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ABSTRACT
Increase of bacteria resistant to antibiotics is a global public health concern
with serious health and economic consequences. The control of this threat needs
multidisciplinary joint efforts and strategies based on scientific evidences generated by
surveillance systems or research. It is therefore crucial and recommended to generate
updated data on antimicrobial resistance to increase the understanding of this problem
for a better control. While research and monitoring of antimicrobial resistance are
advanced in a lot of developed countries, there are limited information on this
problem, specifically among animals, in most of developing countries. For example,
in a country like Rwanda, there is a scarcity of information on the current status of
antibiotic resistance particularly in food producing animals. The overall objective of
this dissertation was to provide information, methods, and data that can be used when
establishing a strategy to control antibiotic resistance in food animals in Rwanda.
The first two studies presented herein were conducted with a focus of
developing and optimizing methods to establish the status of antimicrobial resistance
in food producing animals when laboratory resources are limited. The two study
projects were conducted in food animals from farms located in Texas. Both studies
showed that antibiotic resistant bacteria were present in food producing animals at
variable levels according to the animal species and the antibiotic tested. In general,
resistant bacteria were found to be at lower levels compared to susceptible bacteria.
The methods used were optimized and appeared to be suitable to generate valuable
information on antibiotic resistance in isolated bacteria.
v

Texas Tech University, Rosine Manishimwe, August 2020
A third study was conducted in Rwanda to establish a baseline of data on
antibiotic resistance in cattle, goats, pigs and poultry using methods developed in the
first two studies conducted in Texas. The main observation of this study was that
resistance to tetracycline was the most prevalent among indicator Escherichia coli
isolated from food animals. And most of resistant Escherichia coli were from poultry
fecal samples compared to other animal species. Escherichia coli resistant to thirdgeneration cephalosporins were also detected, and they were all characterized as
producers of extended spectrum beta-lactamases. Moreover, Escherichia coli resistant
to quinolones was present among the studied food animals.
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CHAPTER I
INTRODUCTION
Food producing animals are considered as reservoirs of antibiotic resistant
bacteria. These bacteria can transfer genetic determinants of antibiotic resistance to
pathogenic bacteria capable of causing diseases in humans or animals. Therefore,
research on antimicrobial resistance (AMR) in different food animals is highly
recommended. This dissertation presents studies conducted to establish the status of
AMR in food animals from Texas in United States and from the East province of
Rwanda. Two studies were conducted in Texas to develop and to optimize methods
for establishing AMR in food animals. Thereafter, the methods developed were used
to establish AMR in food animals in Rwanda in order to fill in gaps of information
noted in this country.
Chapter II of this dissertation presents a literature review that briefly discusses
modes of action of antibiotics and main mechanisms of resistance. Furthermore, this
chapter gives an overview on antibiotic resistance in food animals, global efforts to
control antibiotic resistance, and a situation analysis of AMR in food producing
animals in Rwanda.
Chapter III presents the first research project conducted to determine the
presence, the concentration and phenotypic characteristics of antimicrobial resistant
Escherichia coli (E. coli) isolated from different animal species housed at a research
farm in Texas.
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Chapter IV presents a study conducted to establish AMR profiles of E. coli and
Salmonella isolated from dairy cattle feces at a dairy farm in Texas. This chapter is
presented as a standalone research paper prepared to be submitted for publication.
Chapter V presents a research project conducted in food animals in Rwanda, to
evaluate the status of AMR among E. coli and Salmonella isolated from cattle, goats,
pigs, and poultry feces in the East province of Rwanda. This chapter is presented as a
standalone research paper prepared to be submitted for publication.
Lastly, chapter VI presents final conclusions deduced from studies presented in
this dissertation.
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CHAPTER II
LITERATURE REVIEW
Generality on antibiotic resistance
According to the World Health Organization (WHO), AMR is defined as a
phenomenon that happens when an antimicrobial, such as an antibiotic, become
ineffective vis-à-vis to microorganisms, such as bacteria, and the infection caused by
the microorganisms persists in the body of a human or an animal [1]. Proportions of
antibiotic resistant bacteria in different reservoirs are generally low compared to the
entire microbiota, but a concern is growing because of observations that numbers of
resistant bacteria are soaring [1]. If nothing is done to control the rise of AMR, there is
a fear of facing a post antibiotic era where bacterial infections will be hard to prevent,
difficult to control, and challenging to cure [2].
The emergence of antibiotic resistant bacteria was reported to follow the
antibiotics’ discovery, synthesis, or use in medicine [3]. Unfortunately, the exact
origin of genes encoding for antibiotic resistance is unknown, even if the
environmental microbiota, including bacteria producing antibiotics, is suspected to be
the primary source of these genes [4]. Bacteria can be intrinsically resistant to an
antibiotic. They can also become resistant through chromosomal mutations or through
the acquisition of resistance genes by horizontal gene transfer. Generally,
chromosomal mutations in bacteria occur at a very low rate which means that the
horizontal gene transfer may be the main route of bacterial acquisition of genes
encoding for AMR [5]. Even though factors driving AMR emergence, spread, and
maintenance are not fully understood, massive uses of antibiotics is described as a
3
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form of selective pressure for resistant bacteria leading to their increase over
susceptible bacteria [6].
Antibiotics’ modes of action and main mechanisms of resistance
Antibiotics are drugs that are used in the treatment of bacterial infections. They
kill bacteria or inhibit their growth. Depending on the class, antibiotics have different
targets in the bacterial cell to affect the growth or life of the bacteria.
Antibiotics such as beta-lactams and glycopeptides affect the synthesis of the
bacterial cell wall either by targeting penicillin binding proteins (PBPs),
transpeptidases that catalyze the linkage between peptidoglycan strands, or by binding
to the D-Ala-D-Ala terminus of pentapeptide strands of the peptidoglycan. These
antibiotics fragilize the peptidoglycan layer and therefore compromise the integrity of
the bacterial cell wall in different osmolarity changes leading to the cell lysis and
death. Antibiotics belonging to polymyxins target components of the outer membrane
of Gram-negative bacteria that are important for the bacterial viability and
pathogenicity[7]. Proteins synthesis is a target of some antibiotics, such as
aminoglycosides and tetracyclines, that bind to the 16S ribosomal-RNA (r-RNA) of
the 30S ribosomal subunit. It is also a target of antibiotics like macrolides and
phenicols, that bind to the 23S r-RNA of the 50S ribosomal subunit to interfere with
proteins synthesis. Quinolones are antibiotics that interfere with the DNA replication
through the binding of these antibiotics to the DNA gyrase in Gram-negative bacteria
and to the topoisomerase IV in Gram-positive bacteria. These antibiotics inhibit the
target enzymes from controlling DNA supercoiling within the cell. Trimethoprim and
4

Texas Tech University, Rosine Manishimwe, August 2020
sulfonamides affect the folic acid metabolism in a bacterial cell at different stages.
Sulfonamides inhibit dihydropteroate synthase while trimethoprim inhibits the enzyme
dihydrofolate reductase[7].
There are different mechanisms of bacterial resistance to antibiotics. The main
mechanism of bacterial resistance to beta-lactams is the enzymatic inactivation :
bacteria produce beta-lactamases, enzymes that cleave the beta-lactam cycle and make
the antibiotics unable to bind to PBPs [7]. For glycopeptides, the main mechanism of
bacterial resistance is driven by the synthesis of peptidoglycan’s pentapeptide strands
with one alanine amino acid replaced by lactate resulting in a reduced affinity to
glycopeptides [8]. Bacterial resistance to aminoglycoside is mainly driven by chemical
modification by aminoglycoside-modifying enzymes [9]. Resistance to polymixins is
generally due to the modification of the lipopolysaccharides, a component of the
Gram-negative outer membrane[10]. In 2015, a plasmid-mediated gene (mcr-1)
encoding for resistance to colistin, a polymyxin antibiotic, was discovered in animals
and humans in China [11]. The main mechanism of resistance to tetracyclines among
Gram-positive bacteria is the protection of ribosomes by proteins that prevent
tetracyclines from binding to their targets. On the other hand, Gram-negative bacteria
use efflux pumps as the main mechanism of resistance to tetracyclines [7,12]. The
mechanism of resistance to macrolides is principally due to ribosomal methylation by
methylase enzymes [13], while for phenicols the main mechanism is the enzymatic
inactivation of the antibiotics [14]. A mutation in one or more of the genes encoding
for the primary and secondary targets of quinolones is the common mechanism of
5
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bacterial resistance to these antibiotics. Another mechanism of resistance to
quinolones is driven by plasmid-mediated quinolone resistance (PMQR) genes such as
the qnr gene [15]. Bacterial resistance to trimethoprim and sulfonamide antibiotics is
dominated by the production of substrates with a low affinity to these antibiotics.
In general, a mechanism that all bacteria may use to be resistant to different
antibiotics is by decreasing the concentration of antibiotics inside the cell: bacteria can
decrease the uptake of antibiotics by modifying the cell membrane, or they can use
efflux pumps to eject antibiotics from the cytoplasm.
Laboratory testing of bacterial susceptibility to antibiotics
The overall goal of antibiotic susceptibility testing (AST) is to determine the
effectiveness of an antibiotic against a bacterium or to detect the presence of antibiotic
resistance in the bacterium.
Common phenotypic methods for testing bacterial antibiotic susceptibility
Common phenotypic AST techniques are culture-based methods that assess the
growth of a pure bacterial culture against an antibiotic either on agar or in liquid
media. The Clinical and Laboratory Standards Institute (CLSI) and the European
Union Committee on Antibiotic Susceptibility Testing (EUCAST) are the main
institutions that regularly produce guidelines for phenotypic AST methods and criteria
for results interpretations. They produce breakpoints for results interpretation that are
derived from pharmacokinetic and pharmacodynamic profiles of antibiotics for a
particular bacterium, as well as from epidemiological data.
Phenotypic AST include the disk diffusion, a popular method used to determine
the bacterial growth inhibition zone by an antibiotic on agar [16]. While this method is
6
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highly appreciated for its simplicity and low cost, it is also criticized for its poor
performance to test fastidious bacteria and large antibiotics that can’t easily diffuse
into agar [17]. Broth and agar dilution are methods that determine the lowest
concentration or the minimum inhibition concentration (MIC) of an antibiotic that
inhibits the visible growth of a bacterium being tested [18]. The main advantages of
dilution methods are their reproducibility and the availability of the pre-prepared
panels for the broth microdilution. Their main disadvantages include the effort
required to prepare the agar dilution plates and the limited shelf life of these plates
[18]. The antimicrobial gradient method or the Epsilometer testing (E-test), is a
common commercial AST method that uses plastic strips coated with an exponential
gradient of an antibiotic to determine the MIC on agar-based medium [18]. Although
the E-test is simple and reliable, its high cost makes it unpopular [17,18]. To look for
simplicity and rapidity, industries have developed automated techniques for AST such
as the Vitek 2 System (BioMerieux), the Phoenix Automated Microbiology System
(BD Diagnostics), the MicroScan WalkAway (Siemens Healthcare Diagnostics), and
the Sensititre ARIS 2X (Trek Diagnostic Systems). Nevertheless, these methods have
been reported to lack reproducibility and reliability compared to the traditional
methods [17,18].
Besides methods used for AST, there are techniques used to phenotypically detect
mechanisms of antibiotic resistance in a bacterium. For instance, enterobacteriaceae
producing carbapenemases or extended spectrum beta-lactamases (ESBLs) can be
detected using the combination disk test. Among other methods, the MALDI-TOF
7
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MS, the Carba NP, the modified carbapenem inactivation, and the modified Hodge test
are also used to detect mechanism of resistance in bacteria [19,20].
Common genotypic-based methods for testing bacterial susceptibility to
antibiotics
Molecular or genotypic-based methods for AST detect the presence of genes
encoding for resistance, or mutations associated with resistance to an antibiotic in
extracted DNA from a pure bacterial colony or from a sample. Some of these methods
such as the polymerase chain reaction and the loop-mediated isothermal amplification,
use amplification to identify the target DNA sequence. Other methods like the arrays
and fluorescent in situ hybridization, use hybridization to detect a target DNA
sequence. Also, there are methods that use immunoassay, such as the lateral
flow immunoassays and the nucleic acid lateral flow assays. Finally, there are methods
such as the whole genome sequencing, that use sequencing [21].
Advantages of molecular methods for AST include their rapidity, their high
specificity, and their high sensitivity. On the other hand, these methods are criticized
because only known resistance genes can be detected, the reagents and equipment
used are expensive, and a genetic resistance marker present in a bacterium is not
always expressed into phenotypic resistance [17,21].
Antibiotic resistance in food producing animals
Despite benefits of using antibiotics in food producing animals, this practice is
considered as a major driver of emergence and spread of antibiotic resistant bacteria
[22]. Antibiotics are generally used in food animals either for therapeutic reasons to
treat infections in clinically sick animals or for metaphylactic purposes to treat
8
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clinically healthy animals belonging to the same group as animals with clinical
symptoms. In addition, antibiotics are used in animals for prophylactic reasons to
prevent occurrence of a disease in healthy animals, they are also used in healthy
animals for production purposes to improve growth [22].
Presence of AMR in bacteria isolated from food producing animals was reported
as early as antibiotics were introduced in veterinary medicine in the 1950s. Since then,
antibiotic resistant bacteria were frequently reported in food animals [23]. But it was
not until 1969 when the report from the Swann Committee was published in the UK,
that the presence of antimicrobial resistant bacteria in food animals attracted attention
and was considered as a real public health concern that needed to be controlled [24].
Now days, there is a growing body of evidences showing that emergence of antibiotic
resistance in food animals is linked to occurrence of resistant bacterial infections in
humans [25–27].
Levels of antibiotic resistant bacteria vary according to food animal species,
geographic locations, bacteria of interest, and antibiotics tested. According to the Food
and Agriculture Organization for the United Nations (FAO), resistance to tetracycline,
penicillin and sulfonamides have been commonly observed among bacteria isolated
from chicken and swine while multidrug resistant bacteria have been reported to be
significantly higher in these isolates compared to bacterial isolates from cattle [28]. In
European countries, it was reported that there was a variety in the magnitude of
antibiotic resistance by animal species, by antibiotic tested, and by country. For
example, levels of antibiotic resistant bacteria were different according to countries,
9
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with lower resistance reported in northern Europe compared to southern and eastern
Europe [29]. In the United States, the latest report of the National Antimicrobial
Resistance Monitoring System (NARMS), showed that multidrug resistance among
Salmonella and generic E. coli was higher in isolates from turkey cecal contents
compared to isolates from chicken or cattle cecal contents[30]. In Canada, the
Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS),
reported that among indicator E. coli isolated from broiler chickens, feedlot beef,
grower-finisher pigs, and turkeys, resistance to tetracycline was the most prevalent
while resistance to quinolones was very uncommon [31].
While there is a plethora of research reporting levels of antibiotic resistant bacteria
in food producing animals in developed countries, only few studies on this topic have
been conducted in developing countries [32]. In the latter countries, it is generally
reported that resistances to most commonly used antibiotics in food animals, namely
tetracyclines, sulfonamides, and penicillins, are the most frequently observed in
bacteria isolated from these animals [32]. Furthermore, it is reported that in these
countries, among antibiotics considered as critically important for human medicine,
the highest percentages of resistance are for ciprofloxacin and erythromycin (20 to
60%), moderate percentages of resistance are for third- and fourth-generation
cephalosporins (10 to 40%), while low percentages of resistance are for linezolid and
gentamicin (<20%)[32]. According to a review on AMR in food animals across
African countries, most of resistant and multidrug resistant bacteria were isolated from
pigs and poultry populations [33].
10
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Even though levels of AMR among bacterial isolates from different animal species
differ by geographic region, many similarities are observed. For example, resistance to
tetracycline is the most common in food animals and generally the majority of
resistant bacteria are frequently isolated from birds. Differences in levels of antibiotic
resistance among bacterial isolates from different animal species, could suggest
differences in the use of antibiotics based on to quantity but also the mode of
utilization [29].
Global efforts to control antimicrobial resistance
The global action plan for antimicrobial resistance
The threat of antibiotic resistance is not only related to human and animal health,
but it is also related the world economy. O’Neil reported that, if no actions are taken,
by 2050 human costs associated with AMR would lead to 10 million of human deaths
[34]. On the other hand, the World Bank’s estimates showed that if no actions are
taken to control AMR, by 2050 the global gross domestic product (GDP) will decrease
by 3.8%, the global healthcare cost will increase up to 1 trillion U.S dollars, the global
livestock production will decline up to 7.5%, and up to 28 million of people were
projected to fall into poverty because of AMR [35]. Antimicrobial resistance is a
complex challenge that can’t be controlled by a separate organization or nation [36].
The fight against emergence and spread of AMR requires coordinated and joint multidisciplinary efforts because human, animals, food, and environments contribute to,
and are affected by the spread of AMR [37].
The WHO, the FAO, and the World Organization for Animal Health (OIE) came
together to form a tripartite collaboration that developed a Global Action Plan on
11
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AMR (GAP-AMR) which is a multi-sectoral approach to combat AMR using a one
health approach [37–39]. In May 2015, the WHO general assembly adopted the GAPAMR with the main goal being “ to ensure, for as long as possible, continuity of the
ability to treat and prevent infectious diseases with effective and safe medicines that
are quality-assured, used in a responsible way, and accessible to all who need them”
[38]. To achieve the overall goal, five strategic objectives were identified:
-

To improve awareness and understanding of antimicrobial resistance through
effective communication, education and training;

-

to strengthen the knowledge and evidence base through surveillance and
research;

-

to reduce the incidence of infection through effective sanitation, hygiene and
infection prevention measures;

-

to optimize the use of antimicrobial medicines in human and animal health;

-

to develop the economic case for sustainable investment that takes account of
the needs of all countries and to increase investment in new medicines,
diagnostic tools, vaccines and other interventions.

To ensure a successful implementation of the GAP-AMR, the WHO recommended
the OIE and the FAO, as well as member states to develop and implement action plans
on AMR in line with the global action plan [38]. In 2015, during the FAO’s 39

th

conference, the general assembly adopted the FAO action plan on AMR [37]. On the
animal health side, in 2016, the OIE’s 84 general assembly adopted the OIE strategy
th

on AMR aligned with the GAP-AMR[39]. In 2016, the 71 United Nations’ general
st

12
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assembly stressed the importance of AMR and heads of states committed their
countries to work together to address AMR and to implement the GAP-AMR [40].
Similar to the WHO and the FAO, the OIE continues to assist member states in the
development and the implementation of national action plans for antimicrobial
resistance ( NAP-AMR) through various guidelines, trainings, and different supporting
projects[41–47].
Countries’ progress in developing national action plans on antimicrobial
resistance
The 2018-2019 global database for AMR country self-assessment in WHO,
FAO, and OIE member states showed that 117 of 159 participating countries reported
to have developed a NAP-AMR [48]. According to these data, 26 countries reported to
have a NAP-AMR developed and being implemented, 52 countries reported to have a
NAP-AMR developed and approved but not implemented, 39 countries reported to
have a NAP-AMR developed but not yet approved. On the other hand, 36 countries
reported to be in the process of developing a NAP-AMR (Figure 2.1).

13
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Figure 2.1. Country progress with development of national action plan on
antimicrobial resistance.
Note: The map was extracted from World Health Organization’s website:
https://amrcountryprogress.org

The number of countries with a developed NAP-AMR has increased from 93 countries
to 117 between 2017 and 2019 [48,49].
While the development of an AMR monitoring system may be a novel strategy
for some countries, in countries like Denmark and the U.S, AMR monitoring systems
have been established since 1995 and 1996 respectively. For the latter countries, it was
easy to put in place a functioning NAP-AMR as there was a starting point. For
example, right after the adoption of the GAP-AMR, in 2015 the United States
published the U.S national action for combating antimicrobial resistant bacteria, a five
years plan with 5 goals aligned with the GAP-AMR [50]. On the other side, there are
14
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countries, such as the republic of Tanzania or Kenya, that made their first steps in
developing integrated strategies to address AMR in 2017 [51,52].
A situation analysis on antibiotic resistance in food producing
animals in Rwanda
Brief description of Rwanda
Rwanda is a small landlocked country with a total area of 26, 338 km located
2

in east central Africa. Of its total area, 24,210 km are covered by land while 2,120 km
2

are covered by water and swamps[53]. Rwanda shares borders with the Democratic
Republic of the Congo in the west, Burundi in the south, Tanzania in the east, and
Uganda in the north. With the capital city Kigali, Rwanda is administratively
subdivided into 5 provinces (Kigali, East, West, North, and South) which are divided
into 30 districts made of 416 sectors (Figure 2.2). The official languages spoken in
Rwanda are Kinyarwanda, English, French, and Swahili.
Called the land of a thousand hills, Rwanda is characterized by a mountainous
relief with a decreasing altitude from west (4500 m) to east (1000 m). Rwanda has a
temperate climate with an annual average temperature of 19.84°C [53]. It has two
rainy seasons: March to May and mid-September to mid-December. There also are
two dry seasons: June to mid-September, mid-December to February.

15
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Figure 2.2. Location of Rwanda in Africa and Rwanda administrative map [53]
With 12,089,721 people in 2018 [53], Rwanda is classified as a low income
country by the World Bank [54] with a total GDP of 9.51 billions U.S dollars and a
GDP per capita of 772.9 U.S dollars in 2018[55,56]. Agriculture in general contributes
28% of the total GDP, with livestock production contributing 4% to the total
GDP[54].
In Rwanda, policies, strategies, and regulations regarding agriculture and
animal resources are governed by the Ministry of Agriculture and Animal Resource
while technical innovations, research, and extension are managed by the Rwanda
Agriculture and Animal Resources Development Board (RAB), an institution of the
above-mentioned ministry.
Population of food producing animals in Rwanda
The main food producing animals reared in Rwanda are cattle, goats, sheep,
pigs, rabbits, and poultry. Fish and bee production are also present in the country[57].
The distribution of food producing animals varies according to provinces. According
to the latest national agriculture survey conducted in 2008, most cattle, goats, and
poultry were located in the East province while most sheep were located in the North
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province and most pigs were in the South province[58]. Over the years, animal
production has been increasing in the country. Nevertheless, the Ministry of
Agriculture and Animal Resources raised a concern that even if animal production is
increasing due to various programs, such as, programs of intensification, the Girinka
program (one cow per family), small stocks development, and others, the consumption
of some animal products is still below the FAO’s recommendations as shown in Table
2.1 [57].
Table 2.1. Trend in animal population, animal products and consumption of
animal products between 2010 and 2018

2010

Cattle
1,334,820

Animal populations (heads of animals)
Goats
Sheep
Pigs
Rabbits
2,688,273
769,937
684,708
792,895

2018

1,293,768

2,731,795

Milk

Meat

2010

372,619

70,928

2018

847,178

601,836
1,330,461
Animal products in MT
Eggs
Fish
5,203

15,007

Poultry
3,537,608

1,264,734

5,442,152

Honey

Hide and
skins
4,072

2,921

162,470
7,936
31,465
5,200
6,567
Consumption of animal products (FAO recommendations)
Milk
Meat
Eggs
Fish
Honey
L/pers/Y
Kg/pers/Y Kg /pers/Y Kg/pers/Y Kg/pers/Y

2010

37.3

6.44

0.47

1.36

0.26

2018

69,4 (220)

13(50)

0.63(5.7)

2.56

0.53

Note: Table from the Rwanda Ministry of Agriculture and Animal Resources’ 2018/2019 report
[57]. MT: Mega ton, FAO: Food and Agriculture Organization of the United Nations. L: liter.
Kg: kilogram, pers: person, Y: year.

Diseases in food producing animals in Rwanda
Despite governmental efforts to improve animal production in order to
contribute to food security and income generation, diseases in animals represent an
important challenge. In 2018, Rwanda has reported to the OIE a list of animal diseases
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prevalent in food animals in the country. These include viral diseases such as the
African swine fever, the avian infectious bronchitis, the avian infectious
laryngotracheitis, the infectious bursal disease (Gumboro), the foot and mouth disease,
the lumpy skin disease, the Newcastle disease, the peste des petits ruminants, rabies,
the rift valley fever, the sheep pox, and the goat pox. Parasitic diseases reported to be
present in the country were the bovine anaplasmosis, the bovine babesiosis, the
porcine cysticercosis, theileriosis, trichomoniasis, and trypanosomiasis. Finally,
bacterial diseases that were reported include the anthrax, the bovine tuberculosis,
brucellosis (Brucella abortus), brucellosis (Brucella meltiness), the contagious bovine
pleuropneumonia, the contagious caprine pleuropneumonia, the fowl typhoid, the
heartwater, and the ovine epididymitis (B. ovis) [59]. Various individual research
conducted in different parts of the country have confirmed the presence of the
officially reported diseases [60–65].
According to the RAB’s report of 2016-2017, east coast fever, a viral disease,
was reported to be present in all regions of the country except in the mountainous
volcanic regions. Bovine mastitis, mostly caused by bacteria, was also reported as a
big concern for milk production in Rwanda [66]. Furthermore, a review done by Feed
the Future Innovation Lab for Livestock Systems mentioned other disease conditions
threatening livestock production specifically cattle production. These include dystocia,
retained placenta, gastrointestinal parasites, and abortion[67]. Among all these
diseases and disease conditions reported in Rwanda, only those caused by bacteria
should be treated by antibiotics. Unfortunately, due to poor diagnostics and
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uncontrolled access to antibiotics, a concern that antibiotics may be misused to control
diseases in food producing animals is reasonable.
The use of veterinary antibiotics in food producing animals in Rwanda
Veterinary antibiotics are available to be used in food animals in Rwanda.
They are solely imported from outside the country [68]. Before 2018, control and
regulation of veterinary drugs was under the RAB, but in 2018, the law No 003/2018
of 09/02/ 2018 established the Rwanda Food and Drug Authority (Rwanda FDA). This
public institution was mandated to regulate pharmaceutical products for human and
veterinary use, among other responsibilities [69]. As the Rwanda FDA is still in its
early phase, regulations and guidelines related to veterinary drugs’ imports and
distributions are still under development. It is therefore, hard to obtain the current
status of the quality and the quantity of antibiotics used in animals as well as
information on the supply chain of veterinary drugs in Rwanda. Unfortunately, it is
also impossible to find official reports on quantities of veterinary drugs imported in
Rwanda before 2018.
In 2008, a study showed that representatives of pharmaceutical companies,
individual importers and whole sellers were the main importers of veterinary drugs
from pharmaceutical companies around the world or other wholesalers in different
African countries. Also, the study showed that farmers could access veterinary
antibiotics from retailers or directly from importers [68].
Only few studies were conducted to shed light on how farmers use antibiotics
in their animals. According to a study conducted to assess practices of antibiotic use in
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farm animals among 229 farmers in Rwanda, 97.4% of them stated using antibiotics in
their animals. Half of the farmers responded that they use non-prescribed antibiotics.
The main reason for antibiotic use was treatment of sick animals, but prevention of
animal diseases and growth promotion were also mentioned by some farmers[70].
Another study conducted among poultry farmers reported that the use of antibiotics
was high among broiler and layer commercial farms compared to non-commercial
poultry farms. It was also noted that antibiotics could be obtained over the counter
without any veterinary prescription[71]. Even though these studies gave an insight on
antibiotic use in animals, they didn't report which antibiotics were mainly used in each
animal species. They didn't report if the dose was always respected or if the antibiotic
withdraw period was observed. Further studies to elucidate this topic are highly
recommended.
Antimicrobial resistance in food producing animals in Rwanda
There are very few publications on studies conducted to assess the susceptibility
to antibiotics of bacteria isolated from food producing animals in Rwanda.
The RAB’s report of 2016-2017 mentioned a study conducted to isolate and
characterize bacteria from cow milk. This study concluded that among a range of
identified bacteria, resistance to streptomycin was the highest while resistance to
gentamycin and erythromycin were uncommon [66].
Another study was conducted to evaluate the susceptibility to antibiotics of
Staphylococcus aureus isolated from subclinical mastitis cases among lactating cows.
This study reported that a phenotype of beta-lactamases production was observed in
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77% of Staphylococcus aureus isolated in Kigali and 65.8% of Staphylococcus aureus
isolated in the remaining four provinces. Furthermore, this study concluded that among
isolated

Staphylococcus

aureus,

resistance

to

penicillin

(83.3%)

and

clindamycin(100%) were the highest [72].
Finally, one more study was conducted in the East province and Kigali city of
Rwanda to assess the susceptibility to 5 antibiotics of Escherichia coli isolated from
poultry fecal samples. This study reported that resistance to erythromycin was
frequently observed (98.8%) followed by resistance to streptomycin (78.8%). It was
also noted that resistance to antibiotics was statistically different between commercial
and non-commercial poultry farms [71].
A national action plan for antimicrobial resistance in Rwanda
Similar to other countries around the world, in 2015, Rwanda committed to join
the global effort of combatting AMR[38]. As of today, a NAP-AMR is still under
development [73]. Based on the GAP-AMR goals, the Table 2.2 illustrates what is
currently done and what can be done to mitigate AMR in Rwanda, specifically in food
animals.
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Table 2.2. Current status of strategies to combat antimicrobial resistance in Rwanda and recommendations toward the
development of a national action plan for antimicrobial resistance in line with the global action plan
GAP-AMR Goals
Goal 1:
To improve awareness
and understanding of
AMR through effective
communication,
education and training

Goal 2:
To strengthen the
knowledge and evidence
base through surveillance
and research

Goal 3:
To reduce the incidence
of infection through
effective sanitation,
hygiene and infection
prevention measures

Current situation
àThe Rwanda Biomedical Center, an institution of the
Ministry of Health, annually joins the world during the world
antibiotic awareness week [74].
àNewspaper articles on AMR are sometimes published
[75,76].
à Trainings, workshops and conferences on AMR are
organized [77,78].
à The prudent use of ATB and AMR are not well known
among stakeholders [70,77].
àIndividual studies conducted in various hospitals have
reported a decreased susceptibility to antibiotics of bacterial
pathogens causing infections in humans [79–86].
àFew studies have been conducted to assess AMR in animals
[71,72,87].
à There is no established integrated surveillance system for
AMR.
à There are programs of disease control in humans[88].

à There are programs of disease control in animals[66].

22

What can be done
àPromote continuous public awareness campaigns,
specifically among all potential ATB users
including animal related stakeholders.
à Develop curricula that include ATB’s
stewardship and AMR in education programs
related to human and animal health.
àRegularly publish official reports on AMR status
in different niches and on the use of ATB.
àEstablish an integrated surveillance system for
AMR and antibiotic use in humans, animals,
environment, and food.
àPromote collaborations between humans,
animals, environment, and food related institutions.
àPromote in-depth research studies on AMR and
the use of ATB in humans, animals, food, and
environment.
à Strengthen the existing programs of disease
control in humans and animals with an accent on
bacterial diseases.
àPromote hygiene and biosecurity among all
animal farms, food producing companies and
animal products sellers countrywide.

Texas Tech University, Rosine Manishimwe, August 2020
Table 2.2. Continued
GAP-AMR Goals
Goal 4:
To optimize the use of
antimicrobial medicines
in human and animal
health

Current situation
What can be done
à There is the Rwanda FDA that regulates and monitors the à Enforce the implementation of policies,
import, the distribution, the access, and the use of human and guidelines and regulations governing the access and
veterinary pharmaceutical products.
the use of antibiotics.
à Promote ATB stewardship among human and
à There are no large-scale awareness campaigns on prudent animal health care providers.
use of antibiotics among animal and human health à Develop curricula that stress up the importance
professionals [78]
of prudent use of antibiotics in animals and humans.
à Promote awareness campaign among all
stockholders on rational use of ATB.
Goal 5:
à Rwanda is a member of various regional and international àOrganize benchmarking programs in other
To develop the economic organizations such as the WHO, the OIE, the FAO, the African countries.
case for sustainable
Union, or the East African Community that are engaged in the
investment that takes
fight of AMR.
àSolicitate to beneficiate from laboratory facilities
account of the needs of
àRwanda has close collaborations with different research
and expert advisory from different countries and
all countries and to
centers such as the ILRI, the CDC, etc.
organizations.
increase investment in
à Rwanda has research institutes with allocated budgets:
new medicines,
The National Council for Science and technology, the
à Promote collaborations in research.
diagnostic tools, vaccines National Agricultural Research Institute, the University of
and other interventions.
Rwanda, etc.
à Allocate funds for research dedicated to AMR.
àRwanda gets various research grants through international à Take advantage of international grants to conduct
cooperation (SIDA, USAIDS, etc.)
research.
Note: GAP-AMR: Global Action Plan on Antimicrobial resistance, AMR: antimicrobial resistance, ATB: antibiotics, Rwanda FDA: Rwanda Food
and Drug Authority, ILRI: International Livestock research Institute, CDC: The U.S center for disease control and prevention, SIDA: Swedish
International Development Cooperation Agency, USAIDS: United States Agency for Internal developments
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Knowledge gaps and objectives
It is important to reduce antimicrobial resistant bacteria in food producing
animals in order to decrease the risk that resistant bacteria cause infectious diseases in
humans or animals. In Rwanda there isn’t a well-established surveillance system to
track antibiotic resistance in food animals. Individual research on this topic are also
limited. Consequently, there is a shortage of information on AMR in food animals that
impends an accurate situation analysis to guide research or the development of a
strategy to control antibiotic resistance in food animals in this country.
The underlying overall objective of this dissertation was to provide
information, methods, and data that can be used during the process of developing a
strategy to control antibiotic resistance in food animals in Rwanda. The objective of
the first two studies presented in this dissertation was to develop, to tryout, and to
optimize methods for establishing AMR in animals. To fill in the gaps of information
on AMR in food animals in Rwanda, the developed methods were used in the third
study conducted to establish the status of antimicrobial resistance in cattle, goats, pigs,
and poultry in the East province of Rwanda.
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CHAPTER III
DISTRIBUTION OF ANTIBIOTIC RESISTANT ESCHERICHIA
COLI ACROSS ANIMAL SPECIES AT A RESEARCH FARM IN
TEXAS
Abstract
The objective of this study was to determine the presence, the concentration and
phenotypic characteristics of antibiotic resistant E. coli isolated from different animal
species housed at a research farm in Texas. From each of the 97 fecal samples collected
from cattle, dogs, pigs, and sheep at the farm, non-type specific (NTS) E. coli was
enumerated and isolated on non-selective MacConkey agar. Furthermore, E. coli
resistant to third- and fourth-generation cephalosporins and E. coli resistant to
carbapenems were screened and enumerated on MacConkey agar supplemented with
antibiotics of interest. Confirmed E. coli isolates were tested for their susceptibility to 6
antibiotics. Moreover, isolates resistant to a third-generation cephalosporin (ceftriaxone)
were tested for the production of extended spectrum beta-lactamases (ESBLs). In
general, NTS E. coli was isolated from all samples with a concentration ranging
between 5.7 and 7.8 log CFU/g. Besides, E. coli resistant to third- and fourth-generation
cephalosporin were screened in few samples and at a very low concentration, less than 1
log CFU/g. No E. coli resistant to carbapenems was screened or enumerated in all
samples. While all 97 NTS E. coli isolated on non-selective MacConkey agar were
found pan-susceptible to the antibiotics tested, among the 30 E. coli screened on
MacConkey agar with cefotaxime, resistance to cefotaxime, to amoxicillin/clavulanic
acid, to chloramphenicol, to gentamicin, and to ciprofloxacin were observed. Ten E. coli
isolates were screened on MacConkey with cefepime and they were only resistant to
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cefotaxime. In total 37 E. coli isolates were confirmed to be resistant to ceftriaxone and
most of them were isolated from cattle fecal samples (P-value= 0.0006). The number of
E. coli isolates resistant to third-generation cephalosporins found to be ESBLsproducers was higher compared to the number of isolates found to be AmpC-producers.
This study has revealed that antibiotic resistant bacteria were present at the farm but at a
very low concentration.
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Introduction
Guts of food producing animals have been identified as one of the reservoirs of
antibiotic resistant bacteria and consequently genes of antibiotic resistance. In the guts’
microbiota, antibiotic resistance can be transferred between bacteria, sometimes
between commensal bacteria and pathogenic bacteria that can end up causing infectious
diseases in humans or animals [89]. Consequently, infections caused by antibiotic
resistant pathogens become difficult to treat and long to heal [90]. Moreover, AMR can
be disseminated among animal species or can be transferred between animals and
humans through direct or indirect mechanisms. For example, it was stated that
antimicrobial resistant E. coli was able to spread throughout animal production units via
fecal cross-contamination among groups of animals [91]. Besides, different studies have
generated evidences supporting the transmission of antibiotic resistant bacteria between
animals and humans [25,92,93]. It is therefore important to assess levels of antibiotic
resistance in bacteria isolated from animals to generate data that can be used to estimate
the risk that antibiotic resistant bacteria could cause infections in humans or animals.
Levels of antibiotic resistant bacteria may vary considerably according to the
bacterial species, the animal species or the geographical region due to many factors
including the extent of antibiotic use [4]. Hence, studies that evaluate the status of
antibiotic resistance among bacteria isolated from different animals, in different
production units, and regions are encouraged in order to increase the current knowledge
on emergence and spread of antibiotic resistant bacteria[94].
E. coli being a common commensal organism in many animals and considered as
a good indicator of antimicrobial resistance status in animals; this study was designed to
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establish the status of antimicrobial resistance in animals at a research farm in Texas.
Specifically, the study was conducted to assess the presence, the concentration and
phenotypic characteristics of antimicrobial resistant E. coli isolated from different
animal species housed at the farm.
Materials and Methods
Fecal sample collection
A total of 97 fecal samples were collected from beef cattle (n=30), dogs (n=7),
pigs (n=30), and sheep (n=30) at a research farm located in Lubbock, Texas. Clean stool
containers were used to collect fresh fecal samples dropped by animals before being
transported to the laboratory for microbiological processing.
Isolation and enumeration of E. coli from fecal samples
Ten grams of each fecal samples were transferred to a 24 ounces whirl pack bag
with 90 mL of buffered peptone water (BPW). After stomaching at 230 rpm for 2
minutes, the obtained homogeneous fecal slurry was used to make serial dilution in 9 ml
BPW tubes for bacterial enumeration while 10 µL of the remaining fecal slurry was
streaked onto different agar plates for bacteria isolation. Isolation and enumeration of
random NTS E. coli were done onto MacConkey agar (MAC). E. coli resistant to thirdand fourth-generation cephalosporins were screened and enumerated onto MacConkey
agar supplemented with 8 µg/mL of ceftiofur (MAC+CFT) and 4 µg/mL of cefepime
(MAC+FEP) respectively. Screening and enumeration of E. coli resistant to
carbapenems were done onto MacConkey agar supplemented with 2 µg/mL of
ertapenem (MAC+ETP). All agar plates were incubated for 24 hours at 37°C.
Thereafter, only colonies with E. coli typical morphology were counted and isolated on
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each agar plate. From each of the enumeration agar plates, one well isolated E. coli
typical colony, representing all typical colonies on the plate, was selected to be
confirmed as E. coli by Gram staining and indole production test. From each of the
isolation agar plates, one well isolated typical colony was also selected to be confirmed
as E. coli before being tested for susceptibility to antibiotics.
Antibiotic susceptibility testing and data analysis
All E. coli recovered from isolation agar plates were tested for their
susceptibility to amoxicillin/clavulanic acid (AMC, 20 μg/10μg), cefotaxime (CTX,
30 μg), chloramphenicol (CHL, 30 μg), ciprofloxacin (CIP, 5 µg), ertapenem (ETP, 10
µg), and gentamycin (GEN, 10 μg) using the disk diffusion method according to the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) [95]. E. coli
isolates that were resistant to CTX were confirmed to be resistant to third-generation
cephalosporins (3GCr). Furthermore, the latter isolates were tested for the production
of ESBLs using the combination disk test [96]. The Fisher’s exact test of
independence was performed to compare percentages between the animal species
using R 3.0 software with a p-value threshold of 0.05.
Results
Isolation and enumeration of E. coli from animal fecal samples
NTS E. coli was isolated from all the fecal samples. In total 30 E. coli
presumptively resistant to third-generation cephalosporins were screened onto
MAC+CFT and 10 isolates presumptively resistant to fourth-generation
cephalosporins were recovered onto MAC+FEP. No presumptive carbapenem
resistant E. coli was detected in all samples. Recovery of E. coli presumptively
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resistant to third-generation cephalosporin was significantly different according to the
animal species. In general, the concentration of NTS E. coli was higher than 5 Log
CFU/g while the concentration of E. coli presumptively resistant to third-generation
cephalosporins was less than 1 log CFU/g. The number of colonies of E. coli
presumptively resistant to fourth-generation cephalosporins was too low to be
enumerated (Table 3.1).
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Table 3.1. Percentages and concentrations of E. coli isolated from feces of
different animal species at a research farm in Texas
Animal
species

Organism

Percentage

Concentration in Log CFU/g
Min
Max
Mean

Cattle

NTS E. coli
Pres. 3GCr E. coli
Pres. 4GCr E. coli
Pres. CARBr E. coli

100
46.7
33.3
0

3.68
0
0
0

7.61
<1
0
0

5.6
-

Dogs

NTS E. coli
Pres. 3GCr E. coli
Pres. 4GCr E. coli
Pres. CARBr E. coli

100
28.6
0
0

3.7
0
0
0

7.6
<1
0
0

5.4
-

Pigs

NTS E. coli
Pres. 3GCr E. coli
Pres. 4GCr E. coli
Pres. CARBr E. coli

100
40
0
0

3.9
0
0
0

7.5
<1
0
0

5.6
-

Sheep

NTS E. coli
Pres. 3GCr E. coli
Pres. 4GCr E. coli
Pres. CARBr E. coli

100
6.7
0
0

4.4
0
0
0

7.8
<1
0
0

5.8
-

NTS E. coli
Pres. 3GCr E. coli
Pres. 4GCr E. coli
Pres. CARBr E. coli

100
30.9
10.3
0

3.7
0
0
0

7.8
<1
0
0

5.7
-

All
animal
species

a

ab

a

b

Note: NTS E. coli: E. coli randomly isolated on MacConkey agar, Pres. 3GCr E. coli: E. coli
screened on MacConkey agar with 8 µg/mL of ceftiofur, Pres. 4GCr E. coli: E. coli screened on
MacConkey agar with 4 µg/mL of cefepime. Pres. CARBr E. coli: E. coli screened on MacConkey
agar with 2 µg/mL of ertapenem. Min: minimum, Max: maximum. Within Pres. 3GCr E. coli
lines, percentages with uncommon letters differ according to the animal species (P < 0.05).

Susceptibility to antibiotics of E. coli isolated from animal fecal samples
All NTS E. coli isolated on MAC were found susceptible to all antibiotics tested
while among isolates screened on MAC+CFT, 90% were confirmed to be resistant to a
third-generation cephalosporin (CTX), 40% were resistant to AMC, and 26.7% were
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resistant to CHL. All E. coli isolates recovered onto MAC+FEP were resistant to CTX
only. From all bacteria populations isolated in this study no E. coli isolate was resistant
to carbapenem (Table 3.2).
Table 3.2.Percentages of E. coli isolates susceptible, intermediate, and resistant to
6 antibiotics
Antibiotic Resistance
status
S
AMC
I
R

NTS E. coli
(N=97)
100
0
0

Bacterial organism
Pres.3GCr E.
Pres. 4GCr
coli (N=30)
E. coli (N=10)
60
100
0
0
40
0

CTX

S
I
R

100
0
0

6.7
3.3
90

0
0
100

CIP

S
I
R

100
0
0

96.7
0
3.3

100
0
0

CHL

S
I
R

100
0
0

73.3
0
26.7

100
0
0

ETP

S
I
R

100
0
0

100
0
0

100
0
0

GEN

S
I
R

100
0
0

96.7
0
3.3

100
0
0

Note: NTS E. coli: E. coli randomly isolated on MacConkey agar, Pres.3GCr E. coli: E. coli
screened on MacConkey agar with 8 µg/mL of ceftiofur, Pres. 4GCr E. coli: E. coli screened on
with 4 µg/mL of cefepime. AMC: amoxicillin/clavulanic acid, CTX: cefotaxime, CHL:
chloramphenicol. CIP: ciprofloxacin, ETP: ertapenem, GEN: gentamycin. R: resistant, S:
susceptible, I: intermediate.

In total, 37 E. coli isolates were confirmed to be resistant to third-generation
cephalosporins. Among them, 27 were isolated on MAC+CTX and 10 were isolated
on MAC+FEP. The distribution of 3GCr E. coli was statistically different across the
animal species (P= 0.0006). In total 27 of the 37 confirmed 3GCr E. coli were
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phenotypically ESBLs-producers suggesting that the remaining proportion (10 out 37
isolates) were AmpC-producers (Table 3.3).
Table 3.3. Distribution of third-generation cephalosporin resistant E. coli across
animal species
Animal
species

Number of
3GCr E. coli

ESBLs-producers

AmpC-producers

Cattle

23

23

0

Dogs

2

2

0

Pigs

10

1

9

Sheep

2

1

1

Total

37

27

10

Note: 3GCr E. coli: third-generation cephalosporin resistant E. coli. ESBLs: extended
spectrum beta-lactamases.

Discussion
The objective of this study was to establish the status of antibiotic resistance
among indicator E. coli isolated from feces of animals at a research farm in Texas.
NTS E. coli was isolated from all the fecal samples and its concentration was high. In
contrary E. coli resistant to cephalosporins or carbapenems were rare and, where
present, their concentrations were very low. These observations are comparable to
what was reported by Schmidt and his collaborators [97]. It is normal to find high
concentrations of NTS E. coli in animal fecal samples as E. coli is a commensal
bacterium normally found in the guts of many animal species. But the results that E.
coli resistant to cephalosporins or carbapenems were found at concentrations close or
equal to zero, reflect the fact that guts of animals are principally dominated by E. coli
susceptible to the tested antibiotics. It has been documented that before the
introduction of antibiotics, most bacterial isolates, from animals for examples, were
fully susceptible to most of antibiotics[25]. But due to heavy exposures of animals to
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antibiotics there is a concern that this situation may be reversed if no measures are
taken [98]. The current fight against the spread of antibiotic resistant bacteria aims at
maintaining microbiota in different reservoirs being principally dominated by bacteria
susceptible to antibiotics over bacteria resistant to antibiotics. This is why judicious
use of antibiotics in animals is highly promoted to avoid the selection of resistant
bacteria over susceptible ones [38].
In accordance to other studies and published guidelines [96,99], we also
observed that a screening step using a culture medium supplemented with an antibiotic
significantly increased the detection level of E. coli resistant to third- and fourthgeneration cephalosporins. We noted that the recovery of E. coli presumptively
resistant to third-generation cephalosporins was higher in cattle compared to other
animal species and all the E. coli presumptively resistant to fourth-generation
cephalosporins were recovered from cattle fecal samples. This observation may be an
indicator for a relatively high use of cephalosporin antibiotics in cattle compared to
other animal species. But further investigations are needed to confirm this hypothesis.
No isolate resistant to carbapenems was isolated in this study, which is a
common observation reported in different studies assessing antibiotic susceptibility of
bacteria isolated from food animals [98,100]. Only E. coli isolates screened on MAC
supplemented with antibiotics showed resistance to other antibiotics tested apart from
the ones used for the screening step. This shows that bacteria are generally resistant to
more than one type of antibiotics. Bacteria resistant to one or more antibiotics are
commonly observed in food producing animals at varying levels [30,101,102]. Some
bacteria may have only one genetic determinant of antibiotic resistance resulting in
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resistance to only one type of antibiotic. In other bacteria acquisition of one resistance
gene tend to be accompanied by many other genes of resistance located on the same
transferable genetic material resulting in resistance to more than one type of antibiotic
[103].
Furthermore, it was observed that percentages of confirmed 3GCr E. coli isolates
across animal species were statistically different with the highest percentage in cattle
fecal samples. As hinted above, these results may suggest a possible higher utilization of
third-generation cephalosporin antibiotics in cattle compared to other animal species.
Ceftiofur is a third-generation cephalosporin antibiotic solely produced to be used in
animals and mainly for the treatment of respiratory diseases in cattle and swine [104].
The 2018 report of the U.S. Food and Drug Administration (FDA) on antimicrobials
sold or distributed for use in food producing animals showed that approved
cephalosporins were mainly for the use in cattle [105]. Unfortunately, various studies
have reported that the use of ceftiofur in cattle was associated with a transient increase
of E.coli resistant to third-generation cephalosporins in fecal samples [104,106].
According to Winokur and his collaborators [107], detection of 3GCr E.coli may
indicate a decrease of efficacy of cephalosporin antibiotics in animals.
Taking into consideration the significant threat caused by enterobacteriaceae
producing ESBLs, all 3GCr E. coli isolates were tested for their ability to produce
ESBLs enzymes. In contradiction to other studies [97,99], we observed that most of
3GCr E.coli detected in this study had a phenotype of ESBLs-production instead of
AmpC-production. The danger related to bacteria producing ESBLs or AmpC is that
genes encoding for these beta-lactamases enzymes are mostly plasmid-associated,
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therefore they can easily spread among bacteria and between different animal species
[103,107].
Conclusion
One of the limitations of this study was that isolated E. coli were not tested for
their susceptibility to a large number of antibiotics and E. coli isolates recovered onto
MAC+FEP were not confirmed as resistant to a fourth-generation cephalosporin
antibiotic such as cefepime. These kinds of tests could have generated more information.
Nevertheless, the information generated by this study enriched the existing knowledge
on antimicrobial resistance in animals. It was observed that across a population of E.
coli isolates non-biasedly isolated from animal fecal samples, antimicrobial resistance is
very rare. However, when the bacterial isolation process is biased by adding an
antibiotic to the culture media of bacterial isolation, the number of samples with E. coli
resistant to the antibiotic of interest increases. Even though this study didn’t deeply
evaluate antimicrobial resistance among isolated E. coli, it also revealed that among
animal species housed in a same production unit, some animals may be more prone to
carry resistant bacteria than others. Further studies at large scale with molecular
characterization are recommended to dig deeper and generate more information.
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Abstract
Objectives: This study was conducted to tryout a protocol that uses affordable supplies
to establish the status antibiotic resistance of Escherichia coli and Salmonella isolated
from dairy cattle feces.
Methods: E. coli and Salmonella were isolated and screened onto selective media with
and without antibiotics. Bacterial isolates were furthermore tested for susceptibility to
antibiotics using the disk diffusion method. Some molecular methods were performed
on selected bacterial isolates to confirm antibiotic resistance phenotypes.
Results: Among 85 non-type specific E. coli randomly isolated on MacConkey agar,
resistance to tetracycline was the highest (8.2%), while among 37 E. coli screened on
MacConkey agar with cefotaxime, 100% were resistant to ampicillin and only 56.8%
were resistant to a third-generation cephalosporin (ceftriaxone). Among 22 E. coli
isolates screened on MacConkey agar with ciprofloxacin, 90.9% were resistant to
tetracycline while 77.3% and 54.5% were resistant to nalidixic acid and ciprofloxacin
respectively. Sixteen Salmonella were isolated and only one of them was solely resistant
to streptomycin. Furthermore, it was noted that among E. coli isolates that were resistant
or intermediate to ceftriaxone, isolates producing AmpC enzyme outnumbered isolates
producing extended spectrum beta-lactamases (ESBLs).
Conclusions: Phenotypic profiles of antibiotic resistance detected in bacterial isolates
were highly substantiated by genotypic profiles. The protocol used in this study
appeared to be suitable to establish the status of antimicrobial resistance in bacteria
isolated from dairy cattle feces.
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Introduction
Monitoring of emergence, spread, and changes in levels of antimicrobial resistant
bacteria along a food chain is highly needed to guide integrated strategies to combat
antimicrobial resistance[45]. In most of the cases, surveillance systems of antibiotic
resistant bacteria in food animals target pathogenic bacteria, such as Salmonella and
Campylobacter and indicator bacteria, such as E. coli and Enterococcus. After their
isolation from samples, their confirmation, and subtyping when necessary, bacteria of
interest are tested for susceptibility to a selected number of antibiotics using a standard
phenotypic method of choice. Even if the broth microdilution method is preferred in
many surveillance systems and research [31,108,109], other methods of antibiotic
susceptibility testing, such as the agar dilution or the disk diffusion, are also used
[45,110]. After phenotypic antibiotic susceptibility testing, genetic characterization can
be done through the detection of targeted genes or whole genome sequencing (WGS).
Additionally, the detection of bacteria with rare antimicrobial resistance mechanisms is
highly recommended[45].
While in some developed countries, antimicrobial resistance (AMR) surveillance
systems are moving to the next step by replacing phenotypic antimicrobial susceptibility
testing by WGS[111,112], in many developing countries, surveillance systems are still
not well established[113]. One of the reasons impeding the establishment of AMR
surveillance system in these countries is the lack of sufficient resources needed for
establishment, functioning, and monitoring of the system [113,114]. A cheap and
reliable protocol that can generate enough information on the status of antibiotic
resistance among isolated bacteria could be one of the helpful solutions for an initial
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establishment of an AMR surveillance system when resources are limited. Studies have
shown that the disk diffusion method is a cost effective method that can generate
comparable results to other phenotypic methods of antibiotic susceptibility testing such
as the broth microdilution or the agar dilution[115]. This method can efficiently be used
to establish phenotypic antimicrobial resistance profiles and detect mechanisms of
resistance such as the production of ESBLs enzymes among bacterial isolates.
We designed a protocol that uses the disk diffusion method to determine percentages
of bacteria resistant to various antibiotics and percentages of samples with bacteria not
susceptible to third-generation cephalosporin or quinolone antibiotics. Additionally, the
protocol was designed to estimate the proportion of bacteria resistant to third-generation
cephalosporins that produce ESBLs or AmpC enzymes. Afterward, the developed
protocol was tested on fecal samples collected from dairy cattle to establish the status
of AMR among isolated E. coli and Salmonella.
Materials and Methods
Sample collection
By convenience, we collected 85 freshly dropped feces by dairy cattle at a dairy
farm located in Lubbock, Texas. Fecal samples were aseptically collected in
polypropylene specimen containers that were kept on cold and transported to the
laboratory of the International Center for Food Industry Excellence at Texas Tech
University. Samples were collected in three batches: the first batch was in November
2018, the second was in December 2018, and the last batch of sample collection was in
March 2019.
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Isolation of bacteria from fecal samples
In the laboratory, 10 g of each fecal sample were weighted in a 24 ounces whirl pack
bag and 90 mL of buffered peptone water was added. The mixture was stomached for 2
minutes at 230 rpm. Thereafter, the mixture was incubated for 24 hours at 42°C to
generate an overnight non-selective enrichment that was used to isolate E. coli and
Salmonella.
1. Isolation and identification of Escherichia coli
From each overnight non-selective enrichment, 10 µL loopful was streaked onto
MacConkey agar (MAC) to randomly isolate non-type specific E. coli (NTS E. coli),
another 10 µL loopful was streaked onto MAC supplemented with 1 µg/mL of
cefotaxime (MAC+CTX) to screen for E. coli resistant to third-generation
cephalosporins (3GCr E. coli). An additional 10 µL loopful was streaked onto MAC
supplemented with 0.5 µg/mL of ciprofloxacin (MAC+CIP) to screen for E. coli
resistant to quinolones (Qr E. coli). All agar plates were incubated at 37°C for 24 hours.
Following the incubation period, agar plates were inspected to detect growth of colonies
with typical morphology of E. coli (pink, convex, circular and dry colonies with a
surrounding pink zone). From each type of MacConkey agar plate, one typical colony
was randomly selected to be re-streaked onto a similar agar plate for isolation of pure
colonies. All well isolated presumptive E. coli were tested for indole production and
were confirmed to be E. coli by detection of wecA gene using a real time polymerase
chain reaction (RT-PCR).

41

Texas Tech University, Rosine Manishimwe, August 2020
2. Isolation and identification of Salmonella
One mL of each overnight non-selective enrichment was transferred into 9 mL of
Rappaport Vassiliadis Salmonella broth and another 1 mL was transferred into 9 mL of
tetrathionate broth. Both broths were incubated at 42°C for 24 hours for a selective
enrichment. After the incubation period, 10 µL loopful of each broth was streaked onto
brilliant green sulfa agar (BGS) and onto xylose lysine deoxycholate agar (XLD) to
isolate Salmonella. Furthermore, 10 µL loopful of each broth was streaked onto BGS
and onto XLD agar plates both supplemented with 1 µg/mL of cefotaxime (BGS+ CTX
and XLD+CTX) to screen for Salmonella resistant to third-generation cephalosporins.
Another 10 µL loopful of each broth was streaked onto BGS and XLD agar plates both
supplemented with 0.5 µg/mL of ciprofloxacin (BGS+ CIP and XLD+CIP) to screen
for Salmonella resistant to quinolones. All agar plates were incubated at 37°C for 24
hours. Following the incubation period, agar plates were inspected for growth of
colonies with Salmonella typical morphology (pink, circular, dry, convex colonies on
BGS and black, circular convex colonies on XLD). From each type of agar plate, only
one typical colony was selected to be re-streaked onto the same type of agar plate for
isolation of pure colonies. All isolated presumptive Salmonella were tested for
production of H S gas, dextrose fermentation and decarboxylation reaction using the
2

lysine iron agar and were confirmed to be Salmonella by detection of ttrC gene using
RT- PCR.
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Antibiotic susceptibility testing
All confirmed E. coli and Salmonella isolates were tested for susceptibility to a panel
of 12 antibiotics using the disk diffusion method in accordance to guidelines of the
Clinical Laboratory Standard Center (CLSI)[20]. The antibiotics tested were
amoxicillin-clavulanic acid 20/10 μg (AMC), ampicillin 10 μg (AMP), azithromycin 15
μg (AZI), cefoxitin 30 μg (FOX), ceftriaxone 30 μg (CRO), chloramphenicol 30 μg
(CHL), ciprofloxacin 5 μg (CIP), colistin 10 μg (COL), meropenem 10 µg (MER),
nalidixic acid 30 μg (NAL), streptomycin 10 µg (STR), and tetracycline 30 μg (TET).
Inhibition zone diameters around the disks containing antibiotics were measured in mm
and rounded to the closest integer before being compared to the CLSI clinical break
points in order to classify a bacterial isolate as resistant, intermediate or susceptible[20].
Inhibition zone diameters around disk containing colistin were interpreted in accordance
to a study conducted by Galani and collaborators[116].
Furthermore, all bacterial isolates not susceptible (intermediate and resistant) to a
third-generation cephalosporin (ceftriaxone) were suspected to have a phenotype of
ESBLs- or AmpC-production. Suspected ESBLs- or AmpC-producing bacteria were
confirmed by the combination disk test (CDT) according to CLSI guidelines[20] using
a second panel of 12 antibiotics. In addition to cefotaxime 30 μg (CTX), ceftazidime 30
μg (CAZ), cefotaxime-clavulanic acid 30/10 μg (CTX-CLA), and ceftazidimeclavulanic acid 30/10 μg (CAZ-CTX), the 4 antibiotic disks required by the CDT
method, the second panel of antibiotics included amikacin 30 μg (AMK), cefazolin 30
μg (CFZ), cefepime 30 μg, (FEP), fosfomycin 200 μg (FOS), gentamicin 10 μg (GEN),
imipenem

10

μg

(IMP),

sulfonamides
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trimethoprim/sulfamethoxazole 1.25/23.75 μg (SXT). A bacterial isolate was confirmed
to have a phenotype of ESBLs-production when the difference between the inhibition
zone diameter around ceftazidime and ceftazidime-clavulanic acid (CLA) and/or around
cefotaxime and cefotaxime-clavulanic acid was equal or higher than 5 mm. An isolate
was confirmed to have a phenotype of AmpC production when the difference between
the inhibition zone diameter around ceftazidime and ceftazidime-clavulanic acid and/or
around cefotaxime and cefotaxime-clavulanic acid was less than 5 mm[20].
E. coli ATCC 25922 and Klebsiella pneumoniae ATCC 700603 were used as quality
control strains.
Polymerase chain reaction to detect genes encoding for beta-lactamases
All isolates confirmed as having a phenotype of ESBLs- or AmpC-production were
subjected to a DNA extraction using the boil preparation method. The extracted DNA
was used as a template to detected blaCTX-M-1, blaCTX-M-9 genes (genes encoding for
ESBLs) or blaCYM-2 gene (gene encoding for AmpC) by the conventional PCR (cPCR),
using previously published primers[117].
Whole genome sequencing
Following the phenotypic AMR characterization, 24 E. coli isolates confirmed to
have a phenotypic ability to produce ESBLs or AmpC enzymes or to be resistant to
NAL and/or CIP were selected for WGS. The DNA was extracted using Qiagen DNA
extraction kit, libraries were prepared using the Nextera XT DBA library preparation
kit (Illumina) and the sequencing was done using Illumina Miseq. Generated raw reads
were assembled using SPAdes 3.9 of the center for genomic epidemiology platform.
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Data analysis
The percentage of bacteria resistant to a tested antibiotic was determined and
confidence intervals were calculated as 95% binomial proportions representing Wilson
intervals using R.3.0. software. The percentages of sample with bacteria not susceptible
(resistant or intermediate) to a third-generation cephalosporin (ceftriaxone) or to
quinolones (nalidixic acid and/or ciprofloxacin) were calculated by dividing the number
of samples with bacteria not susceptible to antibiotics of interest to the total number of
collected samples (Only isolates screened on media with antibiotic were used to
calculate the sample-level percentages). Whole genome sequencing data were analyzed
using different bioinformatic tools found on the website of the center for genomic
epidemiology such as the resfinder3.0 that detect genes and mutations conferring
antibiotic resistance in bacteria.
Results
Isolated bacteria
In total, NTS E. coli was recovered from all the 85 fecal samples collected. The
recovery of Salmonella and bacteria (E. coli or Salmonella) presumptively resistant to
third-generation cephalosporins or resistant to quinolones was low (Table 4.1).
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Table 4.1. Numbers of bacteria isolated from dairy cattle feces at a dairy farm in
Texas
Bacteria
E. coli
NTS E. coli
Pres. 3GCr E. coli
Pres. Qr E. coli
Salmonella
Salmonella
Pres. 3GCr Salmonella
Pres. Qr Salmonella

Culture medium of
isolation

# of
samples

# of
isolates

%

MAC
MAC + CTX
MAC + CIP

85
85
85

85
37
22

100.0%
43.5%
25.9%

BGS or XLD
BGS + CTX or XLD + CTX
BGS + CIP or XLD + CIP

85
85
85

16
1
0

18.8%
1.2%
0.0%

Note: #: number; MAC: MacConkey agar; BGS: brilliant green sulfa; XLD: xylose lysine
deoxycholate. MAC+CTX, BGS+CTX, XLD+CTX: respective culture media supplemented
with 1 µg/mL of cefotaxime. MAC+CIP, BGS+CIP, XLD+CIP: respective culture media
supplemented with 0.5 µg/mL of ciprofloxacin. Pres.3GCr: presumptive third-generation
cephalosporin resistant, Pres. Qr: Presumptive quinolone resistant.

Antibiotic resistance among isolated bacteria
Antibiotic susceptibility testing of isolated bacteria showed that resistance to
antibiotics was rare among NTS E. coli isolated on MAC compared to presumptive
3GCr E. coli screened on MAC+CTX or presumptive Qr E. coli screened on MAC+CIP.
Resistance to tetracycline (8.2%) was the highest among NTS E. coli isolates while
resistance to cefoxitin, colistin, meropenem, ceftriaxone, and ciprofloxacin were absent
among these bacterial isolates (Table 4.2).
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Table 4.2. Distributions of inhibition zone diameters of NTS E. coli isolated on MacConkey agar without antibiotic
ATB
AMC
AMP
AZI
FOX
CRO
CHL
CIP

%
R
1.2
3.5
1.2
0.0
0.0
4.7
0.0

95%
CI
0.2 - 6.4
1.2 - 9.9
0.2 - 6.4
0.0 - 4.3
0.0 - 4.3
1.8 -11.5
0.0 - 4.3

COL*
MER
NAL
STR
TET

0.0
0.0
1.2
7.1
8.2

0.0 - 4.3
0.0 - 4.3
0.2 - 6.4
3.3 -14.5
4.0 -16.0

0

7

8

9

10

2

3

1

Distribution (numbers) of inhibition zones diameters in mm (total number of isolates=85)
11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
1
1
4
3
8
9 13 11 18 10 3
2
1
1
3
2
2
3
6 11 16 14 10 10 2
2
1
1
3
5 10 12 22 7 12 3
3
2
3
2
7
3
3 14 24 14 10 5
2
1
1
1
6
1
6
8 11 11 17 10 6
1
1
3
1
1
7

1
2
2

1
5

1

1

1

7

10

33

17

25
1
11

14

5

30

1
3
2
3
4

1

9
3

20

7
1
8

1
1

19

29
1

11
1

6

3
1
10

5
21

1
7
1
20

2
18
1
16

5
14

2
9

2

2

1
12
1

5
11

Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate
and susceptible enterobacteriaceae respectively. Vertical solid lines next to the grey fields indicate the CLSI clinical break points for resistant bacteria. COL*: clinical
break point for colistin was from Galani et al., 2008. CI: Confidence intervals were calculated as 95% binomial proportions representing Wilson intervals. ATB: Antibiotic,
R: resistant, AMP: ampicillin, FOX: cefoxitin, T ET: tetracycline, COL: colistin, NAL: nalidixic acid, CIP: ciprofloxacin, AZI: azithromycin, MER: meropenem, CRO:
ceftriaxone, AMC: amoxicillin-clavulanic acid, STR: streptomycin, CHL: chloramphenicol.
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Among presumptive 3GCr E. coli screened on MAC+CTX, all isolates were
resistant to ampicillin (100%), 21 isolates were resistant to ceftriaxone (55.8%), and
none of the isolates was resistant to meropenem (Table 4.3). In total, 36 out of the 37
presumptive 3GCr E. coli were not susceptible (resistant and intermediate) to a thirdgeneration cephalosporin (CRO). These isolates were isolated from 36 samples out of
the 85 collected samples. The percentage of samples with E. coli non-susceptible to
third-generation cephalosporin was calculated to be 42.3% with Wilson 95% confidence
intervals of 32.4% - 53%.
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Table 4.3. Distributions of inhibition zone diameters of presumptive third-generation cephalosporin resistant E. coli
isolated on MacConkey agar supplemented with 1 µg/mL cefotaxime

ATB
AMC
AMP
AZI
FOX
CRO
CHL
CIP
COL*
MER
NAL
STR
TET

%

95%

R
67.6
100.0
2.7
62.2
56.8
27.0
8.1
2.7
0.0
10.8
32.4
62.2

CI
51.5 - 80.4
90.6 - 100
0.5 - 13.8
46.1 - 75.9
40.9 - 71.3
15.4 - 43.0
2.8 - 21.3
0.5 - 13.8
0.0 - 9.4
4.3 - 24.7
19.6 - 48.5
46.1 - 75.9

Distribution (numbers) of inhibition zones diameters in mm (total number of isolates= 37)
0
1
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7
6
1

1
9
3

8
10

1

9
5
1
1

10

11
1

12
2

2
6

1
2

1

14
1

15
1

16

17

18

19

20
4

21
4

22

23

4
7

9
10
1

2
3
1

2

4

1
1
5
2

1

1

2
1

2
1
5

3

1

6
1
3

2
2

1
6
1

5

1
1

4
11
5

13

1
15

3
2

2

4

22
4

1

10
10

8
1

24

25

26

27

28
1

4

2

2

3

3
3

2
2

4

1
1

3

11

1
1

30

1
2

2

3

4

7

7

6

1

3

4

5

1

4

1
1

1

Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate
and susceptible enterobacteriaceae respectively. Vertical solid lines next to the grey fields indicate the CLSI clinical break points for resistant bacteria. COL*: clinical
break point for colistin was from Galani et al., 2008. CI: Confidence intervals were calculated as 95% binomial proportions representing Wilson intervals. ATB: Antibiotic,
R: resistant, AMP: ampicillin, FOX: cefoxitin, TET: tetracycline, COL: colistin, NAL: nalidixic acid, CIP: ciprofloxacin, AZI: azithromycin, MER: meropenem, CRO:
ceftriaxone, AMC: amoxicillin-clavulanic acid, STR: streptomycin, CHL: chloramphenicol.
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Most presumptive Qr E. coli screened on MAC+CIP were resistant to
tetracycline (90.9%), 17 isolates were resistant to nalidixic acid (77.3%), 12 isolates
were resistant to ciprofloxacin (54.5%), and none of the isolates was resistant colistin
and meropenem (Table 4.4). All the 22 presumptive Qr E. coli were resistant or
intermediate to nalidixic acid or to ciprofloxacin. These isolates were recovered from
22 samples out of 85 collected samples. The percentage of samples with E. coli nonsusceptible to quinolone antibiotics was calculated to be 25.9 % with Wilson 95%
confidence intervals of 17.8% - 36.1%. In total 12 out of the 22 Qr E. coli isolates were
resistant to both nalidixic acid and ciprofloxacin, 4 isolates were resistant to nalidixic
acid only, 5 isolates were intermediate to nalidixic acid but susceptible to ciprofloxacin
and 1 isolate was intermediate to both ciprofloxacin and nalidixic acid.
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Table 4.4. Distributions of inhibition zone diameters of presumptive quinolone resistant E. coli isolated on MacConkey
agar supplemented with 0.5 µg/mL of ciprofloxacin

ATB
AMC
AMP
AZI
FOX
CRO
CHL
CIP
*COL
MER
NAL
STR
TET

%

95%

R
18.2
59.1
9.1
9.1
4.5
77.3
54.5
0.0
0.0
77.3
63.6
90.9

CI
7.3 - 38.5
38.7- 76.7
2.5 - 27.8
2.5 - 27.8
0.8 - 21.8
56.6 - 89.9
34.7 - 73.1
0.0 - 14.9
0.0 - 14.9
56.6 - 89.9
43.0 - 80.3
72.2 - 97.5

Distribution (numbers) of inhibition zones diameters in mm (total number of isolates=22)
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3
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8
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1
6

21
3
1
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2
3

1

2

3
1

5

4

1

1
1

2

1
4

13
9
14

20
5
1

1

3

1
3
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2

1

3

2
1

1
1

2

1

1
2

1

3
3

1
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1

30

1
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2

8

4

1

1

1
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1

1

Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate
and susceptible enterobacteriaceae respectively. Vertical solid lines next to the grey fields indicate the CLSI clinical break points for resistant bacteria. COL*: clinical
break point for colistin was from Galani et al., 2008. CI: Confidence intervals were calculated as 95% binomial proportions representing Wilson intervals. ATB: Antibiotic,
R: resistant, AMP: ampicillin, FOX: cefoxitin, T ET: tetracycline, COL: colistin, NAL: nalidixic acid, CIP: ciprofloxacin, AZI: azithromycin, MER: meropenem, CRO:
ceftriaxone, AMC: amoxicillin-clavulanic acid, STR: streptomycin, CHL: chloramphenicol.
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Resistance to antibiotics among Salmonella isolated on culture media without
antibiotics was very low with only one isolate that was resistant to streptomycin only.
The unique Salmonella isolated on XLD+CTX was confirmed to be resistant to CRO.
Phenotypic and genotypic detection ESBLs- and AmpC-producing bacteria
The only Salmonella isolated on XLD+CTX, had a phenotype of producing AmpC
enzyme that was confirmed by the presence of blacmy-2 gene using the cPCR.
A total of 40 E. coli isolates were found to be resistant or intermediate to ceftriaxone.
Thirty-six of them were isolated onto MAC+CTX and four were isolated onto
MAC+CIP. The second panel of antibiotics showed that these isolates were resistant to
at least one of the third-generation cephalosporins tested and all of them were resistant
to cefazolin. Only few of these E. coli isolates were resistant to sulfonamides and
trimethoprim/sulfamethoxazole (Table 4.5).
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Table 4.5. Distributions of inhibition zone diameters of all E. coli isolates not susceptible to third-generation
cephalosporins (The second panel of antibiotics)
ATB
AMK
CFZ
FEP
CTX
CTX-CLA
CAZ
CAZ-CLA
FOS
GEN
IMP
SSS
SXT
ESBL
AmpC

%

95%

R
0
100
0
82.5

CI
0.0 - 8.8
91.2 - 100
0.0 - 8.8
68.0 - 91.2

25

14.2 - 40.2

0
0
0
32.5
40
47.5
50

0.0 - 8.8
0.0 - 8.8
0.0 - 8.8
20.1 - 48.0
26.3 - 55.4
32.9 - 62.5
35.2 - 64.8

Distribution (Numbers) of inhibition zones diameters in mm (total number of isolates=40)
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2
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4
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2
1

1
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1
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1
1
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2

1

1
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2
4
4
1
2

3
2
1
1
1

1
1
2

2
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5
9

2
5

1
4

6
5
2

8
4

9
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Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate
and susceptible enterobacteriaceae respectively. CLSI clinical break points for enterobacteriaceae resistant to antibiotic are represented by a vertical solid line in the table.
There are no CLSI clinical break point for CTX-CLA and CAZ-CLA. AMK: amikacin, CFZ: cefazolin, FEP: cefepime, CTX: cefotaxime, CAZ: ceftazidime, FOS:
fosfomycin, GEN: gentamicin, IMP: imipenem, SSS: sulfonamides, SXT: trimethoprim/sulfamethoxazole. ATB: Antibiotic R: resistance. CI: Confidence intervals were
calculated as 95% binomial proportions presenting Wilson intervals. The line with ESBL represents the percentage of isolates with a phenotype of producing ESBLs. The
line with AmpC represents the percentage of isolates with a phenotype of producing AmpC.
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The phenotypic combination disk test detected 19 E. coli isolates with a
phenotype for ESBLs-production, 20 isolates with a phenotype of AmpC-production
and 1 isolate that was not confirmed to be resistant to either cefotaxime or ceftazidime.
On the other hand, the molecular cPCR detected the genes encoding for ESBLs (blaCTXM-1 or

blaCTX-M-9) in 10 isolates (25%), the gene encoding for AmpC (blaCMY-2) in 29

isolates (72.5%) and none of these genes in one isolate (2.5%).
Bar graphs portraying the difference in inhibition zone diameters caused by the
addition of clavulanic acid to cefotaxime or to ceftazidime showed an unclear separation
between phenotypically classified ESBLs-producing E. coli isolates and phenotypically
classified AmpC-producing E. coli isolates. On the other hand, the same distributions
were clearly separated between isolates with genes encoding for ESBLs and isolates
with genes encoding for AmpC (Figure 4.1).
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Figure 4.1. Distributions of difference in inhibition zone diameters caused by the
addition of clavulanic acid to cefotaxime or ceftazidime of ESBLs- or AmpCproducing E. coli
Note: Bars in white represent percentages of isolates classified as phenotypically producing
ESBLs according to the combination disk test (CDT) in A and B or isolates with genes encoding
for ESBLs according to cPCR in C and D. Bars in black represent percentages of isolates
classified as phenotypically producing AmpC according to the combination disk test (CDT) in
A and B or isolates with genes encoding for AmpC according to cPCR in C and D.
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In total, 9 out of 40 E. coli isolates (22.5%) were phenotypically classified as
ESBLs-producers while they were confirmed by cPCR to have blaCMY-2 gene encoding
for AmpC instead of genes encoding for ESBLs. A close look at the 9 E. coli isolates
showed that the difference between inhibition zone diameters around cefotaxime with
clavulanic acid and around cefotaxime was less than 5mm for all the isolates. In
contrary, the difference between inhibition zone diameters around ceftazidime with
clavulanic acid and around ceftazidime was equal to 5mm or slightly higher than
5mm.The later observation led to the conclusion of classifying these isolates as ESBLsproducers. Besides, 8 of the 9 isolates were not susceptible to cefoxitin (a cephamycin
antibiotic). Based on the combination disk test, the 9 isolates were identified as false
positive ESBLs-producing E. coli.
Whole genome sequencing of selected E. coli isolates
Whole genome sequencing of 24 E. coli isolates showed that the gene tet(A) encoding
for the tetracycline efflux pump was present in 70.8% of tested isolates. In general, all
the detected genes were in accordance with the phenotypic antibiotic resistance behavior
observed in each of the isolate tested. Some exception included the presence of aph(3’)Ia gene that confers resistance to aminoglycosides in isolates phenotypically susceptible
to these antibiotics. The mutation gyrA[87:D-Y] that confers resistance to quinolone
antibiotics was observed in one isolate with no phenotypic resistance to both nalidixic
acid and ciprofloxacin. The presence of mef(B) gene that encodes for resistance to
macrolides was detected in one isolate susceptible to azithromycin. Finally, the mutation
pmrB[161: V-G] that confers resistance to polymixins was observed in an isolate
susceptible to colistin (Figure 4.2)
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Figure 4.2. Genetic determinants of antibiotic resistance among E. coli isolated from dairy cattle feces of a dairy farm
in Texas
Note: Black cells indicate the presence of a resistance determinant and a phenotype of that determinant in an isolate. Purple cells indicate the presence of
a resistance determinant without a subsequent phenotype in an isolate. White cells indicate the absence of a resistance determinant and subsequent
phenotype.
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Moreover, the WGS revealed that E. coli isolates resistant to nalidixic acid only had a
mutation in gyrA gene or had a plasmid mediated quinolone resistance gene (qnr). All
isolates resistant to both nalidixic acid and ciprofloxacin had a mutation in both gyrA
and parE or parC genes of the quinolone resistance determining region (QRDR).
Discussion
This study was conducted to tryout a protocol that can be used to determine the
status of antibiotic resistance among E. coli and Salmonella isolated from food
producing animals especially when laboratory resources are limited. The protocol used
in this study was inspired by different guidelines for antimicrobial resistance detection,
including guidelines from the European Food Safety Authority(EFSA)[118], the US
National Antimicrobial Resistance Monitoring System (NARMS)[108], the European
Union Reference Laboratory for Antimicrobial Resistance (EURL-AR)[119], and the
Danish Integrated Antimicrobial Resistance Monitoring and Research Program
(DANMAP)[120]. Unlike the above mentioned guidelines, this protocol used the disk
diffusion method instead of dilution methods because the disk diffusion is recognized
as a simple and low cost method when compared to other antibiotic susceptibility testing
methods[121]. To increase our confidence of recommending the protocol, results of the
used phenotypic methods were thereafter substantiated by results from some molecular
methods.
In regard to results obtained in this study, all NTS E. coli and Salmonella isolated
on bacterial culture media without antibiotics were mainly susceptible to all antibiotics
tested while bacteria isolated on culture media with antibiotics tended to be resistant to
more than three antibiotics. This observation gives an intuition that when a bacterium
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acquires resistance to one antibiotic it tends to be resistant to other antibiotics. In fact,
in most of the cases, different genes of antibiotic resistance are known to be co-located
on transmissible genetic elements such as plasmids. When a resistance plasmid is
transferred to a susceptible bacterium, multidrug resistance can be transferred in a single
conjugation event[122].
Furthermore, percentages of samples that generated presumptive 3GCr E. coli
(43.5%) and presumptive 3GCr Salmonella (1.2%) were lower than percentages of
samples with presumptive 3GCr E. coli (89.1%) and presumptive 3GCr Salmonella
(10.9%) reported in three beef feed lots of Nebraska[97]. In addition, similar to the
study in Nebraska[97], we also noted that the number of 3GCr E. coli isolates
phenotypically or genotypically confirmed to be AmpC-producers was higher than the
number of isolates confirmed to be ESBLs-producers. The only identified 3GCr
Salmonella was confirmed to be an AmpC producer. In the U.S, historically resistance
to third-generation cephalosporins among Salmonella has been mainly due to the gene
blaCMY-2 encoding for AmpC enzyme [30].
In the present study, nine 3GCr E. coli had a phenotype of ESBLs-production
according to the CDT while the cPCR showed that they carried blaCMY-2, a gene
encoding for AmpC, instead of genes encoding for ESBLs. The combination disk test
is reported to be an accurate phenotypic method widely used to detect ESBLs-producing
enterobacteriaceae[96]. Despite its wide use and reputation, the sensitivity and
specificity of this method to detect ESBLs-producing enterobacteriaceae is not always
100%[123]. In fact, different authors have reported a number false positive ESBLs70
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producing enterobacteriaceae by the CDT in their investigations [124–127]. To mitigate
misclassification of bacterial isolates as ESBLs-producers using phenotypic methods,
authors have suggested modifications of the standard methods, such as the CDT, in
order to increase their efficacy in discriminating ESBLs-producing bacteria from
AmpC-producing bacteria [124,125]. In this line, this study showed that when the
combination disk test is used to identify ESBLs-producing E. coli, some precaution
should be taken as the test may produce few false positive of E. coli producing ESBLs.
Based on observations made in this study, we came up with the following rule
of thumb: false positives ESBLs-producing E. coli can be detected by looking at the
increase in inhibition zone diameters around CAZ-CLA versus CAZ and around CTXCLA versus CTX. False positive ESBLs-producing E. coli are identified as isolates
which inhibition zone diameters around ceftazidime is increased by 5 mm or slightly
higher (6 mm) due to clavulanic acid while the increase of inhibition zone diameter
around cefotaxime caused by clavulanic acid is less than 5mm. When false positives are
identified, we recommend using the information generated by CTX with and without
CLA to classify an isolate as ESBLs- or AmpC-producer. In addition, a look at bacterial
isolates’ susceptibility to cefoxitin (a cephamycin) maybe helpful to conclude that an
isolate is not an ESBLs-producer but maybe an AmpC-producer. It is known that
AmpC-producing enterobacteriaceae are resistant to cephamycin while ESBLsproducers are susceptible to cephamycin [128,129].
In general, this study showed that phenotypic antibiotic resistance observed in
E. coli isolates was a good indicator of a presence of genetic antibiotic resistance
determinants with only few exceptions. The observed discordance may be explained by
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the fact that the presence of a resistance gene doesn’t always means its expression.
Results of WGS also showed that all isolates resistant to NAL and CIP had mutations
in both genes of the quinolone resistance determining region (QRDR) while isolate
resistant to NAL only had a mutation in one of the target genes or carried a plasmid
mediated quinolone resistance gene (qnr gene). In fact, mutations in the QRDR have
been identified as the common genetic determinant conferring a higher resistance to
quinolone antibiotics while PMQR genes confer moderate resistance[15,130]. Several
studies have proven that the detection of genetic determinants of antibiotic resistance
by WGS accurately predict antibiotic resistance phenotypic antibiotic behavior of
bacterial isolates[111,131]. High agreements between WGS and phenotypic antibiotic
susceptibility testing have been reported [132,133].
In conclusion, this study established that bacteria resistant to antibiotics were
present in dairy cattle of the study farm but at a low level. The addition of antibiotic to
a culture medium of isolation helped in detecting the few antibiotic resistant bacteria.
The developed protocol could establish percentages of indicator E. coli resistant to
various antibiotics including critically important antibiotics for human medicine.
Furthermore, PCR and WGS supported phenotypic results at a high level which
increased our confidence in recommending the tested protocol for its use to establish
status of AMR in food animals specifically when laboratory facilities are limited.
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Abstract
This study was conducted to establish the status of antimicrobial resistance among
Escherichia coli and Salmonella isolated from feces of food animals in the East province
of Rwanda. One hundred and eighty fecal samples were collected from cattle, goats,
pigs, and poultry to isolate non-type specific Escherichia coli (NTS E. coli) and
Salmonella. In addition, samples were screened for presumptive third-generation
cephalosporin resistant E. coli and quinolone resistant E. coli using MacConkey agar
supplemented with cefotaxime and ciprofloxacin respectively. All isolates were
characterized for susceptibility to antibiotics using the disk diffusion method.
Furthermore, the production of extended spectrum beta lactamases (ESBLs) among E.
coli confirmed to be resistant to third-generation cephalosporins was detected using the
combination disk test. Among 540 NTS E. coli isolated, resistance to tetracycline was
the most observed (35.6%) followed by resistance to ampicillin (19.6%) and
streptomycin (16.5%). Isolates resistant to nalidixic acid (6.5%) and ciprofloxacin
(3.1%) were also detected. Percentages of isolates resistant to the above-mentioned
antibiotics were significantly higher in isolates from poultry. No isolate resistant to
meropenem or ceftriaxone was observed among NTS E. coli isolates. Only 4 Salmonella
isolates were recovered from 2 pig fecal samples and they were all pan-susceptible.
From the screened E. coli isolates, 64 were confirmed to be resistant to ceftriaxone
giving a sample-level prevalence for resistance to third-generation cephalosporins of
35.6%. On the other hand, 87 of the screened E. coli isolates were confirmed to be
resistant to one of the quinolone-based antibiotics tested, resulting in a sample-level
prevalence for quinolone resistance of 48.3%. Further analysis showed that all E. coli
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isolates resistant to third-generation cephalosporins were ESBLs producers. Antibiotic
resistance appeared to be high in poultry compared to other animals and E. coli resistant
to critically important antibiotics for human medicine were present in food animals. The
present results gave a baseline for future research and urged for surveillance initiatives.
Introduction
Antimicrobial resistance is a worldwide public health concern that menaces how
bacterial infections are controlled in humans and animals. Unfortunately, factors
influencing the emergence and the spread of antimicrobial resistant bacteria are complex
and not fully understood [4]. This justifies why scientists are encouraged to generate
information in an effort to understand AMR and guide decision making related to its
control [38]. Focusing on AMR in food animals, studies have reported that guts of food
animals are one of the reservoirs of antibiotic resistant bacteria [134,135].
Consequently, it is important to consistently track changes in proportions of resistant
bacteria in these reservoirs. The World Health Organization Advisory Group on
Integrated Surveillance of Antimicrobial Resistance recommends establishing
integrated surveillance systems that estimate the prevalence of antimicrobial resistant
pathogens and indicator bacteria in different reservoirs. In addition, surveillance
systems should detect rare phenotypic or genetic traits such as the production of
extended spectrum beta-lactamases (ESBLs) among enterobacteriaceae [45].
In countries where AMR surveillance systems are well established, levels of
antibiotic resistant bacteria in food animals are determined and reported on a regular
basis to guide decision making. For example, in the U.S, the National Antimicrobial
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Resistance Monitoring System (NARMS) reported an increase of bacteria resistant to
fluoroquinolones which led to the prohibition of extra-label uses of fluoroquinolones in
food animals in 1997 [136]. In 2005, enrofloxacin was withdrawn for use in poultry
because of data showing an increase of Campylobacter spp. resistant to
fluoroquinolones isolated from poultry [137]. In countries where AMR surveillance
systems are not well established, decision making is generally guided by individual
research conducted to establish proportions of antimicrobial resistant bacteria in
humans, animals, or food. In east African countries, most research on antimicrobial
resistance was conducted in Kenya, Ethiopia, Uganda and Tanzania while in Rwanda
and Burundi very little data is available [138]. In Rwanda specifically, the limited
information available on AMR is from studies conducted to indicate levels of AMR
among pathogens causing diseases in humans [80,81,83–85,139,140]. On the animal
side though, very few studies have been conducted to establish levels of AMR in food
animals [71].
The paucity of information on the presence and the magnitude of AMR in food
animals makes it difficult to objectively design context-based strategies to control AMR
in food animals. The present study was conducted to address gaps in the information on
antimicrobial resistance in food animals in Rwanda. The objective of the study was to
establish the status of antibiotic resistance among indicator E. coli and pathogenic
Salmonella isolated from cattle, goats, pigs, and poultry feces in the East province of
Rwanda.
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Materials and Methods
Fecal sample collection
A convenience sample size of 180 fecal samples was collected from cattle, goats,
pigs, and poultry farms located in Nyagatare and Gatsibo districts of the East province
of Rwanda. The north-east region of Rwanda has an established livestock farming
culture and higher livestock density than other regions in Rwanda. In total, 60 farms
located in 2 sectors of the Nyagatare district and 4 sectors of the Gatsibo district were
visited for sample collection (Figure 5.1). For each animal species, 15 farms, identified
by snowball sampling, were visited and, at each farm, 3 freshly dropped feces were
randomly collected in clean fecal collection cups using clean spoons. Samples were kept
on cold and transported to the laboratory of microbiology at the Rwanda Agriculture
and Animal resources Board in Kigali.

Figure 5.1. Illustration of visited farms Locations.
Note: The map on top left shows the two visited districts marked by a red circle. The map on
the right shows the 5 sectors marked with a red circle within visited districts where samples
were collected. The table on left bottom shows the number of farms visited per sector.
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Bacteria isolation
In the laboratory, 10 g of fecal samples were diluted with 90 mL of buffered peptone
water and incubated at 42°C for 24 hours. This non-selective enrichment was used to
isolate E. coli and Salmonella.
Isolation of non-type specific E. coli, third-generation cephalosporin resistant E.
coli, and quinolone resistant E. coli
For all samples, 10 µL of the non-selective enrichment was streaked onto
MacConkey agar to randomly isolate NTS E. coli. Another 10 µL was streaked onto
MacConkey agar supplemented with 1 µg/mL of cefotaxime to screen for thirdgeneration cephalosporin resistant E. coli (3GCr E. coli) and an additional 10 µL was
streaked onto MacConkey agar supplemented with 0.5 µg/mL of ciprofloxacin to screen
for quinolone resistant E. coli (Qr E. coli). After 24 hours of incubation at 37°C, agar
plates were inspected for growth of bacterial colonies with E. coli typical morphology
(pink, convex, circular and dry colonies with a pink surrounding zone). Three typical
colonies on MacConkey agar with no antibiotics and one colony on each of the
MacConkey agar with antibiotics were selected and re-streaked on the same type of
medium for isolation. Well isolated colonies were confirmed as E. coli by indole spot
test.
Isolation of Salmonella
For all samples, 1 mL of the non-selective enrichment was transferred into 9 mL of
Rappaport-Vassiliadis Salmonella broth and 9 mL of tetrathionate broth. After an
overnight incubation at 42°C, 10 µL of the selective enrichments were streaked onto
brilliant green sulfa (BGS) and xylose lysine tergitol4 (XLT4). After 24 hours of
incubation at 37°C, agar plates were inspected for growth of bacterial colonies with
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Salmonella typical morphology (circular and black colony on XLT4, circular and pink
on BGS). A maximum of 2 typical colonies were selected per agar plate and they were
re-streaked onto the same type of medium for isolation. Well isolated colonies were
confirmed as Salmonella using triple sugar iron agar and loop-mediated isothermal
amplification as described by Hara-kudo [141].
Phenotypic antibiotic susceptibility testing
All confirmed E. coli and Salmonella isolates were tested for their phenotypic
susceptibility to a panel of 12 antibiotics belonging to 7 classes, using the disk diffusion
method according to guidelines of the Clinical and Laboratory Standards Institute
(CLSI): amoxicillin-clavulanic acid (AMC, 20/10 μg), ampicillin (AMP, 10 μg),
azithromycin (AZI, 15 μg), cefoxitin (FOX, 30 μg), ceftriaxone (CRO, 30 μg),
chloramphenicol (CHL, 30 μg), ciprofloxacin (CIP, 5 μg), colistin (COL, 10 μg),
meropenem (MER, 10 µg), nalidixic acid (NAL, 30 µg ), streptomycin (STR, 10 µg),
and tetracycline (TET, 30 μg). Susceptibility to antibiotics was determined by
measuring the inhibition zone diameter around a paper disk containing an antibiotic and
was rounded to the nearest digit. The measured diameter was compared to CLSI clinical
breakpoint to classify a bacterial isolate as susceptible, intermediate, or resistant [20].
In this study, a bacterial isolate was considered as probable resistant to colistin if the
inhibition zone diameter was less than 11 mm [116]. If a bacterial isolate was resistant
to 3 or more antibiotic classes, it was classified as multidrug resistant (MDR). For the
first panel of antibiotics, the classes of antibiotic tested were aminoglycosides (STR),
beta-lactams (AMC, AMP, FOX, CRO, and MER), macrolides (AZI), phenicols (CHL),
polymyxins (COL), quinolones (NAL and CIP), and tetracyclines (TET).
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Detection of ESBLs-production among bacterial isolates resistant to thirdgeneration cephalosporins
Furthermore, all isolates resistant to a third-generation cephalosporin
(ceftriaxone) were tested for ESBLs-production using a combination disk test according
to guidelines of the CLSI [20]. Besides the antibiotics required by the combination disk
test, additional antibiotics were added to the panel to extend the antibiotic resistance
profiles of bacteria: amikacin (AMK, 30 μg), cefazolin (CFZ, 30 μg), cefepime (FEP,
30 μg), cefotaxime (CTX, 30 μg), cefotaxime-clavulanic acid (CTX-CLA, 30/10 µg),
ceftazidime (CAZ, 30 μg), ceftazidime-clavulanic acid (CAZ-CLA, 30/10 µg),
fosfomycin (FOS, 200 μg), gentamicin (GEN,10 μg), imipenem (IMP, 10 μg),
sulfonamides (SSS, 300μg), and trimethoprim/sulfamethoxazole(SXT, 1.25/23.75 μg).
For this panel of antibiotics, the classes of antibiotic tested were aminoglycosides
(AMK), beta-lactams (CFZ, FEP, CTX, CAZ, and IMP), fosfomycin (FOS),
sulfonamides (SSS), and trimethoprim-sulfonamide (SXT).
The strain E. coli ATCC 25922 was used for quality control.
Statistical analysis
All statistical analyses were performed using R 3.0 software. The comparison of
percentages of resistant bacteria between animal species was done using the Fisher’s
exact test of independence with a p-value threshold of 0.05. Confidence intervals (CI)
were calculated as 95% binomial proportions presenting Wilson intervals.
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Results
Non-type specific E. coli was isolated from all fecal samples. In total 540 NTS
E. coli were isolated with 135 isolates from each animal species. The screening process
resulted in 69 fecal samples with presumptive 3GCr E. coli and 160 fecal samples with
presumptive Qr E. coli (Table 5.1).
Table 5.1. Numbers of E. coli and Salmonella isolated from food producing
animals in the East province of Rwanda
Number of samples
NTS E. coli
Presumptive 3GCr E. coli
Presumptive Qr E. coli
Salmonella

Cattle
45
135
14
34
0

Goats
45
135
12
39
0

Pigs
45
135
26
42
4

Poultry
45
135
17
45
0

Total
180
540
69
160
4

Note: NTS: Non-type specific, 3GCr: third-generation cephalosporin resistant, Qr: quinolone
resistant. Three NTS E. coli isolates were isolated per sample. Only one isolate of presumptive
3GCr E. coli and presumptive Qr E. coli was isolated per sample. Two isolates of Salmonella
were isolated per sample.

Susceptibility to antibiotics of isolated bacteria
Among the 540 NTS E. coli non-biasedly isolated, resistance to tetracycline was the
most observed (35.6%, CI: 31.6%-39.7%) while no resistance to meropenem and
ceftriaxone was noted (Table 5.2).
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Table 5.2. Susceptibility to antibiotics of NTS E. coli isolated on MacConkey agar from cattle, goats, pigs, and poultry fecal
samples in East province of Rwanda
ATB
AMC
AMP
AZI
FOX
CRO
CHL
CIP
COL*
MER
NAL
STR
TET

% of
R
0.7
19.6
1.1
0.7
0.0
3.3
3.1
2.0
0.0
6.5
16.5
35.6

Distribution (number) of inhibition zones diameters in mm (total number of isolates=540)
95% CI
0
0.3-1.9
16.5-23.2 99
0.5-2.4
0.3-1.9
3
0.0-0.7
2.1-5.2
12
2.0-5.0
3
1.1-3.6
0.0-0.7
4.7-8.9
25
13.6-19.8 57
31.6-39.7 101

7

8

1

1

2

2

1
6 4
22 32

9
1
2
1

10 11 12
1 1 1
1 2
3
2
1

13

14
1
1
5

15
2
5
7

16
1
5
6
1

17 18 19 20 21 22
2 9 12 33 63 87
9 38 57 81 73 64
2
11 35 40 39 44 64
2 1 2 3 17 41
1 1
2
1 1 1 1 1 9
1 2 3
3
4
1
2
2 2 1 2 2 3
1 10 80 138 156 106 39 9 1
1
2 4
2
1
3
7
7 6 8 8 23 24
11 4 7 5
7 21 55 101 88 89 52 21 5 4
23 11 3 5
1
1
1 4 13 35 44

23 24
90 80
53 24
70 66
72 101
3
23 40
4
6

25
69
12
1
105
8
65
13

26
49
7
46
73
16
92
7

27
20
3
39
59
30
92
11

28
11
2
28
32
33
60
16

29
3

30
3

>30
1

14
16
59
63
21

8
7
65
49
26

9
4
324
24
405

1
53
2
47

7
72

15
62

39
72

78
40

88
25

56
17

254
12

50

41

24

14

9

1

1
66
1
58

Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate and
susceptible enterobacteriaceae respectively. CLSI clinical break points for enterobacteriaceae resistant to antibiotic are represented by a vertical solid line in the table. COL*: clinical
break points for colistin were from the study by Galani et al. [116]. AMC: amoxicillin-clavulanic acid, AMP: ampicillin, AZI: azithromycin, FOX: cefoxitin, CRO: ceftriaxone,
CHL: chloramphenicol, CIP: ciprofloxacin, COL: colistin, MER: meropenem, NAL: nalidixic acid, STR: streptomycin, TET: tetracycline. ATB: Antibiotic R: resistance. CI:
Confidence intervals were calculated as 95% binomial proportions presenting Wilson intervals.
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Antibiotic resistance among NTS E. coli from different animal species was
statistically different. The percentages of isolates resistant to the tetracycline, ampicillin,
streptomycin and quinolones were higher among NTS E. coli from poultry while the
percentage of isolates fully susceptible to antibiotics was higher among NTS E. coli
isolated from cattle and goats (Table 5.3).
Table 5.3. Resistance to 12 antibiotics among NTS E. coli isolated on MacConkey
agar from food animals in the East province of Rwanda

Antibiotic
AMC
AMP
AZI
FOX
CRO
CHL
CIP
COL
MER
NAL
STR
TET
Fully
susceptible

Cattle
(N=135)
Number
(%)
1 (0.7)
6 (4.4)
0 (0.0)
1 (0.7)
0 (0.0)
0 (0.0)
1 (0.7)
2 (0.4)
0 (0.0)
1 (0.7)
15 (11.1)
22 (16.3)

Goats
(N=135)
Number
(%)
2 (1.5)
10 (7.4)
1 (0.7)
2 (1.5)
2 (1.5)
3 (2.2)
2 (1.5)
5 (0.9)
0 (0.0)
3 (2.2)
12 (8.9)
19 (14.1)

Pigs
(N=135)
Number
(%)
0 (0.0)
17 (12.6)
1 (0.7)
1 (0.7)
0 (0.0)
3 (2.2)
0 (0.0)
2 (0.4)
0 (0.0)
0 (0.0)
18 (13.3)
36 (26.7)

Poultry
(N=135)
Number
(%)
1 (0.7)
73 (54.1) *
4 (3.0)
0 (0.0)
0 (0.0)
12 (8.9) *
14 (10.4) *
2 (0.4)
0 (0.0)
31 (23.0) *
44 (32.6) *
115 (85.2) *

Total
(N=540)
Number
(%)
4 (0.7)
106 (19.6)
6 (1.1)
4 (0.7)
2 (0.4)
18 (3.3)
17 (3.1)
11 (2.0)
0 (0.0)
35 (6.5)
89 (16.5)
192 (35.6)

101 (74.8)

99 (73.3)

87 (64.4)

13 (13.6) *

300 (55.6)

Note: Within a line, an asterisk indicates a statistically significant difference of percentages of
resistant NTS E. coli between animal species. AMC: amoxicillin-clavulanic acid, AMP:
ampicillin, AZI: azithromycin FOX: cefoxitin, CRO: ceftriaxone, CHL: chloramphenicol, CIP:
ciprofloxacin, COL: colistin, MER: meropenem, NAL: nalidixic acid, TET: tetracycline, STR:
streptomycin. N: total number of NTS E. coli tested. Fully susceptible are isolates susceptible
to all antibiotics without being intermediate nor resistance.

Multidrug resistant NTS E. coli isolates were higher in fecal samples from
poultry (34.8%) and very low in samples from other animal species (3.7% in cattle,
5.9% in goats, and 8.1% in pigs). Most NTS E. coli isolated from cattle, goats, and pigs’
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fecal samples were fully susceptible to all antibiotic classes tested while 28.9% of
isolates from poultry were resistant to 2 antibiotic classes (Figure 5.2)

Animal Species

All species
Poultry
Pig
Goat
Cattle
0.0%

Full Susc

20.0%

Int 1

Int 2

40.0%
60.0%
Percentages
Res 1

Res 2

Res 3

80.0%

Res 4

100.0%

Res 5

Figure 5.2. Multidrug resistant NTS E. coli isolated from cattle, goats, pigs, and
poultry fecal samples collected in the East province of Rwanda.
Note: The total number of bacterial isolates per animal species is 135. Full Susc: fully
susceptible, Int 1: fully susceptible but intermediate to 1 antibiotic class, Int 2: fully susceptible
but intermediate to 2 antibiotic classes, Res 1: resistant to 1 antibiotic class, Res 2: resistant to
2 antibiotic classes, Res 3: resistant to 3 antibiotic classes, Res 4: resistant to 4 antibiotic classes,
Res 5: resistant to 5 antibiotic classes.

The four Salmonella isolates were recovered from only two pig fecal samples (2/180,
1.1%). They were all pan-susceptible to the 12 antibiotics tested.
Out of the 69 presumptive 3GCr E. coli screened, 64 were confirmed to be
resistant to ceftriaxone (a third-generation cephalosporin). It was deduced that out of
180 fecal samples collected, 64 carried 3GCr E. coli giving a sample level prevalence
for third-generation cephalosporin resistance of 35.6% (CI: 28.9%-42.8%). The
recovery of confirmed 3GCr E. coli was significantly higher in samples from pigs in
comparison to samples from cattle, goats, and poultry (Figure 5.3).
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Cattlea
27%

Goat a
Samples without
3GCr E.coli

73%

Samples with
3GCr E.coli

73%

Pigb

42%
58%

Samples
without 3GCr
E.coli

27%

Samples with
3GCr E.coli

Poultry a
Samples without
3GCr E.coli
Samples with
3GCr E.coli

Samples
without 3GCr
E.coli

31%

69%

Samples with
3GCr E.coli

Figure 5.3. Recovery of 3GCr E. coli from cattle, goats, pigs, and poultry fecal
samples collected in the East province of Rwanda.
Note: The total number of samples for each animal species was 45. 3GCr: third-generation
cephalosporin resistant. In each graph a letter beside the animal species title represents statistical
comparison of percentages by the Fischer’s exact test. A different letter represents a statistically
significant difference.

Confirmed 3GCr E. coli presented a high resistance to beta-lactam antibiotics except
carbapenems (MER), cephamycin (FOX) and first-generation cephalosporin with
clavulanic acid (AMC). Most of the 3GCr E. coli were also resistant to tetracycline and
streptomycin (Table 5.4).
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Table 5.4. Susceptibility to antibiotics of third-generation cephalosporin resistant E. coli isolated on MacConkey agar with 1
µg/mL of cefotaxime from cattle, goats, pigs, and poultry fecal samples in the East province of Rwanda

ATB
AMC
AMP
AZI
FOX
CRO
CHL
CIP
COL*
MER
NAL
STR
TET

% of
R
95% CI
0
1.6
0.3-8.3
100.0 94.3-100.0 64
14.1
7.6 -24.6
3
1.6
0.3-8.3
1
100.0 94.3-100.0 18
0.0
0.0-5.7
15.6
8.7-26.4
8
0.0
0.0-5.7
0.0
0.0-5.7
29.7 19.9-41.8 15
84.4 73.6-91.3 26
87.5 77.2-93.5 22

Distribution (number) of inhibition zones diameters in mm (total number of isolates=64)
7

1

8

2

9
1

10 11 12

1

1

12

8

9
4

2
6
11

16

5
1
8

3
2

14
1

4

1
1
9
14

13

1
3

1

15
1

16
1

1

1

1
4

17 18 19 20
2 8 10 10
4

1
1

6
2

21
11

22 23
11 5

24
2

25
1

26

27

28

29

30

>30

2
3

8
7

11
11

5
14

4
12

3
8

4
4

2
1

1
2

2
3

2

1
4

6
9

12
5

13
3

12
10

7
6

5
2

5
5

2
1

10
2

12

25

10

2
1

10

5

1
3

2

9
1

1

2

2

2

3

2
13

22

17

1

1
2

2
3

2
1

2

8

2

2

Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate and
susceptible enterobacteriaceae respectively. CLSI clinical break points for enterobacteriaceae resistant to antibiotic are represented by a vertical solid line in the table. COL*: clinical
break points for colistin were from the study by Galani et al. [116]. AMC: amoxicillin-clavulanic acid, AMP: ampicillin, AZI: azithromycin, FOX: cefoxitin, CRO: ceftriaxone,
CHL: chloramphenicol, CIP: ciprofloxacin, COL: colistin, MER: meropenem, NAL: nalidixic acid, STR: streptomycin, TET: tetracycline. ATB: Antibiotic R: resistance. CI:
Confidence intervals were calculated as 95% binomial proportions presenting Wilson intervals.
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Eighty seven out of 160 presumptive Qr E. coli were confirmed to be resistant
to at least one the quinolone antibiotics tested (nalidixic acid or ciprofloxacin). It was
deduced that 87 out of 180 fecal samples carried Qr E. coli giving a sample level
prevalence for quinolone resistance of 48.3% (CI: 41.1%-55.6%). The recovery of
confirmed Qr E. coli from samples was statistically different between animal species
(Figure 5.4).

Goatab

Cattlea
31%

Sample without
Qr E.coli

69%

44%
56%

Sample with Qr
E.coli

27%

Sample without
Qr E.coli

67%

Sample with Qr
E.coli

Poultryb

Piga
33%

Sample without
Qr E.coli

Sample with Qr
E.coli

73%

Sample without
Qr E.coli
Sample with Qr
E.coli

Figure 5.4. Recovery of Qr E. coli from cattle, goats, pigs, and poultry fecal
samples collected in the East province of Rwanda.
Note: The total number of samples for each animal species was 45. Qr: quinolone resistant. In
each graph a letter beside the animal species title represents statistical comparison of
percentages by the Fischer’s exact test. A different letter represents a statistically significant
difference.

Besides being resistant to quinolones antibiotics, Qr E. coli isolates presented a high
resistance to tetracycline, ampicillin, and streptomycin (Table 5.5).
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Table 5.5. Susceptibility to antibiotics of Qr E. coli isolated on MacConkey agar with 0.5 µg/mL of ciprofloxacin from cattle,
goats, pigs, and poultry fecal samples in the East province of Rwanda

ATB
AMC
AMP
AZI
FOX
CRO
CHL
CIP
COL*
MER
NAL
STR
TET

% of
R
0
55.2
13.8
1.1
1.1
17.2
58.6
3.4
0
100
48.3
95.4

Distribution (number) of inhibition zones diameters in mm (total number of isolates=87)
95% CI
0.0 - 4.2
44.7-65.2
8.1-22.6
0.2-6.2
0.2-6.2
10.7-26.5
48.1-68.4
1.2-9.7
0.0 - 4.2
95.8-100
38.1-58.6
88.8-98.2

0

7

46

1

8

9

10 11 12

13

14

15

16

1
5
1

1

5

6

1
1

2

5

17 18 19 20
2 8 6 16
5 3 4 9
3 8 5 12
2
5 4

21
16
11
7
10

1
10
24

2

63
32
53

3
3
7

4
9

2
2
2
1
7

3
3
8
1
5

4
1
2

1
8
16

1
8
30

4
1

3
2

4
30
9

2
5
9

1
2
12

4
1
4

5

4

3

3
8

4
2

22 23
13 11
3 1
7 7
15 10
2
5
3 5

24
8
1
5
15
1
11
4

25
5

26
1

4
14
3
10
3

1
7
10
13

1

4

5

27

28

29
1

30

1
1
4
7

1

3
16
14

16
1

7
2

27
1
1

13

15

19

10

20

1
1

1
2

2

Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate and
susceptible enterobacteriaceae respectively. CLSI clinical break points for enterobacteriaceae resistant to antibiotic are represented by a vertical solid line in the table. COL*: clinical
break points for colistin were from the study of Galani et al., 2008 [116]. AMC: amoxicillin-clavulanic acid, AMP: ampicillin, AZI: azithromycin, FOX: cefoxitin, CRO: ceftriaxone,
CHL: chloramphenicol, CIP: ciprofloxacin, COL: colistin, MER: meropenem, NAL: nalidixic acid, S TR: streptomycin, TET: tetracycline. ATB: Antibiotic R: resistance. CI:
Confidence intervals were calculated as 95% binomial proportions presenting Wilson intervals.
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E. coli producing extended spectrum beta-lactamases and patterns of resistance
to quinolones among Qr E. coli
In total, 72 E. coli isolates were confirmed to be resistant to a third-generation
cephalosporin antibiotic (CRO). Sixty-four of them were isolated on MacConkey agar
with cefotaxime while 8 were isolated on MacConkey agar with ciprofloxacin. No 3GCr
E. coli was isolated on MacConkey without antibiotics. Besides being resistant to thirdgeneration cephalosporins, most 3GCr E. coli were resistant to cefazolin, sulfonamides
and trimethoprim/sulfamethoxazole (Table 5.6).
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Table 5.6. Susceptibility to the second panel of antibiotics of all third-generation cephalosporin resistant E. coli isolated from
cattle, goats, pigs, and poultry fecal samples in the East province of Rwanda

ATB
AMK
CFZ
FEP
CTX
CTX-CLA
CAZ
CAZ-CLA
FOS
GEN
IMP
SSS
SXT
ESBL
AmpC

% of
R
0
98.6
45.8
98.6

Distribution (number) of inhibition zones diameters in mm (total number of isolates=72)
95% CI
0 7
0.0 - 5.1
92.5 - 99.8 71
34.8 - 57.3 2
92.5 - 99.8 34 2

31.9

22.3 - 43.4

0
6.9
0
95.8
88.9
98.6
0

0.0 - 5.1
3.0 - 15.2
0.0 - 5.1
88.5 - 98.6 67
79.6 - 94.3 63
92.5 - 99.8
0.0 - 5.1

8

9

6

10 11
2
6

2
8

7

12
2
3

13
2
2

14
5
1
1

1

15
4
3

1
1
1
1

3

1

1

16

17 18 19 20 21 22 23
1 3 5 10 6 17
1
2 7
5 11 12
9 1 1
1 1
2 3 1
3 1 5
7 12 14 11 6
5 5 4
1
2 5
1
1 7 16 10 16 10
2
2
1
1
1 1

24
14

25
8

26 27 28
5
1

2

1

5
1
1
6
4
3

5 10
2
3 12
9 5
1 1
5 7

1

29 30
1
2
6

1
7

2

13
10

13
1
14
9

8
10

9
8

10
8

9

7

13

10
1

16

8

1

Note: In accordance to the CLSI clinical break points, grey, blue, and white fields represent numbers of isolates with inhibition zone diameters for resistant, intermediate and
susceptible enterobacteriaceae respectively. CLSI clinical break points for enterobacteriaceae resistant to antibiotic are represented by a vertical solid line in the table. There are no
CLSI clinical break points for CTX-CLA and CAZ-CLA. AMK: amikacin, CFZ: cefazolin, FEP: cefepime, CTX: cefotaxime, CAZ: ceftazidime, FOS: fosfomycin, GEN: gentamicin,
IMP: imipenem, SSS: sulfonamides, SXT: trimethoprim/sulfamethoxazole. ATB: Antibiotic R: resistance. CI: Confidence intervals were calculated as 95% binomial proportions
presenting Wilson intervals. The line with ESBL represents the percentage of third -generation cephalosporin resistant E. coli producing ESBLs. The line with AmpC represents
the percentage of third -generation cephalosporin resistant E. coli producing AmpC.
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All the isolated 3GCr E. coli were found to be phenotypically ESBLs producers except
one isolate that was not confirmed to have a resistance to third-generation cephalosporin
antibiotics (CTX and CAZ). No AmpC producing E. coli was identified.
On the side of quinolone resistant E. coli, in total 141 E. coli isolates were
confirmed to be resistant to quinolones. Among them, 87 were isolated on MacConkey
agar with ciprofloxacin, 19 were isolated from MacConkey agar with cefotaxime and
35 were isolated on MacConkey agar without antibiotics. Among the 141 Qr E. coli,
35 or 24.8% were resistant to nalidixic acid and susceptible to ciprofloxacin, 28 or
19.9% were resistant to nalidixic acid and intermediate to ciprofloxacin, while 78 or
55.3% were resistant to both nalidixic acid and ciprofloxacin.
Discussion
Monitoring changes of the presence and the magnitude of antimicrobial resistant
bacteria in different niches is essential for a proper control of AMR [35]. To our best
knowledge, this study is the first to establish a comparative status of antibiotic resistance
in food producing animals in Rwanda. The protocol used in this study was inspired by
different guidelines for antimicrobial resistance detection [108,118–120] and was
previously tested and optimized on fecal samples collected from dairy cattle in Texas
before use in Rwanda. As recommended, NTS E. coli, a commensal enterobacteriaceae
of cattle, goats, pigs, and poultry, was chosen as an indicator bacterium because
commensal enterobacteriaceae are proven to provide continuous evidence on trends in
AMR [118]. The status of antibiotic resistance in commensal bacteria is also a good
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indicator for selective pressure by the use of antibiotics in animals [25]. Salmonella, a
major foodborne pathogen, was also included in this study to assess the level of
antibiotic resistance in pathogenic Gram-negative bacteria.
This study revealed that resistance to tetracycline was most prevalent among
NTS E. coli isolated from food animals followed by resistance to ampicillin and
streptomycin. This is not different from what was reported in other East African
countries such as Uganda, Tanzania, or Kenya, where resistance to tetracycline,
ampicillin, or streptomycin were ranked among the most prevalent in food animals
[142–144]. We also made an observation that most of resistant NTS E. coli, specifically
those resistant to tetracycline, were isolated from poultry fecal samples. This may be an
indicator that poultry farmers in the study area might use antibiotics on regular basis at
sublethal doses for prevention of diseases in poultry to avoid high mortality and
economic losses. A study conducted among poultry farmers in the East province and
Kigali city of Rwanda reported that 100% of farmers owning commercial poultry farms
stated to use antibiotics in their poultry mainly for treatment and prevention of diseases,
and sometimes without any advice from a veterinarian [71]. Even if the most common
antibiotic used in food animals in Rwanda is not documented, situations reported in
close distance countries may be similar for farmers in Rwanda. Tetracycline is reported
to be the most widely used antibiotic in food animals in Kenya and Tanzania [145,146].
If tetracycline is effectively highly used in poultry in the East province of Rwanda, it
may explain a higher resistance to tetracycline observed among randomly isolated NTS
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E. coli in poultry. We recommend further studies to establish types and amounts of
antibiotics used in food producing animals to elucidate this hypothesis.
At bacteria level, no isolate resistant to meropenem and ceftriaxone was detected
among randomly isolated NTS E. coli. Carbapenems and third-generation cephalosporin
antibiotics are both classified as critically important antibiotics for human medicine
[147], in addition carbapenems are considered as last resort antibiotics used in the
treatment of infections caused by bacteria resistant to different beta-lactam antibiotics.
Hence, the absence of NTS E. coli resistant to these antibiotics in our study area can be
reported as a positive result. But caution is advised because these results don’t confirm
that carbapenem and ceftriaxone resistant E. coli are completely absent among food
producing animals in the East province of Rwanda. In fact, at this level, the reported
prevalence was deduced from the number of bacteria isolated on a non-selective culture
medium. A supplementation of the culture medium with an antibiotic of interest could
have increase the detection level of samples with bacteria resistant to antibiotics of
interest. Therefore, specific studies targeting microorganisms resistant to these
antibiotics are recommended to dig further and confirm their absence in food animals.
Few isolates were classified as probable resistant to colistin according to Galani and
collaborators [116]. Before any conclusion, isolates resistant to colistin should be
subjected to another antibiotic susceptibility testing, such as a broth microdilution or a
detection of determining resistance genes, because the disk diffusion method is reported
to not be accurate in detecting colistin resistant enterobacteriaceae [20].
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The recovery of Salmonella in feces of food animal was rare; only 2 samples
were positive for Salmonella that were fully susceptible to all antibiotics tested. In some
countries, it is documented that Salmonella prevalence in animals varies with seasons
[148,149]; the lack of enough studies on isolation of Salmonella in animals in Rwanda,
makes it difficult to explain the low recovery rate observed in this study. And this didn’t
allow us to have a big overview of antibiotic resistance in Salmonella isolated from food
animals.
The evaluation of the presence of 3GCr E. coli in food animals showed that
35.6% of samples were positive for 3GCr E. coli. This sample-level prevalence suggests
that 3GCr E. coli are not completely absent from food animals in the study area.
Enterobacteriaceae resistant to third-generation cephalosporins are considered as
critical priority pathogens for research and development of new antibiotics by the World
Health Organization[150]; consequently, a monitoring of their presence in different
niches is highly recommended. Similar to results reported in Tanzania [144], all 3GCr
E. coli isolated in this study presented a phenotype of ESBLs-production. In many east
African countries, it is documented that third-generation cephalosporin antibiotics are
not widely used in food animals. Co-selection of resistant bacteria may be one of the
explanations whereby the use of one antibiotic may select for resistance to many other
antibiotics[6,151].
Furthermore, the study showed that 48.3% of samples were positive for Qr E.
coli. This result calls for more research and surveillance initiative because quinolone
antibiotics are classified as critically important antibiotics for human medicine[150].
Mechanisms of resistance to quinolones is mainly determined by point mutations in the
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genes encoding for the target enzymes, the DNA gyrase (gyrA/gyrB genes) and the
topoisomerase IV (parC/parE genes). A mutation in the gryA gene or parC gene confers
low to moderate levels of resistance in E. coli while a mutation in both gyrA and parC
genes cause high-level resistance in E. coli [152]. Authors have demonstrated that
phenotype of quinolone resistance in E. coli can help in prediction of resistance
mechanism involved [153,154]. For example, Dellgren and collaborators [153] reported
that the majority of E. coli resistant to nalidixic acid but susceptible to ciprofloxacin had
a single mutation in the quinolone resistance determining region or QRDR (gryA gene
or parC gene). They also reported that the majority of isolates resistant to both nalidixic
acid and ciprofloxacin had two mutations in the QRDR (both gyrA and parC genes).
Finally, they reported that few isolates resistant to nalidixic acid and susceptible to
ciprofloxacin had a plasmid mediated quinolone resistance gene (qnr) and a mutation in
gyrA gene. From this information we can predict that most of Qr E. coli isolated in this
study had a mutation in both gyrA and parC genes because they were resistant to both
nalidixic acid and ciprofloxacin. A small percentage of Qr E. Coli can be suspected to
have a mutation in one of the target genes or carry a qnr gene.
Conclusion
Results of the present study indicate that resistance to tetracycline is the most
prevalent among indicator E. coli isolated from food animals. And most of resistant E.
coli were from poultry fecal samples compared to other food animals. Besides, 3GCr
and Qr E. coli were detected. The generated information provided an insight on the
distribution of AMR in food animals in the East province of Rwanda. This insight is a
call for more research that can cover the whole country and the entire food chains. This
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insight is also an instigation for integrated antimicrobial resistance surveillance system
in Rwanda to mitigate possible emergence of antimicrobial resistant microorganisms
acquired from food chains.
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CHAPTER VI
FINAL CONCLUSIONS
•

In this dissertation we developed a protocol that was successfully used to establish
percentages of indicator E. coli resistant to various antibiotics including critically
important antibiotics for human medicine. The developed protocol was
recommended for its use to establish status of AMR in food animals specifically
when laboratory facilities are limited.

•

The combination disk test used to detect phenotype of ESBLs-production in
enterobacteriaceae resistant to third-generation cephalosporin antibiotics can
generate false positive of ESBLs-producing E. coli. Caution when interpreting
results from this test is recommended and detection of those false positive ESBLsproducers should be done to avoid misclassification.

•

The study conducted in the East of Rwanda generated a baseline of data on AMR
in food animals that can be used to guide further investigations or decision
making. The study showed that tetracycline resistance was the most observed
among indicator E. coli isolated in food animals but mainly in poultry fecal
samples. This may be a hint for a high use of tetracycline in poultry compared to
other animal species. We also noted that E. coli resistant to quinolones were high
in poultry fecal samples suggesting a possible co-selection of bacteria resistant to
tetracyclines and quinolones.

•

All E. coli resistant to third-generation cephalosporins isolated in Rwanda were
only ESBLs-producers while 3GCr E. coli isolated from dairy cattle at a dairy
farm in Texas were dominated by AmpC-producers and 3GCr E. coli isolated from
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animals at a research farm in Texas were mostly ESBLS-producers with few
AmpC-producers. This supported observations that each geographic region, each
farm and animal species, has its own antimicrobial resistance status depending on
various factors that need to be explored.
•

While E. coli was easily recovered from animal fecal samples, Salmonella was
rare, which reflects that animals included in our studies harbored a lower number
of Salmonella. But on the other hand, the low number of Salmonella recovered
limited our ability to estimate the level of antibiotic resistance among this
pathogen.
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