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Isolation and molecular characterization of Campylobacter jejuni and Campylobacter
coli isolated from Ethiopian dairy supply chain and evaluation of their associated

risk factors and antimicrobial resistance

ABSTRACT

Campylobacter is among the leading bacterial foodborne pathogens, causing a high
foodborne disease burden worldwide. There is a limited information on the prevalence,
risk factor, and whole genome sequencing of Campylobacter in Ethiopian milk and
milk products in major milk sheds in Ethiopia. To this end, a cross-sectional study was
carried out to isolate and characterize the genomic diversity,antimicrobial resistance
patterns and associated risk factors of Campylobacter species from milk and dairy
products collected from representative regional sites (Oromia, Amhara, and SNNP). in
Ethiopia. A total of 1140 dairy food samples were collected in the dry and wet seasons
of which 456 samples were used for seasonal comparison. Samples were tested for
Campylobacter by following the ISO 10272-1:2017 standard and confirmed by PCR
with lllumina MiSeq instrument (v3 600-cycle cartridge) for the paired-end sequencing
run. Amrfinderplus_db NCBI was used to detect gyrA and 50S_L22 A103V gene
mutations. NCBI Pathogen Detection database was used for the genomic similarity . A
total of 141 Campylobacter isolates were tested for susceptibility to three antibiotics
using a disk diffusion method.. The result indicated that Campylobacter was detected
in 12% of tested food samples. The highest prevalence of Campylobacter jejuni and
Campylobacter coli was found in raw milk (19%), followed by pasteurized milk (10 %)
and cottage cheese (3%) (P<0.001). The prevalence did not differ significantly between
the wet (20%) and dry (16%) seasons (P=0.27). However, there was a five times more
chance of finding Campylobacter species in milk and milk products during the wet
season than the dry season (COR = 4.5 (1.8-12), P = 0.002). in the Oromia region,
Besides, 89% of the samples were contaminated with C. jejuni, and 11% with C. coli.
Two different C. jejuni MLST sequence types, namely, ST 51 (clonal complex ST-443)
and ST 2084 (clonal complex 353) were detected; they were clustered in different
clades (B and C), respectively. Two ST 1628 and 2 ST 830 C. coli from clonal complex
828 were grouped into a single clade (C). Phenotypically, 89 %, 74%, and 57% of

Campylobacter species were resistant to tetracycline, erythromycin, and ciprofloxacin

XV



respectively. Moreover, 43% of the tested isolates were resistant to more than two
drugs. Genomically, ten isolates of 8 C. jejuni ST 2084 and 2 C. coli ST 1628 had a
T861 mutation in the gryA gene, which is associated with resistance to Quinolone
(ciprofloxacin), and all 14 C. jejuni carry 50S_L22 A103V gene, associated with
resistance against Macrolide (erythromycin). Of these, all Campylobacter species
carried CTD genes, chemotaxis-related genes (cheA, cheB, cheR, and cheY), and
invasive genes (flaC, ciaB, and ciaC). We can conclude that 12% of Campylobacter
species were present during the dry and wet seasons. The data also showed that , 43%
of the isolates acquired more than two antibiotic resistance genes and a mutation was
present in the 50S_L22 A103V and gryA genes in C. jejuni. The risk factor analysis
showed that using warm water and soap for cleaning cow udders and teats on farms
(AOR=0.3, P=0.023), filtering milk with a cloth, or plastic filter (AOR=0.065,
P=0.005), and storing milk in an aluminum container (AOR=0.23, P=0.027) reduced
the likelihood of detecting Campylobacter in raw milk. In contrast, Campylobacter
detection was significantly higher in milk samples collected at collection centers with
concrete floors (AOR=5.2, P=0.004). The odds of detecting Campylobacter in milk
were 17 times greater (AOR=17, P=0.007) in milk processing facilities that did not
calibrate a pasteurizer on an annual basis. Likewise,, having a separate refrigerator for
milk storage reduced the occurrence of Campylobacter in retail (AOR=0.29, P=0.021).
In conclusion, Compared to samples of pasteurized and cottage cheese, the raw milk
was more contaminated. Additionally, a mutation was found in the 50S_L22 A103V
and gryA genes of C. jejuni, and 43% of the isolates that were studied possessed more
than two antibiotic resistance genes. Thus, understanding the genetic composition and
prevalence of Campylobacter in the dairy supply chain may help identify potential
contamination sources and create effective management plans that ensure the safety and

caliber of dairy products.

Keywords: Ciprofloxacin , pasteurized milk , raw milk, seasonal variation, , whole

genome sequencing, contamination
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CHAPTER 1

1. General Introduction

1.1. Background and justification

Campylobacter is a genus of Gram-negative, small curved spiral rods that are
approximately 0.2-0.5 um long (Wilson et al., 2021) . It is considered a microaerophilic
organism and requires reduced levels of oxygen to grow (Giallourou et al., 2018). It is
relatively fragile and sensitive to environmental and oxidative stresses, as well as

common disinfectants (Lopez et al., 2015).

Campylobacteriosis is well recognized as the leading cause of bacterial foodborne
diarrheal disease worldwide (Silva et al., 2011b). It is mainly caused by Campylobacter
jejuni (Jackson et al., 2014b, Igwaran and Okoh, 2019). The disease is characterized by
an acute gastrointestinal infection with severe abdominal pain, fever, nausea, headache,
muscle pain, and diarrhea (Fitzgerald, 2015, El-Zamkan and Hameed, 2016a).
Campylobacter infection can cause a range of complications, although most people
recover without any long-term effects (Gillespie et al., 2002, Gillespie et al., 2008).
Thus, it may cause Guillain-Barré syndrome (affect the nervous system and can cause
muscle weakness or paralysis) (Willison et al., 2016), reactive arthritis (joint swelling
and pain that lasts for 3 to 12 ) (Walker et al., 2022) and in rare cases sepsis (Otsuka et
al., 2023b). Besides, Campylobacter infection can also lead to intestinal complications
such as appendicitis, acute pancreatitis, or acute cholecystitis (inflammation of the
gallbladder) (Kaakoush et al., 2015a).

Campylobacter can be transmitted to humans through a variety of sources. The main
route of transmission is believed to be foodborne, via undercooked meat and meat
products, as well as raw or contaminated food and water (Wagenaar et al., 2023).
Poultry meat becomes contaminated during the slaughtering process and
microaerophilic C. jejuni can survive ambient atmospheric oxygen tension by
metabolic commensalism with Pseudomonas species (Giaouris, 2022). This bacterium-
bacterium interaction might set the basis for the survival of C. jejuni in chicken meat
and thus be the prerequisite step in the pathway toward human infection (Hilbert et al.,
2010).



In addition to poultry meat, raw milk acts as a second main source of Campylobacter
(Modi et al., 2015b). Milk can become contaminated with Campylobacter from cow
feces or from colonized cow teats (Warner et al., 1986). The prevalence of
Campylobacter species in milk and milk products poses a significant public health
concern, with raw milk being identified as a key source of infection for human beings.
Studies have shown that Campylobacter species, particularly Campylobacter jejuni,
have been detected in raw milk samples, highlighting the potential risk associated with
consuming unpasteurized milk. The presence of Campylobacter in raw milk indicates
a hazardous situation for human health, emphasizing the importance of proper food
safety measures to prevent infections caused by these pathogens (Modi et al., 2015a,
El-Kholy et al., 2016).

A number of factors, including inadequate milk pasteurisation, post-pasteurization
contamination, starter failure, and inadequate hygiene procedures, can increase the risk
of Campylobacter infection in milk and dairy products (EI-Kholy et al., 2016). Yet,
there are additional crucial ways for diseases to spread throughout the human
population, such as via drinking contaminated water (lovine, 2013a, Dec et al., 2018).
Wild birds as well as domestic and companion animals are known reservoirs for
Campylobacter species, and shedding of the bacteria from them causes contamination
of the environment (Coker et al., 2000). Direct contact with infected animals, including
pets, especially puppies and Kittens, is a well-documented means of disease
transmission (Solomon and Hoover, 1999). Flies have been shown to carry

Campylobacter and can infect both humans and animals (Nichols, 2005).

Campylobacter is considered to be the most common cause of bacterial gastroenteritis
globally, and it is associated with 7.5 million disability-adjusted life years (Platts-Mills
and Kosek, 2014). The incidence and prevalence of Campylobacter infection are high
in both developed and developing countries (Kaakoush et al., 2015a). In developed
countries, the disease occurs in all age groups, while in developing countries, it is
endemic and prevalent in infants under the age of 1 year (Rushton et al., 2019). The
disease occurs in 1% of the US population each year, and it is estimated to cause 1.5
million illnesses annually (Rushton et al., 2019). The treatment of campylobacteriosis
poses significant economic burdens, resulting in $1.56 billion in healthcare costs in the

USA (Zhang et al., 2022). Campylobacteriosis is the most commonly reported food-



borne infection in the EU, with an estimated annual number of cases of around 9 million
(Lake etal., 2019). A systematic review and meta-analysis of studies conducted in West
Africa and sub-Saharan Africa revealed that the pooled prevalence of Campylobacter
infections in humans was 10% and 9.9 %, respectively (Paintsil et al., 2022a,
Hlashwayo et al., 2021). The prevalence of Campylobacter in food of animal origin in
Africa ranges from 2% in beef to 90% in chicken (Asuming-Bediako et al., 2019).
Similarly, a pooled prevalence in Ethiopia found that the prevalence of Campylobacter
species among children under 5 years of age was 10% (Diriba et al., 2021).

Clinical treatment of campylobacteriosis requires the use of fluoroquinolone (FQ) and
macrolide antibiotics, mainly erythromycin and ciprofloxacin (Tang et al., 2017b).
However, Campylobacter strains have shown increasing resistance against these drugs
(Whitehouse et al., 2018, Shen et al., 2018). Resistance of erythromycin is caused by
point mutations in the 23S rRNA gene, particularly in the peptidyl transferase center,
alter the ribosome's structure and function, affecting antibiotic binding and ultimately
conferring resistance to antibiotics (Long et al., 2010) and 50S L22 A103V gene, and
altered membrane permeability, and efflux are the main mechanisms of resistance to
macrolides in Campylobacter jejuni (Khan et al., 2019, Gao et al., 2023). Moreover,
the primary mechanism of resistance to fluoroquinolones like ciprofloxacin is point

mutations in the GyrA gene, which determines quinolone resistance (Shen et al., 2018).

Studying tetracycline resistance in Campylobacter provides insights into the evolution
of resistance mechanisms and the potential for cross-resistance to other antibiotics
(Premarathne et al., 2017a). The tetracycline resistance in Campylobacter is primarily
mediated by the ribosomal protection protein TetO, which binds to an unoccupied
ribosomal A site and protects it from the inhibitory effects of tetracycline (Abdi-
Hachesoo et al., 2014, Rodrigues et al., 2021, Garcia-Fernandez et al., 2018). An
epidemiological report revealed a high level of ciprofloxacin and erythromycin
resistance in different parts of the world. For example, a CDC report showed that nearly
24% of Campylobacter strains tested in the USA were resistant to ciprofloxacin (Shen
etal., 2018). In Europe, a study conducted in Estonia found that Campylobacter showed
the highest resistance against ciprofloxacin (90.2%) (Tedersoo et al., 2022a). In Egypt
and Ethiopia, Schiaffino et al. (2019) and Hlashwayo et al. (2020) reported 77.4% and

30% of Campylobacter species resisting ciprofloxacin, respectively. Similarly, during



2017-2018 in the USA, 3.3 % of Campylobacter isolates were resistant to erythromycin
(Ford et al., 2023). A study conducted in Poland and Italy showed that 1.1% and 0.9%
of Campylobacter species were resistant to erythromycin, respectively (Wieczorek et
al., 2020, Di Giannatale et al., 2019). A study conducted in Sub-Saharan Africa found
that most Campylobacter isolates were resistant to erythromycin (44%) (Hlashwayo et
al., 2020). Particularly in Ethiopia, 13 % of Campylobacter species were resistant to
erythromycin (Ewnetu and Mihret, 2010). Therefore, an understanding of the antibiotic
resistance mechanisms in Campylobacter is needed to provide proper therapy for both

animal and human populations (lovine, 2013a, Tang et al., 2017b).

The virulence of Campylobacter species is associated with flagellar motility, adhesion,
invasion, and production of cytolethal-distending toxins (Barakat et al., 2020, Lopes et
al., 2021). Flagellar maotility is an important virulence factor of Campylobacter species,
as it is required for the bacteria to establish infections in the host (Radomska et al.,
2017, Reuter et al., 2020). Campylobacter species use several adhesive and invasive
genes (cadF, JIpA, flaC, ciaB, ciaC) to adhere to and invade host cells (Sierra-Arguello
et al., 2021, de Oliveira et al., 2019, Rubinchik et al., 2012). Moreover, CDT is
considered a critical virulence factor of Campylobacter species and plays a significant
role in the pathogenesis of the bacterium. It affects a variety of mammalian cells,
including T cells, and contributes to the persistent infection and pathogenic process of
Campylobacter jejuni (He et al., 2019, Méndez-Olvera et al., 2016, Lee et al., 2003).

Whole genome sequencing (WGS) of Campylobacter plays a crucial role in
understanding the genetic characteristics, epidemiology, and antimicrobial resistance
of this pathogen. It helps to identify genetic variations, such as single nucleotide
polymorphisms (SNPs), insertions, deletions, and rearrangements, which can provide
insights into the evolution and diversity of Campylobacter strains (Golz et al., 2020,
Ghielmetti et al., 2023). It can identify clonal clusters, sources of infection, and
transmission routes, aiding in outbreak investigations and surveillance efforts (Llarena
et al., 2017, Joensen et al., 2020). It helps in understanding the mechanisms of
resistance and tracking the spread of resistant strains, contributing to the development
of effective antimicrobial stewardship strategies (Ghielmetti et al., 2023). It aids in
monitoring the emergence and spread of new strains, detecting and evaluating the

effectiveness of control measures (Tong et al., 2021, Ghielmetti et al., 2023).



Therefore, studying the virulence, antibiotic resistance, prevalence, and whole genome
sequencing of Campylobacter is essential for understanding its impact on public health,
developing effective treatment strategies, implementing one Health approaches,
ensuring food safety, and addressing regional variations. This research can contribute
to the prevention and control of Campylobacter infections and mitigate the global

burden of this pathogen.

1.2. Statement of the problem

Campylobacter is a major global bacterial cause of gastrointestinal infections, primarily
caused by commensal bacteria found in wild animals, farm animals, and companion
animals. (Igwaran and Okoh, 2019). These bacteria can transmit zoonotic infections
through fecal-oral routes, contaminating various animal-originated foods and dairy
products. Raw milk consumption, particularly in rural areas like Ethiopia, is particularly
risky due to the persistent contamination of Campylobacter jejuni (Kaakoush et al.,
2015b). Despite the preference for raw milk, many people in the region are unaware of
the benefits of pasteurization. Around 60% of respondents are at risk of contracting
zoonotic infections due to their regular consumption of raw meat (Deneke et al., 2022).

Campylobacteriosis incidence and prevalence have increased in developing countries
(Decetal., 2018, Kaakoush et al., 2015b, Jackson et al., 2014b), particularly in children
under five (Same and Tamma, 2018). Campylobacter infection is a common cause of
foodborne illness, causing symptoms like diarrhea, fever, and belly pain. In Ethiopia,
Campylobacter prevalence is 10%, 3-4 times higher than Salmonella or Escherichia
coli (Facciola et al., 2017).

Smallholder dairy farmers in Ethiopia, Zanzibar, and Kenya are reportedly practicing
hand milking without washing hands before and between milking different cows and
udders (Andrew et al., 2021). Only a small percentage of farmers have received training
on milk quality and safety, posing a high risk of microbial contamination and
transmission of pathogenic microorganisms. Informal marketing of milk poses a risk to
consumers, and research on microbial evaluation of raw milk in Ethiopia is limited
(Gemeda et al., 2020).



The use of molecular methods, such as whole genome sequencing, is crucial for
studying Campylobacter, a common foodborne pathogen (Joensen et al., 2020).
However, in developing countries, these methods may hinder identifying and tracking
outbreaks, predicting antimicrobial resistance, and understanding the genetic diversity
of Campylobacter. This could lead to ineffective antibiotic prescribing and the
development of antibiotic resistance (Hodges et al., 2021). Additionally, sequencing
could evaluate the accuracy of diagnostic assays for Campylobacter, thereby enhancing
public health interventions and vaccine design (Jansen van Rensburg et al., 2016).

Currently, a limited information is available on milk and milk products as a source of
Campylobacter in Ethiopia. Furthermore, a few research was done on the genomic level
characterization of Campylobacter in milk and milk products conducted in Ethiopia to
allow for pathogen source tracking and antibiotic resistance prediction. Hence, there is
a need to determine the prevalence and molecular characterization of this pathogen in
milk and milk products in Ethiopia to allow for dairy food safety assessment and
outbreak tracking.

1.3. Research question
The research questions to be addressed in this study are the following:-

e What is the prevalence and type of Campylobacter jejuni and Campylobacter
coli in the major milkshed of Ethiopia?

e What are the risk factors for the contamination of milk and milk products with
Campylobacter jejuni and Campylobacter coli ?

e |s there a difference in the prevalence of Campylobacter jejuni and
Campylobacter coli in the wet and dry seasons?

e What is the genotypic and phenotypic antibiotic resistance profile of
Campylobacter jejuni and Campylobacter coli in the Ethiopian dairy value
chain?

e What are the genomic variants of Campylobacter jejuni and Campylobacter coli

in Ethiopia's dairy value chain?



1.4. Objective of the Study
1.4.1. General objective

The general objective of this study is to isolate and chatacterize the genomic diversity
as well as antimicrobial resistance patterns of Campylobacter species found in milk and

dairy products in Ethiopia.
1.4.2. Specific objectives

e Toisolate and identify Campylobacter jejuni and Campylobacter coli from milk
and dairy products

e To identify the risk factors for contamination of dairy products with
Campylobacter jejuni and Campylobacter coli in the Ethiopian dairy value
chain

e Toinvestigate the seasonal difference in the prevalence of Campylobacter jejuni
and Campylobacter coli in the dairy supply chain;

e Toinvestigate the antimicrobial resistance patterns of Campylobacter jejuni and
Campylobacter coli in the Ethiopian dairy value chain;

e To determine their pathogenicity, sequence type, virulence factor, and antibiotic
resistance genes of Campylobacter jejuni and Campylobacter coli in Ethiopia

using whole genome sequencing ;

1.5. Significance of the study

Considering the stated problem, more data are needed to assess the magnitude and
relevance of campylobacteriosis infections associated with milk and dairy products in
Ethiopia.Understanding the prevalence of Campylobacter in milk and milk products is
essential for assessing the risk of foodborne infections in consumers. Investigating
antibiotic resistance patterns and the presence of resistance genes in Campylobacter

isolates from milk is vital for monitoring the emergence of antimicrobial resistance.



This information guides appropriate treatment strategies and helps in combating the
spread of resistant strains. Examining virulence genes in Campylobacter jejuni and
Campylobacter coli isolated from milk provides insights into their pathogenic potential.
Moreover, understanding the virulence factors can help in assessing the severity of
infections caused by these bacteria and developing targeted interventions to control
their spread. Utilizing whole genome sequencing techniques allows for a
comprehensive analysis of the genetic makeup of Campylobacter jejuni and
Campylobacter coli. This approach provides detailed information on genetic va.
riations, evolutionary relationships, and potential virulence determinants, aiding in
understanding the diversity and pathogenicity of these bacteria with in three region of
Ethiopia (i. e., Amhara, Oromia and SNNP).

Furthermore, the study compared different genotypes to identify the genetic diversity
of Campylobacter recovered from milk and milk products within three regions of
Ethiopia (i.e., Amhara, Oromia, and SNNP).



CHAPTER 2

2. Literature review

2.1. Taxonomy of Campylobacter Species

Campylobacter is a genus of gram-negative bacteria that are motile (Wilkinson et al.,
2018). In 1886, Theodor Escherich was the first scientist to discover cholera infantum
in a child's stool (Vandamme et al., 2010). After twenty years (1906), two British vets
discovered a huge number of uncommon bacteria in sheep uterus tissue, which is now
known as Campylobacter species (Zilbauer et al., 2008). McFaydean and Stockman
isolated Campylobacter from aborted fetuses of aborted lambs in 1913 (Skirrow, 2006).
In 1919, Smith and Taylor isolated a Vibrio fetus from a cow fetal tissue. Because of
the bacteria's comma form, they were given the genus name Vibrio (EI-Naenaeey et al.,
2020). Smith and Orcutt in 1927 and Doyle in 1944, respectively, found a group of
bacteria in the feces of cattle and pigs with diarrhea and named them Vibrio jejuni and
Vibrio coli (Vandamme et al., 2010, Vandamme, 2000).

A bovine strain of the vibrio species was discovered in a human who had raw milk in
the United States of America in 1938 (Levy, 1946). Following that, the Vibrio species
were found in 11 gastroenteritis patients in the United States, with seven strains being
V. fetus and four being a closely related species known as associated vibrios (King,
1957). In response to King's research, Sebald and Veron (1963) divided Vibrio species
into two categories based on carbohydrate fermentation and DNA guanine-cytosine
(GC) concentration. Campylobacter fetus and C. bobulus, a member of the current
Campylobacter genus, were termed Vibrio fetus in 1963 after the group with the lowest
GC content was allocated to a new genus Campylobacter, which means ‘curved rods' in
Greek(Sebald and Veron, 1963, Ngulukun, 2017). In 1991, a DNA-rRNA hybridization
study of sixty strains representing Campylobacter species, Campylobacter-like
organisms, Wolinella, Bacteroides, and Flexispira species was conducted (Romaniuk
and Trust, 1987). The study discovered that Campylobacter, Wolinella, and Flexispira
represented a separate sixth rRNA superfamily sensu De Ley within the gram-negative
bacteria group (Romaniuk and Trust, 1987). The genus Campylobacter belongs to the

family  Campylobacteriaceae, the order Campylobacterales, the class



Epsilonproteobacteria, and the phylum Proteobacteria, consisting of a vast and diverse
group of bacteria currently comprising 27 species, 9 subspecies, and 3 biovars (Silva et
al, 2018).

2.2. Structure of Campylobacter species

Campylobacter species are capsulated gram-negative, microaerophilic, non-
fermentative, and motile bacteria (Abdellatif et al., 2022). Most of them are rod-shaped,
curved, "S"-shaped, or spiral-shaped bacteria (Borriello et al., 2005). Campylobacter
species' virulence and persistence in host cells are influenced by their surface shape,
including N-linked glycosylation, sialic acid, flagella, JIpA protein, lipooligo,
lipopolysaccharides, capsules, and glycans (Kreling et al., 2020). C. jejuni's lipooligo
and lipopolysaccharides are surface features that enhance its pathogenicity and may be
important for adhesion and host cell penetration (Kreling et al., 2020).

The other surface structure is JIpA protein is a lipoprotein adhesion that promotes the
interaction with host cells (Kawai et al., 2012). Sialic Acid gene sets have been
identified that produce sialic acid on the cell surface, enabling Campylobacter to
survive in the host's body by avoiding the body's immune system (Burnham and
Hendrixson, 2018). Campylobacter jejuni is often flagellated, which allows it to move
within a strongly viscous environment and plays a role in its ability to adhere to and
invade host cells (Burnham and Hendrixson, 2018). N-linked Glycosylation is a process
that may prevent or lessen degradation by extracellular host enzymes (Phillips et al.,
2019). Campylobacter species, a prominent foodborne pathogen, is known to produce
a polysaccharide capsule (CPS) that plays a crucial role in its virulence and ability to
interact with the environment (Khemnu et al., 2023). The genome of Campylobacter
species contains a genome size of approximately 1.6 to 1.7 million base pairs (Mbp)
and a G/C content of around 30% (He et al., 2020).

2.3. Characteristics of Campylobacter species

Campylobacter species are fastidious consumers with severe metabolic limitations.
Amino acids, citric acid cycle intermediates, and short-chain fatty acids are the main
sources of energy for Campylobacter jejuni, the species most commonly linked to

human disorders (Wagley et al., 2014). C. jejuni primarily depends on amino acids and
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C4-dicarboxylates as a primary energy source (Yeow et al.,, 2020). Its energy
requirements are mostly met by the citric acid cycle, which generates pyruvate,
fumarate, oxaloacetate, and other intermediates in all of the pathways (Stahl et al.,
2012).

They are thermotolerant, with their optimal temperature being 41.5°C, and can be
grown at temperatures ranging from 37 to 42°C (Acheson and Allos, 2001). Their
growth is restricted to temperatures below 30°C in the absence of cold-shock proteins.
Campylobacter species require 3 to 15% oxygen and 3 to 5% carbon dioxide for growth
as they have a respiratory metabolism, resulting in the consumption of oxygen and the
production of carbon dioxide (Ikeda and Karlyshev, 2012). When exposed to ambient
oxygen, however, C. jejuni can transform into a coccal form (Ikeda and Karlyshev,
2012).

These reactive oxygen species include superoxide radicals, hydrogen peroxide, and
hydroxyl radicals, which can damage bacterial DNA, proteins, and lipids (Palyada et
al., 2009). To defend against oxidative stress, Campylobacter species have developed
various mechanisms, such as the production of antioxidant enzymes and the regulation
of gene expression (Kim et al., 2015, Negretti et al., 2017, Flint et al., 2014). For
example, C. jejuni produces an iron-regulated alkyl hydroperoxide reductase (AhpC)
that confers aerotolerance and oxidative stress resistance. More precisely, C. jejuni's
continuous growth in deoxycholate induced the generation of reactive oxygen species
(Palyada et al., 2009, Negretti et al., 2017). To overcome this challenge, numerous
selective media including oxygen scavengers such as blood, ferrous iron, and pyruvate

have been formulated for their culture (Silva et al., 2011a).

The best pH for the growth of Campylobacter species, particularly C. jejuni, is in the
range of 6.5 to 7. It is important to note that C. jejuni is killed at pH 3.0-4.5 (Ramires
et al., 2023). Campylobacter species, particularly C. jejuni, are sensitive to high salt
concentrations (Oh et al., 2019).
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2.4. Campylobacter selective culture media

There are two types of Campylobacter selective solid media utilized in current standard
culture procedures. Skirrow agar, Blaser agar, Campy-Cefex agar, and Preston agar are
among the growth media that use animal blood as a supplement. On the other hand,
mCCDA (modified charcoal cefoperazone Deoxycholate agar), Karmali agar, and
cefoperazone amphotericin teicoplanin agar belong to the blood-free media category
(Moran et al., 2009). Blood-free media with activated charcoal has advantages over
blood-containing media since sterile blood is expensive and easily contaminated
(Skirrow, 1977). The use of selective agars in routine detection techniques is suggested
by numerous food authorities (Karmali et al., 1986). From these, the most frequently
used selective medium for the direct plating of Campylobacters is the charcoal

cefoperazone Deoxycholate agar (CCDA) (Standardization, 2006).

This medium is usually used for the culturing of Campylobacter species from food and
environmental samples. It contains a range of selective agents, including cefoperazone,
vancomycin, and amphotericin B, which inhibit the growth of other bacteria and fungi
(Soto-Beltra et al., 2023, CLSI, 2023). Bolton broth is a liquid enrichment medium that
is used to increase the sensitivity of Campylobacter detection. It contains selective
agents, including cefoperazone, vancomycin, and trimethoprim, which inhibit the
growth of other bacteria and fungi (Kim et al., 2016). Preston broth is similar to Bolton
broth but contains different selective agents, including polymyxin B and rifampicin. It
is used for the enrichment of Campylobacter species from food and environmental

samples with a strong background microbiota (Standardization, 2006).

Campylobacter species, particularly C. jejuni, can enter a viable but non-culturable
(VBNC) state upon exposure to various stressors, including low temperature, oxygen,
and acid (Lv et al., 2020, Pokhrel et al., 2022). The VBNC state of Campylobacter has
been studied in various contexts, including food safety, environmental survival, and
pathogenesis (Lv et al., 2020, Li et al., 2014, Reichelt et al., 2023). The challenge with
the VBNC state of Campylobacter is that it can escape detection using traditional
microbiological culturing techniques, which are still the gold standard for the detection

of Campylobacter in food and clinical samples (Lv et al., 2020). However, molecular
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methods such as PCR-based methods have been developed for the detection of VBNC

Campylobacter species in food and clinical samples (Reichelt et al., 2023).
2.5. Molecular detection and typing of Campylobacter species

The first time that Campylobacter species were found in cow feces without enrichment
was in the early 1990s using PCR (Inglis and Kalischuk, 2003). In 1997, a PCR-based
method was developed for the differentiation of Campylobacter jejuni and C. coli (Reis
et al., 2018). In 2002, a multiplex PCR assay was established for the identification and
differentiation of C. jejuni and C. coli including C. lari, C. upsaliensis, and C. fetus
subsp. fetus (Wang et al., 2002). Real-time PCR was then created to quickly identify
and distinguish dangerous Campylobacter jejuni and C. coli from all other
Campylobacter species (Abu-Halaweh et al., 2005). PCR-based techniques enable the
detection of low concentrations of Campylobacter species in food and other samples
because they are more quick, sensitive, and specific than conventional culture-based
techniques (Singh et al., 2011). Nowadays, several studies have investigated the
detection and quantification of VBNC Campylobacter, and gPCR assays have been
developed to detect and quantify VBNC Campylobacter (Lv et al., 2020).

There are several molecular typing methods used to characterize Campylobacter
species, including multi-locus sequence typing (MLST), whole genome sequencing
(WGS), pulse-field gel electrophoresis (PFGE), restriction fragment length
polymorphisms (RFLP), and randomly amplified polymorphic DNA (RAPD). MLST
and PFGE are among the most commonly used methods for molecular typing of
Campylobacter species (Taboada et al., 2013). MLST is a genetic typing method that
identifies gene variations across bacterial strains, used for epidemiological surveillance
(Noormohamed and Fakhr, 2014). PFGE separates DNA fragments based on size,
providing a genomic fingerprint (Ahmed et al., 2012). RFLP detects variations in DNA
sequences using restriction enzymes, allowing for analysis of genetic diversity in
Campylobacter species. These techniques help distinguish closely related strains and
investigate outbreaks (Noormohamed and Fakhr, 2014). Whole genome sequencing has
been used in many public health surveillance projects recently (Cody et al., 2017). WGS
has become the new reference standard for typing Campylobacter species due to its

higher resolution, comprehensive view of the organism's genetic makeup, and ability
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to extract relevant information from large quantities of complex data (Hsu et al., 2020,
Ng and Kirkness, 2010).

It is also a quick and cost-effective alternative to (PFGE) and MLST, and it can
overcome the constraints of these methods by assessing the full genome, including all
housekeeping, virulence, and resistance genes (Hsu et al., 2020). It has also a higher
discriminatory power than PFGE, RFLP, and MLST (Noormohamed and Fakhr, 2014).
Overall, WGS is widely used for detecting and characterizing Campylobacter in various
sources, and for improving surveillance and outbreak detection of the bacteria. WGS
can provide valuable information for public health officials and researchers to better
understand the epidemiology of Campylobacter and to develop strategies for reducing
the risk of foodborne illness (Joensen et al., 2021, Kelley et al., 2020).

2.6. Campylobacteriosis

Campylobacter species are one of the four main causes of strong diarrheal enteritis
worldwide (Kreling et al., 2020). The pathogenicity of Campylobacter species is multi-
factorial and requires the presence of various factors, including the flagella, capsule,
both O-linked and N-linked protein glycosylation, secreted proteins, and virulence
genes (Young et al., 2007, Barakat et al., 2020, Ngobese et al., 2020). The pathogenesis
of Campylobacter jejuni comprises four main stages: adhesion to intestinal cells,
colonization of the digestive tract, invasion of targeted cells, and toxin production. To
initiate infection, the organism must penetrate the gastrointestinal mucus, which it does
by using its high motility and spiral shape (Wallis, 1994). Some of the specific virulence

factors identified in Campylobacter species are discussed in the following paragraphs:
2.6.1. Chemotaxis and motility

The flagellum of the bacteria has a role in both bacterial adherence and host-cell
invasion. Similar to the common T3SS, Campylobacter flagellum contains components
that help transport the non-flagellar proteins (FlaC, FspA, CiaB, CiaC, and Cial)
(Guerry, 2007, Neal-McKinney and Konkel, 2012). The helical body and opposing
flagella of C. jejuni are used to drill through the viscous mucosa of host organisms'
gastrointestinal tracts (Cohen et al.,, 2020). Chemotaxis and motility have been

identified as important virulence factors associated with C. jejuni colonization (Rahman
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et al., 2014). Campylobacter species need chemotactic agents to move towards or away
from specific chemical stimuli in their environment (Rahman et al., 2014, Lopes et al.,
2021, Mo et al., 2022). C. jejuni is known to be chemotactic towards many components
of the host's intestinal mucus layer such as mucin, amino acids, and organic acids. It is
also chemotactic towards iron and phosphate (Chandrashekhar et al., 2018). The Genes
CheP and CheQ, two novel regulators of the core chemotaxis operon che VAW, control
chemotactic motility in C. jejuni (Cha et al., 2019). The chemotactic control of the
flagellar motor switch is directly attributed to CheO, which is necessary for colonization
in several animal models. It has also been discovered to be sensitive to changes in the
oxygen content of the surrounding air, playing a more significant part in energy taxis

when oxygen levels are low (Mo et al., 2022).

2.6.2. Adhesins

To colonize, Campylobacter needs to stick to its host's intestinal wall (Hussein, 2018).
These bacteria as adhesins use lipo-polysaccharides, outer membrane proteins, and
flagellum (Schroder and Moser, 1997, Grant et al., 1993, McCSWEEGAN and Walker,
1986). Additionally, CadF and FIpA proteins are both required for C. jejuni to bind to
fibronectin (FN) and host cells at their maximum levels (Talukdar et al., 2020). After
the bacteria attach themselves to the intestinal host cells, C. jejuni enters the cells
mostly by endocytosis (Biswas et al., 2003). On the other hand, it has been
demonstrated that C. jejuni traverses the epithelium through a paracellular pathway,
whereby the serine protease HtrA cleaves proteins including occludin and E-cadherin

to open tight and adhesion junctions (Backert et al., 2013).

2.6.3. Invasion

After adherence, the ciaC, ciaB, and ciaD are synthesized and secreted by
Campylobacter jejuni (Rivera-Amill et al., 2001, Negretti et al., 2021). The ciaB, and
ciaC proteins are used for the maximum invasion of the host cell; whereas, the CiaD
protein is involved in promoting cell entry of Campylobacter jejuni and plays also a
role in the intracellular survival of the bacteria (LaGier and Threadgill, 2014, Neal-
McKinney and Konkel, 2012) (Negretti et al., 2021, Eucker and Konkel, 2012). After
being injected into the host cell with a flagellar type 111 secretion system, Cia proteins
manipulate MAPK signaling pathway processes in the cell and are required for the
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development of the disease (Samuelson et al., 2013, Negretti et al., 2021). Overall, the
Cia proteins are essential for host cell invasion and the inflammatory response of C.
jejuni (Negretti et al., 2021).

2.6.4. The Cytolethal distending toxin (CDT)

After entering the human intestinal epithelium, C. jejuni synthesizes cytolethal-
distending toxin (CDT) (AbuOun et al., 2005). It is produced by pathogenic bacteria
like Campylobacter which cause foodborne disorders in the world (Pons et al., 2021).
This toxin is made up of three proteins: CdtA, CdtB, and CdtC, which are all encoded
by a single chromosome (Kailoo and Kumar, 2021). The two other components of the
toxin (CdtA and CdtC) allow CdtB to enter cells by attaching to cholesterol-rich
microdomains on the cytoplasmic membrane (Lai et al., 2016). CDT possesses a
nuclease activity and is structurally similar to DNase | which is known to cause

genomic DNA damage in host eukaryotic cells (Pons et al., 2019).
2.7. Campylobacter infection
2.7.1. Gastrointestinal infection

Campylobacter is a common source of bacterial foodborne infections (Authority,
2017). Human campylobacteriosis is dominated by two main species, Campylobacter
jejuni and Campylobacter coli (Tresse et al., 2017). Campylobacter infection causes
watery bloody diarrhea, abortion, and human acute enteritis (Boysen et al., 2014).
Patients with Campylobacter infection experience fever, weight loss, and cramps that
last, on average, 6 days (Man, 2011). The start of symptoms typically happens 24 to
72 hours after ingestion, though it can take longer for low-dose infected people to
experience symptoms. Peak symptoms, may include stomach pain that resembles
appendicitis and last for 24 to 48 hours (Blaser, 1997).

2.7.2. Extra gastrointestinal infection and post-infection complication

Campylobacter species have also been identified as causes of extra-intestinal infections
(ED). El are infections that occur outside the intestines, but their signs are connected to
issues with the intestines themselves (Hernandez and Green, 2006). Campylobacter

species, which are gastrointestinal pathogens, occasionally cause bacteremia, and it was
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discovered that patients with this condition primarily displayed fever rather than the
typical symptoms of gastroenteritis (Otsuka et al., 2023a). Bacteremia is more prevalent
in kidney donation recipients who also have reactive arthritis, erythema nodosum, and
multiple splenic abscesses (Coustilléres et al., 2022). Additionally, in individuals with
compromised immune systems, Campylobacter can result in myocarditis and
meningitis (Mizuno et al., 2022, Jiffry et al., 2023).

Autoimmune conditions like Reactive arthritis (ReA), irritable gut syndrome, and
Guillain-Barreé syndrome (GB syndrome can be brought on by Campylobacter infection
(Malik et al., 2022). Miller-Fisher syndrome, a form of GBS, is also connected to a
previous Campylobacter infection (Havelaar et al., 2012). There are three most typical
side effects of campylobacteriosis. The most prevalent and severe form of acute
paralytic neuropathy is Guillain-Barré syndrome (Willison et al., 2016). The
development of antibodies that cross-react with peripheral nerve gangliosides and the
lipooligosaccharide from the bacterium C. jejuni is a key step in the
immunopathogenesis of GBS (Brudvig et al., 2022). The peripheral nervous system is
damaged as a result of this autoimmune response (McGrogan et al., 2009, Sejvar et al.,
2011). Evidence of recent or ongoing Campylobacter jejuni infection has been found
in approximately one out of every four cases of GBS (McCarthy and Giesecke, 2001).
The organism that has most frequently been described in association with Guillain—
Barré syndrome is Campylobacter jejuni (Rees et al., 1995). Approximately one-third
of GBS patients worldwide have a history of Campylobacter infection and are more
severe (Poropatich etal., 2010, Yuki et al., 1993, Jacobs et al., 1996). GBS-related long-
term impairment is increasingly obvious, and 20% of patients are anticipated to be
moved to a critical care unit (Islam et al., 2010). Campylobacter species can reach the
synovium and cause reactive arthritis, leading to a cascade of inflammatory responses
and the initiation of painful joint symptoms. This is a painful inflammation of the joints
that can last for several months. It usually occurs 3 to 40 days after the onset of diarrhea

and predominantly affects the knees.

It is more common and possibly more severe in patients with HLA-B27 phenotype
(Keithlin et al., 2014, Ajene et al., 2013). Additionally, Campylobacter enteritis can
lead to post-infectious irritable bowel syndrome, which typically presents as chronic

abdominal pain, bloating, and diarrhea that alternates with constipation and persists
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even after the triggering pathogen has been eradicated (Thabane et al., 2007). In PI-
IBS, which develops after Campylobacter jejuni infection (Peters et al., 2021, Takakura
et al., 2022), macromolecule uptake via endocytosis was enhanced, leading to low-
grade inflammation with pro-inflammatory cytokine release (Omarova et al., 2023).
Recent studies suggest that low-grade chronic inflammation, autoimmunity, and
bacterial translocation may be involved in the link between Campylobacter infection
and IBS (Takakura et al., 2022). PI-IBS develops in 10% of Campylobacter jejuni
infections, 2/3 of which are of the IBS with diarrhea subtype (IBS-D) (Spillerl, 2011).

2.8. Chemotherapeutics and antibiotic resistance genes of Campylobacter

species

The current drugs of choice for treating Campylobacter infections are macrolides, such
as azithromycin, and fluoroquinolones, such as ciprofloxacin and levofloxacin (Allos
et al., 2013). Many Campylobacter isolates are becoming increasingly resistant to
various antibiotics (Tang et al., 2017a). The emergence and spread of antibiotic-
resistant bacteria, like Campylobacter, have been linked to the usage of antibiotics in
cattle (Portes et al., 2023). This practice can lead to the development of antibiotic-
resistant bacteria in animals, which can then be transmitted to humans through
contaminated food (Portes et al., 2023). The growing isolation frequency of resistant
Campylobacter species has motivated researchers to look into the mechanisms of
resistance to various antimicrobials (lovine, 2013b).

Tetracycline resistance in Campylobacter species is primarily mediated by a ribosomal
protection protein (tetO), which is transferred as a plasmid-encoded gene (Abdi-
Hachesoo et al., 2014, Pratt and Korolik, 2005). In addition to tetO, the cmeB gene has
been identified as responsible for tetracycline resistance in Campylobacter species
(Sierra-Arguello et al., 2015). A study conducted in China, Denmark, Peru, and Brazil
found that 96-94%, 92 %, 66%, and 20%, respectively, of Campylobacter species
isolated from different samples were confirmed to harbor the tet (O) gene.

Phenotypically, a study conducted in China, Malaysia, Peru, and Brazil inducated that
96.5%,76.9%, 73.3%, and 35.5% of Campylobacter species were resistant to
tetracycline, respectively, (Premarathne et al., 2017b, Yao et al., 2020, Benites et al.,
2022, Sierra-Arguello et al., 2015). Another study conducted in South Africa found that
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all Campylobacter species isolated from water samples were resistant to tetracycline
(Chibwe et al., 2023). In Ethiopia, a systematic review and meta-analysis of studies
showed that most 41.5 % Campylobacter isolates were resistant to tetracycline (Zenebe
et al., 2020).

Macrolides are antibiotics that inhibit protein synthesis by targeting the bacterial
ribosome (Vazquez-Laslop and Mankin, 2018). Macrolide resistance has been found in
high levels in C. jejuni and C. coli isolates from humans and animals (Pollett et al.,
2012). Erythromycin resistance in Campylobacter can occur through different
mechanisms. The most frequently reported mechanism of high-level erythromycin
resistance in Campylobacter isolates is the A2075G mutation in the 23S rRNA gene
(Gibreel and Taylor, 2006, Kurin¢i¢ et al., 2007). Additionally, The 50S_L22 A103V
gene mutation has been identified in various studies and is considered one of the
mutations that can confer macrolide resistance in Campylobacter jejuni (Hull et al.,
2021).

Besides, the presence of the cmeABC operon was also the most common mechanism
of erythromycin resistance (Cheng et al., 2020). The rate of erythromycin resistance in
Campylobacter varies depending on the study and location. For example, in Turkey,
the rate of erythromycin resistance was found to be 4.8% among Campylobacter
isolates (Eryildiz et al., 2022), while in China, the erythromycin resistance of C. coli
was higher (59.23%) than C. jejuni (2.50%) (Gao et al., 2023). A recent study in Sub-
Saharan Africa, including Ethiopia, showed that most Campylobacter isolates were
resistant to erythromycin (44%) (Hlashwayo et al., 2020). In Ethiopia, Chala et al.
(2021) identified the resistance to macrolides (erythromycin and azithromycin) as the
most dominant antimicrobial class appearing in 74.1% of the 54 Campylobacter isolates
(Chala et al., 2021).

Ciprofloxacin and other fluoroquinolones were once thought to be the most effective
treatment for campylobacteriosis (McDermott et al., 2002). Fluoroquinolone resistance
is mediated by changes in amino acids in the quinolone resistance-determining region
(QRDR). Gyrase gene products are large quaternary enzymatic structures made up of
two subunits called gyrA and gyrB. The gyrA gene, which encodes part of the gyrA
subunit of DNA gyrase, provides a high level of ciprofloxacin resistance due to the
point mutation Thr861le caused by the C257T alteration in the gyrA gene (Panzenhagen
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et al., 2021). A study based in the USA found that 16% of C. jejuni isolated from gut
and fecal samples in cattle were resistant to ciprofloxacin (Sproston et al., 2018). A
recent study showed that the proportion of Campylobacter isolates resistant to
fluoroquinolones increased from 7% in 1995 to 50% in 2018 in the UK (Veltcheva et
al., 2022). A study conducted in Lithuania found that 91.4% of C. jejuni isolates were
phenotypically resistant to ciprofloxacin (Aksomaitiene et al., 2018). In sub-Saharan
Africa, the proportion of ciprofloxacin resistance in Campylobacter was shown to be
16% (Hlashwayo et al., 2021). A systematic review and meta-analysis conducted in
Ethiopia found that over 60% of Campylobacter isolates were resistant to ciprofloxacin
(Zenebe et al., 2020).

2.9. Prevalence of Campylobacter species in animal, food, and environmental

sources of infection
2.9.1. Prevalence of Campylobacter species poultry

Poultry species are considered the major reservoirs for thermophile Campylobacter
species, including C. jejuni, C. coli, and C. lari (Burnham and Hendrixson, 2018). C.
jejuni is highly prevalent in commercial poultry farms (Sahin et al., 2002). According
to research results, newly hatched chickens are free of Campylobacter (Kalupahana et
al., 2013). It's interesting to note that chickens only start to become colonized at two to
three weeks old (Hermans et al., 2014). Following the infection, broilers rapidly show
a high load of C. jejuni in the caecal content (Shanker et al., 1990). C. jejuni is highly
prevalent in commercial poultry farms, where horizontal transmission from the
environment is considered to be the primary source of C. jejuni (Al Hakeem et al.,
2022).

On farms, in slaughterhouses, and contaminated food, a variety of fomites and vectors
have been found to support the survival and spread of the thermotolerant
Campylobacter spp (Rossler et al., 2020). Rossler et al., (2020 ) reported that raw meat
with the highest incidence of thermotolerant Campylobacter (Rossler et al., 2020)
becomes the source of Campylobacteriosis in humans (Di Giannatale et al., 2019). This
showed that the thermotolerant Campylobacter is common throughout the food chain

(Rossler et al., 2020). WGS analysis to define the evidence of Campylobacter transfer
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from the same label-tagged broiler samples during rearing to the slaughter procedure
(Tang et al., 2020).

The prevalence of Campylobacter species in poultry in the United States and other
developed countries is a significant concern. Studies indicated high prevalence rates of
Campylobacter in poultry, including broiler chickens. For example, a systematic review
and meta-analysis conducted in the United States and Canada found a pooled
prevalence of 74.71% in broiler chickens (Plishka et al., 2021). Similarly, another study
conducted in Ontario, Canada found that 20% of commercial broiler chicken lots
sampled at federally registered slaughter were Campylobacter positive (Schweitzer et
al.,, 2021). Additionally, a study conducted in Spain found a prevalence of
Campylobacter species in poultry meat portions ranging from 60% to 100% depending
on the farm (Perez-Arnedo and Gonzalez-Fandos, 2019). In Germany, the prevalence
of Campylobacter jejuni in poultry flock samples was 42%, and the prevalence in
poultry meat ranged from 14% to 34% per year (Schielke et al., 2014). In Italy, the
prevalence of Campylobacter in poultry meat at the retail level varied from 20.7% to
81.3% in different regions, and at processing plants, the prevalence has not been widely
reported (Mezher et al., 2016).

In the UK, the prevalence of Campylobacter in fresh chicken at retail was found to be
73.3% (Tedersoo et al., 2022b, Jorgensen et al., 2017). A study conducted in China
found that 60% to 74.71% of broiler chickens were Campylobacter positive (Tang et
al., 2020). The pooled prevalence of Campylobacter in poultry in Sub-Saharan Africa
is reported to be 39%, with individual prevalence estimated between 4-88% in poultry
(Olum et al., 2023).

Several investigations were undertaken in Ethiopia between 2008 and 2021 to examine
the prevalence of Campylobacter in poultry feces and meat. Scholars reported that 13%
to 86.6 % of the poultry feces contained Campylobacter species (Table 1). They showed
that the prevalence of Campylobacter in poultry meat and reported that 21.7 % and
43.9 % of the chicken meat samples were contaminated with Campylobacter species,
respectively. One of the most common farm operations in Ethiopia is growing
scavenging chickens (Desta and Wakeyo, 2012). As a result, when children play on the

ground, especially in rural and peri-urban communities, they are frequently
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contaminated with chicken feces. As a result, a concerted effort should be made in

Ethiopia to avoid the above-mentioned chicken management system.

Table 1. The prevalence of Campylobacter species in poultry in Ethiopia from 2008 to
2015.

Sample type N Site n% Reference

Chickenmeat 60 Addis Ababa & 13 (21) (Dadi and Asrat, 2008)
Debrezeit

Chicken meat 66 Mekele 29 (43) (Hagos et al., 2021)

Poultry fecal 220 Bahir Dar 160 (72) (Ewnetu and Mihret, 2010)

Poultry fecal 97 Gambella 84 (87) (Abamecha et al., 2015b)

Poultry fecal 69  Addis Ababa 9(13) (Stringer et al., 2021)

Poultry fecal 191 Jimma 130 (68) (Nigatu et al., 2015)

Poultry fecal 90  Around Gonder 26 (29) (Nigatu et al., 2015)

N=number of the positive sample, n=number of the sample

2.9.2. Prevalence of Campylobacter species Cattle

Next to poultry, Cattle are a potential source of Campylobacter infection in humans,
and the bacteria can be transmitted to humans through contaminated meat or water.
Dairy cattle may be a potential reservoir of human Campylobacteriosis, and infected
dairy calves may be a direct or indirect source of Campylobacter infection in humans
(Anetal., 2018, Grout et al., 2022). The prevalence of Campylobacter in dairy cattle is
high, and the bacterium is the most common pathogen found in dairy cattle (An et al.,
2018). They can contaminate the environment by spreading harmful bacteria through
feces and manure additives in agriculture because they survive for a prolonged time in
the manure (Grout et al., 2022, Inglis and Kalischuk, 2003). Campylobacter
transmission is proven to occur when people come into contact with animals directly
(Hailu et al., 2021, Hansson et al., 2020). A systematic review and meta-analysis found
that cross-contamination of raw milk through feces is an important vehicle for the

transmission of Campylobacter to consumers (Knipper et al., 2022).

22



The prevalence of Campylobacter in dairy cattle in the USA is estimated to be around
29% (ranging from 23% to 36%) at the individual level and 51% (ranging from 44% to
57%) at the pooled level, according to a systematic review and meta-analysis (Knipper
et al., 2022). Another study conducted in Quebec, Canada, detected Campylobacter
species in 19.3% of dairy cattle herds (Guévremont et al., 2014). Additionally, a study
conducted in France reported a prevalence of thermophilic Campylobacter in the global
cattle population at 69.1% at the slaughterhouse level (Thépault et al., 2018). In sub-
Saharan Africa, a systematic review and analysis indcated an overall mean prevalence
of 17.6% for Campylobacter in cattle, with C. jejuni being more prevalent than C. coli
(Gahamanyi et al., 2020).

In Ethiopia, different investigations have been undertaken from 2007 to 2021,
Campylobacter species were often discovered in fecal or tissue samples of Ethiopian
cattle at the farm level (Table 2). The prevalence of Campylobacter species in cattle
feces ranges from 12.7% to 48% (Kassa et al., 2007, Nigatu et al., 2015, Abamecha et
al., 2015a). However, the prevalence falls to 19 % when using a combination of culture
and PCR methods (Stringer et al., 2021). Similarly, two research reports on cattle meat
using the culture method and molecular method (Table 2), showed that the prevalence
was lower in 2008 (6.2 %) than in 2021 (11.9%) (Hagos et al., 2021, Dadi and Asrat,
2008). However, the urban and peri-urban dairy farming community in Ethiopia's major
cities is exposed to a substantial level of infectious risk as a result of their consumption
habits of raw meat (Deneke et al., 2021).
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Table 2: The prevalence of Campylobacter species in catte in Ethiopia from 2007 to
2021.

Sample Type Sample N  Site N% Reference

Cattle Carcasses 177 Jimma Town 14(7.9) (Birhanuetal., 2017)

Cattle Carcasses 171 Jimma Town 7 (4.1) (Debelo et al., 2022)

Cattle fecal 171 Jimma Town 22 (12.9) (Debelo et al., 2022)

Cattle Faecal 177 Gambella 85 (48) (Abamecha et al.,

2015b)

Cattle Faecal 135 Addis Ababa 25 (18.5) (Stringer et al., 2021)

Cattle Faecal 205 Jimma 26 (12.7) (Kassa et al., 2007)

Cattle Faecal 270 Gonder 58 (21.5) (Nigatu et al., 2015)

Cattle Meat 225 Addis Ababa 14 (6.2) (Dadi and Asrat, 2008)
& Debrezeit

Cattle Meat 210 Mekele 25(11.9) (Hagosetal., 2021)

knife swab 171 Jimmatown 6(3.5%  (Debeloetal., 2022)

2.9.3. Prevalence of Campylobacter species Milk and milk product

Milk contains high-quality animal protein and fats, making it a great substrate for
bacteria such as Campylobacter (Leedom, 2006). Fecal contamination and insufficient
pasteurization or post-pasteurization procedures can lead to Campylobacter species
contamination of dairy products like milk (Taghizadeh et al., 2022). In Poland, milk
taken from vending machines, cheese, and milk cream samples were all free of the
Campylobacter bacteria. Yet, in Egypt, Pakistan, Nigeria, and India 11.8%, 10.2%, 5%,
and 3% of the raw milk samples were contaminated with Campylobacter
(Andrzejewska et al., 2019, Modi et al., 2015a, Salihu et al., 2010, Hussain et al., 2007).
The prevalence of Campylobacter species in Egypt was observed to be 13% in raw
milk, 52% in kareish cheese, 18% in Domiati cheese, and 6% in ice cream (El-Kholy
etal., 2016, Modi et al., 2015a).

Inopportunely, in Ethiopia we did found a report on the frequency of Campylobacter in
milk or milk products until 2022. Therefore, drinking raw milk is always a risk factor
for enteric diseases, and contaminated unpasteurized milk has been identified as a
source of Campylobacter outbreaks (Schildt et al., 2006, Davis et al., 2016).
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Risk factors such as poor herd hygiene, the health status of milking cows, the
production environment, the milking environment, and milk preservation practices at
dairy farms are the main sources of milk contamination (Velazquez-Ordoiiez et al.,
2019). The hygienic handling of milk from milking to the time it reaches a consumer
affects the safety and quality of milk and dairy products (Chatterjee, 2006, Keba et al.,
2020). Proper udder and teat cleaning before milking is an important factor required for
the production of safe milk according to high hygienic standards (Skrzypek et al.,
2003).

Unless appropriately handled, milk can be contaminated by microorganisms at multiple
points between production and consumption (Bereda et al., 2012). Moreover, containers
that are used for milking, milk storage, and delivery may be possible sources of milk
contamination. Under poor sanitary conditions, bacteria can contaminate milk.
Additionally, the cow housing system and the environment in which milking activities
are carried out have a substantial impact on the safety of milk. A dirty environment
with cow dung is one of the many factors that can lead to microbial contamination of
the milk during milking (Akbar et al., 2020). Milk-borne infections can be mitigated by
effective pasteurization. However, mechanical errors expected to lead to inadequate
pasteurization, biofilm formation, or post-pasteurization contamination can lead to
persistence of contamination or re-contamination of milk and subsequent exposure of

milk consumers to Campylobacter (Fernandes et al., 2015).

2.9.4. Prevalence of Campylobacter species Goat, Sheep and Pig

Similar to animal husbandry practices in other African nations, goats are typically
raised close to people together with other household animals like chickens, pigs, and
dogs (Salihu et al., 2009). An 18% and 8% prevalence of Campylobacter species in
goat feces was reported in Nigeria (Salihu et al., 2009) and in Iran (Rahimi et al., 2017),
respectively. In Ethiopia, In 2021, 7.1% of Campylobacter species were reported in
goat feces in Addis Ababa, and in 2015, 47.3% of occurrence in goat feces was reported
in Gambella (Stringer et al., 2021, Abamecha et al., 2015a). Besides, Hagos et al.
(2021), and Dadi and Asrat (2008) reported that 7.6% and 9.3% of the goat meat,
respectively, was contaminated (Hagos et al., 2021, Dadi and Asrat, 2008) (Table 3).
Similarly, different studies on sheep feces were conducted in Debrebrehan, Addis
Ababa, Gambella, and Jimma between 2015 and 2021, with incidences of
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10.6%,13.3%,33.3%, and 38 %, respectively (Abamecha et al., 2015a, Stringer et al.,
2021, Chanyalew et al., 2013b, Nigatu et al., 2015).

Pigs can also serve as a reservoir for the Campylobacter species (Papadopoulos et al.,
2021). Kassa et al. (2007), and Dadi and Asrat (2008)) found Campylobacter species
in 50 % and 8.5 % of pig feces and pork flesh, respectively (Kassa et al., 2007, Dadi
and Asrat, 2008). Sheep and goats are kept in traditional extensive systems in Ethiopia
and most undeveloped countries. Sheep and goats are mostly reared in specialized
pastoral and agro-pastoral systems, as well as mixed crop-livestock systems (Gizaw,
2010) (Table 3).

Table 3: The prevalence of Campylobacter species in sheep, goat and pig in Ethiopia
from 2008 to 2021.

Sample Type Sample N Sample Site N% Reference

Goat Carcasses 180 Debre Zeit 17 (9.4) (Woldemariam et al., 2009)

Goat Faecal 55 Gambella 26 (47.3)  (Abamechaet al., 2015b)

Goat Faecal 14 Addis Ababa 1(7.0) (Stringer et al., 2021)

Goat Meat 92 Addis Ababa 7 (7.6) (Dadi and Asrat, 2008)
&Debrezeit

Goat Meat 108 Mekele 10 (9.3) (Hagos et al., 2021)

Pig Faecal 18 Jimma Hospital 9 (50) (Kassa et al., 2007)

Pig Meat 47 Addis Ababa & 4(8.5) (Dadi and Asrat, 2008)
Debrezeit

Sheep 218 Debre Zeit 23(10.6)  (Woldemariam et al., 2009)

Carcasses

Sheep Faecal 39 Gambella 13(33.3)  (Abamecha et al., 2015b)

Sheep Faecal 30 Addis Ababa 4 (13.3) (Stringer et al., 2021)

Sheep Faecal 310 Debrebrehan 33(10.6) (Chanyalew et al., 2013a)

Sheep Faecal 71 Jimma 27 (38) (Nigatu et al., 2015)

Sheep Meat 114 Addis Ababa & 12 (10.5) (Dadi and Asrat, 2008)
Debrezeit

N= number of positive samples
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2.9.5. Prevalence of Campylobacter species in water environment

Campylobacter can also be found in the water environment. The levels of ammonium
and chloride ions in wastewater and surface water can be utilized to successfully
forecast the future incidence of C. jejuni and C. coli (Strakova et al., 2022). Franz et al.
(2020) looked into the prevalence, genotype diversity, and potential animal origins of
C. jejuni and C. coli bacteria in surface water in the Netherlands (Mulder et al., 2020).
Several animal sources contribute to Campylobacter contamination of surface water,
the main contributors to Campylobacter contamination of surface water are wild birds
and meat-producing poultry, with water type, season, and local livestock density being
significant drivers of these contributions (Mulder et al., 2020). According to
phylogenetic analysis, Gahamanyi et al. (2020) investigated the genetic relatedness of
Campylobacter species from pediatric and water samples and found that
Campylobacter infection in the studied communities may have been acquired by

drinking dirty water (Gahamanyi et al., 2020).

Tap water, stored water, and surface water were all contaminated, according to Stringer
et al. (2021), with the prevalence of 2(12.5), 7(8.3), 7(11.1), and 2(22.2), respectively
(Stringer et al., 2021). Even though the sample size was minimal, it indicated that water
in Addis Ababa, Ethiopia, was contaminated with Campylobacter species. A study
conducted in Ethiopia found that 46.2% of dairy farmers washed the udders of lactating
cows with cold water (Berhe et al., 2020). Based on the above search results, washing
cow udders with cold water can be a risk factor for Campylobacter contamination of
milk (Table 4).

Table 4. Prevalence of Campylobacter species in the water

Reference Sample source Sample size  Campylobacter Spp.N%
Groundwater 16 2(12.5)

(Stringer et Municipal tap water 84 7(8.3)

al., 2021) Stored water 63 7(11.1)
surface water 9 2(22.2)
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2.10. Occurrence of Campylobacter species in Humans

The available search results provide information on the prevalence of Campylobacter
in humans in the USA and Europe. A study conducted in the USA reported that the
modeled incidence of Campylobacter infection adjusted for sex and age group has
remained stable since 2012, with an incidence of 13.3 cases per 100,000 population in
2018 (Ford et al., 2023). In Europe, the reported incidence of Campylobacter infection
remained relatively steady in Croatia, ranging from 38.8 per 100,000 in 2016 to 42.2 in
2019, while Germany showed a decreasing trend in the reported incidence of
campylobacteriosis from 87.4 per 100,000 population in 2014 to 55.8 in 2020 (Liu et
al., 2022). The prevalence of Campylobacter in humans in Africa varies depending
upon different studies and countries. A review carried out reported the prevalence of
thermophilic Campylobacter in humans ranging from 9.6% to 62.7% on average in sub-
Saharan Africa. Nigeria reported the highest prevalence of 62.7% in humans, followed
by Malawi (21%) and South Africa (20.3%)(Olum et al., 2023). Another study
conducted in South Africa found the prevalence of Campylobacter species to range
from 23.6% to 41.8% across the country, with C. jejuni being the most reported species
(Ramatla et al., 2022).

Since 2000, several papers have been published investigating the prevalence of
Campylobacter in human diarrheal stool, with a focus on children under the age of five
in Ethiopia. As a result, the prevalence ranged from 8.1 % to 19.9 % (Beyene and Haile-
Amlak, 2004, Bukayaw and Mekonnen, 2021, Stringer et al., 2021, Ewnetu and Mihret,
2010, Lengerh et al., 2013c, Mitike et al., 2000, Tafa et al., 2014, Mulatu et al., 2015)
(Table 5). The table below shows that the most recent study showed that, 8.9 percent
of children under five had been infected with Campylobacter species (Nigusu et al.,
2022).
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Table 5: The prevalence of Campylobacter species in humans in Ethiopia from 2000 to
2021.

Sample Sample N Site N% Reference
type
Human 430 Jimma 50(12) (Beyene and Haile-Amlak,
stool 2004)
196 Jimma 39(Chatterjee) (Bukayaw and Mekonnen,
2021)
99 Addis Ababa 10(10) (Stringer et al., 2021)
210 Bahir Dar 17(8) (Ewnetu and Mihret, 2010)
285 Gonder 44(15) (Lengerh et al., 2013a)
153 Gonder 16(11) (Mitike et al., 2000)
227 Jimma Town 38 (17) (Tafaet al., 2014)
158 Hawassa 20(12.7) (Mulatu et al., 2015)
214 Jimma 19(8.9) (Nigusu et al., 2022)
Hand 171 Jimma Town 3(1.8% (Debelo et al., 2022)
swab

&N, number of positive samples
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CHAPTER 3

Prevalence of Campylobacter species and associated risk factors for contamination of

dairy products collected in the dry season from major milk sheds in Ethiopia

Abera Admasiel®, Adane Eshetu!, Tesfaye Sisay Tessema?, Jessie Vipham?, Jasna

Kovac® and Ashagrie Zewdu*
ABSTRACT

A cross-sectional study was conducted to investigate the prevalence and risk factors for
contamination of Ethiopian dairy products with Campylobacter. A total of 912 dairy
food samples were collected from establishments of 682 study participants who were
interviewed. Samples were tested for Campylobacter by following the ISO 10272-
1:2017 standard and PCR confirmation. Campylobacter was detected in 11% of tested
food samples and all detected Campylobacter were C. jejuni. The highest prevalence of
C. jejuni was found in raw milk (16%), followed by pasteurized milk (9%) and cottage
cheese (2%) (P<0.001). Using warm water and soap for cleaning cow udders and teats
on farms reduced the likelihood of detecting Campylobacter in milk (AOR=0.3,
P=0.023). Filtering milk with a cloth, using a plastic filter (AOR=0.065, P=0.005), and
storing milk in an aluminum container (AOR=0.23, P=0.027) reduced the likelihood of
detecting Campylobacter in milk at the collection facilities. In contrast, Campylobacter
detection was significantly more likely in milk collected at collection centers with
concrete floors (AOR=5.2, P=0.004). The odds of detecting Campylobacter in milk
were 17 times greater (AOR=17, P=0.007) in milk processing facilities that did not
calibrate a pasteurizer on an annual basis. Finally, having a separate refrigerator for
milk storage reduced the odds of detecting Campylobacter in retail (AOR=0.29,
P=0.021).

Keywords: Campylobacter jejuni, raw milk, pasteurized milk, cottage cheese, dairy

products, Ethiopia, risk factors, contamination
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3.1. Introduction

Campylobacter is among the leading bacterial foodborne pathogens, causing a high
foodborne disease burden worldwide (Havelaar et al., 2015, Mughini Gras et al., 2012).
C. jejuni is responsible for the majority of campylobacteriosis cases and C. coli is the
second most common cause of human campylobacteriosis (Lambert and Hogan, 2009,
Hsieh and Sulaiman, 2018). These species are recognized as a cause of gastroenteritis
that can result in severe abdominal pain, fever, nausea, headache, muscle pain, and
diarrhea (Fitzgerald, 2015, EI-Zamkan and Hameed, 2016a). Furthermore, infections
with Campylobacter can cause Guillain-Barré syndrome with symptoms of muscle
weakening or paralysis (Jackson et al., 2014a, EI-Zamkan and Hameed, 2016b).

According to the Foodborne Disease Burden Epidemiology Reference Group (FERG)
of the WHO, Campylobacter is one of the four (Salmonella, E. coli and Shigella ) main
global causes of diarrheal infections, causing an estimated 550 million foodborne
disease cases annually (WHO, 2020a). In high-income countries, the incidence of
campylobacteriosis is well documented through surveillance systems. For example, in
the EU, 40.35 per 100,000 people in the European Union had campylobacteriosis in
2020 (Authority et al., 2021). However, due to minimal surveillance systems for
Campylobacter in  low- and middle-income countries, the incidence of
campylobacteriosis in Africa remains largely unknown. A systematic review and meta-
analysis reported an average campylobacteriosis incidence of 8.3% in diarrheic and
non-diarrheic patients seen in hospitals, basic healthcare clinics, or community cohorts
in Sub-Saharan Africa (Fletcher et al., 2011).

The ingestion of contaminated food or water and direct contact with feces from infected
animals have been reported as the main modes of transmission of Campylobacter
(Zenebe et al., 2020). C. jejuni is part of the normal intestinal microbiota of many wild
and domesticated animals, including livestock, such as poultry, cattle, and swine
(Kaakoush et al., 2015b). Among these animal reservoirs, poultry has been identified
as the principal reservoir and source of human Campylobacter infections, followed by
ruminants, including cattle and sheep (Cody et al., 2019). Raw milk was identified as
the second most common source of Campylobacter infections, after chicken meat

(Davis et al., 2016, Modi et al., 2015a). Unless appropriately handled, milk can be

31



contaminated by microorganisms at multiple points between production and
consumption (Bereda et al., 2012). Microbial contamination of milk can originate from
a variety of sources, including feed, the environment, cow's udder, milking equipment
(Boor et al., 2017), and surface water (Mulder et al., 2020) utilized for cleaning milking
containers (Mpatswenumugabo et al., 2019). The level of hygienic handling of milk
throughout the value chain can therefore affect the safety and quality of milk and dairy
products (Chatterjee, 2006, Keba et al., 2020).

Risk factors such as poor herd hygiene, the health status of the cattle, production
environment, milking environment, and milk preservation practices at dairy farms have
previously been associated with general bacterial contamination (Velazquez-Ordofiez
et al., 2019). For example, proper udder and teat cleaning before milking plays an
important role in the production of safe milk (Skrzypek et al., 2003). Similarly, an
environment soiled with animal feces has been reported as one of the risk factors for
microbial contamination of milk during milking (Gillespie et al., 2009). Given that milk
is commonly consumed raw in Ethiopia, the introduction of pathogens at the farm level,
before pasteurization, presents a considerable risk for foodborne exposure to

Campylobacter (Davys et al., 2020a).

Several research studies on the prevalence of Campylobacter among humans (Asrat et
al., 1999, Beyene and Haile-Amlak, 2004, Terefe et al., 2020, Budge et al., 2020, Mitike
etal., 2000, Ewnetu and Mihret, 2010, Tafa et al., 2014, Getamesay et al., 2014, Mulatu
etal., 2014, Gedlu and Aseffa, 1996), livestock (Kassa et al., 2007, Ewnetu and Mihret,
2010, Abamecha et al., 2015a, Nigatu et al., 2015, Hailemariam, 2014), and meat (Dadi
and Asrat, 2008, Ewnetu and Mihret, 2010, Faris, 2015) have been conducted in
Ethiopia. However, there is a knowledge gap in understanding the prevalence of
Campylobacter in milk and dairy products. This study was therefore conducted to
characterize the prevalence of Campylobacter and the potential exposure of the
Ethiopian public to Campylobacter via the consumption of milk and cottage cheese.
Importantly, this study provides insight into the regional and value chain differences in
Campylobacter prevalence in Ethiopia. To improve the understanding of risk factors
for contamination of dairy products with Campylobacter in Ethiopia, this study also
reports findings gained through structured interviews with participating dairy farmers,

milk collectors, and retailers. The results reported here can inform the development and
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implementation of Campylobacter control measures in the dairy value chain in Ethiopia

and other African countries with similar dairy value chains.
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3.2. Materials and methods

3.2.1. Study areas and sample size

This study was carried out in three Ethiopian regions, including Oromia, Southern

Nation Nationalities Peoples (SNNP), and Amhara during the dry season between

January and March 2020 (Figure 1). The study sites in Ethiopia, specifically Oromia,

Ambhara, and SNNP regions, were selected based on the availability of milk value chains.

~ Ambhara Region

Gondar

Bahir Dar

Dabre Markos

Mr' Brohan

SNNFP Region

Hawassa
Wolayits Yirgalom

Dile

0 50 100 200
s S— N

\ Ethiopia Regions

\

\\

\

N
)
)

Oromia Region
Fiche
Holeta
Bishoftu

Bokojl

Figure 1: Map of the study areas. Milk and cottage cheese samples were collected from

four sites in each of the three Ethiopian regions, including Amhara, SNNP, and Oromia.

Study sites within each region are listed on maps of individual regions.

These regions were selected for inclusion in the study due to their substantial milk

production potential. The sample size was calculated based on the following formula:
N = Z% P (1-P)/ (D?), where z = 1.96 at a 95% confidence interval, D is the tolerated

margin of sampling error (5% marginal error was used), p is an estimated prevalence

of Campylobacter in the population. Since the prevalence of Campylobacter in dairy

products in Ethiopia was not known, p was assumed to be 50% for the population. This

resulted in a minimum sample size of 384.
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The three study regions have different production capacities: Oromia produces an
estimated ~52%, SNNP ~23%, and Amhara ~20% of milk produced in Ethiopia (CSA,
2011). The relative number of samples collected from each region was therefore
proportional to the relative milk production potential. In the Oromia region, 480
samples were equaly distrubted and collected from the towns of Assela (120) , Fiche
(120), Debre Zeit (120), and Walmara (120). In the SNNP region, 240 samples were
collected from Wolayita (60), Dilla(60) , Hawassa(60) , and Yirgalem (60); and in the
Ambhara region, 192 samples were collected from Bahirdar (48), Debre Berhan (48),
Gondar(48), and Debre Markos (48) (Figure 1). Thus, a total of 912 dairy food samples
were collected from 682 study participants, including dairy farmers, milk collectors,
processors, and retailers. Study participants were randomly selected from the list of
existing potential participants that was assembled with the help of agricultural
development agents. The number of participants was lower than the number of collected
samples since multiple samples were collected from the same milk collectors and

processing facilities.

3.2.2. Sample collection

A total of 250 ml of each raw milk sample was collected into a sterile plastic bottle at
each of the 184 participating dairy farms (n = 184) and 58 participating milk collection
centers (n = 184). A total of 500 ml of each pasteurized milk sample was collected from
each of the 12 participating processors (n = 184) and retailers (n = 184). A total of 500
g of each cottage cheese sample was collected with a sterile plastic pouch from each
participating producer (n = 88) and retailer (n = 88). All collected samples were kept at
4°C in a portable refrigerator (Dometic group) until delivery to the laboratory. After
samples were delivered to the lab, the laboratory analysis was initiated within an hour.

Samples were kept at 3°C in the laboratory until analyses were carried out.

3.2.3. Enrichment and isolation of Campylobacter

Milk and cottage cheese samples were enriched for Campylobacter by following the
ISO 10272-1:2017 method B. This method was followed because Ethiopian milk and
milk products have a relatively high concentration of background microflora
(Standardization, 2017a). A total of 10 g of cottage cheese or 10 ml of milk were
homogenized (Nasco, Whirl-Pak) with 90 ml of Preston broth (OXOID nutritional
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broth No. 2, CM0067) supplemented with 5% laked horse blood (Hardy Diagnostics,
10052-808) and a modified Preston Campylobacter selective supplement (OXOID,
SR0204E), by hand massaging in homogenization bags. Homogenized samples were
incubated at 41.5°C for 24 £ 4 hours in a microaerobic environment (CampyGen, Oxoid
AGS). A loopful of undiluted enrichment was streaked on mCCDA agar after
enrichment. After 44 + 4 hours of incubation at 41.5°C in a microaerobic environment
(CampyGen, Oxoid, AGS), streaked mCCDA plates were examined for the presence of
presumptive Campylobacter colonies.

3.2.4. DNA Extraction for PCR confirmation of Campylobacter species

Two presumptive Campylobacter colonies were collected from each mCCDA plate and
streaked onto brain heart infusion (BHI) agar and incubated at 37°C for 44 hours in
microaerobic conditions (CampyGen, Oxoid AGS). DNA was extracted by heat-lysing
a colony of each freshly cultivated isolate in 100 pl of sterile nuclease-free water
(Ambion, USA) for 10 minutes at 95°C. Cell lysis was followed by centrifugation at
13,000 g for 5 minutes to sediment cell debris (Kamei, Asakura, et al. 2014). The

extracted DNA was stored at -20°C until used in a PCR reaction.

3.2.5. Confirmation of Campylobacter species using PCR

Multiplex PCR was used to confirm the genus and species of presumptive
Campylobacter species isolates obtained from mCCDA agar. Table 6 lists the primer
sequences as well as the size of the target PCR products (Wang, Clark, et al. 2002).
PCR was performed using a thermal cycler (Bio-Rad T100TM Thermal Cycler,
Singapore) in 25 pl reactions consisting of 2.5 ul of DNA template, 12 pl of GoTaq
Green Master Mix (Promega), 0.125 pl of forward and reverse primers (100 uM)
targeting the species specific target genes such as C. jejuni hipO gene, 0.25 ul of
forward and reverse primers (100 uM) targeting the C. coli glyA gene, 0.05 pl of each
forward and reverse primer (100 uM) targeting Campylobacter genus specific 23S
rRNA sequence, and 9.65 ul nuclease-free water. The PCR thermal cycling protocol
included the initial denaturation phase at 95°C for 6 minutes, followed by 30 cycles of
amplification, each consisting of 0.5 minutes of denaturation at 95°C, 0.5 minutes of
annealing at 59°C, and 0.5 minutes of extension at 72°C. The PCR was completed with
a 7-minute final extension at 72°C. Each PCR run included a positive control (DNA
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extracted from Campylobacter jejuni ATCC 29428) and a negative control (nuclease-
free water) (Table 6).

Table 6: List of primers for confirmation of Campylobacter genus and species.

Primera Size (bp)  Sequence (5-3")a Accession Target gene Gene location (bp)
no.

CJF 323 ACTTCTTTATTGCTTGCTGC 736940 C. jejuni hipO 1662-1681

CJR GCCACAACAAGTAAAGAAGC 1984-1965

CCF 126 GTAAAACCAAAGCTTATCGTG AF136494 C. coli glyA 337-357

CCR TCCAGCAATGTGTGCAATG 462-444

23SF 650 TATACCGGTAAGGAGTGCTGGAG 729326 C. jejuni 23S 3807-3829

rRNA
23SR ATCAATTAACCTTCGAGCACCG 4456-4435

& Primer reference: (Wang et al., 2002)
3.2.6. Gel electrophoresis

Gel electrophoresis was performed using a 1.5% wi/v agarose gel (Thermo Scientific,
17852) prepared with a trisboric acid/EDTA (TAE) buffer and 5 ul of GelRed (5 mg/ml
stock concentration, Biotium) were used to stain DNA. DNA was separated at 120 volts
for 40 minutes. Gel Doc EZ Gel Documentation System (Bio-Rad Laboratories) was
used to view and record the gel images. Bands of 650, 323, and 126 base pairs were
interpreted as a confirmation of Campylobacter spp., C. jejuni, and C. coli, respectively.
Each electrophoresis run included a 100 bp DNA ladder, as well as positive and

negative controls.
3.2.7. Questionnaire survey

A questionnaire survey was carried out face-to-face using a Kobo Toolbox by
interviewing a farmer, milk collector, processor, or retailer at each sampling location.
Data on pre- and post-harvest dairy product handling practices such as barn type and
cleaning practices, source of water used for cleaning the udder, hygiene of a milker,
sanitation of milk utensils, and housing for animal management information was
collected. At each sampling location, respondents were also asked to provide
information on the type of milk and milk product transportation system they use. In

addition to administering a questionnaire, direct observation of general cleanliness,
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hygienic practices, and pasteurized milk and cottage cheese packing material was
carried out and recorded. After the questionnaires were completed, milk or cottage

cheese samples were collected for laboratory analysis.

3.2.8. Data management and analysis

Descriptive statistics were performed using SPSS version 26.0 software after raw data
was loaded into a Microsoft Excel spreadsheet. The chi-squared test was used to
compare the prevalence of Campylobacter among different regions, and sample types
(i.e., raw milk, pasteurized milk, cottage cheese), as well as the prevalence of
Campylobacter at different points in the value chain. A P value of 0.05 was considered
statistically significant. Unadjusted and adjusted odds ratios were calculated to
investigate the associations between Campylobacter species contamination and
contamination risk factors obtained through the survey. To calculate the unadjusted
odds ratio of each variable with reference to Campylobacter species detection, standard
logistic regression was utilized. The multivariate analysis included variables that were
significant at a P value of 0.2 in the bivariate analysis. The final model that forecasts
Campylobacter species recovery was developed using a forward selection with a P
value of 0.05.

3.2.9. Ethical clearance

The Addis Ababa University Ethics Committee approved surveys used in this study
(IRB/42/2019).
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3. Results

3.3.1. Prevalence of Campylobacter species in different regions

Campylobacter species growth and morphological characteristics on selective media
(i.e., glossy light gray colonies) were used to select putative Campylobacter colonies
and confirm the genus and species using a multiplex PCR. Campylobacter species were
confirmed in 96 samples collected in a dry season, resulting in a prevalence of 11%
(Table 7). All Campylobacter-positive samples were contaminated with the species C.
jejuni (C. coli was not detected in tested samples).

The highest prevalence of Campylobacter was detected in the SNNP region 15%,
followed by Amhara (11%), and Oromia regional states (8%). The differences in the
prevalence of C. jejuni among the three studied regions were statistically significant (P
=0.011).

3.3.2. Prevalence of Campylobacter species in different dairy food types at different
points in the dairy value chain

The prevalence of Campylobacter species was assessed in raw milk and milk
pasteurized using High-Temperature Short Time (HTST), as well as in cottage cheese
(Table 7). Of the 368 raw milk samples tested, 16% were contaminated with C. jejuni.
The prevalence of C. jejuni in raw milk samples collected from dairy farmers and milk
collectors did not differ significantly (P = 0.88). Compared to the raw milk samples,
the prevalence of C. jejuni was significantly lower (P = 0.004) among 368 tested
pasteurized milk samples (9%) collected from milk processors and retailers. However,
the prevalence (9%) of C. jejuni did not significantly differ in pasteurized milk samples
collected from processors and retailers (P = 0.85). Lastly, the lowest prevalence of C.
jejuni (2%) was found among 176 tested cottage cheese samples (P = 0.0001) that were
collected at dairy farms and retailers. Noteworthy, the cottage cheese samples collected
from retailers had a significantly lower prevalence (1%) of C. jejuni compared to
cottage cheese samples collected from dairy farmers (3%). Overall, as outlined above
and summarized in Table 7, the prevalence of C. jejuni differed significantly by sample
type (P < 0.0001) and point in the value chain in Ethiopian dai ry value chain (P =
0.013).
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Table 7: Campylobacter species prevalence across the Ethiopian dairy value chain.

[<B]
S Region, sample type, and Samples Campylobacter P a
8 . ; value
§ value chain (n) species(%)
Amhara 192 22 (11.5) 0.011
< Oromia 480 38 (7.9)
-2 SNNP 240 36 (15.0)
¢ Total 912 96 (11)
Raw milk collectors 184 29 (15.8) 0.013
Cottage cheese producers 88 3(3.4)
Cottage cheese retailers 88 1(1.1)
= Milk processors 184 17 (9.2)
S Milkretailers 184 16 (8.7)
2 Raw producers 184 30 (16.3)
T>U Total 912 96 (11)
g  Cottage cheese 176 4(2.3) <0.0001
2> Pasteurized milk 368 33(9.0)
2 _Raw milk 368 59 (16.0)
£ Total 912 96 (11)
n

p value indicates statistical significance.

3.3.3. Regional differences in Campylobacter species prevalence in different sample
types

The regional differences in the prevalence of C. jejuni was also exaimined among
different sample types tested in this study (Table 8). C. jejuni was detected in 13% of
tested raw milk samples, 5% of tested pasteurized milk samples, and 3% of tested
cottage cheese samples in the Oromia region. In the Amhara region, C. jejuni was
present in 15% of the raw milk samples, 11% of the pasteurized milk samples, and 3%
of the cottage cheese samples. In the Southern Nation Nationalities People region, 15%
of the 240 samples tested were contaminated with C. jejuni. Of these 36
Campylobacter-positive samples, 23% were raw milk samples and 14.6% were
pasteurized milk samples. Unlike in milk samples, no Campylobacter was detected in
any of the cottage samples collected in SNNP. Overall, in the Oromia (P = 0.003) and
Amhara regions (P = 0.001), the prevalence of C. jejuni was significantly different
among different sample types, whereas in SNNP, the prevalence of C. jejuni did not

significantly differ among sample types (P = 0.204).
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Table 8: Regional differences in Campylobacter jejuni prevalence among different

sample types.

Region Sample Type Samples  Campylobacter P
(n) species(%) value?
Cottage cheese 96 3(3.1) 0.003
< Pasteurized milk 192 10 (5.2)
g Raw milk 192 25 (13)
S Total 480 38 (7.9)
Cottage cheese 32 1(3.1) 0.001
© Pasteurized milk 80 9(11.3)
& Raw milk 80 12 (15.0)
£ Total 192 22 (11.5)
Cottage cheese 48 0 0.204
Pasteurized milk 96 14 (14.6)
5 Raw milk 96 22 (22.9)
& Total 240 36 (15.0)
Total 912 96 (11)

& p value indicates statistical significance.

3.3.4. Differences in Campylobacter species prevalence at different points along the

dairy value chain

The prevalence of C. jejuni differed significantly at different points in the dairy value
chain in the Oromia, Amhara, and SNNP regions (P <0.0001) (Table 9). In Oromia, C.
jejuni was detected in 13% of samples collected from producers (dairy farmers), 14%
of samples collected from milk collectors, 5% of samples collected from milk
processors, 5% of samples collected from pasteurized milk retailers, and 6 % of the
cottage cheese collected from the producer. However, none of the cottage cheese
collected from retailers was contaminated with Campylobacter species. The prevalence
of C. jejuni significantly differed at different points in the dairy value chain in the region
(P =0.022).

In Amhara, C. jejuni was detected in 7%, 23%, 8%, 15 %, and 6% of samples collected
from milk producers (dairy farmers), milk collectors, milk processors, pasteurized milk
retailers, and cottage cheese, respectively (Table 9). Unlike in Oromia, the prevalence
of C. jejuni in the Amhara region did not significantly differ at different points in the
dairy value chain (P = 0.108).
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In the Southern Nation Nationalities Regional State, C. jejuni was detected in 31%,

15%, 19%, and 10 % of raw milk samples collected from producers (dairy farmers),

milk collectors, milk processors, and milk retailers, respectively. Similar to Oromia, the

prevalence of C. jejuni varied significantly at different points in the dairy value chain
in the region (P = 0.001).

Table 9: The prevalence of Campylobacter jejuni at different points in a dairy value

chain in different regions.

S Point in the value chain Samples  Campylobacter jejuni (%) P value?
5 (n)
@
Collectors 96 13 (13.5) 0.022
Cottage cheese producers 48 3(6.3)
Cottage cheese retailers 48 0
Pasteurized milk processors 96 5(5.2)
<  Pasteurized milk retailers 96 5(.2)
g Producers 96 12 (12.5)
o  Total 480 38 (7.9)
Collectors 40 9 (22.5) 0.108
Cottage cheese producers 16 0.0
Cottage cheese retailers 16 1(6.3)
Pasteurized milk processors 40 3(7.5)
o  Pasteurized milk retailers 40 6 (15)
&£ Producers 40 3(7.5)
£ Toul 192 22 (11.5)
Collectors 48 7 (14.6) 0.001
Cottage cheese producers 24 0
Cottage cheese retailers 24 0
Pasteurized milk processors 48 9 (18.8)
S Pasteurized milk retailers 48 5(10.4)
Z  Producers 48 15 (31.3)
Total 240 36 (15)
Total 912 96 (11)

4 P value indicates statistical significance.
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3.3.5. Risk factors for milk contamination with Campylobacter at the milk

production level in the Ethiopian dairy value chain

In this study, 54% of dairy farms had cattle barn floors made of concrete, while the
remaining 46% had barn floors made of soil. A total of 76% of the surveyed dairy
farmers had cattle barns that were in poor sanitary conditions (e.g., floor soiled with
manure, contaminated feed, and accumulated dirty water). Before milking, 95% of the
surveyed farmers cleaned the cow teats. Among those who cleaned cow teats, 63% used
warm water, and 32% used cold water. Furthermore, 64% of the surveyed farmers used
a dry cloth to dry the cleaned cow udder and teats before milking. At the time of a
survey, 56% of dairy farms reported having at least one cow that was suffering from
mastitis. Regarding the equipment used for milking and milk storage, 58% of farmers
used tap water to clean milk storage equipment. For milk handling, 89% of the surveyed
farmers used plastic containers, 7% used aluminum cans, and 4% used Mazzi cans (i.e.,
a wide-mouth plastic container designed to be easy to clean). Among surveyed farmers,
74% did not refrigerate milk before selling it. According to the survey results shown in
(Table 10), cleaning cow udders and teats with warm water and soap reduced the risk
of milk contamination with Campylobacter (AOR = 0.3 (0.1 - 0.8), P = 0.023).
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Table 10: Risk factors associated with contamination of raw milk with
Campylobacter species a dairy farm level in Amhara, Oromia, and the SNNP region,
between January and March 2020.

Variables Category N (%) CJ. COR? AOR?
(n)
95% CI? Pvaluet 95% P
cl? value?
Construction Concrete 100 (54) 16 0.9(04-1.9) 0.73 - -
material for the ~gqj) 84 (46) 15
cattle barn floor
Hygienic condition Good 45 (24) 8 0.95(0.3-2.2) 0.84 - -
of the cattle barn Poor 139 (76) 23
A major source of Groundwater 35 (19) 8 1.4 (0.5-3.7) 0.4 - -
water for washing
milking equipment Pump water 25 (14) 2 0.4 (0.09- 2) 0.28
Rainwater 2(0) 0 0.00 0.99
River water 15 (8) 3 1.2 (0.3-4.8) 0.8
Tap water 107 (58) 18
Cow udder and teats  No 101 1 1.9(0.22 - 15) 0.55 - -
are washed Yes 174 (96) 30
Type of water used Cold water 62 (34) 5 0.3(0.1-0.8) 0.020 0.3 0.023
for teats and udder (0.1-
washing 0.8)
Warm water 115 (63) 26
Udder and teats are  No 67 (36) 8 0.5(0.2-1.3) 0.18 - -
dried using a dry
cloth Yes 117 (64) 23
Owners’ cows have No 81 (44) 10 1.8(0.8-4.1) 0.15 - -
been diagnosed
with mastitis Yes 103 (36) 21
Milk is  being No 13 (7) 1 0.4 (0.04-3.1) 0.37 - -
filtered Yes 171 (93) 30
Material used for Piece of cloth 54 (29) 7 1.2(0.2-6.3) 0.83 - -
milk filtration Plastic filter 112 (61) 21 21(049.9) 0.33
Wire mesh 18 (10) 2 - -
Type of equipment  Aluminum 13 (7) 2 - -
used for milk cans
handling Mazzi can 74 1 0.9(0.07-12.3) 0.94
Plastic 164 (89) 28 1.13(0.23-5.39) 0.87
containers
Refrigerator is No 136 (74) 18 0.4 (0.18-0.9) 0.03 0.55
available for milk Yes 48 (26) 3

cooling until sale

@ COR, crude odds ratio; AOR, adjusted odds ratio; CI, confidence interval at 95%; P value, indicates statistical
significance; CJ, Campylobacter jejuni, -, not calculated due to COR P value being greater than 0.2.
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3.3.6. Risk factors associated with contamination of raw milk with Campylobacter

at a milk collection point in Ethiopian dairy value chain

The majority (97%) of survey participants did not keep milk cool while transporting it
to the collection center. Upon delivery to a collection center, milk was refrigerated
using a refrigerator at 62% of the surveyed collection centers. The milk was filtered by
83% of the surveyed collection centers at the milk receipt. Plastic filters, bits of cloth,
and wire mesh were used for milk filtering by 67%, 10%, and 5% by collectors,
respectively. The majority, 91%, of the surveyed collection centers had a concrete floor,
while the rest had a floor made of soil. In collection centers, 97% and 3% of collectors
used tap water and groundwater for equipment washing, respectively. Plastic milk
containers were used by 78% of the surveyed participants at the milk collection point.
Furthermore, 26% of milk collection centers were using aluminum cans to collect milk.
Mazzi can be not used in any of the surveyed collection centers. In this study, 31% of
surveyed collectors cleaned their equipment with cold water and soap at the collection
point. In addition to this, 47% were using warm water and soap for equipment washing.
However, none of the collectors washed equipment with only water. During
observation by our study team, the milk storage equipment was stored upside down on
a shelf by 69% of milk collectors, 45% of the collectors stored it upright open, 66%
stored it upright, and 64% stored it covered and upside down in contact with the ground.

The risk of milk contamination with Campylobacter at the milk collection center was
lower when milk was filtered through a cloth (AOR =0.053 (0.7-0.38), P=0.003),
through a plastic filter (AOR = 0.065 (0.009 - 0.04), P = 0.005), or stored in an
aluminum container (AOR = 0.23 (0.064 - 0.84), P = 0.027). Campylobacter
contamination of milk samples was also five times more likely to occur in milk
collected in collection facilities with concrete floors compared to those with soil floors
(AOR =5.2 (1.7 - 16), P = 0.004) (Table 11).
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Table 11: Analysis of risk factors associated with contamination of raw milk with

Campylobacter species at the milk collection point in a dairy value chain in Ethiopia,

between January and March 2020.

Variables Category N (%) CJ COR? AOR?
(n)

95% CI? P 95% P
val CI? value?
ue?

Temperature is kept low No 56 21 0.16 (0.06- 0.0 - 0.16
during transportation (97) 0.47) 01
Yes 2(3) 8
Milk is filtered upon No 10 0.38(0.14- 0.0 - -
receipt an 0.98) 47
Yes 48 23
(83)
Material used for milk Piece ofcloth 6 (10) 10 0.018-0.64 0.0 0.053 0.003
filtration 14 (0.7-
0.38)
Plastic filter ~ 39 8 0.10-0.36 0.0 0.065 0.005
(67) 02  (0.009
-.04)
Wire meshes 3(1) 5 1 00 - -
04
A cooling system is No 36 11 13 (06 - 04 - -
available for milk (62) 3.1) 61
Yes 22 18
(38)
Material of the collection Concrete 53 24 347 (1.2 - 00 52 0.004
center floor floor (91) 9.7) 17 (1.7-
Soil floor 509 5 16)
A major source of water Groundwater 2(3) 0(0) O 09 - -
used  for  equipment ~Tap water 56 29 9
washing (97) - -

2COR, crude odds ratio; AOR, adjusted odds ratio; Cl, confidence interval at 95%; CJ,

Campylobacter jejuni, P value, indicates statistical significance; -, not calculated due to

COR P value being greater than 0.2.
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Table 11 continued

Variables Category  Categor N (%) CJ COR® AOR?
y (n)
95% CI? P 95% CI? P
valu value
e? a
Milk Plastic No 13(22) 20 205(0.21-1.15) 0.10 - 0.64
handling  containers Yes 45 (78) 9 1
equipmen  Aluminu No 43 (74) 6 0.39(0.15-1.01) 0.05 0.23 0.027
t m cans Yes 15(26) 23 4 (0.064-
0.84)
Mazzi No 58 29 O 1 - -
cans (100)
Cleaning  Water No 58 29 - -
protocol only (100)
Cold No 40 (69) 11 095(0.42-21) 09 - -
water and Yes 18 (31) 18
soap
Warm No 31(53) 14 0.8(0.35-17) 056 - -
water and Yes 27 (47) 15
soap
Milk Upright  No 32(55) 22 0.7(0.26-17) 039 - -
handling andopen  Yes 26 (5) 7
equipmen  Upright No 20(34) 25 16(0.5-5) 039 - -
tstorage  and Yes 38 (66) 4 7
covered
Upside No 21(36) 19 3.35(1.37-82) 0.00 - 0.3
down in  Yes 37 (64) 10 8
contact
with  the
ground
Upside No 18(31) 21 1.3(057-329) 049 - -
downona Yes 40 (69) 8
shelf

2 COR, crude odds ratio; AOR, adjusted odds ratio; Cl, confidence interval at 95%; P
value, indicates statistical significance; -, not calculated due to COR P value being

greater than 0.2,
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3.3.7. Risk factors for milk contamination with Campylobacter species at the milk

processing level in Ethiopian Dairy value chain

To investigate risk factors for Campylobacter contamination in milk, we used a
structured questionnaire to survey an employee at 12 different milk processing plants
about their milk processing practices. The survey was conducted at the time of sample
collection. We found that 92% of surveyed milk processors reported that they had
previously gone through food safety training. Further, we carried out an observational
survey of the milk processing environment and found soiled and untidy areas (e.g., with
pieces of cartons, broken plastic pouches, plastic boxes contaminated with droplets of
milk, and droplets of milk on the ground) in 8% of the surveyed milk processing
facilities. Among surveyed facilities, 33% used groundwater for washing equipment,
while 67% used tap water. To ensure the effectiveness of pasteurization, 92% of milk
processing facilities used a cleaning-in-place (CIP) system, and 92% dismantled the
pasteurizer in the milk processing plant to clean it. However, we did not ask how
frequently these cleaning processes were carried out. We further found that 67% of
surveyed milk processors calibrated their milk pasteurizers once a year to ensure that
the target temperature was reached and held for the required time during pasteurization.
Among surveyed processors, 50% and 33% did microbiological and phosphate tests to
assess pasteurization efficacy, respectively. Most of the surveyed milk processors
(92%) reported that they prohibit milk handlers from working with milk when sick.
Lastly, 50% of milk processors maintained a cold chain during distribution from the
processing facility to the retailing shop, as shown in Table 12. The likelihood of
detecting Campylobacter was 17 times higher (AOR = 17 (2.2 - 131), P = 0.007) in

milk processing facilities that did not calibrate the pasteurizer annually (Table 12).
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Table 12: Risk factors associated with contamination of raw milk with Campylobacter

species during milk processing in Amhara, Oromia, and SNNP region, between January

and March 2020.

Risk factor Category N (%) CS COR® AOR?
(M 95 % CI? P BwCrE P
value? value?
Employees No 1(8) 9 3.69 (1.3 - 0.012 0.5
attended basic  Yes 11 (92) 8 10)
food safety
training
The storage areais No 1(8) 9 36 (1.3 - 0.012 0.55
free of trash Yes 11 (92) 8 10)
Source of water Ground 4 (33) 11 172 (0.6- 0.303
for equipment Water 4.9)
washing Tap 8 (67) 6
water
Milk handlers that No 1(8) 5 3.2 (1.03- 0.044 0.5
are sick do not Yes 11 (92) 12 10)
work with milk
Cleaning in place No 1(8) 9 3.6 (1.3-10) 0.012 0.55
(CIP) is applied Yes 11 (92) 8
Pasteurizer is No 1(8) 9 36 (1.3 - 0.012
dismantled and Yes 11 (92) 8 10)
cleaned
Pasteurizer is No 4 (33) 16 17 (2.2- 0.007 17(2.2- 0.007
calibrated Yes 8 (67) 1 131) 131)
annually
Efficacy of No 3 (25) 11 26 (09 - 033 -
pasteurization Yes 9 (75) 6 7.3)
is verified
Method of use for Phosphat No 8 (67) 12 18 (0.6- 0.262
pasteurization ase test Yes 4 (33) 5 5.5)
verification Microbio No 6 (50) 12 3 (1.04 - 0.042 0.73
logical Yes 6 (50) 5 9.1)
test
A cold chain No 6 (50) 9 3.1 (114- 0.027 0.88
transportation Yes 6 (50) 8 8.6)

system is in place

2 COR, crude odds ratio; AOR, adjusted odds ratio; Cl, confidence interval at 95%; P

value, indicates statistical significance; -, not calculated due to COR P value being

greater than 0.2.
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3.3.8. Assessment of risk factors associated with contamination of pasteurized milk

with Campylobacter at the retail level

In terms of training, 95% of pasteurized milk retailers did not receive any milk safety
training. Sixty-four percent of the pasteurized milk retailers reported transporting milk
using four-wheel-drive vehicles at ambient temperature, whereas the rest of the retailers
reported transporting milk by maintaining a cold chain. Furthermore, 59% of retailers
did not keep milk products at a refrigerator temperature during delivery to the retailing
point (a shop or a supermarket). Refrigerators and deep freezers were used for milk
storage until the milk was sold by 99% and 1% of surveyed retailers, respectively. We
found that 70% of retailers did not have a separate refrigerator for milk and had stored
milk together with other foods. As shown in Table 13, the likelihood of Campylobacter
contamination was lower in pasteurized milk kept in a separate refrigerator than in milk
stored with other food items (AOR =0.29 (0.1 - 0.8), P =0.021) (Table 13).

Table 13: Assessment of risk factors associated with contamination of pasteurized milk
with Campylobacter species at the milk retail level in Amhara, Oromia, and SNNP

region, between January and March 2020.

Risk factor Categories N% CJ. COR® AOR?
™ ~g5%cr P 95% CI* P
value? value?
Employees No 174 (95) 14 0.35(0.07-1.8) 0.2 0.4
attended  food Yes 10 (1) 2

safety training
Means of milk Cold trucks 67 (36) 9 041 (014 - 0.09 -
transportation Four-wheel 117 (64) 7 0.15)

drives
Cold chain is No 108 (59) 6 0.39(0.13-1.1) 0.08 0.37
maintained Yes 76 (41) 10
during
transportation
Equipment used Deep freezer 1 (0.5) 0 0 0 -
to maintain cold Refrigerator 183 (99) 16
chain
A separate  No 129 (70) 7 0.29(0.1-0.83) 0.020 0.29 0.02
refrigerator  is  Yes 55 (30) 9 (0.1-
used for milk and 0.8)
dairy foods

2COR, crude odds ratio; CJ, Campylobacter jejuni, AOR, adjusted odds ratio; Cl, confidence interval
at 95%; P value, indicates statistical significance; -, not calculated due to COR P value being greater
than 0.2.
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3.4. Discussion

This study is the first to report the prevalence of Campylobacter species in dairy foods collected
in a dry season in Ethiopia, where C. jejuni was detected in 11% of tested dairy product samples.
Ethiopia has a tropical climate with a dry season that typically runs from October to April (Aerts
et al., 2016, Ambachew et al., 2020, Fazzini et al., 2015) and a wet season that typically runs
from June to mid-September (Walker, 2016). Samples analyzed in this study have been
collected exclusively in dry season months. Given that changes in temperature and precipitation
have previously been shown to affect the prevalence of Campylobacter (Kalupahana et al.,
2018), the prevalence reported here may not be representative of a wet season. Due to limited
data from countries that have comparable income, level of agricultural development, livestock
size, and food safety culture, we compared the prevalence of Campylobacter found in our study
with its prevalence in other countries. The prevalence of Campylobacter found in this study is
similar to findings reported by Zeinhom et al. (2021), who detected Campylobacter species in
9.5 % (n = 19/200) of the tested dairy product samples collected in Egypt (Zeinhom et al.,
2021). The higher prevalence, 20.4 % (n = 51/250), of Campylobacter species was reported in
Egypt by El-Kholy et al. (2016) (EI-Kholy et al., 2016).

During the study period, of the 368 raw milk samples tested, 16% were contaminated
with Campylobacter species, which is related to Zeinhom et al. (2021), who reported
that 18% (n = 9/50) in milk samples in Egypt (Zeinhom et al., 2021). In Tanzania,
Kashoma et al. (2016) reported a related finding, 13 % (n = 38/284) in raw milk samples
(Kashoma et al., 2016). Furthermore, in the Eastern Cape Province of South Africa,
Igwaran and Okoh (2020) observed a higher prevalence compared to our findings. They
reported a 37 % (n = 59/159) prevalence of Campylobacter contamination in milk
samples (Igwaran and Okoh, 2020). Mabote et al. (2011) reported a substantially higher
prevalence of C. jejuni in raw milk in Koster (96 %) and Dellareyville regions (100 %)
of South Africa (Mabote et al., 2011).

Pasteurization of raw milk is designed to inactivate foodborne pathogens. Gram-
negative bacteria such as Campylobacter species are particularly susceptible to
pasteurization (Mahmood et al., 2009). The fact that viable C. jejuni was detected in 9
% of pasteurized milk samples collected from milk processors and retailers in Ethiopia
suggests that the pasteurization is not always carried out at the target temperature and/or
for the recommended duration, or that cross-contamination occurs during post-

pasteurization processing. Similar data was found in Nigeria, where the prevalence of
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Campylobacter in pasteurized milk was even higher (16%), as reported by Ogbomon
et al. (Ogbomon et al., 2018b). Several studies reported no Campylobacter in
pasteurized milk, although there have been reports that claim that Campylobacter was
found in patients who consumed pasteurized milk that had not been sufficiently
thermally treated (Djuretic et al., 1997, Galbraith et al., 1982).

In our study, 2% of the 176 tested cottage cheese samples collected, across all three
regions, were contaminated with C. jejuni, which is similar to the 2 % (n = 8/288)
prevalence of Campylobacter reported by Omara et al., who analyzed Quraish cheese
in Egypt (Omara et al., 2015). An even higher prevalence of Campylobacter (8%; n =
14/180) was recently reported in Egypt by Barakat et al. (Barakat et al., 2020). EI-Kholy
et al. reported that 52% of Kareish cheese, 18% of Domiati cheese, and 6% of ice cream
were contaminated with Campylobacter species in Egypt (EI-Kholy et al., 2016). The
prevalence of Campylobacter in Egypt was high because Cheese production in Egypt
involves the use of enzymes like chymosin, which is essential for the cheese-making
process (Kumar et al., 2010).

We found a lower prevalence of Campylobacter in cottage cheese compared to milk,
which is likely due to the sensitivity of Campylobacter to low pH. This is likely due to
organic acids produced by lactic acid bacteria (e.g., lactic, acetic, and formic acids)
during cottage cheese fermentation, which lower the pH of cottage cheese (Ibrahim et
al., 2021). The reduction of pH due to organic acid production to 4.6 or below is likely
to inactivate Campylobacter, which explains the low prevalence of Campylobacter in

cottage cheese samples (Doyle and Roman, 1981).

Overall, the prevalence of Campylobacter detected in Ethiopian dairy products was
similar or lower compared to that reported in other African countries, although other
African countries may not have comparable dairy production and processing systems,
or hygiene and food safety culture. Given that milk is often consumed raw in Ethiopia,

the 11% prevalence of Campylobacter in milk represents a public health concern.

The 11% prevalence of Campylobacter in our study is comparable to the findings reported by
Almashhadany, (2021) and Rahimi et al., (2013), who found Campylobacter species in 13% (n
= 44/350) and 9% (n = 13/552) of tested dairy product samples collected in Iraq and Iran,
respectively (Almashhadany, 2021, Rahimi et al., 2013). In Pakistan, Mahmood et al. (2015)
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reported a higher prevalence of Campylobacter, 83% (n = 100/120) among tested milk and milk
products. In India (Gujarat state), a substantially lower prevalence of Campylobacter compared
to our finding was reported by Modi et al. who reported that 3% (n = 7/240) of tested milk and

milk product samples were contaminated with Campylobacter species (Modi et al., 2015a).

Our study detected Campylobacter in 16% of the 368 tested raw milk samples from
Ethiopia. This finding is similar to a recent study conducted in Iraq by Almashhadany
(2021), who reported that 16% (n = 19/120) of the raw milk was contaminated with C.
jejuni. In Pakistan, Mahmood et al. (61) reported a lower prevalence compared to us,
with 12 % (n = 14/120) of the milk samples contaminated with Campylobacter. Another
study conducted by Hussain et al. found a similar prevalence to ours in Pakistan, where
10% (n = 13/127) of raw milk samples were contaminated with Campylobacter species
(Hussain et al., 2007, Khanzadi et al., 2010). Khanzadi et al., (2010) of Iran and Yang
et al. of China reported that Campylobacter prevalence was 8% (n = 16/200) and 3%
(n = 3/120) in milk samples, respectively, which was lower than what we found in
Ethiopia (Khanzadi et al., 2010, Yang et al., 2003).

In Ethiopia, we detected C. jejuni in 9% of pasteurized milk samples collected from
milk processors and retailers. In contrast to our finding, in Pakistan, UHT and
pasteurized packaged milk samples were found to be free of Campylobacter (Mahmood
et al., 2009). However, pasteurized unpackaged and chocolate milk samples were
contaminated with Campylobacter at rates of 3 and 6%, respectively, in Pakistan
(Mahmood et al., 2009).

In this study, C. jejuni was detected in 3% of the 176 cottage cheese samples across all
study regions, which is comparable to the finding reported by Rahimi et al. who found
that 5% of traditional cheese in Irag was contaminated with Campylobacter species
(70). A higher prevalence than that found in our study was reported by Hussain et al.
who reported that 11% of the cheese sample in Pakistan were contaminated with
Campylobacter species, resulting in a substantially higher prevalence as compared to

our study (Hussain et al., 2007).

Lastly, in Asia, Mahmood et al. found that 6, 6, 6, 6, 4, 4, 3, and 3% of plain yogurt,
ice cream, chocolate milk, mayonnaise, commercially packaged cheese, skimmed milk
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powder, flavored yogurt, and pasteurized unpackaged milk were contaminated with

Campylobacter species (Mahmood et al., 2009).

Overall, the prevalence of Campylobacter in Ethiopian raw milk is comparable to that
reported in Asian countries. However, the prevalence of Campylobacter is substantially
higher in Ethiopian pasteurized milk compared to pasteurized milk in Asian countries.
This may be explained by economic and cultural differences among countries.

The prevalence of Campylobacter species in dairy foods in Ethiopia was similar to the
prevalence found by Andrzejewska et al. among 454 samples of raw milk and unpasteurized
milk products (12%) purchased from individual suppliers in Poland (Andrzejewska et al.,
2019). We detected C. jejuni in 16% of the 368 raw milk samples, which is also comparable to
a study reported by Bianchini et al., (2014), who reported a 12% (n = 34/282) prevalence of
Campylobacter among tested bulk milk samples collected in Italy (Bianchini et al., 2014).

Likewise, Artursson et al. reported that 9 % of raw milk samples collected in Sweden were
contaminated with Campylobacter species, which is again similar to what we found in Ethiopia
(Artursson et al., 2018). In contrast to this study, a lower prevalence of Campylobacter (5%)
was reported by Elmali and Can who tested milk samples collected in Hatay, Turkey (Elmali
and Can, 2019). A lower prevalence of Campylobacter was also reported in Russia (5%) and
Poland (5%) by Efimochkina, and Wysok et al. (Efimochkina, 2015, Wysok et al., 2011). In
the USA, Jayarao et al. reported an even lower prevalence of C. jejuni among raw milk samples

collected in Pennsylvania (2%) (Jayarao et al., 2006).

The presence of Campylobacter in raw milk is not surprising and it emphasizes the risks
of raw milk consumption. It also points out the need for milk pasteurization.
Pasteurization is one of the most effective means of controlling pathogens, such as
Campylobacter, in milk (Robinson, 1981). Nevertheless, C. jejuni was found in 9% of
pasteurized milk samples collected from milk processors and retailers in Ethiopia,
which suggests incomplete pasteurization or potential post-pasteurization
contamination. In England, Fernandes et al.(2015) tested and examined internal dairy
equipment components and revealed mechanical faults that could have led to
incomplete pasteurization of a portion of the milk (Fernandes et al., 2015). Fahey et al.
also reported the failed milk pasteurization as a cause of an outbreak of
campylobacteriosis (Fahey et al., 1995). In addition to calibration of pasteurizer, the

causes for the contamination of pasteurized milk with Campylobacter in Ethiopia are
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unclear and warrant further investigation to mitigate contamination at the milk

processing level.

We discovered that farmers who wash cow udders with warm water are less likely to
have milk contaminated with Campylobacter compared to those who wash them with
cold water. Similarly, a study conducted in Ethiopia reported a reduced risk of
contamination with bacteria in farms that washed milk containers using hot water with
a detergent (Tigabu et al., 2015).

According to this study, at the collection center, filtering milk with pieces of cloth and
plastic filter, and storing milk in an aluminum container all reduce the likelihood of
finding Campylobacter in milk at the collection facilities. Similarly, the aluminum cans
had the maximum microbial load decrease, and the type of container was significant (P
= 0.001) in the reduction of microbial pollutants (Wafula et al., 2016). Campylobacter
jejuni, a major foodborne pathogen, forms biofilms in aerobic conditions, increasing its
rate to 95.5%. It forms more biofilm in mixed cultures with Escherichia coli or
Pseudomonas aeruginosa. The study suggests a new approach to controlling
contamination via C. jejuni, forming crosslinks with aerobic and facultative anaerobic
bacteria (Zhong et al., 2020). The concrete floor in the milk storage area was linked
with a significant increase in the odds of detecting Campylobacter in raw milk.
Noteworthy, most collection centers had concrete flooring. According to our research,
milk collected in a room with a concrete floor is 5 times more likely to be contaminated
with Campylobacter than milk collected in a room with a soil floor. During our visit,
we observed that the concrete floor in most collection centers was covered with mud,

which may have contributed to this finding as a confounding factor.

At the processing level, it was found that failing to calibrate the pasteurization system
on an annual basis was linked with an increased risk of detecting Campylobacter in
pasteurized milk. Despite temperature records showing effective pasteurization,
additional testing may reveal mechanical flaws likely to result in incomplete
pasteurization of some of the milk (Fernandes et al., 2015). Nada et al., (2012) showed
that after a dairy plant implemented a HACCP system, the presence of bacterial
contaminants in pasteurized milk decreased. They had shown that the additional

investments in the pasteurization unit and automated cleaning and disinfection system
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resulted in a significant reduction of bacterial contaminates in pasteurized eight months
after the HACCP implementation (Nada et al., 2012).

Lastly, we found that keeping pasteurized milk in a separate refrigerator at retail can
reduce the risk of pasteurized milk contamination with Campylobacter. This suggests
that cross-contamination may be an important factor affecting the prevalence of
Campylobacter in milk at retail in Ethiopia. Indeed, Marler (2009) showed that
pasteurized milk from various sources could be cross-contaminated from other foods
stored with milk (Marler, 2009).
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3.5. Conclusion

The 11% prevalence of Campylobacter in Ethiopian dairy products presents a
considerable food safety risk, particularly given that most of the milk is consumed raw
in Ethiopia. Detection of Campylobacter in pasteurized milk suggests the need for
improved manufacturing practices to ensure adequate pasteurization and prevention of
post-pasteurization contamination. Our analysis of risk factors associated with
increased odds of Campylobacter contamination suggests that simple changes in the
production, collection, processing, and retailing of dairy products may lead to a
reduction in contamination. These practices include cleaning cow udders and teats with
warm water at the farm level, using aluminum milk can containers, and cloth and plastic
filters at the collection level, annually calibrating a pasteurizer at the processor level,
and storing milk and dairy products separately from other foods in retail stores. The
findings reported in this study can be used to develop food safety training and prioritize
investments in the dairy value chain that can result in improved dairy safety.

57



3.6. Recommendation

Given the prevalence of Campylobacter contamination in milk, awareness of the risks
associated with the consumption of raw milk should be raised at a regional and national
level. Producers, collectors, processors, and retailers of milk and milk products would
benefit from regular training on the safe handling of milk and milk products, to
contribute to the improvement of milk safety. Milk producers (dairy farmers) should be
made aware of the sources of milk contamination with Campylobacter and provided
with training on hygienic milk production. Milk processors are advised to validate and
verify the pasteurizer's performance to ensure proper pasteurization. Post-
pasteurization, it is advised to store milk at or below 4°C and to maintain the cold chain
during transportation to retail locations. Both milk and milk-based products Customers
should be informed about contaminated milk and milk products in order to protect
themselves from illness. Milk vendors are advised to keep pasteurized milk in a
separate refrigerator, away from other foods. Lastly, the public should be made aware
of the existing health risks associated with Campylobacter species and encouraged to

avoid the consumption of raw milk.
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CHAPTER 4

Seasonal variation in the prevalence and antimicrobial resistance of Campylobacter

species in milk and milk products in Ethiopia

Abera Admasie® 2, Tesfaye Sisay Tessemal, Jessie Vipham?, Jasna Kovac*, Ashagrie

Zewdu®
ABSTRACT

A cross-sectional study was conducted to investigate the seasonal variation in the
prevalence and antimicrobial resistance of Campylobacter species in the Ethiopian dairy
value chain. A total of 456 dairy food samples were collected in the dry (January to March
2020) and wet (May to August 2021) seasons in three regions of Ethiopia (Oromia,
Ambhara, and SNNP). Samples were tested for Campylobacter species by following 1SO
10272-1:2017, and putative Campylobacter species isolates were confirmed using PCR. A
total of 141 isolates were tested for susceptibility to three antibiotics using a disk diffusion
method according to the Clinical Laboratory Standards Institute guideline. Campylobacter
species were detected in 20% of tested samples collected in the wet season, and the overall
prevalence did not differ significantly (COR=1.3 (0.9-2), P=0.27) between the wet and dry
(16%) seasons. However, in the Oromia region, there was a 5 times greater chance of
finding Campylobacter species in milk and milk products during the wet season as
compared to the dry season (COR = 4.5 (1.8-12), P = 0.002). Among Campylobacter
species-positive samples collected countrywide, 89% were contaminated with C. jejuni,
and 11% with C. coli. Most tested Campylobacter species were resistant to tetracycline
(89%), followed by erythromycin (74%), and ciprofloxacin (57%). Furthermore, 43% of
the tested isolates were resistant to more than two drugs from two different classes. In
conclusion, the prevalence of Campylobacter species did not significantly differ between

the dry and wet seasons at a country level.

Keywords: Campylobacter jejuni, Campylobacter coli, Dairy products, seasonal variation,

antibiotics.
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4.1. Introduction

Foodborne illnesses are a major cause of diarrheal diseases, affecting 550 million people
annually, including 220 million children under five. One of the main global causes of
diarrheal illnesses is Campylobacter sp. (WHO, 2020b).

Campylobacter sp. is a zoonotic foodborne pathogen that is transmitted through animal-
based foods, such as milk and meat (Snelling et al., 2005, Hailu et al., 2021). The most
common cause of campylobacteriosis is Campylobacter jejuni, which has been previously
detected in raw milk. Campylobacter coli is the second most common cause of human
campylobacteriosis (European Centre for Disease Prevention and Control 2022, Davis et
al.,, 2016). Two common risk factors associated with campylobacteriosis are the
consumption of unpasteurized milk and direct contact with animals (Mughini-Gras et al.,
2021, Hansson et al., 2020)

Human campylobacteriosis was linked with seasonality (Stampi et al., 1992) and outbreaks
of campylobacteriosis (Gillespie et al., 2003). Additionally, outbreaks of human
campylobacteriosis linked to drinking contaminated water or milk are common in autumn
and spring (Snaidr et al., 1997). According to data from the European Center for Disease
Prevention and Control, campylobacteriosis cases significantly increase in summer
(European Centre for Disease Prevention and Control 2022). However, in temperate
climates, peaks are reported in spring and autumn (Stanley et al., 1998). Ingestion of
Campylobacter species contaminated dairy products can result in abdominal pain, watery
or bloody diarrhea, headache, fever, nausea, muscle pain (Golz et al.,, 2018),
thrombophlebitis, endocarditis, neonatal sepsis, and pneumonia (Alnimr, 2014), and severe
post-infection complications in humans, such as severe demyelinating neuropathy and
Guillain-Barré syndrome (Hong et al., 2018, Scallan Walter et al., 2020, Scallan et al.,
2015).

Campylobacteriosis cases were reported in 30 European countries, with 44.5 cases per
100,000 people in 2021 (European Centre for Disease Prevention and Control 2022). In

African countries, the incidence of campylobacteriosis in children under the age of five
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was reported to range from 2% in Sudan to 21% in South Africa (Asuming-Bediako et al.,
2019). Studies on the prevalence of Campylobacter species in Ethiopia have identified a
range of 13.8-50.0% in humans and 10.6-56.5% in animals (Chala et al., 2021). Another
study found that 14.5% of children under 5 years of age with diarrheal cases had

Campylobacteriosis (Behailu et al., 2022).

In southwest Ethiopia in 2022, 9% of diarrhea patients tested positive for Campylobacter
species in their stool (Nigusu et al., 2022). Generally, a systematic review and meta-
analysis of 131 studies on the prevalence of Campylobacter species in Ethiopia reported a
pooled prevalence of 10% among children under 5 years of age. Contact with domestic
animals was identified as a significant risk factor for Campylobacter infection in children
(Diriba et al., 2021).

In summer, the prevalence of Campylobacter species in raw milk is significantly greater
compared to other food products in Pakistan (Mahmood et al., 2009), suggesting that cattle
may be the main source of human campylobacteriosis during summer. This could
potentially be explained by enhanced Campylobacter species transmission with cattle feces
during the wet season (Bertasi et al., 2016, Stanley and Jones, 2003, Stampi et al., 1992,
Stampi et al., 1993, Biggs et al., 2011, Kwan et al., 2008)

The majority of human Campylobacter species infections are mild and self-limiting
(Fischer and Paterek, 2019, Dai et al., 2020), and antimicrobial treatments are not generally
required for the treatment of campylobacteriosis (Acheson and Allos, 2001, Dai et al.,
2020). However, severe infections, particularly in children, the elderly, and those
immunosuppressed require hospital care and/or antimicrobial treatment (Same and
Tamma, 2018, Ammar et al., 2021, European Centre for Disease Prevention and Control
2022). These situations frequently call for the use of first-line antibiotics — macrolides
(erythromycin) and fluoroquinolones (ciprofloxacin) (Dai et al., 2020). The clinical and
agricultural use of these antibiotics can promote antimicrobial resistance development
(Wieczorek and Osek, 2015, Regassa et al., 2009). Therefore, it is crucial to keep track of
antimicrobial-resistant Campylobacter species to make an informed decision on which

antibiotics to utilize in campylobacteriosis treatments.
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This study was initiated to ascertain whether there was a seasonal variation in the
prevalence of thermophilic Campylobacter species in raw dairy products in dry and wet
seasons in Ethiopia, as well as to examine antibiotic resistance of Campylobacter species
to antibiotics used for the treatment of campylobacteriosis.
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4.2. Material and methods
4.2.1. Study areas and sample size

This study was conducted in the wet (May to August 2021) and dry seasons (January to
March 2020) based on selected representative sampling sites three Ethiopian regions:
Oromia, Southern Nation Nationalities Peoples (SNNP), and Amhara. The prevalence of
Campylobacter species. during the dry season was taken into consideration when choosing
Bahidar, Hawassa, and Bishoftu study sites for sample collection in the wet season
(Admasie et al., 2023).

The formula used to determine the sample size was as follows: N = Z2 P (1-P)/ (D2), where
z = 1.96 at a 95% confidence interval, D is the allowed margin of error (5%), and p is the
estimated prevalence of Campylobacter species. Due to the unknown prevalence of
Campylobacter species in Ethiopian dairy products, the prevalence was estimated to be
50%. This resulted in a minimum sample size of 384. Based on our previous report of the
Campylobacter species prevalence in a dry season, three specific study sites in three
regions were chosen for sample collection (Admasie et al., 2023). The three study regions
have different production capacities. Oromia produces an estimated ~52%, SNNP ~23%,
and Amhara ~20%, of milk produced in Ethiopia (CSA, 2011). The number of samples
collected from each region was proportional to the milk production potential of each
region. Thus, a total of 456 dairy products were collected from the three study sites, 240 of
which were collected from the city of Debre Zeit (Bishoftu) in the Oromia region (120 in
the dry season and 120 in the wet season), 120 samples from Hawassa in the SNNP region
(60 in the dry and 60 in the wet seasons), and 96 samples from Bahir Dar in the Amhara
region (48 in the dry season and 48 in the wet seasons).

4.2.2. Sample collection

A total of 250 ml of each raw milk sample was transferred into a sterile plastic bottle from
dairy farms (n=92) and milk collection facilities (n = 92). A 500 ml plastic pouch of
pasteurized milk samples was obtained from retailers (n=92) and processors (n = 92). A

500 g of cottage cheese sample was purchased from retailers (n=44) and farmers (n = 44).
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All collected samples were stored at 4°C in a transportable refrigerator until delivery to the

lab. Samples were stored at 3°C in the laboratory until analyses were performed.

4.2.3. Detection and confirmation of Campylobacter species

Milk and cottage samples were enriched for Campylobacter species by following the 1SO
10272-1:2017 method B. Method B was followed due to the expected high level of
background flora (Standardization, 2017b). The detection procedure B included
enrichment in Preston broth in a microaerobic atmosphere, at 41.5°C for 24 h. The
enrichment was followed by isolation on the mCCDA agar (Modified Charcoal
Cefoperazone Deoxycholate Agar) (OXOID) in a microaerophilic atmosphere, at 41.5 °C
for 44 h. Once isolates were obtained, a Gram staining or latex agglutination screening was
carried out. Isolates that passed these screenings were confirmed using PCR that targeted
the Campylobacter species 23S rRNA gene, as well as genes unique to individual
Campylobacter species (Figure 1). Molecular confirmation using PCR was carried out as

outlined in detail in our prior report (Admasie et al., 2023).

4.2.4. Antibiotic susceptibility testing

A total of 141 Campylobacter species (96 from the dry season and 45 from the wet season)
were tested for antimicrobial susceptibility using a disk diffusion test. The test was
performed for each isolate on Mueller-Hinton agar (OXOID, England) supplemented with
5% horse blood (Hardy Diagnostics, 10052-808). Approximately 20 ml of medium was
poured into 90 mm diameter sterile Petri dishes. Isolates were grown in a brain heart
infusion broth (OXOID, England) at 37°C for 24 h in microaerobic conditions (CampyGen,
Oxoid, AGS). Isolates were then inoculated on Mueller-Hinton agar in the form of a lawn
using sterile cotton swabs. Campylobacter isolates were tested for susceptibility to the
following 3 antibiotics: ciprofloxacin (30 ug), tetracycline (30 ug), erythromycin (10 ug)
(OXOID, England) according to guideline M45:ED3 of the Clinical Laboratory Standards
Institute (CLSI-M45-Ed3, 2016). Antibiotic discs were deposited on the surface of
inoculated cultures on MHA and incubated at 41.5°C for 24 hrs. The diameters of the zones

of inhibition were recorded to the nearest mm and classified as resistant, intermediate, or
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susceptible according to guidelines set by the Clinical Laboratory Standards Institute (CLSI
M45:ED3-2016).

4.2.5. Data analysis

Microsoft Excel was used to conduct descriptive statistics of the prevalences and SPSS
version 26.0 software was used to undertake the binary logistic regression. First, a chi-
square test was used to assess the statistical significance of differences in Campylobacter
species prevalence across different regions, among sample types (raw and pasteurized milk,
cottage cheese), and seasons. Then odds ratios were calculated to evaluate the relationships
between the seasonal influence and the prevalence of Campylobacter spp in dairy products.
The odds ratio for each variable affecting the detection of Campylobacter species was
calculated using a binary logistic regression (Chala et al., 2021). Alpha level was set at
0.05.
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4.3. Results

4.3.1. The prevalence of Campylobacter species in dairy products was significantly
different between dry and wet seasons in Oromia, but not in Amhara and SNNP

regions

Overall, Campylobacter species were detected in 18% of the 456 dairy product samples.
In the wet season, Campylobacter species were detected in 20% of 228 tested samples, and
in the dry season, Campylobacter sp. was detected in 16% of 228 tested samples (Table
14. The overall prevalence of Campylobacter species did not significantly differ between
the wet and dry seasons in Ethiopia (COR=1.3 (0.9-2), P=0.27) (Table 15). The prevalence
of Campylobacter species contamination was also not significantly different among
regions in the wet season (from 12 — 19%, P=0.54) (Table 14), although it was significantly
different among regions in the dry season (p<0.001) (Table 14).

Table 14: The prevalence of Campylobacter jejuni and Campylobacter coli in the wet and

dry seasons in three Ethiopian regions.

Season Region Samples Campylobacter spp. P value
N n (%)
Wet Amhara 48 12 (25) 0.54
Oromia 120 23 (19)
SNNP? 60 10 (17)
Total 228 45 (20)
Dry Ambhara 48 12 (25) 0.001
Oromia 120 6
(CLSI-
M45-
Ed3)
SNNP? 60 18 (30)
Total 228 36 (16)

& Abbreviation are: SNNP, Southern Nation Nationalities, and People, N, the total number

of samples, n, number of positive samples, P value indicates statistical significance.
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Our findings demonstrated that the Amhara (COR=1 (0.4-2.5), P=1) and SNNP (COR=0.5
(0.19-1.1), 0.9) regional states did not notice any seasonal variations in the incidence of
Campylobacter species in dairy products. However, In the Oromia region, there were 5
times greater odds of detecting Campylobacter species in milk and milk products during
the wet season as compared to the dry season (COR = 4.5 (1.8-12), P = 0.002) (Table 15).

Table 15: Prevalence of Campylobacter jejuni and Campylobacter coli in wet and dry

seasons among three Ethiopian regions.

Region Dry season Wet season Total COR  (95% P-
Sampl CSn (%) Samples CSn(%) Sample CS n C.) \éalu
esN N SN (%)

Amhara 48 12 (25) 48 12 (25) 96 24 (22) 1(0.4-25) 1

Oromia 120 6(5.0) 120 23 (19) 240 29 (12) 4.5(1.8-12) 0.00

2

SNNP 60 18 (30) 60 10 (17) 120 28(23) 0.5(0.19-1.1) 0.9

Total 228 36 (16) 228 45 456 81(16) 1.3(0.9-2) 0.27

(Chatterje

€)

& Abbreviation are: SNNP, Southern Nation Nationalities and People, CS, Campylobacter
species, N, number of samples, n, number of positive samples, COR, crude odds ratio, Cl,
confidence interval at 95%, P value indicates statistical significance.

4.3.2. The prevalence of Campylobacter species was highest in raw milk, regardless of

the sampling season.

Campylobacter sp. was detected in 33%, 13%, and 7% of raw milk, pasteurized milk, and
cottage cheese samples tested in the wet season, respectively (Table 16). In contrast, the
prevalence of Campylobacter species in these dairy products in the dry season was lower
(i.e., 24%, 14%, and 2%). Regardless of the season, the prevalence of Campylobacter
species in raw milk was 8 times higher than in other tested dairy products (COR= 8 (3-23),
p<0.0001), as shown in Table 16.
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Table 16: Prevalence of Campylobacter jejuni and Campylobacter coli in different sample

types collected in dry and wet seasons.

Season Sample type Samples Campylobacter COR (95% C.1I) P value
species (%)

Na

Dry Cottage cheese 44 1 (Spillerl)
Pasteurized milk 92 13 (14) 7 (0.9-56) P=0.064
Raw milk 92 22 (24) 13 (1.8-103) P=0.012
Total 228 36 (16)

Wet Cottage cheese 44 3(7)
Pasteurized milk 92 12 (13) 3(1.1-10) P=0.031
Raw milk 92 30 (33) 8 (3-23) P<0.0001
Total 228 45 (Chatterjee)

Abbreviation are: N, number of samples, n, number of positive samples, COR, crude odds
ratio, Cl, confidence interval at 95%, and P value indicates statistical significance.

PCR analysis revealed that 89% were C. jejuni and 11% were C. coli. Our findings
indicated a significant difference in the prevalence of C. jejuni compared to C. coli in the
wet and dry seasons (p=0.01), which was determined by comparing the two seasons. In the
dry season, all detected isolates were C. jejuni. In the analyzed samples from the dry
season, no C. coli was found. In contrast, 20% of isolated Campylobacter species in the

wet season were C. coli (Table 17).

Table 17: Prevalence of C. jejuni and C. coli species in the wet and dry seasons.

Campylobacter Isolates dry season  Isolates wet season  Isolates - total P

species n (%) n (%) n (%) value
C. coli 0 (0) 9 (20) 9(11) 0.01
C. jejuni 36 (100) 36 (80) 72 (89)

Total 36 (100) 45 (100) 81 (100)

& Abbreviation are: n, number of isolates, P value indicates statistical significance.
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4.3.3. Antibiotic resistance of Campylobacter jejuni and Campylobacter coli were

resistant to both erythromycin and ciprofloxacin.

A total of 141 isolates, 96 from the dry season (from chapter three)and 45 from the wet
season, were examined for antibiotic susceptibility to erythromycin, ciprofloxacin, and
tetracycline. Our study demonstrated a high prevalence of resistance to erythromycin
(74%) and ciprofloxacin (57%) — two clinically important antibiotics for the treatment of
human campylobacteriosis. The study found that tetracycline resistance was prevalent
among Campylobacter species isolates, with 55% of the strains being resistant to

tetracycline (Table 18).

Table 18: Prevalence of antimicrobial resistance in Campylobacter species obtained from

dairy food samples collected in Oromia, Amhara, and SNNP in the dry and wet seasons.

Drug class  Antibiotic Interpretatio  C. jejuni (%) C.coli (%) Total (%)
na
Quinolone  Ciprofloxac Intermediate 30 (23) 4 (44) 34 (24)
in Resistant 78 (59) 2 (22) 80 (57)
Sensitive 24 (18) 3(33) 27 (19)
Macrolide  Erythromyc Intermediate 1 (Spillerl) 0 1 (Spiller1)
in (Chatterjee)
Resistant 97 (74) 7 (78) 104 (74)
Sensitive 34 (26) 2 (22) 36 (25)
Tetracycli ~ Tetracyclin  Intermediate 11 (8) 2 (22) 10 (7)
ne e Resistant 115 (87) 7 (78) 125 (55)
Sensitive 6 (CLSI-M45- 0 6 (CLSI-M45-
Ed3) (Chatterjee) Ed3)
Total 132 (100) 9 (100) 141 (100)

®Resistance interpretation was carried out by following the CLSI guideline M35:ED3
(CLSI-M45-Ed3, 2016). Erythromycin interpretation criteria were as follows: sensitive
(>16 mm), intermediate (1315 mm), and resistant (<12 mm). Ciprofloxacin interpretation
criteria were as follows: sensitive (>24 mm), intermediate (21-23 mm), and resistant (<20
mm). Tetracycline interpretation criteria were as follows: sensitive (> 26 mm), intermediate

(23-24 mm), and resistant (<22 mm).
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The antibiotic susceptibility testing was conducted on 141 Campylobacter species (132
Campylobacter jejuni and 9 Campylobacter coli ) isolates stored at -80°C. Of these, 43%
were found to be multidrug-resistant (i.e., resistant to three different classes of antibiotics),
and 48, 52, and 65 percent, respectively, were resistant to two clinically significant classes
of antibiotics for treating campylobacteriosis, such as (CIP, ERY), (CIP, TET), and (ERY,
TET) (Table 19).

Table 19: Multidrug resistance patterns among isolates of Campylobacter species.

No. of antibiotics  Resistance pattern Antibiotic resistance

C. jejuni C. coli Total
N (%) N (%) N (%)
R2 CIP, ERY 66 (47) 1 (Spillerl) 67 (48)
CIP, TET 73 (51) 1 (Spillerl) 74 (52)
ERY, TET 86 (61) 5(4) 91 (65)
R3 CIP, ERY, TET 59 (44) 1(0.7) 60 (43)

& Abbreviation are: CIP, ciprofloxacin; ERY, erythromycin; TET, tetracycline; R2,

resistance to two antibiotics; R3, resistance to three antibiotics.
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4.4. Discussion

4.4.1. The prevalence of Campylobacter species in dairy products was significantly
different between dry and wet seasons in Oromia, but not in Amhara and SNNP

regions

Overall, Campylobacter species were detected in 18% of the 456 dairy product samples.
In the wet season, Campylobacter species were detected in 20% of 228 tested samples, and
in the dry season, Campylobacter sp. was detected in 16% of 228 tested samples. Salihu et
al. (2010) noted a comparable seasonal incidence of Campylobacter species in dairy
products in Nigeria during the two seasons. Isolations revealed that milk samples taken
during the hot, dry, and rainy seasons had the greatest incidence rates of 3 (6.1%) and 3
(6.0%), respectively (Salihu et al., 2010). The overall prevalence of Campylobacter species
did not significantly differ between the wet and dry seasons in Ethiopia (COR=1.3 (0.9-2),
P=0.27).

The prevalence of Campylobacter species contamination was also not significantly
different among regions in the wet season (from 12 — 19%, P=0.54), although it was
significantly different among regions in the dry season (p<0.001). Similar to the report of
Salihu et al. (2010), our result showed that the season did not have a significant effect on
the prevalence of Campylobacter when analyzing data for all three Ethiopian regions. On
the other hand, in eastern Nigeria, the Campylobacter species prevalence was found to be
ahigher in the summer (wet season; 94%) than in other seasons (P=0.05), whereas the
lowest prevalence of Campylobacter species was detected in winter (dry season; 38%). In
the study in eastern Nigeria, the authors found a significant difference in the prevalence of
Campylobacter between seasons (P<0.001) (Baali et al., 2020, Dike et al., 2020).

Our findings demonstrated that the Amhara (COR=1 (0.4-2.5), P=1) and SNNP (COR=0.5
(0.19-1.1), 0.9) regional states did not notice any seasonal variations in the incidence of
Campylobacter species in dairy products. However, In the Oromia region, there were 5
times greater odds of detecting Campylobacter species in milk and milk products during
the wet season as compared to the dry season (COR =4.5 (1.8-12), P = 0.002). This finding
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was similar to the report of Mahmood et al. (2009), who found that the prevalence of
Campylobacter species in dairy products in Pakistan was highest in summer (wet season)
(Mahmood et al., 2009). Consistent with our findings, the study carried out in Kenya
revealed that thermophilic Campylobacter species prevalence peaked in both chicken and
cattle during wet seasons (40%) and was significantly lower during the dry season (30%)
(p=0.001) (Wanja et al., 2022). However, in Nigeria, Nwankwo et al. (2018) reported that
the prevalence of this pathogen was higher in free-range chickens during the cold-dry
season (Nwankwo et al., 2018).

4.4.2. The prevalence of Campylobacter species was highest in raw milk, regardless of
the sampling season.

Campylobacter sp. was detected in 33%, 13%, and 7% of raw milk, pasteurized milk, and
cottage cheese samples tested in the wet season, respectively. Regardless of the season, the
prevalence of Campylobacter species in raw milk was 8 times higher than in other tested
dairy products in the wet season (COR= 8 (3-23), p<0.0001). Our findings were in line
with those of Mahmood et al. (2009) who found that the prevalence of Campylobacter
species in raw milk was higher than in other dairy products in Pakistan during the summer
season (p<0.05) (Mahmood et al., 2009). Campylobacter species contamination of raw
milk can originate from various sources, including fecal matter contamination, wild bird
droppings, poorly sanitized milking equipment, contamination during repair of milking
machines, silent mastitis, contaminated water, and poor hygiene practices. It is important
to follow proper hygiene practices and implement effective control measures to prevent

Campylobacter contamination of dairy products (Davis et al., 2016, Modi et al., 2015a).

In this study, Campylobacter species were detected in 13% of the analyzed pasteurized
milk. However, a study conducted in Pakistan by Mahmood et al. (2009) did not detect
Campylobacter species in any of the tested pasteurized packaged milk. As previously
reported, the presence of Campylobacter species in pasteurized milk samples could be due
to insufficient heat treatment (Djuretic et al., 1997). Our previous study showed that, in
Ethiopia, pasteurized milk can be contaminated due to a lack of pasteurization validation,

calibration, and final product microbiological testing. The odds of detecting
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Campylobacter species in milk were 17 times greater in milk processing facilities that did
not calibrate their pasteurizers on an annual basis (Admasie et al., 2023). Furthermore,
improper storage and lack of refrigeration can promote the contamination of
Campylobacter species in pasteurized milk (Admasie et al., 2023). The results of our
previous investigation conducted during the dry season showed that the likelihood of
Campylobacter species contamination was lower in pasteurized milk kept in a separate
refrigerator than in milk stored with other food items (AOR =0.29 (0.1-0.8), P = 0.021).
This suggests that proper storage and refrigeration of pasteurized milk can help reduce the
risk of Campylobacter species contamination. However, it is important to note that this is
just one study and further research may be needed to confirm this finding. Other risk factors
for Campylobacter species contamination in pasteurized milk in Ethiopia include bacterial
contaminants, poor hygiene practices, contaminated water sources, cross-contamination,
and lack of pasteurizer calibration (17 (2.2-131), P = 0.007) (Admasie et al., 2023).

PCR analysis revealed that 89% were C. jejuni and 11% were C. coli. Our findings
indicated a significant difference in the prevalence of C. jejuni compared to C. coli in the
wet and dry seasons (p=0.01), which was determined by comparing the two seasons. In the
dry season, all detected isolates were C. jejuni. In the analyzed samples from the dry
season, no C. coli was found. In contrast, 20% of isolated Campylobacter species in the
wet season were C. coli. Our results were consistent with those reported by Mahmood et
al. (2009) and Salihu et al. (2010) who found that C. jejuni prevalence was higher than that
of C. coli in milk and milk products in Pakistan and Nigeria, respectively (Mahmood et al.,
2009, Salihu et al., 2010).

4.4.3. Majority of tested Campylobacter species were resistant to both erythromycin

and ciprofloxacin.

The rising resistance of Campylobacter species to clinically relevant antibiotics is a
concern for public health. Since Campylobacter species are a zoonotic pathogen and are
consequently exposed to antibiotics used in both animal production and human medicine,
the development and transmission of antibiotic-resistant Campylobacter species are

complicated (Luangtongkum et al., 2009). Therefore, a total of 141 isolates, 96 from the
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dry season (Admasie et al., 2023) and 45 from the wet season, were examined for antibiotic
susceptibility to erythromycin, ciprofloxacin, and tetracycline. Our study demonstrated a
high prevalence of resistance to erythromycin (74%) and ciprofloxacin (57%) — two
clinically important antibiotics for the treatment of human campylobacteriosis. EImal and
Can (2019) found a similarly high prevalence of ciprofloxacin resistance in 57% of the
Campylobacter species in Turkey (Elmali and Can, 2019). A study done in Jimma,
Ethiopia, revealed that 85% (148/174) of the Campylobacter species from 368 cattle feces
were resistant to ciprofloxacin (Abamecha et al., 2015a). In contrast, a lower prevalence of
ciprofloxacin resistance 7.9% (3/38) in Campylobacter species from 684 live bovine,
carcass swab, and separated environmental swabs samples was reported by Debelo et al.
(2022)_(Debelo et al., 2022). In Spain and northern Poland, a higher prevalence of
ciprofloxacin resistance in Campylobacter species from 78% (21/27) and 71% (70 /98)
isolates, respectively was reported by Varsaki et al. (2022) and Andrzejewska et al. (2019)
(\Varsaki et al., 2022, Andrzejewska et al., 2019), which is higher than our study. A much
lower prevalence of ciprofloxacin-resistant Campylobacter species was reported in
Tanzania by Kashoma et al. (2016) who found that 9% (5/54) of tested Campylobacter
species from 537 raw milk and cattle-dressed carcass swab samples were resistant,
respectively(Kashoma et al., 2016). Even lower prevalence of ciprofloxacin was reported
by Englen et al. (2007), who detected ciprofloxacin resistance in 3% (12/473) of tested
Campylobacter species from 1435 dairy cows fecal (Englen et al., 2007).

In the tested Campylobacter species from Ethiopian dairy foods, resistance to erythromycin
was found to be higher (74%) than resistance to ciprofloxacin. Our finding is comparable
to that of Elmal and Can (2019), who found that 71% (10/14) of tested isolates from 192
raw milk and water samples isolated in Turkey were erythromycin-resistant (Elmali and
Can, 2019). A study conducted in Tanzania revealed that 54% (29/54) of tested
Campylobacter species from 537 raw milk and cattle-dressed carcass swab samples were
erythromycin-resistant (Kashoma et al., 2016). However, a study carried out in Spain found
no erythromycin resistance among Campylobacter species from 520 cattle feces (Varsaki
et al., 2022). In Ethiopia, Hagos et al. (2021) found that just 18% (11/64) of the examined
isolates from 384 meat samples were resistant to erythromycin (Hagos et al., 2021). A low

74



prevalence of erythromycin resistance 2 (2/98) among Campylobacter species from 1058

food samples was also found in Poland (Andrzejewska et al., 2019).

The study found that tetracycline resistance was prevalent among Campylobacter species
isolates, with 55% of the strains being resistant to tetracycline. Our results were comparable
to those of Elmal and Can (2019), who reported that 64%(9/14) of the tested
Campylobacter species from 192 milk and water samples in Turkey were tetracycline
resistant (Elmali and Can, 2019). In contrast, the prevalence determined in our study was

higher than the 19% prevalence reported in Tanzania (Kashoma et al., 2016).

This study showed that, 43% were found to be multidrug-resistant (i.e., resistant to three
different classes of antibiotics), and 48, 52, and 65 percent, respectively, were resistant to
two clinically significant classes of antibiotics for treating campylobacteriosis, such as
(CIP, ERY), (CIP, TET), and (ERY, TET). A similar study from Turkey showed that 57%
of the examined isolates were multidrug-resistant (Elmali and Can, 2019). In Ethiopia, a
lower prevalence of multidrug resistance (20% and 15% respectively) was reported by
Kassa et al. (2007) and Dadi et al. (2008) (Kassa et al., 2007, Dadi and Asrat, 2008).
However, a higher prevalence of multidrug resistance (i.e., resistance to more than three
classes of antibiotics; 69%) was reported in Ethiopia by Hagos et al. (2021) (Hagos et al.,
2021). In other countries, a higher prevalence of multidrug resistance than in this study was
reported in Belgium (60%), Estonia (60%), Iran (75%), and Korea (93%) (Praakle-Amin
etal., 2007, Taremi et al., 2006, Hong et al., 2007).

There is limited information on the overall consumption of tested antibiotics in humans
and dairy cattle in Ethiopia. However, some studies provide insights into the use of
antibiotics in Ethiopia and its impact on antimicrobial resistance. A study conducted in
Ethiopia found that 44% of farmers used antimicrobials in the past few years, where
antibiotics (21%) and trypanocides (11%) were most commonly used (Tufa et al., 2023).
Another study in Ethiopia found that tetracycline (36.4%), aminoglycosides (31.3%), and
trimethoprim-sulfonamides (6.2%) were the most frequently used classes of antibiotics in
extensive smallholder livestock farming systems (Gemeda et al., 2020). A study conducted

in the Amhara region, northwestern Ethiopia, found that a large proportion of animal farm
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owners (90.1%) had heard about antibiotics and antibiotic resistance. Generally, according
to a global map of antibiotic consumption in livestock, Ethiopia consumed 174 tons of
antibiotics in 2010 (Van Boeckel et al., 2015).
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4.5. Conclusions

This research showed that the prevalence of Campylobacter species in dairy products was
not significantly associated with season. The research results indicate that the relatively
high prevalence of Campylobacter species in Ethiopian milk and dairy products is a source
of human exposure to Campylobacter species in Ethiopia. Additionally, this study found
that compared to the dry season, milk and milk products in the Oromia region were
substantially more likely to be contaminated with Campylobacter species during the wet
season. The detection of Campylobacter species in pasteurized milk emphasizes the need
for the regulatory monitoring of the performance of pasteurizers and the implementation
of their preventative and corrective maintenance. This has significant implications for
public health and food safety in the country. Moreover, we found that Campylobacter
species were resistant to three antibiotics, including the first line of clinical antibiotics used
for the treatment of human campylobacteriosis. These findings warrant further monitoring
and development of resistance mitigation strategies to protect public health.

In conclusion, the prevalence of Campylobacter species did not significantly differ
between the dry and wet seasons at a country level, and over 44% of isolates of
Campylobacter species were resistant to three tested antibiotics. Finally, to determine the
prevalence and seasonal impact on the prevalence of Campylobacter in milk and milk
products, Ethiopia's four seasons should be taken into account. This finding warrants
further investigation to identify the root causes and develop effective contamination
mitigation strategies to reduce the risk of human exposure to Campylobacter through dairy

food intake .
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CHAPTER 5

Genomic diversity of Campylobacter jejuni and Campylobacter coli isolated from the
Ethiopian dairy supply chain
Abera Admasie'?, Tesfaye Sisay Tessema’, Ashagrie Zewdu®, Jasna Kovac®*

ABSTRACT

Campylobacteriosis outbreaks have previously been linked to dairy foods. The genetic
diversity of Campylobacter is well understood in high-income countries, but it is largely
unknown in low-income countries, such as Ethiopia. This study, therefore, aimed to
conduct the first genomic characterization of Campylobacter isolates from the Ethiopian
dairy supply chain to aid in future epidemiological studies. The whole genome of 14 C.
jejuni and 4 C. coli isolates was sequenced using an Illumina platform (lllumina, San
Diego, CA, USA). Sequences were analyzed using bioinformatics tools in the GalaxyTrakr
platform to identify multi-locus sequence types, and single nucleotide polymorphisms, and
infer phylogenetic relationships among the studied isolates. Assembled genomes were
further screened to detect antimicrobial resistance and virulence gene sequences. Among
14 C. jejuni, ST 2084 and ST 51, which belong to the clonal complexes ST-353 and ST-
443, respectively, were identified. Among the 4 sequenced C. coli isolates, two isolates
belonged to ST 1628 and two to ST 830 from the clonal complex ST-828. The isolates of
C. jejuni ST 2084 and ST 51 carried B-lactam resistance gene blaOXA-605, a
fluoroquinolone resistance-associated mutation T861 in the gryA gene, and a macrolide
resistance-associated mutation A103V in 50S L22. Only ST 2084 isolates carried the
tetracycline resistance gene tetO. Conversely, all four C. coli ST 830 and ST 1628 isolates
carried tetO, but only ST 1628 isolates carried blaOXA-605. This finding warrants further
monitoring of Campylobacter in dairy foods in Ethiopia to better understand and manage

the risks associated with Campylobacter contamination and transmission.

Keywords: Campylobacter jejuni, Campylobacter coli, whole genome sequencing,

multilocus sequence typing, antimicrobial resistance genes, virulence genes
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5.1. Introduction

Campylobacteriosis is an infectious disease caused predominantly by Campylobacter
jejuni and Campylobacter coli (Ruiz-Palacios, 2007, Amin et al., 2023). It can be
particularly severe in children under the age of five (Same and Tamma, 2018). Following
a Campylobacter infection, individuals may experience post-infection complications such
as reactive arthritis, neurological disorders like Guillain-Barré syndrome, and chronic

medical sequelae (Nachamkin, 2002).

In the US, Campylobacter causes an estimated 1.5 million illnesses, 19,300
hospitalizations, and 240 fatalities annually (Collier et al., 2021). Similarly, EU nations
reported 129,960 confirmed cases of campylobacteriosis in 2021 (ECDC, 2022). Studies
have also shown that Campylobacter species are widespread among humans in sub-
Saharan Africa, with a pooled prevalence of 9.9% (Hlashwayo et al., 2021). In Ethiopia,
the prevalence of campylobacteriosis reported in published studies ranged from 8% to 20%
(Tafa et al., 2014, Bukayaw and Mekonnen, 2021, Chala et al., 2021, Ewnetu and Mihret,
2010, Lengerh et al., 2013b).

Campylobacter is primarily transmitted through contaminated food, particularly raw or
undercooked poultry meat, as well as unpasteurized milk, contaminated dairy products and
untreated water (Luangtongkum et al., 2009, Silva et al., 2011a) (Davys et al., 2020b). For
example, in 2016, public health departments in England reported 69 cases of
campylobacteriosis linked to the consumption of raw milk sold at dairy farms (Kenyon et
al., 2020). Similarly, cases of campylobacteriosis were reported in Italy, where the
consumption of raw milk resulted in an outbreak of C. jejuni (Amato et al., 2007). Multiple
outbreaks of campylobacteriosis have also been linked to the consumption of contaminated
milk and cheese in the US (Costard et al., 2017, Langer et al., 2012, Mungai et al., 2015).
Due to the lack of Campylobacter surveillance in the Ethiopian food supply chain, there is
a lack of data on foodborne outbreaks of campylobacteriosis. Furthermore, there is limited
information available on the prevalence of Campylobacter in the dairy supply chain. In the
previous cross-sectional study in major Ethiopian milk sheds, we found that 11% of all

tested dairy foods collected during the dry season were contaminated with Campylobacter
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(Admasie et al., 2023). Due to the lack of access to genotyping, it remains unknown
whether Campylobacter isolates obtained from the Ethiopian milk supply chain resemble

those that are widespread globally or if they present unique genotypes endemic to Ethiopia.

Multi-locus sequence typing (MLST) is a commonly used genotyping method that allows
for the spatial and temporal comparison of the prevalence and distribution of
Campylobacter genotypes (Maiden et al., 2013). The most prevalent MLST genotypes of
Campylobacter reported in the global PubMLST database include sequence types (STs)
21, 45, and 50 (Wieczorek et al., 2017). While these genotypes are commonly found in
high-income countries, they have not been reported in the limited published literature from
sub-Saharan Africa (Quifiones et al., 2008). In order to implement Campylobacter control
strategies, a greater understanding of the prevalence and distribution of individual
Campylobacter genotypes in the food systems in sub-Saharan Africa is needed. Isolate
genotyping, including in silico MLST typing through whole-genome sequencing (WGS)
can enhance source tracking and identification of major sources of human Campylobacter
in the food systems, as well as support epidemiological investigation of outbreaks (Liu et
al., 2016, Tong et al., 2021, Joensen et al., 2021). Beyond tracking the transmission of
Campylobacter among environmental, agricultural, and human sources (Kelley et al.,
2020), WGS can also support the study of Campylobacter evolution and its antimicrobial
resistance and virulence genetic determinants (Golz et al., 2020, Morita et al., 2023, Clark
et al., 2018). This study, therefore, employed whole-genome sequencing to characterize C.
jejuni and C. coli isolated from the Ethiopian dairy supply and generate insights into the
genetic diversity and genomic potential of isolates to cause human illness and resist

antimicrobial treatments.
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5.2. Materials and methods

5.2.1. Isolate collection and Campylobacter species confirmation

Campylobacter isolates that had previously been isolated from raw milk, pasteurized milk,
and cottage cheese collected from Ethiopian regions of Amhara, Oromia, and the Southern
Nations, Nationalities, and Peoples' (SNNPR) during 2020 and 2021 were included in this
study (Admasie et al., 2023). Isolates were preserved in brain heart infusion broth
supplemented with 20% glycerol and maintained at -20°C. In 2022, 18 isolates that were
successfully recovered were sent to the Pennsylvania State University for PCR
confirmation (Wang et al., 2002), and whole genome sequencing was conducted at the

laboratory of the Kentucky Department of Public Health.

5.2.2. DNA extraction and whole genome sequencing

DNA extraction was performed using the QIAcube Connect instrument with the DNeasy
Blood and Tissue kit (Qiagen, Germantown, MD, USA). The extracted DNA was
quantified using the Qubit 4 fluorometer (Thermo Fisher Scientific, Madison, WI, USA).
Subsequently, library preparation was carried out using the Illlumina DNA Prep Kit
(IMumina, San Diego, CA, USA). Nextera DNA CD indexes were used for sample indexing
and indexed libraries were pooled in equimolar concentrations. Finally, the paired-end
sequencing run was conducted on an lllumina MiSeq instrument, utilizing a v3 600-cycle
kit (Illumina, San Diego, CA, USA).

5.2.3. Genome assembly, quality control, annotation, multi-locus sequence typing, and

taxonomic identification

The quality of raw sequencing reads was assessed using FastQC (Galaxy Version
3.0.3+galaxy0) (Andrews, 2010), followed by trimming of low-quality bases and adapters
with Trimmomatic by using default settings (Galaxy Version 0.39+galaxy0) (Bolger et al.,
2014). The resulting trimmed sequences were assembled using Skesa (Galaxy Version
0.0.4) with default settings (Souvorov et al., 2018). The genome assembly quality was
assessed with Quast (Galaxy Version 5.2.0+galaxyl) (Mikheenko et al., 2018).
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SkesaMLST (Galaxy Version 0.0.4) was then applied to assemblies to determine multi-
locus sequence types (MLST STs). GTDB-Tk (V2.1.0) with the reference database version
R207_v2 was used for genome-based taxonomic identification (Chaumeil et al., 2019). The
annotation of the 18 Campylobacter genomes was performed using Prokka (Galaxy
Version 1.14.6+galaxy0) (Seemann, 2014), and Roary (Galaxy Version 3.13.0+galaxy?2)
was used to calculate the pan-genome. The output of Roary was visualized using a roary
plot (Galaxy Version 1.0) (Page et al., 2015).

5.2.4. Single nucleotide polymorphism detection and phylogenetic analysis

High-quality single nucleotide polymorphisms (SNPs) were detected using the CFSAN
SNP pipeline on the GalaxyTrakr platform (Gangiredla et al., 2021, Gurevich et al., 2013).
For SNP analyses of C. jejuni isolates, we used a reference genome of C. jejuni
SRR24187546, and for SNP analyses of C. coli the reference genome C. coli
SRR24187539 was used. The reference genomes were selected based on the high quality
of genome assembly, as determined using the N50 metric. The identified SNPs were used
to construct a maximum likelihood phylogenetic tree using IQ-TREE (Galaxy Version
2.1.2+galaxy2) with default settings and 1,000 rapid bootstrap iterations (Nguyen et al.,
2015).

5.2.5. Identification of antimicrobial resistance and virulence genes

ABRicate (Galaxy Version 1.0.1) (Seemann, 2016) was used with default settings to detect
the presence of virulence factor and antimicrobial resistance gene sequences in the studied
isolates by utilizing the Virulence Factor Database (VFDB) and the NCBI Bacterial
Resistance Reference Gene Database, respectively. Amrfinderplus_db NCBI (Galaxy
Version 3.11.11+ galaxyl) was used to detect resistance mutations T861 in gyrA and
A103V in 50S_L22 (Feldgarden et al., 2019).
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5.2.6. Comparison of genomes of the studied isolates with those available in the

Pathogen Detection database

Isolates studied in this study were submitted to the NCBI Pathogen Detection database to
compare their genomic similarity with the Campylobacter isolates available in the
database. Specifically, we identified the minimum SNP distance between our isolates and
Campylobacter isolates of the same (non-human) source and between our isolates and

Campylobacter isolates from a human source.
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5.3. Results

5.3.1. Four MLST sequence types were detected among the studied isolates

The median genome assembly size of the 14 C. jejuni isolates was 1.76 Mbp, the median
N50 was 0.16 Mbp, and the median GC% content was 30.3%. Among the four C. coli
genomes, the median genome assembly size, GC%, and the median N50 were 1.69 Mbp,
31%, and 0.18 Mbp, respectively. The isolate metadata and genome quality information

are reported in Table 20.

Table 20: The median genome assembly size of the C. jejuni and C. coli

Campylobacter Accession Contigs Total N50 L50 GC (%)
species number N length

C. jejuni SRR24187534 15 1627086 219976 3 30.34
SRR24187535 15 1626673 219969 3 30.33
SRR24187536 26 1758672 161521 4 30.29
SRR24187537 15 1627244 190374 3 30.33
SRR24187538 23 1760003 161521 4 30.29
SRR24187539 14 1626601 219968 2 30.33
SRR24187542 24 1759162 161521 4 30.3
SRR24187544 24 1758618 155689 4 30.29
SRR24187545 24 1759042 143854 5 30.3
SRR24187546 14 1627101 299609 2 30.34
SRR24187547 25 1759661 155689 4 30.29
SRR24187548 22 1760397 161521 4 30.29
SRR24187550 21 1759529 161521 4 30.29

Median 1758645 161521 30.30%

C. coli SRR24187540 25 1636179 216667 3 31.41
SRR24187541 27 1736666 141344 4 31.2
SRR24187543 30 1741794 141344 4 31.2
SRR24187549 25 1641406 216666 3 31.42

Median 1689036 179005 31%
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The pangenome analysis was conducted for just C. jejuni isolates, as there were too few C.
coli isolates available in our dataset. Among the 14 C. jejuni genomes, a total of 3,412
genes were detected, of which 309 were core genes detected in all studied isolates. No
softcore genes, >95% occurrence, were detected; a total of 2,822 shell genes, and 284 cloud
genes, shared by a minimal subset of the genomes, were detected. Shell genes, genes shared
by the majority of genomes, represented approximately 83% of the total gene count (Table
21).

Table 21: C. jejuni pangenome.

Genes Identity Genes N (%)
Core genes (99% <= strains <= 100%) 306 (9)
Softcore genes (95% <= strains < 99%) 0 (Chatterjee)
Shell genes (15% <= strains < 95%) 2822 (83)
Cloud genes (0% <= strains < 15%) 284 (8)

Total genes (0% <= strains <= 100%) 3412 (100)

Further, a total of 2 sequence types and 2 clonal complexes were identified among C. jejuni
isolates. Specifically, ST 2084, which belongs to the clonal complex ST-353, was the
predominant sequence type. The remaining six isolates belonged to ST 51, which is part of
the clonal complex ST-443. Isolates of C. coli clustered separately from isolates of C. jejuni
in the constructed maximum likelihood tree (Figure 2). Specifically, isolates of C. jejuni
clustered in two distinct clades (B and C) in the constructed maximum likelihood tree (Fig.
2) . Clade B included 6 isolates of ST 51, while clade C was comprised of 8 isolates of ST
2084. Notably, ST 51 and 2084 were detected in both raw and pasteurized milk samples.
Isolates within clade B and clade C differed by 1-5 and 0 SNPs, respectively. Among C.
coli isolates, we found two sequence types, ST 1628 and ST 830, which belonged to a
single clonal complex, ST-828. Isolates within clade A differed by 0-12 SNPs. C. coli ST
1628 was obtained from pasteurized milk, while ST 830 was obtained from raw milk
(Figure 2).

85



=3 Pasteurzed mik | SRR24187536 i 8T2084  ST-353
E? Raw milk SRR24 187548 . 8T2084 ST-353
. — SRR24187545 B st2084  ST-353
= Absent SRR24187538 ! ST2084 ST-353
% B Frosent 1 SRR24187547 - ST2084  ST-353
¥ Absent  Clade C| SRR24187544 . ST2084  ST-353
SRR24187542 . ST2084 ST-353
SRR24 187550 . ST2084  ST-353
Campylobacter jefun | SRR24 187539 ST51 ST-443
o ISRR24187535 ST51 ST-443
lsmzmarsw ST51 ST-443
p— !SRR24187546 ST51 ST-443
' !SRR24!87533 ST51 ST-443
!SRR?MB7534 ST51 ST-443
SRR24187540 . ST830  ST-828
.JSRR24187549 B stan st
e o {SRR24167543 BN sTies  sTaz
o SRR24187541 . ST1628  ST-828

s K &g

s &F £

VA A

Figure 2. A phylogenetic tree constructed based on high-quality single nucleotide
polymorphisms (SNPs) was identified using the FDA CFSAN pipeline for the 14 C. jejuni

and 4 C. coli isolates obtained from dairy foods in Ethiopia.

5.3.2. The majority of C. jejuni isolates carried a fluoroquinolone resistance mutation

T861 mutation in the gryA gene

In addition to assessing genomic similarity, we screened genomes for antimicrobial
resistance gene sequences. Overall, we detected two antimicrobial resistance genes among
studied Campylobacter isolates. All C. jejuni isolates carried a blaOXA-605 gene, but only
ST 2084 isolates carried the tetO gene. Conversely, among C. coli, both ST 830 and ST
1628 isolates carried tetO, but only ST 1628 also carried the blaOXA-605 gene (Figure 1).
Furthermore, ten isolates of C. jejuni ST 2084 and ST 1628 had a T861 mutation in the
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gryA gene, which has been associated with resistance to quinolone antibiotics, such as
ciprofloxacin and nalidixic acid. In addition to the mutation in the gyrA gene, all C. jejuni
isolates carried the A103V mutation in the 50S L22 gene, which has previously been
associated with the resistance of macrolide antibiotics, such as erythromycin (Table 22).

Table 22: Prevalence of antibiotic resistance gene in Campylobacter species

AAC. Number  MLST ST Gene symbol Element type Element subtype Class
SRR24187533 ST 51 50S_L22_Al103V AMR Point Macrolide
SRR24187534 ST 51 50S_L22_Al103V AMR Point Macrolide
SRR24187535 ST 51 50S_L22_Al103V AMR Amr Macrolide
SRR24187536 ST 2084  gyrA _T86l AMR Point Quinolone
50S _L22_A103V AMR Point Macrolide
SRR24187537 ST 51 50S_L22_Al103V AMR Point Macrolide
SRR24187538 ST 2084 50S_L22_A103V AMR Point Macrolide
gyrA_T86l AMR Point Quinolone
SRR24187539 ST 51 50S_L22_Al103V AMR Amr Macrolide
SRR24187541 ST 1628 gyrA_T86l AMR Point Quinolone
SRR24187542 ST 2084 gyrA_T86l AMR Point Quinolone
50S _L22_A103V AMR Point Macrolide
SRR24187543 ST 1628 gyrA_T86l AMR Point Quinolone
SRR24187544 ST 2084 50S_L22_A103V AMR Point Macrolide
gyrA_T86lI AMR Point Quinolone
SRR24187545 ST 2084  gyrA_T86l AMR Point Quinolone
50S_L22_A103V  AMR Point Macrolide
SRR24187546 ST 51 50S_L22_Al103V AMR Amr Macrolide
SRR24187547 ST 2084  gyrA _T86l AMR Point Quinolone
50S_L22_A103V  AMR Point Macrolide
SRR24187548 ST 2084 50S_L22_A103V AMR Point Macrolide
gyrA_T86lI AMR Point Quinolone
SRR24187550 ST 2084 50S_L22_Al103V AMR Point Macrolide
gyrA_T86l AMR Point Quinolone

Lastly, in terms of heavy metal resistance genes, the arsenic resistance gene arsP was found

in eight C. jejuni ST 2084 isolates and no other studied isolates (Table 23).
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Table 23: Prevalence of arsenic resistance in Ethiopian Campylobacter species

Stress
Accession number ST Organism Isolation source SNP cluster genotypes
SRR24187536 ST-2084 C. jejuni  Raw Milk PDS000145443.1 arsP
SRR24187538 ST-2084 C. jejuni  Raw Milk PDS000145443.1 arsP
SRR24187542 ST-2084 C. jejuni  Raw Milk PDS000145443.1 arsP
SRR24187544 ST-2084 C. jejuni  Pasteurized Milk PDS000145443.1 arsP
SRR24187545 ST-2084 C. jejuni  Pasteurized Milk PDS000145443.1 arsP
SRR24187547 ST-2084 C. jejuni  Raw Milk PDS000145443.1 arsP
SRR24187548 ST-2084  C. jejuni  Raw Milk PDS000145443.1 arsP
SRR24187550 ST-2084  C. jejuni  Raw Milk PDS000145443.1 arsP

5.3.3. All C. jejuni isolates carried genes encoding cytolethal distending toxin

In this study, all Campylobacter isolates carried virulence genes encoding cadF, cheAVWY,
ciaBC, flaCDG, flgBCDEFHIJKMPRS, fIhABFG, fIADEFGILMNPQRSWY, gmhAB,
hldDE, kpsDFST, motA, pebA, pflA, pseABCEFGHI, ptmAB, rpoN, waaCFV (Fig 2).
Furthermore, all C. jejuni isolates carried virulence genes flgQ, Cj1416c, cj1417c, cj1419c,
€j1420c, ctdABC, cysC, eptC, flgA, fliHK, htrB, jIpA, kpsECM and motB, with ST 2084
harboring two additional genes, Cj1135 and pseD/maf2, compared to ST 51. All C. jejuni
isolates carried the cdtABC gene cluster encoding cytolethal distending toxin (Fig 2). One
isolate from ST 51 also carried the pseD/maf2 gene, which encodes the motility accessory
factor PseD. The genes gmhA2 and hddA were detected in all studied C. coli isolates.
Among isolates of ST 830, we detected ¢j1135, which encodes a lipo-oligosaccharide. The
ST 1628 C. coli isolates shared the virulence genes virB8-11, virB4, and virD4, and one
isolate from ST 1628 carried additional virulence genes flaAB and pseD/maf2 (Figure 3).
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Figure 3. Virulence gene profiles detected in Campylobacter jejuni and Campylobacter
coli isolates. The presence of genes is indicated in blue and their absence is denoted in light

yellow.

5.3.4. Campylobacter isolates from Ethiopia were distinct compared to isolates from

other geographical origins

Lastly, utilizing the Pathogen Detection database, we compared the 14 C. jejuni and 4 C.
coli from this study with isolates from non-human (i.e., environmental, food, animal), and
human sources that were available in the database. Our isolates clustered into four
Pathogen Detection clusters and none of these four clusters contained isolates from other
studies or countries, indicating distinct genetic profiles of isolates characterized in this
study. The Campylobacter coli isolates from raw milk and pasteurized milk
(SRR24187543 - PS02412 and SRR24187541 - PS02436) clustered in the Pathogen
Detection SNP cluster PDS000145444.1. C. coli isolated from raw milk (SRR24187540 -

89


https://trace.ncbi.nlm.nih.gov/Traces?run=SRR24187543
https://trace.ncbi.nlm.nih.gov/Traces?run=SRR24187541
https://trace.ncbi.nlm.nih.gov/Traces?run=SRR24187540

PS02419 and SRR24187549 - PS02411) clustered in the Pathogen Detection SNP cluster
PDS000145445.1. Additionally, the C. jejuni isolates from pasteurized and raw milk
clustered in the SNP cluster PDS000145443.1 (SRR24187538 - PS02422, SRR24187550
- PS02404, SRR24187536 - PS02424, SRR24187548 - PS02439, SRR24187547 -
PS02440, SRR24187545 - PS02432, SRR24187544 - PS02435, SRR24187542 - PS02418)
and SNP cluster PDS000145442.1 (SRR24187539 - PS02421, SRR24187537 - PS02423,
SRR24187535 - PS02425, SRR24187534 - PS02426, SRR24187533 - PS02430, and
SRR24187546 - PS2441). Noteworthy, isolates from pasteurized and raw milk were found

in the same clusters (Figure 4).

environmenialiother, 2023-03-09, Ethionia, Raw Mk, PS02412, POTO0TTZ7408.1

Cluster 1

envronmenialiother, 2023-03-09, Ethioia, Pasteurzed Mik, PSU2435. POTOD1727406.1

envronmentzliother, 2023-05-09. Ethiopia, Raw Mik, PS02411, PDTO01727414.1

|: Cluster 2
envronmentzliother, 2023-05-00. Ethiopia, Raw Mik, PS02419, PDTO01727405.1

environmentaliother, 2023-05-09, Ethiopia. Raw Milk. PSI2422, PDT001727403.1

environmentaliother, 2023-05-09, Ethiopia. Raw Milk. PSI2404, PDT001727415.1

= environmentaliother, 2023-05-09, Ethiopia, Raw Milk, PSI2424, PDT001727401.1
 Cluster 3

environmentaliother, 2023-05-09, Ethiopia, Raw Milk, PS2439, PDT001727413.1

environmentaliother, 2023-05-09, Ethiopia, Raw Milk, PS12440, PDT001727412.1

environmentaliother, 2023-05-09, Ethiopra. Pasteurized Milk, PS02432, PDT001727410.1

environmentaliother, 2023-05-09, Ethiopia, Pasteurized Mik, PS02435, POT001727409.1

environmentaliother, 2023-05-09, Ethiopia, Raw Milk, PS02418, PDT001727407.1

envronmenialiother, 2023-05-00, Ethiopaa, Raw Milk, PS02423, POTO01727402 1

anvronmantaliothar, 2023-05-08, Ethiopia, Raw Mik, PS02424, POTOD1 727404 1

" Cluster 4 i

— anvrone wr, 2023-05-00. Ethiopia, Raw Milk, PS02426. PDTD01727309.1

we, 2023-05-00, Ethiopia, Raw Milk, PS02425. POTO01727400 1

anvroomentaliother, 2023.05-08, Ethiopa, Pasieurtzed Mik, PS02430, POTOO17273%€

« anvronmentaliother, 2023.05.09, Ethiopa, Raw Milk, PS02441, POTOO1 7274111

Figure 4: Four Pathogen Detection clusters that contained isolates of Campylobacter
isolates obtained from the Ethiopian dairy supply chain

(https://www.ncbi.nlm.nih.gov/pathogens).
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5.4. Discussion

5.4.1. MLST sequence types 2084 and 51 were detected in both raw and pasteurized

milk

Among 14 C. jejuni, STs 2084 and 51 were identified in both pasteurized and raw milk,
with ST-353 and ST-443 as their respective clonal complexes. There is limited information
available on the global prevalence of Campylobacter jejuni ST-2084. Based on the
PubMLST database records, it is evident that ST 2084 isolates have previously been
detected in the USA, UK, and Pakistan (https://pubmilst.org/campylobacter/); however, a
literature search did not yield any published papers reporting this particular sequence type
(Kaakoush et al., 2015a). Nevertheless, the clonal complexes to which these two STs
belong have previously been reported in studies involving both humans and chickens. For
example, Kinana et al. reported that the ST-353 complex was the most common complex
detected among isolates from chicken carcasses in Senegal (Kinana et al., 2006). Manning
et al.(2003) identified the ST-353 complex isolate in poultry in the UK. In China, Estonia,
and Poland, ST-353 C. jejuni was isolated from retail chicken, humans, and chicken (Ma
etal., 2017, Sarhangi et al., 2021, Wieczorek and Osek, 2015). Another research has linked
ST-353 isolates to human disease (Manning et al., 2003). This included a study conducted
in Michigan, US, in which they found ST-353 to be the third most abundant (11.8%) clonal
complex among the 214 strains of C. jejuni recovered from patients with gastroenteritis
(Djordjevic et al., 2007).

Isolates belonging to ST-443 have previously been detected in Iran, Poland, China, as well
as in the Gambia (Sarhangi et al., 2021, Sails et al., 2003, Ma et al., 2017). Among clonal
complex ST-443 isolates, ST 51 was found in human feces in Poland, Germany, and
Croatia, and ranked among the top 10 STs detected across Europe (Fiedoruk et al., 2019,
Soprek et al., 2022, Parker et al., 2021). ST 51 isolates were also isolated from patients
undergoing treatment at the Red Cross War Memorial Children's Hospital in Cape Town,
South Africa (Quifiones et al., 2008). Unlike our study, others have not previously reported
isolating ST 51 from dairy food sources.
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We detected C. coli ST 830 in raw milk and ST 1628 in pasteurized milk. Both of these
sequence types belong to the clonal complex ST-828. While ST 830 has been detected in
chicken meat in the Middle East, Asia, South America, and the US, the only record of its
isolation in Africa (Egypt and Nigeria) from cattle and human feces exists in the PUbMLST
database (https://pubmilst.org/campylobacter/, Habib et al., 2023, Guk et al., 2021).
Regarding ST 1628, before our study, there were no documented reports of this ST in
Africa. However, the PUDMLST database records suggest its detection in Europe, Asia,
and North America from various sources, including cattle, chicken, beef and chicken meat,
environmental water, goose, and human stool (https://pubmlst.org/campylobacter/,
Asakura et al., 2019, Gripp et al., 2011).

The detection of the same STs in both raw and pasteurized milk raises contamination
concerns, suggesting that C. jejuni is transmitted from raw milk to pasteurized milk during
processing or handling and is not effectively inactivated; alternatively, the pasteurization
processes may have not been effective. The presence of the same genotypes in raw and
pasteurized milk suggests a common contamination source, which could be contaminated
water, equipment, or processing facility environment (Calahorrano-Moreno et al., 2022,
Quigley et al., 2013). Identifying and addressing the source of contamination is crucial for
mitigating further contamination (Jaakkonen et al., 2020). Moreover, the presence of C.
jejuni in pasteurized milk underscores the possibility of two critical issues. First, it raises
concerns regarding the effectiveness of the pasteurization process, suggesting that it may
not have achieved the required temperature and duration necessary to eliminate pathogenic
bacteria like C. jejuni (Fernandes et al., 2015, Louwen and van Neerven, 2015, Adams et
al., 2000). Second, it highlights the potential for post-processing contamination, which
could occur during subsequent stages such as milk handling, filling, or packaging (Reichler
et al., 2020). Previous studies conducted in Norway and Sweden have uncovered instances
of spoilage bacteria recontamination during the pasteurized milk filling process (Martin et
al., 2018, Eneroth et al., 1998). Further, previous research found that the detection of
Escherichia coli in pasteurized milk may be a result of pasteurization process failures or

contamination during post-pasteurization processing (Oltramari et al., 2014). This is

92



particularly concerning because pasteurized milk is expected to be pathogen-free due to

the rigorous heat treatment it undergoes.

5.4.2. Prevalence of virulence gene in Campylobacter species

We have identified several virulence genes that are crucial for Campylobacter
pathogenesis. All Campylobacter isolates from milk and milk products carried virulence
gene involved in motility and flagellar biosynthesis (motA, flaDG,
flgABCDEFGHIJKMPQRS, fIhnABFG, fIADEFGHIKLMNPQRSWY, pseABC, and rpoN).
The motility genes motB, flaAB, and flgQ were detected in all C. jejuni, C. coli PS02412,
and all STs except ST 830 (PS02421 and PS02422), respectively. Genes
flJABCDEFGHIJKMPQRS are involved in the assembly and structure of the flagellar rod,
hook, and basal body (Cohen and Hughes, 2014), and genes fliPQRSWY contribute to the
construction, control, and operation of the flagellar motor and filament (Bouteiller et al.,
2021, Zhao et al., 2014, Schwan et al., 2022). The motAB encodes a stator complex protein
that facilitates torque generation in the flagellar motor (Ribardo et al., 2019). Moreover,
motility regulation genes that were detected included rpoN, the product of which promotes
the transcription of rod and hook components and the minor flagellin flaB (Konig et al.,
2023), and flIhFG genes that regulate the expression of the flagellar genes and the assembly
of the flagellar basal body (Sher et al., 2020, Liu and Ochman, 2007). The flagellar T3SS
is located within the flagellum of Campylobacter (Balaban and Hendrixson, 2011). T3SS
secretion system genes (fInAB, fliPQR) encode the export gate proteins and play important
roles in the regulation and assembly of the flagellar type Il secretion system in
Campylobacter (Lopes et al., 2021, Fabiani et al., 2017, Macnab, 2004, Su et al., 2023,
Hendrixson and DiRita, 2003). This system is involved in the secretion of various proteins,
including the Cia proteins, Fed proteins, and flagellin C (Burnham and Hendrixson, 2018).
Additionally, the type IV secretion system-related genes (virB4, virB8-11, and virD4) were
only found in the genome of C. coli ST 1628. In a study conducted in Peru and Chile, T4SS
genes like virB4, virB9-11, and virD4 were present in C. jejuni and C. coli (Quino et al.,
2022, Bravo et al., 2021).
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Campylobacter jejuni uses flagella and chemotaxis to navigate its motility towards or away
from environmental stimuli and it plays an essential role in pathogenesis during host
colonization (Zautner et al., 2012). The flagellar assembly and the chemotactic motility
depend on the expression of chemotaxis genes (cheAYV, or cheW) (Reuter et al., 2018). In
this study, the chemotaxis-related genes (cheAYV) were detected in all C. jejuni and C. coli

genomes.

Adhesion is a critical stage in pathogenesis before invasion and the release of toxins
(Letourneau et al., 2011). The adhesins of Campylobacter species facilitate a specific
interaction between the bacterium and host cells (Konkel et al., 2020). In our study, the
genes encoding adhesion-related proteins were found in all Campylobacter jejuni and
Campylobacter coli. These included outer membrane proteins (OMPS) genes (cadF, pebA,
JIpA)), genes for synthesis of lipooligosaccharides (LOS) (gmhA2BA, rfbC, hldDE, hddA,
waaFCV, and htrB), and capsule polysaccharides (CPS) (KpsCSDEMT, Cj1416c-Cj1420c,
and cysC). This finding is consistent with other studies (Zhang et al., 2023, Neal-McKinney
and Konkel, 2012, De Filippis et al.).

All of our studied Campylobacter isolates carried ciaBC genes that code for Cia proteins,
which are essential for invasion and colonization (Kreling et al., 2020, Lopes et al., 2021,
Gabbert et al., 2023). All of our studied Campylobacter isolates carried the flaC gene that
encodes the FlaC protein that influences cell invasion by binding to epithelial cells
(Gabbert et al., 2023). The Cia proteins induce pathogen uptake and perhaps alterations in
cellular responses only if delivered into the cytosol of the host target cell via bacteria-host
cell contact (Rivera-Amill et al., 2001).

In addition to adhesion and invasion, the ability of Campylobacter species to produce the
cytolethal-distending toxin (CDT) is a crucial component of their pathogenicity. All C.
jejuni studied here carried the cdtABC genes encoding for CDT. This toxin causes direct
DNA damage leading to the invocation of DNA damage responses in human cells and leads
to cell apoptosis (Lee et al., 2003). The cdt gene cluster has been commonly detected in
Campylobacter species isolated from humans (Redondo et al., 2019), poultry (Wieczorek
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etal., 2018), cattle, and swine isolates and contributes to campylobacteriosis (Wysok et al.,
2015, Bang et al., 2001).

Overall, the presence of multiple important virulence factor gene sequences in the genomes

of the studied Campylobacter isolates suggests their potential to cause foodborne illness.

5.4.3. The majority of isolates carried a resistance mutation in gryA

Antimicrobial resistance has been emerging among Campylobacter, which poses a serious
risk for failed antimicrobial treatment of campylobacteriosis (Luangtongkum et al., 2009,
Panzenhagen et al., 2021). Concerns about public health have arisen specifically due to the
rising prevalence of fluoroguinolone-resistant Campylobacter (Han et al., 2012, Shen et
al., 2018). A study based in Oxford, UK, indicated that in 1995, 7% of the overall
Campylobacter isolates were resistant to fluoroquinolones and by 2008 the prevalence had
risen by nearly 2 percent (Veltcheva et al., 2022). We detected resistance mutations in gryA
and 50S L22 in 55 and 78% of the isolates examined, respectively. This result is correlated
to our earlier research, which found that 57% and 78% of tested Campylobacter species
were phenotypically resistant to ciprofloxacin and erythromycin (Admasie et al., 2024)
Ciprofloxacin resistance in C. jejuni is mediated by mutations in the gyrA gene, with the
point mutation T861 being the most common one (Zirnstein et al., 1999, Espinoza et al.,
2020), as reported elsewhere, including in Portugal, Botswana, and Nigeria (De Vries et
al., 2018, Duarte et al., 2014, Audu et al., 2022). Recently, Campylobacter isolated from
sources of human and poultry meat in Pennsylvania, USA, showed a strong correlation
between the existence of the matching known resistance genetic determinants and the

phenotypic resistance of ciprofloxacin (Yan et al., 2023).

Remarkably, in all Campylobacter jejuni isolates tested here, an A103V mutation in the
50S L22 gene was detected. The 50S macrolide-binding site is composed of portions of the
23S rRNA subunit, ribosomal protein L4, and ribosomal protein L22 (Belanger and
Shryock, 2007, Gibreel et al., 2005). The 50S L22 protein is a component of the 50S
ribosomal subunit, and alterations in this protein have been associated with macrolide

resistance in Campylobacter species (Belanger and Shryock, 2007, Gibreel et al., 2005).
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Another study identified the 50S L22 point mutation as a resistance mechanism in C. coli
isolates (Bolinger and Kathariou, 2017). These point mutations are causing the rise of
macrolide-resistant Campylobacter strains, and consequently, macrolides such as
erythromycin and azithromycin are becoming less effective in treating Campylobacter

infections (Bolinger and Kathariou, 2017).

Here, the genomic analysis revealed that 67% (12/18) and 89% (16/18) of studied
Campylobacter carried tet(O) and OXA-605, which confer tetracycline resistance and beta-
lactam resistance, respectively. Our previous result showed that 89% of Campylobacter
species were phenotypically resistant to tetracycline (Admasie et al., 2024) These findings
suggest a strong correlation between phenotypic tetracycline resistance and the presence
of the tet(O) gene in Campylobacter species. Similarly, in a study from Korea and Peru, all
tested Campylobacter isolates obtained from chicken carried the tet(O) gene (Benites et
al., 2022, Kim et al., 2010). A study conducted in South Africa also found that the tet(O)
gene was the most prevalent antimicrobial resistance gene detected in Campylobacter
isolates from chickens and humans, with a prevalence of 68% and 64%, respectively
(Reddy and Zishiri, 2017). Antibiotic resistance due to the production of D-lactamase
OXA-61 was previously reported by Alfredson and Korolik (Alfredson and Korolik, 2005).
Additionally, a UK investigation revealed that the isolates from both humans and poultry
included OXA-61, which codes for the generation of B-lactamase and causes ampicillin
resistance (Griggs et al., 2009). The function of this gene was confirmed with the
insertional inactivation of blaOXA-61 which increased the susceptibility of Campylobacter
to ampicillin, co-amoxiclav, penicillin, carbenicillin, oxacillin, and piperacillin in C. jejuni
NCTC 11168 (Griggs et al., 2009).

In addition to antimicrobial resistance genes, we examined the presence of heavy metal
resistance genes, such as arsenic resistance genes. At high levels, arsenic is toxic to most
cells, including microbial organisms, and is present in the natural environment (Oremland
and Stolz, 2003, Oremland and Stolz, 2005). In this study, arsP was found in ST2084
Campylobacter jejuni and this gene has previously been associated with arsenic resistance
(Noormohamed and Fakhr, 2013). Exposure to arsenic can select for resistant bacteria,

through horizontal gene transfer of arsenic resistance genes (Wang et al., 2009); however,
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we did not collect any information about environmental levels of arsenic in areas in which
samples were collected to assess whether the environmental arsenic exposure may have led

to the acquisition of arsenic resistance genes by the studied Campylobacter isolates.
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5.5. Conclusion

This study offers valuable insights into the genetic diversity, virulence, and antibiotic
resistance potential of Campylobacter isolates collected from the dairy supply chain in
Ethiopia. We identified four distinct Campylobacter STs, including ST-51, ST-2084, ST-
830, and ST-1628. Notably, STs 51 and 2084 were found in both raw and pasteurized milk.
This highlights the critical importance of assessing the risk of Campylobacter
contamination in the dairy supply chain. Furthermore, the majority (71%) of analyzed C.
jejuni isolates carried a fluoroquinolone-resistance-associated mutation, suggesting a

concerning level of resistance to this class of clinically relevant antibiotics.
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Chapter 6

6. General Discussion and Conclusion

In Ethiopia, Campylobacter was detected in 12 % (141/1140) of tested Diary products.
Among Campylobacter species-positive samples collected countrywide, 89% were
contaminated with C. jejuni, and 11% with C. coli. The findings of the present study are
concurrent with reports of Del Collo et al. (2017) who reported C. jejuni at the rate of 92%
(Del Collo et al., 2017). In the dry season, all isolates were C. jejuni. A study conducted in
India found that all the isolates identified were C. jejuni (Modi et al., 2015a).

The prevalence of Campylobacter in milk and milk products varies depending on the type
of product (EI-Kholy et al., 2016). For example, in Ethiopia, Campylobacter isolates can
be found more frequently in raw milk samples than in pasteurized milk and cottage cheese
(P < 0.001). Similarly, A study conducted in Egypt found the highest prevalence of
Campylobacter in milk samples (18%), followed by Kareish cheese (14%) and Talaga
cheese (6%) (Zeinhom et al., 2021). In our investigation, Ethiopia had the greatest
incidence of Campylobacter species (19%) in raw milk. The prevalence of Campylobacter
found in this study is similar to findings reported by Hussain et al. (2007), EI-Zamkan and
Hameed (2016), and Zeinhom et al. (2021) who detected Campylobacter species at 21.5%,
20 %, and 18% in raw milk samples in Pakistan and Egypt, respectively (EI-Zamkan and
Hameed, 2016b, Zeinhom et al., 2021, Hussain et al., 2007). However, as compared to our
result a lower result, 2.91% of Campylobacter species in raw milk samples, was reported
by Modi et al. (2015). This study revealed that using warm water and soap for cleaning
cow udders and teats on farms reduced the likelihood of detecting Campylobacter in milk.
Similar to this study, Tigabu et al. (2015) found that cleaning cow teats with warm water
and soap is an important step in preventing contamination of raw milk and ensuring the
safety of dairy products. In this study, storing milk in an aluminum container can reduce
the likelihood of detecting Campylobacter in milk at the collection facilities (P=0.027).
The result of our study was similar to Wafula et al. (2016) who found reduced odds of
detection of the bacteria in raw milk from aluminum containers. In contrast to the actual

reality, Campylobacter detection was significantly more likely in milk collected at
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collection centers with concrete floors (AOR=5.2, P=0.004). It is important to have
flooring that is strong, impervious, washable, and smooth to prevent bacterial growth and
contamination (Rahman, 2007). However, in this study, the concrete floor of the cow house

was fully covered in muck during our site visit and sample collection.

According to our analysis, 10% of pasteurized milk in the Ethiopian dairy value chain is
contaminated with Campylobacter species. The contamination of Campylobacter found in
pasteurized milk is similar to the finding of Ogbomon et al. (2018) who reported 16 %
Campylobacter species in locally pasteurized milk products (Nunu) in Zaria metropolis,
Kaduna State, Nigeria (Ogbomon et al., 2018a). According to Fernandes et al. (2015), the
contamination of pasteurized milk with Campylobacter may be due to partial failure of
milk pasteurization. Globally, very little report was found on the prevalence of
Campylobacter in pasteurized milk. However, a study published by Taylor et al. (2013)
identified three outbreaks of Campylobacter infection from dairy products that were
associated with the consumption of pasteurized milk. Two of these outbreaks occurred in
correctional facilities, and one was associated with a school lunch program. Besides, the
odds of detecting Campylobacter in milk were 17 times greater (AOR=17, P=0.007) in
milk processing facilities that did not calibrate a pasteurizer on an annual basis. Nada et al.
(2012), Muresan et al. (2020), and Pierson (2012) showed improvement in the microbial
quality of pasteurized milk by implementing an HACCP system in a dairy plant. In addition
to this, having a separate refrigerator for milk storage reduced the odds of detecting
Campylobacter in retail (AOR=0.29, P=0.021). Marler's study in 2009 showed the
importance of proper handling and storage of milk to prevent contamination. Pasteurized
milk can also become contaminated if the equipment fails or if it does not reach the right

temperature for long enough (Marler, 2009).

The seasonal differences in the prevalence of Campylobacter infections are influenced by
a combination of climate, human behavior, and environmental factors. Studies have
indicated that temperature, sunshine, and rainfall are important factors that determine the
seasonality of Campylobacter infections. Of these, temperature has the greatest effect on
seasonality (Djennad et al., 2019, Louis et al., 2005). These findings suggest that the
seasonal differences in Campylobacter prevalence are driven by a complex interplay of
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climatic, behavioral, and environmental factors (Baali et al., 2020). In Ethiopia, the
prevalence of Campylobacter in milk and milk products did not differ significantly
between the wet and dry seasons (20% in the wet season vs. 16% in the dry season, p=0.27).
Similar results were reported by Salihu et al. (2010) who found no seasonal difference in
the prevalence of Campylobacter species in raw cow milk samples collected from different
locations in Sokoto State, Nigeria. However, in the Oromia region, the prevalence of
Campylobacter species was significantly higher in the wet season compared to the dry
season (5% vs. 19%; p=0.002). The result of this research was similar to Mahmood et al.
(2009 ) who showed the maximum prevalence of Campylobacter species in milk and milk
products during summer when analyzed in comparison with other seasons around the year.
Similar to our study, another study conducted in the Asante Akim North Municipality of
Ghana found that the frequency of Campylobacter was higher in the rainy season (22.2%)
than in the dry season (15.1%) (Paintsil et al., 2022b). Moreover, a study conducted in the
Nsukka agricultural zone, Nigeria, found that Campylobacter infection was more common
in rainy months (58.1%) than in dry months (47.3%), autumn (31.5%), and spring (27.5%)
(Njoga et al., 2019).

Furthermore, 43% of the tested isolates were resistant to more than two drugs from two
different classes. A similar result was reported by Hull et al. (2021) who found that 45%
of the Campylobacter species were resistant to more than two antibiotics (Hull et al., 2021).
The result of this study is similar to Zachariah et al. (2021 ) who found that Campylobacter
jejuni was resistant to more than five antibiotics used in the study, indicating a high degree
of multiple drug resistance including erythromycin and ciprofloxacin in Kenya. Also,
regardless of the sample size the phenotypic and genotypic resistance of Campylobacter
species was similar. For example, most of the tested Campylobacter species were resistant
to tetracycline (89%), followed by erythromycin (74%), and ciprofloxacin (57%). The most
common resistance mechanism of Campylobacter species to tetracycline is the ribosomal
protection protein (tetO), which is transferred as a plasmid-encoded gene (Abdi-Hachesoo
et al., 2014, Pratt and Korolik, 2005). Interestingly, Seventy-eight percent of the C. jejuni
and C. coli examined carried the tetracycline gene tet (O) (89%). The relationship between

the presence of Tet (0) and phenotypic resistance of tetracycline in our study is consistent
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with Benites et al. (2022), and Kleinubing et al. (2021) showed that 74 % and 70% of the
examined Campylobacter species tet(0) gene and resistance to tetracycline in Brazile and

Peru, respectively (Benites et al., 2022, Kleinubing et al., 2021).

Erythromycin and ciprofloxacin are both antibiotics that have been used to treat
Campylobacteriosis (Wieczorek and Osek, 2013). The 50S_L22_A103V gene is a
modification of the 50S ribosomal subunit that has been associated with erythromycin
resistance in Campylobacter (Tedersoo et al., 2022a). In our study, the presence of the
50S_L22_A103V gene in all C. jejuni in our study makes it fascinating and important.
Additionally, the presence of the 50S_L22_ A103V gene (78%) is also consistent with the
phenotypic resistance to erythromycin (74%). A higher result was reported by Sithole et
al. (2021) found that Campylobacter isolates from pigs displayed high levels of resistance
to erythromycin (96.7%) in South Africa (Sithole et al., 2021). A lower phenotypic
resistance of Campylobacter jejuni to erythromycin was reported by Papadopoulos et al.
(2021) and Marotta et al. (2019) who reported 3.7% and 2.94% in Turkey and lItaly,

respectively.

In addition, the phenotypic analysis of this study showed that 57% of Campylobacter
species were ciprofloxacin-resistant. This result is in line with the existence of the gyrA
gene, which is responsible for Campylobacter's ciprofloxacin resistance. The gyrA gene is
a quinolone resistance-determining region that codes for the 'A' subunit of the enzyme
DNA gyrase, which confers a decreased sensitivity to fluoroguinolones (Frasao et al., 2015,
Aksomaitiene et al., 2020). The prevalence of phenotypic resistance to ciprofloxacin is
consistent with Eryildiz et al. (2022) who reported 74% of Campylobacter isolates were
resistant to ciprofloxacin in Turkey. A much higher result was reported by Yan et al.
(2023), Portes et al. (2023), and Aleksic¢ et al. (2021) who reported 93.35, 91%, and 74 of
Campylobacter were phenotypically resistant to ciprofloxacin in South Africa, Lithuania,
and China. A study on antimicrobial resistance in Campylobacter speciesfound that the
prevalence of ciprofloxacin resistance in Campylobacter jejuni from humans in sub-
Saharan Africa was 3.7% which was much lower than this result (Griggs et al., 2005).
Finally, we showed that 90 % of Campylobacter species carry blaOXA- 605 gene
relationship with ampicillin resistance. Similarly, of all ampicillin-resistant Campylobacter
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isolates tested, 91% carried the blaOXA-61 gene (Zeng et al.,, 2014). However,
Campylobacter is intrinsically resistant to ampicillin due to the lack of a penicillin-binding
protein (Hazards et al., 2021).

6.1. Genomic diversity of Campylobacter species

This study showed that four sequence types were found in Ethiopia’s dairy value chain,
these are C. jejuni ST 51, C. jejuni ST 2084, C. coli ST 1628, and C. coli ST 830. Among
these sequence types, C. jejuni 51 was found all over the world. Similar data was reported
in Poland, Germany, and Croatia (Fiedoruk et al., 2019, Soprek et al., 2022, Parker et al.,
2021). Fiedoruk et al. (2019) reported that C. jejuni ST 51 is ranked among the top 10 STs
detected across Europe. Additionally, C. coli ST 830 was found in the Ethiopian dairy
value chain; this sequence type was reported by Gripp et al. (2011) and Asakura et al.
(2019) who detected detections in animals, food, and human feces in Germany and Japan,
respectively (Asakura et al., 2019, Gripp et al., 2011). ST 830 was also discovered in
chicken meat by Habib et al. (2023) in the United Arab Emirates (Habib et al., 2023) and
Guk et al. (2021) in South Korea reported finding this ST in swine feces (Guk et al., 2021).
However, there is no published report on the prevalence of C. jejuni ST 2084 and C. coli
ST 1628. Therefore, this ST is an uncommon Campylobacter Sequence type in the world.

6.2. Virulence genes present in Campylobacter species

Campylobacter is a foodborne pathogen that causes campylobacteriosis, which can range
from mild symptoms to fatal iliness. Adhesion and invasion are important virulence factors
for colonizing the host's intestinal cells (Zhang et al., 2020). Various virulence factors of
Campylobacter play a crucial role in pathogenesis, such as the chemotactically controlled
cellular motility, bacterial adhesion, invasion into the host cell, and toxin formation
(Kreling et al., 2020). This study showed that genes responsible for motility, adhesion, and
invasion were identified in the genome of Campylobacter species. Of this, Cytolethal
Distending Toxin (CDT) is produced by three nearby genes called cdtA, cdtB, and cdtC
(Bang et al., 2003). The cdtABC was detected in 100% of the isolates tested in this study,
which is consistent with previous reports by Redondo et al. (2019), Wieczorek et al. (2018),
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and Wysok et al. (2015) who showed cdt gene cluster is common in Campylobacter species
isolated from humans (Redondo et al., 2019), poultry (Wieczorek et al., 2018), and cattle
and swine isolates (Wysok et al., 2015). Overall, the presence of virulence factors like
capsular-related genes, flagellar genes, invasive genes, adhesive genes, and CDT genes in

Campylobacter species suggests their potential to cause disease in humans and animals.

In conclusion, this research showed that 12 % of Ethiopian dairy products were
contaminated with Campylobacter species, mainly C. jejuni. The contamination of raw
milk, pasteurized milk, and cottage cheese was seen in three regions of Ethiopia (Oromia,
Amhara, And SNNP). The detection of Campylobacter species in dairy products showed
the need for Hygienic raw milk and cottage cheese production and improved manufacturing
of pasteurized milk to ensure the safety of dairy products in Ethiopia. Additionally, we
discovered that the majority of the Campylobacter species were resistant to ciprofloxacin
and erythromycin. These results call for increased surveillance and the creation of
resistance mitigation plans to safeguard the general public's health. Additionally, the
diversity, virulence profiles, and antibiotic resistance resulting from mutations of
Campylobacter species studied in this research can help create strategies for tracing disease
outbreaks and managing and treating Campylobacter-related disorders. This helps to

improve the safety of dairy products in Ethiopia and protect public health.
Based on the above-concluding remarks, the following recommendations are forwarded:

» Aresponsible body in the Ethiopian milk and milk product value chain should be
aware of the source of contamination of milk, pasteurized milk, and cottage cheese
and should provide training at regional and national levels at each value chain.

» The regulatory body should control the calibration of the milk processor at the
regional and national levels to ensure the safety of pasteurized milk for the
consumer.

» It is important to inform the public about the health risks linked with

Campylobacter species and to urge them not to consume raw milk.
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» Encouraging appropriate antibiotic use in both human medicine and agriculture
can help in reducing the development and spread of antibiotic resistance in
Campylobacter

» Finally, a comprehensive study of Campylobacter from environment and clinical
isolates should involve investigating different reservoirs, comparing clinical and
environmental isolates, and using DNA sequence-based methods for controlling
Campylobacter infection.

> Due to increasing resistance rates, it is crucial to avoid using fluoroquinolones

antibiotics that may not be effective against Campylobacter strains

You found significant level of drug resistance in these isolates? What will be your

recommendation regarding treatment options?
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ANNEX

Annex 1: Questionnaire to be filled by milk producers/ farmers, milk collectors, milk

processors, and cottage cheese producers and retailers (Sections A to D)

Addis Ababa University
Institute of Biotechnology
General Information and Consent

Dear respondent, good morning/Good afternoon. Thank you for your interest in talking
with me today. | am Mr. Abera Admasie. | am a Ph.D. student at Addis Ababa University
conducting a study to assess practices that can be risk factors for raw milk quality and
safety at the collectors level. The purpose of my visit today is to collect information from
you on the aforementioned issue. This study will be conducted in four regions (Oromia,
Ambhara, and SNNP) of Ethiopia, across all the milk value chain actors. The general
conclusions of the study may be used to help formulate government policy
recommendations for improving dairy production and the safety and protection of human
health in the country. If you are willing to participate in the study, | will ask you a few
questions for 20-30 minutes. Your name will be confidential and will never be used in
connection with any of your information. You do not have to answer any question that you
are not comfortable with, and you may end this task any time you want to. However, your
honest answers to these questions will help us in a better understanding of the safety of
milk and dairy products and will eventually help in designing and implementing
appropriate interventions to alleviate related problems. Hence, we greatly appreciate it if

you would be willing to participate in the

Are you willing to participate in the study?

O Yes O No
Section A: Preliminary information
1) Name of interviewer
2) Date and time

3) Collection center code number

4) Region

148



O Oromia O SNNP O Amhara
5) Town/District/Zone__

O Selale O Debre Berhan O Hawassa

O Wolmera O Debre Markos O Dilla

O Debrezeit O Bahir Dar O Yirgalem

O Assela O Gonder O Woliyta
5) Site/ Woreda/ Kebeles

6) Record your current location/ GPS coordinates’

Latitude (X.Y °)
Longitude (X.Y °)
Altitude (M)
Accuracy (M)

o w >

Section B: Transportation and collection center conditions (milk collection and
transportation system infrastructure, equipment, and milk cooling and storage)
1. Do they maintain the temperature during?

O No O Yes
2. Do you filter milk upon reception?

O No O Yes

3. What do you use for filtration?

O Piece of cloth O Plastic filter O Wire meshes

4. Have a cooling system to preserve your milk?

O No O Yes
5. What does the collection house look like?

O Concrete floor O Soil floor

6. What is your primary supply of washing water?

O Groundwater O Tap water
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7. What type of Milk Handling Equipment do you use?

7.1. Plastic containers

O No O Yes

7.2. Aluminum cans

O No O Yes

7.3. Mazzi cans

O No O Yes
8. What kind of cleaning do they use?
8.1. Water only

O No O Yes

8.2. Cold water and soap/detergent

O No O Yes

8.3. Warm water and soap/detergent

O No O Yes
9. How is the milk handling Equipment stored
9.1. Upright and open

O No O Yes
9.2. Upright but covered

O No O Yes

9.3. Upside down in contact with the ground

O No O Yes
9.4. Upside down on the shelf

O No O Yes

Section C: Milking equipment storage, cooling, and transportation in milk producers

1. What does a milking house look like?

O Concrete floor barn O Soil floor barn
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2. Observation: How is the hygienic condition of the cattle barn?

O Good O Poor

3. A major source of water for washing
O Groundwater O Rainwater O Tap water

O Pump water O River water
4. Do you wash the udder and teats of the cows?

O No O Yes
5. What do you use to wash udder and teats?

O Cold water O Warm water
6. Do you dry the washed udder and teats by using a dry cloth

O No O Yes

7. Did your cows ever face mastitis?

O No O Yes
8. Do you filter after milking?

O No O Yes

9. What do you use for filtration?

O Piece of cloth O Plastic filter O Wire mesh
10. What type of milk handling equipment do you majorly use for milk handling?

O Aluminum cans O Mazzi can O Plastic containers
11. Do you have a refrigerator as a cooling mechanism to store until sale?

O No O Yes
Section D: Knowledge gap assessment of the processing plant and milk reception and
pre-pasteurization conditions at the processing plant (food safety training, milk
quality test, and hygienic condition of the processing facility).

1. Did you attend basic food safety training?

O No O Yes
2. Is the storage area free of trash?

O No O Yes
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3. What is the source of water for washing?

O Groundwater O Tap water

4. Do you restrict milk handlers who are with illnesses and infections in factories

O No O Yes
5. Do you apply a cleaning-in-place (CIP) system during milk processing?
O No O Yes

6. Do you dismantle and clean the processing lines during milk processing?

O No O Yes
7. Do you calibrate your system to ensure the efficiency of the pasteurization?

O No O Yes

8. Do you have a mechanism to check the efficiency of pasteurization?

O No O Yes
9. What do you use to check the efficiency of pasteurization?

a. Phosphatase test

O No O Yes
b. Microbiological test

O No O Yes
10. Do you have a cold chain transportation system

O No O Yes
Section E: Storage conditions level, training, and transportation at the milk retail

1. Have you attended any training related to food safety and milk handling?

O No O Yes
2. What do they use as a means of transportation of milk?

O Cold trucks O Four-wheel drives
3. Do they maintain the temperature during milk transportation

O No O Yes
4. What do you use to maintain the temperature of the pasteurized milk?

O Refrigerator O Deep freezers
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5. Do you have a separate refrigerator to store the pasteurized milk?

O No O Yes
Annex 2: Composition and preparation of media and standard operating procedure for

detection of Campylobacter spp.

Equipment and materials

Autoclave or sterilization equipment Filters

Sterile loops 10 pl Cotton swabs
Sterile cylinders 225 or 500 ml Anaerobic jars
Pipettor 20-200 pl Autoclavable
Pipettor 100-1000 pl Weigh boats
Sterile pipette tips 1000 pl A heating block

Sterile pipette tips 200 pl Microcentrifuge tubes 1.5 ml

© 0O 0O o 0O 0o O O

Sterile serological pipettes 25 ml PCR tubes
Serological pipette controller

Petri dishes

Refrigerator

Vortex

Stomacher

Scale

Filter stomacher bags

Sterile universal 9 ml tubes

2 ml cryovials or cryobeads

Biosafety autoclave bags

O o0 o o oo oo oo 0o o oo o o o o o

Autoclave tape
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1.

Preston broth preparation and Primary enrichment (food samples):

Procedure:

a)

b)

d)

f)

The enrichment medium was taken out of the fridge at least one hour before use
to adjust its temperature to room temperature (this will reduce the stress on
potentially injured cells).

A 10 ml +/- 0.1 ml (for liquid samples) or 10 g +/- 0.1 g (for solid samples) of
a food sample was aseptically measured and placed into a sterile
homogenization bag with a filter. Use a sterile serological pipette or a sterile
spoon to transfer samples, respectively.

A 10 ml or gm of food sample was added in 90 ml of Preston broth and mixed
until fully dispersed by hand massaging, mixing in the bottle, or using a
stomacher. Liquid milk and soft cheeses require shorter homogenization time
(e.g., 10 s) compared to hard cheeses and meat (e.g., 30 s — 60 s).

Six enrichment bags were placed into an anaerobic jar (V = 7 ) and replaced
the normal atmosphere with a microaerobic atmosphere by

Two microaerobic gas packs were placed inside the anaerobic jar and
immediately closed the lid

The jar was placed in an incubator and incubated at 41.501C for 24 hrs +/- 2 hb.

2. mCCDA media preparation and Plating onto selective agar:

a)

b)

d)

The modified Charcoal Cefoperazone Deoxycholate agar (NCCDA) was taken
out of the fridge at least one hour before use to adjust to room temperature.

A 10 ul loop of the enrichment was Aseptically transferred onto an mCCDA
plate and streak for colony isolation.

Positive and negative control cultures Streaked parallelly to aid in the
identification of putative Campylobacter colonies after incubation. A
Campylobacter jejuni-type strain ATCC 33560 may be used as a positive
control. Enterococcus faecalis WDCM 00087 may be used as a negative control.
The agar plates were inoculated and placed in an anaerobic jar and replaced the
air with a microaerobic atmosphere as outlined in the enrichment section.

The inoculated mMCCDA was incubated at 41.50C for 44 +/- 4hrs.
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3. Selection of putative Campylobacter colonies:

O Pick two typical colonies and perform a PCR confirmation.

Isolation:

For presumptive positive isolation:

a) The same colony was used for Gram staining using an isolation needle and
streak onto BHI, MHB

b) Incubated in microaerobic conditions at 37 + 2.0° C for 44 + 4 hours.

Annex 3: Molecular identification of Campylobacter species

DNA extraction

a)
b)
c)

d)

9)
h)

)

K)

The thermal block was heated or a water bath to 95 — 100 °C.

A 100 pl of nuclease-free water was pipated in a microcentrifuge tube.

Touch a single colony with a 10 ul loop (collect just enough biomass to be able to
see it with the naked eye; avoid using the whole colony).

Resuspend the biomass in nuclease-free water by swirling the loop in a tube 10
times.

Vortex the tube for 30 seconds.

Place the tube in a heated thermal block or a water bath (avoid cross-contamination
from water by drying the tubes before opening them) and incubate for 10 min.
Cool down the tube for 2 min at ambient temperature.

Centrifuge the tube in a mini centrifuge at the highest speed for 5 min.

Transfer 50 ul of the supernatant to a fresh tube (carefully avoid the pellet).

Store the supernatant with extracted DNA at -20 °C for as long as needed. PCR
confirmation may be done at a later time.

Use up to 5 ul of the collected supernatant per 50 pl PCR reaction or up to 2 ul per
20 pl reaction.

PCR techniques

PCR mix per one 25 pl PCR reaction:

a)

12 pl of Promega GoTaq Green Master mix
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K)
1)

0.125 pl of 100 uM working solution of C. jejuni F primer

0.125 pl of 100 uM working solution of C. jejuni R primer

0.25 pl of 100 uM working solution of C. coli F primer

0.25 pl of 100 uM working solution of C. coli R primer

0.05 pl of 100 uM working solution of 23S rRNA F primer

0.05 pul of 100 uM working solution of 23S rRNA R primer

0.125 pl of 100 uM working solution of C. lari F primer (optional)
0.125 pl of 100 uM working solution of C. lari R primer (optional)
0.25 pul of 100 uM working solution of C. fetus F primer (optional)
0.25 pl of 100 uM working solution of C. fetus R primer (optional)
0.5 ul of 100 uM working solution of C. upsaliensis F primer (optional)

m) 0.5 ul of 100 uM working solution of C. upsaliensis R primer (optional)

n)

2.5 9.65 pl of nuclease-free water (if using only CJ, CC, and 23S primers)+ 2.5 pl
DNA template

PCR thermal cycling conditions

a)

b)

Initial denaturation step at 95°C for 6 min followed by 30 cycles of amplification
(denaturation at 95°C for 0.5 min, annealing at 59°C for 0.5 min, and extension at
72°C for 0.5 min), ending with a final extension at 72°C for 7 min.

Include a positive control (DNA extracted from C. jejuni ATCC 33560) and a
negative control (nuclease-free water) in each PCR run.

Annex 4: TAE buffer preparation and gel electrophoresis

b)

a) TAE buffer (50 x, 0.04 M, pH 8.5) Preparation

Prepare 600 mL of dH20 in a suitable container. Add 242 g of Tris-free base to the
solution. Add 18.61 g of Disodium EDTA to the solution. Add 57.1 g of Glacial
Acetic Acid to the solution. Adjust the pH to 8.5 using 1 M NaOH. Add distilled
water until volume is 1 L. Store the 50 x stock solution in the fridge.

Use 1 x TAE buffer for running gel electrophoresis and preparation of the gel.
Change the buffer in gel electrophoresis once a week or as soon as you see
impurities floating in the chamber.

Prepare 1.5 % agarose gel
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d)

9)

Small gel (50 ml): Mix 0.75 g of agarose with 50 ml of 1 x TAE buffer in a glass
flask.

Medium gel (100 ml): Mix 1.5 g of agarose with 100 ml of 1 x TAE buffer in a
glass flask.

Close the flask (not tightly, to allow for the steam release), lightly swirl the
suspension, and microwave for 30 s, carefully swirl the flask (wear the heat-
protective gloves), microwave for another 30 s, and carefully swirl again (wear the
heat-protective gloves) and microwave for another 15 s. There should be no visible
particles of agarose floating in the suspension prior; if there are some, continue
boiling the suspension.

Let the gel cool down for ~3 min and then pour in the cast with the well comb placed
into the comb holders. Let the gel solidify for 30 min (may differ depending on size)

before transferring into the electrophoresis chamber.

2. Running gel electrophoresis

a)
b)

c)

d)

f)

Fill most of the tank with 1X TAE buffer.

Set the gel (with the holder) in the tank and finish filling the tank with 1X TAE so
that the wells of the gel are covered with a thin layer of TAE and appear translucent.
Load the gel with your samples (5-10 pL should be sufficient for each well),
controls, and a 100 bp DNA ladder, and run the gel electrophoresis for 40 min at
100 V (small gel) or 40 min at 150 V (medium gel). Always run the samples in the
gel from negative to positive as the DNA in the wells is negatively charged and will
migrate toward the positively charged end.

Check to make sure the electrophoresis is running by ensuring the electrodes are
producing bubbles.

Prevent overheating of the buffer when running multiple runs one after another by
either cooling down the buffer in the chamber or adding a cold buffer.

Stain the gel with gel red for 20 minutes rinse in DI water for 25 minutes (or follow
a different staining protocol) and image the gel. Save the image in a file that contains

the information about the experiment, the date, and the initials of the researcher.

Annex 5: Cryopreservation of isolates
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Prepare cryo-preservation medium by mixing 80 ml sterile BHI and 20 ml

sterile glycerol. Aliquot 1 ml of the cryo-preservation medium in cryo tubes.

Select an isolated colony from BHI and transfer it to a 10 ml BHI tube for

cryopreservation.
Incubate for 37 °C for 44 +/- 4 h.
Using a cotton swab, make a lawn on a BHI (or another appropriate agar) plate.

Incubate for 37 + 2°C for 44 +/- 4 h. Harvest half of the plate’s lawn using a
sterile loop and transfer the growth into a cryo-bead tube (the other half of the
lawn will be used to make a duplicate cryo-bead) or cryotube containing cryo-

preservation medium.

Twirl loop to disperse the organisms and lightly vortex if the pellet does not

resuspend.

For best long-term results, store inoculated vial at -70°C. Storage at -20°C is

not acceptable due to poor survivability of Campylobacter.

Annex 6: Isolate storage and maintenance

a) For short-term (no longer than 2 weeks) storage, inoculate a nutrient agar slant,

b)

incubate at 35 £ 2°C overnight, and then store at 2-8°C in an anaerobic jar and
microaerobic atmosphere. For long-term storage, lyophilize cultures or freeze at <
-70°C using cryo-beads (i.e. CryostorTM or equivalent) or cryo vials without beads.
Maintain “working" Campylobacter stock cultures on nutrient agar slants or
equivalent (e.g., brain heart infusion agar (BHI) or Mueller Hinton agar . Transfer
stocks biweekly onto duplicate nutrient agar slants, incubate for 44 h +/- 4 h at 37
+ 2°C and then maintain them at 2-8°C in microaerobic conditions. Use one of the
slants as the working culture. Use the other slant for sub-culturing to reduce the

opportunity for contamination.

Annex 7: Descriptions of Preston broth and mCCDA agar

a) Preston broth (e.g., Oxoid, Nutrient broth No. 2; 500 g/bottle; OXCMO0067B)
b) Preston broth supplement (e.g., Oxoid, Modified Preston Campylobacter

supplement; 10/pack; OXSR0204E)
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c)

d)

Modified charcoal cefoperazone deoxycholate agar (NMCCDA) (e.g., Oxoid; Blood-
free Campylobacter selective agar; 500 g/bottle; OXCMO0739B)

mCCDA supplement (e.g., Oxoid; CCDA selective supplement; 10/pack;
OXSRO0155E)

Annex 8: Antimicrobial susceptibility testing Campylobacter species

a)

b)

9)

The test was performed for each isolate on Mueller-Hinton agar (OXOID, England)
supplemented with 5% horse blood (Hardy Diagnostics, 10052-808).
Approximately 20 ml of medium was poured into 90 mm diameter sterile Petri
dishes.

Isolates were grown in a brain heart infusion broth (OXOID, England) at 37°C for
24 h in microaerobic conditions (CampyGen, Oxoid, AGS).

Isolates were then inoculated on Mueller-Hinton agar in the form of a lawn using
sterile cotton swabs.

Campylobacter isolates were tested for susceptibility to the following 3 antibiotics:
ciprofloxacin (30 wug), tetracycline (30 ug), erythromycin (10 ug) (OXOID,
England) according to guideline M45:ED3 of the Clinical Laboratory Standards
Institute (CLSI-M45-Ed3, 2016).

Antibiotic discs were deposited on the surface of inoculated cultures on MHA and
incubated at 41.5°C for 24 hrs.

The diameters of the zones of inhibition were recorded to the nearest mm and
classified as resistant, intermediate, or susceptible according to guidelines set by the

Clinical Laboratory Standards Institute

Annex 9: Methods for species-specific Campylobacter whole genome sequencing

For whole-genome sequencing of Campylobacter isolates, the following steps were

performed:

a)

b)

DNA extraction: DNA extraction was performed using the QIAcube Connect
instrument with the DNeasy Blood and Tissue kit, and the DNA was quantified
using the Qubit 4 Fluorometer.

Library preparation: Library preparation was carried out using the Illumina DNA

Prep kit, and Nextera DNA CD indexes were used for sample indexing.
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9)

h)

)

K)

1)

Sequencing: The paired-end sequencing run was conducted on an Illumina MiSeq
instrument, utilizing a v3 600-cycle cartridge.

Quality control: Quality of raw sequencing reads was performed using FastQC.
Trimmomatic was used to remove low-quality bases and adapters with default
settings.

Genome assembly: The resulting trimmed sequences were then assembled using
Skesa, and genome assembly quality was assessed with Quast.

MLST: SkesaMLST was applied to determine multi-locus sequence types (MLST
STs).

Taxonomic identification: GTDB-Tk (V2.1.0) with the reference database version
R207_v2 was used for genome-based taxonomic identification.

Annotation: The annotation of the 18 Campylobacter genomes was performed using
Prokka.

Pan-genome analysis: Roary was used to calculate the pan-genome.

SNP analysis: High-quality single nucleotide polymorphisms (SNPs) were detected
using the CFSAN SNP pipeline on the GalaxyTrakr platform and used to construct
a maximum likelihood phylogenetic tree using IQ-TREE.

Virulence and antimicrobial resistance gene detection: ABRicate with default
settings was used to detect the presence of virulence factor genes and antimicrobial
resistance genes in the studied isolates by utilizing the Virulence Factor Database
(VFDB) and the NCBI Bacterial Resistance Reference Gene Database,
respectively. Amrfinderplus_db NCBI was used to detect gyrA and
50S_L22 A103V mutations.

Plasmid detection: Staramr was used to detect the presence of plasmids.

m) Pathogen detection: The pathogen detection database was searched to find the

n)

arsenic resistance.
Comparison: Isolates studied here were submitted to the NCBI Pathogen Detection
database to allow for the genomic similarity comparison with the Campylobacter

isolates available in the database

Annex 10: Selected pictures while sample collection and performing laboratory

analysis
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Figure 5: Sample storage at a collection Figure 6: Milk processing machine at milk

center at Yirgalem (SNNP) collection center at Yirgalem

Figure 7: Interview laboratory personnel  Figure 8: Observing the sanitation of concrete floors at
at a milk processor in Hawassa Hawassa

Figure 9: Site observation during Figure 10: Primary enrichment with Preston
transporting of pasteurized milk broth
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Figure 15: During gel preparation Figure 16: During running gel electrophoresis

Figure 17: Campylobacter jejuni colonies

Annex 11: Ethical approval and clearance for this study from Addis Ababa University
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