal feces (42 %),
pond water and soil with 39 % and 40% accordingly. Escherichia has shown to be the
least discovered across all samples with animal feces (4 %), pond water (4 %) and soil
sample (8 %).

This study remains critical in Africa, and highlights the importance of AMR
surveillance, and efforts towards the implementation of NGS to provide
comprehensive information on the occurrence and diversity of AMR and mobile
genetic elements from clinical and environmental sources. The research will also aid
in the recommendations for community education on antibiotic use, prevention, and
control measures in order to limit the spread of antibiotic resistance in community

settings.
Keywords: antimicrobial resistance, rural community, antibiotic resistant

bacteria, [} -lactamase, one health, next generation sequencing, whole genome

sequencing, shotgun metagenomics
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CHAPTER 1:INTRODUCTION

Antimicrobial resistance (AMR) is one of the biggest challenges facing global health
in the current era and has resulted in the limitation towards the efficient treatment of
microbial infections (Prestinaci et al., 2015) and Botswana is one of the hit countries
faced with this invisible pandemic due to the increase in excessive and improper
dispensing of antibiotics across different sectors (Tiroyakgosi et al., 2019).
Antimicrobials are substances that target a larger range of organisms (bacteria, fungi,
virus, protozoa) in general, whereas antibiotics are substances that target bacteria
specifically in order to combat bacterial illnesses (Purssell, 2020). O’Neill (2016)
stated that without viable antimicrobials the global economy will be immensely
affected in managing AMR related diseases every year. This statement was
emphasized by World Health Organization (WHQ) when they predicted that by year
2050, more than ten million AMR related deaths each year worldwide will have
occurred (World Health Organization, 2020) as well as driving up to twenty-four
million people into severe poverty. Therefore, it is crucial for researchers to produce
novel and innovative ways to combat antimicrobial resistance (O’Neill, 2016) along
with updated antimicrobial utilization across different sectors of one health (Badau,
2021).

The frequent usage and abuse of antimicrobials in human and veterinary therapy has
become a constant contributor to the rise of multiple antimicrobial resistance (MAR)
and extensively drug resistant (XDR) bacteria. MAR bacteria are not only restricted
to clinical environments but have also been discovered in non-clinical environments
such as agriculture and the food industries (Aslam et al., 2018), hence the
implementation of one health initiatives to track and monitor the spread and
dissemination of AMR (Ewers et al., 2012). The emergence of these MAR poses a
threat to all sectors of the public health which contributes to the major socio-economic

and environmental problems.

There is a new superiority list of bacterial pathogens relating to health complications
that the WHO has deemed of significant importance for innovation and improvement
1



of current and new antimicrobials (Tacconelli et al., 2018). Even though, a pursuit in
discovering new novel antimicrobials is ongoing, there is disappointedly minimal
discoveries over the years. The research cannot keep up with the rise of the increasing
resistance that occurs around the clock. The weight and rapid dissemination of
multidrug resistant organisms remain uncertain as the numbers of treatment failures
continue to grow exponentially and currently the emphasis is mainly on protection
from resistance to the last resort antibiotics (Borquaye et al., 2019) in order to attempt

to lessen the multidrug resistance to our last hope of antimicrobials.

Bacteria act as pools of naturally occurring bacterial resistance. It means that not only
does bacterial resistance occur naturally, but it has intensified with evolution because
of intensive usage and environmental pollution of antibiotic residues. Antibiotic
resistance has affected lower- and middle-income countries (LMICs), urban and peri
urban environments as there are higher interactions among human, livestock, and
immediate environment within the same community (Khan et al., 2020). Antibiotic
resistance is considered as a one health challenge that has immensely affected the
LMICs due to the incorrect handling of antibiotics and over the counter prescriptions
for both medical and veterinary reasons. Therefore, it has been demonstrated that the
rural and peri-urban communities have become a hot spot for antibiotic resistance as
animals, human and environment interlinks consequently influencing cross

transmission of resistance across different sources (Nadimpalli et al., 2018).

The informal keeping of livestock such as cattle, poultry, and goats within households
and free-range practices in many parts of rural and even urban areas in Botswana is an
indicator of the high-risk potential of antibiotic resistance transmission within the
community, which influenced this study. Normally, in these communities, there are
people who live in poverty and hence have poor infection prevention control due to
insufficient sanitary settings (e.g., pit latrines) and lack of knowledge on good hygiene
practices such as washing hands and food-handling. The conditions that define these
poor communities can be a major source of exposure and thus mediating the spread of
antibiotic resistance determinants (Nadimpalli et al., 2020). Furthermore, there are

usually vulnerable groups of people such as children under five years, the elderly and
2



immunocompromised individuals living under poverty conditions in these
communities, and therefore they are more at risk of greater exposure to antibiotic
resistance infections (Manyi-Loh et al., 2018). The infections caused by MAR bacteria
such as ESBL encoded pathogens can be exceedingly difficult to treat in
overpopulated and vulnerable groups within rural and poor communities (Shaikh et
al., 2015).

Additionally, other practices to alleviate poverty, such as rearing of domestic animals
(dogs, cats, pigs, and poultry) in households, as well as usage of wastewater to irrigate
backyard gardens (Onalenna & Rahube, 2019) also play a significant role. The
information on appropriate usage and discarding of antibiotics is also lacking in rural
and peri urban settlements (Cambaco et al., 2020). Therefore, it is imperative that the
dissemination and transfer of ARB and ARGs within poor communities in Botswana
be monitored in the interest of public health. The mobile genetic elements (MGEs)
such as plasmids, bacteriophages, and transposons (Wilke et al., 2005; Rodriguez-
Beltran et al., 2020) are the main vectors of antibiotic resistance genes (ARGSs) leading
to rapid development and spread of MAR in bacterial communities (Mathers et al.,
2015). The mobility of ARGs is high due to selection pressures from antimicrobial
residues and they can be maintained and shared by bacteria of the same or different
species. As a result, serious interventions and invention of new innovative
antimicrobial surveillance systems are critical to track and ultimately reduce the

spread of multidrug resistance among bacterial communities.

B-lactams are antimicrobials which encompasses a -lactam ring in their molecular
structure (Turner, 2005). They include penicillins, cephalosporins, monobactams and
carbapenems which are frequently prescribed antibiotics to treat common bacterial
infections in many health facilities worldwide including Botswana (Wilke et al., 2005
Renuart et al., 2013;Mashalla et al., 2017). More importantly, carbapenems are
considered the last resort in fighting bacterial infection (Rawat & Nair, 2010).
Unfortunately, most bacteria especially Enterobacterales such as Escherichia coli,
Klebsiella pneumoniae, and Proteus spp. have progressively developed resistance

against p-lactam antibiotics mainly penicillins class as they are widely used both in
3



clinical and veterinary medicine (Kimera et al., 2020). This is due to their benefits of

being less toxic, effective, and easily accessible over the counter (Harris, 2015).

The emergence of extended spectrum B-lactamases (ESBLS) has been on a rise across
the globe affecting prescription of B-lactam antibiotics and making common infection
incurable (Shaikh et al., 2015). These enzymes are produced by various bacteria that
can cleave the complex bond of the p-lactam ring rendering it ineffective in killing
bacteria causing infections (Dhillon & Clark, 2012). These enzymes accelerate the
increase of resistance to commonly used antibiotics such as penicillins,
cephalosporins, cephamycins, and carbapenems resistance (Paterson & Bonomo,
2005). This pandemic calls for concern as fewer drugs are now available for treatment
due to the rise of ESBLs especially in developing countries (World Health
Organization, 2021).



1.1 Statement of the problem

The rise of ESBLs resistance is a global predicament that calls for attention as the f3-
lactams are increasingly considered to be ineffective for treating common and
previously treatable bacterial infections such as diarrhea, urinary tract infections, and
contagious diseases (Tornberg-Belanger et al.,, 2022). The class of [ -lactam
antibiotics has been widely used for the treatment of common infections in clinical

settings and as prophylaxis both in human and veterinary medicine.

The highly affected communities especially in LMICs have experienced a high rise
and burden of AMR (Nadimpalli et al., 2020). The spread of ESBLs in LMICs remain
relatively uncharacterized albeit the frequent usage of B-lactam class of antibiotics. In
Botswana, Palapye as an example, the community is faced with a serious human health
threat considering the lifestyle, and socio-ecological conditions. The use of pit latrines
(that have poor sanitation and open defecation), the rearing of livestock around
households, storage of drinking water in unsanitary conditions all contribute to a surge
in infectious disease spread in the community (Hartinger et al., 2021). In this study,
the main spotlight was on the impoverished heterogeneous community of Palapye that
still engages in a rural lifestyle and has limited or lack knowledge around antibiotic

use and/or misuse, and the implications to human health (Mashalla et al., 2017).

These communities are characterized by vulnerable groups such as the elderly,
children under the age of five who are exposed to poor living conditions in dilapidated
shelters, close interactions with domesticated animal and overall poor waste
management that results in contaminations of drinking water. The waste contaminated
water sources such as man-made ponds used by domestic animals and for irrigation of
backyard gardens in these rural communities can further serve as reservoirs for
development and dissemination of AMR among animals, humans, and environment.
Palapye is fast becoming an industrialized town, and because of human migration by
people in search for jobs and education, diseases and AMR dynamics must be a major

concern.



In Botswana, presently there is little data regarding ESBLs resistance, AMR
dissemination and monitoring across these complex community settings involving
human and animal interactions. Therefore, it is very crucial to understand the AMR
dynamics in these developing rural and peri-urban environment and focus primarily
on piloting the occurrence of ESBLs in animals and the environmental sources linked

to human communities within Palapye.



1.2 Hypothesis

In this study, the hypothesis is stated that the rural community within Palapye, Boseja
ward have relatively high occurrence and diverse ESBLs associated with different
environmental sources (water, soil, and animal feces). The hypothesis is linked to
observations of poor infrastructure, poor sanitation and high interaction of humans and
domestic animals within the same community. It is also plausible to assume there is
the inappropriate usage of antibiotics especially B-lactams because of lack of

community health education and poor health facilities.

1.3 Objectives

To address the hypothesis, this study’s main objective was to determine the occurrence
of antibiotic resistance genes, including those from the ESBLs encoding bacteria
isolated from animals and the environmental sources in Palapye, Boseja ward. To

accomplish this objective, the following specific objectives were set.

1. To isolate ESBL producing bacterial strains from animal and environmental
samples using culture methods.

2. To identify bacteria and classify antibiotic resistance determinants from
cultured and uncultured samples using next generation sequencing methods.

3. To use bioinformatics tools to further identify mobile genetic elements and

virulence genes within genomic and metagenomic DNA sequences.



1.4 Significance of study

This study is critical as a baseline to uncover the presence of ESBLs and other
antibiotic resistance patterns in a potentially high-risk community setting. Data from
this study will inform future research on the state of antibiotic resistance and recent
ESBLs dynamics resulting in possible replication and expansion of the study to
include other communities directly linked to animals in other rural communities
around Botswana. The Government health departments will also benefit from
knowledge generated and use the information to sensitize the community on the
potential routes of antibiotic resistance spread and how they can protect themselves.
Awareness on the usage and misuse of the antibiotics which may contributes to the
rise in antibiotic resistance and mortalities in the community will also be raised. The
study has the potential to inform the policy makers and health care providers (e.g.,
Ministry of Health and Wellness) on the execution of antibiotic prescription plans
across rural community settings and make appropriate dispensation of the latest and
critically important 3-lactam (e.g., carbapenems) antibiotics to minimize resistance
development. Moreover, this information will also be important for both local and
global (WHO) AMR surveillance programs that can be used to guide efforts on
antibiotic stewardships including National Action Plan (NAP) in relation to antibiotic

resistance in Botswana.



CHAPTER 2:LITERATURE REVIEW

2.1 Overview of p-lactam resistance

Since Alexander Fleming discovered the first B-lactam antibiotic, penicillin, ninety-
three years ago, p-lactam antibiotics have remained one of the most extensively used
antibiotics in the world (Fleming, 1980; Gaynes, 2017). As a result of this discovery,
resistance to most bacterial infections caused by both Gram-negative and Gram-
positive bacteria has risen at an exponential rate (Lobanovska & Pilla, 2017).
Antibiotic development has also reached a major 'milestone,” with millions of
antibiotics being produced and used, but resistance has grown, eroding researcher’s
efforts and hard work in keeping up with finding new and novel antibiotics
consequently leading to an increase in antibiotic resistance related deaths globally
(Kong et al., 2010).

Challenged with the reality of high mortalities, it is crucial to analyze antibiotic
resistance development globally in different sectors (e.g., clinical, agricultural, and
environmental) by merging different interventions and fast analytical methods in order
to prevent the escalating global crisis (Founou et al., 2016). Common laboratory
techniques continue to be used, such as microbiological culture, molecular biology,
antibiotic susceptibility tests to identify and analyze the impacts of AMR.
Furthermore, new diagnostic methods are also being developed to provide surveillance
information that can help in public health systems infection control and track the

spread of resistance to critical antibiotics which include the last resort class.

The well-known B-lactam include penicillins, cephalosporins that are categorized by
generations (first, second, third, and fourth generation cephalosporins), carbapenems
and monobactams (Page, 2011). Most of the examples of these commonly used -
lactam antibiotics in clinical and veterinary settings are Penicillins (such as ampicillin,
amoxicillin), Cephalosporins (such as ceftazidime and cefotaxime), Carbapenems
(such as meropenem imipenem) and Monobactams (aztreonam) (Table 2.1.1).
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Table 2.1.1: B-lactam antibiotics groups and their spectrum of action

Antimicrobial group

Examples

| Spectrum of action

Penicillins

a) Natural Pencillins

b) Penicillinase

c) Aminopenicillins

d) Carboxypenicillins

Penicillin G
Penicillin V (oral)

(injection)

Cloxacillin,  dicloxacillin,
methicillin, nafcillin,
oxacillin

Amoxicillin, ampicillin,

amoxicillin/clavulanate,
ampicillin/sulbactam

Carbenicillin, ticarcillin,
ticracillin/clavulante

Primarily effective against Gram-positive
bacteria

Effective on infections caused by f-
lactamase—producing staphylococci

Effective against both Gram-positive and
Gram-negative bacteria

Greater effect against Gram- negative bacteria

Cephalosporins

a) 15t generation

b) 2" generation

Cefadroxil, cefazolin,
cephalexin, cephalothin,
cephradine

Cefaclor, cefamandole,

cefmetazole, cefoxitin,
cefoprzil, cefuroxime

Effective against Gram-positive bacteria and
limited Gram-negative bacteria.

Most effective against some Gram- negative
bacteria and Gram- positive bacteria are less
affected.

Doripenem, Ertapenem

c) 3" generation Cefixime, cefoprazone, | Efficient on Pseudomonas and Enterobacter
cefotaxime, ceftazidime, | spp. Commonly used in the treatment of
ceftriaxone nosocomial infections

d) 4™ generation Cefepime Highly active against Gram- positive and

Gram-negative organisms, including
P. aeruginosa
Carbapenems
a) Carbapenems Imipenem, Meropenem, | Active on a wide spectrum of both Gram-

positive and Gram- negative microorganisms

Monobactams

a) Monobactam

Aztreonam

Active only on aerobic Gram-negative bacteria
(e.g., Neisseria, Pseudomonas)

Adapted from ( Scholar & Pratt, 2000; Pandey & Cascella, 2021)

The mechanism of action for all pB-lactam antibiotics includes the inhibition of

bacterial cell wall formation through the alteration of the penicillin binding proteins

(PBPs) that are responsible for the peptidoglycan synthesis in the cell wall. This action

leads to a fragile cell wall leading to bacterial cell death (King et al., 2014). Penicillins

and cephalosporins work in a similar way by attaching to the  -lactam ring to DD-

transpeptidase enzyme on the PBPs, which is responsible for peptidoglycan cross

linking activities that maintains the rigidity of the cell wall (Kong et al., 2010; Munita
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& Avrias, 2016). Carbapenem antibiotics work by inhibiting the peptidase domain of
PBPs, which prevents the peptide cross-linking processes that occur during bacterial
cell wall formation (Papp-Wallace et al., 2011). The monobactam covalently binds to
PBPs to prevent growth of the cell wall through peptidoglycan synthesis (Barie et al.,
2008).

Since the B-lactam antibiotics have been commonly used to fight bacterial infections,
bacteria have developed their own mode of action against the B-lactams. This includes
the alteration of the outer membrane proteins thus preventing the drug to reach its
target which typically happens through porins that occurs mostly in Gram-negative
bacteria (Ferndndez & Hancock, 2012). Another resistance mechanism occurs through
alteration of the structure of penicillin binding proteins to reduce affinity to the binding
site for B-lactams but not leading to bactericidal activity ( Soares et al., 2012; Munita
& Arias, 2016). This mechanism was observed to affect methicillin and penicillin
antibiotics in Gram-positive organisms (Peacock & Paterson, 2015). The most
common resistance to the B -lactam antibiotics is the production of B-lactamases
enzymes which hydrolyses the B -lactam ring making the drug structure unstable
(Bonomo, 2016). This mechanism of resistance has rendered almost all § -lactam
antibiotics ineffective through this enzyme. They are normally chromosomally
mediated but recently they have been carried in plasmids in Gram-negative bacteria,

accelerating the spread among the bacterial community (Turner, 2005) .

2.1.1 Classification of Extended Spectrum g- lactamases

The B-lactamase enzymes classification is based on two systems, mainly focused on
the molecular and functional structure that was elaborated by Ambler molecular
system (Hall & Barlow, 2005) and the latest updated Bush-Jacoby—Medeiros
functional system (Bush & Jacoby, 2010). The classification by Ambler includes class
A, C, and D enzymes which hydrolyse substrates that entails an active serine site,
whereas there is class B known as metalloenzymes that hydrolyse -lactam antibiotics

with the help of divalent zinc ions joined at the active site ( Paterson & Bonomo, 2005;
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Brink et al., 2007; Kong et al., 2010). The molecular characterization of Ambler
emphasizes more on the affinity of the protein of the beta lactamase enzyme. From the
latest update by Bush—Jacoby—Medeiros in 2010, the classification was centered on
the functional properties of the enzymes and their capability to destroy the p-lactam
antibiotics (Bush & Jacoby, 2010). The grouping of p-lactamase enzymes by Bush—
Jacoby—Medeiros is demonstrating that there is group 1 (class C) which entails of
cephalosporins; group 2 (classes A and D) includes the broad spectrum, inhibitor-
resistant, extended-spectrum beta lactamases, serine carbapenemases and lastly group

3 (class B) which has metallo- B-lactamases.

Previously Giske et al. (2008) has added a simplified classification of how ESBLS can
be characterized by dividing them in three main groups which includes ESBLA (TEM,
SHV and CTX-M), which are typically inhibited by clavulanic acid, ESBLm
(Miscellaneous group which comprises of enzymes encoded in plasmids [AmpC]), a
group which is inhibited by cloxacillin, and finally the ESBLcars Which are enzymes
that destroys all 3-lactam agents, as well as giving rise to carbapenem resistance. This

group is hindered by Ethylenediaminetetraacetic acid (EDTA).

Although numerous ESBL families have been explained and characterized, but the
prevalent ones that bestow antibiotic resistance belong to the largest group 2,
representing class A and D. This group include ESBL families of TEM, SHV, CTX-
M from class A and OXA from class D (Turner, 2005; Villegas et al., 2008) and all
the variants of ESBL enzymes originate from group 2 which carry the most clinically

significant enzymes.

2.1.2 Global p-lactam resistance surveillance

The WHO has introduced the Global Antimicrobial Resistance Surveillance System
(GLASS) in 2015 to fight AMR. This action plan has included B-lactam antibiotics
(penicillin, third and fourth generation cephalosporin and carbapenems) and other

drugs as the most crucial classes to test susceptibility to most bacteria found clinical
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settings, including extended-spectrum B-lactamase (ESBL) encoding bacteria (World
Health Organization, 2015; Founou et al., 2019). Retrospectively, there has been a
surge in the prevalence of methicillin-resistant Staphylococcus aureus (MRSA),
extended-spectrum B-lactamase-producing (ESBL) Enterobacterales,
carbapenemase-producing Enterobacterales (CRE), multi-resistant Pseudomonas
aeruginosa, vancomycin-resistant enterococci, and multi-drug resistant Acinetobacter

baumannii continue to be a threat globally (Khawaja et al., 2017).

AMR surveillance network in Europe (European Centre for Disease Prevention and
Control, 2015) and Grundmann et al. (2017) also demonstrated that majority (77 %)
of European countries have been affected by ESBL encoding E. coli, carbapenemase
producing K. pneumoniae and Enterobacterales resulting in resistance to the last
resort antibiotics such as carbapenems and colistin. The findings suggested the need
to explore AMR determinants in all sectors of one health, not specifically on clinical
isolates alone (Berendonk et al., 2015). Additionally, European regulators made it
compulsory for AMR determinants to be monitored in animal and vegetable produce
during food testing (European Food Safety and Authority & European Centre for
Disease Prevention and Control, 2021). The food analysis was mostly on Gram-
negative bacteria including ESBLs and carbapenemase encoding Salmonella and E.

coli linked to food borne pathogens.

In Brazil (Jaskulski et al., 2013; Nufiez-Samudio et al., 2021) and India (Shahid et al.,
2011; Kayastha et al., 2020 studies indicated clinical isolates to have a combination
of ESBLs genes making it difficult-to-treat infections as they have multiple ESBLS
genes. Therefore, extensive emphasis should be on research based on determining the
R- lactam resistance hotspots in order to find ways to intervene with the dissemination
processes as well as finding ways to interrupt the mechanism of transfer. In Thailand,
a study indicated that an increase of livestock farming has become a breeding ground
for multi-drug resistant bacteria, samples from various sources such as humans, pigs,
chickens, and water were collected from these farms and results showed an extremely
high intensity prevalence of ESBL producing E. coli (Boonyasiri et al., 2014; Trongjit

et al.,, 2016). The prevalence of ESBLs encoding bacteria in hospital acquired
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infections contributes to high mortality rates especially in poor communities (Lim et
al., 2015). Similarly, a study in Bangladesh identified ESBL encoding E. coli and
Carbapenem-resistant E. coli linked to high dissemination of ESBL resistance genes

across different sectors in LMICs (Schmithausen et al., 2018).

In Africa, very few studies have described and characterized ESBL producing
bacteria. Sub-Saharan Africa has lagged behind in terms of AMR surveillance and
accurate localized AMR patterns to demonstrate the true extent and the bearings of
AMR (Osei- Sekyere, 2016). Most African countries are still developing, and AMR
continues to drive the LMICs in Africa into poverty due to socio-economic and
ecological factors, and therefore the spread and dissemination of AMR especially
ESBLs, remains (Chokshi et al.,, 2019). Previous research in Zimbabwe has
documented an exceptionally high prevalence of ESBL producing bacteria (e.g.,
Enterobacterales). The high prevalence of R-lactam resistance was reported as no
surprise because these classes of antibiotics are commonly used in Zimbabwe
(Mhondoro et al., 2019). The intensity of resistance to the last-resort antibiotics,
including carbapenems, has also been observed in Ethiopia, Uganda, Kenya, and
Burkina Faso (Kiiru et al., 2012; Kateregga et al., 2015; Moga-Siraj et al., 2015;
Ouedraogo et al., 2016; Selassie, 2016; Legese et al., 2017; Kagia et al., 2019). These
studies have observed that most infections caused by E. coli and K. pneumoniae have
developed resistance to most antibiotics, including R-lactams, specifically third
generation cephalosporins, thus leading to a greater prevalence of ESBL producing

bacteria in the hospital.

In Nigeria, a high prevalence of carbapenemase producing E. coli and K. pneumoniae
has also been reported (Ogbolu & Webber, 2014; Olalekan et al., 2020). These studies
rendered cephalosporins and carbapenems ineffective in the majority of Gram-
negative isolates, and they also highlighted the importance of the need for constant
surveillance and update of recent on AMR occurrences. Still, in Nigeria, ESBL genes
were discovered in farm workers, farm environments, and feces matter from farm
animals (Aworh et al., 2020).
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2.2 Genomics approaches in AMR surveillance

In addition to the conventional methods that detect phenotypic AMR, studies are
increasingly using next generation sequencing (NGS) methods that further
characterize the AMR origin, mechanisms, and genetic determinants (Tshibangu-
Kabamba et al., 2020). To combat AMR, sequencing technologies are constantly
evolving, and there are now a variety of NGS platforms available, which are also

becoming more affordable for use in LMICs.

Genomics approaches involve high-throughput technology that analyses genomes to
produce biological data from microbial samples, either from culture or directly from
uncultured samples. These techniques involving high throughput NGS have proven to
be able to provide quick results and detailed taxonomy classification of pathogenic
bacteria, antimicrobial resistance, plasmids, and virulence genes. In the public health
sector, the techniques have shown their contributions to the growth of treatments for
clinical and veterinary welfare against antibiotic resistance as well as exploration of
the entire human pathogen genome and its mechanisms (Waddington et al., 2022). The
main genomics approaches to AMR surveillance include whole genome sequencing
(WGS) and metagenomics.

2.2.1 Bacterial whole genome sequencing

Bacterial WGS is a culture dependent technique that involves the sequencing and
analyses of the entire bacterial genome including extra chromosomal elements such as
plasmids, exploring its identity, genotype, antibiotic resistance, and lineage (Morganti
et al., 2019). This approach has been carried out in several studies and demonstrated
to be excessively beneficial in the predictions of antimicrobial resistance genes from
a wide range of microorganisms isolated from different clinical and non-clinical

environments.
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A study carried by McDermott et al. (2016) which assessed the difference between
AMR phenotypic methods and WGS methods in Salmonella species, revealed that the
two methods complement each other, and demonstrated that WGS can be used in the
identification of known antimicrobial resistance determinants as well as unknown
novel resistance pathways. A study carried by Stoesser et al. (2013) also demonstrated
the ability of using WGS in identifying AMR in E. coli and K. pneumoniae species
and discovered variety of acquired antibiotic resistance genes and chromosomal
mutation genes. A similar study was done on Staphylococcus aureus (Gordon et al.,
2014). These studies depicted the importance of WGS in surveillance of AMR, and its
ability to identify and distinguish chromosomally and plasmid mediated resistance
genes (Boolchandani et al., 2019).

Therefore, the use of WGS has the potential to trace and track the lineages, evolution,
and dissemination of MDR bacteria as well as other resistant pathogens found in
clinical and environmental settings. Another study on K. pneumoniae clinical isolates
was characterized using comparative genomics tools to identify AMR genes, including
R-lactamases (Kumar et al., 2011). For more examples of genomics studies in the
Democratic Republic of Congo, South Africa, and Nigeria, WGS and bioinformatics
tools were used in the surveillance and discovery of the prevalent antimicrobial
resistance genes and resistance plasmids from clinical, animal, and environmental
isolates (Jesumirhewe et al., 2017; Founou et al., 2019; Irenge et al., 2019; Aworh et
al., 2020). With reference to ESBLs, a study conducted in Denmark (Hasman et al.,
2015) also used WGS and bioinformatics tools to monitor and characterize ESBLSs and

AmpC encoding genes in E. coli from animal products, food, and human isolates.

The WGS studies further prove the efficiency in identifying various genotypic,
metabolic and resistance profiles in one single analysis and improvement on
microbiological data analysis of bacteria isolates (Didelot et al., 2012; Hasman, et al.,
2014). With reference to most recent genomics studies, WGS technology might be the
new best method in characterizing multidrug resistance in bacteria as it is fast and
generates lots of data compared to conventional methods ( Oniciuc et al., 2018; Baker

et al., 2018; Babiker et al., 2019; Painset et al., 2020).
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2.2.2 Metagenomics

Metagenomics is another genomics approach based on the analysis of community
DNA recovered directly from uncultured environmental samples (Handelsman, 2005;
Rashid & Stingl, 2015; Nowrotek, et al., 2019). This culture independent method is a
powerful tool as it is not biased towards the favorable conditions of cultured organisms
but a representation of the entire microbial community directly in a sample (Forbes et
al., 2017). The metagenomics approach for bacterial characterization can be divided
into two different methods, namely, the 16S rRNA gene targeted amplicon sequencing
and the shotgun metagenomics “all microbes” sequencing. The targeted amplicon
sequencing method is based on targeting a specific group of microbes using specific
phylogenetic marker genes (e.g., 16S rRNA) for bacterial profiling (D’ Amore et al.,
2016). This approach is quick and affordable and gives information on the
composition, organization, and variety of the microbial community (Muhamad Rizal
et al., 2020), and it is based on curated reference databases.

Documented studies have demonstrated and described how both metagenomic
technology approaches can be used to track and trace ARGs and mobile genetic
elements from bacterial isolates and environmental samples. This enlightens and
contributes to public health epidemiological surveillance, the development of
comprehensive AMR determinants, and infection control (Stoesser et al., 2013; Kdser
et al., 2014; Zankari et al., 2017). Several studies have explored the convenience of
16S rRNA gene sequencing in the identification of species, which further informed
the relatedness of the predicted microbial community to various AMR determinants
(Gatica et al., 2015). Studies in China and Nigeria used a 16S rRNA gene sequencing
approach in the identification of bacterial communities that were encoded with
clinically relevant ARGs found in water bodies and discovered the possibility of these
identified organisms being carriers of ARGs as well as drivers of the spread of resistant
genes found in the water (Wang et al., 2018; Adelowo et al., 2020). In clinical isolates,
16S rRNA sequencing has been used to identify pathogenic and clinically relevant
ARG encoded microorganisms (Srinivasan et al., 2015). A study by Li et al. (2019)

has further shown the efficiency of using 16S rRNA sequencing in identifying the
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bacterial community from different samples and further indicated that there might be

a link between the ARGs detected and the predicted bacterial hosts.

The downfall of using the 16S rRNA gene approach has its limitations regarding its
accuracy in determining prokaryotic taxonomic composition as it tends to omit
subspecies and specific genetic data by targeting the specific gene of interest (16S
rRNA) and it does not predict ARGs (Gohl et al., 2016). Another drawback to using
16S rRNA sequencing is that the primers may amplify in a non-specific region, leading
to a misleading representation of the actual composition of the sample (dos Santos et
al., 2019) and producing a limited amount of data for that sample (Cariou et al., 2018).
Consequently, this influenced the need to further produce newer approaches such as
shotgun metagenomics, which can curb some of the drawbacks provided by 16S rRNA
gene sequencing (Poretsky et al., 2014; Breitwieser et al., 2017; Boers et al., 2019;
Muhamad Rizal et al., 2020).

Shotgun metagenomics sequencing characterizes all microbes in a given samples by
cutting the DNA in short fragments that will then further be assembled into longer
contigs (consensus) and annotated to reproduce the DNA of the sample (Quince et al.,
2017). Shotgun metagenomics when compared to 16S rRNA, it produces a vast
amount of data that is required to produce a sufficient coverage of the sample therefore
widening the scope of describing and comparing microbial community in the sample
as well as predicting known and unknown variants (such as ARGs, MGEs and
virulence factors) within the sample (Bharti & Grimm, 2019). This method determines
the thorough genetic composition of an organisms to the strain level (Truong et al.,
2017). It further provides information on the functional composition of the organism
which includes metabolic, virulence and antimicrobial resistance abilities of the
organism and other unknown microbial functional capabilities (Rausch et al., 2019)
while 16S rRNA only targets sample microbial diversity. Additionally, it provides
comprehensive data that can be compared through comparative analysis (Lapidus &
Korobeynikov, 2021).
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The shotgun metagenomics approach has been effectively used in numerous studies
revealing known and novel antimicrobial resistance genes, including but not limited
to B-lactams, tetracycline, and aminoglycosides and ancestral lineages (Allen et al.,
2008; Schmieder & Edwards, 2012). The contribution of the metagenomics approach
has further explained the taxonomy and origin of antibiotic resistance genes and
complements data from other genomics approaches such as culturomics (high-
throughput sequencing and functional analysis of viable bacterial isolates) (Bilen et
al., 2018; Nowrotek, et al., 2019). Metagenomics have also been reviewed to have the
capacity to detect and identify AMR in food borne pathogens across the food chain
and food producing animals, therefore the public health laboratories across the world
has since adopted metagenomic approaches in their laboratory analysis and tracking
sources of bacterial outbreaks (Breitwieser et al., 2017; Nadon et al., 2017; Oniciuc et
al., 2018; Gerner-Smidt et al., 2019; Desdouits et al., 2020; Mohammed & Thapa,
2020; NIHR Global Health Research Unit on Genomic Surveillance of AMR, 2020;
Uelze et al., 2020). Mohammed and Thapa, (2020) demonstrated that with the help of
metagenomic methods, the source of occurrences of AMR and dissemination among

humans, animals, and the environment can be deduced and traced back to their origin.

Other studies have used metagenomics approaches to trace and investigate ARGs from
different types of samples, including clinical, environmental, and animal isolates
(Fitzpatrick & Walsh, 2016; Bengtsson-Palme, 2018; Khan et al., 2020; Lira et al.,
2020). ARGs were recently discovered in water bodies containing various pathogenic
microorganisms, including wastewater treatment plants and effluent water from
clinical, industrial, and agricultural waste flows (Onalenna & Rahube, 2022). The
metagenomics technique revealed more multidrug resistance genes and mechanisms,
as well as the likelihood of resistance spreading via vertical and horizontal gene
transfer amongst different microorganism communities because of selection pressures
in polluted sources. Furthermore, the competence and throughput of the metagenomics
approach have informed various ARGs exchange and the significant risk of multidrug
resistant and untreatable pathogens, both of which are of public concern (Noyes et al.,
2016; Guo et al., 2017; Chen et al., 2018; Das et al., 2020; Lal Gupta et al., 2020).
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The metagenomics sequencing approach continues to demonstrate its capability in
rapidly and efficiently processing a large number of sewage samples, detecting and
quantifying microbes and AMR determinants representative of human populations
(Hendriksen et al., 2019; Nieuwenhuijse et al., 2021; NIHR Global Health Research
Unit on Genomic Surveillance of AMR, 2020). In China, researchers explored
metagenomic methods in wastewater treatment plants and determined numerous
ESBL encoding bacteria and plasmids encoding resistance to a wide variety of
clinically relevant antibiotics (Jiang et al., 2019). Similarly, a study by Ajayi et al.
(2021) revealed resistance associated with R-lactam genes carried in conjugative

plasmids using NGS and comparative genomics methods.

Considering the intensity and challenges attributed to AMR, more holistic approaches
such as one health together with NGS methods need to be deployed. NGS technology
plays a vital role in genetic analysis across all multidisciplinary principles relating to
one health by producing huge amounts of data promptly as compared to traditional
methods. It is therefore important to utilize this method, especially in LMICs where it

is underutilized.

2.3 Bioinformatics tools in characterization of ARGs

Genomics provides huge datasets, especially from NGS, leading to larger amounts of
data that require powerful computational tools to analyze. Bioinformatics is a
relatively new discipline in science which associates fields of biology, computer
science, and information technology and combines them together to produce
biological solutions to challenges faced by the scientific community. The
bioinformatics pipeline uses databases, algorithms, and machine learning intelligence
to process sequence data and translate them into readable and useful biological
information. The bioinformatics analyses include but are not limited to assembly,
physical mapping, gene annotations, and sequence alignments for phylogenetic tree

construction.
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Bioinformatics is crucial for the analysis of sequence data for AMR characterization.
There are several web-based, computational tools, software, and databases available
for storing and analyzing NGS data. The most popular sequence free storage databases
are the National Center for Biotechnology Information (NCBI)
(https://www.ncbi.nlm.nih.gov),  European  Bioinformatics Institute  (EBI)
(https://www.ebi.ac.uk) where you will find analysis tools such as Basic Local
Alignment Search Tool (BLAST), open reading frame finder (ORF Finder),
annotation platform, assembly archive, clustal omega, just to name a few, that allow
users to visualize and assess the extracted molecular biological data from sequences.
These tools have allowed the user to explore using a single query across all different
available databases. Other available specialized and user-friendly AMR analysis
platform examples include Comprehensive Antibiotic Resistance Database (CARD)
(https://card.mcmaster.ca), Antibiotic Resistance Genes Database (ARDB)
(https://ardb.cbcb.umd.edu), Centre for Genomic  Epidemiology (CGE
(http://www.genomicepidemiology.org), Galaxy (https://galaxyproject.github.io),

Pathosystems Resource Integration Center (PATRIC) (https://patricbrc.org), Beta-
Lactamase DataBase (BLDB) (http://bldb.eu) and Antibiotic Resistance Gene-
ANNOTation (ARG-ANNOT) (Gupta et al., 2013). The two most common web-based
bioinformatics tools used for ARGs detection and analysis are (ResFinder) from the

Centre for Genomic Epidemiology (Bortolaia et al., 2020) and a combination of
BLAST and the Resistance Gene Identifier from the Comprehensive Antibiotic
Resistance Database (CARD).

ResFinder 4.0 is an online-based tool for identifying horizontally acquired
antimicrobial resistance genes from raw reads or assembled contigs from bacterial
isolates of different sources (food, animal, and human) (Clausen et al., 2016). It was
first established in 2012 as one of the first user friendly platforms for researchers with
no bioinformatics skills (Zankari, 2014). This tool identifies acquired ARGs using
BLAST in silico predictions, and new resistance genes are added as they are
discovered (Feldgarden et al., 2019). The ResFinder tool has been reviewed to have
an advantage over other databases in having the ability to process NGS raw reads as

well as assembled contigs. However, it can only give the output of acquired resistance
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genes and chromosomal mutation genes are limited to a few pathogenic
microorganisms (Lal Gupta et al., 2020). The ResFinder tool has close to two thousand
antimicrobial resistance genes, which include R-lactamase genes (Zankari et al., 2012).

The CARD platform runs concurrently with Resistance Gene Identifier (RGI)
software, which produces the resistance genes in the database, spotting functional
homologues protein model associated with antimicrobial resistance genes. CARD
platform accepts data from sequenced DNA and proteins to identify AR genes
(McArthur et al., 2013). Moreover, the CARD database delivers a wide spectrum of
antibiotic resistance ontology (ARO) and recent ARGs data is updated. The drawback
on the CARD platform is that the input data sequence DNA/protein has a size limit of
20 MB, but it has a wide range of chromosomal mutation genes that can be detected
(Khezri et al., 2020). The CARD platform has over one thousand curated antibiotic
resistance genes in the database, including a variety of 3-lactam resistance genes as
well as multidrug resistance genes (McArthur et al., 2013). ResFinder and CARD/RGI
tools are therefore mostly used due to their ability to produce results in a quick time,
and they are reachable tools as they are web-based tools and do not require high
computer expertise to be used. The drawbacks may be that web-based tools can
occasionally be defective and contain errors with broken links.

Another option used particularly by experienced bioinformatics users and scientists
for sequence data analysis is through the command line interface (CL1I). CLI tools are
available in an open-source platform in GitHub desktop (https://github.com/ ) where
various command lines are used through the installation of a local software, and they
include but not limited to Antimicrobial Resistance Identification By Assembly
(ARIBA), Antibiotic Resistance gene-ANNOTation (ARG-ANNOT) and MEGAREes.

The ARIBA tool is a bioinformatics pipeline which can be accessible through
downloading the local installation from GitHub platforms (https://github.com/sanger-
pathogens/ariba), and it uses a command line for aligning and assembling reads locally
to predict AMR and sequencing typing. This software determines AMR related genes

and single nucleotide polymorphisms (SNPs) directly from sequence data and short
22


https://github.com/

reads to produce a thorough and comprehensible output (Hunt et al., 2017). The
ARIBA tool has been identified as a powerful tool when compared to other
bioinformatics tools as it uses raw sequence data to predict AMR determinants and
variants related to AMR that are identified in the sequence data. The downside to this
pipeline is that the users need to have expertise in executing computer commands.
Moreover, the ARG-ANNOT bioinformatics tool analyses sequences without using a
web-based platform (Gupta, et al., 2013). It is used to determine ARGs from bacterial
organismal genomes with the aid of the BLAST algorithm in a local installed program

that was last updated in the year 2018.

Another recently updated bioinformatics tool is the MEGARes tool, which comes with
a high throughput antimicrobial resistance database and accurate annotation
information for short reads data from metagenomic sequence analysis as well as
hierarchical classification of sequences from bigger data (Doster et al., 2020). It can
be accessed as a standalone software tool and recently, the AmrPlusPlus interface
platform accessible through the Galaxy platform was added to aid the classification,
identification, and quantification of AMR genes easier and quicker in metagenomic
sequence data (https://megares.meglab.org). Similarly, DeepARG is also a tool that
predicts ARGs and their determinants in metagenomic sequence data. The software
has been shown to be perfectly accurate in its predictions and most advantageous since
it can be accessed both through a command line and a graphical user interface to
predict ARGs (Arango-Argoty et al., 2018).

Furthermore, genomics and bioinformatics capacity in Africa remains limited, and
therefore it is most relevant to conduct this research as part of bridging this knowledge
gap in Botswana, further promoting the use of advanced technologies such as NGS for
surveillance of AMR including [-lactam resistance. The use of genomics and
bioinformatics analysis would greatly complement traditional microbiology methods
and reveal more information on the occurrence and diversity of 3-lactam resistance,
other ARGs and MGEs.
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CHAPTER 3:MATERIALS AND METHODS

3.1 Study site

The study area is Palapye, which is one of the rapidly growing peri urban areas with
an increasing population (approximately 6,211 people) (Statistics Botswana, 2011),
influenced by new developments such as the establishment of academic institutions
(e.g., Botswana International University of Science and Technology), the expansion
of mining industries (e.g., Morupule Coal Power Station), the construction of shopping
malls, and various links to tourist destinations in and around Palapye. However, other
parts of Palapye remain rural despite these developments, and therefore, as a peri-
urban area, Palapye is also characterized by inter-linkages of the ecosystems that are
highly influenced by human and animal activities. The anthropogenic activities in

Palapye include traditional agriculture, rearing livestock, and growing food.

Boseja ward 22° 33°42.05” S 027° 08’ 21.62” E is a chosen study site, located 10.8
km from Botswana International University of Science and Technology, 27 km from
the municipal wastewater treatment facility and 14 km from the newly constructed
shopping malls. The community lifestyle in Boseja ward is more rural, associated with
poverty, poor literacy, and poor facilities. The activities in this community include
backyard gardening, rearing of small livestock and usage of pit latrine toilets
(including open defecation) in the same yard (Figure 3.1.A below). The socio-
demographic characteristics of people in this community also include the elderly and
children under five (5) years living mostly in overpopulated and dilapidated
environments. The study site is representative and ideal for a one health research
approach, which demonstrates the interactions of human, animals, and their

environment (Figure 3.1.B).
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C: Children’s playground AU D: Pit latrine

Figure 3.1.A: The compound dynamics showing characteristics of poor living

conditions at the study sites (©KBrooks).

Figure 3.1.B: One health setup showing the possible interactions of human, animal,

and environment in the peri urban Palapye settlement (©KBrooks).
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3.2 Sample Collection

The various samples collected from the site include feces samples from three different
domesticated animals (such as chicken, dogs, ducks), soil samples from three different
spots (compound, outside and garden soil) and pond water where all these animals

drank, and children played (Figure 3.2.A).

All samples were collected in triplicates in the morning between 8 am and 10 am in
March 2020. Soil samples were collected using a spatula sterilized with 70 % ethanol
between samplings, 2-5 cm beneath the surface into a sterile Ziploc bag. Animal feces
samples were collected from the ground using a sterile forceps into sterile 15 mL
falcon tubes, and pond water was collected in sterile plastic screw-capped bottles by
dipping them in the pond. Approximately 50 g of soil and feces samples and 250 mL
of pond water were collected, kept in a cooler with ice packs, and transported to the
laboratory within 12 h and instantly subjected to microbiological analysis. Each

sample was collected in triplicate.

/ , Fecal sample e * r fe - Garden soll

Figure 3.2.A: Types of samples collected from the sampling sites (©OKBrooks)
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3.3 Experimental design

The experimental workflow shown below (Figure 3.3.A) explains how to isolate,
identify bacteria, and classify antibiotic resistance determinants using "wet lab™ (in
vitro analysis) and "in silico analysis™ in this study. The wet lab step is shown as the
isolation of antibiotic-resistant bacteria in accordance with the study's expected
objective, followed by extraction of genomic DNA from culture and extraction of
community DNA from uncultured samples. The last step in wet lab analysis is next-
generation sequencing, which generates raw reads for the next important phase, which
Is bioinformatics analysis (in silico analysis). In the bioinformatics step, the raw reads
were assembled in order to obtain genomes and thereafter characterized to predict
taxonomy of the microbial community in uncultured samples and identify bacterial
genomes in cultured samples using several accessible bioinformatics tools and
programs. Furthermore, the assembled reads were also examined for antibiotic

resistance, plasmid, and virulence genes.

| Study Design ‘
Wet lab (for vitro analysis) | In Silice Analysis
1 1
f \ f i
Mext generation Bioinformatics )
sequencing analysis Genome assembly

Isolation of antibiotic | ]
resistant bacteria |
| Genome characterisation |

Metagenomic taxonomic Bacterial genome
. . . classification identification
Community DNA extraction
Genomic DNA extraction Antibiotic Resistance, Plasmid

and Virulence gene detection

Figure 3.3.A: Experimental workflow of the study. The study's workflow illustrates
the major two methods: wet lab (in vitro analysis) and in silico analysis, with steps at

each stage.
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3.4 Isolation of antibiotic resistant bacteria

Samples from soil, animal feces and pond water were analyzed for the isolation of
bacteria on different selective and differential agar media which targeted different
bacterial species. Approximately 1 g of soil, feces, and 1 mL of pond water were pre-
enriched in a non-selective 9 mL of tryptic soy broth (TSB) to allow for a wide variety
of microorganisms to grow for 24 h at incubation of 37 °C with agitation.
Approximately 0.1 mL of the turbid broth was serially diluted (dilutions 10 to 107°)
and spread plated in triplicates using a sterile glass spreader onto MacConkey agar
[BioLab, Merck, (South Africa)] and Mannitol Salt Agar [Lab M, Neogen, (United
Kingdom)] at 37 °C for 18 to 24 h. Colonies that grew on MacConkey agar plate and
Mannitol Salt agar were examined and randomly selected. Of all the bacterial isolates
counted, 336 isolates were selected as a result of picking an average of 8
morphologically different bacterial isolates from triplicate plates of each different
sample source from MacConkey and Mannitol salt agar media. The isolates were then
further stored into duplicate 96 well plate containing nutrient broth with 50 % glycerol
(ratio 1:1) and stored at — 80 °C for further antibiotic resistance susceptibility test and
DNA extraction.

3.5 Antibiotic susceptibility test

To determine antibiotic resistance profiles, bacterial isolates stored in glycerol were
analyzed using the agar dilution method, which involves prepared media
supplemented with various antibiotics at different concentrations adopted from
clinical breakpoint concentrations as previously described by Tapela and Rahube
(Tapela & Rahube, 2019). This method enables screening of substantial number of
isolates, and it is most suitable for surveillance testing and research. Briefly, the frozen
bacterial isolates were thawed at room temperature, picked using sterile toothpicks
from the storage tube containing the bacteria and glycerol, and aseptically streaked
using the sterile toothpicks into 50 grid squared nutrient agar containing the different
antibiotics and each bacterial isolate was aseptically sub-cultured into several 50-grid
squared nutrient agar plate each containing different antibiotic concentrations;
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penicillin (16 pg/mL), ampicillin (32 pg/mL), cephalosporin (32 ug/mL), meropenem
(4 pg/mL), cefotaxime (64 pug/mL), cefoxitin (32 pg/mL) . cycloheximide (75 pg/mL)
[Sigma-Aldrich Co., St. Louis, MO, USA] was added in the preparations of the media
to control fungal growth on the media plates. Clinical breakpoint concentrations used
in hospitals for the treatment of bacterial infections were utilized to determine the
antibiotic concentrations. The controls included nutrient agar media without
antibiotics and a sensitive strain of E. coli DH5a. The susceptibility of the isolate to
the antibiotic was determined by the observation of visible growth as the presence
(Resistant) and absence (Sensitive) to the antibiotic following incubation of plates at
37 °C for 48 h.

3.6 DNA Extraction

3.6.1 Genomic DNA extraction

DNA from cultured bacteria (volume of 1.5 mL) was extracted using the method
previously described by Tapela and Rahube (2019), with few modifications. A thawed
bacteria from dog feces isolate which was stored in — 80 °C freezer was enriched in
nutrient broth by incubation at 37 °C for 24 h with agitation. The overnight culture
cells were harvested by centrifugation at 13000 x g for 1 min. Then the pellet cells
were briefly suspended in 600 puL of cell lysate solution (500 mM Tris-HCI, 200 mM
EDTA, 460nM NaOH; pH8.0 and 15% SDS pH 6.6), the mixture was gently mixed
by inversion and incubated at 80 °C in a water bath for 20 min. Next 20 pL of
Proteinase K was added and then incubated at 56 °C for 20 min. DNA was purified by
adding 200 pL of phenol and chloroform/isoamyl alcohol, then followed by 200 ul of
chloroform and the mixture was vortexed for 20 s. The mixture was then centrifuged
at 13, 000 rpm for 3 min to pellet the protein. The upper aqueous layer containing the
DNA was transferred into a new tube then 600 puL of Isopropanol was added. The
mixture was centrifuged at 13,000 rpm for 30 min to obtain the DNA pellet. The
obtained DNA pellet was then washed with 500 uL cold 70 % ethanol and air dried.
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Finally, 100 uL TE buffer (10 mM Tris-HCI, pH8.0, 1 mM EDTA) was added to the

DNA pellet and stored for subsequent analysis.

3.6.2 Community DNA extraction

For bacterial community analysis, total community DNA was extracted using Quick-
DNA Feces/Soil Microbe kit (Zymo Research, United States of America) according
to the manufacturer’s instructions directly from the uncultured samples (directly from
the uncultured samples (animal feces, soil and pond water samples. 0.25 g of
soil/animal feces was weighed and added into a ZR BashingBead™ Lysis Tube (0.1
mm) whilst for water sample, 250 mL of water was filtered through a 0.45 um pore
size membrane filter paper which was cut into small pieces by sterilized scissors and
placed into ZR BashingBead Lysis tubes (0.1 mm). For both soil, animal feces, and
water, the DNA was extracted following the manufacturer’s instructions. The
extracted DNA was evaluated for DNA yield and quality using a Nanodrop one
spectrophotometer (ThermoFisher scientific, United States of America) at an
absorbance of 260 nm and the DNA was stored at -20 °C prior to DNA sequencing.

3.7 Next Generation sequencing

The genomic DNA sample extracted from cultured bacteria from dog feces sample
(WGS004) and community DNA samples animal feces (FO01), pond water (P002) and
environmental soil (S003) were subjected to shotgun sequencing on the Illumina
MiSeq platform at Ingaba Biotechnical Pty Ltd, South Africa. Briefly, DNA samples
were fragmented using an enzyme-based approach following the protocol from New
England BioLab’s Next Ultra II kit™. Resulting fragments were purified (size
selected), end-repaired and an Illumina specific adapter sequence was ligated to all
fragments. The samples were quantified, individually indexed followed by a second
size selection step using AMPure XP Beads. The libraries were quality controlled on
a DNA chip (Agilent 2100 Bioanalyzer) and then sequenced using a MiSeq v3 (600
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cycle) kit according to the manufacturer’s protocol. The sequenced libraries generated

the raw reads in fastq format which were further analyzed using bioinformatics tools.

3.8 Bioinformatics Analysis

3.8.1 Genome assembly

The raw paired ends reads from dog feces cultured bacteria genome sequencing
(WGS004), and metagenomic sequencing (animal feces, pond water, and
environmental soil) were uploaded into Pathosystems Resource Integration Center
(PATRIC) assembly tool ((https://patricbrc.org/app/Assembly2)) for de novo
assembly performed using Unicycler (v0.4.8) program (Wick et al., 2017), which
incorporates the trimming process of the reads using TrimGalore, polishing tool (Pilon
v1.23) and quality check tool (QUAST (v4.6.0)) to correct assembly errors and
quality.

3.8.2 Bacterial genome identification

After assembly of the reads from cultured bacteria genome sequencing, the contigs
were uploaded on the web-based server of Center for Genomic Epidemiology

(https://cqge.cbs.dtu.dk/services/KmerFinder/) under the KmerFinder tool which

identifies the closely related bacterial strains found in the bacterial genome sequences.
The scoring system for KmerFinder (version 3.2) (Larsen et al., 2014) provides results
as a summary of the number of K-mers that matched each template with the highest
score and the default settings were based on “standard scoring method” settings

(https://cge.cbs.dtu.dk/services/KmerFinder/output.php) (Hasman et al., 2014).

Furthermore, The KmerFinder output generated the predicted closely related reference
genomes to the contigs of the dog bacterial genome which served as a guide for contig
alignment and visualization against references using the CGviewer (Circular Genome

Viewer) server (http://stothard.afns.ualberta.ca/cgview server/) (Grant & Stothard,
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2008) through NCBI BLAST comparison. Lastly, PATRIC Comprehensive Genome
Analysis Service tool was used to determine the phylogenetic relatedness of the
predicted species. PATRIC program employed Mash/MinHash (Ondov et al., 2016)
to offer NCBI references and representative genomes closely linked to the sequenced
dog feces sample (WGS004). The PATRIC global protein families (Davis et al., 2016)
were then chosen from these genomes to assess the genome's phylogenetic position.
MUSCLE (Edgar, 2004) was used to align the protein sequences from these families,
and the nucleotide alignments were concatenated into a data matrix, which RaxML
(Stamatakis, 2014) was used to analyze, with fast bootstrapping (Stamatakis et al.,
2008) employed to construct the support values in the tree. All the tools used to
generate the phylogenetic tree were embedded in the comprehensive genome analysis

tool.

3.8.3 Metagenomic taxonomic classification

Shotgun metagenomics reads were uploaded to the PATRIC taxonomic classification

tool (https://patricbrc.org/app/TaxonomicClassification) for taxonomic classification

(species composition). This tool utilizes the Kraken 2 program to assign reads to
taxonomic labels through precise K-mer alignment, providing an initial microbial
composition present in a sample (Wood & Salzberg, 2014). The Kraken 2 results from
PATRIC were presented in pie charts using Microsoft excel to show the diversity and
abundance of the microbial community within the metagenomics reads of animal
feces, pond water and soil. The pie chart information was retrieved from the Kraken
based species outputs and krona charts with their ancestries line obtained from the

NCBI taxonomy database.

3.8.4 Antibiotic Resistance, Plasmid and Virulence gene detection

The identification of acquired and chromosomal ARGs genes were detected using the
ResFinder tool (version 4.1) (https://cge.cbs.dtu.dk/services/ResFinder/) in Center for
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Genomic Epidemiology website (Zankari et al., 2012; Bortolaia et al., 2020). The
default parameters were used with threshold of minimum length coverage of 60 % and
minimum identity of 90 % (Bortolaia et al., 2020). In addition, Comprehensive
Antibiotic Resistance Database — CARD (Alcock et al., 2019) was also employed to
search for AMR genes. Two other resistance gene databases; PATRIC metagenomics

read mapping service (https://patricbrc.org/app/MetagenomicReadMapping) and

PATRIC Comprehensive Genome Analysis Service along with annotation with RAST
tool kit (RASTtk) algorithm (Brettin et al., 2015) embedded in PATRIC tool, utilized
homology to known sequences to identify genes associated to antibiotic resistance
genes. This tool uses the k-mer-based AMR gene detection method, which uses
PATRIC's curated library of typical AMR gene sequence variants (Wattam et al.,
2016).

The presence of plasmids were predicted using PlasmidFinder tool (version 2.1)

(https://cge.cbs.dtu.dk/services/PlasmidFinder/) with default parameters of identity of

95% threshold and 60 % minimum length coverage (Carattoli, et al., 2014).

VirulenceFinder (version 2.0) (https://cge.cbs.dtu.dk/services/VirulenceFinder/) was

used for the identification of known virulence genes (Joensen et al., 2014) with default
parameters of minimum length coverage of 60 % and minimum identity of 90 %
(Bortolaia et al., 2020) .

3.8.5 Nucleotide Sequence Accession Numbers

The bacterial shotgun genome sequencing and metagenomics shotgun sequencing data
in this study have been deposited at NCBI database under BioProject accession
number PRINA772288. The following accession numbers can be found under this
BioProject link (https://www.ncbi.nlm.nih.gov/sra/PRINA772288): SRX13081222,
SRX13081223, SRX13081224, and SRX13081225.
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CHAPTER 4:RESULTS

4.1 Phenotypic B-lactam resistance

There was a total of 21 samples represented by pond water (n=3), animal feces (n=9),
and environmental soil samples from different surroundings of the household (n=9).
A total of 336 isolates, where (42.9 %) were from different animal feces, (42.9 %)

were from surrounding soil samples, and (14.2 %) were from pond water.

Based on the R-lactam resistance phenotypes of the isolates from animal feces, pond
water and soil sources, there was resistance to all the 3- lactam antibiotics across all
336 isolates where animal feces, surrounding soil samples and pond had 100 %
resistance to penicillins (penicillin and ampicillin), 100 % resistance to cephalosporins
(Cephalosporin, Cefoxitin, 3™ generation cephalosporin: cefotaxime) and 100 %

resistance to carbapenem (meropenem) respectively (Figure 4.1.A).
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Figure 4.1.A: Phenotypic R-lactam resistance prevalence of isolates from different

sources.
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4.2 Bacterial genome shotgun sequence

The sequenced dog feces cultured bacteria sample (WGS004) assembly revealed a
total size of 7, 745,935 bp with a G + C content (36.92 %), total number of contigs
(2017) the largest contig was 162722 bp (Table 4.2-1).

Table 4.2.1: Summary of statistics for the sequence data from dog feces sample

Sample Name No. of Largest Total assembly size | GC % N50*
contigs contig

Dog feces 2017 162,722 7,745,935 36.92 6,984

(WGS004)

*N50: this value denotes the length of the shortest sequence in the assembled genome at 50% (halfway of the genome).

4.2.1 Bacterial identification and phylogenetic analysis

Bacterial species and strains were identified in the dog feces sample, indicating the
sample to be a mixed culture. The closely related identified strains included Proteus
mirabilis strain (CRPM10), Citrobacter sp. (RHB21-C05), Paeniclostridium sordellii
strain (AM370), Proteus mirabilis strain (AR_0059) and Proteus mirabilis strain
(PmSC1111), respectively. According to the predicted species, the most dominant
species is shown to be Proteus mirabilis, followed by Citrobacter species and
Paeniclostridium sordellii species. This KmerFinder output (see Appendix) is
supported by NCBI BLAST sequence similarities observed in the CG viewer below
(Figure 4.3.A).

In comparison to the predicted reference species, the alignments revealed areas of
similarity and distinct regions of dog feces contigs. The greatest homology BLAST
hits linked to the dog feces contigs were found in the Proteus mirabillis species. As
seen in Figure 4.3.A, each genome is represented by a specific color, with darker
sections in the circular genome indicating the strongest BLAST sequence similarity to
the predicted reference genome and lighter portions indicating lower BLAST
sequence similarity matches. The map also showed several white gaps between the
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predicted reference genomes and the dog feces contigs that had no BLAST hits,

indicating no homology to the reference genomes and dog feces contigs.

WGS004 Contigs
! : Citrobacter(RHB21-C05)
> Proteus_(PmSC1111)
Proteus(CRPM10)
Proteus_(AR_0059)
Paeniclostridium_sordellii

Dog Feces sample
7745935 bp Mbp == I

Figure 4.2.A: A generated map using the CGviewer showing a full view of dog feces
contigs with BLASTN reference genome comparisons. The contents of the feature
rings (starting with the outermost ring) are as follows. Ring 1: indicates the primary
sequence reads from dog feces contigs (WGS004); Ring 2: Citrobacter sp (RHB21-
C05); accession: NZ_CP057611.1; Ring 3: (Proteus mirabilis strain (PmSC1111)
accession: NZ_CP034090.1; Ring 4: (Proteus mirabilis strain (CRPM10) accession:
NZ CP043332.1; Ring 5: (Proteus mirabilis strain (AR_0059) accession:
NZ_CP020052.1 and Ring 6: (Paeniclostridium sordellii strain) accession:
NZ_CP014150.1 showing the BLAST coverage and comparison results (BLASTN)
with dog feces contigs (WGS004); The BLAST coverage and comparison results are

shown with shading, with darker portions indicating multiple and highest hits to the
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relevant portion of the reference sequences whereas white gaps reveal areas with no

similarity to the predicted reference genomes.

The maximum likelihood phylogenetic tree of the dog feces sample revealed that the
dog sample contains various bacterial species closely related to Proteus mirabillis
genus, the Citrobacter genus, and Clostridium sordelli also known as
Paeniclostridium sordelli, confirming the relationship and similarity of the dog feces
sample with the predicted reference genomes. According to phylogenetic analysis of
the dog feces contigs (Figure 4.2.B), there are two major clades. Clade A is made up
of several Clostridium species, while clade B is made up of Shigella, Citrobacter, and
Proteus species. In clade B, the closest genomic sequence from NCBI belonged to the
Proteus mirabilis strain (HI4320 529507.6), which had the highest proximity to dog
feces sample. This suggests that the genomic sequence was more closely related to the
Proteus genus. Other strains in the closest taxonomic group include Proteus penneri
(ATCC 35198 471881.3), Citrobacter freundii (CFNIH1 1333848.3), and the furthest
is represented by Clostridium sordellii (VP1 9048 1292035.3).
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Figure 4.2.A: The phylogenetic tree depicts the closest taxonomic relative of dog feces
contigs (WGS004). The maximum Likelihood phylogenetic tree is based on the
PATRIC global protein families within dog feces sample (in red) along with other well

studied counterparts from NCBI (in black).

4.2.2 AMR gene identification from dog feces sample

Various gene determinants of antibiotic resistance and AMR pathways were
discovered through a thorough genomic investigation of a dog feces sample. Table
4.2.2 summarizes the different acquired and chromosomal mutational ARGs found in
dog feces, as well as the various mechanisms associated with them. The majority of
the ARGs found in the dog feces were linked to chromosomal mutations and conferred
resistance to a wide range of antibiotics classes. The least discovered ARGs were

associated with - lactam antibiotic class.
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Table 4.2.2: AMR gene identification from dog feces sample

Antibiotic class AMR Mechanism Genes

Multidrug Antibiotic Efflux AcrAB-TolC, AcrAD-TolC, AcrZ, EmrAB-TolC,
EmrD, MacA, MacB, MdtABC-TolC, MdtL,
MexHI-OpmD, SugE, TolC/OpmH

Tetracycline Tet(J), TetA(P)
Phenicol Antibiotic inactivation catAl/catA4
Antibiotic activation KatG
Multidrug Antibiotic target alteration | Alr, Ddl, dxr, EF-G, EF-Tu, folA, Dfr, folP, gyrA,

gyrB, inhA, fabl, Iso-tRNA, kasA, MurA, rho,
rpoB, rpoC, S10p, S12p, GdpD, MprF, PgsA,

R- lactam ftsl
Tetracycline Antibiotic target | tetB(P)
protection
Multidrug Antibiotic target | Fab

replacement
Multidrug Antibiotic target deletion | gidB

Multidrug class includes B-lactams, fluroquinolone, phenicol, macrolide, aminoglycosides, folate pathway antagonist (trimethoprim)
and Fosfomycin followed by tetracycline and phenicol drug classes
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4.3 Metagenomics shotgun sequence

The assembly summary of the three metagenomic sequences are shown in table 4.3.1.
Pond water sample had the highest total read size (25.8 Mb) and the largest number of
contigs (11,437 bp), with 48.83 % GC content, animal feces followed by total read
size of 8,465,934 bp with 3893 contigs and GC content of 47.22 %. Finally, when
compared to other assembled samples, soil sample had the smallest number of contigs
(34), the smallest assembly size (68.4 kb), and the highest G + C content of 51.44 %.

Table 4.3.1: Summary of statistics for the sequence data from different sources

Sample ID Number of | Largest Total assembly size | GC % N50
contigs contig

Pond water 11,437 93,027 25,777,472 48.53 3811

Animal feces 3,893 53,991 8,465,934 47.22 2549

soil 34 6,925 68,409 51.44 2083

*N50: this value denotes the length of the shortest sequence in the assembled genome at 50% (halfway
of the genome).

4.3.1 Taxonomic identification

The taxonomic identification from the metagenomic sequences revealed diverse
microbial communities from the different samples. The results of the metagenomic
taxonomic profiles were compared at the domain level including viruses. Domain
bacteria was further presented and compared at the classification levels of phylum,

class, order, family, and genus profiles.
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4.3.1.1 Domain profile

All three samples had =/> 96 % sequences identified as bacteria, the pond sample has
98 % of bacteria as compared to feces sample and soil with 96 %. The other noticeable
domain is in soil sample which is the Eukaryota (3 %) while in other samples only 1
% of Eukaryota is observed in feces and pond samples. Viruses were detected mostly
in the feces (3 %) and pond (1 %), while soil sample revealed only 0 %. Apart from
bacteria and Eukaryota, the archaea domain was found in a small percentage of soil

samples (1%) but not in feces or pond water sample.

Feces h Soil
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m Eukaryota
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Pond uViruses

Figure 4.3.A: Domain profiles for feces, pond and soil sample
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4.3.1.2 Bacterial Phylum profile

As shown in Figure 4.3.A, bacterial DNA was the most prevalent in all the samples,
so it was further investigated at the phylum level. The bacterial phylum profile
revealed that the Proteobacteria phylum is the most abundant bacteria phylum across
all samples, with the pond sample having the highest relative abundance of 78 %,
followed by feces with 64 %, and soil with 50 %. Actinobacteria is found in greater
abundance in soil samples (43 %), compared to feces (23 %), and pond water (17 %),
respectively. The Firmicutes phylum was represented with 5 % in feces, 4 % in pond,
and 3 % in soil samples. The Chordata and Bacteroidetes phyla have the lowest
abundance, with only <=7 % across all samples (Figure 4.4.B).

Feces
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¥ Proteobacteria
¥ Adiinobacteria
» Firmicutes
Chordata

Pond ® Bacteroidetes

Figure 4.3.B: Phylum profiles for feces, pond and soil samples
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4.3.1.3 Class profile

Proteobacteria was found to be the most common in all the samples, as shown
previously (Figure 4.3.B), thus it was explored further at the class level. Figure 4.4.C
shows that the most abundant class profile across all samples is Gamma
proteobacteria, with the feces sample leading with 71 %, followed by the pond sample
with 68 %, and the soil with 42 %. Alpha proteobacteria are most abundant in soil
samples, accounting for 36 %, while other samples had less than 6 % relative
abundance. Delta proteobacteria was also found to be abundant in pond and feces
samples, with 13 % and 12 % respectively, while the soil sample had the least, with
just 7 %. The abundance of betaproteobacteria in the soil and feces was 15 % and 13

%, respectively, while the pond only had a 5% abundance.
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Figure 4.3.C: Class profiles for feces, pond and soil samples
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4.3.1.4 Order profile

As shown in Figure 4.3.D, the Enterobacterales were the most abundant order profile,
which is from the Gamma proteobacteria class, accounting for 69 % and 62 % of the
pond and feces samples, respectively, with soil accounting for just 22 %. The
succeeding order was represented by Steptomycetales, which had the highest
percentage in soil (20 %), followed by pond sample (11 %), and feces sample (7 %),
respectively. Rhodobacterales was the least abundant order profile in soil and pond,
with 9 % and 3 %, respectively, and other order profiles such as Corynebacterlales and

Micrococcales were found to be less abundant across all different samples.
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m Enterobacterales
u Pseudomonadales
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u Corvnebacteriales

Pond
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Figure 4.3.D: Order profiles for feces, pond and soil samples
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4.3.1.5 Family profile

At family level, the most abundant family was Enterobacterales, which was found in
58 % of pond and 56 % of feces samples, respectively, with soil being the least
abundant at 24 %. The Streptomycetacea family showed the largest abundance in the
soil sample, accounting for 32 %, followed by 4 % in both the pond and feces samples.
The Morganellaceae family had a 24 % relative abundance in both pond and feces,
whereas soil had relative abundance of 9 %. Other less abundant family profiles (<=6
%) such as Pseudomonadaceae, Streptomycetaceae, and Mycobacteriaceae were
represented in feces and pond, respectively, with 22 % and 13 % for
Pseudomonadaceae and Mycobacteriaceae in soil (Figure 4.3.E).

Seil

KEY

= Enterobacteriaceae
= Morganellaceae

» Psendomonadaceae
o Strepiomyceiaceae

= Mycobacteriaceae

Figure 4.3.E: Family profiles for feces, pond and soil samples
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4.3.1.6 Genus profile

At genus level, Klebsiella was the most abundant genus across all profiles, accounting
for 44 % in both pond and soil, with feces accounting for 49 %. The Proteus genus
was found in feces (42 %), soil (40 %), and pond (39 %) respectively. As indicated in
Figure 4.3.F, Escherichia and Enterobacter were the least abundant genus in all
samples, with feces (4 %, 10%), pond (4 %, 8%), and soil (8 %) accordingly.

Soil

u Klebsiella
» Enterobacter
» Escherichia

Proteus

Figure 4.3.F: Genus profiles for feces, pond and soil samples

4.3.2 AMR gene identification from different sources

The acquired antibiotic resistance genes profiles of animal feces, pond water and
environmental soil are compared in Table 4.3.2. Several types of ESBL genes
encountered in animal feces included different variety of SHV (blastv-s2, blaskv-s1)
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followed by cfxA (cfxA2, cfxA6), TEM (blatem-208) and SED (blasepy). In comparison
to pond water sample, there was diverse occurrence of ESBLs genes which included
four SHV variants (blasnv-11, blaskv-s1, blasnv-1s0, blaskv-172), two OXA variants
(blaoxa-217, blaoxa-s0), TEM (blatem-206), and other 3-lactamase resistance genes which
were LEN (blaLen-24), CMY (blacmy-s), SED (blasep:) and OKP-B (blaokp-g-17).
These genes are responsible for the production of B-lactamase enzymes and resistance

to B-lactam antibiotics. In soil samples, there was no acquired ESBL gene discovered.

Table 4.3.3 also shows chromosomal mutation resistance genes encoded for the outer
membrane porins (OmpK35, OmpK36, OmpK37) associated with -lactam antibiotics
like cephalosporins and carbapenems across all the different samples. Other point
mutation genes discovered in animal feces and pond water included ampC, OmpC and
OmpF. In addition, pond water had oprD and omp36 resistance genes that also reduce

permeability to antibiotics (B-lactams) or cause resistance by absence (deletion).

The most abundant non R-lactamase genes found in animal feces isolates were
represented by diverse variants of tet genes conferring resistance to tetracycline
(tet(W), tet(40), tet(A), tet(J), tetQ, tetA(P), tetR, tet(W/N/W), tetX, tet(L), tetO,
tetB(P), tet(D)), aminoglycosides genes (aph(6)-1d, aac(6')-1id, aac(2')-1a, aph(3")-Ib)
and phenicol (cat, catlll) while for pond water, the diverse tet genes revealed included
(tet(A), tet(J), tetA(P), tetR, tet(L), tet(D), tetB(P)) and different variants of
aminoglycosides genes (aph(6)-1d, aac(6')-lid, aac(2')-la, aph(3")-1b, aph(3)-Ilb,
aac(6')-1i, aac(6")-1z) and phenicol genes (cat, catll, catlll, catB7). In comparison to
soil, the AMR genes detected were also tet gene variants (tet(J), tet(L)) conferring
resistance to tetracycline class, aminoglycosides (aph (6)-1d, aph(3")-1b) and phenicol
(cat) conferring resistance to chloramphenicol. Other antibiotic resistance genes
providing resistance to phenicol (catll, catlll, catB7), fluoroquinolone (ogxA, ogxB),
macrolide (mefA) fosfomycin (fosA, fosA2, fosA3, fosA5, fosA6), trimethoprim-
sulfamethoxazole (dfrAl4, dfrA15) and sulfonamide genes (sull, sul2) were detected

across all the different samples in addition to acquired resistance.
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Multiple drug class genes conferring resistance to a wide variety of antibiotics (B-
lactams, fluroquinolone, phenicol, macrolide, aminoglycosides, trimethoprim,
fosfomycin and sulfonamide) were found in abundance across all samples as shown
in Table 4.3.3. These resistance genes were mostly chromosomal point mutation genes
that represented various AMR mechanisms such as antibiotic efflux (emrR, emrA,
emrK, emrE , emrY, emrB, acrA, acrB, acrE, acrF,acrR, acrS, adeK, adel, adeB,
adeJ, adeF, adeH, adeG, adeN, adeL, adeA, adel, adeS, adeR, efrA, efrB, CRP, mdfA,
nalC, nalD, ramA and mexP) conferring resistance to fluoroquinolone and multiple
drug classes, antibiotic target alteration (parC, parE, gyrA, gyrB, UhpT, CyaA, UhpA,
GIpT, murA, Ptsl and folP) conferring resistance to fluoroquinolone, fosfomycin,
sulfonamide and antibiotic target replacement (dfrE, dfrF and dfrG) conferring

resistance to trimethoprim-sulfamethoxazole.

Table 4.3.2: Acquired AMR genes from different sources

Class Genes AMR Mechanism Animal Pond soil
feces water

B-lactams blastv-s2 Antibiotic inactivation | +
blashv-s1 +
blashv-11 -
blashv-180 -
blashv-172 -
blaTem-208 +
blaTem-206 -
blaoxa-217 -
blaoxa-so -
blasep1 +
blaoke-s-17
blacwmy-es

blaien-24
cfxA2

cfxA6

I T i I SR ST S Sy
1

Tetracycline tet(A) Antibiotic efflux
tetA(P)
tetB(P)
tet(D)

tet(J)

tet(L)

tetO

tetQ

tetR

tet(W)
tet(W/N/W)
tetX

L 4+ 4

Vo4
1 1 1

ST T T i Tk S SR SR IR S
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Table 4.3.2: Acquired AMR genes from different sources

tet(40) + - -
Aminoglycoside aph (6)-Id Antibiotic inactivation | + + +
aac (6-lid + + -
aac (2"-la + + -
aph (3")-1b + + +
aph (3)-1lb, - + -
aac (69-1i, - + -
aac (6)-1z - + -
Phenicol catlll Antibiotic inactivation | + + -
catll - + -
catB7 - + -
Fluoroquinolone 0gxA Antibiotic efflux + + +
oqxB + + +
Macrolide mefA Antibiotic target | - + +
protection
Fosfomycin fosA Antibiotic inactivation | + + -
fosA2 - + -
fosA3 - + -
fosA5 + + -
fosA6 + + +
Trimethoprim- dfrAl4 Antibiotic target | + + +
sulfamethoxazole dfrAl15 replacement - + -
Sulfonamide sull Antibiotic target | + + +
sul2 replacement + + +
+: detected,
-2 Not detected
Table 4.3.3: Chromosomal mutation AMR genes from different sources
AMR Class Gene AMR Mechanism Animal Pond soil
feces water
B-lactams bla(ampH) | Antibiotic inactivation + - -
ampC + + -
OmpC Reduce permeability to + + -
OmpF antibiotic + + -
OmpK35 Resistance by + + +
OmpK36 absence(deletion) + + +
OmpK37 + + +
Omp36 - + -
OprD - + -
Aminoglycoside acrD Antibiotic efflux pump + + +
CpxA - - +
Phenicol CAT Antibiotic inactivation + + +
Fluoroquinolone parC Antibiotic target | + + +
parE alteration + + -
gyrA + + +
gyrB + + -
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Table 4.3.3: Chromosomal mutation AMR genes from different sources

emrR
emrA
emrK
emrE
emrY
emrB

Antibiotic efflux pump

Fosfomycin

UhpT
CyaA
UhpA
GlpT
murA
Ptsl

Antibiotic target
alteration

+ + + A+ [+ + A+ o+

+ |+ + ++ o+

+[+

+ + o+ 4

Trimethoprim-
sulfamethoxazole

dfrE
dfrF
dfrG

Antibiotic target
replacement

+ + |

+ |+ + +

+

Sulfonamide

folP

Antibiotic target
alteration

+

+

Multidrug class

acrA
acrB
acrg
acrF
acrR
acrS
adeK
adel
adeB
adelJ
adeF
adeH
adeG
adeN
adeL
adeA
adel,
adeS
adeR
efrA
efrB
CRP
mdfA
nalC
nalD
ramA
mexP

Antibiotic efflux pump

+ o+ttt A+ o+

+ 4+ 4+ 4+

+ + + + + + +

+ + + A+

+

+ + +

+ + '+ +

+: detected
- Not detected
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4.4  Detection of plasmid genes

PlasmidFinder results revealed only a total of seven plasmid incompatibility groups
(Col3M, ColRNAI, ColpVC, Col (MG828), Col (BS512), IncFIB (K) and IncR),
which showed between 81.53 % and 100 % identity to query sequences. The Col3M,
ColRNAI, and ColpVC plasmid genes were detected in both animal feces and pond
water samples. Additional plasmids such as Col (MG828), Col (BS512), IncFIB (K),
IncR) are shown in Table 4.4-1. Plasmid genes in soil and dog feces samples were not

detected in the plasmidFinder database.

Table 4.4.1: Identification of plasmid genes from different sources

Plasmid Gene Accession no. Animal Feces Pond water Soil | Dog feces
Col3M JX514065 +(81.53 %) +(98.75 %) - -
ColRNAI DQ298019 +(99.23 %) + (84.62 %)

ColpVvC JX133088 + (100 %) + (100 %)

Col (MG828) NC008486 - +(98.47 %)

Col (BS512) NC010656 + (100 %)

IncFIB(K) JN233704 + (100 %)

IncR DQ449578 + (100 %)

+: (% coverage), detected

-2 Not detected

4.5 Detection of virulence genes

Virulence factor genes were detected in animal feces and pond water, but not in soil
and dog feces samples (Table 4.5.1). The virulence genes iutA, which encodes for
ferric aerobactin receptor was identified in both animal feces and pond water. When
comparing the attributes for virulence genes detected in animal feces and pond water,
it was discovered that animal feces harbored the gad gene, which encodes for
glutamate decarboxylase, whereas pond water samples contained genes such as
Colicin ia (cia), various Tellurium ion resistance protein (terC), ABC transporter
protein (mchF), and the Outer membrane protein complement resistance membrane
(traT).

o1



Table 4.5.1: Identification of virulence genes from different sources

Virulence | Protein function Accession no. Animal feces | Pond water Soil Dog

Gene feces

gad Glutamate EF547380 +(70.95 %) - - -
decarboxylase

iutA Ferric aerobactin FLWHO01000001 +(63.01 %) + (100 %) - -
receptor

cia Colicin ia APXL01000039 - +(70.93 %) - -

terC Tellurium ion UGAE01000003 - + (100 %) - -
resistance protein

mchF ABC transporter AF063590 - + (81.88 %) - -
protein

traT Outer membrane FLWH01000012 - + (100 %) - -
protein complement
resistance membrane

terC Tellurium ion CP007491 - + (100 %) - -
resistance protein

terC Tellurium ion MG591698 - +(97.83 %) -

resistance protein

+: (% coverage ) detected
-: Not detected
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CHAPTER 5:DISCUSSION

5.1 Occurrence of ESBLs encoded viable and multi-drug resistant bacteria in

animal feces, pond water and soil

Infections caused by [ -lactam-resistant organisms have surged in recent years because
of the emergence of resistant ESBL enzymes and genes. Consequently, nearly all 3-
lactam antibiotics are considered obsolete, posing a problem in clinical and veterinary
settings (Aslam et al., 2018; Dhingra et al., 2020). This study demonstrates a baseline
for detecting ESBL occurrences and other antibiotic resistance trends in potentially
high-risk environments, all of which can help in the battle against AMR. In this study,
different methods were explored to identify bacteria and classify antibiotic resistance
determinants (specifically of B-lactamases and other antibiotic resistance genes) from
cultured and uncultured samples using culture plating with different [-lactam
antibiotics and next generation sequencing methods, as well as bioinformatics tools to
further identify AMR genes, MGEs (plasmids) and virulence genes within genomic

and metagenomic DNA sequences.

This study suggests that antimicrobial resistant bacteria, particularly p-lactam
resistance microbes, are present in the animal feces, pond water, and soil where
animals and humans co-exist in the same household compound. This is of great
concern to public health and this study has provided results in support of the high
occurrence of antimicrobial resistance in different sources. The findings of this study
were slightly higher but consistent with previous studies on the occurrence of ESBL
encoded bacteria in various sources. A related study in Nigeria documented a similar
high occurrence of ESBL encoded bacteria in farm workers and poultry, while the
environment had fewer ESBL encoded bacteria than others (Aworh et al., 2020). In
comparison to this study, which had higher levels of resistance to ampicillin (100 %)
and cefotaxime (100 %) for animal feces, Carvalho et al. (2016), also found an

53



elevated level of resistance to ampicillin (85.7 %), but low level of resistance for

cefotaxime (19.4 %), compared to this study.

For pond water, the resistance was consistent with numerous studies on non-hospital
wastewater showing high resistance against B-lactam antibiotics (Rahman et al.,
2021). Resistance to other antibiotics such as -lactam, tetracycline, streptomycin, and
trimethoprim-sulfamethoxazole were also detected. Studies in Germany (Falgenhauer
et al., 2019), Korea (Lim et al., 2015), Nepal (Subramanya et al., 2021), Pakistan
(Saleem et al., 2017) and the Netherlands (Leverstein-van Hall et al., 2011) have also
demonstrated the occurrence of ESBL encoded antibiotic resistant bacteria (mainly E.
coli) from different sources which included meat-producing livestock (such as poultry,
cattle, and pig) and companion animals (such as dogs and cats), sewage and farm
workers. From the findings of both this current study and others, due to the widespread
use of B-lactams in clinical and veterinary settings, the B-lactam antibiotics are among
the most widely detected class of antimicrobials with the increased risk of resistance
transmission, as bacteria continues to advance by attaining resistance through different
mechanisms such as production of B-lactamase enzymes, efflux pumps and target
alteration of the binding sites (Worthington & Melander, 2013; Giani et al., 2017).

It is also notable in the present study that isolates from animal feces, pond water, and
soil had a similar antimicrobial resistance pattern to the commonly used B-lactams
(such as penicillin, ampicillin, cefoxitin, cefotaxime, and meropenem), which is
suggestive that resistance spreads across different sources. A finding similar to this
study was also recently demonstrated by Subbiah et al. (2020) revealing the similarity
in the occurrence of different resistance phenotypes of antimicrobials (ampicillin,
streptomycin, trimethoprim-sulfamethoxazole, and tetracycline) across different

sources (people, animals, and the environment).

The similar resistance patterns of the bacteria from different sources in this study are
also not surprising, and this trend appears to be prevalent in developing countries in

Africa and Asia (Do et al., 2021) with poor communities due to a significant increase
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in antimicrobial usage, poor handling, and misuse. The complex environment also
provides a selective pressure for the antibiotic resistant bacteria evolution found in
rural and peri-urban areas thus serving as hotspot for antibiotic resistant bacteria in the
community (Berendonk et al., 2015; Durso & Cook, 2014; Founou et al., 2016;
Williams-Nguyen et al., 2016).

5.2 Identification of bacteria and antibiotic resistance determinants in dog
feces sample

In addition to culture methods, bacterial genome shotgun sequencing was utilized to
provide comprehensive genomic data from a cultured sample of dog feces collected
from Palapye household. This approach demonstrated the ability to identify several
bacterial strains and ARGs in dog feces samples. From the findings of this study, the
identified bacterial strains from cultured dog feces sample revealed clinically
important bacterial species; Proteus mirabilis, Citrobacter sp. and Paeniclostridium
sordelli (also known as Clostridium sordelli). These bacterial strains are potentially
pathogenic and could pose a major threat to humans by spreading infectious diseases
such as urinary tract infections, gastrointestinal disorders, and sepsis in clinical
settings (Armbruster et al., 2018).

Furthermore, the use of bacterial shotgun sequencing method revealed not only the
bacterial strains present in the cultured dog sample but also the phylogenetic
information indicating the relatedness of the predicted species and AMR genes present
in the cultured dog sample. Some studies have indicated that dog feces harbor diverse
microbes and this is influenced by the ecosystem in the gut (Garcia-Mazcorro &
Minamoto, 2013; Deng & Swanson, 2014) . All these bacteria species can cause
infections, mostly in humans with compromised immune systems and in host animals
( Nandi et al., 2013;Nahar, 2014; Sultana et al., 2019).
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Additionally, similar to the current study, there has been studies on domestic and
companion animals describing the occurrence of different antibiotic resistant microbes
(particularly ESBLs producing organisms) such as Enterobacterales ( Hordijk et al.,
2013;Carvalho et al., 2016; Yasugi et al., 2021), Proteus mirabillis spp. ( Zappa et al.,
2017; Han, 2019), Citrobacter spp. (Ewers et al., 2011) and Clostridium sordelli spp.
(Capewell et al., 2020).

Many of the bacterial strains identified in this study can be found in water, soil, and
the gastrointestinal tracts of both animals and humans. They are clinically important
and thought to be pathogenic since they can cause clinical diseases such as nosocomial
infections, urinary tract infections, enteric diseases, and gastrointestinal ailments (
Samonis et al., 2008; Armbruster et al., 2018). Proteus mirabillis spp., for instance, is
an opportunistic pathogen with virulence characteristics that make it more virulent. It
is most linked to a hospital-acquired urinary tract infection, especially in patients with
complicated catheters and weakened immune systems (Alatrash & Al-yasseen, 2017).
Patients may develop cystitis, kidney stones, and bladder stones because of this

bacterial strain (Nachammai et al., 2015).

Also, Citrobacter spp. has been identified as a major opportunistic pathogen that
causes nosocomial urinary infections in hospitalized patients who are fragile and weak
(Deal et al., 2007; Lavigne et al., 2007). The development of this multidrug-resistant
pathogen has been rising rapidly, and considered one of the top pathogens that cause
havoc in intensive care units especially in low- and middle-income countries and it
has been demonstrated that it is resistant to routinely used antibiotics such as
penicillins, cephalosporins, aminoglycosides, and fluoroguinolones (Ranjan &
Ranjan, 2013). Finally, Paeniclostridium sordellii is a bacterial pathogen that has been
linked to septic shock (associated with uterine infections) in women after natural or
clinically induced termination, as well as gas gangrene in animals ( Zane & Guarner,
2011; Capewell et al., 2020; Nyaoke et al., 2020).

Moreover, the bacterial strains reported in this study can easily spread through human-

domestic animal contacts, resulting in clinical complications. Authors Subbiah et al.
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(2020), Carvalho et al. (2016), Ljungquist et al. (2016) and Suchodolski (2011) proved
this in their studies. Nonetheless, the extent to which resistant bacteria transmit
between dogs and humans remains unknown. The findings of bacterial identification
using different bioinformatics tools in our study also further emphasizes the value of
bacterial genome sequencing in identifying various strains, genomic relationships, and

source tracking, all of which are crucial for AMR encoded bacteria surveillance.

The bacterial strains detected in the dog feces sample also revealed a high occurrence
of ARGs conferring resistance to phenicol, tetracycline, - lactam and multidrug
classes. These ARGs were associated with different AMR mechanisms that included
antibiotic efflux, target inactivation, target activation, target alteration, target
protection, target replacement and target deletion. The predominant ARGs were
associated with the target alteration and the multidrug efflux complex mechanisms.
The multidrug resistance tripartite efflux resistance genes found in this study are
known to confer multidrug resistance through overexpressed efflux pumps in several
bacteria to various clinically important antibiotics (such as tetracycline, R-lactams,
chloramphenicol, ampicillin, nalidixic acid, and rifampin) hence imparting resistance
by extruding antibiotics (Amaral et al., 2014; Blair et al., 2014). These multidrug
efflux pumps found in dog feces bacteria confer multidrug resistance making common

infections difficult to treat.

Several tetracycline resistance (tet) genes associated with efflux mechanisms were
also discovered in this study which agreed with a study by Chang et al. (2015), who
discovered tet genes in pets. Moreover, the genes resulting in target alteration
mechanisms also have been found to be dominant in the dog feces sample. This
mechanism occurs when there is chromosomal modification of the target site in order
to block or reduce affinity of the target to antimicrobials (Argudin et al., 2017). The
most common target modified genes discovered in dog feces were gryA and gryB
chromosomal mutation genes conferring resistance to fluroquinolones. Comparably,
these chromosomal mutation genes have been previously identified from dogs in other
studies ( Gibson et al., 2010; Shaheen et al., 2013; de Jong et al., 2018;; Umeda et al.,
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2020). This was suggestive that careful usage of fluroguinolone antimicrobials in dogs

and other domestic animals is necessary.

Surprisingly, this current study found an exceptionally low to no occurrence of f§ -
lactamases genes in the dog feces, in contrast to some studies that found various
variants of ESBL genes such as AmpC B-lactamase, blacwmy, and blasnv, with blacTx-
m variants being the most prevalent across most studies in companion and domestic
dogs (Carattoli et al., 2005; Pedersen et al., 2007 ; Zogg et al., 2018 Marchetti et al.,
2021; Subramanya et al., 2021; Yasugi et al., 2021). Additionally, the findings of this
current study were comparable with those of previous studies that identified an
abundance of mutational multidrug resistance genes in domestic and companion
animals ( Sato et al., 2014; Arais et al., 2016; Umeda et al., 2020). These studies also
suggest that resistance genes in animals pose a significant threat to public health, and
the resistance mechanisms identified in this current study are important and may pose
a risk of spread of multidrug ARGs to humans from animals through direct contact.

According to the current study findings, the ARGs encoded in the identified bacterial
species and strains (Proteus mirabilis spp., Citrobacter sp. and Paeniclostridium
sordelli sp.) could result in the spread of difficult to treat infections transferred
between animals and humans, which would cause a huge problem in clinical and
veterinary settings. Zogg et al. (2018) in Switzerland stated that domestic animals can
play a critical role as reservoirs for ARGs, including ESBLSs. Various ARGs conferring
resistance to B-lactam, tetracycline, and multidrug classes were discovered in dog
feces isolates in some studies (Costa et al., 2008; Du et al., 2020). In comparison to
other studies, our findings shed light on the occurrence and diversity of ARGs, as well
as their mechanisms, in domestic dog feces. Furthermore, the discovery of these ARGs
in the bacterial strains found in this study is concerning, dog feces should be
considered an environmental pollutant of antibiotic resistant determinants, particularly

in LMICs where there is poor sanitation.
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5.3 Microbial community profiles revealing abundance and diversity from

uncultured samples in animal feces, pond water and soil

The diversity and abundance of microbial community, ARGs, virulence genes, and
plasmids in animal feces, pond water, and ambient soil were investigated using culture
independent, high throughput shotgun metagenomics sequencing. The top dominant
phyla across all samples were Proteobacteria (mostly Alpha-, Beta-, Delta-, and
Gamma-proteobacteria), Actinobacteria, Firmicutes, Bacteroidetes, and Chordata.
These findings are consistent with reports of the dominant microbial phyla found in
ponds but mostly wastewater ponds (Vaz-Moreira et al., 2014; Qin et al., 2016;
Chopyk et al., 2018; Jia et al., 2021) in animal feces (Salaheen et al., 2021) and in soil
including sediments around the river, ponds, and wastewater (Parajuli et al., 2017,
Espin et al., 2021) to be associated with mostly Proteobacteria, Firmicutes and
Bacteroidetes. Notably, the phylum Bacteroidetes which is commonly detected in
pond, feces and soil in this study was represented by low abundance of less than 7 %,
which contrasts with other studies where the abundance is higher (Holman et al., 2017;

Palanisamy et al., 2021).

According to these findings, the abundance of these phyla may be linked to their
survival in highly contaminated and extreme environments (Selvarajan et al., 2021)
and also, the different samples used in this current study are known to be natural
habitats for diverse microbial community and the bacterial growth is influenced by
these extreme environments which includes the poor sanitation and complex setup
found in poor communities that are represented as “hot spots” of bacterial proliferation

(Tamames et al., 2010).

The most abundant bacterial classes were associated with Gamma Proteobacteria
across the different samples, with animal feces having the highest abundance,
followed by pond water and environmental soil samples. This finding suggests that
the high abundance of Gamma Proteobacteria in animal feces compared to other

samples may be influenced by several factors which include the nutrient composition
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in animal gut, their age, metabolic conditions, and other environmental conditions
(Deng & Swanson, 2014). Notably, the Alpha Proteobacteria in soil was the second
abundant class and the abundance was higher than in animal feces and pond water
however, the abundance of Alpha Proteobacteria in soil from this study was consistent
with a local study by Mhete et al. (2020) who revealed their findings to be in the range
of 22 % to 32 % as compared to this current study’s finding of 36 %. These findings
suggests that numerous factors such as land use, soil type, physicochemical
conditions, and climate change plays a role in altering the bacterial communities
detected in soil samples and this was proven by Kuramae et al. (2011), Gazdag et al.
(2018) and Mhete et al. (2020).

The two most abundant dominant genera at the genus level were Klebsiella and
Proteus, followed by Enterobacter and Escherichia, which were the least abundant.
They all belong to the class of Proteobacteria (Gamma Proteobacteria) and were quite
similar across samples. Given the abundance of Klebsiella pneumoniae, Proteus
mirabilis, and Escherichia coli species in this study, the results are not surprising as
they are found to be abundant in soil, water, and feces samples. These genera are
known to house opportunistic pathogens like Klebsiella pneumoniae, Proteus
mirabilis, and Escherichia coli, all of which have the potential to infect humans and
domestic animals (Drzewiecka, 2016; Moon et al., 2018; Henriot et al., 2019). This
was consistent with findings of pathogens found in animal feces, in pond water and in
soil that were linked to causing diseases such as nosocomial infections, urinary tract
infections, diarrhea and food poisoning (Hordijk et al., 2013; Nandi et al., 2013; Zappa
etal., 2017; Sultana et al., 2019; Tawyabur et al., 2020). From this study, it is evident
that these species, especially Klebsiella pneumoniae, Proteus mirabilis, and
Escherichia coli, also play a significant role in carrying ARGs and they are easily
spread through feces contamination in water and soil samples, that can easily be
contacted by humans. This was also proved by authors Pitout et al. (2005), Hasan et
al. (2011) and Roca et al. (2015) on the presence of ARG-encoded microorganisms,
mainly Klebsiella pneumoniae and Escherichia coli found in community and hospital

settings.
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5.4 Patterns of AMR genes and resistance mechanisms identified in animal

feces, pond water, and soil

The findings of this study demonstrate that in a rural landscape, animal feces, pond
water, and soil are crucial AMR hotspots with a high diversity and abundance of
ARGs, including ESBL genes. This is in line with related studies that also determined
the abundance of ARGs from different sources as associated with human, animal, and
environmental samples in the community setup (Rousham et al., 2018; Cheng et al.,
2020; He et al., 2020). From this study’s findings, there is a notable observation of
various ESBL genes. The most prevalent types across the literature are SHV and TEM
(Paterson & Bonomo, 2005). However, some other ESBL types; OXA, OKP, CMY,
LEN, CFX and SED were detected in pond water and animal feces samples (Bradford,
2001; Siebor et al., 2005; Fevre et al., 2005; Evans & Amyes, 2014;; San et al., 2020).
In this study, the most detected ESBL genes were observed in pond water compared
to other sources. This high occurrence of ESBL genes found in pond water can be
influenced by domestic animal discharge and human activities associated with the use
of pond water. The abundance of ARGs in water bodies has been reported to be highly
influenced by different anthropogenic activities (Chen et al., 2010; Lu et al., 2010;
Zurfluh et al., 2013; Li et al., 2015) , which is consistent with results from this study.
Other previous studies have shown the CTX-M gene to be the most prevalent ESBL
in animals and humans worldwide in various countries (Jouini et al., 2007; Sun et al.,
2010; Tollentino et al., 2011; Maina et al., 2013; Osei Sekyere & Reta, 2020), which
contrasts with the current study’s findings, which found no CTX-M genes across all

different sources.

The current study further revealed different gene variants within the bla shv (blashv-
82, blasnv-11, blaskv-s1, blasnv-180 and blasnv- 172), bla tem (blartem-208, blaTem-206), bla
oxa genes (blaoxa-217, blaoxa-s0), CfXA (cfxA2, cfxAB), blaLen-24, blacmy-gs, blasepz, and
blaokp-s-17 Were detected in animal feces and pond water. These different ESBL genes
are all clinically important genes that are commonly responsible for difficult to treat
infections in both human and veterinary settings (Costa et al., 2006; Ejaz et al., 2021).

As a result of this diversity, the findings may suggest that animal feces and pond water
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serve as a reservoir of ESBLs among other ARGs and can be disseminated to other
hosts and the environment. These findings are slightly in line with studies from Nigeria
(Awosile et al., 2020), which reported the presence of blasnv-11, blasnv-12, and blacmy
in both animals, humans, and environmental sources. In Italy, Carattoli et al. (2005)
also documented the blacwmy -2, blasnv-12, and blactx-m-1 from domesticated dogs and
cats. The current study identified most of the bla genes from pond water which is in
parallel with a study by Vivas et al. (2019) on ESBL genes (blatem-1, blactx-m
9, blavim-2, blaime-1, and blaampc ) in water sources. Both these findings suggest that
the high occurrence of bla genes in pond water, and other water environments is
influenced by the selective antibiotic pressures, which contribute to further evolution
of ARGs encoded in diverse microbial communities found in these sources (Bréchet
et al., 2014). Furthermore, the detection of cfxA genes in this study that were found in
animal feces are commonly associated with anaerobe microbes and is consistent with
studies from (Skarzynska et al., 2020; Suriyaphol et al., 2021).

Additional to the ESBL genes revealed in this current study, chromosomal mutation
genes (OmpK35, OmpK36, OmpK37) associated with alteration of outer membrane
porins in Klebsiella pneumoniae were detected across all different samples. These
mutant genes interfere with the outer membrane porins of the bacterial cell thus
making the entrance of the pB-lactam antibiotics impossible. Doménech-Sanchez et al.
(2003), Tsai et al. (2011), Chi et al. (2019) and Kim et al. (2020) corroborated with
these current study’s findings demonstrating the occurrence of these point mutation
genes associated with ESBL-producing K. pneumoniae. The findings of this current
study are also similar to previous studies from Ecuador (Salinas et al., 2021), Germany
( Pietsch et al., 2018; Herrig et al., 2020; Savin et al., 2020), and Kenya ( Maina et al.,
2013; Hassell et al., 2019; Saisi et al., 2019), further reinforcing the need to adopt the
one health approach in tracking clinically important ARGs such as ESBL genes. This
study provides further proof of the dynamic environments and their role in the
dissemination of AMR determinants, which is supported by diverse ARGs patterns in

rural environments and poor communities associated with poor sanitation.
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To further determine the threat of AMR in Palapye community households, this
current study investigated other ARGs and their mechanisms that may play a role in
resistance patterns in the environment (soil and water) and domestic animals.
Resistance genes to clinically important antimicrobial classes; tetracycline, phenicol,
aminoglycoside,  fluoroquinolone, = macrolide,  fosfomycin,  trimethoprim-
sulfamethoxazole, and sulfonamide were detected. These findings were consistent
with previous studies indicating the co-occurrence of other ARGs with ESBL
genes possibly connecting the co-existence of antibiotic selection pressure which in
turn might influence the dynamics of antibiotic resistance in the different sources
(Borjesson et al., 2009; Ju et al., 2016; Seni et al., 2016; Khan et al., 2020). In addition,
chromosomal point mutations of multidrug resistance genes linked to several
mechanism which included antibiotic efflux, antibiotic modification, and antibiotic
replacement/deletion were also discovered across the different sources in this study

which add to the co-selection of the ARGs in the interconnected environments.

In this study, pond water revealed the most prevalent ARG mechanisms conferring
resistance to -lactams, aminoglycoside and multidrug mutational resistance genes
compared to animal feces which revealed resistance patterns amongst classes of
tetracyclines, B-lactams and multidrug mutational resistance genes. This study
indicates the presence of diverse ARGs patterns in a single rural household. The
findings showed that pond water had more different ARG genes, followed by animal
feces and lastly soil samples. Similar to the current study, a previous study on ARGs
in pond water done by Finton et al. (2020) demonstrated pond water to have elevated
levels of ARGs, including those associated with MDR Efflux pumps that have
resistance to multiple classes of antibiotics (acrAB, emrAB, mdtH, mdfA), as well as
resistance to tetracycline (tet(A), tet(B)), macrolide (macA, mphA), fluoroquinolones
(ogxA, ogxB), trimethoprim (dfrA), fosfomycin (fosA), aminoglycosides (aac (3)-1)

and sulfonamides (sull).

Furthermore, mutations in gyrA, gyrB, parC, and parE were found in pond water in
the current study, which correlates with a studies by authors (Adachi et al., 2013;

Zurfluh et al., 2014; Johnning et al., 2015) that found an abundance of mutational
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fluoroquinolone resistance in aquatic environmental microbial community. These
findings suggest the occurrence of multiple drug-resistant bacteria and acquired and
chromosomal ARGs in surface water that is likely to be used for a variety of purposes,
including human (children playing in the ponds and using pond water for construction)
and animal activities. The presence of these ARGs in the environment poses a serious
health risk to humans and animals in the surrounding, while also demonstrating the
relevance of the water linked environment as a hub for this rising problem of

fluoroquinolone resistance.

The abundance of clinically relevant ARGs found in animal feces samples in the
current study were associated with tetracycline (tet (W), tet (40), tet(A), tet(J), tetQ,
tetA (P), tetR, tet(W/N/W), tetX, tet (L), tetO, tetB(P), tet(D)) which indicated to be
the most prevalent ARGs compared to other antibiotic classes. Similarly, a study by
Bryan et al. (2004) discovered tetracycline genes (tetB, tetA, tetC, tetD and tetM) in
animals feces, confirming its abundance in the United States of America. These
findings are expected, given that tetracycline is widely used in human and animal
maintenance care, and that most used antibiotics in animal maintenance are easily
accessible over the counter in countries such as South Africa, Ghana, and Rwanda
(van Boeckel et al., 2015; Boamah et al., 2016; Manishimwe et al., 2017 Jaja et al.,
2020), as is the case in Botswana. Other previous studies agree with these current
findings on the detection of tetracycline in animals and environmental sources (Cheng
etal., 2013; Wang et al., 2019; Gu et al., 2020; Hartinger et al., 2021) . These findings
provide insight into the real impact of animal feces as contaminants of ARGs as well
as contaminated pond water and soil. These are drivers of ARGs to the

immunocompromised adults and young children in poor communities.

Other ARGs found in animal feces in this current study included aminoglycosides
genes, phenicol, fluoroquinolone, fosfomycin, trimethoprim-sulfamethoxazole, and
Sulfonamide which correlated with findings from previous studies, undertaken by
authors ( Hammerum & Heuer, 2009; Veldman et al., 2011; Szmolka & Nagy, 2013;
Alonso et al., 2017) . These findings together with the current study, highlight the

critical need for more monitoring and management in the use of veterinary
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medications in order to limit an alarming rise of antimicrobial resistance in the

country.

In the current study, ARGs in soil samples were fewer than animal feces and pond
water, even though soil is known to be the largest reservoir for ARGs as they occur
naturally in soils. Nevertheless, various ARGs including tetracycline,
aminoglycosides, sulfonamides, and multidrug mutational resistance genes were
detected in the environmental soil of the household. Similarly, a study by (Qian et al.,
2021) demonstrated the presence of multidrug resistance genes, tetracycline (tetA,
tetC, tetM, tetO, tetV, tetX) and aminoglycoside (aac(2°)-I, aac(6°)-1, and aph(6°)-1)
that confer resistance to commonly used antibiotics in common infections affecting
human and animals. Moreover, numerous studies have indicated that high abundance
of ARGs in soils can also be influenced by anthropogenic activities that include
agricultural, human, and animal activities (Hu et al., 2010 ; Wang et al., 2014 ; Wu et
al., 2017 ; Tian et al., 2021). These findings demonstrate that not only does ARGs
come naturally from the soil, but different activities and soil use can influence the
abundance of clinically relevant ARGs which pose a threat to the public as they can

easily be spread to humans and animals.

In relation to this study, closely similar studies using one health approach were done
by (Purohit et al., 2017; Hartinger et al., 2021) who showed a high occurrence of
antibiotic resistance genes and co-resistance patterns in humans, environment (soil
and water) and animal samples. These studies agreed with the current study that AMR
is understudied in rural communities, despite the high interconnectivity of animal,
human, and environmental sources in an inadequate sanitation condition. The poor
communities and poor sanitation found in LMICs promotes an extremely high
selective pressure environment for different antibiotic resistant bacteria to confer
resistance to multiple antibiotics hence posing serious public health risk. Other studies
connected to the current study findings suggested that surface water, animal and
human feces could be potential hosts for resistant bacteria in the environment, which
could be important for the spread of ARGs ( Baguero et al., 2008; Molton etal., 2013;
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Rolain, 2013; Allen, 2014; Pruden, 2014; Bengtsson-Palme et al., 2015; McEachran
et al., 2015; van Schaik, 2015).

5.5 Identification of MGEs and virulence genes from different sources using
bioinformatics tools

Next generation sequencing provides more data that is also relevant to this study. From
the metagenomic data, this study was also able to reveal mobile genetic elements and
virulence genes, which complement the AMR data. The use of bioinformatics tools
like plasmidFinder and virulenceFinder has made plasmid replicon and virulence
factor prediction in shotgun metagenomics sequences much easier. This current study
explored these bioinformatics methods to understand more about the occurrence and
diversity of MGEs such as plasmids. Plasmids play a crucial role in the transmission
of ARGs especially the ESBLs and they are critical in the spread of ARGs which

mostly occur via horizontal gene transfer mechanism among bacterial species.

In this study, the plasmid incompatibility groups that were detected included Col3M,
ColRNALI, ColpVC, Col (MG828), Col (BS512), IncFIB (K) and IncR in both animal
feces and pond water. These plasmid incompatibility replicons have been linked to the
spread of important ARGs, such as ESBLs that confer extended spectrum resistance
to B-lactams, in clinical Enterobacterales such as Klebsiella pneumoniae (Carattoli, et
al., 2014; Roosaare et al., 2018). Some studies discussed further these various plasmid
groups and their potential in mobilizing ARGs in different environments (Ma et al.,
2012; Zurfluh et al., 2013; Kudirkiene et al., 2018; Founou et al., 2019; Patil et al.,
2019; Salinas et al., 2021). Bitar et al. (2020) also discovered a plasmid replicon (pIB
COL3M) containing the quinolone resistance gene (qnrD1), while Ogbolu et al. (2013)
reported that IncF plasmids are drivers encoding for [3-lactamases. Similarly Yang et
al. (2015) and Coque et al. (2008) demonstrated that the IncFII plasmids are known as
the prevalent plasmids that house the MDR genes.
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Furthermore, several virulence genes known to play key role in bacterial pathogenesis
were discovered in animal feces and pond water. The most prevalent virulence factor
identified in both sources included gad and iutA genes. The gad (glutamate
decarboxylase) gene is associated with bacterial survival in extreme acidic
environments (animal guts) by regulating the intracellular pH (Chen et al., 2018) while
IUtA genes encodes for Ferric aerobactin receptor (Malekzadegan et al., 2018) which
also plays a role in mediating the uptake of ferric iron. This influences the adaptation
of the virulent bacteria to the new niche thus allowing them to increase their capacity
to cause a wider range of diseases. P. mirabilis, for example, employs a variety of
virulence factors to gain access to and invade the human urinary tract hence causing

urinary tract infections (Schaffer & Pearson, 2015).

Other virulence associated genes included colicin gene (cia), tellurium ion resistance
gene (terC), ABC transporter protein gene (mchF) and outer membrane protein gene
(traT) were detected, these virulence factors are mainly associated with transfer
protein, and uptake of iron (Sarowska et al., 2019). None of the most clinically
challenging enterotoxin virulence genes were discovered in our study. The identified
virulence genes, on the other hand, could still play a role in environmental hosts of the
bacterial community, as they could increase adaptation and resilience of pathogenic
ESBL encoded bacteria found in animal feces and pond water that could eventually
become human pathogens. These findings further imply that the presence of both
ARGs and virulence factors in the bacterial community constitutes a significant threat

to clinical therapy of common illnesses.

67



CONCLUSION

The current study findings have proven the hypothesis, there was a relatively high
occurrence, diversity and abundance of bacteria, particularly ESBL encoding, and
highly resistant bacteria identified from both cultured and non-cultured samples of
animal feces, pond water, and soil obtained from a rural community in Palapye. It is
evident that the complex environment depicted by Palapye household provides a
dynamic, high selective pressure environment for the antibiotic resistant bacteria
evolution and dissemination of ARGs. This is highly influenced by the rural
environment, which is associated with poor sanitation, the rearing of livestock around
households, and the storage of water in unsanitary conditions. The study further
provided proof that there is a high abundance of resistance genes, including ESBLSs,
in domestic animals kept in households, thus posing a significant threat to public
health as there is a risk of the spread of multidrug ARGs to humans through direct

contact resulting in clinical complications.

This also highlights the critical need for increased monitoring and management of
veterinary and clinical medications in order to limit the country's alarming rise in
antimicrobial resistance. The surface water used by animals and people in the
household also represented an important pool of resistance genes that conferred
resistance to clinically relevant antibiotics, thus limiting treatment options. According
to this study’s findings, the use of one health approach has also provided an insight
into the dissemination and spread of ARGs in different sources as well as the use of
different bioinformatics tools that further emphasized the value of microbial
identification, genomic relationships, and source tracking, all of which are crucial for

AMR encoded bacteria surveillance.
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Nevertheless, it is noteworthy that this pilot study has set a baseline for detecting
ESBLs and other antibiotic resistance patterns in a potentially high-risk community
setting. The findings of this study will be used to influence future research on the state
of antibiotic resistance patterns and current ESBL dynamics, with the study being
expanded to include more rural communities in Botswana directly linked to domestic

animals, fields irrigated with wastewater, and feces obtained from young children.

Even though this study’s findings may not be generalized as the inclusive situation of
the country, it is significant as it highlights a clear indication that there is a high
prevalence of clinically important ESBL producing bacteria in Palapye and the
domestic animals and the environment have been gradually shown to be play a
significant role in the dissemination of ARGs among all aspects of the community.
Therefore, it is necessary for clinicians, veterinarians, farmers, and the community to
be made fully aware of the ESBL producing microorganisms as well as the proper

usage of 3-lactam antimicrobials.
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RECOMMENDATIONS

The findings from this study will assist government health agencies, which will utilize

the information to educate the public about the probable routes of antibiotic resistance

transmission and how they may protect themselves in rural communities. Furthermore,

these data will be useful both locally and internationally for comparison of AMR

trends, improvement of AMR surveillance systems, and can be used to drive initiatives

on antibiotic stewardship, such as Botswana's National Action Plan (NAP) on

antibiotic resistance.

Furthermore, the following areas can be revised, and future research can be

implemented.

Implementation plans on antibiotic prescription in rural community settings
and education on appropriate dispensation of the most recent and critically
important B-lactam antibiotics to prevent resistance development.

More public education on the proper use and misuse of antibiotics, which leads
to the growth in antibiotic resistance and community mortality, should be
provided by the relevant stakeholders.

Future studies should have all-inclusive data from different sources, including
clinical and environmental isolates, that will clearly depict the "One Health"
approach to adequately evaluate the ARGs and MGEs transmission routes
across all different disciplines.

In future, a survey may be conducted to check what antibiotics are mostly used
and how frequently they use them in both humans and animals to make the

work more interesting.

70



REFERENCES

Adachi, F., Yamamoto, A., Takakura, K. I., & Kawahara, R. (2013). Occurrence of
fluoroquinolones and fluoroquinolone-resistance genes in the aquatic
environment. Science of The Total Environment, 444, 508-514.
https://doi.org/10.1016/j.scitotenv.2012.11.077

Adelowo, O. O., Ikhimiukor, O. O., Knecht, C., Vollmers, J., Bhatia, M., Kaster, A.
K., & Miller, J. A. (2020). A survey of extended-spectrum beta-lactamase-
producing Enterobacteriaceae in urban wetlands in southwestern Nigeria as a
step towards generating prevalence maps of antimicrobial resistance. PLOS
ONE, 15(3), 1-19. https://doi.org/10.1371/journal.pone.0229451

Ajayi, A. O., Perry, B. J,, Yost, C. K., Jamieson, R. C., Hansen, L. T., & Rahube, T.
0. (2021). Comparative genomic analyses of B-lactamase (blaCMY-42)-
encoding plasmids isolated from wastewater treatment plants in Canada.
Canadian Journal of Microbiology, 67(10), 737—748.
https://doi.org/10.1139/cjm-2021-0012

Alatrash, A. K. M., & Al-yasseen, A. K. (2017). Detection of urer and urec among
Proteus mirabilis. Asian Journal of Pharmaceutical and Clinical Research,
10(8), 386. https://doi.org/10.22159/ajpcr.2017.v10i8.18987

Alcock, B. P., Raphenya, A. R., Lau, T. T. Y., Tsang, K. K., Bouchard, M.,
Edalatmand, A., Huynh, W., Nguyen, A. L. V., Cheng, A. A,, Liu, S., Min, S.
Y., Miroshnichenko, A., Tran, H. K., Werfalli, R. E., Nasir, J. A., Oloni, M.,
Speicher, D. J., Florescu, A., Singh, B., . . . McArthur, A. G. (2019). CARD
2020: antibiotic resistome surveillance with the comprehensive antibiotic
resistance database. Nucleic Acids Research, 48(D1), D517-D525.
https://doi.org/10.1093/nar/gkz935

Allen, H. K. (2014). Antibiotic resistance gene discovery in food-producing animals.
Current Opinion in Microbiology, 19, 25-29.
https://doi.org/10.1016/j.mib.2014.06.001

Allen, H. K., Moe, L. A., Rodbumrer, J., Gaarder, A., & Handelsman, J. (2008).
Functional metagenomics reveals diverse B-lactamases in a remote Alaskan
soil. The ISME Journal, 3(2), 243-251. https://doi.org/10.1038/ismej.2008.86

71



Alonso, C., Zarazaga, M., ben Sallem, R., Jouini, A., ben Slama, K., & Torres, C.
(2017). Antibiotic resistance in Escherichia coli in husbandry animals: the
African perspective. Letters in Applied Microbiology, 64(5), 318-334.
https://doi.org/10.1111/lam.12724

Amaral, L., Martins, A., Spengler, G., & Molnar, J. (2014). Efflux pumps of Gram-
negative bacteria: what they do, how they do it, with what and how to deal
with them. Frontiers in Pharmacology, 4, 168.
https://doi.org/10.3389/fphar.2013.00168

Arais, L. R., Barbosa, A. V., Carvalho, C. A., & Cerqueira, A. M. F. (2016).
Antimicrobial resistance, integron carriage, and gyrA and gyrB mutations in
Pseudomonas aeruginosa isolated from dogs with otitis externa and
pyoderma in Brazil. Veterinary Dermatology, 27(2), 113-e31.
https://doi.org/10.1111/vde.12290

Arango-Argoty, G., Garner, E., Pruden, A., Heath, L. S., Vikesland, P., & Zhang, L.
(2018). DeepARG: a deep learning approach for predicting antibiotic
resistance genes from metagenomic data. Microbiome, 6(1), 1-15.
https://doi.org/10.1186/s40168-018-0401-z

Argudin, M., Deplano, A., Meghraoui, A., Dodémont, M., Heinrichs, A., Denis, O.,
Nonhoff, C., & Roisin, S. (2017). Bacteria from Animals as a Pool of
Antimicrobial Resistance Genes. Antibiotics, 6(2), 12.
https://doi.org/10.3390/antibiotics6020012

Armbruster, C. E., Mobley, H. L. T., & Pearson, M. M. (2018). Pathogenesis of
Proteus mirabilis Infection. EcoSal Plus, 8(1).
https://doi.org/10.1128/ecosalplus.esp-0009-2017

Aslam, B., Wang, W., Arshad, M. I., Khurshid, M., Muzammil, S., Rasool, M. H.,
Nisar, M. A., Alvi, R. F., Aslam, M. A., Qamar, M. U., Salamat, M. K. F., &
Baloch, Z. (2018). Antibiotic resistance: a rundown of a global crisis.
Infection and Drug Resistance, Volume 11, 1645-1658.
https://doi.org/10.2147/idr.s173867

Aworh, M. K., Kwaga, J., Okolocha, E., Harden, L., Hull, D., Hendriksen, R. S., &
Thakur, S. (2020). Extended-spectrum 3-lactamase-producing Escherichia

72



coli among humans, chickens and poultry environments in Abuja, Nigeria.
One Health Outlook, 2(1). https://doi.org/10.1186/s42522-020-00014-7

Awosile, B., Agbaje, M., Adebowale, O., Kehinde, O., & Omoshaba, E. (2020).
Beta-Lactamase Resistance Genes in Enterobacteriaceae from Nigeria.
Preprints, 1. https://doi.org/10.20944/preprints202008.0635.v1

Babiker, A., Mustapha, M. M., Pacey, M. P., Shutt, K. A., Ezeonwuka, C. D., Ohm,
S. L., Cooper, V. S., Marsh, J. W., Doi, Y., & Harrison, L. H. (2019). Use of
online tools for antimicrobial resistance prediction by whole-genome
sequencing in methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant enterococci (VRE). Journal of Global Antimicrobial
Resistance, 19, 136-143. https://doi.org/10.1016/j.jgar.2019.04.006

Badau, E. (2021). A One Health perspective on the issue of the antibiotic resistance.
Parasite, 28, 16. https://doi.org/10.1051/parasite/2021006

Baker, S., Thomson, N., Weill, F. X., & Holt, K. E. (2018). Genomic insights into
the emergence and spread of antimicrobial-resistant bacterial pathogens.
Science, 360(6390), 733-738. https://doi.org/10.1126/science.aar3777

Baquero, F., Martinez, J. L., & Canton, R. (2008). Antibiotics and antibiotic
resistance in water environments. Current Opinion in Biotechnology, 19(3),
260-265. https://doi.org/10.1016/j.copbio.2008.05.006

Barie, P. S., Eachempati, S. R., & Shapiro, M. J. (2008). Antibacterial Therapy: The
Old, The New, And the Future. Current Therapy of Trauma and Surgical
Critical Care, 688—701. https://doi.org/10.1016/b978-0-323-04418-9.50101-
6

Bengtsson-Palme, J. (2018). The diversity of uncharacterized antibiotic resistance
genes can be predicted from known gene variants—but not always.
Microbiome, 6(1), 125. https://doi.org/10.1186/s40168-018-0508-2

Bengtsson-Palme, J., Angelin, M., Huss, M., Kjellgvist, S., Kristiansson, E.,
Palmgren, H., Larsson, D. G. J., & Johansson, A. (2015). The Human Gut
Microbiome as a Transporter of Antibiotic Resistance Genes between
Continents. Antimicrobial Agents and Chemotherapy, 59(10), 6551-6560.
https://doi.org/10.1128/aac.00933-15

73



Berendonk, T. U., Manaia, C. M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Walsh,
F., Burgmann, H., Sgrum, H., Norstrom, M., Pons, M. N., Kreuzinger, N.,
Huovinen, P., Stefani, S., Schwartz, T., Kisand, V., Baquero, F., & Martinez,
J. L. (2015). Tackling antibiotic resistance: the environmental framework.
Nature Reviews Microbiology, 13(5), 310-317.
https://doi.org/10.1038/nrmicro3439

Bharti, R., & Grimm, D. G. (2019). Current challenges and best-practice protocols
for microbiome analysis. Briefings in Bioinformatics, 22(1), 178-193.
https://doi.org/10.1093/bib/bbz155

Bilen, M., Dufour, J. C., Lagier, J. C., Cadoret, F., Daoud, Z., Dubourg, G., &
Raoult, D. (2018). The contribution of culturomics to the repertoire of
isolated human bacterial and archaeal species. Microbiome, 6(1), 1-11.
https://doi.org/10.1186/s40168-018-0485-5

Bitar, 1., Papagiannitsis, C. C., Kraftova, L., Chudejova, K., Mattioni Marchetti, V.,
& Hrabak, J. (2020). Detection of Five mcr-9 -Carrying Enterobacterales
Isolates in Four Czech Hospitals. MSphere, 5(6).
https://doi.org/10.1128/msphere.01008-20

Blair, J. M., Richmond, G. E., & Piddock, L. J. (2014). Multidrug efflux pumps in
Gram-negative bacteria and their role in antibiotic resistance. Future
Microbiology, 9(10), 1165-1177. https://doi.org/10.2217/fmb.14.66

Boamah, V. E., Agyare, C., & Dalsgaard, A. (2016). Practices and Factors
Influencing the Use of Antibiotics in Selected Poultry Farms in Ghana.
Journal of Antimicrobial Agents, 2(2), 1-8. https://doi.org/10.4172/2472-
1212.1000120

Boers, S. A., Jansen, R., & Hays, J. P. (2019). Understanding and overcoming the
pitfalls and biases of next-generation sequencing (NGS) methods for use in
the routine clinical microbiological diagnostic laboratory. European Journal
of Clinical Microbiology & Infectious Diseases, 38(6), 1059-1070.
https://doi.org/10.1007/s10096-019-03520-3

Bonomo, R. A. (2016). B-Lactamases: A Focus on Current Challenges. Cold Spring
Harbor Perspectives in Medicine, 7(1), a025239.

https://doi.org/10.1101/cshperspect.a025239
74



Boolchandani, M., D’Souza, A. W., & Dantas, G. (2019). Sequencing-based
methods and resources to study antimicrobial resistance. Nature Reviews
Genetics, 20(6), 356-370. https://doi.org/10.1038/s41576-019-0108-4

Boonyasiri, A., Tangkoskul, T., Seenama, C., Saiyarin, J., Tiengrim, S., &
Thamlikitkul, V. (2014). Prevalence of antibiotic resistant bacteria in healthy
adults, foods, food animals, and the environment in selected areas in
Thailand. Pathogens and Global Health, 108(5), 235-245.
https://doi.org/10.1179/2047773214y.0000000148

Borjesson, S., Dienues, O., Jarnheimer, P. K., Olsen, B., Matussek, A., & Lindgren,
P. E. (2009). Quantification of genes encoding resistance to aminoglycosides,
B-lactams and tetracyclines in wastewater environments by real-time PCR.
International Journal of Environmental Health Research, 19(3), 219-230.
https://doi.org/10.1080/09603120802449593

Borquaye, L. S., Ekuadzi, E., Darko, G., Ahor, H. S., Nsiah, S. T., Lartey, J. A.,
Mutala, A. H., Boamah, V. E., & Woode, E. (2019). Occurrence of
Antibiotics and Antibiotic-Resistant Bacteria in Landfill Sites in Kumasi,
Ghana. Journal of Chemistry, 2019, 1-10.
https://doi.org/10.1155/2019/6934507

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V.,
Philippon, A., Allesoe, R. L., Rebelo, A. R., Florensa, A. F., Fagelhauer, L.,
Chakraborty, T., Neumann, B., Werner, G., Bender, J. K., Stingl, K.,
Nguyen, M., Coppens, J., Xavier, B. B., . . . Aarestrup, F. M. (2020).
ResFinder 4.0 for predictions of phenotypes from genotypes. Journal of
Antimicrobial Chemotherapy, 75(12), 3491-3500.
https://doi.org/10.1093/jac/dkaa345

Bradford, P. A. (2001). Extended-Spectrum B-Lactamases in the 21st Century:
Characterization, Epidemiology, and Detection of This Important Resistance
Threat. Clinical Microbiology Reviews, 14(4), 933-951.
https://doi.org/10.1128/cmr.14.4.933-951.2001

Bréchet, C., Plantin, J., Sauget, M., Thouverez, M., Talon, D., Cholley, P., Guyeux,
C., Hocquet, D., & Bertrand, X. (2014). Wastewater Treatment Plants

Release Large Amounts of Extended-Spectrum B-Lactamase—Producing
75



Escherichia coli Into the Environment. Clinical Infectious Diseases, 58(12),
1658-1665. https://doi.org/10.1093/cid/ciu190

Breitwieser, F. P., Lu, J., & Salzberg, S. L. (2017). A review of methods and
databases for metagenomic classification and assembly. Briefings in
Bioinformatics, 20(4), 1125-1136. https://doi.org/10.1093/bib/bbx120

Brettin, T., Davis, J. J., Disz, T., Edwards, R. A., Gerdes, S., Olsen, G. J., Olson, R.,
Overbeek, R., Parrello, B., Pusch, G. D., Shukla, M., Thomason, J. A.,
Stevens, R., Vonstein, V., Wattam, A. R., & Xia, F. (2015). RASTtk: A
modular and extensible implementation of the RAST algorithm for building
custom annotation pipelines and annotating batches of genomes. Scientific
Reports, 5(1), 8365. https://doi.org/10.1038/srep08365

Brink, A., Moolman, J., da Silva, M. C., & Botha, M. (2007). Antimicrobial
susceptibility profile of selected bacteraemic pathogens from private
institutions in South Africa. Outh African Medical Journal = Suid-Afrikaanse
Tydskrif Vir Geneeskunde, 97(4), 273-279.

Bryan, A., Shapir, N., & Sadowsky, M. J. (2004). Frequency and Distribution of
Tetracycline Resistance Genes in Genetically Diverse, Nonselected, and
Nonclinical Escherichia coli Strains Isolated from Diverse Human and
Animal Sources. Applied and Environmental Microbiology, 70(4), 2503—
2507. https://doi.org/10.1128/aem.70.4.2503-2507.2004

Bush, K., & Jacoby, G. A. (2010). Updated Functional Classification of -
Lactamases. Antimicrobial Agents and Chemotherapy, 54(3), 969-976.
https://doi.org/10.1128/aac.01009-09

Cambaco, O., Alonso Menendez, Y., Kinsman, J., Sigatque, B., Wertheim, H., Do,
N., Gyapong, M., John-Langba, J., Sevene, E., & Munguambe, K. (2020).
Community knowledge and practices regarding antibiotic use in rural
Mozambique: where is the starting point for prevention of antibiotic
resistance? BMC Public Health, 20(1), 1-15. https://doi.org/10.1186/s12889-
020-09243-x

Capewell, P., Rupp, A., Fuentes, M., McDonald, M., & Weir, W. (2020). Fatal
Clostridium sordellii-mediated hemorrhagic and necrotizing

76



gastroenteropathy in a dog: case report. BMC Veterinary Research, 16(1), 1-
5. https://doi.org/10.1186/s12917-020-02362-y

Carattoli, A., Lovari, S., Franco, A., Cordaro, G., di Matteo, P., & Battisti, A.
(2005). Extended-Spectrum B-Lactamases in Escherichia coli Isolated from
Dogs and Cats in Rome, Italy, from 2001 to 2003. Antimicrobial Agents and
Chemotherapy, 49(2), 833-835. https://doi.org/10.1128/aac.49.2.833-
835.2005

Carattoli, A., Zankari, E., Garcia-Fernandez, A., Voldby Larsen, M., Lund, O., Villa,
L., Maller Aarestrup, F., & Hasman, H. (2014). In Silico Detection and
Typing of Plasmids using PlasmidFinder and Plasmid Multilocus Sequence
Typing. Antimicrobial Agents and Chemotherapy, 58(7), 3895-3903.
https://doi.org/10.1128/aac.02412-14

Cariou, M., Ribiere, C., Morliere, S., Gauthier, J. P., Simon, J. C., Peyret, P., &
Charlat, S. (2018). Comparing 16S rDNA amplicon sequencing and
hybridization capture for pea aphid microbiota diversity analysis. BMC
Research Notes, 11(1), 461. https://doi.org/10.1186/5s13104-018-3559-3

Carvalho, A., Barbosa, A., Arais, L., Ribeiro, P., Carneiro, V., & Cerqueira, A.
(2016). Resistance patterns, ESBL genes, and genetic relatedness of
Escherichia coli from dogs and owners. Brazilian Journal of Microbiology,
47(1), 150-158. https://doi.org/10.1016/j.bjm.2015.11.005

Chang, S. K., Lo, D. Y., Wei, H. W., & Kuo, H. C. (2015). Antimicrobial resistance
of Escherichia coli isolates from canine urinary tract infections. Journal of
Veterinary Medical Science, 77(1), 59-65. https://doi.org/10.1292/jvms.13-
0281

Chen, H., Shu, W., Chang, X., Chen, J. A., Guo, Y., & Tan, Y. (2010). The profile of
antibiotics resistance and integrons of extended-spectrum beta-lactamase
producing thermotolerant coliforms isolated from the Yangtze River basin in
Chongging. Environmental Pollution, 158(7), 2459-2464.
https://doi.org/10.1016/j.envpol.2010.03.023

Chen, L., Wang, L., Yassin, A. K., Zhang, J., Gong, J., Qi, K., Ganta, R. R., Zhang,
Y., Yang, Y., Han, X., & Wang, C. (2018). Genetic characterization of

77



extraintestinal Escherichia coli isolates from chicken, cow, and swine. AMB
Express, 8(1), 117. https://doi.org/10.1186/s13568-018-0646-8

Cheng, J., Tang, X., & Liu, C. (2020). Occurrence and distribution of antibiotic
resistance genes in various rural environmental media. Environmental
Science and Pollution Research, 27(23), 29191-29203.
https://doi.org/10.1007/s11356-020-09287-x

Cheng, W., Chen, H., Su, C., & Yan, S. (2013). Abundance and persistence of
antibiotic resistance genes in livestock farms: A comprehensive investigation
in eastern China. Environment International, 61, 1-7.
https://doi.org/10.1016/j.envint.2013.08.023

Chi, X., Berglund, B., Zou, H., Zheng, B., Borjesson, S., Ji, X., Ottoson, J.,
Lundborg, C. S., Li, X., & Nilsson, L. E. (2019). Characterization of
Clinically Relevant Strains of Extended-Spectrum -Lactamase-Producing
Klebsiella pneumoniae Occurring in Environmental Sources in a Rural Area
of China by Using Whole-Genome Sequencing. Frontiers in Microbiology,
10, 211. https://doi.org/10.3389/fmicbh.2019.00211

Chokshi, A., Sifri, Z., Cennimo, D., & Horng, H. (2019). Global contributors to
antibiotic resistance. Journal of Global Infectious Diseases, 11(1), 36-42.
https://doi.org/10.4103/jgid.jgid_110 18

Chopyk, J., Allard, S., Nasko, D. J., Bui, A., Mongodin, E. F., & Sapkota, A. R.
(2018). Agricultural Freshwater Pond Supports Diverse and Dynamic
Bacterial and Viral Populations. Frontiers in Microbiology, 9, 792.
https://doi.org/10.3389/fmicb.2018.00792

Clausen, P. T. L. C., Zankari, E., Aarestrup, F. M., & Lund, O. (2016).
Benchmarking of methods for identification of antimicrobial resistance genes
in bacterial whole genome data. Journal of Antimicrobial Chemotherapy,
71(9), 2484-2488. https://doi.org/10.1093/jac/dkw184

Coque, T. M., Novais, N., Carattoli, A., Poirel, L., Pitout, J., Peixe, L., Baquero, F.,
Canton, R., & Nordmann, P. (2008). Dissemination of Clonally Related
Escherichia coli Strains Expressing Extended-Spectrum p-Lactamase CTX-
M-15. Emerging Infectious Diseases, 14(2), 195-200.

https://doi.org/10.3201/eid1402.070350
78



Costa, D., Poeta, P., Séenz, Y., Coelho, A. C., Matos, M., Vinué, L., Rodrigues, J.,
& Torres, C. (2008). Prevalence of antimicrobial resistance and resistance
genes in faecal Escherichia coli isolates recovered from healthy pets.
Veterinary Microbiology, 127(1-2), 97-105.
https://doi.org/10.1016/j.vetmic.2007.08.004

Costa, D., Poeta, P., Saenz, Y., Vinue, L., Rojo-Bezares, B., Jouini, A., Zarazaga,
M., Rodrigues, J., & Torres, C. (2006). Detection of Escherichia coli
harbouring extended-spectrum -lactamases of the CTX-M, TEM and SHV
classes in faecal samples of wild animals in Portugal. Journal of
Antimicrobial Chemotherapy, 58(6), 1311-1312.
https://doi.org/10.1093/jac/dkl415

D’Amore, R., [jaz, U. Z., Schirmer, M., Kenny, J. G., Gregory, R., Darby, A. C.,
Shakya, M., Podar, M., Quince, C., & Hall, N. (2016). A comprehensive
benchmarking study of protocols and sequencing platforms for 16S rRNA
community profiling. BMC Genomics, 17(1). https://doi.org/10.1186/512864-
015-2194-9

Das, B. K., Behera, B. K., Chakraborty, H. J., Paria, P., Gangopadhyay, A., Rout, A.
K., Nayak, K. K., Parida, P. K., & Rai, A. (2020). Metagenomic study
focusing on antibiotic resistance genes from the sediments of River Yamuna.
Gene, 758, 144951. https://doi.org/10.1016/j.gene.2020.144951

Davis, J. J., Gerdes, S., Olsen, G. J., Olson, R., Pusch, G. D., Shukla, M., Vonstein,
V., Wattam, A. R., & Y00, H. (2016). PATtyFams: Protein Families for the
Microbial Genomes in the PATRIC Database. Frontiers in Microbiology, 7,
118. https://doi.org/10.3389/fmicb.2016.00118

Deal, E. N., Micek, S. T., Ritchie, D. J., Reichley, R. M., Dunne, W. M., Jr., &
Kollef, M. H. (2007). Predictors of In-Hospital mortality for bloodstream
infections caused by Enterobacter species or Citrobacter freundii.
Pharmacotherapy, 27(2), 191-199. https://doi.org/10.1592/phco.27.2.191

de Jong, A., Muggeo, A., El Garch, F., Moyaert, H., de Champs, C., & Guillard, T.
(2018). Characterization of quinolone resistance mechanisms in

Enterobacteriaceae isolated from companion animals in Europe (ComPath II

79



study). Veterinary Microbiology, 216, 159-167.
https://doi.org/10.1016/j.vetmic.2018.02.002

Deng, P., & Swanson, K. S. (2014). Gut microbiota of humans, dogs and cats:
Current knowledge and future opportunities and challenges. British Journal
of Nutrition, 113(S1), S6-S17. https://doi.org/10.1017/s0007114514002943

Desdouits, M., de Graaf, M., Strubbia, S., Oude Munnink, B. B., Kroneman, A, le
Guyader, F. S., & Koopmans, M. P. G. (2020). Novel opportunities for NGS-
based one health surveillance of foodborne viruses. One Health Outlook,
2(1). https://doi.org/10.1186/s42522-020-00015-6

Dhillon, R. H. P., & Clark, J. (2012). ESBLs: A Clear and Present Danger? Critical
Care Research and Practice, 2012, 1-11.
https://doi.org/10.1155/2012/625170

Dhingra, S., Rahman, N. A. A,, Peile, E., Rahman, M., Sartelli, M., Hassali, M. A.,
Islam, T., Islam, S., & Haque, M. (2020). Microbial Resistance Movements:
An Overview of Global Public Health Threats Posed by Antimicrobial
Resistance, and How Best to Counter. Frontiers in Public Health, 8, 1-22.
https://doi.org/10.3389/fpubh.2020.535668

Didelot, X., Bowden, R., Wilson, D. J., Peto, T. E. A., & Crook, D. W. (2012).
Transforming clinical microbiology with bacterial genome sequencing.
Nature Reviews Genetics, 13(9), 601-612. https://doi.org/10.1038/nrg3226

Do, N. T. T., Vu, H. T. L., Nguyen, C. T. K., Punpuing, S., Khan, W. A., Gyapong,
M., Asante, K. P., Munguambe, K., Gomez-Olivé, F. X., John-Langba, J.,
Tran, T. K., Sunpuwan, M., Sevene, E., Nguyen, H. H., Ho, P. D., Matin, M.
A., Ahmed, S., Karim, M. M., Cambaco, O., . .. Wertheim, H. F. L. (2021).
Community-based antibiotic access and use in six low-income and middle-
income countries: a mixed-method approach. The Lancet Global Health,
9(5), €610-e619. https://doi.org/10.1016/s2214-109x(21)00024-3

Doménech-Sanchez, A., Martinez-Martinez, L., Hernandez-Allés, S., del Carmen
Conejo, M., Pascual, A., Tomas, J. M., Alberti, S., & Benedi, V. J. (2003).
Role of Klebsiella pneumoniae OmpK35 Porin in Antimicrobial Resistance.
Antimicrobial Agents and Chemotherapy, 47(10), 3332—-3335.

https://doi.org/10.1128/aac.47.10.3332-3335.2003
80



dos Santos, H. R. M., Argolo, C. S., Argélo-Filho, R. C., & Loguercio, L. L. (2019).
A 16S rDNA PCR-based theoretical to actual delta approach on culturable
mock communities revealed severe losses of diversity information. BMC
Microbiology, 19(1), 74. https://doi.org/10.1186/s12866-019-1446-2

Doster, E., Thomas, K. M., Weinroth, M. D., Parker, J. K., Crone, K. K., Arthur, T.
M., Schmidt, J. W., Wheeler, T. L., Belk, K. E., & Morley, P. S. (2020).
Metagenomic Characterization of the Microbiome and Resistome of Retail
Ground Beef Products. Frontiers in Microbiology, 11, 541972,
https://doi.org/10.3389/fmicb.2020.541972

Drzewiecka, D. (2016). Significance and Roles of Proteus spp. Bacteria in Natural
Environments. Microbial Ecology, 72(4), 741-758.
https://doi.org/10.1007/s00248-015-0720-6

Du, C., Feng, Y., Wang, G., Zhang, Z., Hu, H., Yu, Y., Liu, J.,, Qiu, L., Liu, H., Guo,
Z., Huang, J., & Qiu, J. (2020). Co-Occurrence of the mcr-1.1 and mcr-3.7
Genes in a Multidrug-Resistant Escherichia coli Isolate from China. Infection
and Drug Resistance, Volume 13, 3649-3655.
https://doi.org/10.2147/idr.s268787

Durso, L. M., & Cook, K. L. (2014). Impacts of antibiotic use in agriculture: What
are the benefits and risks? Current Opinion in Microbiology, 19, 37-44.
https://doi.org/10.1016/j.mib.2014.05.019

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Research, 32(5), 1792-1797.
https://doi.org/10.1093/nar/gkh340

Ejaz, H., Younas, S., Abosalif, K. O. A., Junaid, K., Alzahrani, B., Alsrhani, A.,
Abdalla, A. E., Ullah, M. 1., Qamar, M. U., & Hamam, S. S. M. (2021).
Molecular analysis of blaSHV, blaTEM, and blaCTX-M in extended-
spectrum B-lactamase producing Enterobacteriaceae recovered from feces
specimens of animals. PLOS ONE, 16(1), e0245126.
https://doi.org/10.1371/journal.pone.0245126

Espin, Y., Menchén, A., Moreno, J. L., Sanz, D., Alvarez-Orti, M., Fernandez, J. A.,
& Gomez-Alday, J. J. (2021). Water and Sediment Bacterial Communities in

81



a Small Mediterranean, Oxygen-Stratified, Saline Lake (Lake Alboraj, SE
Spain). Applied Sciences, 11(14), 6309. https://doi.org/10.3390/app11146309

European Centre for Disease Prevention and Control. (2015, November 16).
Antimicrobial resistance surveillance in Europe 2014. Retrieved September
5, 2021, from https://www.ecdc.europa.eu/en/publications-
data/antimicrobial-resistance-surveillance-europe-2014

European Food Safety and Authority & European Centre for Disease Prevention and
Control. (2021). The European Union Summary Report on Antimicrobial
Resistance in zoonotic and indicator bacteria from humans, animals and food
in 2018/2019. EFSA Journal, 19(4). https://doi.org/10.2903/j.efsa.2021.6490

Evans, B. A., & Amyes, S. G. B. (2014). OXA B-Lactamases. Clinical Microbiology
Reviews, 27(2), 241-263. https://doi.org/10.1128/cmr.00117-13

Ewers, C., Bethe, A., Semmler, T., Guenther, S., & Wieler, L. (2012). Extended-
spectrum B-lactamase-producing and AmpC-producing Escherichia coli from
livestock and companion animals, and their putative impact on public health:
a global perspective. Clinical Microbiology and Infection, 18(7), 646—655.
https://doi.org/10.1111/j.1469-0691.2012.03850.x

Ewers, C., Bethe, A., Wieler, L. H., Guenther, S., Stamm, I., Kopp, P. A., &
Grobbel, M. (2011). Companion animals: a relevant source of extended-
spectrum B-lactamase-producing fluoroquinolone-resistant Citrobacter
freundii. International Journal of Antimicrobial Agents, 37(1), 86-87.
https://doi.org/10.1016/j.ijantimicag.2010.09.007

Falgenhauer, L., Schwengers, O., Schmiedel, J., Baars, C., Lambrecht, O., Hef3, S.,
Berendonk, T. U., Falgenhauer, J., Chakraborty, T., & Imirzalioglu, C.
(2019). Multidrug-Resistant and Clinically Relevant Gram-Negative Bacteria
Are Present in German Surface Waters. Frontiers in Microbiology, 10, 2779.
https://doi.org/10.3389/fmicb.2019.02779

Feldgarden, M., Brover, V., Haft, D. H., Prasad, A. B., Slotta, D. J., Tolstoy, I.,
Tyson, G. H., Zhao, S., Hsu, C. H., McDermott, P. F., Tadesse, D. A.,
Morales, C., Simmons, M., Tillman, G., Wasilenko, J., Folster, J. P., &
Klimke, W. (2019). Validating the AMRFinder Tool and Resistance Gene

Database by Using Antimicrobial Resistance Genotype-Phenotype
82



Correlations in a Collection of Isolates. Antimicrobial Agents and
Chemotherapy, 63(11), 1-19. https://doi.org/10.1128/aac.00483-19
Fernandez, L., & Hancock, R. E. W. (2012). Adaptive and Mutational Resistance:

Role of Porins and Efflux Pumps in Drug Resistance. Clinical Microbiology
Reviews, 25(4), 661-681. https://doi.org/10.1128/cmr.00043-12

Fevre, C., Passet, V., Weill, F. X., Grimont, P. A. D., & Brisse, S. (2005). Variants
of the Klebsiella pneumoniae OKP Chromosomal Beta-Lactamase Are
Divided into Two Main Groups, OKP-A and OKP-B. Antimicrobial Agents
and Chemotherapy, 49(12), 5149-5152.
https://doi.org/10.1128/aac.49.12.5149-5152.2005

Finton, M. D., Meisal, R., Porcellato, D., Brandal, L. T., & Lindstedt, B. A. (2020).
Whole Genome Sequencing and Characterization of Multidrug-Resistant
(MDR) Bacterial Strains Isolated from a Norwegian University Campus
Pond. Frontiers in Microbiology, 11, 1273.
https://doi.org/10.3389/fmicb.2020.01273

Fitzpatrick, D., & Walsh, F. (2016). Antibiotic resistance genes across a wide variety
of metagenomes. FEMS Microbiology Ecology, 92(2), 1-8.
https://doi.org/10.1093/femsec/fiv168

Fleming, A. (1980). On the Antibacterial Action of Cultures of a Penicillium, with
Special Reference to Their Use in the Isolation of B. influenzae. Clinical
Infectious Diseases, 2(1), 129-139. https://doi.org/10.1093/clinids/2.1.129

Forbes, J. D., Knox, N. C., Ronholm, J., Pagotto, F., & Reimer, A. (2017).
Metagenomics: The Next Culture-Independent Game Changer. Frontiers in
Microbiology, 8, 1-21. https://doi.org/10.3389/fmich.2017.01069

Founou, L., Founou, R., Ntshobeni, N., Govinden, U., Bester, L., Chenia, H., Djoko,
C., & Essack, S. (2019). Emergence and Spread of Extended Spectrum -
Lactamase Producing Enterobacteriaceae (ESBL-PE) in Pigs and Exposed
Workers: A Multicentre Comparative Study between Cameroon and South
Africa. Pathogens, 8(1), 10. https://doi.org/10.3390/pathogens8010010

83



Founou, L. L., Founou, R. C., & Essack, S. Y. (2016). Antibiotic Resistance in the
Food Chain: A Developing Country-Perspective. Frontiers in Microbiology,
7, 1-19. https://doi.org/10.3389/fmich.2016.01881

Founou, R. C., Founou, L. L., Allam, M., Ismail, A., & Essack, S. Y. (2019). Whole
Genome Sequencing of Extended Spectrum B-lactamase (ESBL)-producing
Klebsiella pneumoniae Isolated from Hospitalized Patients in KwaZulu-
Natal, South Africa. Scientific Reports, 9(1), 1-11.
https://doi.org/10.1038/s41598-019-42672-2

Garcia-Mazcorro, J., & Minamoto, Y. (2013). Gastrointestinal microorganisms in
cats and dogs: a brief review. Archivos de Medicina Veterinaria, 45(2), 111—
124. https://doi.org/10.4067/s0301-732x2013000200002

Gatica, J., Yang, K., Pagaling, E., Jurkevitch, E., Yan, T., & Cytryn, E. (2015).
Resistance of Undisturbed Soil Microbiomes to Ceftriaxone Indicates
Extended Spectrum B-Lactamase Activity. Frontiers in Microbiology, 6, 1—
11. https://doi.org/10.3389/fmich.2015.01233

Gaynes, R. (2017). The Discovery of Penicillin—New Insights After More Than 75
Years of Clinical Use. Emerging Infectious Diseases, 23(5), 849-853.
https://doi.org/10.3201/eid2305.161556

Gazdag, O., Takécs, T., Kbddbocz, L., Krett, G., & Szili-Kovécs, T. (2018).
Alphaproteobacteria communities depend more on soil types than land
managements. Acta Agriculturae Scandinavica, Section B — Soil & Plant
Science, 69(2), 147-154. https://doi.org/10.1080/09064710.2018.1520289

Gerner-Smidt, P., Besser, J., Concepcidn-Acevedo, J., Folster, J. P., Huffman, J.,
Joseph, L. A., Kucerova, Z., Nichols, M. C., Schwensohn, C. A., & Tolar, B.
(2019). Whole Genome Sequencing: Bridging One-Health Surveillance of
Foodborne Diseases. Frontiers in Public Health, 7, 1-11.
https://doi.org/10.3389/fpubh.2019.00172

Giani, T., Antonelli, A., Caltagirone, M., Mauri, C., Nicchi, J., Arena, F., Nucleo, E.,
Bracco, S., Pantosti, A., Luzzaro, F., Pagani, L., & Rossolini, G. M. (2017).
Evolving beta-lactamase epidemiology in Enterobacteriaceae from Italian
nationwide surveillance, October 2013: KPC-carbapenemase spreading

84



among outpatients. Eurosurveillance, 22(31), 31.
https://doi.org/10.2807/1560-7917.es.2017.22.31.30583

Gibson, J. S., Cobbold, R. N., Kyaw-Tanner, M. T., Heisig, P., & Trott, D. J. (2010).
Fluoroquinolone resistance mechanisms in multidrug-resistant Escherichia
coli isolated from extraintestinal infections in dogs. Veterinary
Microbiology, 146(1-2), 161-166.
https://doi.org/10.1016/j.vetmic.2010.04.012

Giske, C. G., Sundsfjord, A. S., Kahlmeter, G., Woodford, N., Nordmann, P.,
Paterson, D. L., Canton, R., & Walsh, T. R. (2008). Redefining extended-
spectrum -lactamases: balancing science and clinical need. Journal of
Antimicrobial Chemotherapy, 63(1), 1-4. https://doi.org/10.1093/jac/dkn444

Gohl, D. M., Vangay, P., Garbe, J., MacLean, A., Hauge, A., Becker, A., Gould, T.
J., Clayton, J. B., Johnson, T. J., Hunter, R., Knights, D., & Beckman, K. B.
(2016). Systematic improvement of amplicon marker gene methods for
increased accuracy in microbiome studies. Nature Biotechnology, 34(9),
942-949. https://doi.org/10.1038/nbt.3601

Gordon, N. C., Price, J. R., Cole, K., Everitt, R., Morgan, M., Finney, J., Kearns, A.
M., Pichon, B., Young, B., Wilson, D. J., LIewelyn, M. J., Paul, J., Peto, T.
E. A., Crook, D. W., Walker, A. S., & Golubchik, T. (2014). Prediction of
Staphylococcus aureus Antimicrobial Resistance by Whole-Genome
Sequencing. Journal of Clinical Microbiology, 52(4), 1182-1191.
https://doi.org/10.1128/jcm.03117-13

Grant, J. R., & Stothard, P. (2008). The CGView Server: a comparative genomics
tool for circular genomes. Nucleic Acids Research, 36(Web Server), W181-
W184. https://doi.org/10.1093/nar/gkn179

Grundmann, H., Glasner, C., Albiger, B., Aanensen, D. M., Tomlinson, C. T.,
Andrasevi¢, A. T., Canton, R., Carmeli, Y., Friedrich, A. W., Giske, C. G.,
Glupczynski, Y., Gniadkowski, M., Livermore, D. M., Nordmann, P., Poirel,
L., Rossolini, G. M., Seifert, H., Vatopoulos, A., Walsh, T., . .. Brown, D. J.
(2017). Occurrence of carbapenemase-producing Klebsiella pneumoniae and
Escherichia coli in the European survey of carbapenemase-producing

Enterobacteriaceae (EUSCAPE): a prospective, multinational study. The
85



Lancet Infectious Diseases, 17(2), 153-163. https://doi.org/10.1016/s1473-
3099(16)30257-2

Gu, Y., Shen, S., Han, B., Tian, X., Yang, F., & Zhang, K. (2020). Family livestock
waste: An ignored pollutant resource of antibiotic resistance genes.
Ecotoxicology and Environmental Safety, 197, 110567.
https://doi.org/10.1016/j.ecoenv.2020.110567

Guo, J., Li, J., Chen, H., Bond, P. L., & Yuan, Z. (2017). Metagenomic analysis
reveals wastewater treatment plants as hotspots of antibiotic resistance genes
and mobile genetic elements. Water Research, 123, 468-478.
https://doi.org/10.1016/j.watres.2017.07.002

Gupta, S. K., Padmanabhan, B. R., Diene, S. M., Lopez-Rojas, R., Kempf, M.,
Landraud, L., & Rolain, J. M. (2013). ARG-ANNOT, a New Bioinformatic
Tool to Discover Antibiotic Resistance Genes in Bacterial Genomes.
Antimicrobial Agents and Chemotherapy, 58(1), 212—220.
https://doi.org/10.1128/aac.01310-13

Hall, B. G., & Barlow, M. (2005). Revised Ambler classification of B-lactamases.
Journal of Antimicrobial Chemotherapy, 55(6), 1050-1051.
https://doi.org/10.1093/jac/dki130

Hammerum, A., & Heuer, O. (2009). Human Health Hazards from Antimicrobial-
Resistant Escherichia coli of Animal Origin. Clinical Infectious Diseases,
48(7), 916-921. https://doi.org/10.1086/597292

Han, P. (2019). Prevalence, Genetic Diversity and Antimicrobial Resistance of
Proteus mirabilis Isolated from Dogs Hospitalized in Beijing. Pakistan
Veterinary Journal, 40(1), 61-66. https://doi.org/10.29261/pakvetj/2019.101

Handelsman, J. (2005). Metagenomics: Application of Genomics to Uncultured
Microorganisms. Microbiology and Molecular Biology Reviews, 69(1), 195.
https://doi.org/10.1128/mmbr.69.1.195.2005

Harris, P. (2015). Clinical Management of Infections Caused by Enterobacteriaceae
that Express Extended-Spectrum f-Lactamase and AmpC Enzymes.
Seminars in Respiratory and Critical Care Medicine, 36(01), 056-073.
https://doi.org/10.1055/s-0034-1398387

86



Hartinger, S. M., Medina-Pizzali, M. L., Salmon-Mulanovich, G., Larson, A. J.,
Pinedo-Bardales, M., Verastegui, H., Riberos, M., & Mdusezahl, D. (2021).
Antimicrobial Resistance in Humans, Animals, Water and Household
Environs in Rural Andean Peru: Exploring Dissemination Pathways through
the One Health Lens. International Journal of Environmental Research and
Public Health, 18(9), 4604. https://doi.org/10.3390/ijerph18094604

Hasan, B., Faruque, R., Drobni, M., Waldenstrom, J., Sadique, A., Ahmed, K. U.,
Islam, Z., Parvez, M. B. H., Olsen, B., & Alam, M. (2011). High Prevalence
of Antibiotic Resistance in Pathogenic Escherichia coli from Large- and
Small-Scale Poultry Farms in Bangladesh. Avian Diseases, 55(4), 689-692.
https://doi.org/10.1637/9686-021411-reg.1

Hasman, H., Hammerum, A. M., Hansen, F., Hendriksen, R. S., Olesen, B., Agersg,
Y., Zankari, E., Leekitcharoenphon, P., Stegger, M., Kaas, R. S., Cavaco, L.
M., Hansen, D. S., Aarestrup, F. M., & Skov, R. L. (2015). Detection of mcr-
1 encoding plasmid-mediated colistin-resistant Escherichia coli isolates from
human bloodstream infection and imported chicken meat, Denmark 2015.
Eurosurveillance, 20(49), 1-5. https://doi.org/10.2807/1560-
7917.es.2015.20.49.30085

Hasman, H., Saputra, D., Sicheritz-Ponten, T., Lund, O., Svendsen, C. A., Frimodt-
Magller, N., & Aarestrup, F. M. (2014). Rapid Whole-Genome Sequencing for
Detection and Characterization of Microorganisms Directly from Clinical
Samples. Journal of Clinical Microbiology, 52(1), 139-146.
https://doi.org/10.1128/jcm.02452-13

Hassell, J. M., Ward, M. J., Muloi, D., Bettridge, J. M., Robinson, T. P., Kariuki, S.,
Ogendo, A., Kiiru, J., Imboma, T., Kang’ethe, E. K., OGhren, E. M.,
Williams, N. J., Begon, M., Woolhouse, M. E. J., & Fevre, E. M. (2019).
Clinically relevant antimicrobial resistance at the wildlife—livestock—human
interface in Nairobi: an epidemiological study. The Lancet Planetary Health,
3(6), €259-e269. https://doi.org/10.1016/s2542-5196(19)30083-x

He, Y., Yuan, Q., Mathieu, J., Stadler, L., Senehi, N., Sun, R., & Alvarez, P. J. J.
(2020). Antibiotic resistance genes from livestock waste: occurrence,

87



dissemination, and treatment. Npj Clean Water, 3(1), 4.
https://doi.org/10.1038/s41545-020-0051-0

Hendriksen, R. S., Munk, P., Njage, P., van Bunnik, B., McNally, L., Lukjancenko,
O., Roder, T., Nieuwenhuijse, D., Pedersen, S. K., Kjeldgaard, J., Kaas, R.
S., Clausen, P. T. L. C., Vogt, J. K., Leekitcharoenphon, P., van de Schans,
M. G. M., Zuidema, T., de Roda Husman, A. M., Rasmussen, S., Petersen,
B., ... Aarestrup, F. M. (2019). Global monitoring of antimicrobial
resistance based on metagenomics analyses of urban sewage. Nature
Communications, 10(1). https://doi.org/10.1038/s41467-019-08853-3

Henriot, C. P., Martak, D., Cuenot, Q., Loup, C., Masclaux, H., Gillet, F., Bertrand,
X., Hocquet, D., & Bornette, G. (2019). Occurrence and ecological
determinants of the contamination of floodplain wetlands with Klebsiella
pneumoniae and pathogenic or antibiotic-resistant Escherichia coli. FEMS
Microbiology Ecology, 95(8). https://doi.org/10.1093/femsec/fiz097

Herrig, 1., Fleischmann, S., Regnery, J., Wesp, J., Reifferscheid, G., & Manz, W.
(2020). Prevalence and seasonal dynamics of blaCTX-M antibiotic resistance
genes and feces indicator organisms in the lower Lahn River, Germany.
PLOS ONE, 15(4), e0232289. https://doi.org/10.1371/journal.pone.0232289

Holman, D. B., Brunelle, B. W., Trachsel, J., & Allen, H. K. (2017). Meta-analysis
To Define a Core Microbiota in the Swine Gut. MSystems, 2(3).
https://doi.org/10.1128/msystems.00004-17

Hordijk, J., Schoormans, A., Kwakernaak, M., Duim, B., Broens, E., Dierikx, C.,
Mevius, D., & Wagenaar, J. A. (2013). High prevalence of feces carriage of
extended spectrum B-lactamase/AmpC-producing Enterobacteriaceae in cats
and dogs. Frontiers in Microbiology, 4.
https://doi.org/10.3389/fmicb.2013.00242

Hu, X., Zhou, Q., & Luo, Y. (2010). Occurrence and source analysis of typical
veterinary antibiotics in manure, soil, vegetables and groundwater from
organic vegetable bases, northern China. Environmental Pollution, 158(9),
2992-2998. https://doi.org/10.1016/j.envpol.2010.05.023

Hunt, M., Mather, A. E., Sanchez-Bus0, L., Page, A. J., Parkhill, J., Keane, J. A., &

Harris, S. R. (2017). ARIBA: rapid antimicrobial resistance genotyping
88



directly from sequencing reads. Microbial Genomics, 3(10), e000131.
https://doi.org/10.1099/mgen.0.000131

Irenge, L. M., Ambroise, J., Bearzatto, B., Durant, J. F., Chirimwami, R. B., & Gala,
J. L. (2019). Whole-genome sequences of multidrug-resistant Escherichia
coli in South-Kivu Province, Democratic Republic of Congo:
characterization of phylogenomic changes, virulence and resistance genes.
BMC Infectious Diseases, 19(1), 1-10. https://doi.org/10.1186/s12879-019-
3763-3

Jaja, I. F., Oguttu, J., Jaja, C. J. I., & Green, E. (2020). Prevalence and distribution of
antimicrobial resistance determinants of Escherichia coli isolates obtained
from meat in South Africa. PLOS ONE, 15(5), e0216914.
https://doi.org/10.1371/journal.pone.0216914

Jaskulski, M., Medeiros, B., Borges, J., Zalewsky, R., Fonseca, M., Marinowic, D.,
Rocha, M., Nodari, P., & Machado, D. (2013). Assessment of extended-
spectrum B-lactamase, KPC carbapenemase and porin resistance mechanisms
in clinical samples of Klebsiella pneumoniae and Enterobacter spp.
International Journal of Antimicrobial Agents, 42(1), 76-79.
https://doi.org/10.1016/j.ijantimicag.2013.03.009

Jesumirhewe, C., Springer, B., Lepuschitz, S., Allerberger, F., & Ruppitsch, W.
(2017). Carbapenemase-Producing Enterobacteriaceae Isolates from Edo
State, Nigeria. Antimicrobial Agents and Chemotherapy, 61(8).
https://doi.org/10.1128/aac.00255-17

Jia, J., Gomes-Silva, G., Plath, M., Pereira, B. B., UeiraVieira, C., & Wang, Z.
(2021). Shifts in bacterial communities and antibiotic resistance genes in
surface water and gut microbiota of guppies (Poecilia reticulata) in the upper
Rio Uberabinha, Brazil. Ecotoxicology and Environmental Safety, 211,
111955. https://doi.org/10.1016/j.ecoenv.2021.111955

Jiang, X., Cui, X., Xu, H., Liu, W., Tao, F., Shao, T., Pan, X., & Zheng, B. (2019).
Whole Genome Sequencing of Extended-Spectrum Beta-Lactamase (ESBL)-
Producing Escherichia coli Isolated from a Wastewater Treatment Plant in
China. Frontiers in Microbiology, 10.

https://doi.org/10.3389/fmich.2019.01797
89



Joensen, K. G, Scheutz, F., Lund, O., Hasman, H., Kaas, R. S., Nielsen, E. M., &
Aarestrup, F. M. (2014). Real-Time Whole-Genome Sequencing for Routine
Typing, Surveillance, and Outbreak Detection of Verotoxigenic Escherichia
coli. Journal of Clinical Microbiology, 52(5), 1501-1510.
https://doi.org/10.1128/jcm.03617-13

Johnning, A., Kristiansson, E., Fick, J., Weijdegard, B., & Larsson, D. G. J. (2015).
Resistance Mutations in gyrA and parC are Common in Escherichia
Communities of both Fluoroquinolone-Polluted and Uncontaminated Aquatic
Environments. Frontiers in Microbiology, 6, 1355.
https://doi.org/10.3389/fmich.2015.01355

Jouini, A, Vinue, L., Slama, K. B., Saenz, Y., Klibi, N., Hammami, S., Boudabous,
A., & Torres, C. (2007). Characterization of CTX-M and SHV extended-
spectrum -lactamases and associated resistance genes in Escherichia coli
strains of food samples in Tunisia. Journal of Antimicrobial Chemotherapy,
60(5), 1137-1141. https://doi.org/10.1093/jac/dkm316

Ju, F., Li, B., Ma, L., Wang, Y., Huang, D., & Zhang, T. (2016). Antibiotic
resistance genes and human bacterial pathogens: Co-occurrence, removal,
and enrichment in municipal sewage sludge digesters. Water Research, 91,
1-10. https://doi.org/10.1016/j.watres.2015.11.071

Kagia, N., Kosgei, P., Ooko, M., Wafula, L., Mturi, N., Anampiu, K., Mwarumba,
S., Njuguna, P., Seale, A. C., Berkley, J. A., Bottomley, C., Scott, J. A. G., &
Morpeth, S. C. (2019). Carriage and Acquisition of Extended-spectrum [3-
Lactamase—producing Enterobacterales Among Neonates Admitted to
Hospital in Kilifi, Kenya. Clinical Infectious Diseases, 69(5), 751-759.
https://doi.org/10.1093/cid/ciy976

Kateregga, J. N., Kantume, R., Atuhaire, C., Lubowa, M. N., & Ndukui, J. G.
(2015). Phenotypic expression and prevalence of ESBL-producing
Enterobacteriaceae in samples collected from patients in various wards of
Mulago Hospital, Uganda. BMC Pharmacology and Toxicology, 16(1), 14—
19. https://doi.org/10.1186/s40360-015-0013-1

90



Kayastha, K., Dhungel, B., Karki, S., Adhikari, B., Banjara, M. R., Rijal, K. R., &
Ghimire, P. (2020). Extended-Spectrum B-Lactamase-Producing Escherichia
coli and Klebsiella Species in Pediatric Patients Visiting International
Friendship Children’s Hospital, Kathmandu, Nepal. Infectious Diseases:
Research and Treatment, 13, 117863372090979.
https://doi.org/10.1177/1178633720909798

Khan, S. A., Imtiaz, M. A., Sayeed, M. A., Shaikat, A. H., & Hassan, M. M. (2020).
Antimicrobial resistance pattern in domestic animal - wildlife -
environmental niche via the food chain to humans with a Bangladesh
perspective; a systematic review. BMC Veterinary Research, 16(1), 1-13.
https://doi.org/10.1186/s12917-020-02519-9

Khawaja, T., Kirveskari, J., Johansson, S., Vdisanen, J., Djupsjébacka, A.,
Nevalainen, A., & Kantele, A. (2017). Patients hospitalized abroad as
importers of multiresistant bacteria—a cross-sectional study. Clinical
Microbiology and Infection, 23(9), 673.e1-673.e8.
https://doi.org/10.1016/j.cmi.2017.02.003

Khezri, A., Avershina, E., & Ahmad, R. (2020). Plasmid Identification and Plasmid-
Mediated Antimicrobial Gene Detection in Norwegian
Isolates. Microorganisms, 9(1), 52.
https://doi.org/10.3390/microorganisms9010052

Kiiru, J., Kariuki, S., Goddeeris, B. M., & Butaye, P. (2012). Analysis of -
lactamase phenotypes and carriage of selected B-lactamase genes among
Escherichia coli strains obtained from Kenyan patients during an 18-year
period. BMC Microbiology, 12(1), 155. https://doi.org/10.1186/1471-2180-
12-155

Kim, S. W, Lee, J. S, Park, S. B., Lee, A. R., Jung, J. W., Chun, J. H., Lazarte, J.
M. S., Kim, J., Seo, J. S., Kim, J. H., Song, J. W., Ha, M. W., Thompson, K.
D., Lee, C. R., Jung, M., & Jung, T. S. (2020). The Importance of Porins and
B-Lactamase in Outer Membrane Vesicles on the Hydrolysis of -Lactam

91



Antibiotics. International Journal of Molecular Sciences, 21(8), 2822.
https://doi.org/10.3390/ijms21082822

Kimera, Z. I., Mshana, S. E., Rweyemamu, M. M., Mboera, L. E. G., & Matee, M. I.
N. (2020). Antimicrobial use and resistance in food-producing animals and
the environment: an African perspective. Antimicrobial Resistance &
Infection Control, 9(1), 1-12. https://doi.org/10.1186/s13756-020-0697-x

King, D. T., Sobhanifar, S., & Strynadka, N. C. J. (2014). The Mechanisms of
Resistance to B-Lactam Antibiotics. Handbook of Antimicrobial Resistance,
1-22. https://doi.org/10.1007/978-1-4939-0667-3_10-1

Kong, K. F., Schneper, L., & Mathee, K. (2010). Beta-lactam antibiotics: from
antibiosis to resistance and bacteriology. APMIS, 118(1), 1-36.
https://doi.org/10.1111/j.1600-0463.2009.02563.x

Kdoser, C. U., Ellington, M. J., & Peacock, S. J. (2014). Whole-genome sequencing
to control antimicrobial resistance. Trends in Genetics, 30(9), 401-407.
https://doi.org/10.1016/j.tig.2014.07.003

Kudirkiene, E., Andoh, L. A., Ahmed, S., Herrero-Fresno, A., Dalsgaard, A., Obiri-
Danso, K., & Olsen, J. E. (2018). The Use of a Combined Bioinformatics
Approach to Locate Antibiotic Resistance Genes on Plasmids from Whole
Genome Sequences of Salmonella enterica Serovars from Humans in Ghana.
Frontiers in Microbiology, 9, 1-14.
https://doi.org/10.3389/fmicb.2018.01010

Kumar, V., Sun, P., Vamathevan, J., Li, Y., Ingraham, K., Palmer, L., Huang, J., &
Brown, J. R. (2011). Comparative Genomics of Klebsiella pneumoniae
Strains with Different Antibiotic Resistance Profiles. Antimicrobial Agents
and Chemotherapy, 55(9), 4267-4276. https://doi.org/10.1128/aac.00052-11

Kuramae, E. E., Yergeau, E., Wong, L. C., Pijl, A. S., Veen, J. A., & Kowalchuk, G.
A. (2011). Soil characteristics more strongly influence soil bacterial
communities than land-use type. FEMS Microbiology Ecology, 79(1), 12-24.
https://doi.org/10.1111/j.1574-6941.2011.01192.x

Lal Gupta, C., Kumar Tiwari, R., & Cytryn, E. (2020). Platforms for elucidating

antibiotic resistance in single genomes and complex metagenomes.

92



Environment International, 138, 105667.
https://doi.org/10.1016/j.envint.2020.105667

Lapidus, A. L., & Korobeynikov, A. I. (2021). Metagenomic Data Assembly — The
Way of Decoding Unknown Microorganisms. Frontiers in Microbiology, 12,
653. https://doi.org/10.3389/fmich.2021.613791

Larsen, M. V., Cosentino, S., Lukjancenko, O., Saputra, D., Rasmussen, S., Hasman,
H., Sicheritz-Pontén, T., Aarestrup, F. M., Ussery, D. W., & Lund, O. (2014).
Benchmarking of Methods for Genomic Taxonomy. Journal of Clinical
Microbiology, 52(5), 1529-1539. https://doi.org/10.1128/jcm.02981-13

Lavigne, J. P., Defez, C., Bouziges, N., Mahamat, A., & Sotto, A. (2007). Clinical
and molecular epidemiology of multidrug-resistant Citrobacter spp.
infections in a French university hospital. European Journal of Clinical
Microbiology & Infectious Diseases, 26(6), 439-441.
https://doi.org/10.1007/s10096-007-0315-3

Legese, M. H., Weldearegay, G. M., & Asrat, D. (2017). Extended-spectrum beta-
lactamase- and carbapenemase-producing Enterobacteriaceae among
Ethiopian children. Infection and Drug Resistance, Volume 10, 27-34.
https://doi.org/10.2147/idr.s127177

Leverstein-van Hall, M., Dierikx, C., Stuart, J. C., Voets, G., van den Munckhof, M.,
van Essen-Zandbergen, A., Platteel, T., Fluit, A., van de Sande-Bruinsma, N.,
Scharinga, J., Bonten, M., & Mevius, D. (2011). Dutch patients, retail
chicken meat and poultry share the same ESBL genes, plasmids and strains.
Clinical Microbiology and Infection, 17(6), 873-880.
https://doi.org/10.1111/j.1469-0691.2011.03497.x

Li, S., Zhu, Z., Wang, L., Zhou, Y., Tang, Y., & Miao, Z. (2015). Prevalence and
characterization of extended-spectrum beta-lactamase-producing
Enterobacteriaceae in spring waters. Letters in Applied Microbiology, 61(6),
544-548. https://doi.org/10.1111/lam.12489

Li, Y., Liao, H., & Yao, H. (2019). Prevalence of Antibiotic Resistance Genes in
Air-Conditioning Systems in Hospitals, Farms, and Residences. International
Journal of Environmental Research and Public Health, 16(5), 683.

https://doi.org/10.3390/ijerph16050683
93



Lim, J. S., Choi, D. S., Kim, Y. J.,, Chon, J. W., Kim, H. S., Park, H. J., Moon, J. S.,
Wee, S. H., & Seo, K. H. (2015). Characterization of Escherichia coli—
Producing Extended-Spectrum B-Lactamase (ESBL) Isolated from Chicken
Slaughterhouses in South Korea. Foodborne Pathogens and Disease, 12(9),
741-748. https://doi.org/10.1089/fpd.2014.1921

Lira, F., Vaz-Moreira, |., Tamames, J., Manaia, C. M., & Martinez, J. L. (2020).
Metagenomic analysis of an urban resistome before and after wastewater
treatment. Scientific Reports, 10(1), 1-9. https://doi.org/10.1038/s41598-020-
65031-y

Ljungquist, O., Ljungquist, D., Myrenas, M., Rydén, C., Finn, M., & Bengtsson, B.
(2016). Evidence of household transfer of ESBL-/pAmpC-producing
Enterobacteriaceae between humans and dogs — a pilot study. Infection
Ecology & Epidemiology, 6(1), 31514. https://doi.org/10.3402/iee.v6.31514

Lobanovska, M., & Pilla, G. (2017). Penicillin’s Discovery and Antibiotic
Resistance: Lessons for the Future? The Yale Journal of Biology and
Medicine, 90(1), 135-145.

Lu,S. Y., Zhang, Y. L., Geng, S.N., Li, T. Y., Ye, Z. M., Zhang, D. S., Zou, F., &
Zhou, H. W. (2010). High Diversity of Extended-Spectrum Beta-Lactamase-
Producing Bacteria in an Urban River Sediment Habitat. Applied and
Environmental Microbiology, 76(17), 5972-5976.
https://doi.org/10.1128/aem.00711-10

Ma, J., Liu, J. H., Lv, L., Zong, Z., Sun, Y., Zheng, H., Chen, Z., & Zeng, Z. L.
(2012). Characterization of Extended-Spectrum B-Lactamase Genes Found
among Escherichia coli Isolates from Duck and Environmental Samples
Obtained on a Duck Farm. Applied and Environmental Microbiology, 78(10),
3668-3673. https://doi.org/10.1128/aem.07507-11

Maina, D., Makau, P., Nyerere, A., & Revathi, G. (2013). Antimicrobial resistance
patterns in extended-spectrum f-lactamase producing Escherichia coli and
Klebsiella pneumoniae isolates in a private tertiary hospital, Kenya.
Microbiology Discovery, 1(1), 5. https://doi.org/10.7243/2052-6180-1-5

Malekzadegan, Y., Khashei, R., Sedigh Ebrahim-Saraie, H., & Jahanabadi, Z.

(2018). Distribution of virulence genes and their association with
94



antimicrobial resistance among uropathogenic Escherichia coli isolates from
Iranian patients. BMC Infectious Diseases, 18(1), 572.
https://doi.org/10.1186/s12879-018-3467-0

Manishimwe, R., Nishimwe, K., & Ojok, L. (2017). Assessment of antibiotic use in
farm animals in Rwanda. Tropical Animal Health and Production, 49(6),
1101-1106. https://doi.org/10.1007/s11250-017-1290-z

Manyi-Loh, C., Mamphweli, S., Meyer, E., & Okoh, A. (2018). Antibiotic Use in
Agriculture and Its Consequential Resistance in Environmental Sources:
Potential Public Health Implications. Molecules, 23(4), 795.
https://doi.org/10.3390/molecules23040795

Marchetti, L., Buldain, D., Gortari Castillo, L., Buchamer, A., Chirino-Trejo, M., &
Mestorino, N. (2021). Pet and Stray Dogs as Reservoirs of Antimicrobial-
Resistant Escherichia coli. International Journal of Microbiology, 2021, 1-8.
https://doi.org/10.1155/2021/6664557

Mashalla, Y., Setlhare, V., Massele, A., Sepako, E., Tiroyakgosi, C., Kgatlwane, J.,
Chuma, M., & Godman, B. (2017). Assessment of prescribing practices at the
primary healthcare facilities in Botswana with an emphasis on antibiotics:
Findings and implications. International Journal of Clinical Practice, 71(12),
e13042. https://doi.org/10.1111/ijcp.13042

Mathers, A. J., Peirano, G., & Pitout, J. D. D. (2015). The Role of Epidemic
Resistance Plasmids and International High-Risk Clones in the Spread of
Multidrug-Resistant Enterobacteriaceae. Clinical Microbiology Reviews,
28(3), 565-591. https://doi.org/10.1128/cmr.00116-14

McArthur, A. G., Waglechner, N., Nizam, F., Yan, A., Azad, M. A., Baylay, A. J.,
Bhullar, K., Canova, M. J., de Pascale, G., Ejim, L., Kalan, L., King, A. M.,
Koteva, K., Morar, M., Mulvey, M. R., O’Brien, J. S., Pawlowski, A. C.,
Piddock, L. J. V., Spanogiannopoulos, P., . . . Wright, G. D. (2013). The
Comprehensive Antibiotic Resistance Database. Antimicrobial Agents and
Chemotherapy, 57(7), 3348-3357. https://doi.org/10.1128/aac.00419-13

McDermott, P. F., Tyson, G. H., Kabera, C., Chen, Y., Li, C., Folster, J. P., Ayers, S.
L., Lam, C., Tate, H. P., & Zhao, S. (2016). Whole-Genome Sequencing for

Detecting Antimicrobial Resistance in Nontyphoidal Salmonella.
95



Antimicrobial Agents and Chemotherapy, 60(9), 5515-5520.
https://doi.org/10.1128/aac.01030-16

McEachran, A. D., Blackwell, B. R., Hanson, J. D., Wooten, K. J., Mayer, G. D.,
Cox, S. B., & Smith, P. N. (2015). Antibiotics, Bacteria, and Antibiotic
Resistance Genes: Aerial Transport from Cattle Feed Yards via Particulate
Matter. Environmental Health Perspectives, 123(4), 337-343.
https://doi.org/10.1289/ehp.1408555

Mhete, M., Eze, P. N., Rahube, T. O., & Akinyemi, F. O. (2020). Soil properties
influence bacterial abundance and diversity under different land-use regimes
in semi-arid environments. Scientific African, 7, e00246.
https://doi.org/10.1016/j.sciaf.2019.e00246

Mhondoro, M., Ndlovu, N., Bangure, D., Juru, T., Gombe, N. T., Shambira, G.,
Nsubuga, P., & Tshimanga, M. (2019). Trends in antimicrobial resistance of
bacterial pathogens in Harare, Zimbabwe, 2012—-2017: a secondary dataset
analysis. BMC Infectious Diseases, 19(1), 1-9.
https://doi.org/10.1186/s12879-019-4295-6

Moga Siraj, S., Ali, S., & Wondafrash, B. (2015). Extended-spectrum 3-lactamase
production in Klebsiella pneumoniae and Escherichia coli at Jimma
University Specialized Hospital, South-West, Ethiopia. Molecular
Microbiology Research, 5(1), 1-9.
https://doi.org/10.5376/mmr.2015.05.0001

Mohammed, M., & Thapa, S. (2020). Evaluation of WGS-subtyping methods for
epidemiological surveillance of foodborne salmonellosis. One Health
Outlook, 2(1). https://doi.org/10.1186/s42522-020-00016-5

Molton, J. S., Tambyah, P. A., Ang, B. S. P., Ling, M. L., & Fisher, D. A. (2013).
The Global Spread of Healthcare-Associated Multidrug-Resistant Bacteria: A
Perspective from Asia. Clinical Infectious Diseases, 56(9), 1310-1318.
https://doi.org/10.1093/cid/cit020

Moon, C. D., Young, W., Maclean, P. H., Cookson, A. L., & Bermingham, E. N.
(2018). Metagenomic insights into the roles ofProteobacteriain the
gastrointestinal microbiomes of healthy dogs and cats. Microbiology Open,

7(5), e00677. https://doi.org/10.1002/mbo3.677
96



Morganti, S., Tarantino, P., Ferraro, E., D’Amico, P., Viale, G., Trapani, D., Duso,
B. A., & Curigliano, G. (2019). Role of Next-Generation Sequencing
Technologies in Personalized Medicine. P5 EHealth: An Agenda for the
Health Technologies of the Future, 125-154. https://doi.org/10.1007/978-3-
030-27994-3 8

Muhamad Rizal, N. S., Neoh, H. M., Ramli, R., A/L K Periyasamy, P. R., Hanafiah,
A., Abdul Samat, M. N., Tan, T. L., Wong, K. K., Nathan, S., Chieng, S.,
Saw, S. H., & Khor, B. Y. (2020). Advantages and Limitations of 16S rRNA
Next-Generation Sequencing for Pathogen Identification in the Diagnostic
Microbiology Laboratory: Perspectives from a Middle-Income
Country. Diagnostics, 10(10), 816.
https://doi.org/10.3390/diagnostics10100816

Munita, J. M., & Arias, C. A. (2016). Mechanisms of Antibiotic Resistance.
Microbiology Spectrum, 4(2). https://doi.org/10.1128/microbiolspec.vmbf-
0016-2015

Nachammai, S. M., Sneka, P., & AswinSayiram, S. J. (2015). Prevalence of Multi-
Drug Resistnant Proteus Species from Isolates of Urine and Pus with Their
Antibiogram. International Journal of Scientific Research, 4(8), 223-225.

Nadimpalli, M., Delarocque-Astagneau, E., Love, D. C., Price, L. B., Huynh, B. T,
Collard, J. M., Lay, K. S., Borand, L., Ndir, A., Walsh, T. R., Guillemot, D.,
Borand, L., de Lauzanne, A., Kerleguer, A., Tarantola, A., Piola, P., Chon,
T., Lach, S., Ngo, V., ... Abdou, A. Y. (2018). Combating Global Antibiotic
Resistance: Emerging One Health Concerns in Lower- and Middle-Income
Countries. Clinical Infectious Diseases, 66(6), 963—-969.
https://doi.org/10.1093/cid/cix879

Nadimpalli, M. L., Marks, S. J., Montealegre, M. C., Gilman, R. H., Pajuelo, M. J.,
Saito, M., Tsukayama, P., Njenga, S. M., Kiiru, J., Swarthout, J., Islam, M.
A., Julian, T. R., & Pickering, A. J. (2020). Urban informal settlements as
hotspots of antimicrobial resistance and the need to curb environmental
transmission. Nature Microbiology, 5(6), 787—795.
https://doi.org/10.1038/s41564-020-0722-0

97



Nadon, C., van Walle, 1., Gerner-Smidt, P., Campos, J., Chinen, 1., Concepcion-
Acevedo, J., Gilpin, B., Smith, A. M., Kam, K. M., Perez, E., Trees, E.,
Kubota, K., Takkinen, J., Nielsen, E. M., & Carleton, H. (2017). PulseNet
International: Vision for the implementation of whole genome sequencing
(WGS) for global food-borne disease surveillance. Eurosurveillance, 22(23),
1-12. https://doi.org/10.2807/1560-7917.es.2017.22.23.30544

Nahar, A. (2014). Multidrug Resistant-Proteus Mirabilis Isolated from Chicken
Droppings in Commercial Poultry Farms: Bio-security Concern and
Emerging Public Health Threat in Bangladesh. Journal of Biosafety & Health
Education, 02(02). https://doi.org/10.4172/2332-0893.1000120

Nandi, S. P., Sultana, M., & Hossain, M. A. (2013). Prevalence and Characterization
of Multidrug-Resistant ZoonoticEnterobacterspp. in Poultry of Bangladesh.
Foodborne Pathogens and Disease, 10(5), 420-427.
https://doi.org/10.1089/fpd.2012.1388

Nieuwenhuijse, D. F., Oude Munnink, B. B., Phan, M. V. T., Hendriksen, R. S.,
Bego, A., Rees, C., Neilson, E. H., Coventry, K., Collignon, P., Allerberger,
F., Rahube, T. O., Oliveira, G., Ivanov, I, Sopheak, T., Vuthy, Y., Yost, C.
K., Tabo, D. A., Cuadros-Orellana, S., Ke, C., . .. Koopmans, M. P. G.
(2021). Author Correction: Setting a baseline for global urban virome
surveillance in sewage. Scientific Reports, 11(1), 17446.
https://doi.org/10.1038/s41598-021-95934-3

NIHR Global Health Research Unit on Genomic Surveillance of AMR. (2020).
Whole-genome sequencing as part of national and international surveillance
programmes for antimicrobial resistance: a roadmap. BMJ Global Health,
5(11), e002244. https://doi.org/10.1136/bmjgh-2019-002244

Nowrotek, M., Jatlowiecki, U., Harnisz, M., & Plaza, G. A. (2019). Culturomics and
metagenomics: In understanding of environmental resistome. Frontiers of
Environmental Science & Engineering, 13(3).
https://doi.org/10.1007/s11783-019-1121-8

Noyes, N. R., Yang, X., Linke, L. M., Magnuson, R. J., Cook, S. R., Zaheer, R.,
Yang, H., Woerner, D. R., Geornaras, I., McArt, J. A., Gow, S. P., Ruiz, J.,

Jones, K. L., Boucher, C. A., McAllister, T. A., Belk, K. E., & Morley, P. S.
98



(2016). Characterization of the resistome in manure, soil and wastewater
from dairy and beef production systems. Scientific Reports, 6(1).
https://doi.org/10.1038/srep24645

Nufez-Samudio, V., Pecchio, M., Pimentel-Peralta, G., Quintero, Y., Herrera, M., &
Landires, I. (2021). Molecular Epidemiology of Escherichia coli Clinical
Isolates from Central Panama. Antibiotics, 10(8), 899.
https://doi.org/10.3390/antibiotics10080899

Nyaoke, A. C., Navarro, M. A., Fresneda, K., Diab, S. S., Moore, J., Lyras, D.,
Awad, M., & Uzal, F. A. (2020). Paeniclostridium (Clostridium) sordellii—
associated enterocolitis in 7 horses. Journal of Veterinary Diagnostic
Investigation, 32(2), 239-245. https://doi.org/10.1177/1040638720903738

Ogbolu, D., & Webber, M. (2014). High-level and novel mechanisms of carbapenem
resistance in Gram-negative bacteria from tertiary hospitals in Nigeria.
International Journal of Antimicrobial Agents, 43(5), 412-417.
https://doi.org/10.1016/j.ijantimicag.2014.01.014

Ogbolu, D. O., Daini, O. A., Ogunledun, A., Terry Alli, O. A., & Webber, M. A.
(2013). Dissemination of IncF plasmids carrying beta-lactamase genes in
Gram-negative bacteria from Nigerian hospitals. The Journal of Infection in
Developing Countries, 7(05), 382—390. https://doi.org/10.3855/jidc.2613

Olalekan, A., Onwugamba, F., Iwalokun, B., Mellmann, A., Becker, K., &
Schaumburg, F. (2020). High proportion of carbapenemase-producing
Escherichia coli and Klebsiella pneumoniae among extended-spectrum f3-
lactamase-producers in Nigerian hospitals. Journal of Global Antimicrobial
Resistance, 21, 8-12. https://doi.org/10.1016/j.jgar.2019.09.007

Onalenna, O., & Rahube, T. O. (2022). Assessing bacterial diversity and antibiotic

resistance dynamics in wastewater effluent-irrigated soil and vegetables in a
microcosm setting. Heliyon, 8(3), e09089.

https://doi.org/10.1016/j.heliyon.2022.e09089

99



Onalenna, O., & Rahube, T. O. (2019). The Long-Term Impact of Wastewater
Irrigation in the Era of Global Concern of Antibiotic Resistance: A
Perspective from a Developing Country. Journal of Experimental Biology
and Agricultural Sciences, 7(5), 481-488.
https://doi.org/10.18006/2019.7(5).481.488

Ondov, B. D., Treangen, T. J., Melsted, P., Mallonee, A. B., Bergman, N. H., Koren,
S., & Phillippy, A. M. (2016). Mash: fast genome and metagenome distance
estimation using MinHash. Genome Biology, 17(1), 132.
https://doi.org/10.1186/s13059-016-0997-x

O’Neill, J. (2016). Tackling drug-resistant infections globally: final report and
recommendations. The Review on Antimicrobial Resistance. Published.

Oniciuc, E., Likotrafiti, E., Alvarez-Molina, A., Prieto, M., Santos, J., & Alvarez-
Orddfiez, A. (2018). The Present and Future of Whole Genome Sequencing
(WGS) and Whole Metagenome Sequencing (WMS) for Surveillance of
Antimicrobial Resistant Microorganisms and Antimicrobial Resistance
Genes across the Food Chain. Genes, 9(5), 268.
https://doi.org/10.3390/genes9050268

Osei Sekyere, J. (2016). Current State of Resistance to Antibiotics of Last-Resort in
South Africa: A Review from a Public Health Perspective. Frontiers in
Public Health, 4, 209. https://doi.org/10.3389/fpubh.2016.00209

Osei Sekyere, J., & Reta, M. A. (2020). Genomic and Resistance Epidemiology of
Gram-Negative Bacteria in Africa: A Systematic Review and Phylogenomic
Analyses from a One Health Perspective. MSystems, 5(6), e00897-20.
https://doi.org/10.1128/msystems.00897-20

Ouedraogo, A. S., Sanou, M., Kissou, A., Sanou, S., Solaré, H., Kaboré, F., Poda,
A., Aberkane, S., Bouzinbi, N., Sano, I., Nacro, B., Sangaré, L., Carriére, C.,
Decré, D., Ouégraogo, R., Jean-Pierre, H., & Godreuil, S. (2016). High
prevalence of extended-spectrum R-lactamase producing enterobacteriaceae
among clinical isolates in Burkina Faso. BMC Infectious Diseases, 16(1), 1—
9. https://doi.org/10.1186/512879-016-1655-3

Page, M. G. P. (2011). Beta-Lactam Antibiotics. Antibiotic Discovery and

Development, 79-117. https://doi.org/10.1007/978-1-4614-1400-1_3
100



Painset, A., Day, M., Doumith, M., Rigby, J., Jenkins, C., Grant, K., Dallman, T. J.,
Godbole, G., & Swift, C. (2020). Comparison of phenotypic and WGS-
derived antimicrobial resistance profiles of Campylobacter jejuni and
Campylobacter coli isolated from cases of diarrhoeal disease in England and
Wales, 2015-16. Journal of Antimicrobial Chemotherapy, 75(4), 883-889.
https://doi.org/10.1093/jac/dkz539

Palanisamy, V., Gajendiran, V., & Mani, K. (2021). Meta-analysis to identify the
core microbiome in diverse wastewater. International Journal of
Environmental Science and Technology, 1-18.
https://doi.org/10.1007/s13762-021-03349-4

Pandey, N., & Cascella, M. (2021). Beta Lactam Antibiotics. In StatPearls,
StatPearls Publishing.

Papp-Wallace, K. M., Endimiani, A., Taracila, M. A., & Bonomo, R. A. (2011).
Carbapenems: Past, Present, and Future. Antimicrobial Agents and
Chemotherapy, 55(11), 4943-4960. https://doi.org/10.1128/aac.00296-11

Parajuli, A., Gronroos, M., Kauppi, S., Ptociniczak, T., Roslund, M. 1., Galitskaya,
P., Laitinen, O. H., Hy6ty, H., Jumpponen, A., Strommer, R., Romantschuk,
M., Hui, N., & Sinkkonen, A. (2017). The abundance of health-associated
bacteria is altered in PAH polluted soils—Implications for health in urban
areas? PLOS ONE, 12(11), e0187852.
https://doi.org/10.1371/journal.pone.0187852

Paterson, D. L., & Bonomo, R. A. (2005). Extended-Spectrum B-Lactamases: A
Clinical Update. Clinical Microbiology Reviews, 18(4), 657—686.
https://doi.org/10.1128/cmr.18.4.657-686.2005

Patil, S., Chen, X,, Lian, M., & Wen, F. (2019). Phenotypic and genotypic
characterization of multi-drug-resistant Escherichia coli isolates harboring
blaCTX-M group extended-spectrum B-lactamases recovered from pediatric
patients in Shenzhen, Southern China. Infection and Drug Resistance,
Volume 12, 1325-1332. https://doi.org/10.2147/idr.s199861

Peacock, S. J., & Paterson, G. K. (2015). Mechanisms of Methicillin Resistance in
Staphylococcus aureus. Annual Review of Biochemistry, 84(1), 577-601.

https://doi.org/10.1146/annurev-biochem-060614-034516
101



Pedersen, K., Pedersen, K., Jensen, H., Finster, K., Jensen, V. F., & Heuer, O. E.
(2007). Occurrence of antimicrobial resistance in bacteria from diagnostic
samples from dogs. Journal of Antimicrobial Chemotherapy, 60(4), 775-781.
https://doi.org/10.1093/jac/dkm269

Pietsch, M., Irrgang, A., Roschanski, N., Brenner Michael, G., Hamprecht, A.,
Rieber, H., Kasbhohrer, A., Schwarz, S., Rosler, U., Kreienbrock, L., Pfeifer,
Y., Fuchs, S., & Werner, G. (2018). Whole genome analyses of CMY -2-
producing Escherichia coli isolates from humans, animals and food in
Germany. BMC Genomics, 19(1), 1-17. https://doi.org/10.1186/s12864-018-
4976-3

Pitout, J. D. D., Nordmann, P., Laupland, K. B., & Poirel, L. (2005). Emergence of
Enterobacteriaceae producing extended-spectrum B-lactamases (ESBLS) in
the community. Journal of Antimicrobial Chemotherapy, 56(1), 52-59.
https://doi.org/10.1093/jac/dkil166

Poretsky, R., Rodriguez-R, L. M., Luo, C., Tsementzi, D., & Konstantinidis, K. T.
(2014). Strengths and Limitations of 16S rRNA Gene Amplicon Sequencing
in Revealing Temporal Microbial Community Dynamics. PLoS ONE, 9(4),
€93827. https://doi.org/10.1371/journal.pone.0093827

Prestinaci, F., Pezzotti, P., & Pantosti, A. (2015). Antimicrobial resistance: a global
multifaceted phenomenon. Pathogens and Global Health, 109(7), 309-318.
https://doi.org/10.1179/2047773215y.0000000030

Pruden, A. (2014). Balancing Water Sustainability and Public Health Goals in the
Face of Growing Concerns about Antibiotic Resistance. Environmental
Science & Technology, 48(1), 5-14. https://doi.org/10.1021/es403883p

Purohit, M., Chandran, S., Shah, H., Diwan, V., Tamhankar, A., & Stalsby
Lundborg, C. (2017). Antibiotic Resistance in an Indian Rural Community:
A ‘One-Health’ Observational Study on Commensal Coliform from Humans,
Animals, and Water. International Journal of Environmental Research and
Public Health, 14(4), 386. https://doi.org/10.3390/ijerph14040386

Purssell, E. (2020). Antimicrobials. Understanding Pharmacology in Nursing
Practice, 147-165. https://doi.org/10.1007/978-3-030-32004-1 6

102


https://doi.org/10.3390/ijerph14040386

Qian, X., Gunturu, S., Guo, J., Chai, B., Cole, J. R., Gu, J., & Tiedje, J. M. (2021).
Metagenomic analysis reveals the shared and distinct features of the soil
resistome across tundra, temperate prairie, and tropical ecosystems.
Microbiome, 9(1), 108. https://doi.org/10.1186/s40168-021-01047-4

Qin, Y., Hou, J., Deng, M., Liu, Q., Wu, C., Ji, Y., & He, X. (2016). Bacterial
abundance and diversity in pond water supplied with different feeds.
Scientific Reports, 6(1), 35232. https://doi.org/10.1038/srep35232

Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J., & Segata, N. (2017).
Shotgun metagenomics, from sampling to analysis. Nature Biotechnology,
35(9), 833-844. https://doi.org/10.1038/nbt.3935

Rahman, M., Devnath, P., Jahan, R., & Talukder, A. (2021). Detection of multiple
antibiotic-resistant bacteria from the hospital and non-hospital wastewater
sources of a small town in Noakhali, Bangladesh. Journal of Applied Biology
& Biotechnology, 9(3), 59-65. https://doi.org/10.7324/jabb.2021.9308

Ranjan, K. P., & Ranjan, N. (2013). Citrobacter: An emerging health care associated
urinary pathogen. Urology Annals, 5(4), 313-314.

Rashid, M., & Stingl, U. (2015). Contemporary molecular tools in microbial ecology
and their application to advancing biotechnology. Biotechnology Advances,
33(8), 1755-1773. https://doi.org/10.1016/j.biotechadv.2015.09.005

Rausch, P., Rihlemann, M., Hermes, B. M., Doms, S., Dagan, T., Dierking, K.,
Domin, H., Fraune, S., von Frieling, J., Hentschel, U., Heinsen, F. A,,
Hoppner, M., Jahn, M. T., Jaspers, C., Kissoyan, K. A. B., Langfeldt, D.,
Rehman, A., Reusch, T. B. H., Roeder, T., ... Baines, J. F. (2019).
Comparative analysis of amplicon and metagenomic sequencing methods
reveals key features in the evolution of animal metaorganisms. Microbiome,
7(1), 133. https://doi.org/10.1186/s40168-019-0743-1

Rawat, D., & Nair, D. (2010). Extended-spectrum [3-lactamases in Gram-negative
bacteria. Journal of Global Infectious Diseases, 2(3), 263.
https://doi.org/10.4103/0974-777x.68531

Renuart, A. J., Goldfarb, D. M., Mokomane, M., Tawanana, E. O.,
Narasimhamurthy, M., Steenhoff, A. P., & Silverman, J. A. (2013).

103



Microbiology of Urinary Tract Infections in Gaborone, Botswana. PLoS
ONE, 8(3), e57776. https://doi.org/10.1371/journal.pone.0057776

Roca, 1., Akova, M., Baquero, F., Carlet, J., Cavaleri, M., Coenen, S., Cohen, J.,
Findlay, D., Gyssens, I., Heure, O., Kahlmeter, G., Kruse, H., Laxminarayan,
R., Liébana, E., Lopez-Cerero, L., MacGowan, A., Martins, M., Rodriguez-
Bario, J., Rolain, J. M., . .. Vila, J. (2015). The global threat of antimicrobial
resistance: science for intervention. New Microbes and New Infections, 6,
22-29. https://doi.org/10.1016/j.nmni.2015.02.007

Rodriguez-Beltrén, J., Sgrum, V., Toll-Riera, M., de la Vega, C., Pefia-Miller, R., &
San Millén, L. (2020). Genetic dominance governs the evolution and spread
of mobile genetic elements in bacteria. Proceedings of the National Academy
of Sciences, 117(27), 15755-15762.
https://doi.org/10.1073/pnas.2001240117

Rolain, J. M. (2013). Food and human gut as reservoirs of transferable antibiotic
resistance encoding genes. Frontiers in Microbiology, 4, 173.
https://doi.org/10.3389/fmicb.2013.00173

Roosaare, M., Puustusmaa, M., Méls, M., Vaher, M., & Remm, M. (2018).
PlasmidSeeker: identification of known plasmids from bacterial whole
genome sequencing reads. PeerJ, 6, e4588.
https://doi.org/10.7717/peerj.4588

Rousham, E. K., Unicomb, L., & Islam, M. A. (2018). Human, animal and
environmental contributors to antibiotic resistance in low-resource settings:
integrating behavioural, epidemiological and One Health approaches.
Proceedings of the Royal Society B: Biological Sciences, 285(1876),
20180332. https://doi.org/10.1098/rsph.2018.0332

Saisi, H., Makobe, C., Kangongo, M., & Kariuki, S. (2019). Prevalence of CTXM,
SHV, TEM AND OXA Genes among Extended-Spectrum Beta-Lactamase
Producing Klebsiella pneumoniae from Mukuru Slum, Kenya. Advances in
Microbiology, 09(10), 853-862. https://doi.org/10.4236/aim.2019.910052

Salaheen, S., Kim, S. W., Hovingh, E., van Kessel, J. A. S., & Haley, B. J. (2021).
Metagenomic Analysis of the Microbial Communities and Resistomes of

104



Veal Calf Feces. Frontiers in Microbiology, 11, 609950.
https://doi.org/10.3389/fmich.2020.609950

Saleem, R., Ejaz, H., Zafar, A., Younas, S., & Rathore, A. W. (2017). Phenotypic
characterization of extended-spectrum-beta-lactamase producing E. coli from
healthy individuals, patients, sewage sludge, cattle, chickens and raw meat.
Pakistan Journal of Medical Sciences, 33(4), 886—890.
https://doi.org/10.12669/pjms.334.12647

Salinas, L., Loayza, F., Cardenas, P., Saraiva, C., Johnson, T. J., Amato, H., Graham,
J. P., & Trueba, G. (2021). Environmental Spread of Extended Spectrum
Beta-Lactamase (ESBL) ProducingEscherichia coliand ESBL Genes among
Children and Domestic Animals in Ecuador. Environmental Health
Perspectives, 129(2), 1-10. https://doi.org/10.1289/ehp7729

Samonis, G., Karageorgopoulos, D. E., Kofteridis, D. P., Matthaiou, D. K.,
Sidiropoulou, V., Maraki, S., & Falagas, M. E. (2008). Citrobacter infections
in a general hospital: characteristics and outcomes. European Journal of
Clinical Microbiology & Infectious Diseases, 28(1), 61-68.
https://doi.org/10.1007/s10096-008-0598-z

San, N., Aung, M. S., Urushibara, N., San, T., Maw, W. W., Lwin, M. M., Mar, T.
T., Myint, Y. Y., Thu, P. P., Hlaing, M. S., Ganesh, B., & Kobayashi, N.
(2020). Genetic Diversity of CMY Beta-Lactamase Genes in Clinical Isolates
of Escherichia coli in Myanmar: Identification of Three Novel Types and
Updated Phylogenetic Classification of blaCMY. Microbial Drug Resistance,
26(5), 497-504. https://doi.org/10.1089/mdr.2019.0234

Sarowska, J., Futoma-Koloch, B., Jama-Kmiecik, A., Frej-Madrzak, M., Ksiazczyk,
M., Bugla-Ploskonska, G., & Choroszy-Krol, I. (2019). Virulence factors,
prevalence and potential transmission of extraintestinal pathogenic
Escherichia coli isolated from different sources: recent reports. Gut
Pathogens, 11(1), 1-16. https://doi.org/10.1186/s13099-019-0290-0

Sato, T., Yokota, S. I., Ichihashi, R., Miyauchi, T., Okubo, T., Usui, M., Fujii, N., &
Tamura, Y. (2014). Isolation of Escherichia coli Strains with AcrAB-TolC
Efflux Pump-Associated Intermediate Interpretation or Resistance to

Fluoroquinolone, Chloramphenicol and Aminopenicillin from Dogs
105



Admitted to a University Veterinary Hospital. Journal of Veterinary Medical
Science, 76(7), 937-945. https://doi.org/10.1292/jvms.13-0144

Savin, M., Bierbaum, G., Hammerl, J. A., Heinemann, C., Parcina, M., Sib, E.,
Voigt, A., & Kreyenschmidt, J. (2020). ESKAPE Bacteria and Extended-
Spectrum-p-Lactamase-Producing Escherichia coli Isolated from Wastewater
and Process Water from German Poultry Slaughterhouses. Applied and
Environmental Microbiology, 86(8), 19. https://doi.org/10.1128/aem.02748-
19

Schaffer, J. N., & Pearson, M. M. (2015). Proteus mirabilis and Urinary Tract
Infections. Microbiology Spectrum, 3(5).
https://doi.org/10.1128/microbiolspec.uti-0017-2013

Schmieder, R., & Edwards, R. (2012). Insights into antibiotic resistance through
metagenomic approaches. Future Microbiology, 7(1), 73-89.
https://doi.org/10.2217/fmb.11.135

Schmithausen, R., Schulze-Geisthoevel, S., Heinemann, C., Bierbaum, G., Exner,
M., Petersen, B., & Steinhoff-Wagner, J. (2018). Reservoirs and
Transmission Pathways of Resistant Indicator Bacteria in the Biotope Pig
Stable and along the Food Chain: A Review from a One Health Perspective.
Sustainability, 10(11), 3967. https://doi.org/10.3390/su10113967

Scholar, E. M., & Pratt, W. B. (2000). The Antimicrobial Drugs (2nd ed.). Oxford
University Press.

Selassie, L. G. (2016). Prevalence of Extended Spectrum Beta-lactamase Producing
Enterobacteriaceae: A Cross Sectional Study at Adama Hospital, Adama,
Ethiopia. Journal of Emerging Infectious Diseases, 1(1), 1-6.
https://doi.org/10.4172/2472-4998.1000102

Selvarajan, R., Sibanda, T., Pandian, J., & Mearns, K. (2021). Taxonomic and
Functional Distribution of Bacterial Communities in Domestic and Hospital
Wastewater System: Implications for Public and Environmental Health.
Antibiotics, 10(9), 1059. https://doi.org/10.3390/antibiotics10091059

Seni, J., Falgenhauer, L., Simeo, N., Mirambo, M. M., Imirzalioglu, C., Matee, M.,
Rweyemamu, M., Chakraborty, T., & Mshana, S. E. (2016). Multiple ESBL-

Producing Escherichia coli Sequence Types Carrying Quinolone and
106



Aminoglycoside Resistance Genes Circulating in Companion and Domestic
Farm Animals in Mwanza, Tanzania, Harbor Commonly Occurring Plasmids.
Frontiers in Microbiology, 7, 1-8. https://doi.org/10.3389/fmicbh.2016.00142

Shaheen, B. W., Nayak, R., Foley, S. L., & Boothe, D. M. (2013). Chromosomal and
plasmid-mediated fluoroquinolone resistance mechanisms among broad-
spectrum-cephalosporin-resistant Escherichia coli isolates recovered from
companion animals in the USA. Journal of Antimicrobial Chemotherapy,
68(5), 1019-1024. https://doi.org/10.1093/jac/dks514

Shahid, M., Singh, A., Sobia, F., Rashid, M., Malik, A., Shukla, I., & Khan, H. M.
(2011). blaCTX-M, blaTEM, and blaSHV in Enterobacteriaceae from North-
Indian tertiary hospital: high occurrence of combination genes. Asian Pacific
Journal of Tropical Medicine, 4(2), 101-105. https://doi.org/10.1016/s1995-
7645(11)60046-1

Shaikh, S., Fatima, J., Shakil, S., Rizvi, S. M. D., & Kamal, M. A. (2015). Antibiotic

resistance and extended spectrum beta-lactamases: Types, epidemiology and
treatment. Saudi Journal of Biological Sciences, 22(1), 90-101.
https://doi.org/10.1016/j.sjbs.2014.08.002

Siebor, E., Péchinot, A., Duez, J. M., & Neuwirth, C. (2005). One New LEN
Enzyme and Two New OKP Enzymes in Klebsiella pneumoniae Clinical
Isolates and Proposed Nomenclature for Chromosomal B-Lactamases of This
Species. Antimicrobial Agents and Chemotherapy, 49(7), 3097-3098.
https://doi.org/10.1128/aac.49.7.3097-3098.2005

Skarzynska, M., Leekitcharoenphon, P., Hendriksen, R. S., Aarestrup, F. M., &
Wasyl, D. (2020). A metagenomic glimpse into the gut of wild and domestic
animals: Quantification of antimicrobial resistance and more. PLOS ONE,
15(12), e0242987. https://doi.org/10.1371/journal.pone.0242987

Soares, G. M. S., Figueiredo, L. C., Faveri, M., Cortelli, S. C., Duarte, P. M., &
Feres, M. (2012). Mechanisms of action of systemic antibiotics used in

periodontal treatment and mechanisms of bacterial resistance to these drugs.

107


https://doi.org/10.1016/s1995-7645(11)60046-1
https://doi.org/10.1016/s1995-7645(11)60046-1

Journal of Applied Oral Science, 20(3), 295-309.
https://doi.org/10.1590/s1678-77572012000300002

Srinivasan, R., Karaoz, U., Volegova, M., MacKichan, J., Kato-Maeda, M., Miller,
S., Nadarajan, R., Brodie, E. L., & Lynch, S. V. (2015). Use of 16S rRNA
Gene for Identification of a Broad Range of Clinically Relevant Bacterial
Pathogens. PLOS ONE, 10(2), e0117617.
https://doi.org/10.1371/journal.pone.0117617

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics, 30(9), 1312-1313.
https://doi.org/10.1093/bioinformatics/btu033

Stamatakis, A., Hoover, P., & Rougemont, J. (2008). A Rapid Bootstrap Algorithm
for the RAXML Web Servers. Systematic Biology, 57(5), 758-771.
https://doi.org/10.1080/10635150802429642

Statistics Botswana. (2011). 2011 Botswana Population and Housing Census.
Statsbots. Retrieved May 8, 2021, from
https://www.statsbots.org.bw/sites/default/files/2011%20Population%20and
%20housing%20Census.pdf

Stoesser, N., Batty, E. M., Eyre, D. W., Morgan, M., Wyllie, D. H., del Ojo Elias,
C., Johnson, J. R., Walker, A. S., Peto, T. E. A., & Crook, D. W. (2013).
Predicting antimicrobial susceptibilities for Escherichia coli and Klebsiella
pneumoniae isolates using whole genomic sequence data. Journal of
Antimicrobial Chemotherapy, 68(10), 2234-2244.
https://doi.org/10.1093/jac/dkt180

Subbiah, M., Caudell, M. A., Mair, C., Davis, M. A., Matthews, L., Quinlan, R. J.,
Quinlan, M. B., Lyimo, B., Buza, J., Keyyu, J., & Call, D. R. (2020).
Antimicrobial resistant enteric bacteria are widely distributed amongst
people, animals and the environment in Tanzania. Nature Communications,
11(1). https://doi.org/10.1038/s41467-019-13995-5

Subramanya, S. H., Bairy, I., Metok, Y., Baral, B. P., Gautam, D., & Nayak, N.
(2021). Detection and characterization of ESBL-producing
Enterobacteriaceae from the gut of subsistence farmers, their livestock, and

108



the surrounding environment in rural Nepal. Scientific Reports, 11(1), 1-13.
https://doi.org/10.1038/s41598-021-81315-3

Suchodolski, J. S. (2011). Intestinal Microbiota of Dogs and Cats: A Bigger World
than We Thought. Veterinary Clinics of North America: Small Animal
Practice, 41(2), 261-272. https://doi.org/10.1016/j.cvsm.2010.12.006

Sultana, M., Parvez, A. K., Sultana, K. F., Mukharje, S. K., & Hossain, M. A.
(2019). Characterization of extended spectrum f-Lactamase producing
bactieria isolated from urinary tract infections. Bangladesh Medical Research
Council Bulletin, 45(1), 23-33. https://doi.org/10.3329/bmrcb.v45i1.41805

Sun, Y., Zeng, Z., Chen, S., Ma, J., He, L., Liu, Y., Deng, Y., Lei, T., Zhao, J., &
Liu, J. H. (2010). High prevalence of blaCTX-M extended-spectrum [3-
lactamase genes in Escherichia coli isolates from pets and emergence of
CTX-M-64 in China. Clinical Microbiology and Infection, 16(9), 1475-1481.
https://doi.org/10.1111/j.1469-0691.2010.03127.x

Suriyaphol, P., Chiu, J. K. H., Yimpring, N., Tunsagool, P., Mhuantong, W.,
Chuanchuen, R., Bessarab, I., Williams, R. B. H., Ong, R. T. H., &
Suriyaphol, G. (2021). Dynamics of the feces microbiome and antimicrobial
resistome in commercial piglets during the weaning period. Scientific
Reports, 11(1), 18091. https://doi.org/10.1038/s41598-021-97586-9

Szmolka, A., & Nagy, B. (2013). Multidrug resistant commensal Escherichia coli in
animals and its impact for public health. Frontiers in Microbiology, 4, 258.
https://doi.org/10.3389/fmicb.2013.00258

Tacconelli, E., Carrara, E., Savoldi, A., Harbarth, S., Mendelson, M., Monnet, D. L.,
Pulcini, C., Kahlmeter, G., Kluytmans, J., Carmeli, Y., Ouellette, M.,
Outterson, K., Patel, J., Cavaleri, M., Cox, E. M., Houchens, C. R., Grayson,
M. L., Hansen, P., Singh, N., . .. Zorzet, A. (2018). Discovery, research, and
development of new antibiotics: the WHO priority list of antibiotic-resistant
bacteria and tuberculosis. The Lancet Infectious Diseases, 18(3), 318-327.
https://doi.org/10.1016/s1473-3099(17)30753-3

Tamames, J., Abellan, J. J., Pignatelli, M., Camacho, A., & Moya, A. (2010).
Environmental distribution of prokaryotic taxa. BMC Microbiology, 10(1),

85. https://doi.org/10.1186/1471-2180-10-85
109



Tapela, K., & Rahube, T. O. (2019). Isolation and antibiotic resistance profiles of
bacteria from influent, effluent and downstream: A study in Botswana.
African Journal of Microbiology Research, 13(15), 279-2809.
https://doi.org/10.5897/ajmr2019.9065

Tawyabur, M., Islam, M. S., Sobur, M. A., Hossain, M. J., Mahmud, M. M., Paul, S.,
Hossain, M. T., Ashour, H. M., & Rahman, M. T. (2020). Isolation and
Characterization of Multidrug-Resistant Escherichia coli and Salmonella spp.
from Healthy and Diseased Turkeys. Antibiotics, 9(11), 770.
https://doi.org/10.3390/antibiotics9110770

Tian, M., He, X,, Feng, Y., Wang, W., Chen, H., Gong, M., Liu, D., Clarke, J. L., &
van Eerde, A. (2021). Pollution by Antibiotics and Antimicrobial Resistance
in LiveStock and Poultry Manure in China, and Countermeasures.
Antibiotics, 10(5), 539. https://doi.org/10.3390/antibiotics10050539

Tiroyakgosi, C., Matome, M., Kgatlwane, J., Anand Paramadhas, B. D., Malone, B.,
Mpinda-Joseph, P., Rwegerera, G. M., Maika, K., Mashalla, Y., Godman, B.,
& Massele, A. (2019). Antimicrobial utilization research and activities in
Botswana, the past, present and the future. Expert Review of Anti-Infective
Therapy, 17(10), 759-762. https://doi.org/10.1080/14787210.2019.1668777

Tollentino, F. M., Polotto, M., Nogueira, M. L., Lincopan, N., Neves, P., Mamizuka,
E. M., Remeli, G. A., de Almeida, M. T., Rubio, F. G., & Nogueira, M. C.
(2011). High Prevalence of bla(CTX-M) Extended Spectrum Beta-Lactamase
Genes in Klebsiella pneumoniae isolates from a Tertiary Care Hospital: First
report of bla(SHV-12),bla(SHV-31),bla(SHV-38), and bla(CTX-M-15) in
Brazil. Microbial Drug Resistance, 17(1), 7-16.
https://doi.org/10.1089/mdr.2010.0055

Tornberg-Belanger, S. N., Rwigi, D., Mugo, M., Kitheka, L., Onamu, N., Ounga, D.,

Diakhate, M. M., Atlas, H. E., Wald, A., McClelland, R. S., Soge, O. O.,
Tickell, K. D., Kariuki, S., Singa, B. O., Walson, J. L., & Pavlinac, P. B.
(2022). Antimicrobial resistance including Extended Spectrum Beta
Lactamases (ESBL) among E. coli isolated from kenyan children at hospital

110



discharge. PLOS Neglected Tropical Diseases, 16(3), €0010283.

https://doi.org/10.1371/journal.pntd.0010283

Trongjit, S., Angkittitrakul, S., & Chuanchuen, R. (2016). Occurrence and molecular
characteristics of antimicrobial resistance of Escherichia coli from broilers,
pigs and meat products in Thailand and Cambodia provinces. Microbiology
and Immunology, 60(9), 575-585. https://doi.org/10.1111/1348-0421.12407

Truong, D. T., Tett, A., Pasolli, E., Huttenhower, C., & Segata, N. (2017). Microbial
strain-level population structure and genetic diversity from metagenomes.
Genome Research, 27(4), 626-638. https://doi.org/10.1101/gr.216242.116

Tsai, Y. K., Fung, C. P, Lin, J. C., Chen, J. H., Chang, F. Y., Chen, T. L., & Siu, L.
K. (2011). Klebsiella pneumoniae Outer Membrane Porins OmpK35 and
OmpK36 Play Roles in both Antimicrobial Resistance and Virulence.
Antimicrobial Agents and Chemotherapy, 55(4), 1485-1493.
https://doi.org/10.1128/aac.01275-10

Tshibangu-Kabamba, E., Ngoma-Kisoko, P. D. J., Tuan, V. P., Matsumoto, T.,
Akada, J., Kido, Y., Tshimpi-Wola, A., Tshiamala-Kashala, P., Ahuka-
Mundeke, S., Mumba Ngoy, D., Disashi-Tumba, G., & Yamaoka, Y. (2020).
Next-Generation Sequencing of the Whole Bacterial Genome for Tracking
Molecular Insight into the Broad-Spectrum Antimicrobial Resistance of
Helicobacter pylori Clinical Isolates from the Democratic Republic of
Congo. Microorganisms, 8(6), 887.
https://doi.org/10.3390/microorganisms8060887

Turner, P. (2005). Extended-Spectrum B-Lactamases. Clinical Infectious Diseases,
41(s4), S273-S275. https://doi.org/10.1086/430789

Uelze, L., Griitzke, J., Borowiak, M., Hammerl, J. A., Juraschek, K., Deneke, C.,
Tausch, S. H., & Malorny, B. (2020). Typing methods based on whole
genome sequencing data. One Health Outlook, 2(1), 1-19.
https://doi.org/10.1186/s42522-020-0010-1

Umeda, K., Hase, A., Fukuda, A., Matsuo, M., Horimoto, T., & Ogasawara, J.

(2020). Prevalence and mechanisms of fluoroquinolone-resistant Escherichia

111



coli among sheltered companion animals. Access Microbiology, 2(1).
https://doi.org/10.1099/acmi.0.000077

van Boeckel, T. P., Brower, C., Gilbert, M., Grenfell, B. T., Levin, S. A., Robinson,
T. P, Teillant, A., & Laxminarayan, R. (2015). Global trends in
antimicrobial use in food animals. Proceedings of the National Academy of
Sciences, 112(18), 5649-5654. https://doi.org/10.1073/pnas.1503141112

van Schaik, W. (2015). The human gut resistome. Philosophical Transactions of the
Royal Society B: Biological Sciences, 370(1670), 20140087.
https://doi.org/10.1098/rstb.2014.0087

Vaz-Moreira, 1., Nunes, O. C., & Manaia, C. M. (2014). Bacterial diversity and
antibiotic resistance in water habitats: searching the links with the human
microbiome. FEMS Microbiology Reviews, 38(4), 761-778.
https://doi.org/10.1111/1574-6976.12062

Veldman, K., Cavaco, L. M., Mevius, D., Battisti, A., Franco, A., Botteldoorn, N.,
Bruneau, M., Perrin-Guyomard, A., Cerny, T., de Frutos Escobar, C., Guerra,
B., Schroeter, A., Gutierrez, M., Hopkins, K., Myllyniemi, A. L., Sunde, M.,
Wasyl, D., & Aarestrup, F. M. (2011). International collaborative study on
the occurrence of plasmid-mediated quinolone resistance in Salmonella
enterica and Escherichia coli isolated from animals, humans, food and the
environment in 13 European countries. Journal of Antimicrobial
Chemotherapy, 66(6), 1278-1286. https://doi.org/10.1093/jac/dkr084

Villegas, M., Kattan, J., Quinteros, M., & Casellas, J. (2008). Prevalence of
extended-spectrum B-lactamases in South America. Clinical Microbiology
and Infection, 14, 154-158. https://doi.org/10.1111/j.1469-
0691.2007.01869.x

Vivas, M. C., Caicedo, L. D., & Castillo, J. E. (2019). Occurrence of B-Lactamase-
Producing Gram-Negative Bacterial Isolates in Water Sources in Cali City,
Colombia. International Journal of Microbiology, 2019, 1-8.
https://doi.org/10.1155/2019/1375060

Waddington, C., Carey, M. E., Boinett, C. J., Higginson, E., Veeraraghavan, B., &

Baker, S. (2022). Exploiting genomics to mitigate the public health impact of

112



antimicrobial resistance. Genome Medicine, 14(1).
https://doi.org/10.1186/s13073-022-01020-2

Wang, F. H., Qiao, M., Su, J. Q., Chen, Z., Zhou, X., & Zhu, Y. G. (2014). High
Throughput Profiling of Antibiotic Resistance Genes in Urban Park Soils
with Reclaimed Water Irrigation. Environmental Science & Technology,
48(16), 9079-9085. https://doi.org/10.1021/es502615e

Wang, L., Wang, J., Wang, J., Zhu, L., Yang, L., & Yang, R. (2019). Distribution
characteristics of antibiotic resistant bacteria and genes in fresh and
composted manures of livestock farms. Science of The Total Environment,
695, 133781. https://doi.org/10.1016/j.scitotenv.2019.133781

Wang, X., Gu, J., Gao, H., Qian, X., & Li, H. (2018). Abundances of Clinically
Relevant Antibiotic Resistance Genes and Bacterial Community Diversity in
the Weihe River, China. International Journal of Environmental Research
and Public Health, 15(4), 708. https://doi.org/10.3390/ijerph15040708

Wattam, A. R., Davis, J. J., Assaf, R., Boisvert, S., Brettin, T., Bun, C., Conrad, N.,
Dietrich, E. M., Disz, T., Gabbard, J. L., Gerdes, S., Henry, C. S., Kenyon, R.
W., Machi, D., Mao, C., Nordberg, E. K., Olsen, G. J., Murphy-Olson, D. E.,
Olson, R., . .. Stevens, R. L. (2016). Improvements to PATRIC, the all-
bacterial Bioinformatics Database and Analysis Resource Center. Nucleic
Acids Research, 45(D1), D535-D542. https://doi.org/10.1093/nar/gkw1017

Wick, R. R., Judd, L. M., Gorrie, C. L., & Holt, K. E. (2017). Unicycler: Resolving
bacterial genome assemblies from short and long sequencing reads. PLOS
Computational Biology, 13(6), €1005595.
https://doi.org/10.1371/journal.pcbi.1005595

Wilke, M. S., Lovering, A. L., & Strynadka, N. C. (2005). B-Lactam antibiotic
resistance: a current structural perspective. Current Opinion in
Microbiology, 8(5), 525-533. https://doi.org/10.1016/j.mib.2005.08.016

Williams-Nguyen, J., Sallach, J. B., Bartelt-Hunt, S., Boxall, A. B., Durso, L. M.,
McLain, J. E., Singer, R. S., Snow, D. D., & Zilles, J. L. (2016). Antibiotics

and Antibiotic Resistance in Agroecosystems: State of the Science. Journal

113



of Environmental Quality, 45(2), 394-406.
https://doi.org/10.2134/jeq2015.07.0336

Wood, D. E., & Salzberg, S. L. (2014). Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biology, 15(3), R46.
https://doi.org/10.1186/gb-2014-15-3-r46

World Health Organization. (2015, October 13). Global antimicrobial resistance
surveillance system: manual for early implementation. Retrieved September
8, 2021, from https://apps.who.int/iris/handle/10665/188783

World Health Organization. (2020, September 22). GLASS whole-genome
sequencing for surveillance of antimicrobial resistance. Retrieved September
8, 2021, from https://apps.who.int/iris/handle/10665/334354

World Health Organization. (2021, March 12). WHO integrated global surveillance
on ESBL-producing E. coli using a “One Health” approach: implementation
and opportunities. Retrieved September 8, 2021, from
https://apps.who.int/iris/handle/10665/340079

Worthington, R. J., & Melander, C. (2013). Overcoming Resistance to 3-Lactam
Antibiotics. The Journal of Organic Chemistry, 78(9), 4207-4213.
https://doi.org/10.1021/jo400236f

Wu, D., Huang, X. H., Sun, J. Z., Graham, D. W., & Xie, B. (2017). Antibiotic
Resistance Genes and Associated Microbial Community Conditions in Aging
Landfill Systems. Environmental Science & Technology, 51(21), 12859—
12867. https://doi.org/10.1021/acs.est.7b03797

Yang, Q. E., Sun, J., Li, L., Deng, H., Liu, B. T, Fang, L. X., Liao, X. P., & Liu, Y.
H. (2015). IncF plasmid diversity in multi-drug resistant Escherichia coli
strains from animals in China. Frontiers in Microbiology, 6, 964.
https://doi.org/10.3389/fmich.2015.00964

Yasugi, M., Hatoya, S., Motooka, D., Matsumoto, Y., Shimamura, S., Tani, H.,
Furuya, M., Mie, K., Miyake, M., Nakamura, S., & Shimada, T. (2021).
Whole-genome analyses of extended-spectrum or AmpC B-lactamase-
producing Escherichia coli isolates from companion dogs in Japan. PLOS
ONE, 16(2), e0246482. https://doi.org/10.1371/journal.pone.0246482

114



Zane, S., & Guarner, J. (2011). Gynecologic Clostridial Toxic Shock in Women of
Reproductive Age. Current Infectious Disease Reports, 13(6), 561-570.
https://doi.org/10.1007/s11908-011-0207-7

Zankari, E. (2014). Comparison of the Web Tools ARG-ANNOT and ResFinder for
Detection of Resistance Genes in Bacteria. Antimicrobial Agents and
Chemotherapy, 58(8), 4986. https://doi.org/10.1128/aac.02620-14

Zankari, E., Allesge, R., Joensen, K. G., Cavaco, L. M., Lund, O., & Aarestrup, F.
M. (2017). PointFinder: a novel web tool for WGS-based detection of
antimicrobial resistance associated with chromosomal point mutations in
bacterial pathogens. Journal of Antimicrobial Chemotherapy, 72(10), 2764—
2768. https://doi.org/10.1093/jac/dkx217

Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund, O.,
Aarestrup, F. M., & Larsen, M. V. (2012). Identification of acquired
antimicrobial resistance genes. Journal of Antimicrobial Chemotherapy,
67(11), 2640-2644. https://doi.org/10.1093/jac/dks261

Zappa, V., Bolafos, C. A. D., Paula, C. L. D., Callefe, J. L. R., Alves, A. C., Moralis,
A.B.C. D, Guerra, S. T., Cabrini, M. C., Melville, P. A., & Ribeiro, M. G.
(2017). Antimicrobial multiple resistance index, minimum inhibitory
concentrations, and extended-spectrum beta-lactamase producers of Proteus
mirabilis and Proteus vulgaris strains isolated from domestic animals with
various clinical manifestations of infection. Semina: Ciéncias Agrarias,
38(2), 775. https://doi.org/10.5433/1679-0359.2017v38n2p775

Z0gg, A. L., Simmen, S., Zurfluh, K., Stephan, R., Schmitt, S. N., & Nuesch-
Inderbinen, M. (2018). High Prevalence of Extended-Spectrum (-Lactamase
Producing Enterobacteriaceae Among Clinical Isolates from Cats and Dogs
Admitted to a Veterinary Hospital in Switzerland. Frontiers in Veterinary
Science, 5, 1-8. https://doi.org/10.3389/fvets.2018.00062

Zurfluh, K., Abgottspon, H., Hachler, H., Nuesch-Inderbinen, M., & Stephan, R.
(2014). Quinolone Resistance Mechanisms among Extended-Spectrum Beta-
Lactamase (ESBL) Producing Escherichia coli Isolated from Rivers and
Lakes in Switzerland. PLoS ONE, 9(4), e95864.

https://doi.org/10.1371/journal.pone.0095864
115



Zurfluh, K., Hachler, H., Niesch-Inderbinen, M., & Stephan, R. (2013).
Characteristics of Extended-Spectrum B-Lactamase- and Carbapenemase-
Producing Enterobacteriaceae Isolates from Rivers and Lakes in Switzerland.
Applied and Environmental Microbiology, 79(9), 3021-3026.
https://doi.org/10.1128/aem.00054-13

116



APPENDIX

Bacterial species identified in dog feces sample using KmerFinder

Predicted species Query coverage (%) Template coverage (%) Accession no
Proteus mirabilis strain | 44.31 81.77 NZ_CP043332.1
CRPM10 chromosome,

complete genome

Citrobacter sp. RHB21-C05 6.34 12.69 NZ_CP057611.1
chromosome, complete genome

Paeniclostridium 2.24 493 NZ_CP014150.1

sordellii strain AM370
chromosome, complete

genome
Proteus mirabilis 1.89 3.48 ' NZ_CP020052.1
strain  AR_0059, complete

genome

Proteus mirabilis 0.69 1.29 NZ_CP034090.1

Strain PmSC1111
chromosome, complete genome

The Kmerfinder method was used to predict bacteria organisms present in the dog
feces sample. Five top hits predicted species and strains included; Proteus mirabilis
strain CRPM10 chromosome, complete genome species with query coverage of 44.31
%, Citrobacter sp. RHB21-C05 chromosome, complete genome with query coverage
6.34 %, followed by Paeniclostridium sordellii strain AM370 chromosome, complete
genome with query coverage 2.24 % and finally Proteus mirabilis strain AR_0059,
complete genome and Proteus mirabilis strain PmSC1111 chromosome, complete

genome with query coverage 1.89 % and 0.69 % respectively.
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