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ABSTRACT
Bovine mastitis is one of the most important global diseases of cattle in which it adversely affects
animal and human health, quality and quantity of milk, and the economics of almost every country.
Despite the global challenge of bovine mastitis, studies on prevalence, bacterial diversity of
mastitis-causing pathogens, risk factors and antibiotic resistance profiles of the isolate in dairy
cows in Kenya remain limited. This cross-sectional study was undertaken in Embu and Kajiado
counties of Kenya with the following objectives; (1) To determine the prevalence of clinical and
subclinical mastitis in dairy cows, (2) To isolate and characterize the bacterial communities from
clinical and subclinical mastitic cow milk using culture and 16S rRNA metagenomics analysis, (3)
To establish the phenotypic and genotypic antimicrobial susceptibility profiles of the isolates (4)
To determine the risk factors associated with subclinical mastitis in dairy cows. The study was
conducted among 395 randomly selected dairy cows from 154 smallholder farms. In each of the
farms, a semi-structured questionnaire was used to collect data on mastitis management practices
and cow level risk factors associated with mastitis. A total of 1574 milk samples were aseptically
collected from each mammary quarter of the 395 cows. Six quarters were blocked and hence did
not produce any milk. The milk was initially checked for clinical mastitis and screened for
subclinical mastitis using the California Mastitis Test (CMT) before being analyzed for bacterial
infection using standard bacterial culture methods. Sixty-six (66) mastitic milk samples based on
their culture results were selected and further analyzed using 16S rRNA metagenomics analysis to
further understand their bacterial diversity. Additionally, phenotypic antimicrobial susceptibility
profiles for Staphylococcus species (n=183), Streptococcus species (n=22) Escherichia coli (n=12),

and Pseudomonas aeruginosa (n=19) were determined against 10 antimicrobial drugs using the
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disc diffusion method. Investigation of seven resistance genes to the various antimicrobial drugs
was further done on the 183 Staphylococcus isolates using polymerase chain reaction (PCR)
amplification and partial sequencing.

Overall, the farm-level, cow-level and quarter-level prevalence of mastitis were at 76.6%
(118/154), 80.0% (316/395) and 67.8% (1068/1574) respectively. Of the mastitic cows, 8.5%
(27/316) were clinical and 91.4% (289/316) had subclinical mastitis. On culture, eight genera of
bacteria were identified where Coagulase-negative Staphylococcus (CNS) at 42.8% (435/1016)
were the most prevalent bacteria. Twenty percent, (217/1068) of the mastitic milk samples yielded
no bacterial growth on aerobic culture-based methods. Failure to milk mastitic cow last (p=0.04)
and previous history of mastitis (p=0.03) were significantly associated with subclinical mastitis.
Alpha and beta diversity comparison showed that there were no significant differences in bacterial
number and diversities in mastitic milk from quarters based on the region, clinical/subclinical status
and culture growth status. Genera level analysis using 16S rRNA metagenomics analysis revealed
that 11 genera dominated by Pseudomonas (2.6%-83.8%) were shared among the three categories.
An increased relative abundance of some phyla and genera which could not be identified using
standard culture methods such as Chlamydiae, Mycoplasma and Solibacillus in culture-negative

mastitic milk were also reported.

Overall, antimicrobial resistance (AMR) among the staphylococci ranged between 3.5% (8/183)
for fluoroquinolones and 66.1% (121/183) for ampicillin. Strikingly, 25.0% (23/91) of S. aureus
and 10.8% (10/92) of the Coagulase-negative Staphylococcus (CNS) isolates, were methicillin-
resistant staphylococci (MRS) phenotypically. Among the Streptococcus species AMR ranged
between 31.8% (7/22) for ampicillin and zero for fluoroquinolones, E. coli showed the highest
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phenotypic resistance to ampicillin at 75.0% (9/12) while no resistance to fluoroguinolones.
Pseudomonas aeruginosa showed the highest phenotypic resistance in cefaclor 89.5% (17/19)
while lower resistance was reported in ciprofloxacin 5.3% (1/19). Unexpectedly 13.6% (3/22)
vancomycin-resistant streptococci and 21.0% (4/19) carbapenem-resistant P. aeruginosa isolates
were reported in this study. Higher multidrug resistance (MDR) was present in 66.0% (8/12),
78.9% (15/19) of the E. coli and P. aeruginosa isolates respectively. The most common
antimicrobial resistant genes in S. aureus and CNS was blaZ at 44.3% (35/79) and 75.3% (55/73)
respectively. This study shows a high prevalence of subclinical mastitis both at the farm and animal
levels. Both the clinical and subclinical mastitis were predominantly associated with Coagulase-
negative Staphylococcus and Pseudomonas species based on culture and 16S rRNA metagenomics
analysis respectively. There was an increased relative abundance of some bacterial phyla and
genera which could not be identified using standard culture-based methods in culture-negative
mastitic milk implying the usefulness of using more sensitive techniques in the diagnosis of
mastitis. There is a need to improve on management of the dairy farms through culling of cows
with a previous history of mastitis, use of individual udder drying towels, and milking mastitic
cows last as control measures for mastitis. The bacterial isolates revealed high resistance to beta-
lactams with high blaZ genes being detected in staphylococci signifying a public health concern
and a challenge to bovine mastitis therapy hence the need to prevent the emergence and control the
spread of AMR in dairy farms. This is the first study to report on the presence, methicillin-resistant
Coagulase-negative Staphylococcus, carbapenem-resistant P. aeruginosa and vancomycin-
resistant Streptococcus in cow mastitic milk from Kenyan dairy farms and therefore further

monitoring is recommended.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 Background information

The dairy industry is an important sub-sector and forms an integral part of Kenya's agricultural
production system (Omore et al., 1999). This fast-rising sub-sector contributes 44% of the livestock
Gross Domestic Product (GDP), 14% agricultural GDP, and 4% of the country's GDP (FAOQ, 2011).
Apart from producing 80% of the milk consumed in Kenya, this industry forms a pivotal livelihood
for about 2.6 million small-scale farmers (FAO, 2011). Currently, the total dairy cattle population
in Kenya is estimated at 4.5 million, which produces about 5.2 billion liters of milk annually
(KNBS, 2019). Nevertheless, milk production from these animals is significantly below the
national demand for milk and milk products (KIHBS, 2018). Moreover, the Kenyan human
population, which presently stands at 47.5 million, is projected to double by 2050 (KNBS, 2019,
UNFPA, 2020). As a consequence, the demand for milk and dairy products will exponentially
increase (FAO, 2017). Further, this industry presents a huge opportunity for improved health,
nutrition, and job creation, if it is fully optimized (FAO, 2011). However, the full potential of this
industry is yet to be achieved; this is due to several factors which include: the high cost of
production, poor access to quality inputs and services, environmental degradation, climate change
impacts, and diseases such as mastitis, which is a significant contributor (Rademaker et al., 2016,

Maina et al., 2019)

Bovine mastitis defined as inflammation of the mammary gland is arguably one of the most critical
diseases in the dairy industry globally with high economic and public health impacts (Beni¢ et al.,

2012, Abebe et al., 2016). Mastitis has significant adverse effects on milk production, animal



health, welfare, and food security (Vakkaméki et al., 2017). The economic losses due to mastitis
are high worldwide (Nielsen, 2009). Although economic estimates in African countries, including
Kenya are sparsely documented, studies in developed countries have estimated losses due to the
disease at USD 1.7-2 billion annually (Nielsen, 2009, Liang et al., 2017). The financial losses
occur through reduced milk quality and quantity, increased treatment cost, culling, and even death
of the animal (Jamali et al., 2018, Romero et al., 2018). In the African context, two studies one in
South Africa and another one in Ethiopia estimate the cost of losses due to subclinical mastitis to
be USD 78 and USD 38 respectively for each cow per lactation (Mungube et al., 2005, Man'ombe,
2014). However, Mungube et al. (2005) study in Ethiopia only quantified economic losses caused
by reduced milk volumes during subclinical infection and therefore it underestimated the total cost
of mastitis in the region. The economic impact of mastitis has been shown to vary between farms
and herds and therefore it should be calculated at the farm or herd level especially in small and

medium-scale farmers in developing countries (Romero et al., 2018).

In addition, there is strong scientific evidence that mastitic milk acts as a reservoir of potentially
zoonotic multidrug-resistant bacteria (Oliver & Murinda, 2012, Smith, 2015). The possibility of
these strains of bacteria especially from subclinical mastitis entering the food chain and the
resulting public health consequences are enormous and call for urgency in the intervention (Verraes
et al., 2014, Tilahun & Aylate, 2015). These consequences include severe zoonotic untreatable
infections, high cost of treatment, increased deaths, reduced livelihoods, and food insecurity

(WHO, 2015, FAO, 2016). In Kenya, however, extensive information on the prevalence and



distribution of these key mastitis causative bacteria is limited even though nearly 36% of milk

produced is consumed raw (FAQO, 2004, Njarui et al., 2011).

Mastitis is the foremost reason for antimicrobial use in dairy cows (Saini et al., 2012). It is
estimated that treatment and prevention of mastitis make up to 86% of antibiotics used in dairy
cows (Oliver & Murinda, 2012, Sharma et al., 2018). Studies have consistently indicated that
overuse and misuse of antibiotics in food animals has significantly contributed to the evolution and
development of superbugs/multidrug-resistant strains transferable to humans (Schmidt et al., 2015,

Sharma et al., 2018).

Indeed, a recent report projected that the use of antimicrobials in food animals has nearly tripled
that of humans, with a higher increase of the use in developing countries including Kenya which
was listed as a new hot spot for antibiotic resistance (AMR) (Sriram et al., 2021). This increase in
antibiotic use in food animals is driven by the fast-growing demand for animal proteins to feed the
growing population in these regions (Sharma et al., 2018). Global trends projects AMR as a global
pandemic accounting for over 700,000 deaths worldwide per year (WHO, 2019). Therefore, a
multidisciplinary One Health approach is necessary to prevent and control further emergence and

spread of antibiotics resistance bacterial infections (WHO, 2019).

Further, evidence is accumulating that the routine culture method, which is the gold standard for
the diagnosis of mastitis is inadequate (Oikonomou et al., 2012, Kuehn et al., 2013). About 10%-

40% of mastitis cases remain culture-negative in routine culture assays (Kuehn et al., 2013).



Several reasons for non-growths in mastitic milk have been highlighted which include, non-
bacterial causative agents, low bacterial load in time of culture, or inability to culture the bacteria
due to limitation of media or growth requirements (Kuehn et al., 2013, Oikonomou et al., 2014 ).
These limitations have prompted the use of culture-independent techniques such as metagenomics
analysis which has recently provided more insights into the bacterial diversity of mastitic milk,

consequently improving intervention strategies (Kuehn et al., 2013, Bhanderi et al., 2014).

Metagenomics analysis which involves the analysis of genes contained in an uncultured sample
has enabled researchers to genetically characterize and study the microbial population in culture-
negative clinical mastitis cases in a culture-independent manner (Oikonomou et al., 2020). This
new and thriving field is likely to solve problems and create new knowledge in the world of
diagnostics (Garrido-Cardenas & Manzano-Agugliaro, 2017). However, such studies are lacking
in Africa, including Kenya (Motaung et al., 2017). This study is therefore aimed at investigating
the prevalence of clinical and subclinical mastitis and associated risk factors, bacterial diversity of
mastitis-causing pathogens, and antimicrobial resistance (AMR) profiles of the isolates in dairy
cows in Embu and Kajiado Counties in order to improve mastitis therapy and control emergence

and the spread of AMR in Kenya.



1.2  Objectives

1.2.1 Overall objectives

The overall objective was to investigate the prevalence, bacterial diversity of mastitic milk,
associated risk factors, and Antimicrobial resistance (AMR) of the isolates in dairy cows in Embu
and Kajiado Counties, Kenya.

Specific objectives

1. To determine the prevalence of clinical and subclinical mastitis in dairy cows in Embu and
Kajiado Counties, Kenya.

2. To isolate and characterize the bacterial communities from clinical and subclinical mastitic
cow milk using culture and 16S rRNA metagenomics analysis in Embu and Kajiado Counties,
Kenya.

3. To establish the phenotypic and genotypic antimicrobial susceptibility profiles of the
isolates.

4. To determine the risk factors associated with subclinical mastitis in dairy cows in Embu and

Kajiado Counties, Kenya.

1.3 Hypotheses
1. There is a high prevalence of clinical and subclinical mastitis in dairy cows in Embu and
Kajiado Counties, Kenya.
2. The 16S rRNA based metagenomics analysis of culture-negative clinical and subclinical
mastitic cow milk samples do not identify an increased relative abundance of one or more

fastidious bacterial genera that are associated with mastitis.



3. Bacterial isolates from mastitic milk of dairy cows from Embu and Kajiado Counties,
Kenya, have high resistance to antibiotics.
4. There are various risk factors associated with subclinical mastitis in Embu and Kajiado

Counties, Kenya.

1.4 Research problem

The threat of zoonosis, the existence of antibiotic-resistant bacteria, and economic losses associated
with the burden of bovine mastitis continue to be reported globally (FAO, 2016, Romero et al.,
2018, Gussmann et al., 2019). Given the scales of mastitis and the associated burden of antibiotic
resistance globally, new effective control and preventive strategies are urgently needed (Abdel-
rady & Sayed, 2009, Gussmann et al., 2019). Current literature shows that in Kenya and other
resource-limited countries there is a paucity of studies on distribution, diversity of mastitis-causing
pathogens, associated risk factors and antibiotic resistance profiles of the isolates in dairy cows
(Gitau et al., 2014, Motaung et al., 2017). This limitation of studies is a serious problem because
the inability to correctly identify the mastitis-causing pathogen leads to difficulty in selecting the
appropriate pathogen-specific treatment or control measure (Koskinen et al., 2009). Moreover,
most of these organisms are zoonotic and have the potential to transfer their antimicrobial
resistance genes to bacteria in humans, denoting a public health hazard (Oliver & Murinda, 2012,

Kalinska et al., 2017).

Bacteria are the primary cause of mastitis; more than 140 different pathogenic bacterial species

have been implicated as causative agents of the disease worldwide (Motaung et al., 2017).



Remarkable differences in the distribution of mastitis and mastitis-causing bacteria among
countries, regions, and farms has been reported (Verbeke et al., 2014, Taponen et al., 2017). Yet
previous studies in Kenya using the culture method managed to identify only a few of these
mastitis-causing pathogens (Gitau et al., 2014, Mureithi & Njuguna, 2016). These studies were of
limited sensitivity because only culture methods were used to identify the pathogens. Significant
inadequacy has been reported in the culture method including lack of growth in mastitic milk and
failure to identify all the organisms involved in mixed infections (Oikonomou et al., 2012, Kuehn
et al., 2013). The lack of growth from mastitic milk samples has remained a challenge in the
diagnosis of mastitis worldwide including in Kenya (Richards et al., 2019). As a consequence,

effective treatment and prevention of the disease have been hindered (Kuehn et al., 2013).

Several diversity studies using 16S rRNA metagenomics in the USA (Oikonomou et al., 2012,
Kuehn et al., 2013), Finland (Taponen et al., 2019), and India (Bhatt et al., 2012), have shown
evidence that there tend to be more bacteria associated with mastitis than are normally reported.
The missed bacteria are normally not detected because they are mostly fastidious; being almost
impossible to identify them using culture methods (Oikonomou et al., 2014). This current study
used culture and 16S rRNA metagenomics analysis to detect and characterize the bacterial species
responsible for clinical and subclinical mastitis in dairy cows in Embu and Kajiado Counties,

Kenya.

Further, multidrug-resistant (MDR) isolates associated with bovine mastitis, including methicillin-

resistant staphylococci (MRS), are an emerging global public health problem (Oliver & Murinda,



2012, Anjum et al., 2019). Mastitic milk has been documented as an important reservoir of these
MDR strains (Lee, 2003, Boireau et al., 2018). Increased risk of clonal transmission of antibiotic-
resistant determinants between dairy cow herds and persons in constant contact with animals or
raw milk products has also been described (Sharma et al., 2018). The risk is even higher in low-
resource countries including Kenya where 36% of milk produced is consumed raw, and there is a
high burden of mastitis (Njarui et al., 2011, Gitau et al., 2014). In addition, in these countries, there
is unregulated use of antimicrobial agents and intimate contact between humans and animals is
common (Gitaka et al., 2020). To address this challenge, therefore, more AMR studies in most
low-resource countries including Kenya are needed (Van et al., 2020). This information is key to

improving antibiotic stewardship and mitigating the emergence and spread of AMR.

1.5 Justification of the study

This study was designed so that it contributes toward achieving sustainable development goals
(SDGs); 1-poverty alleviation), 2-zero hunger, 3-healthy lives, and wellbeing and as well as
Kenya’s vision 2030 on poverty alleviation, zero hunger and healthy lives (FAO, 2018).

Dairy cows are a significant source of food, nutrition, and a mean of livelihood for many especially
to 2.6 million disadvantaged small-scale farmers in Kenya (Rademaker et al., 2016, FAO, 2017).
In addition, this industry is a major contributor to the agricultural Gross Domestic Product (GDP)
of Kenya, contributing about Ksh 100 billion (National Dairy Master Plan, 2015). For sustainable
production and income to farmers, quality milk production is important (FAO, 2011, FAO, 2017,

Maina et al., 2019).



Mastitis is one of the most prevalent diseases of dairy cows affecting food safety, food security,
animal welfare, public health, as well as heavy economic losses in many countries worldwide
including Kenya (FAO, 2011). Despite the importance of mastitis, the microbial diversity of
mastitic milk, antibiotic resistance, and associated risk factors in Kenya has not been fully
elucidated (Gitau et al., 2014). Previous studies have shown that the prevalence of cow level
mastitis in Kenya remains high (50%-80%) and threatens both animal and human health (Gitau et
al., 2014, Mureithi & Njuguna, 2016, Ondiek & Kemboi, 2018). Therefore, determination of
bacterial diversity of mastitic milk, risk factors, and antimicrobial resistance of the isolates would
improve on mastitis treatment and control as well as support antibiotic stewardship and mitigate

the emergence and spread of AMR in Kenya.

Controlling mastitis would significantly contribute to healthy animals and improved milk
production. In addition, this would lead to increased support to the growing demand of milk,
improve the farmers' income and nutrition. Further, controls of mastitis would reduce the
prevalence of zoonotic multidrug-resistant bacteria, as well as reduce poverty in the country

(Grace, 2015, FAO, 2017).



CHAPTER TWO: LITERATURE REVIEW

2.1 Overview of dairy industry in Kenya

Kenya has one of the rapidly growing dairy cow industries in Sub-saharan Africa, producing about
30% of milk of the 5% that Africa produces globally (Rademaker et al., 2016, FAO, 2017). The
significant roles played by the Kenyan dairy cow sector include a source of food and nutrition, the
contribution of about 4% of the country's Gross Domestic Product (GDP), and the creation of
numerous job opportunities (FAO, 2011, Kiambi et al., 2020). Currently, this industry which is
growing at an average rate of 5%-7% per year employs about 1.2 million citizens (Rademaker et
al., 2016). Moreover, it is a main form of livelihood to about 2.6 million small-scale farmers who
own one to three cows in total, they produce about 90% of the milk consumed in the country (FAO,
2017, KDB, 2020). This industry presents a huge opportunity for improved health, food, and
nutrition security especially for children and women, and poverty alleviation, if its full potential,

is optimized (FAO, 2011, Rademaker et al., 2016, Dominguez-salas et al., 2016).

The present dairy cattle population in Kenya is estimated at 4.3 million cattle producing about 5.5
billion liters of milk annually (FAO, 2017, MALFI, 2019). About 80% of these animals are reared
by small-scale farmers as their source of family income (FAO, 2011). The main dairy cow breeds
kept in Kenya are Holstein-Friesian, Ayrshire, Guernsey, Jersey, several crossbreeds and several
indigenous breeds (FAO, 2011, Odero-Waitituh, 2017). At the production level, the industry
consists of large, medium, and small scale producers, with the latter dominating the industry in

Kenya (Odero-Waitituh, 2017, Maina et al., 2019).
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Milk yields of small-scale producers are about 5-8 liters per cow per day, with medium and large-
scale farm yields ranging between 17-19 liters per cow per day (FAO, 2011, Rademaker et al.,
2016). Nevertheless, the milk production from these animals is still way below the national demand
for milk and milk products in Kenya (KIHBS, 2018). About 55% of the milk produced in these
farms is marketed unchilled raw through informal channels while the rest is in part consumed in

the family and the reminder given to calves (Bebe et al., 2015, KDB, 2020).

In Kenya, like in most African countries, the production system is widely dominated by small-scale
family-run farms (FAO, 2014, Ndahetuye et al., 2019). Most of these farms are marked by minimal
milk production due to diseases, poor management practices, inadequate quality and quantity of
feed, poor genetics of cows, and seasonal fluctuations (Maina et al., 2019). In addition, farmers
lack the resources to attain modern production technologies, diagnostics, and practices to improve
their enterprises (Rademaker et al., 2016). Poor hygiene and poor production systems further

compromise the industry from achieving its full potential (Mburu, 2016, Rademaker et al., 2016).

By 2050 the demand for milk and milk products is expected to triple in sub-Saharan Africa,
including in Kenya (FAO, 2017). This increase will be driven by the increasing human population
growth, demand for animal proteins, expanding urbanization, and a growing middle class (Bebe et
al., 2015, FAO, 2017). However, despite the projected growth in milk production and the
significant role played by the dairy industry in Kenya, the industry is still faced with major
challenges that limit its full potential (FAO, 2004). Among the multiple challenges highlighted

above, diseases such as mastitis are a significant contributor (FAO, 2011, Maina et al., 2019). The
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findings of this study will contribute to the improvement of mastitis therapy in dairy cows as well

as control the spread and emergence of Antimicrobial resistance in Kenya.

2.2 Impact of bovine mastitis

Mastitis is a disease of major impact due to the associated economic losses at the different
production levels (Motaung et al., 2017, Ruegg, 2017). Adverse effects on animal health, welfare,
and significant public health hazards due to mastitis have been described (Romero et al., 2018).
This highly prevalent disease is a global problem that has been documented in almost every country
in the world (FAQ, 2011) with incidences of clinical and subclinical mastitis ranging between 10%-
40% and 19.2%- 83% respectively per cow (Jamali et al., 2018, Kumari et al., 2018). Estimation
of economic losses due to mastitis has been carried out mainly in developed countries, with the
value ranging between USD 1.7-2 billion annually (Nielsen, 2009, Liang et al., 2017). However,
variation of the economic impacts due to mastitis between regions has been described and therefore
it should be calculated at the farm level and based on region and prevailing economic conditions

(Romero et al., 2018).

Reports on the economic impact of mastitis in most low-resource countries, including Kenya, are
lacking (Motaung et al., 2017). Lack of this information limits effective control of the disease,
especially subclinical mastitis which is associated with about 80% of all the losses (Kumari et al.,
2018, Romero et al., 2018). Respective financial losses occur mainly through a significant decrease
in milk quality and quantity, which accounts for about 78% of all the losses (Jamali et al., 2018).

Other losses are incurred through high treatment costs and even death of the animal (Romero et al.,
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2018, Jamali et al., 2018). Further, clinical mastitis is a fundamental cause for the culling of dairy
cows (Stevens et al., 2016). Therefore, for sustainable milk production and improved income, it is

critical to determine the financial impact due to mastitis in Kenya (FAO, 2011, Maina et al., 2019).

Reports of antibiotic-resistant zoonotic bacteria isolated from cases of bovine mastitis are
increasing globally and require urgent intervention (Sharma et al., 2018, Adamu et al., 2020). The
main reason for this seems to be the rampant antibiotic usage towards treatment and prevention of
mastitis in cows (Oliver et al., 2011). The widespread usage of antibiotics in cows has contributed
to in the emergence of multi-drug resistance strains globally, leading to non-treatable infections
(Sharmaet al., 2018). Antibiotics resistance is projected to increase substantially, causing millions
of deaths and costing trillions of dollars by the mid-21% century, if interventions are not taken
(WHO, 2015, FAO, 2016). Being zoonotic, most of these organisms can easily be transferred to
humans, denoting a public health hazard (Ayele et al., 2017). Hence, the establishment of the
microbial diversity of mastitic milk and respective antibiotic resistance profiles will help in
combating the impact of mastitis in animals and potential zoonotic infection in humans (Sharma et

al., 2018).

2.3 Mastitis in dairy cows

Mastitis is defined as the inflammation of the mammary gland predominantly occurring due to
invasion by pathogenic bacteria (Motaung et al., 2017). In dairy cows, mastitis is primarily
classified in two forms which are clinical and subclinical mastitis, based on the clinical signs

(Ruegg, 2017).
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Clinical mastitis (CM), which is less prevalent, is characterized by systemic signs in the cow such
as fever and anorexia, in addition to visible abnormalities in the udder and milk (Bradley, 2002,
Jamali et al., 2018). In CM, the udder is usually characterized by swelling, tenderness, redness,
pain and generally, the milk production from the affected quarter is reduced (Ruegg, 2017, Jamali
et al., 2018). The presence of clots, flakes, or watery milk is usually common in severe cases and
can be observed, making diagnosis easy (Kibebew, 2017, Ndahetuye et al., 2019). Clinical mastitis
can be further categorized as peracute, acute, or subacute mastitis depending on the severity of
symptoms (Motaung et al., 2017). The severity of the disease is usually determined by factors such
as the causative agent, age of the animal, immunological health, and lactation stage (Ashraf &

Imran, 2018).

On the other hand, subclinical mastitis (SCM), commonly referred to as the 'hidden disease’, is
more common and causes more economic losses to farmers (Kumari et al., 2018). Due to a lack of
observable clinical signs on the cow or abnormalities in the udder or milk, subclinical mastitis is
challenging to diagnose (Ruegg, 2017). Moreover, this type of mastitis persists longer in the herd
and is associated with higher economic losses than clinical mastitis (Ruegg, 2017, Kumari et al.,
2018). Body of evidence shows that subclinical mastitis occurs 15 to 40 times more often than the
clinical form and is characterized by increased somatic cell count (SCC) of more than (>) 200,000
cells/ml. The somatic cell constitutes, predominantly of leucocytes and some epithelial cells
(Cobirka et al., 2020). In addition, milk yields in affected quarters are greatly reduced (Suleiman

et al., 2018, Romero et al., 2018). Cow infected with SCM serves as a reservoir of pathogens and
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a source of udder infection among animals within the herd (Cobirka et al., 2020). When

unpasteurized infected milk is consumed, the pathogens are passed to humans (Ayele et al., 2017).

2.4 Prevalence of dairy cow mastitis

Mastitis is one of the most critical diseases of the dairy industry, endemic to almost every country
worldwide (FAO, 2014). Most of the well-documented mastitis incidence and prevalence reports
come from developed countries, with limited ones from developing countries, including Africa
(Motaung etal., 2017, Adamu et al., 2020). Studies have indicated great variability in the incidence
of mastitis among countries and herds, influenced by management practices and environmental

factors (Zadoks & Fitzpatrick, 2009, Taponen et al., 2017).

Only 30% of the African countries have well-documented data on mastitis (Motaung et al., 2017).
The prevalence of clinical and subclinical mastitis in most countries including Kenya is estimated
at 10% and more than 50% respectively (Gitau et al., 2014, Motaung et al., 2017). The low
documentation on mastitis in most African countries, including Kenya, is of particular concern
since it limits estimation of the economic impact of the disease and hinders effective control of
mastitis (Motaung et al., 2017, Adamu et al., 2020). Apart from the limitation of studies, low
reporting has also been associated with a lack of awareness and proper diagnosis of mastitis,
especially subclinical mastitis cases where confirmatory laboratory testing is needed (Duarte et al.,
2015).

Prevalence of clinical and subclinical mastitis have been reported in a few different counties in

Kenya (Gitau et al., 2014). Based on previous studies, clinical and subclinical mastitis is estimated
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to range between 1-9% and 43%-83%, respectively (Gitau et al., 2014, Mureithi & Njuguna, 2016).
Variation in the prevalence of mastitis reported in these studies could be attributed to differences
in animal breeds, geographical location, the season of the study, management systems, and
husbandry (Taponen et al., 2017). However, these studies were limited by the fact that they used
standard routine culture methods, which has shown to be less sensitive in the diagnosis of mastitis
(Oikonomou et al., 2012, Kuehn et al., 2013). In addition, these studies focused on high potential
areas, not on arid and semi-arid regions, despite some of these areas having a high population of
dairy cows like in Kajiado County, Kenya (KNBS, 2019). Furthermore, these studies focused on
the prevalence of mastitis and few risk factors; thus, extensive studies on mastitis and risk factors

are lacking in Kenya (FAO, 2011, Mureithi & Njuguna, 2016).

Indeed, according to a recent review on the importance of mastitis in Africa by Motaung et al.
(2017), in their results, it has been shown that subclinical mastitis is on the rise in most African
countries, including Kenya. Therefore, given the huge impact of mastitis in the dairy cow industry,
there is a need for extensive research using advanced technologies in order to determine the true
prevalence of the disease in Kenya. Such information will be key in improving therapeutic and

control strategies for the disease.

2.5 Etiology of mastitis
A wide range of microorganisms has been documented as causative agents of mastitis globally with
more than 140 pathogenic bacteria having been described, in addition to fungi, algae, and viruses

(Motaung et al., 2017, Jamali et al., 2018). Evidence-based studies have shown major diversity in
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the distribution of mastitis and mastitis-causing bacteria among countries, regions, and farms
(Verbeke et al., 2014, Gao et al., 2017). These variations are influenced by management practices
and environmental factors in those particular regions and farms (Kumar et al., 2016, Amer et al.,

2018).

Bacteria are the most common causes of cow mastitis (Bradley, 2002, Motaung et al., 2017). Based
on origin, mastitis-causing bacteria have been classified as either contagious or environmental
(Bradley, 2002, Cobirka et al., 2020). Contagious bacteria are defined as pathogens adapted to live
in the cow's skin or udder, transferrable from one infected quarter or animal to another uninfected
animal or quarter during the milking process, either via milking machine, through milker’s hands,
or udder clothes (Zadok et al., 2011, Motaung et al., 2017). According to Cobirka et al. (2020),
the most common bacteria classified under this group include Staphylococcus aureus (S. aureus),
Streptococcus agalactiae, Streptococcus uberi, Mycoplasma spp. Corynebacterium spp.
Arcanobacterium spp. and Trueperella spp. These bacteria have very resilient adhesive properties
that enhance their invasion into the inner lining of the mammary glands and therefore evading the

immune response (Ashraf & Imran, 2018).

On the other hand, environmental pathogens are primarily found in the cows' habitat (Cobirka et
al., 2020). These pathogens are transmitted from the environment primarily through beddings, soil,
and water sources contaminated with feces and urine (Motaung et al., 2017). Frequently reported

pathogens that exploit this form of transmission include coliforms such Escherichia coli and

17



Klebsiella species; Streptococcus dysagalactiae, Coagulase-negative Staphylococcus (CNS),
Gram-positive bacilli, Pseudomonas species, yeasts, and algae (Ndahetuye et al., 2019). Over the
last decade, mastitis cases caused by environmental pathogens have been on the increase whereas
a significant decrease in cases caused by contagious pathogens continues to be reported (Nam et
al., 2009, Zadoks et al., 2011, Gomes & Henriques, 2016). This shift has been majorly driven by
the improved mastitis control measures towards contagious pathogens at the farm level in most

developed countries (Zadoks &Fitzpatrick, 2009).

Nevertheless, in the current era of molecular epidemiology and the evolution of bovine mastitis
pathogens, the classification of mastitis based on either contagious or environmental has been
challenged (Cobirka et al., 2020). Recent evidence shows that organisms such as S. aureus,
Streptococcus uberis, and other streptococcal species, previously purely considered contagious,
can be transmitted from the environment (Zadoks et al., 2011, Gomes &Henriques, 2016). In
addition, the evidence further suggests that environmental pathogens can adapt better in the udder
than previously thought (Klaas & Zadoks, 2018). Thus indicating a lack of a clear distinction

between contagious and environmental mastitis-causing bacteria (Klaas & Zadoks, 2018).

2.6 Evolution of mastitis pathogens

Over the last decade, mastitis pathogens have progressively evolved (Ruegg, 2017). This evolution
has largely been attributed to management practices, new breeds, changes in mastitis causative
agent’s virulence mechanisms, host-adaptation, increasing societal and economic pressure (Zadoks

et al., 2011, Ndahetuye et al., 2019). For decades, studies had documented major pathogens of
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mastitis as Staphylococcus aureus (S. aureus) and Streptococcus agalactiae (Zadoks & Fitzpatrick,
2009, Ruegg, 2017). The word “major” was used to reflect the economic, productivity, and animal
health impact associated with those pathogens (Bradley et al., 2007). However, studies continue
to report a change in the trend of the causative agents of mastitis from the ones designated as major
pathogens to those designated as minor pathogens (Zadok & Fitzpatrick, 2009, Taponen et al.,

2017).

One of the key factors influencing this shift, in most countries, has been improved mastitis
management and husbandry measures (Taponen et al., 2017). Although these measures have led to
the reduction of the major pathogens of mastitis, they have resulted in an absolute increase in
incidences of the minor pathogens (Ruegg, 2017). Indeed, current reports show that coagulase-
negative staphylococci (CNS) and other bacilli such as Corynebacterium bovis, previously
classified as minor pathogens, are emerging as important mastitis-causing pathogens in most
countries (Piessens et al., 2011, Wald et al., 2019, Rahil, 2019). These studies have shown that
these “’minor’’ pathogens of mastitis play a significant role in the pathogenicity of mastitis
(Thorberg et al., 2009, El-jakee et al., 2013). Apart from this, some of these organisms have a
zoonotic potential and have been associated with the spread of antibiotic resistance determinants

to other bacteria (Oliver et al., 2011, Kalinska et al., 2017).

The distribution and diversity of mastitis-causing pathogens have been shown to vary between
countries and herds (Taponen et al., 2017). For instance, in most African countries, S. aureus has

been reported as the predominant mastitis pathogen with an estimated prevalence of 70% (Motaung
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etal., 2017). Similarly, previous studies in Kenya, examining the distribution of mastitis pathogens
in different regions, reported S. aureus as the dominant mastitis-causing agent (Gitau et al., 2014,

Muriethi & Njuguna, 2016, Ondiek & Kemboi, 2018).

However, in recent reports, minor pathogens such as CNS, Bacillus species, Corynebacterium
species are increasingly being isolated in mastitis cases in the East African region (El-Jakee et al.,
2013, Ndahetuye et al., 2019). For instance, several studies in Ethiopia (Tolosa et al., 2015,
Mekonnen et al., 2017), Rwanda (Mpatswenumugabo et al., 2017, Ndahetuye et al., 2019), and
Tanzania (Suleiman et al., 2018) have reported the prevalence of CNS at 16%-40%. Despite the
rising prevalence of CNS in the region, S. aureus still remains a challenge in cow mastitis in most
African countries including Kenya, mostly due to inadequate effective control programs (Gitau et
al., 2014). Therefore, investigating the epidemiology and the specific factors contributing to the

emerging/evolving mastitis pathogens are necessary (Gitau et al., 2014, Motaung et al., 2017).

2.7 Important mastitis pathogens

2.7.1 Staphylococcus aureus (S. aureus)

Staphylococcus aureus, a Gram-positive bacterium, is one of the leading economically significant
causative agents of dairy cow mastitis worldwide (Zadok et al., 2011, Wang et al., 2018). It is
shown to be responsible for up to 70% of all clinical mastitis cases globally (Gomes & Henriques,
2016). This important pathogen has been isolated in a wide range of infections in humans including
mastitis, soft tissue infections, food poisoning, endocarditis, septicemia (Holmes & Zadoks, 2011,

Hennekinne et al., 2012). Successful control of S. aureus mastitis in well-managed farms has been
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described (Zadoks et al., 2011). As a result of this, the prevalence of S. aureus mastitis has
significantly reduced in developed countries which have adopted and complied to mastitis control
programs (Barkema et al., 2009). However, over the last decade, due to widespread use and misuse
of antimicrobials in animals and humans (for therapeutic, prophylactic, and growth promotion
reasons) worldwide, increased selection pressure has resulted in the development of multidrug-

resistant (MDR) strains (Misic et al., 2017).

The increasing development of resistance to most of the available antibiotics by S. aureus is a key
public health concern (Smith, 2015, Kalayu et al., 2020). Following the introduction of penicillin,
the first penicillin-resistant S. aureus was reported 2 years later (Hansen et al., 2017). Since that
time, penicillin-resistant S. aureus strains have increased and spread extensively worldwide
(Sharma et al., 2018, Kalayu et al., 2020). Multi-drug-resistant S. aureus strains have been
associated with reduced efficacy to most antibiotics, consequently challenging management of
associated infections including bovine mastitis (Qu et al., 2019, Kyany'a et al., 2019). Alarming,
however, is the increasing emergence of methicillin-resistant Staphylococcus aureus (MRSA)
strain which has become a major threat to public health and the dairy industry (Wang et al., 2015,
Asiimwe et al., 2017, Hansen et al., 2017). The number of publications reporting MRSA strains
isolated from mastitic milk and dairy products with the potential zoonotic transmission has grown
rapidly worldwide (Smith, 2015, Mistry et al., 2020, Yang et al., 2020). These organisms have
shown resistance to major classes of antibiotics including all types of B-lactam antibiotics currently

available for mastitis therapy (Vanderhaeghen et al., 2010, Yang et al., 2020).
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In 1961 the first MRSA strain was reported in a hospital setting, two years after the introduction of
methicillin (Hansen et al., 2017). Methicillin resistance is conferred by the acquisition of the mecA
or its homologue mecC, gene, carried by mobile genetic elements referred to as staphylococcal
cassette chromosome mec (SCC mec). Further, the most recently described plasmid-borne encoded
mecB and mecD genes of Micrococccus species origin have also been reported in S. aureus (Becker
et al., 2018, Becker, 2021). To date, about eleven staphylococcal cassette chromosome (SCC)
elements grouped into types and subtypes, differing in structural organization and genetic content,
have been described (Gagetti et al., 2019). Mec genes code for alternative penicillin-binding
proteins, PBP2a, that have reduced affinity to most f-lactam antibiotics (Kalayu et al., 2020). Since
the discovery of hospital-associated MRSA (HA-MRSA), various clones including community-
associated MRSA (CA-MRSA) and livestock-associated MRSA (LA-MRSA) strains, with
different genetic backgrounds and SCC mec types, have been discovered and disseminated across
the globe (Smith, 2015). Several studies have shown that the prevalence and epidemiology of this
organism differ within the geographical regions, with a higher prevalence of the diverse LA-MRSA
strain frequently shared between livestock and humans being reported in Asia, Europe, and the

USA (Smith, 2015, Anjum et al., 2019).

Previously, MRSA was thought to have host-specific lineages; however, recent literature shows
that these strains are transferable between humans and animals signifying a public health concern
(Smith, 2015, Sharma et al., 2018, Yang et al., 2020). These pathogens have been shown to harbor

resistant genes transferable to the human population in close interaction with animals through
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consumption of contaminated milk, contact, or through the environment (Smith, 2015, Mcmillan

etal., 2016).

Mastitic milk has been well documented as an important reservoir of these multidrug-resistant
strains (Lee, 2003, Verraes et al., 2014). Indeed, evidence has been presented elsewhere linking
the newly emerging livestock-associated methicillin-resistant S. aureus clonal complex 398 (LA-
MRSA CC398) isolated from humans to cow milk origin (Smith, 2015, Wang et al., 2018). S.
aureus showing low susceptibility to oxacillin/cefoxitin and lacking Mec genes or their allotypes
commonly referred to as borderline oxacillin resistant Staphylococcus aureus (BORSA) have been
reported in animals and humans (Hryniewicz & Garbacz, 2017, Becker, 2021). BORSA has
remained a challenge in the treatment of staphylococcal infections (Hryniewicz & Garbacz, 2017).
On average, the prevalence of BORSA in human clinical isolates has been estimated to be 5%

(Krupa et al., 2015, Hryniewicz & Garbacz, 2017).

However, higher prevalence rates have also been described (Hryniewicz & Garbacz, 2017).
Khorvash et al. (2008), in Pakistan, reported that up to 25% of their MRSA strains, isolated from
different surgical sites in humans, were without the mec A gene. In animals, BORSA has been
documented in cattle, horses, and pigs (Hryniewicz & Garbacz, 2017, Scholtzek et al., 2019).
Krupa et al. (2008), in Poland, documented a prevalence of BORSA in 14% and 10 % of isolates
from pig nasals and pork, respectively. Incidences of BORSA have also been reported in cow raw

milk and porcine minced meat at a prevalence of 5.7% (Bystron et al., 2010). Further, BORSA are
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also increasingly being reported in horses (Scholtzek et al., 2019) and a prevalence of up to 25%

have been reported in isolates from horses treated at a Swiss clinic (Sieber et al., 2011).

Infrequent identification, misdiagnosis, and discrepancies of BORSA prevalence in different
studies have largely been associated with diagnostic methods used, amongst other factors
(Hryniewicz & Garbacz, 2017). Lack of a routine diagnostic method for the detection of BORSA
remains a challenge in the identification of these strains (Hryniewicz & Garbacz, 2017). Intrinsic
methods such as point mutation genes of the penicillin binding protein (PBP) genes and
overproduction of B— lactamases have been described as the main mechanisms for BORSA

phenotype determinant (Hryniewicz & Garbacz, 2017, Scholtzek et al., 2019).

In Africa little is known about MRSA carriage in milk and milk products (Asiimwe et al., 2017).
This is despite previous studies in Africa, as well as in Kenya, reporting that S. aureus is the major
udder pathogen causing intramammary infection in dairy cows (Gitau et al., 2014, Motaung et al.,
2017, Ondiek & Kemboi, 2018). A few studies from African countries have demonstrated the
existence of MRSA in cow milk and other dairy products (Elemo et al., 2017, Asiimwe et al.,
2017, Omwenga et al., 2020). However, the presence of mecA or mecC in the S. aureus remains
understudied. In arecent study in Kenya by Omwenga et al. (2020), they reported a prevalence of
41% mecA positive S. aureus in apparent healthy dairy animals which is very concerning. In
addition, in their study the authors only screened for mecA genes, the isolates could have had other

genes (Omwenga et al., 2020). Therefore, more studies are required to establish the prevalence of
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MRSA and also characterize the strains in terms of subtype and genetic mechanism of resistance

in Kenyan Dairy.

2.7.2 Coagulase Negative Staphylococci

Coagulase Negative Staphylococci (CNS) comprises a heterogeneous group of bacteria that consist of
more than 50 species and subspecies previously considered to be opportunistic pathogens of
animals and humans (Taponen et al., 2017, Klibi et al., 2019, Rahil, 2019). However, recent
research indicates that CNS are potentially pathogenic and they are increasingly being identified
in animal and human infections worldwide (Gomes & Henriques, 2016, Sender et al., 2017). In
humans, CNS has been linked to endocarditis, nosocomial infection, and septicemia (Becker et al.,
2014) while in cows these organisms are increasingly emerging as important pathogens of mastitis

globally (Boireau et al., 2018, Cheng et al., 2019).

Until recently, CNS were classified as minor pathogens, and their importance as independent
causative agents of subclinical or clinical mastitis taken to be limited (Schukken et al., 2009).
However, these organisms have now been shown to cause intramammary infections in cows that
increase somatic cell count (SCC), reduced milk quality and quantity (Schukken et al., 2009, Frey
et al., 2013). In addition, CNS is considered as the main reservoir of resistance genes, with the
potential to develop multidrug resistance and subsequent transfer of these traits (genes) to other
bacteria including S. aureus (Klibi, et al., 2019, Santos et al., 2020). Of great concern, however, is
the emerging methicillin-resistant CNS (MRCNS) strain, which is increasingly being isolated from

bovine mastitic milk (Becker, et al., 2014). As mentioned earlier, methicillin resistance is usually
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conferred by the presence of mecA gene, located on a mobile genetic element called Staphylococcal
Cassette Chromosome mec (SCCmec), transferrable to S. aureus (Frey et al., 2013, Kot et al.,

2020).

Similar to MRSA, mecA positive CNS have shown to have resistance to most available beta-lactam
antibiotics including other classes of antibiotics such as aminoglycosides and macrolides (Gentilini
et al., 2002). This is further complicated by the ability of certain CNS to form biofilms within the
mammary gland which impairs the local defense mechanism and drug activity (Gentilini et al.,

2002, Mahato et al., 2017).

Due to their zoonotic and multidrug resistance nature, CNS threatens the dairy industry and poses
a great public health risk since they can easily be transferred between animals and humans (Becker
et al., 2014, Kim et al., 2019). However, the global consequence and economic impact of CNS
remain limited and under investigated in many countries (Frey et al., 2013). Methicillin-resistant
Coagulase negative Staphylococcus (MRCNS), specifically, methicillin-resistant Staphylococcus
epidermidis (MRSE), have been isolated in mastitis in different countries worldwide (Klibi et al.,
2019, Kim et al., 2019). Nevertheless, only scanty information is available on the emergence of
specific CNS species associated with bovine mastitis, their role in the pathogenesis of mastitis,
their reservoirs, and mechanism of resistance in many countries including Kenya (Kim et al., 2019).
Therefore, surveillance of CNS species and their molecular characterization need to be
implemented to minimize mastitis and the risk for the development and spread of antibiotic

resistance.
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2.7.3 Streptococcus species

Members of the genus Streptococcus, classified as Gram-positive facultative anaerobic bacteria,
are a significant etiology of clinical and subclinical bovine mastitis (Nam et al., 2009). Moreover,
in humans, these organisms cause invasive diseases with S. dysagalactiae recently being reported
as an emerging zoonotic pathogen (Gomes & Henriques, 2016). Over the last decades, S.
agalactiae (S. agalactiae), an obligate udder bovine mastitis pathogen, was responsible for 90% of

all bovine mastitis cases (Ruegg, 2017).

However, in the recent past, driven by improvements of mastitis control programs, particularly in
developed countries, contagious pathogens of mastitis including S. agalactiae have significantly
gone down (Saed & Ibrahim, 2020). These control programs however have shown to have minimal
effect on environmental mastitis pathogens, including other streptococcus species (Nam et al.,
2009). Recent reports indicate a low prevalence of S. agalactiae in many countries including
North America (Oliveira et al., 2013) Europe (Verbeke et al., 2014), and Africa (Motaung et al.,
2017). However, S. agalactiae is still a key etiology of bovine mastitis in countries like Brazil and

Colombia (Tomazi et al., 2019).

S. dysagalactiae and S. uberis are among the common causative agents of environmental bovine
mastitis (Saed & lIbrahim, 2020). However, other Streptococcus species such as; S. bovis, S.
equinus, S. mitis, S. salivarius, S. equi subsp. zooepidemicus have also, to a lesser extent, been

linked to bovine mastitis (Nam et al., 2009, Zadoks et al., 2011). Cows’ habitat is well known as
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the main reservoir of environmental streptococci, however, the presence of S. uberis in the cows'
body such as the skin and around the muscles has also been described (Zadoks et al., 2011, Cobirka

et al., 2020).

Streptococci strains are mostly associated with subclinical mastitis, however, cases of acute clinical
mastitis have also been reported, especially due to S. dysagalactiae (Ruegg, 2017). Incidents of
environmental mastitis due to streptococci are consistently being reported worldwide (Zhang et al.,
2018). This increase has been in part associated with poor environmental hygiene in cows’
surroundings, contaminated dirty bedding such as recycled manure/slurry solids which is
increasingly being used as cow bedding (Klaas & Zadoks, 2017, Cobirka et al., 2020).
Transmission of environmental streptococci in dairy cows occurs mostly between milking (Klaas
& Zadoks, 2017). Therefore, providing cows with a clean environment through frequent removal
of slurry and use of teat dips after milking have been shown to reduce streptococcal mastitis (Klaas

& Zadoks, 2017).

Streptococcus species such S. agalactiae and other environmental Streptococcus species have been
isolated in mastitis in dairy cows in Kenya (Gitau et al., 2014, Ndirangu et al., 2017). However,
like in many countries worldwide, in Kenya, the prevalence of S. agalactiae mastitis remains low
following improvements of standard mastitis control programs (Nam et al., 2009). For instance,
studies have shown that due to the use of specific control programs aimed towards the control of

contagious mastitis, the prevalence of S. agalactiae in North America and Europe is extremely low
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(Tomazi et al., 2019). Similarly, in recent studies in Kenya by Gitau et al. (2014) and Mureithi &

Njuguna, (2016) a low prevalence of S. agalactiae at (5.2%) and (8.4%) respectively were reported.

In contrast, the prevalence of environmental streptococcus mastitis has shown to be increasing as
evidenced by recent studies in Kenya. For instance, Gitau et al. (2014), Mureithi & Njuguna (2016),
and Ndirangu et al. (2017) in their studies reported prevalence of environmental Streptococcus
species at (4.5%) (9.8%) and (38.9%) respectively. Environmental reservoirs such as dirty bedding,
unhygienic water source, and dirty cows' surroundings significantly contribute to the spread of
environmental streptococcus mastitis (Cobo-Angel et al., 2018, Amer et al., 2018). The
discrepancies in the prevalence of streptococcal mastitis rates reported in these studies could be
due to factors such as management practices, environmental, epidemiological, and cow breeds
which may have been different in each region (Taponen et al., 2017). Further, molecular
characterization of the environmental streptococci has indicated that dominant differences exist

among streptococcus strains among countries and continents (Tomazi et al., 2019).

2.7.4 Trueperella pyogenes

T. pyogenes formally known as Arcanobacterium pyogenes is a known pathogens of mastitis in
domestic animals including in dairy cows (Nagib et al., 2014). According to Jost & Billington,
2005, these grams positive, non-motile, non-spore forming short rods bacteria are known cause of
other pyogenic infections in other species of animals. Although infections due to these

opportunistic bacteria in humans have been reported they are quite rare (Kavitha et al.,2010).
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T. pyogenes are mostly found in the animal body mostly on the skin, respiratory and gastrointestinal
tract (Quinn et al., 2011). In addition, in dairy cows in cases of mastitis, transmissions through
contaminated milking utensils and biting flies have been described (Ribeiro et al., 2015). In dairy
cows these organisms are associated with suppurative clinical mastitis although cases of chronic

mastitis have also been reported (Radostits et al., 2007).

Identification of the Trueperella species remains to be one of the main limitation in the treatment
and control of these bacteria in mastitis cases (Nagib et al., 2014). The convectional identification
of T. pyogenes rely on biochemical tests and sugar fermentation are time consuming and laborious
(Nagib et al., 2014) Other non-conventional methods such spectroscopy and molecular analysis
are expensive and require highly skilled labour and further limiting identification and control of

the disease (Wenning & Scherer, 2013).

2.7.5 Gram-negative bacteria

Gram-negative bacteria are key environmental mastitis-causing pathogens frequently associated
with acute mastitis cases (Metzger & Hogan, 2013). Coliforms and non-coliform bacteria
contribute to about 40% of all acute clinical mastitis cases in dairy cows worldwide (Schukken et
al., 2012). Most common coliform bacteria include members of the genus; Escherichia, Klebsiella,
Citrobacter, Enterobacter while the non-coliform bacteria include; Pseudomonas, Serratia and

Proteus (Nam et al., 2009, Schukken et al., 2012, Cobirka et al., 2020). These bacteria are naturally
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found in cow bedding materials such as soil, feces, and other organic matter in the environment of

cows (Hogan & Smith, 2003).

Improvement of mastitis control practices has significantly led to the reduction of contagious
mastitis in modern farms (Klaas & Zadoks, 2017). However, these practices have proven to be
unsuccessful in controlling environmental pathogens (Ruegg, 2017). Indeed, studies have shown
that clinical mastitis associated with Gram-negative bacteria contributes to the highest risk of
culling in Holstein dairy cows (Hertl et al., 2011, Jamali et al., 2018). Therefore, control measures

need to target the relevant infection risks (Klaas & Zadoks, 2017).

In Africa, countries like Uganda and Egypt have reported a high level of mastitis caused by gram-
negative bacteria compared to other countries (Katetee et al., 2013, Ameen et al., 2019). Studies
by Katetee et al. (2013), in Uganda, and Ameen et al. (2019) in Egypt reported a prevalence of
29% and 33% of all the gram-negative mastitis respectively. In contrast, a lower prevalence level
of coliform and non-coliform mastitis has previously been reported in Kenya. For instance,
previous reports by Odongo et al. (2012) and Gitau et al. (2011) estimated the prevalence of
coliforms mastitis at (17.2%-16.8%) and (9.7%-15.4%) for Escherichia coli (E. coli) and Klebsiella
species respectively. Non-coliform mastitis (Pseudomonas species) has also been reported in
Kenya at a prevalence of 8%-7% (Gitau et al., 2011, Odongo et al., 2012). However, in more recent
studies in Kenya, a lower prevalence of coliform and non-coliform mastitis was reported indicating
a decrease in the prevalence of these isolates as causative agents of mastitis. For instance, in Kenya,

a prevalence of 0.7 % in Klebsiella species and zero in the E. coli and Pseudomonas species were
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reported by Gitau et al., (2014). Similarly, Mureithi & Njuguna, (2016) isolated E. coli and

Klebsiella species at a prevalence of 2% and 1% respectively.

2.7.5.1 Escherichia coli

Escherichia coli (E. coli) classified as a Gram-negative environmental opportunistic bacterium, is
frequently isolated in clinical and subclinical mastitis in dairy cows (Zadoks et al., 2011, Cobirka
etal., 2020). Studies have shown that 80% of coliform mastitis are due to E. coli (Liu et al., 2018).
The organism commonly causes severe short-lived clinical mastitis and if untreated it can lead to
lethal consequences (Bradley, 2002). Hyperacute mastitis cases due to E. coli have been described
in cattle and are commonly associated with the death of the animal (Zadok et al., 2011). Mild
repeated subclinical and persistent forms of E. coli mastitis have also been described (Zadoks et
al., 2011, Cobirka et al., 2020). These subclinical forms have shown to be more significant than
the clinical form since they are difficult to diagnose (Katetee et al., 2013). In addition, the infected
cows act as reservoirs of the bacteria and hence a constant source of herd transmission (Marashifard
etal., 2018).

Interaction between factors such as host immune system, stage of lactation, vaccination status, and
pathogenicity of the specific E. coli pathogen has shown to influence the clinical outcome of the
mastitis (Burvenich et al., 2003, Zadoks et al., 2011). The plasticity of E. coli genomes has been
shown to allow the acquisition of diverse pathogenicity factors such as adhesins, invasins, toxins,
capsule production, which influence the disease severity (Alawneh et al., 2020). Geographical

variations among mastitis-causing E. coli have been described (Gomes & Henriques, 2016).
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However, studies on genetic diversity and virulence factors in many countries, including Kenya,

are scarce (Alawneh et al., 2020).

High incidences of clinical mastitis due to E. coli are common during early lactation (Bradley &
Green, 2001, Hertl etal., 2011). New infections leading to these high incidences tend to be acquired
during the drying-off periods rather than during the early lactation period (Hogan & Smith, 2003).
Dry cow therapy and non-lactational therapy have been used effectively to reduce early incidences

of clinical mastitis and new intramammary infection (Ashraf & Imran, 2018).

Antibiotics are an important part of the treatment and control of Gram-negative mastitis (Oliver et
al., 2011). Currently, the focus is on E. coli due to their widespread antibiotics resistance which is
a major public health concern (Alawneh et al., 2020). For instance, Escherichia coli harboring
extended-spectrum B-lactamase strains (ESBLs) gene are increasingly being reported in food
animals including in cow milk (Ali et al., 2016, Castanheira, et al., 2021). Horizontal gene transfer
through plasmid and other mobile genetic elements between E. coli and other bacteria are well
documented (Castanheira, et al., 2021). Enzymes such as p-lactamases (ESBLs) and plasmids such
as Amblerclass C cephamycinases and blaCMY-2 been identified as the key mediators of resistance

in ESBLs E. coli strains (Ali et al., 2016).

In Africa, including Kenya, studies on phylogenetic, phenotypic, and molecular antibiotic
resistance genes in mastitis-causing E. coli in dairy animals are scarce (Founou et al., 2016). The

few available studies have described ESBLs E. coli in feces of healthy animals, mostly from
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chickens and pigs in the Northern African countries (Alonso et al., 2017). Similarly, in Kenya,
ESBL-producing E. coli were isolated from feces of healthy poultry and camels (Langata et al.,
2019, Nuesch-Inderbinen et al., 2020). In addition, ESBL-producing E. coli have also been isolated
from raw and fermented camel and cow milk in Kenya (Njage et al., 2012, Ngwaya et al., 2019).
However, molecular studies on E coli in Africa, including Kenya, are needed in order to improve
knowledge on the genetic mechanism of E. coli, their phenotypic and genotypic AMR profiles

(Alonso et al., 2017).

2.7.5.2 Klebsiella species

Klebsiella species including K. pneumoniae (K. pneumoniae) and K. oxytoca are associated with
bovine mastitis (Zadoks et al., 2011). In addition, K. pneumoniae is a key human pathogen that
causes fatal pneumonia and septicemia (Podder et al., 2014). These Gram-negative organisms are
mostly found in the environment like water or soil (Tzouvelekis et al., 2014). Drug-resistant K.
pneumoniae, especially ESBL producing strain, is a major public health concern (Sriram et al.,
2021). Indeed, the organism is among the WHO-listed priority pathogens with a high antibiotics
resistance rate (WHO, 2019, Sriram et al., 2021). Extended-spectrum beta-lactamase (ESBL)-
producing K. pneumoniae has shown to have limited therapeutic options and can easily collect and

spread multidrug resistance plasmid(s) among other bacteria (Tzouvelekis et al., 2014).

In dairy cows, K. pneumoniae is the leading cause of environmental clinical mastitis associated
with high economic losses (Podder et al., 2014). However, mild subclinical mastitis due to

Klebsiella species has been described (Cobirka et al., 2020). Cow bedding, soils, and water are the
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primary reservoirs of these important mastitis pathogens (Zadoks et al., 2011). Although K.
pneumoniae is primarily transmitted from the environment, transfer from one infected cow to a
healthy cow has been described (Schukken et al., 2012). Similar to the other coliform mastitis,
Klebsiella mastitis starts early during the dry period and progresses to clinical mastitis during the

early lactation period (Cobirka et al., 2020).

2.7.5.3 Pseudomonas aeruginosa

P. aeruginosa is an important psychotropic opportunistic Gram-negative bacterium associated
with acute and chronic infection in humans and animals (Park et al., 2014, Cobirka et al., 2020).
These organisms are predominantly found in the environment (Meng et al., 2020). In humans, P.
aeruginosa is associated with septicemia, pneumonia, and necrosis in immune-compromised
persons (Schauer et al., 2021). In cows and other ruminants, the organism is occasionally isolated

from mastitic milk (Park et al., 2014).

At dairy farms, contaminated water, soiled beddings, udder wipes, teat dips, and infusion
equipment are the commonly reported sources of udder infection (Aguayo et al., 2020, Schauer et
al., 2021). These environmental pathogens enter the cow through the teat canal and produce a wide
range of virulence factors such as exotoxin A, exoenzyme, and protease, which induce an

inflammatory response and damage mammary gland tissues (Park et al., 2014).

Clinical, subclinical, and chronic mastitic cases in dairy cows due to P. aeruginosa have been

described (Cobirka et al., 2020). In other ruminants like sheep and goats, gangrenous mastitis with
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high cases of fatality has been reported (Scaccabarozzi et al., 2015). Mastitis cases by P.
aeruginosa are commonly progressive and associated with high somatic cell counts (Aguayo et al.,
2020). In addition, decreased milk quality, and poor response to antibiotics are very common in
pseudomonas mastitis (Park et al., 2014). Non-clinical P. aeruginosa mastitis outbreaks in dairy
herds have also been described. Such cases were shown to be associated with repeated exposure of
teats to low P. aeruginosa loads (Kirk & Bartlett, 1984). Apart from intermittent intramammary
infection, herd outbreaks of pseudomonas mastitis associated with heavy economic losses have

been described (Schauer et al., 2021).

Pseudomonal organisms, including P. aeruginosa, have been categorized as high risk for
antibiotics resistance (Devarajan et al., 2017). They are among the WHO-listed priority pathogens
with a high antimicrobial resistance rate (WHO, 2019, Sriram et al., 2021). The high antibiotics
resistance rate in P. aeruginosa organisms is partly due to their innate intrinsic resistance
mechanism (Devarajan et al., 2017). Mechanisms such as reduction in outer-membrane
permeability, efflux systems (mexABoprM), and chromosomal (AmpC cephalosporinase) have
shown to be the main drivers of innate resistance (Ohnishi et al., 2011). Moreover, P. aeruginosa
organisms can produce biofilm, hindering antibiotic efficacy (Park et al., 2014). Further, some
strains can survive in harsh environments for a long period thereby increasing their ability to spread

resistance genetic elements between pathogenic and non-pathogenic bacteria (Meng et al., 2020).

Treatment of pseudomonas bovine mastitic cases using antibiotics remains a challenge (Schauer et

al., 2021). Improved farm practices remain largely ineffective in controlling incidences of
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pseudomonas mastitis (Aguayo et al., 2020). Therefore, culling sick animals and the use of other
alternative treatment options such as chitosan nanoparticles should be considered (Aguayo et al.,

2020, Schauer et al., 2021).

2.8 Transmission of mastitis pathogens

Two modes of transmission of cow mastitis have been described and include; contagious
transmission (cow to cow transmission), and environmental transmission (Zigo et al., 2021,
Cobirka et al., 2020). In contagious transmission, the bacteria are usually found on the cow’s skin,
udder, or teats (Cobirka et al., 2020). Therefore, the mastitic cows/quarters are the main sources of
the infection for uninfected cows/quarters (Kibebew, 2017). Pathogens that are mostly transmitted
through this way include Staphylococcus aureus and Streptococcus agalactiae (Idriss et al., 2013,
Bakhat et al., 2020). Transmission of these pathogens occurs primarily during milking, where they
are spread via the milking machine, udder, cloths, or milker’s hands (Zadoks et al., 2011).
Transmission can also spread during milking when infected milk contacts an uninfected mammary
gland and bacteria then penetrate the teat canal (Cobirka et al., 2020).

Another version of contagious transmission is via vectors, especially flies and wasps (Klaas &
Zadok, 2017). This type of transmission can occur in S. aureus, S. agalactiae and Trueperella
pyogenes during the early dry period in heifers (Kibebew, 2017). Scholars have classified this form
of transmission as contagious since the vector transfers the pathogens from host to host (Klaas &

Zadoks, 2017).
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On the other hand, environmental transmission occurs from the cows' environment (Motaung et
al., 2017). This type of transmission involves both Gram-positive and Gram-negative bacteria
(Cobirka et al., 2020). Soil, bedding materials, manure, and other organic matter remain the main
sources of environmental pathogens of mastitis (Ruegg, 2017, Kibebew, 2017). These organisms
are established in the teat during milking, between milking, or after milking, when the teat canal
remains open for one-two hours (Cobirka et al., 2020). However, there can also be further,
microbial contamination of the udder before and after udder preparation for milking (Tancin et al.,

2007, Cobirka et al., 2020).

The human-to-animal form of transmission of mastitis also referred to as reverse zoonosis has
been described (Munoz et al., 2007, Zadok et al., 2011). People are the natural hosts for two
important staphylococcal species: S. aureus and S. epidermidis (Zadok et al., 2011). Studies have
shown that these bacteria in humans can directly contaminate the udder during milking and cause

mastitis (Munoz et al., 2007).

Overall, intramammary infection predominantly occurs through the teat canal (Kibebew, 2017).
However, hematogenous spread through systemic diseases such as tuberculosis, leptospirosis, and
brucellosis have been described (Radostitis et al., 2007). Therefore, a deeper understanding of the
pathogenicity of mastitis is key for the successful improvement and development of suitable

detection techniques and control programs (Kibebew, 2017).
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2.9 Pathogenesis of mastitis

Generally, three stages are involved in the development of bovine mastitis; invasion, infection, and
inflammation (Radostits et al., 2007). The invasive stage refers to the time in which pathogens
enter the teat canal and lactiferous sinus through the teat opening (Radostits et al., 2007, Paduch &
Kromer, 2011). The invasion stage may lead to infection or lack of it (Gomes & Henriques, 2016).
The infection stage is the stage in which the pathogens multiply rapidly and invade the alveoli and
mammary tissue (Alnakip et al., 2014). Lastly, inflammation stage where varying degrees of
clinical and subclinical abnormalities of the udder and milk, as well as systemic effects in clinical
mastitis, become visible (Radostits et al., 2007, Kibebew, 2017). The severity of mammary gland
inflammation is influenced by the host immune system reaction, pathogen virulence factors, and
strain-specific characteristics such as some particular strains are more infectious than others

(Zadoks et al., 2011).

2.10 Insight into microbial diversity of bovine mastitis

Despite the diverse range of microorganisms documented as causative agents of bovine mastitis
globally, reports of mastitis-causing pathogens in Africa, remain scarce (FAO, 2011, Motaung et
al., 2017). Evidence-based studies have shown significant variability in the type and number of
pathogens causing mastitis in different countries (Zadoks & Fitzpatrick, 2009, Motaung et al.,
2017). In Africa, for instance, studies on the etiology of mastitis using the classical culture methods
in Kenya and Niger reported an average of six genera of mastitis (Gitau et al., 2014, Motaung et
al., 2017). However, reports from South Africa, Tanzania, and Uganda reported fewer than six

different genera (Motaung et al., 2017).
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On the other hand, countries in the developed world have reported high numbers of genera and
species of mastitis-causing organisms (Oikonomou et al., 2020). Studies in China, and the USA
using metagenomics analysis reported between 50 and 106 different mastitis-causing organisms
with varying abundance (Oikonomou et al., 2012, Kuehn et al., 2013, Pang et al., 2018). The
inconsistencies in reporting of bacteria from these studies have been linked to use of an effective
reporting system as well as the use of advanced techniques to diagnose mastitis, which is lacking

in Africa, including Kenya (Motaung et al., 2017).

Building on microbial diversity, in the last decade, the development of culture-independent
techniques has led to the characterization of mastitis-causing pathogens at great depths
(Oikonomou et al., 2012, Taponen et al., 2019). Metagenomics profiling has not only allowed the
discovery of more genera of mastitis (Kuehn et al., 2013, Patel et al., 2019), but also it has enhanced
the exploration of functional traits of these microorganisms (Escobar-zepeda et al., 2015). Further,
this method has given new insights, especially on the bacterial composition of culture-negative
clinical mastitis cases which has remained a challenge in mastitis (Oikonomou et al., 2012,
Taponen et al., 2019). These cases have been shown to inhabit a highly diverse and rich bacterial
community (Falentin et al., 2016). Apart from reporting high numbers of non-cultivable bacterial
species, other microorganisms reported by metagenomics were found to be completely new in the
phylogeny of mastitis-causing microbial agents (Falentin et al., 2016, Taponen et al., 2019). While
most of these studies are from developed countries, the question remains as to whether the

microbial diversity of mastitic milk in developing countries is similar to those in developed
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countries? Answering this question is critical in informing the treatment and prevention of the

disease.

Further, considerable variability has been reported on the distribution and abundance of bacteria,
associated with mastitis (Oikonomou et al., 2020). These differences are influenced by host-
microbial adaptation, environmental factors, and herd management practices (Taponen et al., 2019,
Oikonomou et al., 2020). These factors have been shown to contribute significantly in shaping the
bovine milk microbial diversity (Derakhshani et al., 2018, Oikonomou et al., 2020). Therefore,
great effort is needed to understand risk factors that influence mastitic milk microbial diversity and

their interactions (Derakhshani et al., 2018).

2.11 Risk factors associated with mastitis

Over the years, risk factors associated with both clinical and subclinical mastitis have been
described (Piepers et al., 2011, Gordon et al., 2013, Jamali et al., 2018). Clinical and subclinical
mastitis, are multifactorial key diseases of dairy cows with incidence rates of (10%-40%) and
(19%-83%) in cows per year respectively worldwide (Jamali et al., 2018, Bhakat et al., 2020). Due
to the multifactorial nature of the disease, several factors such as host, pathogen, and management
have been shown to directly influence the occurrence and recurrence of mastitis in dairy cows

(Ramirez et al., 2014).

Host factors such as parity (older cows) and early lactation periods have been described as key risk

factors influencing the development and recurrence of clinical mastitis in dairy cows (Jamali et al.,
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2018). Indeed, studies have shown that multiparous cows are 2.6 times likely to get clinical mastitis
during their first 30 days of lactation compared to the rest of the lactation period (Hammer et al.,
2012, Elghafghuf et al., 2014). On the other hand, however, cow breed, higher parity, and late

stage of lactation are significant factors associated with subclinical mastitis (Ramirez et al., 2014).

Other factors such as high milk production, teat callosity, host immune system, cleanliness of the
teat, and genetic resistance have also shown to significantly contribute to the occurrence and
recurrence of clinical and subclinical intramammary infections in dairy cows (Elghafghuf et al.,
2014, Jamali et al., 2018, Bhakat et al., 2020). High recurrence of mastitis, especially clinical
mastitis, has also been described (Zadoks et al., 2001). Cows with a previous history of clinical

mastitis were found to be more likely to come down with the disease again (Jamali et al., 2018).

Virulence factors, number of organisms, type of pathogen, and bacteriological cure rates are major
pathogen factors associated with the occurrence and recurrence of clinical mastitis in dairy cows
(Elghafghuf et al., 2014, Jamali et al., 2018). Bacteria such as Staphylococcus aureus, Escherichia
coli, Klebsiella species, have been shown to cause the highest milk losses in primipara cows (Jamali
et al., 2018). Moreover, high mastitis losses due to standard culture-negative mastitis cases in
primipara animals have also been described (Grohn et al., 2004). In older cow’s however, bacteria
such as Streptococcus species, in addition to S. aureus and Klebsiella species are mostly associated
with high milk losses (Grohn et al., 2004). Further, a higher risk of recurrence has been observed
in intramammary infections with specific pathogens such as S. aureus, E. coli and Streptococcus

dysagalactieae (Jamali et al., 2018). Higher death rates and culling rates in multiparous cows due
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to clinical mastitis caused by Gram-negative bacteria have also been described (Schukken et al.,

2009, Hertl et al., 2011).

Several management risk factors associated with bovine mastitis have been described (Neave et
al., 1969). Factors such as poor udder hygiene, poor teat condition, poor environmental hygiene,
and improper teat dipping are among the major mastitis risk factors (Gordon et al., 2013, Jamali et
al., 2018). Other factors such as large herd size, improper milking technique, and nutrition (vitamin
E and selenium deficiency) have also been described as mastitis risk factors (Piepers et al., 2011,
Gordon et al., 2013, Jamali et al., 2018). Due to the high number of management risk factors,
control programs should be based on local specific risk factors within an industry or set up

(Ramirez et al., 2014, Jamali et al., 2018).

In Kenya where the cow dairy industry is dominated by smallholder farmers, only a few studies
have described risk factors associated with cow mastitis. Mureithi & Njuguna, (2016), in Thika,
found that multiparous cows, breed, mid-lactation, dirty udders and muddy/soil floor were
significantly associated with subclinical mastitis. Mahlangu et al. (2018) in their study in dairy
goats in Thika also reported that frequent cleaning of the stalls and parity were significantly
associated with subclinical mastitis. Due to the evolution of mastitis-causing pathogens, continuous
reviewing of the responsible risk factors is highly recommended (Zadoks & Fitzpatrick 2009,

Ruegg, 2017).
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2.12 Metagenomics sequencing technique

Metagenomics, a high-throughput sequencing technique, has enhanced the investigation of
microbial diversity, including in the bovine mastitis microbiome (Oikonomou et al., 2020). The
advent of this new technique in the last decade has remarkably revealed a new perspective of the
bovine microbiome not previously regarded (Taponen et al., 2019). Metagenomics has enabled the
characterization of microorganisms in a culture-independent way, providing a powerful tool to

study uncultivable milk microbes and their dynamics (Addis et al., 2016).

There are currently two main types of metagenomics approaches; Shotgun and 16S rRNA
metagenomics (Alves et al., 2018). Shotgun involves sequencing of random fragments of the
genome, while 16S rRNA targets a particular single gene used as a taxonomic marker (Fouhy et
al., 2016). The 16S rRNA partial gene sequencing approach remains the most commonly used
phylogenomic survey tool for studying the mastitic milk microbiome (Addis et al., 2016). This
approach has shown to be exceptionally valuable, as even poor quality or low concentrations of
DNA and uncultivable bacteria can successfully be sequenced (Fouhy et al., 2016). In addition, the
use of metagenomics approaches has overcome the disadvantages of the culturing method
(Oikonomou et al.,2012, Kuhn et al., 2013). This technique has enabled researchers to genetically
characterize and study the microbial population in culture-negative clinical mastitis cases in a

culture-independent manner (Addis et al., 2016).

Moreover, metagenomics methods have shown superiority in unraveling novel antimicrobial

genes, and taxonomic groups (Alves et al., 2018). This new and thriving field is likely to solve
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problems and create new knowledge in the world of diagnostics (Fouhy et al., 2016). With the
relative availability and the sequencing cost remarkably affordable, this is an opportunity for
developing countries, including Kenya, to study unknown etiological agents in cow mammary
gland infections (Oikonomou et al., 2020). However, it remains uncertain as to the feasibility of
this approach for routine diagnosis of bovine mastitis in limited-resource countries (Oikonomou et
al., 2020). Taponen et al. (2019) cautioned that, although this method remains critical in the
provision of new information, critical assessment is required. Due to the high sensitivities of the
technique, high prone to contamination, and other drawbacks during sample processing,

interpretation of results need to be done cautiously (Taponen et al., 2019).

2.13 Diagnosis of the bovine mastitis

Accurate diagnosis of mastitis is fundamental for successful treatment and control (Sharun et al.,
2021). Diagnosis of clinical mastitis is less complicated because of observable clinical signs such
as swollen udder and clotted milk from the udder (Jamali et al., 2018). However, subclinical
mastitis cannot be visually diagnosed and therefore requires laboratory diagnostic support (Gomes
& Henriques, 2016, Kumari et al., 2018). The wide range of causative agents of mastitis further
complicates the diagnosis process, and hence specific diagnostic techniques targeting specific
pathogens are needed (Kalinska et al., 2017). The use of conventional methods as well as advanced
diagnostic techniques have been described (Sharun et al., 2021). Methods routinely used for
diagnosis of subclinical mastitis include; Increased Milk SCC such as California Mastitis Test
(CMT), electron somatic cell counter and culture methods (Duarte et al., 2015). Most recently,

polymerase chain reaction (PCR) and metagenomics analysis have opened a new field of
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investigation that has made it possible to diagnose uncultivated bacteria associated with mastitis

(Oikonomou et al., 2012, Oikonomou et al., 2020).

2.13.1 Somatic Cell Counts (SCC)

Somatic cell count (SCC) is well established indicator of cow udder health (Halasa & Kirkeby,
2020). SCC is a measure of total number of immune cells and studies have shown that increase in
these cells is indicative of inflammation in the udder mostly due to subclinical mastitis (Damm et
al.,2017). These immune cell are mainly lymphocytes, polymorphonuclear neutrophils (PMN) and
macrophages (Halasa & Kirkeby, 2020). According to Persson & Olofsson, 2011, the distribution
of these immune cells have shown to differ in normal and mastitic milk. In milk obtained from
healthy udders, higher number of lymphocytes and macrophages have been reported while mastitic
milk is usually dominated by higher numbers of PMN (Damm et al., 2017). In early cases of
subclinical mastitis, the elevation of PMN into the milk is triggered by the resident immune cell
(lymphocytes, macrophages, and epithelial cells). These immune cell have shown to be involved
in attacking the pathogens, defending the udder and early udder inflammation (Rivas et al., 2001,

Hand et al., 2012).

The measure of SCC is routinely used to identify subclinical mastitis in dairy cows (Damm et al.,
2017). The two techniques commonly used in measuring the SCC are classified as either direct or
indirect (Rivas et al., 2001) These techniques include direct such automatic cell counter and
indirect methods such as CMT have been documented as effective ways of diagnosis subclinical

mastitis at the farm level and or at the laboratory level (Hand et al., 2012).
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2.13.2 California Mastitis Test (CMT)

This method is used to detect subclinical mastitis early, especially at the farm level (Duarte et al.,
2015). It is a simple cow-side indicator test commonly used to indirectly measure the number of
somatic cells in milk (NMC, 2017). Somatic cells mainly comprise macrophages, lymphocytes,
erythrocytes and epithelial cells. Somatic cells are used as an indicator of the health status of the
udder (Lam et al., 2009). Therefore, Somatic Cell Count (SCC) indicates the presence and extent
of inflammation of the udder tissue. The test is very simple, rapid, and economical (NMC, 2017).
However, despite this method being recommended for routine use, it has several limitations
(Sharun et al., 2021). CMT lacks universal standards and it is usually subjective when it comes to
interpreting the results (Duarte et al., 2015). Secondly, it does not identify the type of bacteria that
are causing mastitis (Lam et al., 2009). Therefore, this method makes it harder to initiate treatment
requiring more sensitive methods such as the culture method to be used before the start of treatment

(Lam et al., 2009, Sharun et al., 2021).

2.13.3 Automatic somatic cell count

Many studies have indicated that early direct measuring of SCC in subclinically mastitic milk using
an automatic counter is more accurate, sensitive and reliable compared to use indirect methods
such as California Mastitis Test technique (CMT) (Persson & Olofsson, 2011). This technique

requires use of an automatic cell counter machine at the farm or at the laboratory (Hand et al.,
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2012). However, beside the its benefits over CMT, these machine are lacking in most laboratory
and farms in developing countries including Kenya and therefore limits there use (Persson &
Olofsson, 2011). The other disadvantages of this technique is that it is time consuming and the
machines are expensive (Persson & Olofsson, 2011). Therefore, CMT remains the most commonly
used alternative methods for screening subclinical mastitis in many dairy cows’ herds (Middleton

et al., 2004)

2.13.4 Culture method and cultivation of bacteria

Bacterial culture is still considered a gold standard of diagnosing bovine mastitis despite many
shortcomings associated with the technique (Ashraf & Imran, 2018). Culturing of bacteria mainly
involve growing them in a solid nutrient media in plates and there after incubating them in room
temperature or in an incubator at 37°C (Markey et al., 2013). General media such nutrient agar,
tryptic soy agar, and brain heart infusion agar are routinely used in primary isolation of bacteria in
bacteriology laboratories (Markey et al., 2013). These media consist of a wide variety of nutrients

that supports the growth of diverse bacteria (Markey et al., 2013).

However, when it comes to fastidious bacteria, such as Mycoplasma spps, Chlamydia spps among
others, specialized media and enriched media are required (Erkmen, 2021). Enriched media have
more added nutrients compared to general media and have shown to support the growth
requirement of many bacteria including the fastidious which require complex nutrients (Markey et

al., 2013, Erkmen, 2021). However, despite the benefits of using specialized/ enriched media to
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grow bacteria, many clinical samples including mastitic milk remain culture negative and hence

the rise in use of culture independent techniques (Kuehn et al., 2013, Bhanderi et al., 2014).

One of the very positive aspects of the culture method is that it enables the isolation of bacteria that
can be used for phenotypic antimicrobial resistance (AMR) testing (CLSI, 2016). However, there
are significant inadequacies of the culture method which include lack of bacterial growth in mastitic
milk and failure to identify all the organisms involved in mixed infections (Oikonomou et al., 2012,
Bhanderi et al., 2014). Indeed, studies have reported that approximately 25% of clinical and 30%
of sub-clinical mastitis cases lack any bacterial growth using standard culture methods (Kuehn et
al., 2013, Bhanderi et al., 2014). Besides, the procedure is usually time-consuming and labor-
intensive (Bhatt et al., 2012). These limitations of the culture method make it unreliable for the
diagnosis of mastitis and have spurred the use of culture-independent metagenomics analysis for

mastitis diagnosis (Oikonomou et al., 2012).

2.13.5 16S rRNA Metagenomics analysis

The dawn of high throughput sequencing techniques such as 16S rRNA metagenomics over the
last decade has enhanced the accuracy and efficiency of mastitis diagnosis (Oikonomou et al.,
2012, Falentin et al., 2016). These techniques have made it possible to genetically analyze
microorganisms at greater depth in uncultured environmental samples overcoming the limitation
of the culture method (Alves et al., 2018). In addition, the use of other techniques such as shotgun
metagenomics has shown superiority in studying the genetic variations responsible for antibiotic

resistance determinants (Taponen et al., 2019).
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Currently, pyrosequencing of the 16S rRNA genes is the metagenomic approach commonly used
to describe the microbial diversity including in bovine milk samples from health and mastitic
quarters (Oikonomou et al., 2012, Oikonomou et al., 2020). Pyrosequencing is a relatively new
molecular technique with an incredible potential for metagenomics analysis (Alves et al., 2018). It
is based on what is known as a "sequencing-by-synthesis™ method, utilizing specific enzymes to

record each nucleotide inserted into a complementary DNA strand (Ahmadian et al., 2006).

16S rRNA metagenomics approach involves sequencing and analysis of hypervariable regions
within the 16S rRNA gene in the 30S subunit present in the bacteria (Taponen et al., 2019). The
30S subunit region has shown to accurately differentiate between bacterial genera and has been
used in 16S rRNA gene studies of samples from mammalian hosts (Alves et al., 2018). This
technique successfully provides a relatively rapid and cost-effective way of assessing bacterial
diversity, abundance, inventory and pathogen identification (Sundquist et al., 2007). Studies on
bovine milk using 16S rRNA metagenomics analysis have demonstrated its usefulness in

understanding the microbial diversity of healthy and mastitic milk (Oikonomou et al., 2020).

Nevertheless, concerns are rising about the usefulness of 16S rRNA metagenomics in routine
diagnosis (Addis et al., 2016, Hoque et al., 2019). First, the technique is relatively expensive and
remains unavailable in most developing countries (Addis et al., 2016). Secondly, metagenomics

detects the presence of DNA from bacteria in milk, whether dead or alive, and does not confirm its
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pathogenicity (Oikonomou et al., 2020). Hence, as per the current situation, sequencing will serve

more as a surveillance tool (guiding empirical treatment) rather than as a routine diagnostic tool.

2.14 Control and prevention of mastitis

The overall goal of any mastitis control program is to improve the quality of milk (Gussmann et
al., 2018). For a successful mastitis control program, three factors need to be considered:
elimination of existing infections, prevention of new infections, and monitoring of udder health
status (Radostits et al., 2007). This involves considering the cow, the surrounding environment,
and the microorganism for an effective control program (Derakhshani et al., 2018). Incidences of
mastitis in some of the developed countries have drastically gone down (Ruegg, 2017). Control
measures such as improved hygiene measures, blanket dry cow therapy, strategic culling, post-
milking teat disinfection, therapeutic and prophylactic antibiotics have been shown to effectively
control mastitis (Jamali et al., 2018, Cobirka et al., 2020). Specifically, these control programs
have been shown to significantly reduce contagious mastitis-causing pathogens namely:
Streptococcus agalactiae, Staphylocccus aureus, and Mycoplasma spp. (Ruegg, 2017). However,
there are cases where control of environmental pathogens of mastitis using the same strategies has

been less successful (Saed & Ibrahim, 2020).

Vaccination is one of the promising strategies for controlling mastitis (Bradley, 2002). However,
upto date, despite decades of research, no truly effective commercial vaccine for mastitis is
available worldwide (Bradley, 2002, Sharun et al., 2021). Vaccines targeting organisms such as E.

coli, S. aureus. Streptococcus agalactiae are available in developed countries such as the USA and
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Europe (Ismail, 2017). Progressive reduction of new infections of mastitis in cows vaccinated with
E. coli containing vaccines has been reported (Kawai et al., 2021). However, the efficacy of most
available vaccines in protection against future infection remains a challenge (Ismail, 2017, Kawai

etal., 2021).

2.15 Antibiotic use and antibiotic resistance in dairy cows

2.15.1 Antibiotic use in dairy cows

Antibiotic agents play a major part in the treatment, control of diseases and as growth promoters
in dairy cows worldwide (Grace, 2015, Van et al., 2020). It is undeniable that the rational use of
antibiotics plays a critical role in dairy cows' welfare, health and production (Oliver et al., 2011,
Sharma et al., 2018). However, evidence supports that the irrational and irresponsible use of
antibiotics in food animals has significantly contributed to the development of antibiotic-resistant
strains (Ruegg, 2017). Of particular concern is the expected future increase in the usage of
antibiotics within the animal production sector in developing countries, driven by urbanization and

population growth (Oliver & Murinda, 2012, Sharma et al., 2018).

Indeed, the use of antibiotics in food animals is expected to rise by over 67% by 2030 worldwide,
driven by global demand for animal protein (WHO, 2019). According to Sriram et al. (2021), China
and India represent the highest consumers of veterinary antibiotics and the largest hotspots for
AMR. In addition, Kenya and Brazil were listed as emerging new AMR hot spots due to the
increased antimicrobial use in animals reported in these countries (Sriram et al., 2021). In the last

five years, efforts in understanding and use of One Health approaches to control AMR worldwide
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have been evident. However, the burden and impact of AMR from food animals remain less

emphasized (Cheng et al., 2019, Sriram et al., 2021).

A few studies on the use of antibiotics in cows have been done globally (Hoelzer et al., 2017).
Most of the available literature on antibiotic use in cows is mainly from developed countries, with
minimal information from Africa, including Kenya (Grace, 2015, Van et al., 2020). This is despite
the wide distribution of dairy cattle in Africa with the largest numbers of dairy farms reported in
South Africa, Nigeria, and Kenya (Motaung et al., 2017). Furthermore, in many low and middle-
income countries including Kenya, the use of antibiotics is highly unregulated and there is easy
access to antibiotics over-the-counter even without prescription (GARP, 2011, Van, et al., 2020).
In these countries, there is generally a lack of stringent measures on drug withdrawal periods

(Mutua et al., 2020, Van et al., 2020).

In addition, the majority of animal health providers and farmers fail to adhere to the recommended
mastitis diagnosis and treatment guidelines (Shitandi, & Sternesjd, 2004, Mutua et al., 2020). The
reasons for this have been attributed to limited veterinary professional access, poverty, and
inadequate knowledge on antimicrobial agent use and AMR among these groups (Grace, 2015).
Also, animal health providers do not routinely perform simple diagnostic tests before the
administration of antimicrobial agents due to the unavailability of laboratories and their lack of
capacity (Mutua et al., 2020). Farmers tend to carry out self-diagnosis and treatment of cows for
mastitis; many of them only seeking professional treatment when the mastitis cases fail to respond

(GARP, 2011, Van et al., 2020). As a consequence, these practices have significantly contributed
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to the growing emergence and spread of antibiotic-resistant bacterial strains and antibiotic residues
in foods of animal origin (Grace, 2015, Van et al., 2020). Given this, there is an urgent need for
research and policy on antibiotic use in order to regulate antibiotic abuse in these countries (FAQ,

2016, Sharma et al., 2018).

Globally it is estimated that about 86% of antibiotics used in dairy cows are for treatment and
prevention of mastitis (Oliver & Murinda, 2012). In Kenya, like in many other developing
countries, 90% of antibiotics used in dairy cows are mainly used for the treatment of intramammary
infections (Shitandi & Sternesjo, 2004, Pol & Ruegg, 2017). According to Omwenga et al. (2020)
in Kenya, commonly used antimicrobials in dairy cows include tetracyclines, beta-lactams,
sulphonamides, and aminoglycosides. Studies have elsewhere reported a rise in the use of third and
fourth-generation cephalosporins in cows (Du et al., 2019, Cheng et al., 2019). The rise in
resistance rate to clinically important antibiotics, such as quinolones and third/fourth-generation
cephalosporins in commensal bacteria in healthy animals has been reported in Africa (Van et al.,
2020, Omwenga et al., 2020). This is of great concern because such drugs are usually reserved for

use in the treatment of chronic bacterial infections in humans (Becker, 2021).

2.15.2 Antimicrobial use in dairy cows and its contribution to Antimicrobial resistance

Antimicrobial resistance (AMR) is a global health threat and could change the gains long achieved
by antibiotics in public health care (Sharmaet al., 2018, WHO, 2019, FAO, 2021). AMR is defined
as the ability of a microorganism to resist the effects of an antibiotic that once could successfully

kill it (WHO, 2019). Currently, AMR causes 700, 000 deaths annually in humans and this is
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estimated to rise to 10M and 100 Trillion USD in economic losses by 2050 if no urgent

interventions are taken (WHO, 2016).

Antimicrobial use in animals and other farm settings contributes to the burden of AMR, more so,
to increased AMR levels in humans (FAO, 2016, Sharma et al., 2018). However, the quantification
of the impact of antimicrobial use in food animals and the development of AMR in humans is yet
to be established (Hoelzer et al., 2017, Van et al., 2020). This lack of consensus has subsequently
delayed the uptake of the judicious use of antibiotics in animals, including in dairy cows (Hoelzer
etal., 2017). Therefore, immediate action must be taken to limit further emergence and spread of

animal-associated- antibiotic-resistant bacteria (FAO, 2016).

2.15.3 Development of antibiotic resistance

Naturally, antibiotic-resistant strains develop through selection pressure and adaptation to the
environment (Sharma et al., 2018, Yang et al., 2020). However, this process has been accelerated
in part by the inappropriate and excessive usage of antibiotics in food animals including in dairy
cows (Qu et al., 2019, Cheng et al., 2019). The selective pressure among bacteria within the
animals has led to the mutation of the existing genes (vertical transfer) or acquiring resistance genes
(horizontal transfer) from related or unrelated bacterial strains (Sharma, et al., 2018, Anjum et al.,

2019).
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Resistance transfers between bacteria occur through mobile genetic elements mainly phages,
plasmids, and transposons (Van et al., 2020, Becker, 2021). When this happens, the consequences
are treatment failure of infections caused by the resulting resistant strains increased cost of
treatment, and increased mortalities (WHO, 2015, FAO, 2016). Several mechanisms are involved
in the development of AMR in bacteria (Meng et al., 2020). These include; antibiotic inactivation,
alterations to modification enzymes, modification in the metabolic pathways to overcome
antibiotic effect; and minimizing entry and/ or promoting active efflux of the antibiotics (Sharma
et al., 2018). Horizontal and vertical transfer of antibiotic resistance genes among bacterial species
being identified as one of the major mechanisms leading to resistance (Smith, 2015, Sharma et al.,

2018, Becker, 2021).
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CHAPTER THREE: PREVALENCE, ETIOLOGY AND RISK FACTORS OF MASTITIS
IN DAIRY CATTLE IN EMBU AND KAJIADO COUNTIES, KENYA

3.1 INTRODUCTION

Bovine mastitis remains one of the most prevalent and economically challenging diseases in the
dairy industry globally (FAO, 2014, Abebe et al., 2016). While only 30% of the African countries
have well-documented data on mastitis, the prevalence of mastitis in most countries including
Kenya is estimated at 10% and more than 50% for clinical and subclinical mastitis respectively
(Gitau et al., 2014, Motaung et al., 2017). The limitation of research data on mastitis from these
countries is concerning because accurate estimation of economic impacts and effective
management of the disease is hindered (Adamu et al., 2020). Apart from the substantial economic
losses, mastitis is of zoonotic importance and is association with increasing antimicrobial resistance

bacteria (Nielsen, 2009, Ayele et al., 2017, Sharma et al., 2018, FAO, 2021).

The complexity of mastitis is magnified by the high number of causative agents of the disease
(Motaung et al., 2017). Currently, a bacterial culture is the gold standard method for the
identification of mastitis-causing microorganisms (Ashraf & Imran, 2018). However, this method
has been faced with several limitations (Kuehn et al., 2013). For instance, long turnaround time
(24-48 hours) to obtain results (Catozzi et al., 2017). Furthermore, about 25%-30% of mastitis
remains culture-negative using the convectional culture method (Kuehn et al., 2013, Oikonomou

etal., 2014).
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The absence of growths in clinically mastitic milk samples may have been described in several
explanations (Pang et al., 2018). These include low concentration of bacteria in the milk, the
microorganism may require special media and growth requirement and presence of antibiotics in
milk hence inhibiting microbial growth and causative agent may not be a bacterium (Kuehn et al.,
2013, Taponen et al., 2019). Therefore, identifying the correct causative agents in culture-negative
mastitis cases is crucial for effective treatment and control of mastitis as well as mitigation of

antimicrobial resistance associated with bovine mastitis (Ruegg, 2017, Cattozi et al., 2017).

To overcome the limitations associated with culture methods in the diagnosis of bovine mastitis,
culture-independent techniques such as the 16S rRNA metagenomics analysis have been used
(Kuehn et al., 2013). These technique has provided great insight into the bacterial composition and
diversity of bovine mastitis milk where a wide range of microbial agents have been described
(Falentin et al., 2016, Taponen et al., 2019). However, In the African set up including Kenya, such
studies are lacking even though 20%-37% of mastitic cases remain culture-negative cases
(Motaung et al., 2017, Richards et al., 2019). Hence, understanding the bacterial composition and
diversity in bacterial communities in clinical and subclinical mastitis culture-negative cases will
provide insights on strategic ways of improving mastitis treatment and control in dairy cows in

Kenya (Kuehn et al., 2013, Taponen et al., 2019).

In this context, the objectives of the current study were: (1) to establish the prevalence of clinical
and subclinical mastitis in dairy cows in Embu and Kajiado Counties in Kenya, (2) To isolate and

identify bacteria from the milk of the dairy cows studied in (1), using conventional culture method,
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and investigate the bacterial diversity of the milk of the dairy cows studied in (1) using 16S rRNA

metagenomics sequencing.

3.2 MATERIALS AND METHODS

3.2.1 Study area

This study was conducted in two counties in Kenya, namely Embu and Kajiado. These two counties
were purposefully selected based on the high populations of dairy cows in the regions, and the
increasing demand for cow milk due to the rapidly growing human population in the regions and
country as a whole. In addition, the counties had different production systems however they were
predominantly small holder farms. In Embu the study was conducted in Runyenjes and Kyeni
North region while in Kajiado the study was conducted in Rongai, Ngong and Kiserian regions as

shown in Figure 3.1 &3.2.
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Figure 3.1: Map of the Embu showing the study sites (source: Kenya IEBC 2012 ICPAC
geoportal).
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Figure 3.2: Map of the Kajiado showing the study sites (source: Kenya IEBC 2012 ICPAC

geoportal).

The study areas broadly fall into two agro-climatic zones. Kajiado County zone has both hot and

humid tropical climates, while Embu County is under the trimodal rainy and humid tropical

climate. Smallholders’ farms in this study were defined as farms with 1-10 lactating dairy cows.

Embu County is a high potential area that consists of both highlands and lowlands. This county lies

between, 37.7238° E and 0.6560° S. It rises from about 515m above sea level at the Tana river
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basin in the East to over 4,570m above the sea in the North West which is part of Mt. Kenya. It
covers an area of a population of 608,599 persons, most of whom are small-scale farmers.

Kajiado County lies between 2.0981° S, 36.7820° E. It covers a 21,292.7 km area, and in 2019, the
human population was at 1,117,840, most of whom are traditional pastoralists. The county borders
the capital city Nairobi to the West and Tanzania to the South (Independent Electoral Boundaries

Commission, 2012).

3.2.2 Study animals
The study animals were lactating dairy cows of exotic types (Fresian, Jersey, Guernsey) and crosses
(mainly crossbreed of exotic and the zebus, a local breed). The cows were in different parities, and

stages of lactation from smallholder farmers randomly selected from the two counties.

All cows from Embu were intensively kept, whereas, in Kajiado, cows were semi intensively and
intensively reared. Intensively reared cows in Embu and Kajiado counties were predominantly fed
on kikuyu grass, nappier grass, and hay. However, the semi-intensively reared cows were fed on
both nappier grass and pasture mainly maasai love grass (Eragrostis Superba). All dairy cows were
supplemented with mineral salt licks and dairy meal during the milking period. In this study, all

cows were milked twice daily in the morning and evening.

3.3 Study design
A cross-sectional design was used in this study. A total, 395 dairy cows from 154 smallholder

farms were randomly selected and sampled in both Embu and Kajiado Counties. The sampling was
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done between November 2018 and June 2019. Of the 395 cattle, 206 cows in from 74 farms from
Kajiado County while 189 cows in 80 farms were from Embu. A total of 1574 milk samples were
collected from each cow’s quarter and analyzed in the laboratory using the standard culture method

and 16S rRNA metagenomics analysis.

3.3.1 Sample size determination

The sample size was calculated using the formula as given by Thrushfield (2005).

B (1.96%) (Pexp) (1 — Pexp)
n= d2

where n is the sample size, 1.96 is the Z statistic for a level of 95% confidence, Pexp iS expected
prevalence, and d is the desired absolute precision, which is equal to 5% (0.05). With an expected
prevalence of 54.2% as average from previous studies in Kenya (Gitau et al., 2014, Muriethi &
Njuguna, 2016) a sample size of 381 was obtained. Therefore, in this study 395 animals recruited
to cater for study withdraws. These animals were distributed in 154 smallholder dairy farms (<10

COWS).

3.3.2 Sampling procedure

Study farms were randomly selected from lists of farmers provided by the veterinary county
officers from each of the counties. Using the list given a random number generator was used to
select the farms to be included in the study. For a farm to be included in the study, it had to have
at least two lactating dairy cows and the farmer had to be willing to take part in the study and allow
sample collection and provide access to the animals’ data through milk production records. In each

farm, a minimum of two and a maximum of 6 lactating cows were randomly selected and sampled.
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To facilitate the random sampling of the cows in the farms with more than two cows, each cow
was given a number and the numbers were randomly chosen from the list until the required number

of cows was sampled (Dohoo et al., 2003).

3.3.3 Case definitions

In this study, mastitis was characterized initially as clinical and subclinical. Clinical mastitis was
defined as an animal that showed either systemic or localized signs of mastitis. CMT was done on
all milk samples not showing clinical signs and when CMT was positive the cow was considered

to have subclinical mastitis.

Clinical signs observed for clinical mastitis were inflammation on the udder, teat, fever, and the
presence of clots, blood or and flakes in the milk. A cow was considered positive for clinical
mastitis if it had clinical signs of mastitis in one or more of the quarters. A quarter was considered
positive for subclinical mastitis if it had a CMT score reading of (+1, +2, +3). A cow was
considered positive for subclinical mastitis if one or more of the quarters had a CMT positive.

A farm was considered positive for mastitis if it had one or more cows with clinical or subclinical

mastitis.

At culture, a quarter was considered positive if it was clinically sick or had a CMT score positive
of +1 or higher and subsequently confirmed by isolating one or more bacteria from the milk sample.
A cow was considered positive for mastitis if one or more quarters was culture positive. A quarter

was defined as negative of mastitis if it had no signs of clinical mastitis and had a CMT score of 0
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or trace and no bacteria were isolated from the milk samples following routine aerobic culturing.

A cow was defined as negative if all the quarters were negative for CMT and bacterial isolates.

3.3.4 Detection of clinical and subclinical mastitis

A total of 395 cows were screened, and milk samples were collected from each quarter. At the farm
level, all udders and teats for each cow were physically examined. Detection of clinical mastitis
was done by examining the udder and the teats for any inflammation, fever in the animals, and
checking the milk's consistency for the presence of clots, blood, and flakes (Radostits et al., 2007).
Following physical examination, screening for subclinical mastitis (SCM) using the California

Mastitis Test (CMT) was done as described below.

3.3.5 California mastitis test (CMT)

This was done based on the guidelines described by National Mastitis Council’s Laboratory
Handbook on Bovine Mastitis (NMC) (NMC, 2017). Briefly, the milk sample from each quarter
was milked into a clean separate cup in the four CMT paddle. The paddle was tilted nearly to
vertical to equalize the milk in each cup to about 5ml. Equal amounts of CMT solution were added
to each cup of the paddle. The paddle was then swirled to mix the milk samples with the reagent
and the result read within 10 seconds. The CMT results were interpreted subjectively as either
negative (0), trace, 1+, 2+, or 3+, as described by NMC handbook (2017). Based on the CMT, cows
were considered positive for SCM if they had readings of (1+, 2+, 3+) whereas negative and trace
reactions were taken as negative. The cows were then grouped and results were recorded as mastitic
or non-mastitic. A cow was regarded as mastitis positive if at least one of the quarters was CMT
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positive. Subclinical mastitis positive milk samples selected for 16S rRNA metagenomics analysis

had to have a score of 3+ in this study.

3.3.6 Sample collection, handling, and transportation

Milk samples were collected from 395 dairy cows. Before sampling the udder was thoroughly
washed with water and dried. After disinfecting the teats with 70% ethyl alcohol swabs, followed
by discarding 4-5 streams of milk, 5mls of milk was collected from each quarter aseptically and
put in separate universal bottles while held at a slightly horizontal position to avoid contamination
from the udder (Radostits et al., 2007, NMC 2017). Concurrently, approximately 2ml of milk
samples from each quarter were collected in sterile vials for 16S rRNA metagenomics analysis.
The sample universal bottles and the vials were then appropriately sealed and labeled. The milk
samples in vials were immediately frozen in liquid nitrogen (-196°C) while the samples in the
universal bottles were refrigerated in ice-boxes with cold packs. All samples were transported with
their accompanying history to the University of Nairobi, Department of Veterinary Pathology,
Microbiology and Parasitology (VPMP), Bacteriology Laboratory, for further processing. The
samples were cultured immediately or stored in the refrigerator at 4°C for a maximum of a day,
awaiting culture. The milk in the vials were then transferred to -20°C and stored there until they

were further processed.

3.3.7 Bacterial isolation and identification using conventional culture method
All bacteriological examinations were done at the bacteriology laboratory, department of VPMP,

according to standard methods described by the National Mastitis Council Laboratory Handbook
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on Bovine Mastitis, USA (NMC, 2017). The samples were first brought out of the fridge, left

outside to warm up to room temperature (24°C-26°C).

Briefly, a 0.01 ml aliquot of each milk sample was aseptically streaked onto the surface of 5%
sheep Blood agar and Mac Conkey agar plates (Oxoid, England). The plates were incubated
aerobically at 37°C for 24 hours after which the colony morphology was observed and recorded.
The plates with no colony growth after initial incubation were further incubated for up to 72 hours,
after which they were recorded as ‘No growth’. Samples yielding more than one colony were
referred to as mixed cultures; distinct colonies were identified and sub-cultured separately to obtain
respective pure colonies. Sub-culturing was repeated where need be. Identification of resultant,
respective single colonies (pure cultures) was done macro-morphologically, then microscopically
and later through biochemical testing in order to determine the respective genus and species of the
organism. Samples of the pure cultures were also sub-cultured onto Tryptose Soy Broth (TSB)

with 20% glycerol and stored at -20 © C for further use and referrals.

Staphylococcus species were further identified using Gram stain, growth characteristics on
Mannitol Salt Agar (Oxoid, England), catalase test and tube coagulase testing and polymerase
chain reaction (PCR) in the case of S. aureus. Streptococcus species were further identified using
catalase test and growth characteristics on Edward's medium (Oxoid, England) and, within the
group, differentiation was done using the CAMP (Christie—Atkins—Munch-Peterson) test. CAMP
test positive isolates were classified as Streptococcus agalactiae in this study. Gram-negative

bacteria were identified using colony morphology and lactose fermentation on Mac Conkey agar,
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oxidase test, sugars fermentation, and Indole, Methyl red, VVoges-Proskauer and Citrate-utilization

(IMVIC) tests (Oxoid England).

3.3.8 16S rRNA metagenomics analysis of clinical and subclinical mastitic milk samples
with growth and no growth from Kajiado and Embu Counties

For purposes of 16S rRNA metagenomics analysis, milk samples were grouped into three
categories namely disease status of the milk, region and culture growth status. Disease status was
defined as milk samples from quarters exhibiting clinical and subclinical mastitis. For the 16S
rRNA metagenomics analysis, 12 milk samples which had clinical mastitis and 54 milk samples
with subclinical mastitis with a CMT score of 3+ were included. The region referred to samples
from either Embu or Kajiado Counties. Growth status was defined as milk samples from quarters
with clinical or subclinical mastitis with the presence or absence of growth on classical culture

(indicated as yes) or absence of growth on culture (indicated as no).

To establish the bacterial diversity and assess the comparison in the three categories, 66 milk
samples from 53 cows were purposefully selected from the available 1574 quarter milk samples
(six quarters were blind so did not produce any milk) collected in this study and analyzed using
16S rRNA metagenomics sequencing. The distribution of the 66 milk samples in each category
were as follows; region; Kajiado (n=35) and Embu (n= 31); diseases status; clinical mastitis (n=12)
and subclinical mastitis (n=54) and growth status; presence of bacterial growth on culture (culture

positive) (n=34) and absence of bacterial growth on culture (culture-negative) (n=32).
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3.3.8.1 DNA extraction, library preparation and sequencing

One ml of each milk sample was centrifuged for 10 minutes at room temperature using Eppendorf
5415R Centrifuge at 16000 RCF (relative centrifuging force) (Oikonomou et al., 2014). The
supernatant was discarded and the remaining pellet was re-suspended in 750ul of ZymoBiomics
bead tube lysis solution of ZymoBiomics™ DNA extraction mini kit and used for DNA

extraction as described by the manufacturers (Zymoresearch, USA).

After elution, the DNA quality and quantity were assessed by visualization with UV light on 1%
agarose gel electrophoresis, Pico green fluorescence-based quantifications Picogreen (Invitrogen)
and Qubit dsDNA HS Assay (Life Technologies Corporation, Grand Island, NY, USA). The
sequencing libraries were prepared according to the Illumina MiSeq system protocol with a few
modifications (Amplicon, 2013). Briefly, the V3 and V4 regions of the 16S rRNA gene were
amplified using a two-step polymerase chain reaction (PCR) protocol. In the first step, the V3
and V4 region was amplified in a PCR reaction mixture and the amplification program as
described by the manufacturer except that 35 cycles of amplification were used. Additionally, 63°
C was used as the annealing temperature. The primers used were 341F 5°-
CCTACGGGNGGCWGCAG-3’ and 805R 5-GACTACHVGGGTATCTAATCC-3'. For the
second PCR, dual-index barcodes and Illumina sequencing adapters were added to each
amplicon. Nextera XT index primers were used and the amplification cycles were increased to
9 from the manufacturer's recommendations of 8 cycles. After each of the PCR steps, Amplicons
were cleaned using AMPure XP beads (A63881, Beckam Coulter, Brea, CA, USA). Libraries

were assessed with the Qubit dSDNA HS assay kit (Life Technologies Corporation, Grand Island,
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NY, USA), and Agilent 2100 Bioanalyzer high sensitivity kit (Agilent Technologies Inc., Santa
Clara, CA) before being pooled in and sequenced (200 cycles) using the Illumina MiSeq v3

(Illumina) System at the Macrogen South Korea.

3.3.8.2 Bioinformatics data analysis

To facilitate comparison of milk samples sequence results were classified based on disease status,
region and culture growth status. Quantitative Insights Into Microbial Ecology (QIIME version
1.91) was used to analyze the raw sequenced fastaQ reads as described by (Caporaso et al., 2010).
The forward and reverse sequences were merged after which Quality filtering was done at a pred
quality score of above Q20. The vsearch method (Rognes et al., 2016) was used to detecting and
removing of chimera. Next, using the Greengenes database 13 8 as reference (De Santis et al.,
2006), Ribosomal Database Project (RDP) classifier (Wang et al., 2007) was used to assign
bacterial taxonomy for each sequence. The generated Operational Taxonomic Units (OTUs) table
from the above-described process with counts per sample was imported into the Phyloseq R
package (1.30.0) ( Navas-Molina et al., 2013). Reads with low abundance <0.01% of total OTUs
were also filtered.

To analyze the bacterial diversities of the mastitic milk samples, Chao 1 and ACE were used to
detect species richness in the samples while Fisher's alpha, Shannon, and Simpson diversity indices
were used to detect the diversity of the species within the samples in the three groups (Navas-

Molina et al., 2013).
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Statistical analyses were performed on alpha-diversity indices with regard to the different groups
and sequences using one-way ANOVA where a p-value of less than 0.05 was considered
significant. Non-parametric Monte Carlo test (999 permutations) was used to assess the statistical
significance of alpha diversity (Oksanen et al., 2007). The microbial composition in relation to
different categories was assessed using ANOVA with a p-value of 0.05 using the Adonis function

of the Vegan R package (Mcmurdie &Holmes 2013).

On the other hand, beta diversity (a measure of differences between taxa among samples) was done
was calculated using unweighted UniFrac distance matrices, presented using Principal Coordinates

Analysis (PCoA) (Catozzi et al., 2017).

3.3.9 Data entry and statistical analysis

Data entry and management were done using Microsoft excel 2016, while data analysis was done
using the STATA version15. Descriptive statistics were used to calculate the prevalence of clinical
and subclinical mastitis. Prevalence of mastitis was calculated as the proportion of clinically sick
animals or subclinical mastitis over the total population analyzed. The chi-square test or Fisher’s
exact test were used where applicable, to compare the prevalence and the statistical significance

level set at 0.05 (p< 0.05).
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3.4 RESULTS

3.4.1 Prevalence of clinical and subclinical mastitis in dairy cows

Overall, 1574 quarter milk of 395 cows from 154 farms in Kajiado and Embu counties were
analyzed for mastitis in this study. The overall prevalence of mastitis based on California Mastitis
Test (CMT) and clinical examination at farm, cow and quarter levels were at 76.6% (118/154)
(95% confidence interval [CI 74.6%-78.5%]), 80% (316/395) (95% [CI 79%-80.9%]) and 67.8%
(1068/1574) (95% [CI1 66.7%-69.8%]) respectively. Of the mastitic cows, 8.5% (27/316) (95% [ClI,
7.5%-9.4%]) had clinical signs of mastitis while 91.4% (289/316) (95% [CI 90.4%-94.3%]) were

CMT positive as an indication of sub-clinical mastitis (Figure 3.3).

Figure 3.3: California mastitis test (CMT) showing a positive reaction in the four quarters of a cow

as indicated in A, B, C, D.
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Embu County reported a higher farm-level prevalence of both clinical and subclinical mastitis at
78.7 % (63/80) and cow-level at 82% (155/189) as compared to farms in Kajiado which had 72.9
% (54/74) and 78.1% (161/206) respectively (p=0.3, p=0.8). Moreover, Embu reported a
significantly higher quarter-level prevalence of mastitis at 73.6% (552/750) as compared to Kajiado

which had 62.6% (516/824) (p=0.04).

Of the mastitic cows in Embu, 10.3% (16/155) and 89.6% (139/155) were clinical and subclinical
mastitis respectively. In Kajiado County, 6.8% (11/161) and 93.1% (150/161) of cows had clinical
and subclinical mastitis respectively. However, there were no statistically significant differences

in the distribution of clinical and subclinical mastitis in the two counties at the cow level (p=0.34).

Based on bacterial culture results, the overall prevalence of mastitis in this study, at farm, cow, and
quarter levels were at 76.6% (118/154) (95% [CI 75.6%-77.5%]), 74.4% (294/395) (95% [CI
73.4%-75.3%]), 53.2% (841/1574) (95% [CIl 52.2%-54.1%]) respectively. Embu County reported
a higher prevalence at the farm level 78.7% (63/80) compared to Kajiado County which had 74.3
% (55/74). Embu County reported a significantly higher prevalence of cow level mastitis at 79.3%
(150/189) as compared to cows in Kajiado County which had 69.9% (144/206) (p=0.03). Similarly,
Embu County reported a significantly higher prevalence of quarter-level mastitis at 60.1%

(455/756) as compared to Kajiado at 43.6% (360/824) (p=0.01).
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3.4.2 Prevalence of bacteria isolated from mastitic cow milk

Out of the 1580 quarters examined, 0.3% (6/1580) of them were blocked and did not produce any
milk. The remaining 1574 quarters were then cultured for bacterial isolation and of these, 67.8%
(1068/1574) were mastitic while 32.2% (506/1574) were negative. Out of the mastitic samples,
78.7% (841/1068) yielded bacteria while 20.3% (217/1068) had no bacterial growth, as per the
growth media and conditions used in this study. All CMT negative samples did not yield any

bacterial growth on standard culture methods.

A total of 1016 bacterial colonies some of which are shown in Figure 3.4 were yielded from the

53.4% (841/1574) milk samples. Among the culture-positive samples, 62% (522/841) had a single

colony while the rest 37.9% (319/841) had mixed cultures.
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Mac conkey Agar Eosin Methylene
Blue

Mannitol Salt Agar

Figure 3.4: Showing bacterial growth characteristics on various media; (A) Mannitol Salt agar
(MSA) representing mannitol fermenter (yellow- no. 998 (2) for S. aureus) and non-mannitol
fermenter (pink—-998(1) and 992 for CNS), (B) Mac Conkey agar, showing lactose fermenter for
Klebsiella species, (C) Eosin Methylene blue (EMB) showing greenish metallic sheen for

Escherichia coli.

Overall, Coagulase-negative Staphylococcus (CNS) isolated at 42.8% (n=435) was the most
prevalent bacteria in this study. This was followed by other Streptococcus species at 22.2% (n=226)
and Staphylococcus aureus isolated at 15.7% (n=160). Micrococcus species at 0.9% (n=9) and
Enterobacter species at 0.7% (n=7) were the least recovered bacterial isolates from the mastitic
samples (Table 3.1). Notably, from this study, Micrococcus species and Streptococcus agalactiae
were not recovered from any of the clinically sick quarters. However, all other mentioned bacteria

were isolated in subclinical mastitis (Table 3.1).

75



Table 3.1: Distribution of the 1016 bacteria isolated from mastitic milk from 294 dairy

cows in Embu and Kajiado Counties

Clinical mastitis Subclinical mastitis
Embu County (n*=44)  Kajiado County(n=18) Embu County (n'=547) Kajiado County (n'=407)

Bacteria n (%) n (%) n (%) n (%)
CNS? 20 (45.4) 4(22.2) 227 (41.4) 184 (45.2)
other Strep spp? 10 (22.7) 7 (38.8) 110 (20.1) 99 (24.3)
S. agalactiae 0(0) 0(0) 1(0.1) 3(0.7)
S. aureus 6 (13.6) 4 (22.2) 76 (13.8) 74 (18.1)
Bacillus spp 4(9) 0(0) 58 (10.6) 15 (3.6)
P. aeruginosa 1(2.2) 0 (0) 29 (5.3) 22 (5.4)
E. coli 3(6.8) 1 (15.5) 23 (4.2) 5(1.2)
Klebsiella spp 0(0) 1(5.5) 11(2) 2(0.4)
Micrococcus spp 0 (0) 0 (0) 6 (1) 3(0.7)
Enterobacter spp 0 (0) 1(5.5) 6 (1) 0(0)

*In refers to the number of bacteria isolated in each county 2Coagulase negative Staphylococcus, 2other Streptococcus

are isolates not identified as Streptococcus agalactiae

Unexpectedly, this study did not find any significant differences in the distribution of mastitis
causing bacterial species isolated in the two counties. However, frequencies of isolation for some
bacteria differed between the counties. For instance, In Embu County, the frequently isolated
bacteria in both clinical and subclinical mastitis was CNS at 45.4% and 41.4% respectively. This
was followed by other Streptococcus species isolated at 22.7% for clinical mastitis and 20.1% for
subclinical mastitis. However, interestingly, in Kajiado County, the most prevalent bacteria in
clinical mastitis was other Streptococcus species isolated at 38.8% while CNS at 45.2% was

frequently isolated in the subclinical mastitis (Table 3.1).
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Significantly higher prevalence of Bacillus species and Escherichia coli were recovered in cows
from Embu County compared to those from Kajiado (p=0.03). However, there were no statistically
significant differences in the distribution of the other bacterial species isolated from the two

counties (p > 0.05).

3.4.3 Bacterial diversity of mastitic milk of dairy cows in Embu and Kajiado Counties using
16S rRNA metagenomic analysis.

3.4.3.1 Summary of culture growth results of 66 quarter milk samples

The bacterial culture results of all 1574 mastitic milk samples have been presented in detail in
section 3.3.2. In summary, the bacterial culture growth results of the 66 representative quarter milk
samples used for 16S rRNA metagenomics analysis were as follows; Coagulase-negative
Staphylococcus, 28% (n=19); other Streptococcus species 10.6% (n=7); Staphylococcus aureus,
9% (n=6); Bacillus species, 9% (n=6) and Pseudomonas aeruginosa, 6% (n=4) and 48.4% (n=32)

of the samples were described as culture negative following aerobic standard culture.

3.4.3.2 Sequencing results

Analysis of the same 66 milk samples using 16S rRNA metagenomics sequencing yielded a total
of 18, 464,046 million reads with an average of 279,183 reads per sample and an average of 301bp
in read length. Of these sequences, about 40% (7,435,372) sequences were eventually analyzed
using QIME following quality control and yielded a total of 3047 operational taxonomic units
(OTUS). For comparison, the sequence results were grouped based on study county (Kajiado or

Embu), disease status (clinical /subclinical mastitis) and culture growth results (culture-positive or
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culture-negative). As shown in Table 3.2 there were no statistically significant differences in terms

of the number of and percentages of reads that were removed after quality control across the three

groups.

Table 3.2: Distribution of the number of original sequences and percentages of reads that

were removed after quality control in each group

Original sequences

% reduction

% reduction

Pairing and after chimera
(n+SD/SE) filtering removal
Embu clinical no 258986+0 55.359+0 1.103+0
yes  283200.67+14831.46  57.312+3.28 6.779+5.753
Subclinical no 294667.78+15798.11  61.071+3.008 1.801+0.727
yes 282186.11+8400.17  60.164+1.476 1.324+0.309
Kajiado clinical no 255653+5766.76 55.04+0.701 5.094+2.73
yes 276567.5£16357.16  62.335+4.713 2.239+1.098
Subclinical no 270744.67+5810.59  56.457%0.724 1.667+0.519
yes  287090.22+10689.77  58.533+1.158 1.873+0.48
p-value  Regions (R) 0.553 0.856 0.975
Status (S) 0.219 0.468 0.056
Culture Growth (CG) 0.317 0.223 0.544
R*S 0.853 0.2 0.818
R*CG 0.601 0.329 0.066
S*CG 0.399 0.343 0.463
R*S*CG 0.511 0.781 0.132
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3.4.3.2.1 Alpha and Beta diversity indices

Alpha diversity of clinical mastitic milk was significantly higher than subclinical mastitic milk

based on Shannon (p=0.025) and Simpson indices (p=0.013). However, there were no other

significant differences in richness and diversity in bacteria in the other groups (Table 3.3 & Figure

3.5).

Table 3.3: Alpha diversities showing changes in microbial communities by clinical status,

region and culture growth status

Chaol ACE Shannon Simpson Fisher
Mean+SD/SE MeantSD/SE Mean+SD/SE Mean+SD/SE Mean+SD/SE
dlinical no 33250 293.8+0 3.4+0 0.9+0 49.1+0
yes  315.8+182.9  344.2+193.92 1.6+1.38 0.4+0.29 59.3+46.72
Embu o no  186.4+35.65  197.6+39.16  0.8+0.31 0.2+0.09 22.1+6.8
Subclinical
yes  254.1+30.37  266.9+32.54  1.1+0.3 0.3+0.08 28.1+3.67
o no 132.6+19.66 147.8x17.77 1.0£0.56 0.4+0.19 14.9+1.54
Kajiado clinical yes  233.8+65.29  238.3t64.14  2.2+0.66 0.7+0.13 34.8+12.01
o no  266.4+32.78  280.6+36.7 1.3+0.38 0.3+£0.09 32.645.33
Subclinical
yes  342.6+48.25  351.5+50.44  0.5+0.11 0.2+0.03 32.0+4.78
Region (R) 0.583 0.704 0.344 0.515 0.21
Status (S) 0.866 0.744 0.025 0.013 0.222
Culture Growth (CG) 0.27 0.209 0.581 0.436 0.314
p -value! S*CG 0.773 0.997 0.933 0.769 0.482
S*R 0.032 0.063 0.354 0.722 0.041
CG*G 0.54 0.851 0.35 0.22 0.929
S*CG*R 0.596 0.862 0.04 0.029 0.643

lindicate statistical differences compared within each two or three groups
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Figure 3.5: Plot boxes showing Alpha diversities measures (Chaol and Shannon) showing
bacterial richness and diversity in the three categories; clinical status (clinical or subclinical),

region (Embu or Kajiado), and culture growth status (Yes/No).

As shown in (Figure 3.6) the Bray-Curtis Principal Coordinate Analysis (PCoA) plots revealed that
bacterial communities from Kajiado and Embu Counties clustered closely together along the Y-
axis. Further, there was no clear separation between bacteria taxonomies from mastitic milk

samples with culture-negative and those with culture-positive in the (PCoA) plots.
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Figure 3.6: Principal Coordinate Analysis (PCoA) (Bray Curtis distance) plots A, B, C using unweighted UniFrac distances clustered
samples comparing changes in bacterial communities by region, clinical status, and growth status on culture. The different colors in the

PCoA analysis represent different groups, and the closer the sample distance is, the more similar the microbial composition between the

samples is, and the smaller the difference is.
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3.4.3.2.2 Bacterial communities identified using 16S rRNA metagenomics analysis

On taxonomic analysis of 3047 operational taxonomic units (OTUs) with an average relative
abundance of more than 0.01% count, 16 different bacterial phyla were identified from 77% (2359)
of the OTUs while 22.5% (688) of them were unassigned. The three most abundant bacterial phyla
identified across all the groups were Proteobacteria (49%-88%), Firmicutes (4%-54%), and
Spirochaetes (0.004%-0.9%). Other phyla with relatively lower abundance reported in mastitic
samples in this study were Chlamydiae (0-9.2%), Acidobacteria (0-0.8%), Actinobacteria (0-
0.3%), Bacteroidetes (0-0.004%), Gemmatimonadetes (0-0.003%), TM6 (0-0.03%), Tenericute (0-

0.7%), Verrucomicrobia (0-0.2%) and WWE1 (0-0.1%) (Table 3.4 and Figure 3.7 A&B).
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Table 3.4: ANOVA Table of 12 Most Abundant Phyla and Genera recovered from dairy cows with mastitic milk using 16S rRNA metagenomics analysis from Kajiado and Embu counties

Regions
P-Value
Embu County Kajiado County
Phyla/Genera Clinical Subclinical clinical Subclinical S* G
No Yes No Yes No Yes No Yes S CG R $*CG S*R CG*R
Mean+SD/SE Mean+SD/SE Mean+SD/SE Mean+SD/SE Mean+SD/SE Mean+SD/SE Mean+SD/SE Mean+SD/SE

Proteobacteria 49.810 88.31£10.976 86.816.811 74.317.764 85.819+13.755 45.323+12.79 86.80214.486 86.24619.832 0.10 0.70 0.90 0.78 0.63 0.09 0.02
Pseudomonas 2.710 66.9130.307 81.0+10.395 63.3+10.283 66.908+21.834 14.702+11.102 71.145+9.579 83.822+10.421 0.01 0.90 0.70 0.77 0.98 0.14 0.01
Acinetobacter 30.610 11.9+11.73 2.97+2.765 4.612.174 2.057+1.792 10.291+4.668 6.771+3.619 0.472+0.252 0.02 0.36 0.07 0.73 0.07 0.25 0.04
Rickettsiella 0+0 0+0 0.00210.002 0.009+0.005 0+0 0.011+0.007 0.028+0.028 0.004x0.002 0.74 0.95 0.73 0.78 0.91 0.84 0.67
Ralstonia 0.4+0 0.005%0.005 0.1+£0.057 0.3+£0.147 0.876%0.863 0.616%0.432 0.529+0.287 0.029+0.021 0.50 0.48 0.33 0.78 0.44 0.62 0.52
Enhydrobacter 0.4+0 0.02+0.006 0.04+0.023 1.0+£0.717 0.136+0.12 0.479+0.316 0.24+0.127 0.032+0.008 0.91 0.77 0.83 0.76 0.69 0.85 0.46
Rheinheimera 0.4+0 0.7+0.717 0.03+0.023 0.02+0.011 0.002+0.001 0.159+0.107 0.216+0.191 0.004+0.003 0.19 0.69 0.31 0.33 0.14 0.59 0.98
Firmicutes 48.510 9.519.026 12.416.4 24.9+7.607 4.44+4.131 53.635%+12.741 11.053+3.627 13.018+9.508 0.13 0.49 0.71 0.91 0.71 0.03 0.01
Staphylococcus 22.810 0.410.19 8.7£4.572 16.917.06 2.568%2.444 21.745%20.141 2.144+0.852 1.126+0.724 0.52 0.89 0.46 0.72 0.42 0.26 0.08
Solibacillus 18.51+0 3.0£3.01 2.5£2.013 0.893+0.412 0.002+0.001 0.591+0.453 2.353+1.253 0.305+0.103 0.01 0.00 0.00 0.05 0.00 0.01 0.01
Facklamia 1.440 1.9+1.903 0.16+0.103 0.396+0.162 0.133+0.121 1.062+0.881 0.999+0.408 0.317+0.09 0.16 0.61 0.46 0.32 0.12 0.80 0.46
Streptococcus 0.2+0 0.21£0.231 0.2+0.117 2.013£1.033 0.381+0.368 23.918+13.149 1.086+0.647 9.38319.339 0.51 0.07 0.08 0.46 0.39 0.10 0.35
Turicibacter 0.8+0 0.3+£0.309 0.2+0.121 0.6+0.295 0.127+0.123 0.569%0.198 0.366%0.21 0.17+0.08 0.68 0.91 0.64 0.87 0.87 0.78 0.25
Tenericutes 0.7+0 0.6x0.647 0.06+0.039 0.03+0.022 010 0.184+0.152 0.241+0.121 0.067+0.04 0.04 0.92 0.09 0.51 0.01 0.89 0.50
Mycoplasma 0.03+0 0.005+0.005 0+0 0.002+0.002 0.012+0.03 0+0 010 0.001+0.001 0.13 0.60 0.12 051 0.23 0.71 0.25
Acholeplasma 0+0 0+0 0.00210.002 0.009+0.005 0+0 0.011+0.007 0.028+0.028 0.004x0.002 0.95 0.91 0.8 077 0.12 0.36 0.73
Other Unassigned 0.4+0 0.8+£0.551 0.4+0.305 0.683+0.181 0.448+0.346 0.279+0.113 0.637%0.222 0.435%0.093 0.83 0.78 0.70 0.89 0.71 0.36 0.93
Acidobacteria 0.1+0 0+0 0.001+0.001 0.018+0.013 0+0 0.039+0.036 0.012+0.01 0.003+0.002 0.17 0.58 0.44 0.41 0.53 0.14 0.02
Chlamydiae 0.04+0 0.005+0.005 0+0 0.002+0.002 9.282+9.282 0+0 0+0 0.001+0.001 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Actinobacteria 0+0 0.027+0.027 0.02+0.015 0.0260.011 0.003£0.002 00 0.013%0.006 0.009+0.004 0.47 0.62 0.38 0.68 0.99 0.45 0.70
Bacteroidetes 0+0 0.004+0.002 0.004+0.003 0.004+0.001 0.004+0.002 00 0.007%0.006 0.003+0.001 0.59 0.83 0.88 0.87 0.93 0.54 0.87
Gemmatimonadetes 0.03+0 0+0 0.002+0.002 0.001+0.001 0+0 0.009+0.009 0.001+0.001 0+0 0.00 0.01 0.01 0.02 0.03 0.00 0.00
Spirochaetes 0.31+0 0.5+0.465 0.26+0.163 0.05+0.029 0.004+0.002 0.496+0.381 0.986+0.963 0.207+0.189 0.95 0.91 0.86 0.63 0.72 0.95 0.78
TM6 0+0 0+0 00 0.026%0.026 0+0 00 0+0 00 0.77 0.77 0.77 0.77 0.77 0.77 0.77
Verrucomicrobia 0.2+0 0.21£0.241 0.052+0.039 0.017+0.013 0+0 0.034+0.025 0.151+0.135 0.01£0.005 0.64 0.86 0.54 0.58 0.32 0.79 0.86
WWE1 0+0 0.016+0.016 0.002+0.002 0+0 0+0 0+0 0.096+0.09 0+0 0.79 0.79 0.80 0.71 0.72 0.72 0.80
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Figure 3.7 A: Taxonomic profile at the phyla level showing the three of the sixteen
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most abundant bacterial phyla identified in mastitic cow milk using 16S rRNA
metagenomics analysis, classified based on region (Embu and Kajiado), disease status
(clinical and subclinical) and culture growth (Yes -presence of growth on culture) (No-

absence of growth on culture).
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Figure 3.7 B: Taxonomic profile at the phylum level showing ten of the thirteen
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abundant bacterial phyla identified in mastitic cow milk using 16S rRNA
metagenomics analysis, classified based on region (Embu & Kajiado), status (clinical
& subclinical) and culture growth (Yes -presence of growth on culture) (No-absence

of growth on culture).

Of the identified bacterial phyla, Proteobacteria was the most dominant across all
categories with the highest relative abundance of 86% observed in culture-positive
clinical mastitis samples from Embu. Firmicutes were the second abundant phylum
with the highest abundance observed in culture-positive clinical mastitic samples from
Kajiado at 53%. Further, although no statically significant differences were observed,
the phylum Chlamydiae had a relatively higher abundance in clinical mastitis cases
compared to subclinical mastitis. More specifically, the highest relative abundance of

9.2% was observed in clinical mastitic culture-negative samples from Kajiado.
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The phylum Tenericutes were also significantly higher in abundance in clinical
mastitic samples compared to those from subclinical mastitis (p=0.04). More
specifically higher relative abundance of 1.3% was reported in clinical samples from
Embu County. Further analysis of this phylum revealed only two genera namely;
Mycoplasma at (0-0.03%) and Acholeplasma at (0-0.02%) were associated mastitis in
this study. The relative abundance of Gemmatimonadetes significantly differed across
the three categories (p<0.05) while the phylum TM6 was only observed in culture-

positive subclinical samples from Embu in this study (Table 3.4 and Figure 3.7 A&B).

The mastitis cow milk microbiome was dominated by 11 the bacterial genera that had
a relative abundance greater than 0.01% in at least one sample in this study. Of the
bacterial genera reported, the three most abundant were Pseudomonas at (2.6%-
83.8%), Acinetobacter (0.4%-30.5%) and Staphylococcus (0.4%-22.8%). Other
genera with lower abundance reported in this study included; Streptococcus (0.2%-
23.9%), Rickettsiella (0-0.3%), Ralstonia (0.005%-0.2%), Enhydrobacter (0.2%-
0.98%), Rheinheimera (0.002%-0.8%), Facklamia (0.1%-2.0%) ad Turicibacter

(0.2%-0.8%) (Table 3.4 and Figure 3.8).
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Figure 3.8: Taxonomic profile at genus level showing all the 11 bacterial genera identified in mastitic cow milk using 16S rRNA metagenomics
analysis, classified based on region (Embu or Kajiado), status (clinical or subclinical) and culture growth (Yes -presence of growth on culture) or

(No-absence of growth on culture).
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Based on the disease status, three bacterial genera were found to be significantly different between
clinical and subclinical mastitis samples in this study which included Pseudomonas (p=0.01),
Acinetobacter (p=0.02), and Solibacillus (p=0.01). The genus Pseudomonas was significantly
higher in the subclinical mastitis samples compared to the clinical mastitis ones (p=0.04). More
specifically, the highest relative abundance of Pseudomonas was reported in culture-positive
subclinical mastitis samples from Kajiado at (83%). Further, significantly higher relative
abundance in Acinetobacter and Solibacillus were observed in samples with clinical mastitis
compared to subclinical mastitic ones (p=0.02; p=0.01). The relative abundance of both
Acinetobacter (30%) and Solibacillus (18%) was significantly increased in culture-negative

clinical mastitic samples from Embu County (Table 3.4 & Figure 3.8).

Notably, from the 32 milk samples defined as culture-negative using the aerobic culture method in
this study, 16S rRNA analysis identified phyla and genera of bacteria that are known to cause
mastitis in dairy cows. These genera included; Pseudomonas (2.6%-81%), Staphylococcus (2.5%-
22.8%), Streptococcus (0.2%-0.3%), Mycoplasma (0%-0.03%) and phylum Chlamydiae (0.004%-
9.2%). As shown in Table 3.4 the genera, Pseudomonas, Staphylococcus, and Streptococcus were
prevalent in almost all the culture-negative samples. However, for the phylum Chlamydiae
increased relative abundance was observed in clinical mastitic milk samples from Kajiado County
at 9.2%. Similarly, the genera Mycoplasma was reported higher in clinical samples from Embu at

0.03%. Unexpectedly, a high relative abundance of the genus Staphylococcus at 22% was observed
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in culture-negative clinical mastitis samples from Embu compared to the other categories in this

study (Table 3.4).

Further, based on the study counties, the 32 culture-negative clinical mastitic milk samples from
Embu and Kajiado were similarly dominated by four main bacterial genera. These genera were
Pseudomonas (2.6%-66.9%), Acinetobacter (2.6%-30.5%), Staphylococcus (2.5%-22.8%) and
Solibacillus (0.002%-18.5%). However, their relative abundance between the two counties
differed. Higher abundance in Acinetobacter (30.5%), Staphylococcus (22.8%) and Solibacillus
(18.5%) being observed in milk samples from Embu as compared to those from Kajiado County.
On the other hand, milk samples from Kajiado County showed a higher relative abundance of

Pseudomonas (66.9%) compared to those from Embu which had (2.6%) (Table 3.4).

In this study, 34/66 samples were culture positive. Of these, CNS was reported in (28%, n=19) of
the samples followed by Streptococcus species at (10.6%, n=7), Staphylococcus aureus at (9%,
n=6), Bacillus species (9%, (n=6) and Pseudomonas aeruginosa (6%, n=4). However, 16S rRNA
metagenomics analysis of the same samples revealed a higher percentage of some of those taxa
which included Pseudomonas (14%-83.8%), followed by Streptococcus (0.3%-23%) and
Staphylococcus (0.4%-21%). In addition, two other genera, Acinetobacter (0.4%-14%) and
Solibacillus (0.4%-3%) not identified using culture method were reported in increased abundance
in the 16S rRNA metagenomics analysis. Moreover, other genera with lower abundances reported

in metagenomics analysis of culture-positive samples included Ralstonia, Rheinheimera,
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Enhydrobacter, Facklamia, Turicibacter, Mycoplasma, Rickettsiella and Acheloplasma (Table

3.4).

3.5 DISCUSSION

This study investigated the prevalence, bacterial diversity of mastitic milk from dairy cows in
Embu and Kajiado Counties. The knowledge on the prevalence of mastitis and the bacterial
diversity associated with the disease development would greatly improve control, prevention and

guide on respective treatment.

3.5.1 Prevalence of clinical and subclinical mastitis based on California Mastitis Test

(CMT) in Embu and Kajiado Counties

Overall, arelatively high cow level prevalence of mastitis (80%) was reported in Embu and Kajiado
counties in this study. Ondiek & Kemboi (2018), reported a slightly higher prevalence of mastitis
at (82.9%) in their study in Njoro, Kenya. High prevalence of cow mastitis in other African
countries such as Uganda (86.5%), Ethiopia (76%) and Tanzania (70.9%) and Rwanda (76.2%)
have been reported (Abrahmseén et al., 2014, Abebe et al., 2016, Suleiman et al., 2018, Ndahetuye
et al., 2019). On the contrary, a slightly lower prevalence of mastitis was reported by Mureithi &
Njuguna, (2016) (64%) and Gitau et al. (2014) (54.2%) in studies carried out in different parts of
Kenya. The discrepancies in the prevalence of mastitis in these studies could be linked to
differences in management practices, geographical and breed factors which have been shown to
directly influence the occurrence and recurrence of mastitis (Ramirez et al., 2014, Taponen et al.,
2017). The high prevalence of mastitis reported in this study could be indicative of inadequate
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monitoring and lack of specific mastitis control programs in the study areas as evidenced during
field sampling and has been reported in other studies in Kenya and Africa (Mureithi & Njuguna,
2016, Adamu et al., 2020).

Clinical mastitis was reported at 6.8% in this study. These findings were closely related to what
was reported by Sarba & Tola, (2017) and Zeryehun & Abera (2017) both in Ethiopia who reported
a prevalence of (9.9%) and (10%) respectively. However, a slightly higher prevalence of clinical
mastitis has been reported in other countries such as Japan at (12%) (Amer et al., 2018) and Canada
at (23%) (Levison et al., 2016). A lower prevalence of clinical mastitis ranging between 0.5% to
0.9 % was reported in different parts of Kenya (Gitau et al., 2014 ). Accordingly, Gao et al.

(2017), also reported a prevalence of 3.3% in China.

The prevalence of subclinical mastitis in this study was about 74%. These findings were in
agreement with studies in Ethiopia and Rwanda which reported prevalence of subclinical mastitis
at (76%) and (76.2%) respectively (Abebe et al., 2016, Ndahetuye et al., 2019). A higher
prevalence of subclinical mastitis has also been reported in Kenya at (82.9%) (Ondiek & Kemboi,
2018) and Ethiopia (85%) (Tolosa et al., 2015). However, slightly lower results have been reported
previously in different parts of Kenya at (49.6%-64%) (Mureithi & Njuguna 2016, Gitau et al.,
2014), Ethiopia (34.1%-40.1%) (Bihon et al., 2018), and Rwanda (50.5%) (Mpatswenumugabo et
al., 2017). The prevalence of mastitis has been shown to vary from country to country and among
farms and cows (Motaung et al., 2017). The high prevalence of subclinical mastitis observed in
this study may be due to the poor milking and environmental hygiene standards observed in the

study areas (Ramirez et al., 2014, Bihon et al., 2018, Ismael, 2018). Moreover, the high number of

91



older cows with a previous history of mastitis, reported in this study, could be a contributing factor

(Jamali et al., 2018).

A significantly higher prevalence of sub-clinical mastitis (74%) was reported in this study
compared to clinical (6.8%) mastitis. Other studies in Tanzania (Zeryehun & Abera, 2017) and
Kenya (Gitau et al., 2014) also reported a higher prevalence of subclinical mastitis compared to
clinical mastitis. Indeed, incidences of subclinical mastitis have been reported to be 40 times more
prevalent compared to clinical mastitis (Ruegg, 2017). The lower prevalence of clinical mastitis
has been linked to the fact that clinical mastitis can easily be diagnosed and treated (Motaung et
al., 2017). On contrary, the sub-clinical form lacks physical abnormalities; hence it is hardly
diagnosed by the farmers and continues to be a source of infection on the farm (Abebe et al., 2016,
Ismael, 2018). In addition, ineffective mastitis control programs and poor hygiene standards in the
study areas could also have been key contributors (Abrahmsén et al., 2014). Mastitis control

programs tailed based on local specific risk factors within the study areas should be implemented.

In the present study, Embu County had a significantly higher cow and quarter-level prevalence of
mastitis compared to Kajiado County. The higher prevalence of mastitis reported in Embu County
could be associated with poor hygiene and the wet weather experienced between March and June
2019 during the sampling period. Increased prevalence of mastitis has been reported in wet seasons
compared to dry seasons (Moosavi et al., 2014, Kurjogi & Kaliwal, 2014). Moreover, in Embu
County, it was observed that cows stayed in dirty beddings and poorly drained houses. Poor
drainage, dirty beddings and muddy floor have been linked to high bacterial contamination of the
udder with environmental mastitis pathogens (FAO, 2014, Mureithi & Njuguna, 2016).
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Improvement of hygiene measures for successful control of mastitis in the region is therefore,
highly recommended.

3.5.2 Causative bacteria of mastitis in Embu and Kajiado Counties

The predominance of Coagulase Negative mastitis (CNS) in clinical and subclinical mastitis have
been reported in several studies (Mekonnen et al., 2017, Amer et al., 2018, Ndahetuye et al.,
2019). Epidemiological studies have shown that CNS are emerging bacteria, increasingly being
isolated from cases of cow mastitis worldwide (Piessens et al., 2011, Sender et al., 2017,
Vakkamaki et al., 2017). However, this study’s findings, contrasted with those of Gitau et al.
(2014), Mureithi & Njuguna, (2016) and Ondiek & Kemboi, (2018) all in Kenya, who reported that

Staphylococcus aureus was the dominant mastitic causative bacteria.

The present results demonstrate the emergence of CNS as the main causative bacteria of mastitis
in dairy cows in Kajiado and Embu counties. CNS were initially classified as minor pathogens of
mastitis (Piessens et al., 2011). This transition from Staphylococcus aureus to CNS may imply the
need to revise control procedures. The high prevalence of CNS in this study might be explained by
the fact that the bacteria which are normal flora of the skin, could be originating from milker's
hands or cow skin during milking (Piessens et al., 2011, Frey et al., 2013). The environmental
origin of CNS has also been described (El-jakee et al., 2013, Kim et al., 2019). Therefore,
epidemiological characterization of CNS isolates will be necessary to confirm circulating species

and the specific factors contributing to the increase in CNS mastitis in Kenya.

Streptococcus agalactiae, a key contagious mastitis-causing pathogen, was reported at a low
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prevalence of 0.4% in this study. Similarly, previous studies in Kenya, investigating the prevalence
of mastitis-causing pathogens by Gitau et al. (2014) and Mureithi et al. (2017), reported a
prevalence of 5.2% and 8.4% respectively. This low prevalence indicates that S. agalactiae is no
longer a major problem in bovine mastitis in the study areas. Improvement of specific control
programs targeting contagious pathogens such as milking and udder hygiene has significantly led
to the reduction of S. agalactiae and S. aureus in most countries (Zadoks & Fitzpatrick 2009,

Tomazi et al., 2018).

Mastitis due to environmental Streptococcus species (other than S. agalactiae) was reported in this
study at 22.2%. These findings were comparable to findings by Birhanu et al. (2017) at (22%) in
Ethiopia and those by Gitau et al. (2014) at 20.6% in Kenya. A higher prevalence of environmental
streptococcal mastitis at (36%) has been reported previously in Kenya (Ndirangu et al., 2017). In
contrast, a lower prevalence of environmental streptococcal mastitis has also been reported in
various countries including Kenya (10.8%) (Odongo et al., 2012) Finland (14%) (Vakkamaki et
al., 2017), and Japan (9%) (Amer et al., 2018). The inconsistencies in prevalence in these studies
could be due to managemental, environmental, epidemiological and breed factors (Taponen et al.,

2017).

A rise in the prevalence of environmental mastitis due to Streptococcus species are consistently
being reported worldwide (Zhang et al.,, 2018). This high prevalence of environmental
streptococcal mastitis in this study could be due to udder contamination from the cow's
environment or the water source (Zadoks et al., 2011, Amer et al., 2018). Providing a clean
environment, frequent removal of slurry and use of teat dips after milking have shown to
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significantly reduce the rate of streptococcal mastitis (Klaas & Zadoks, 2017). Therefore, such
practices should be adopted in the study areas.

Further, Bacillus species were reported in this study at a prevalence of 7.6%. This was slightly
higher compared to a previous report by Odongo et al. (2012) in Kenya who reported a prevalence
of 4.6%. Other studies have reported Bacillus species as important pathogens of mastitis (Sadashiv
et al., 2014). A higher prevalence of bacillus mastitis has been reported in Japan (22%) (Amer et
al., 2018). However, a lower prevalence of bacillus mastitis has also been reported in Ethiopia
(1.3%-4.2%) (Zeryehun & Abera, 2017, Fisseha et al., 2020). Bacillus organisms have been
reported as important emerging mastitis-causing pathogens (Sadashiv et al., 2014). In this study,
the presence of Bacillus organisms could be due to environmental contamination of the udder by
mud or manure (Sadashiv et al., 2014). Therefore, improving environmental hygiene, milking

hygiene and the use of teat sealants could reduce such infections (Kromker et al., 2014).

In this study, the prevalence of Bacillus spp. and Escherichia coli were significantly higher in
Embu County compared to Kajiado County. Studies elsewhere have shown that such differences
are commonly linked to geographic variations (Taponen et al., 2017). Since these organisms are
environmental mastitis-causing pathogens, soiled bedding, manure and dirty cow environment,

observed in Embu County, are important sources of infections (Schauer et al., 2021).

Similar to a finding in Canada (Levison et al., 2016), lack of growth was reported in 20% of the
samples. These findings were lower than those reported by Richards et al. (2019) in Kenya who

reported lack of growth in 37.5% of the mastitis cases, but higher than those reported by Gitau et
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al. (2014) at (10%), also in Kenya. Globally, about 10-40% of mastitis cases remain culture-
negative in aerobic classical routine culture method (Kuehn et al., 2013, Bhanderi et al., 2014).
The lack of growth in samples has remained a challenge in the diagnosis of mastitis worldwide
(Oikonomou et al., 2012). Limitations of the culture method, low level of bacteria in milk, cow
pretreated with antibiotics, and non-bacterial causative agents of mastitis have been described as

key reasons for lack of growth in mastitic milk (Oikonomou et al., 2012, Kuehn et al., 2013).

3.5.3 16S rRNA metagenomics analysis

Unlike most cow milk studies using 16S rRNA metagenomics analysis that have focused on
microbial diversity between healthy and mastitic milk, this study being the first one in Kenya
explored the bacterial diversity of clinical and subclinical mastitic cow milk from two different

counties based on culture growth diagnosis (Oikonomou et al., 2012; 2014, Kuehn et al., 2013).

Three bacterial genera namely; Staphylococcus, Streptococcus and Pseudomonas diagnosed by
culture were also reported in higher percentages in 16S rRNA metagenomics. However, the results
of these three genera did not compare well between the two methods. This is because the
percentages of those taxa were reported higher in the 16S rRNA metagenomics analysis compared
to culture. Furthermore, eight other abundant genera were recovered using metagenomics analysis
and not in culture. This lack of direct comparison between culture and 16S rRNA metagenomics
analysis has been described (Oikonomou et al., 2012; 2014). These results demonstrate that
classical culture methods fail to describe the true bacterial complexity of mastitic cow milk

(Oikonomou et al., 2012; 2014; Kuehn et al., 2013).
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3.5.3.1 Alpha and Beta diversity indices

Most of the alpha and beta diversity comparisons showed that there were no significant differences
in bacterial number and diversities in milk from quarters among the three groups except for
Shannon and Simpson diversity indices. These results indicate that most of the bacteria were shared
among the different three groups in this study. Consistent with this study's findings, Catozzi et al.
(2017), found no cluster discrimination between samples from clinical and subclinical mastitis in
their study in water buffaloes in France. Similarly, Oikonomou et al., 2012, in their study in the
USA found no significant differences between bacterial diversity in clinical and subclinical mastitis
in bovine milk. However, in the same study, they reported discriminate clustering between samples
from the healthy quarters from those with clinical mastitis but culture-negative (Oikonomou et al.,

2012).

Further, the variation observed in Shannon and Simpson diversity indices in this study could be
explained by the significantly increased relative abundance of the genera Acinetobacter and
Solibacillus in clinical mastitis samples in comparison to those from the other groups. These results
indicate disease status of the milk could have had more impact on bacterial diversity of mastitic
milk than region and culture growth status. However, the lack of clear separations of the samples in
the beta analysis using the Principal coordinate analysis (PCoA) plots across the three categories
indicate that there were no significant differences in the number of different bacterial communities

in mastitic milk in this study.
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3.3.3.2 Bacterial communities identified using 16S rRNA metagenomics analysis

Similar to other studies, phyla Proteobacteria and Firmicutes were the most abundant across the
groups. Pang et al. (2018) in China found that Proteobacteria and Firmicutes were the most
abundant phyla in mastitic and healthy milk. Zhong et al. (2018), China also reported that
Proteobacteria (33.6%), followed by Firmicutes (28.8%) were the dominating phyla in manure
from dairy cows. Another study in the USA reported a higher abundance of Proteobacteria in
mastitic milk driven by Enterobacteriaceae and Pseudomonas when compared to milk from

healthy quarters in cows (Ganda et al., 2016).

In contrast, Hoque et al. (2019) reported a higher relative abundance in Proteobacteria followed
by Bacteroides in clinical mastitis milk samples as compared to those from healthy quarters in
cows in the USA. Falentin et al. (2016), found that Firmicutes, Bacteroides, and Actinobacteria
were the most abundant bacterial phyla in mammary gland microbiota in the bovine quarters with
a history of mastitis in France. The dominance of Proteobacteria and Firmicutes in mammary
glands has been linked to the existence of a potential endogenous entero-mammary pathway
facilitating the migration of gut bacteria into the mammary gland (Hoque et al., 2019). These results
indicate that similar to other studies globally, Proteobacteria and Firmicutes were the main bacteria
in mastitic milk from Kajiado and Embu, Kenya across all groups and provide confidence in this
approach.

In this study, increased relative abundance of the phylum Chlamydiae was observed in culture-
negative clinical mastitis samples from Kajiado County compared to those in the other categories.

These findings were consistent with those by Falentin et al. (2016), who reported an increased
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relative abundance of phylum Chlamydiae in quarters with a previous history of clinical mastitis
in France. Chlamydia species such as C. abortus and C. pecorum are well-known pathogens of
chronic and subclinical mastitis in cows and can be identified using specific culturing method or
by the use of polymerase chain reaction (PCR) (Biesenkamp-Uhe et al., 2007, Reinhold et al.,
2011). Although the dawn of molecular techniques has led to the improvement in the diagnosis of
most of the Chlamydia species, difficulties in identifying some of the species have been reported
(Reinhold et al., 2011). Further, the zoonotic potential of some Chlamydia spp. including C.
abortus has been described (Harkinezhad et al., 2009). Therefore, the increased relative abundance
of Chlamydiae in culture-negative clinical mastitic samples in this study is a public health concern

and warrants further investigation and surveillance (Reinhold et al., 2011).

In this study, the phylum Tenericutes were also significantly higher in relative abundance in clinical
mastitis compared to samples from subclinical mastitis (p=0.04). The presence of Tenericutes in
mastitic milk has been described in several studies (Hoque et al., 2019, Sokolov et al., 2021).
Among the Tenericutes, an important genus Mycoplasma spp. a known causative agent of mastitis
was reported in increased abundance in the culture negative mastitis samples from Embu County.
Although, the prevalence of Mycoplasma spp. was low (0.03%) in this study, it is the first report
from the Kenyan dairy. Mycoplasma species are important pathogen of mastitis that are difficult to
identify using culture methods and therefore their prevalence remains unknown in most countries
(Dudek et al., 2020, Sokolov et al., 2021). Furthermore, mycoplasma mastitis is a contagious

organism which is hard to treat, manage (Dudek et al., 2020). Future studies should consider the
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use of more sensitive molecular techniques to further characterize Mycoplasma species in culture-

negative mastitic samples (Sokolov et al., 2021).

Three genera namely; Pseudomonas, Acinetobacter and Solibacillus were found to be significantly
different between clinical and subclinical mastitic samples in the current study. A significantly
higher relative abundance of Pseudomonas was reported in subclinical mastitis samples compared
to clinical samples (p=0.01). Pseudomonas spp are well-known causative agents of mastitis in
ruminants including in dairy cows (Zadoks, 2017). Kuehn et al. (2013), however, found a higher
abundance of Pseudomonas in healthy cow milk samples compared to clinical mastitic ones in their
study in the USA. Similarly, Liu etal. (2020) reported a higher relative abundance of Pseudomonas
spp. in dairy raw milk in the USA. The high level of Pseudomonas in culture-negative mastitis
samples in this study is surprising since Pseudomonas aeruginosa can easily be cultured in the
laboratory. These findings suggest that other Pseudomonas spp. not easily cultured could be
associated with mastitis (Kuehn et al., 2013). In the USA, Pseudomonas has been isolated in water
sources and studies have reported infection of the udder or contamination of samples due to water
positive for Pseudomonas (Kuehn et al., 2013, Liu et al., 2020). However, characterization of

Pseudomonas to species level will beneficial and their role in milk warrants further investigation.

In this study, significantly higher Acinetobacter was reported in clinical mastitis with no culture
growth in Embu compared to the other groups. Catozzi et al. (2017) found a higher abundance of
Acinetobacter genera in subclinical mastitis in water buffalos compared to the healthy group in

Italy. Studies in China by Pang et al. (2017) and India by Patel et al. (2017) found that
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Acinetobacter was more prevalent in healthy milk compared to mastitic milk in cows and humans
respectively. Acinetobacter is frequently identified on the skin of the teats (Derakhshani et al.,
2018). However, Acinetobacter has also been described as the core microbiota of milk with its
pathogenesis of mastitis been described as minimal (Catozzi et al., 2017, Derakhshani et al., 2018).
Although the role of Acinetobacter in milk is still unclear, these organisms are well known for
multidrug resistance and a clinically relevant human pathogen (Hoque et al., 2019, Chapartegui-
Gonzaélez et al., 2021). Therefore, the presence of a high relative abundance of Acinetobacter in
clinical culture-negative mastitic samples in this study is a public health concern and warrants

further investigation and surveillance (Pang et al., 2017).

Solibacillus (30%) was significantly higher in culture negative clinical mastitic samples from Embu
(p=0.05). Kusumawati et al. (2021) in their study in Indonesia, reported the presence of
Solibacillus in subclinical milk at 8%. However, unlike in our study, Catozzi et al. (2017), Italy,
reported an increased abundance of Solibacillus in healthy milk and decreased abundance in
clinical mastitis in water buffaloes. Solibacillus has been regarded as a fecal bacterium in dairy
cows (Catozzi et al., 2017, Kusumawati et al., 2021). Although fecal contamination of milk during
sample collection, and possibly interfering with microbial diversity of milk have been described, it
is unlikely that it occurred in these samples since Solibacillus seem to decrease significantly in the
other categories. Therefore, its role in milk should be further investigated. Further, our findings
suggest that geographical location had an impact on the relative abundance of Solibacillus since

the increased abundance was only reported in Embu County (Liu et al., 2020).
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A high number of unassigned bacteria (22.5%) were reported in this study. High numbers of
unassigned bacteria have been reported previously (Ganda et al., 2016, Falentin et al., 2016, Hoque
et al., 2019). The presence of a higher number of bacteria not assigned to any pathogenic group
could be indicative of dysbiosis (Hoque et al., 2019). Dysbiosis in mammary glands has shown to
not be caused by a change in microbial composition but also by an increase in nonspecific

intramammary infectious bacteria (Falentin et al., 2016, Ganda et al., 2016,).

Interestingly in this study, genera Staphylococcus which are aerobic bacteria and easily cultivable
were identified in high abundance in culture-negative clinical mastitis. The genus staphylococci
are well described as a dominant bovine and human mastitis pathogens in most microbial diversity
studies (Falentin et al., 2016, Oikonomou et al., 2020). The presence of this bacteria in culture-
negative samples could indicate that the quarters could have been pretreated with antibiotics before
culture (Oikonomou et al., 2012). In addition, since the volume of milk samples used for
metagenomics analysis is 100 times more as compared to that used in the culture method, a higher
likelihood of finding pathogenic bacteria in metagenomics studies compared to culture has been
described (Oikonomou et al., 2012). Further, although the culture method is only able to identify
bacteria that are alive and reproducing at the time of analysis, metagenomics analysis can detect

bacteria that are in low numbers including DNA from dead bacteria (Oikonomou et al., 2012).

In this study, a relative increase in abundance, of Acinetobacter, Staphylococcus, and Solibacillus
in culture-negative clinical samples from Embu compared to Kajiado was observed. On the other

hand, samples from Kajiado County had a higher abundance of Pseudomonas compared to those
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from Embu. Variation of microbiota based on geographical areas and herds has been described
(Hoque et al., 2019). Further, although the relative abundance between culture-negative differed
between the two counties, similarities were observed in the number of abundant genera common

to both counties suggesting a great degree of similarities within the two geographical regions.
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3.6 CONCLUSION AND RECOMMENDATION

The current study reported a high prevalence of subclinical mastitis dominated by Coagulase-
negative Staphylococcus (CNS) using culture and Pseudomonas, by 16S rRNA metagenomics.
Therefore, action need to be taken prevent bovine mastitis in the two counties in Kenya.

Alpha and beta diversity indices analysis showed that there were no significant differences in
number and diversities of bacterial communities in milk from mastitic quarters based on the study
counties, culture growth and disease status. These lack of differences may indicate the similarities
of management practices within the two counties.

The 16S rRNA metagenomics analysis identified increased relative abundance of some phyla and
genera which are important mastitis pathogens that are hard to culture such as Chlamydiae,
Mycoplasma, Solibacillus in culture-negative mastitic milk. These findings highlight the usefulness
of using more sensitive technique such 16S rRNA metagenomics in the diagnosis of mastitis.

16S rRNA metagenomics analysis revealed more phyla and genera than conventional culture
methods showing that culture methods alone do not adequately identify mastitis-causing bacteria

since the majority appear to be unculturable.

Based on the high prevalence of subclinical mastitis dominated by CNS and Pseudomonas in the
two counties there is a need to create awareness to the farmers regarding subclinical mastitis and
the respective control measures such as milking mastitic cow last, using udder cloth for each cow,
and culling mastitic cows. Additionally, CNS and Pseudomonas be monitored routinely and further

characterized to species level in order to improve mastitis management in the counties.
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CHAPTER FOUR: PHENOTYPIC AND GENOTYPIC ANTIBIOTIC RESISTANCE
PROFILES OF BACTERIA ISOLATED FROM MASTITIC MILK IN THIS STUDY

4.1 INTRODUCTION

Numerous pathogens have been documented as causative agents of clinical and subclinical mastitis
in dairy cows globally (Motaung et al., 2017). Bacteria are the most common cause of mastitis, and
more than 140 different pathogenic species have been reported (Ruegg, 2017). Several reports
globally including Kenya have reported that the main frequently isolated organisms include; CNS,

S. aureus Streptococcus spp, E. coli, and P. aeruginosa (Gao et al., 2017, Cheng et al., 2019).

Antimicrobial therapy is the primary tool for controlling mastitis in dairy cows in most countries
globally (Oliver et al., 2011, Nobrega et al., 2019). However, the efficacy of antimicrobial therapy
against most mastitis-causing pathogens including Staphylococcus spp., Streptococci spp., E. coli,
and Pseudomonas spp. is on the decline (Qu et al., 2019). This low cure rate of mastitis-causing
pathogens is, in part, associated with an increase in multi-drug resistance accelerated by overuse
and misuse of antimicrobials in veterinary practice (Wang et al., 2018, Cheng et al., 2019). Of
great concern, is the high level of resistance to B-lactam antibiotics and other antibiotics including
antimicrobial of last resort being reported among mastitis-causing bacteria from bovine milk

(Vanderhaeghen et al., 2010, Yang et al., 2020).

Multidrug-resistant (MDR) bacteria, including methicillin-resistant staphylococci (MRS), and
carbapenem-resistant P. aeruginosa are emerging global public health problems (Smith, 2015,

Anjum et al., 2019). Mastitic milk has been documented as an important reservoir of these

105



multidrug-resistant strains (Verraes et al., 2014, Liu et al., 2018, Schauer et al., 2021). Increased
risk of clonal transmission of multidrug bacteria between dairy cows and persons in contact with
the animals has also been described (Sharma et al., 2018, Schauer et al., 2021). This growing trend
presents a serious threat to mastitis management and poses a potentially significant public health

risk to humans consuming or handling raw milk (Sharma et al., 2018).

While poorly quantified, the burden of antimicrobial resistance (AMR) attributable to livestock is
comparatively higher in low-income countries, including Kenya and wider sub-Saharan Africa
(Grace, 2015, Van et al., 2020). One of the key drivers of this is the largely unregulated use of
veterinary antimicrobials in Kenya (Gitau et al., 2014, Van et al., 2020). In addition, Kenyan
farmers often self-diagnose and treat cows suffering from mastitis without laboratory confirmation
to guide therapy, and there is a general lack of stringent measures on drug withdrawal periods
(GARP, 2011, Gitau et al., 2014). As a consequence, these practices have significantly contributed
to the emergence and spread of antibiotic-resistant bacterial strains resulting in treatment failures
(Van et al., 2020). Given this scenario, there is an urgent need for evidence-informed policy on
antibiotic use and the reduction of antimicrobial resistance in dairy farm bacteria in Kenya (FAO,

2016).

Although, a few studies in Kenya have investigated the prevalence of phenotypic antimicrobial
resistance in Staphylococcus aureus and Streptococcus agalactiae (Shitandi & Sternesjo, 2004,
Odongo et al., 2012, Gitau et al., 2014, Mureithi et al., 2017, Ndirangu et al., 2017); no studies

have comprehensively investigated the phenotypic and genotypic antimicrobial resistance profiles
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of CNS, E. coli and P. aeruginosa the key mastitis pathogens prevalent in Kenya. This is a problem
that requires serious attention because increasing antimicrobial resistance continues to cause heavy

economic losses and many deaths in animals and humans (Sriram et al., 2021, FAO, 2021 ).

This study aimed to establish phenotypic antimicrobial susceptibility profiles of Staphylococcus
species, other Streptococcus species, E. coli, P. aeruginosa and also to determine the presence of
selected antimicrobial resistance genes in staphylococci isolates from mastitis milk from dairy
cattle in Embu and Kajiado, Kenya. This information is key to improve mastitis therapy and control

the emergence and spread of antimicrobial resistant bacteria in Kenya.
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4.2 MATERIALS AND METHODS

4.2.1 Study area

As described in Chapter 3

4.2.2 Selection of the isolates for antibiotic susceptibility testing

For detection of phenotypic antibiotic susceptibility testing (AST), only five types of bacteria were
analyzed in detail out of the 10 different bacteria obtained in this study. These five included;
Staphylococcus aureus, Coagulase-negative staphylococci, other Streptococcus species (defined as
non agalactiae streptococcus species in this study), Pseudomonas aeruginosa and Escherichia coli.
The other five types of bacteria isolated from mastitic quarters in this study were not analyzed for
AST due to their low prevalence rate in mastitic samples and limitation of finances (section 3.2.3).
Further, molecular characterization of the bacteria isolate was only done on S. aureus and detection

of antibiotic resistance genes was carried out in Staphylococcus isolates alone in this study.

4.2.2.1 Staphylococcus aureus and Coagulase-negative Staphylococci (CNS)

Overall a total of 183 Staphylococcus organisms (91 S. aureus and 92 CNS) isolated from milk
samples as described in Chapter 3 above was used. The isolates were randomly selected from the
available 595 staphylococcal isolates recovered from 395 dairy cows in 154 smallholder farms.
The distribution of the 183 staphylococci isolates among the counties was as follows: for S. aureus:
58 isolates from 31 cows in Embu County; 43 isolates from 29 cows in Kajiado County. For CNS;

53 isolates from 48 cows in Embu County; 29 isolates from 34 cows in Kajiado County.
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4.2.2.2 Other Streptococcus species

A total of 22 isolates classified as other Streptococcus species in this study, were randomly selected
from the available other streptococcal isolates (n=226) previously isolated in the current study as
described in Chapter 3. These 22 streptococcal isolates were recovered from 22 dairy cows in 22
smallholder farms in both counties. Eleven of the isolates came from 11 cows from Embu and other

11 isolates from 11 cows from Kajiado County.

4.2.2.3 Escherichia coli and Pseudomonas aeruginosa

A total of 31 Gram-negative isolates, comprising of E. coli (n=12) and P. aeruginosa (n=19) were
randomly selected from the available E. coli (n=32) and P. aeruginosa (n=52) isolates recovered
in this study as described in Chapter 3. These isolates used for the determination of the antibiotic
susceptibility profile were isolated from 31 dairy cows in 29 smallholder farms. The distribution
of the isolates among the counties was as follows; Kajiado; P. aeruginosa (n=11 isolates were from
11 cows in 9 farms. Among the P. aeruginosa four isolates came from four different cows in two
farms). In Embu, P. aeruginosa (n=8) isolates were from 8 cows from 8 different farms. For E. coli
the isolates (n=10), were from 10 cows from different 10 farms while in Kajiado the isolates (n=2)

were from 2 cows from 2 farms.
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4.2.3 Genotypic confirmation of staphylococci isolates

4.2.3.1 Extraction of Bacteria genomic DNA

Extraction of genomic DNA was done using the boiling method as described by Monday et al.
(2006). Briefly, a loopful from bacterial colonies grown overnight on Tryptone Soy Agar (TSA)
was added to 1.5ml Eppendorf tubes containing 100 ul of nuclease-free water. The tubes were
boiled in the water bath at 100°C for 25minutes. After centrifugation at 30,000 xg for Sminutes, in
a microcentrifuge (Thermo Scientific™) the supernatant was transferred to a new 1.5
microcentrifuge tube. The extracted DNA was stored in a freezer at -20° C until used for PCR

analysis.

4.2.3.2 Staphylococcus aureus nuc gene amplification

A total of 91 biochemically identified Staphylococcus aureus were confirmed using Polymerase
chain reaction (PCR) through the detection of the staphylococcal thermonuclease (nuc) gene. The
oligonucleotide primers and protocol used in this study as shown in Table 4.1. The PCR was
performed using Taq polymerase (Qiagen, German) following manufacturers' instruction. Briefly,
A PCR reaction mixture volume of 25 uL containing 12.5 pL of master mix (DNA Tag polymerase,
dNTPs, MgCI2 and PCR buffer, (Qiagen, German), 5 uL DNA template, 0.625uL of the forward
and reverse primers each, and 6.25 pL of nuclease-free water was used. PCR was performed using
Thermo Cycler (T100™ Bio-Rad) and the amplification conditions were as follows; initial one
cycle of 94 °C for 15 sec followed by a total of 35 PCR cycles run under the following conditions:
DNA denaturation at 94°C for 3 secs, primer annealing at 50 °C for 10 sec and DNA extension at

74 °C for 2 min. The final cycle was at 45 °C for 2 sec. Staphylococcus aureus ATCC 29213 (nuc
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positive strains) (CLSI, 2016) and DNase deionized water was used as the positive and negative
control respectively. Electrophoresis for each PCR amplicon was performed using Ethidium
Bromide stained 1.5% agarose gel in Tris-Borate-EDTA (TBE) buffer and visualized using UV-
illuminator (GelMax® Imager, UK). A molecular ladder was used to determine the sizes of the
amplicon (Gelpilot 1 kb plus ladder (100), Qiagen, Germany). Positive cases were determined by

an amplicon size of 276 bp.
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Table 4.1: Details of primers and annealing temperatures used to detect Antibiotic

Resistance Genes in the study

Target Primer sequence (5 '- 3") Annealing Amplicon Reference

Gene temperature (°C) size (bp)

nuc IF-GCGATTGATGGTGATACGGTT 50 276 Wang et al.,1997
’R-CAAGCCTTGACGAACTAAAGC

blaz F- ACT TCAACACCT GCTGCTTTC 54 173 Martineau et al.,
R-TGACCACTTTTATCA GCA ACC 2000

strB F-CGGTCGTGAGAACAATCTGA 60 313 Pyatov et al., 2017
R-ATGATGCAGGATCGCCATGTA

ermB F- ACGACGAAACTGGCTAA 55 409 Gao et al., 2011
R-TGGTATGGCGGGTAA

msrA F- AAGGCTTGTCCGCAATACAC 60 320 Pyatov et al.,2017
R- CCATTACCCCCAATAAGTGC

tetM F-GTCCGTCTGAACTTTGCGGA 59 662 Gunga et al., 2018
R- GCGGCACTTCGATGTGAATG

tetk F- TTAGGTGAAGGGTTAGGTCC 59 718 Gunga et al., 2018
R-GCAAACTCATTCCAGAAGCA

ermC F- AATCGGCTCAGGAAAAGG 55 562 Pérez-Serrano, 2020

R- ATCGTCAATTCCTGCATG

IF- forward 2 R-reverse
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4.2.4 Phenotypic antibiotic susceptibility profiling

4.2.4.1 Antibiotics and medium used in this study

For Staphylococcus isolates, 10 antibiotic discs belonging to seven classes of antibiotics (respective
concentrations given in parenthesis) were studied; aminoglycosides (gentamicin 10 pg,
streptomycin 10 pg), fluoroquinolone (ciprofloxacin 5 pg and norfloxacin 10 ug), tetracycline
(tetracycline 30 pg), Folate pathway inhibitors (sulphonamide + trimethoprim 25 pg), macrolides
(erythromycin 15ug), beta-lactams (ampicillin 25 pg and cefoxitin 30 ug) and phenicols
(chloramphenicol 10ug). The choice of antibiotics was guided by drugs that are commonly used in
dairy veterinary practice in Kenya and some of which are important to human medicine (Omwenga

et al., 2020).

For other streptococcal isolates, 10 antibiotic discs belonging to eight classes of antibiotics at the
following concentration (respective concentrations given in parenthesis) were analyzed,
aminoglycosides (gentamicin 10 g, streptomycin 10 pg), fluoroquinolone (ciprofloxacin 5 pg and
norfloxacin 10 pg), tetracycline (tetracycline 30ug), folate pathway inhibitors (sulphonamide +
trimethoprim  25ug), macrolides (erythromycin 15ug), penicillin  (ampicillin  25upg), and

glycopeptide (vancomycin 30 pg) and phenicols (chloramphenicol 10 pg).

For P. aeruginosa and E. coli; nine antibiotic discs belonging to seven classes of antibiotics
(respective concentrations given in parenthesis) were studied; Aminoglycosides (gentamicin 10

Mg, streptomycin 10ug), fluoroguinolone (ciprofloxacin 5ug and norfloxacin 10ug), tetracycline
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(tetracycline 30ug), folate pathway inhibitors (sulphonamide + trimethoprim 25ug), macrolides
(erythromycin 15ug), beta-lactams (ampicillin 25ug), phenol (chloramphenicol 10ug). Further, for
P. aeruginosa four extra antibiotics were tested which included; beta-lactams (cefepime 30ug),
carbapenems (imipenem (10pg), penicillin (piperacillin, 100 pg), and lipopeptide (colistin 10ug).
The medium used to perform all the antibiotic susceptibility testing for all isolates in this study was

Mueller Hinton agar (Oxoid, Basingstoke, England, UK).

4.2.4.2 Antibiotic susceptibility testing procedure

Phenotypic antibiotic susceptibility testing was carried out using the Kirby-Bauer disc diffusion
method following the Clinical Laboratory Standards Institute (CLSI) and the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) guidelines where applicable (CLSI, 2016,
EUCAST, 2021). Briefly, fresh pure cultures of the bacterial isolates were separately suspended in
sterile physiological saline and set at turbidity equivalent to 0.5 McFarland turbidity tube. Sterile
cotton wool swabs were then used to inoculate the standardized bacterial suspension onto Mueller-
Hinton (Oxoid) agar plates. In order to get a confluent growth, the cotton swabs containing the
culture were spread evenly on the Mueller Hinton agar and allowed to dry. Respective antibiotic
discs were then placed on the inoculated agar and the plates were incubated at 35°C - 37°C for 17
hours. Susceptibility was demonstrated by the presence of an inhibition zone around the respective

disc; interpretation of which was guided by CLSI (2016) and EUCAST (2021).

Since most of the antibiotics used have no approved bovine-defined breakpoints for staphylococci,

streptococci, E. coli, and P. aeruginosa, human-derived interpretive criteria described by CLSI,
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(2016) and EUCAST (2021) were used. For antibiotics that had appropriate breakpoints given, the
isolates were interpreted, based on the inhibition-zone size, as either susceptible, intermediate, or
resistant to the tested antibiotic agent. However, in this study, all strains that fitted in the
“intermediate” category were considered as resistant. S. aureus ATCC 25923, S. pneumoniae
ATCC 49619, E. coli ATCC 49619 and P. aeruginosa ATCC 27853 were used as the quality
control strains. Isolates were classified as being multidrug-resistant (MDR) if they were found to
be resistant to at least one antibiotic in three or more different antimicrobial classes (Magiorakos

etal., 2012).

Staphylococcal isolates (S. aureus and CNS) resistant to cefoxitin were presumptively identified
as methicillin resistant Staphylococcus aureus (MRSA) and methicillin resistant Coagulase
negative staphylococcus (MRCNS) respectively (CLSI, 2016, EUCAST, 2021). Due to the lack of
approved CLSI clinical breakpoints for streptomycin for the staphylococcal isolates, likely
sensitivity was interpreted using the interpretive criteria of class representative antibiotics
(gentamicin 10ug) in this study (CLSI, 2016). Similarly, there are no clinical breakpoints for
aminoglycoside in streptococci, the likely sensitivity of the isolates was interpreted using the
interpretive criteria of aminoglycoside of other gram positives (staphylococci) in this study as

suggested by EUCAST for isolates with no interpretive criteria (EUCAST, 2021).

Due to the lack of approved CLSI clinical breakpoints for P. aeruginosa for trimethoprim-

sulphamethoxazole and tetracycline antibiotics, likely sensitivity was interpreted using the
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interpretive criteria of Acinetobacter species. Further, for P. aeruginosa for phenicols and
macrolides, isolates were interpreted using other gram negatives bacteria as suggested by EUCAST

for isolates with no defined clinical breakpoints (EUCAST, 2021).

4.2.5 Detection of antibiotic resistant genes

All staphylococcal isolates (S. aureus & CNS) showing phenotypic resistance to beta-lactams
(ampicillin, cefoxitin), erythromycin, tetracyclines, and streptomycin were analyzed by
Polymerase Chain Reaction (PCR) for genes that confer resistance to penicillin (blaz),
erythromycin (ermB, ermC, msrA), streptomycin (strB) and tetracycline (tetK, tetM)). Details on
primers and conditions used in the study to detect the seven antimicrobial-resistant genes are
provided in Table 4.1. The PCR mixtures (25 pL) used to detect the antimicrobial resistance genes
in all strains contained 12 pL reaction mixture (DNA Taqg polymerase, dNTPs, MgCI2 and PCR
buffer, Qiagen, German), 1 puL of the forward and reverse primer of each, 5 uL genomic DNA and

6 uL ddH20.

PCR products (10 puL) were electrophoresed using Ethidium Bromide stained 1.5% agarose gel in
Tris-Borate-EDTA (TBE) buffer and visualized using UV-illuminator (GelMax® Imager, UK). A
molecular ladder was used to determine the sizes of the amplicon (Gelpilot 1 kb plus ladder (100),
(Qiagen, Germany, GmbH, Hilden Germany). In all PCR reactions, positive and negative controls

were included.
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4.2.6. nuc gene and antibiotic resistance gene sequencing and analysis

A subset of the PCR amplicon of the nuc and the antibiotic resistant genes were sequenced to
confirm identities of the detected organisms and genes using Sanger DNA sequencing approaches
(Schaumburg et al., 2014). Quality control, assembly, and editing of nucleic sequence trace files
were performed using SnapGene version 5.2.4 (snapgene.com) and customized UNIX shell scripts.
Sequences identities were confirmed using the Basic Local Alignment Search Tool (BLASTN)

(NCBI).

Sequencing and BLASTNn analysis targeting the specific S. aureus nuc gene was done as previously
described by Schaumburg et al. (2014). Purified DNA samples were sequenced with an Automated
DNA sequencing Analyzer at Macrogen Europe Laboratories (Amsterdam, Netherlands) where

forward and reverse primers similar to the ones used for the PCR reaction were used.

4.2.7 Statistical Data analysis

Data entry and management were done using Microsoft excel 2016 while antibiotic susceptibility
testing data were analyzed using STATA version 15. Descriptive statistics were used to calculate
the proportion and frequencies of all variables. The chi-square test (y° test) or Fisher’s exact test

were used when applicable to compare categorical variables. Statistical significance level was set

at 0.05 (p < 0.05).
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4.3 RESULTS

4.3.1 Confirmation of Staphylococcus aureus with PCR

All 91 (100%) Staphylococcus aureus isolates yielded an amplicon for the nuc gene as shown in
Figure 4.1. A subset (8) of the nuc gene was sequenced and revealed 97%-100% homogeneity to

Staphylococcus aureus.

500bp

276bp

Figure 4.1: PCR amplicon showing nuc gene. M represents DNA ladder, lanes (1) -shows positive
control, lanes 3,4,5, 6, 7,8 showing positive amplicon for nuc gene at approximately at 276bp, lane

2 negative control.
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4.3.2 Phenotypic antimicrobial resistance patterns of the isolated S. aureus and CNS

Overall, the highest phenotypic resistance was reported to ampicillin 66.1% (n=121) followed by
tetracycline 23% (n=42). However, lower resistance rates to fluoroquinolones 4% (n=8) and
gentamicin 5.4% (n=10) were noted among the isolates. S. aureus showed significantly higher
resistance to cefoxitin and ampicillin compared to CNS (p=0.009, p=0.014) respectively. However,
there were no statistically significant differences in the resistance frequencies for the other

antibiotics between S. aureus and CNS.

Among the S. aureus, 75.8% (n=69) of the isolates were resistant to at least one of the antibiotics
agents tested. As shown in Table 4.2, ampicillin was the one which had most of the isolates resistant
to at (74.7%), followed by erythromycin at (25.2%) while a lower resistance rate was reported to
fluoroquinolones (3-4%). Further, 25% of the isolates were phenotypically methicillin-resistant
(MRSA) based on the cefoxitin disc diffusion test. In addition, all MRSA isolates (100%) showed
phenotypic resistance to ampicillin; 52% were resistant to erythromycin, 48% to tetracycline, and

30% to trimethoprim-sulfamethoxazole.
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Table 4.2: Antibiotic susceptibility patterns of 183 staphylococci isolated from mastitic cow

milk in the two study counties

Disk concentration

Disc diffusion

Antibiotic class S.aureus  CNS
(ng) interpretive criteria (mm)
St R? Rn(%) Rn(%)
(n=91) (n=92)
B — lactams
Cefoxitin 30 >22 <21 23(25.3) 10 (10.9)
Ampicillin 25 >29 <28 65 (71.4) 53 (57.6)
Aminoglycosides
Gentamicin 10 >15 <12 6 (6.0) 4 (4.3)
Streptomycin 10 >15 <12 23 (25.3) 18(19.6)
Fluoroguinolones
Ciprofloxacin 5 >21 <15 3(3.2) 3(3.0)
Norfloxacin 10 >17 <12 4(4.3) 3(3.0)
Tetracycline
Tetracycline 30 >19 <14 23(25.3) 21(22.8)
Folate pathway inhibitors
Trimethoprim-sulfamethoxazole 23.75/1.25 >1 >10 17 (18.7) 16 (17.4)
Macrolides
Erythromycin 15 >18 <13 23(25.3) 14 (15.2)
Phenicols
Chloramphenicol 10 >18 <12 8(8.8) 7 (7.6)

Isensitive, 2resistant; Disc diffusion interpretive criteria for CNS for cefotixin was done based on EUCAST 2021 (S
>25, R<25) and the rest according to CLSI M100 2016.

In this study, significantly higher resistance to various antimicrobials was observed in methicillin-

resistance Staphylococcus aureus (MRSA) compared to methicillin-sensitive Staphylococcus
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aureus (MSSA) (p<0.05) except for ciprofloxacin and trimethoprim-sulfamethoxazole (Figure

4.2).
Antibiotic resistance patterns of MRSA and MSSA
isolated from mastitic cows in the two study
counties (n=91)
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Figure 4.2: Phenotypic Antibiotic resistance profiles of methicillin resistant Staphylococcus
aureus (MRSA) and methicillin sensitive Staphylococcus aureus (MSSA) isolated from cow

mastitic milk from Kajiado and Embu Counties (n=91).

Among the CNS, 68.5% (n=63) of the isolates were resistant to at least one antimicrobial agent
tested. Ampicillin was the one that had most of the isolates resistant-to (57.6%), followed by

tetracycline (22.8%), while resistance to fluoroquinolones was at 3.0%. In this study, (10.8%) of
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CNS were resistant to methicillin and hence classified as phenotypic methicillin-resistant

Coagulase-negative Staphylococcus (MRCNS) (Table 4.2).

4.3.2.1 Prevalence of multidrug resistance in the staphylococcal isolates

Multidrug-resistance (MDR) defined as isolates showing resistance to three or more classes of
antibiotics was detected in 22.9% (n=42) of the staphylococcal isolates. Significantly, higher
proportion of MDR isolates were reported among S. aureus at 29.6% (n=27) compared to CNS
16.3% (n=15) (p=0.032). Among the S. aureus, MRSA and MSSA showed MDR at 56.5% (n=13)
and 20.5% (n=14) respectively. Among the MRCNS, 70% (n=7) were MDR. Further, 3.2% (n=6)
of staphylococcal isolates showed resistance to more than seven antibiotics tested out of which

83.3% (n=5) of them were among the MRSA while 2 were MRCNS.

4.3.3 Detection of resistant genes from the staphylococcal isolates

Overall, 57.2% (95/166) isolates harbored at least one resistance gene of the 7 different genes
detected in different combinations. As shown in Table 4.3, 1 isolate carried 4 genes, 8 isolates
carried 3 genes and 20 isolates carried 2 genes. In addition, 66 isolates carried 1 gene of which
98% (63/64) of these isolates carried blaZ genes (Figure 4.3). Notably, 22 of the isolates carrying
more than >2 genes were multidrug resistant (MDR). All the isolates carrying more than (>) 2
antimicrobial resistance genes showed high resistance to ampicillin (96%) and tetracycline (75%)

(Table 4.3).
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Table 4.3: Antimicrobial resistance profiles, with respect to genes present, of the

Staphylococci recovered from dairy cows’ mastitis cases from the two study counties

Isolate ID Antibiotic Resistance gene expressed Phenotypic resistance profile
457(1)* blaz, tetM, ermB, msrA AMP, FOX, ERY, TET

803(1)2 blaz, strB,msrA AMP, FOX, STR, ERY, NX

6571 blaz, tetM, ermB AMP, FOX, TET

379¢ blaz,strB,msrA AMP, SXT, STR, ERY, TET

5251 blaz,strB,msrA AMP, STR, ERY, TET

1510(1)? blaz,tetM,msrA AMP, FOX, C, ERY, TET, CIP

2452 tetM,strB,ermB AMP, FOX, SXT, STR, GEN, TET, C
15302 blaz, strB, ermB AMP, FOX, SXT, STR, GEN, ERY, TET, CIP, C
6832 blaz,tetM,strB AMP, FOX, STR, TET

37! blaz,strB AMP, FOX, SXT, STR, ERY, TET

65(4)! blaz, msrA AMP, FOX, SXT, STR, ERY, GEN, TET, C
242(2)! blaz, strB AMP, FOX, STR, ERY, GEN, TET, C
247(2)* blaz, ermB AMP, FOX, STR, GEN, ERY, TET, NX, C,
5(KRF)! blaz, msrA AMP, FOX, SXT, ERY

482(2)* blaz, tetM AMP, FOX, TET,

1338! blaz,msrA AMP, SXT, ERY, CIP

908(1)! blaz,tetM AMP, STR, SXT, TET

253(1)* blaz tetM AMP, TET

187* blaz, strB AMP, STR, TET

4741 blaz,strB AMP, SXT, STR, ERY, TET

8062 blaz, strB AMP, TET

15122 blaz, tetM AMP, TET
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16042 blaz, ermB AMP, FOX, SXT, ERY, TET

15792 blaz, msrA AMP, SXT, STR, GEN, ERY, C
12472 blaz, tetM AMP, TET, C

11892 blaz, strB AMP, STR, NX

16092 blaz, ermB AMP, ERY

472(2)? blaz, strB AMP, FOX, STR

11782 blaz, tetM AMP, ERY, CIP, TET

Only staphylococci isolates carrying > 2 antibiotic resistant genes are shown in Table 4.4; ‘Staphylococcus aureus,
2Coagulase-negative staphylococci, FOX cefoxitin, AMP ampicillin, ERY erythromycin, TET tetracycline, C
chloramphenicol, GEN gentamicin, STR streptomycin, SXT trimethoprim-sulfamethoxazole, CIP ciprofloxacin and

NX, norfloxacin.
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500bp
173bp

Figure 4.3: PCR amplicon showing blaZ gene, M-DNA ladder (Qiagen, German), Lanes; 1, 2, 3,
4,5, 6,7 showing positive amplicon for blaZ at approximately at 173bp. Lanes; 8 positive control,

lane 9 was negative for blaZ

Overall, more resistance genes were reported in CNS at a prevalence of 70.2% (n=59) compared
to S. aureus at 42.3% (n=36) (p=0.001). The most prevalent resistance gene was the f-lactamase
gene blaZ at 59.2% (n=90) (Table 4.4). The prevalence of blaZ gene was higher CNS at 65.4%
(n=55) compared to S. aureus at 41.1% (n=35) (p=0.002). Strikingly, 20.5% (n=15) of methicillin
sensitive Staphylococcus aureus (MSSA) strain had a blaZ variant. Further, one of the methicillin-
resistant Coagulase-negative Staphylococcus (MRCNS) isolates carried three other resistance

genes; namely blaZ, msrA, strB conferring resistance B-lactams, aminoglycosides and macrolides.
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Table 4.4: Antibiotic resistance genes to various antibiotics detected in the staphylococci

isolated from bovine mastitis in the two study counties

Species B —lactams Tetracycline Streptomycin Erythromycin
blaz tetM  tetK strB msrA  ermB  ermC
No. R No.R No.R No.R
Rn(%) Rn(%) Rn(%) Rn(%) Rn(%) Rn (%) Rn(%)
S.aureus 79 35(41.1) 23 4(17.3) - 23 6(26) 23 5(21.7) 4(17.3) -
CNS 73 55(65.4) 21 3(14.2) 3(14.2) 18 9(60) 14  4(285) 4(285) 1(4.3)
Total 152 90(59.2) 43 7(16.2) 3(6.9) 42 15(35.7) 37 9(24.3) 8(21.6) 1(2.7)

I Number of phenotypic resistant isolates in each category.

Tetracycline resistance tetM (Figure 4.4) and tetK genes (Figure 4.5) were detected in
Staphylococcus species at 16.2% and 6.9% respectively. Notably, all tet K detected in this study
were from the CNS with none from S. aureus. Streptomycin resistance strB gene (Figure 4.6) was
present in 35.7% of the staphylococcal isolates. Higher occurrence of strB genes was reported in
CNS at 50.0% compared to S. aureus 13.0%. Among the erythromycin-resistant Staphylococcus
isolates msrA (24.3%) and ermB (21.6%) (Figure 4.7 & 4.8) were the most prevalent. The

frequencies of msrA and ermB in S. aureus and CNS were almost similar in this study (Table 4.4).
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662bp
500bp

Figure 4.4: PCR amplicon showing tetM gene, M-DNA ladder (Qiagen, German), Lanes;3,4,5,
showing positive amplicon for tetM at approximately at 662 bp, Lanes;6 positive and 7 negative

control, lane 1 and 2 negative samples

500bp - 718bp

Figure 4.5: PCR amplicon showing tetK gene, M-DNA ladder (Qiagen, German), Lanes; 1,2,3
showing positive amplicon for tetK at approximately at 718bp, Lanes;5, positive control and 4

negative control.
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500bp
313bp

Figure 4.6: PCR amplicon showing strB gene, M-DNA ladder (Qiagen, German), Lanes; 1,6,7
showing positive amplicon for strB at approximately at 313 bp, Lanes;10 positive and 11 negative

control.

» 320bp

Figure 4.7: PCR amplicon showing msrA gene, M-DNA ladder (Qiagen, German), Lanes;
1,3,4,5, 6,7 showing positive amplicon for msrA at approximately at 320bp, lane 2 showing
negative for msrA Lanes;10 positive and 11 negative controls
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500bp 409bp

Figure 4.8: PCR amplicon showing ermB gene, M-DNA ladder (Qiagen, German), Lanes; 1,4,5,
8 showing positive amplicon for ermB at approximately at 409 bp, Lanes; 2,3,5,6,7, negative.

Lane 9 negative control.

4.3.4 Phenotypic antibiotic resistance patterns of Streptococcus species
A total of 22 non Streptococcus agalactiae species were tested in this study, out of which 50%
(n=11) showed phenotypic resistance to at least one of the 10 antimicrobial agents tested (Figure

4.9), while 13.6 % (n=3) were multidrug-resistant (MDR).
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Figure 4.9: Disc diffusion method showing antibiotic susceptibility of ~Streptococcus spp (244)
against C (Chloramphenicol) NX (Norfloxacin), AMP (Ampicillin), E (Erythromycin) GEN

(Gentamicin), S (Streptomycin).

The highest phenotypic resistance was reported for ampicillin and tetracycline both at 31.5% (n=7),
followed by moderate resistance levels to streptomycin at 22.7% (n=5) and sulfamethoxazole-
trimethoprim at 18.2% (n=4). Lower phenotypic resistance to vancomycin at 13.6% (n=3) and
erythromycin at 9% (n=2) were reported in this study. However, no isolates were resistant to

fluoroguinolones and gentamycin (Figure 4.10).

Remarkably, all the three MDR streptococcus isolates showed a 100% resistance level to ampicillin

and vancomycin. Notably, one of the streptococcus isolates showed resistance to six antibiotics

tested.
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Antibiotic susceptibility profiles of Streptococcus species
isolated from bovine mastitic milk in Kajiado and Embu
Counties (n=22)
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Figure 4.10: Phenotypic Antibiotic susceptibility profiles of Streptococcus species isolated from

bovine mastitic milk in Kajiado and Embu Counties (n=22).

4.3.5 Phenotypic Antibiotic susceptibility patterns of the isolated Pseudomonas aeruginosa
and Escherichia coli

All 31 isolates, showed resistance to at least one of the antibiotics tested (Figure 4.11A &B). Of
the resistant isolates, 23% (n=7) were resistant to one class of antibiotics, 6% (n=3) were resistant
to two classes of antibiotics while 70.9% (n=22) were MDR. Overall, the highest phenotypic
resistance was reported to ampicillin at 83.9% (n=26), followed by cefaclor at 80.7% (n=25). In
contrast, significantly low resistance rates to ciprofloxacin at 3.2% (1) were observed among the

isolates.
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Figure 4.11A Figure 4,118

Figure 4.11: (A) -Disc diffusion method showing antibiotic susceptibility of P. aeruginosa against
trimethoprim sulphamethoxazole (SXT), erythromycin (E), tetracycline (TET), cefaclor (CF),
ciprofloxacin (CIP). (B) Disc diffusion method showing antibiotic susceptibility of P. aeruginosa

against imipenem (IPM), cefepime (CPM), colistin (CL), piperacillin (PI)

P. aeruginosa showed significantly higher resistance to chloramphenicol compared to E. coli (p
=0.05). However, there were no statistically significant differences in the resistance frequencies to
the other antibiotics between P. aeruginosa and E. coli (Table 4.5). Further as shown in Figure
4.12,50% (n=11) of the MDR isolates were resistant to 5 classes of antibiotic tested while 4.5% of
isolates showed resistance to 7 classes of antibiotics agents tested. The most commonly reported
resistance pattern being trimethoprim-sulphamethoxazole, erythromycin, tetracycline, ampicillin,

cefaclor, streptomycin.
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Table 4.5: Antimicrobial susceptibility profiles of Escherichia coli (n=12) and Pseudomonas

aeruginosa isolated (n=19) from mastitic cow milk in the two counties

Antibiotics tested E.coli (n=12) P. aeruginosa 3p-value
(n=19)
R n (%) R n (%)

Cefaclour 8 (66.7) 17 (89.5) 0.14
Ampicillin 9 (75.0) 17(89.5) 0.28
Piperacillin 2NT 0 (0) NT
Cefepime NT 13 (68.4) NT
Imipenem NT 4 (21.1) NT
Colistin NT 14 (73.6) NT
Streptomycin 8 (66.7) 13 (68.4) 0.61
Gentamicin 1(8.3) 5 (26.3) 0.22
Norfloxacin 0 (0) 2 (10.5) 0.36
Ciprofloxacin 0 (0) 1(5.3) 0.61
Sulphamethoxazole 7 (58.3) 13 (68.4) 0.40
Tetracycline 5(41.7) 10 (52.6) 0.41
Erythromycin 7(58.3) 15 (78.9) 0.20
Chloramphenicol 1(8.3) 8 (42.1) 0.05

'Resistance, ?NT not tested, 3p-value refers to differences between E. coli and P. aeruginosa
isolates resistant to the respective antibiotics
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Distribution of Multidrug resistance patternin 22 gram negative bacteria
isolated from bovine mastitis in two counties in Kenya

® Resistance to three classes

Resistance to four classes
® Resistance to five classes
W Resistance to six classes

W Resistance to seven classes

Figure 4.12: Pie chart showing the distribution of Multidrug resistance pattern in 22 Gram-

negative bacteria isolated from bovine mastitis in the two counties

Among the E. coli isolates, the highest phenotypic resistance was to ampicillin (75%), followed by
cefaclor and streptomycin each at (67%). These isolates demonstrated 100 % susceptibility to
fluoroquinolones (Table 4.5) while MDR was observed in 66% (8) of the isolates. All E. coli

isolates (8) showed resistance to ampicillin.

Among the P. aeruginosa isolates, the highest resistance was observed on both cefaclor and
ampicillin each at 89.5%, followed by erythromycin (78.9%) and colistin 73.6%. However, the
lowest resistance was to ciprofloxacin with 5.3%. Unexpectedly 21% (4) of the P. aeruginosa

isolates were imipenem-resistant in this study.
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MDR was present in 78.9% (15) of the P. aeruginosa isolates with all of them showing 100%
resistant to cefaclor and ampicillin. Notably, 68% (13) of the P. aeruginosa isolates showed
resistance to at least 5 of all the antibiotics tested. In this study, 4 isolates of P. aeruginosa came

from 4 cows in two farms. The resistance profiles of those from the same farm were similar.
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4.4 DISCUSSION
This study investigated the antibiotic susceptibility profiles of Staphylococcus, other
Streptococcus, Escherichia coli, and Pseudomonas aeruginosa isolates recovered from mastitic

cow milk in Kenya.

4.4.1 Phenotypic and genotypic antibiotic resistance profiles of staphylococci

4.4.1.1 Phenotypic antimicrobial resistance patterns of the isolated Staphylococcus aureus
and Coagulase Negative Staphylococcus (CNS)

Overall, this study showed a high proportion of resistance (71.5%) to at least one antibiotic tested,
with no differences between the S. aureus (75%) and CNS (68%). This was slightly lower than
what was reported in other studies in Malaysia (96.2%) and South Africa (90%) in S. aureus and
CNS respectively (Phopi et al., 2019, Aklilu et al., 2020). In contrast, slightly lower resistance
proportions in S. aureus (50%) and CNS (50%) were reported in Uganda (Majalija et al., 2020).
High resistance levels observed in this study could be linked to the indiscriminate use of antibiotics
for the treatment of mastitis in dairy cows by farmers and veterinarians (Omwenga et al., 2020).
Like in many developing countries, in Kenya, most of these antibiotics are cheap and readily
available as over-the-counter (OTC) drugs and can be bought without any veterinary prescription
(Majalija et al., 2020). However, further studies investigating antibiotic use and practices in dairy
farms in Kenya are necessary to provide conclusive evidence on the extent to which such practices

contribute the spread of antimicrobial resistance.
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This study reported a much higher resistance rate in penicillins (ampicillin) than those reported
previously in dairy cows in Kenya by Gitau et al. (2014) and Shitandi & Sternesjo, (2004) of about
30%. However, these findings were comparable to a recent report by Mureithi et al. (2017) who
found a prevalence rate of 64% in ampicillin. These results indicate an increase in the antibiotic
resistance in staphylococci over the years. High resistance levels to penicillin and other - lactams
among mastitis-causing staphylococci have been described (Frey et al., 2013, Liu et al., 2017,
Mekonnen et al., 2018). In contrast, lower resistance to penicillin in staphylococci (0-20%) has
also been reported in some European countries (Képpeli et al., 2019) and Canada (Nobrega et al.,
2018). Higher resistance rates are likely due to widespread use of penicillin in the treatment of
mastitis in dairy cows as observed in the study farms and as evidenced by other previous studies in
Kenya (Mitema et al., 2001, Shitandi & Sternesjo, 2004). Further, changes over time, spatial
sampling, differences in antibiotic use and practices might explain discrepancies in resistance

levels between regions (Boireau, et al., 2018, Majalija et al., 2020).

S. aureus had a significantly higher proportion of ampicillin resistance when compared to CNS in
this study. S. aureus has been described as a common cause of bovine mastitis in the study region
(Gitau et al., 2014). This higher resistance could be because penicillin is still the first-line drug of
choice for the treatment of mastitis in Kenya (Shitandi & Sternesjo, 2004, Omwenga et al., 2020).
Routine culture and identification coupled with antibiotic susceptibility testing should be adopted
before treatment with antibiotics to avoid the selection pressure of antibiotics resistant S. aureus

(Liu et al., 2017).
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S. aureus had a significantly higher proportion of methicillin resistance compared to CNS in this
study. A study in Korea found a slightly higher prevalence of MRSA compared to MRCNS (Moon
et al., 2007). However, in contrast, Schnitt & Tenhagen, (2019) in their review highlighted several
studies that have reported higher MRCNS compared to MRSA in mastitic milk samples.
Noteworthy, in all these studies methicillin resistant staphylococci (MRS) was defined based on
the presence of mecA gene unlike in this study, and could explain the discrepancy. However,
although the reason for the higher prevalence of MRSA in the current study findings is unclear,
lower virulence observed in the MRCNS might be a contributing factor (Schnitt & Tenhagen,

2019).

Low resistance levels to quinolones and chloramphenicol were reported in this study among the
staphylococci. Studies in Ethiopia (Kalayu et al., 2020), South Africa (Phopi et al., 2019) and
Canada (Nobrega et al., 2018), reported similar findings. These critically important human
medicine antibiotics are restricted for use in the treatment of animal diseases in many countries
including Kenya (Phobi et al., 2019). However, even the low resistance rates reported are of public
health significance and control measures should be implemented to curb further spread (Nobrega

etal., 2018).

In the present study, 25% S. aureus and 10.8% CNS isolates were phenotypically resistant to
cefoxitin and were consequently classified as MRSA and MRCNS respectively. Cefoxitin disk test
has shown in several studies to be a reliable marker for methicillin resistant S. aureus and CNS not

identified to species levels (Boireau, et al., 2018, EUCAST, 2021). It is worth noting that all the
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MRSA and MRCNS showed resistance to ampicillin. These findings on MRSA were in close
agreement with reports by Liu et al. (2017) in China. A relatively higher prevalence of cefoxitin-
resistant-MRSA has been reported in Malaysia (38.6%) and Ethiopia (58.1%) (Aklilu et al., 2020,
Elemo et al., 2017). Similarly, a higher prevalence of phenotypic MRCNS has been reported in
South Korea (21.2%) (Kim et al., 2019). Tunisia (29.4%) (Klibu et al., 2019), and Switzerland
(47%) (Frey et al., 2013). Detection of methicillin-resistant staphylococci (MRS) in mastitic milk
is a public health concern and should be further investigated as most of these organisms have shown
to be potentially zoonotic in addition to multidrug-resistant, reducing the role of therapy in control
of staphylococcal mastitis (Wang et al., 2015). Culling of infected cows to avoid further

transmission would be of the highest importance (Liu et al., 2017).

The presence of the mecA gene is considered the gold standard of defining MRSA, in addition to
the new resistance genes mecC and mecB which are homologue to mecA (CLSI, 2016, Becker et
al., 2018, Scholtzek et al., 2019). However, in this study, screening for mec genes in the
phenotypically methicillin-resistant strains were not carried out which is a limitation in this study.
A further investigation targeting mec genes and other mechanisms should be carried out in future
studies in order to broaden the understanding on the genetic basis of antimicrobial resistance of
these isolates in the current study (Panchal et al., 2020). Molecular typing to assess the clonality

of the isolates is also recommended.

Strikingly, the trimethoprim-sulfamethoxazole resistance rate in MRSA reported in this study was

quite high (30%). However, higher resistance rates in E. coli to trimethoprim-sulfamethoxazole
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have been reported in livestock especially in chickens in Kenya (Muloi et al., 2019). Although data
supporting the use of trimethoprim-sulfamethoxazole directly in cows is scanty in Kenya,
sulfonamides have been reported as the second commonly, used antibiotic in food animals after
tetracycline (Mitema et al., 2001, Omwenga et al., 2020). Moreover, Muloi et al. (2019) in a
different study on antibiotic practices and knowledge among antibiotics retailers in Nairobi,
sulfonamides were reported to be amongst the most purchased class of drugs (at 63%) by the dairy
farmers, from Agrovet shops in Nairobi county which neighbors the study counties indicating high

usage of sulfonamides in dairy animals.

Furthermore, Mitema et al. (2001), reported sulfonamides to be the most extensively used drug in
the poultry industry and the treatment of calf scours and pneumonia in Kenya. The role of
horizontal transfer of AMR genetic determinants among different bacterial species between
humans and animals has been described (Van et al., 2020). The high resistance rate reported in this
study is very concerning since trimethoprim-sulfamethoxazole is heavily used for prophylaxis in
HIV-infected patients, especially in the highly infectious disease setting including Kenya (Hamel

et al., 2008).

4.4.1.2 Prevalence of Multidrug Resistance in staphylococci species
Similar to other studies, a significantly higher resistance rate to the various antibiotics tested was
observed in MRSA strains than in MSSA strains (Wang et al., 2015, Liu et al., 2017). MRSA has

shown to have the potential to develop resistance to nearly all the antimicrobial agents (Wang et
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al., 2018). This evolving trend and the rapid emergence of antibiotic resistance in S. aureus

threatens disease management in both animal and human health (Sharma et al., 2018).

A higher proportion of multi-drug-resistant isolates were reported among S. aureus compared to
CNS. In contrast, Dorneles et al. (2019) and Cheng et al. (2019) reported higher MDR rates in
CNS compared to S. aureus in a similar study in Brazil and China respectively. Significantly higher
MDR rates in S. aureus have been described (Wang et al., 2015, Liu et al., 2017). The significant
MDR resistance of cattle-derived S. aureus in this study presents a serious challenge to bovine

mastitis therapy and potential public health risk to humans in Kenya.

4.4.1.3 Detection of Resistant Genes from the Staphylococci species

Knowledge of the distribution of antibiotics resistance genes among pathogenic udder microbes is
key to understanding the evolution of multi-drug resistant bacteria in dairy cattle. Higher levels of
resistance genes were reported in CNS (70.2%) compared to S. aureus (42.3%) in this study. These
findings support the hypothesis that CNS are the main reservoir of genetic elements transferrable

to other species of bacteria including S. aureus (Frey et al., 2013, Wang et al., 2015).

In agreement with other studies, genes encoding for the beta-lactamases blaZ gene was the most
common among staphylococcal isolates (95%) (Qu et al., 2019, Pekana & Green, 2018). It is
likely that this has contributed to the high resistance level to some penicillin derivatives (ampicillin
64%) recorded in this study. High blaZ genes might indicate an increased use and possible misuse

of B lactams in the study farms (Qu et al., 2019).
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This study reported that 20.5% (n=14) of the MSSA isolates had an effective blaZ variant. A
significantly higher prevalence of blaZ (91%) in MSSA has been reported in a hospital setting in
Kuwait (Vali et al., 2017). Qu et al. (2019) also found that 83% of S. aureus isolates carried blaZz
gene but lacked mecA gene. The presence of blaZ genes in S. aureus has been shown to play a
significant role in promoting the acquisition and stabilization of MecA gene (Milheirico et al.,
2011). However, according to Vali et al. (2017) and Milheirigo et al. (2011) presence of blaZ gene
in MRSA and MSSA may be responsible for encoding for resistance to only penicillin. Penicillin
is still the first-line drug of choice for the treatment of mastitis in Kenya (Shitandi & Sternesj6
2004). Further, MSSA isolated from a hospital setting in urban areas in Africa have shown to have
significantly higher resistance to penicillin compared to other MSSA isolates from elsewhere as
described in a review by Schaumburg et al. (2014). Diversities between blaZ allotypes due to non-
clonal evolutions in MRSA and MSSA isolates have also been observed in different geographical
regions (Milheirico et al., 2011). Therefore, evaluation of blaZ allele between MRSA and MSSA

in the study isolates should be investigated in the future.

A low to moderate prevalence of antimicrobial resistance genes (ARGS) to tetracycline (tetM& tet
K), macrolides (msrA, emrB, ermC), streptomycins (strB) compared to the phenotypic resistance
was observed in this study. Low prevalence of ARGs has been reported by Pekana & Green, 2018
who found low expression of genotypic resistance in S. aureus in South Africa. Other studies by
Gao et al. (2011) and Feng et al. (2016) both in China also reported low genotypic resistance

compared to phenotypic resistance in staphylococcal isolates. Resistance mediated by other
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independent mechanisms such as point mutations, biofilm formation, or antibiotic tolerance could
explain these findings (Frey et al., 2013, Panchal et al., 2020). Moreover, resistance genes not
included in this study may account for phenotypic resistance observed (Pekana & Green, 2018).
Further, the use of human disc diffusion interpretative criteria may have contributed to the
misalignment between phenotypic and genotypic resistance observed in the isolates. Whole-
genome sequencing is needed to expand our knowledge on staphylococci and their genetic basis of

antibiotic resistance (Panchal et al., 2020).

4.4.2 Phenotypic Antibiotic resistance patterns of the isolated Streptococcus species

In this study the most frequently reported antibiotics resistance was to ampicillin (31.8%). This
agrees with a previous report in Kenya by Gitau et al. (2014), who reported a prevalence of 30%
resistance in S. agalactiae. Higher resistance rates to ampicillin were previously reported in Kenya
(42.9%), and Egypt (52%) (Muriethi et al., 2017, Saed & lbrahim, 2020). In contrast, high
susceptibility to penicillin has been reported in Germany, Poland, and Korea (Nam et al., 2009,
Minst et al., 2012, Kaczorek et al., 2017). The higher resistance level of streptococci to ampicillin
in this study could be because 3 lactams are still considered the first line of mastitis treatment in
Kenya leading to selection pressure to resistant isolates (Shitandi & Sternesjo, 2014). Differences
in antibiotic use and practices might explain discrepancies in resistance levels between regions

(Boireau et al., 2018).

Resistance rate to tetracycline at 31.5%, observed in this study, was comparable to previous

findings in Kenya (42.9%) by Muriethi et al. (2017), Egypt (36%) (Saed & Ibrahim, 2020), and
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China (33%) (Zhang et al., 2018). However, this study’s findings were lower than reported by
Cheng et al., (2019) in China (59%), Kaczorek et al. (2017) in Poland (63%), and Nam et al. (2009)
in Korea (61.2%). Lower resistance rates tetracycline (12%) in Streptococcus dysagalactie have
been reported in countries like Sweden (Bengtsson et al., 2009). An extensive variation in
tetracycline resistance to bovine streptococci in different countries has been described (McDougall
et al., 2021). The high resistance observed for tetracycline in this study might be linked to the
extensive use of tetracycline for treatment and prophylaxis in bacterial infectious diseases in dairy
cows in Kenya (Omwenga et al., 2020). The collection of more isolates and genomic analysis
would provide more understanding of the mechanism of resistance between herds, regions, and

countries (McDougall et al., 2021).

This study reported no resistance of the Streptococcus species to gentamycin and moderate
resistance to streptomycin (22.7%). Similar findings were reported by Ndirangu et al. (2017) in
Kenya and Saed & lbrahim, (2020) in Egypt in their different studies. However, these findings
contrasted reports by Kaczorek et al. (2017) who reported a higher resistance level of streptococci
isolated from clinical mastitic milk to gentamycin (50%-100%) in Polland. Naturally low
susceptibility of Streptococcus spp. to aminoglycoside has been described (Zhang et al., 2018).
This low resistance level could be explained hypothetically by the lack of or low usage of
aminoglycoside in livestock in some areas in Kenya hence little selective pressure (Omwenga et
al., 2020). However, the use of aminoglycoside for therapy in streptococcal mastitis should be done
with caution since there are no approved interpretive criteria for Streptococcus species (EUCAST,

2021).
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Streptococcus species isolates resistant to erythromycin were reported at 10.5% in this study.
Higher resistance levels to erythromycin have been reported in bovine mastitis studies by Tomazi
et al. (2018) in Brazil (29.1%) and Zhang et al. (2018) in China (47.7%). Jisuve et al. (2020) found
a higher resistance in clindamycin of 30% in group B Streptococcus isolates from pregnant women,
Kenyatta national hospital, Kenya. Nonetheless, Orucho et al. (2020) reported a high susceptibility
level to erythromycin in S. pneumoniae isolated from humans with pneumonia in Kisii hospital,
Kenya. Increased resistance to macrolides and lincosamide in Streptococcus species continues to
be reported globally (Cheng et al., 2019). Horizontal transfer of resistance genes among
Streptococcus species has also been described (Minst et al., 2012). Methylation of erm genes and
efflux pumps mediated by mefA, ermTR and linB genes have been described as the key resistance
mechanism used by the bacteria to confer resistance to macrolides and lincosamides (Minst et al.,

2012, Jisuve et al., 2020).

Strikingly, 13.6% resistance to vancomycin was reported in this study. This was relatively higher
than findings by Cheng et al. (2019) in China who reported a prevalence of 9%. Vancomycin is
usually used as a last resort antibiotic in the treatment of multidrug Gram-positive infections in
humans (Du et al., 2019, Cheng et al., 2019). These critically important human medicine antibiotics
are restricted for use in the treatment of animal diseases in many countries including Kenya (Phophi
etal., 2019). Low resistance to vancomycin in streptococcus species associated with VanG gene has
been described (Du et al., 2019). The presence of vancomycin-resistant isolates in streptococcal
isolates in this study poses a severe public health concern and hence routine monitoring should be

enhanced (Cheng et al., 2019).
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This study found high susceptibility to fluoroguinolones (100%) among the Streptococcus isolates.
This was in agreement with other similar studies by (Kaczorek et al., 2017) in Poland (100%)
susceptibility in both S. agalactiae and uberis. Further, Ruegg et al. (2015) in Wisconsin reported
(97%) susceptibility to fluorogquinolones in streptococci. Fluoroquinolones are highly restricted for
use in animal diseases in most countries including Kenya (Kaczorek et al., 2017). This may explain

the high susceptibility reported in this study.

Multidrug resistance (MDR) among the Streptococcus species was reported at 13.6%. This was
comparable to what was reported among Streptococcus spp in Germany (13%) (Minst et al., 2012.).
However, Minst et al., (2012) reported a higher MDR rate in Streptococcus uberis. A relatively
higher prevalence of MDR was reported in china (21%) (Cheng et al., 2019). Continuous
monitoring of AMR-resistant Streptococcus isolates and antibiotic susceptibility testing before
treatment should be implemented to prevent further spread and development of AMR in the dairy

farms (Minst et al., 2012).

4.4.3 Phenotypic Antibiotic susceptibility patterns of the isolated Pseudomonas aeruginosa
and Escherichia coli

In this study, all isolates exhibited phenotypic resistance to at least one of the antibiotics tested.
This observation was consistent with that of Nam et al. (2009), who reported low susceptibilities
among Gram-negative bacteria to almost all antibiotics tested. Srinivasan et al. (2007) also
reported similar findings in their study in the USA where they reported that all 129 E. coli isolates

showed resistance to one or two antibiotics drugs tested. Ismail & Abutarbush, (2020) reported
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similar findings in Jordan where they found that all 14 E. coli isolates studied were resistant to six
different classes of antibiotics. The high resistance profiles reported in this study are indicative of
indiscriminate use of antibiotics in the study areas as reported in many countries in different studies
(Nam et al., 2009). High usage of antibiotics leads to selective pressure for antimicrobial-resistant
Gram-negative isolates and the progressive spread of antibiotic resistance genes through mobile

genetic elements as described in other bovine mastitis studies (Liu et al., 2018, Zhang et al., 2018).

In the present study, high resistance to  lactams (ampicillin 83.9% and cefaclor 80.7%) was
reported among the Gram-negative bacteria. High 3 lactam resistance level in Gram-negative has
been reported in many countries such as Japan, Korea, Egypt, China and the USA (Ohnishi et al.,
2011, Nam et al., 2009, Ameen et al., 2019, Srinivasan et al., 2007). Overexpression of the -
lactamase genes in Gram-negative bacteria are responsible for high phenotypic resistance reported
in the beta-lactams antibiotics (Srinivasan et al., 2007, Nam et al., 2009). However, detailed
genotypic characterization is recommended to confirm this in this study.

Notably, a significantly higher resistance rate to chloramphenicol was reported in this study in P.
aeruginosa (42%) compared to E. coli (8%). These findings closely agreed with those of Meng et
al. (2020) who found that 45.3% of P. aeruginosa isolates were resistant to chloramphenicol, in
China. Higher resistance rates in P. aeruginosa to chloramphenicol have been reported in Korea
(99%) and Egypt (95%) (Nam et al., 2009, Ameen et al., 2019). However, unlike in Korea and
Egypt where the drug is used in the treatment of mastitis, in Kenya and many other countries,

chloramphenicol is restricted for use in animals (GARP, 2011). This finding could be indicative of

147



a horizontal transfer of AMR genes from human pathogens (Srinivasan et al., 2007, Alonso et al.,

2017). Therefore, this high resistance raises concern and should be further investigated.

Similarly, as observed in Egypt in camels by Elhariri et al. (2017), in this study, 21% of the P.
aeruginosa isolates were carbapenem (imipenem) resistant. However, this contrasted with findings
by Ameen et al. (2019) and Schauer et al. (2021) in Egypt and Austria respectively who reported
that all their P. aeruginosa isolates were susceptible to imipenem. Lower resistance rate to
imipenem has also been reported in Egypt (2.9%) by lbrahim et al. (2017) in mastitic cow’s milk
and Falodun & Musa (2019) in cow dung in Nigeria (6.7%). However, a higher level of carbapenem
resistance P. aeruginosa (100%) was recently reported in Kenya in a study by Musila et al. (2021)
from human clinical samples. The high prevalence reported in this study is a serious clinical and
public health threat and warrants close monitoring since the use of carbapenems such as imipenem
in animals is highly restricted in many countries including Kenya (Falodun & Musa, 2019). These
findings could be indicative of a possible horizontal gene transfer among bacteria in humans and

animals.

A significantly low resistance level in P. aeruginosa and E. coli was observed against the
fluoroquinolones and gentamycin in the present study. A similar finding was reported in P.
aeruginosa in Japan, Korea, and Italy (Ohnishi et al., 2011, Park et al., 2014, Decimo et al., 2016).
This also agreed with the finding of Srinivasan et al. (2007) who found that only one E. coli isolate

was resistant to fluoroquinolones in their study in the USA. In contrast, however, a study in Egypt
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reported a higher resistance rate in P. aeruginosa (70%-95%) to quinolones and aminoglycosides
(Ameen et al., 2016).

In this study, multidrug resistance (MDR) in E. coli was reported at 66.7%. Higher MDR in E. coli
has been reported in the USA (90%), China (98%) and Jordan (100%) (Srinivasan et al., 2007,
Feng et al., 2016, Ismail & Abutarbush, 2020). On the other hand, a considerably lower MDR in
E. coli at 5.5% has been reported in Egypt (Ameen et al., 2016). Overuse and misuse of antibiotics
in the dairy industry are key contributors to the development of MDR E. coli (Alonso et al., 2017).
The increasing emergence of mastitis-associated MDR E. coli isolates globally is alarming and a

public health concern that requires urgent intervention (Ismail & Abutarbush, 2020).

High MDR in P. aeruginosa was reported at 78.9% in this study. A higher prevalence of MDR in
P. aeruginosa at (90%-96.7%) has been reported in Korea (Nam et al., 2009, Park et al., 2014).

P. aeruginosa’s high resistance to multiple drugs of clinical use is a serious problem to mastitis
therapy and of public health concern (Nam et al., 2009, Meng et al., 2020). The innate resistance
mechanisms of P. aeruginosa such as impermeable cell walls, biofilm formation and enzymes
further limit therapeutic options (Meng et al., 2020, Aguayo et al., 2020). Hyper-mutation and
horizontal gene transfer of the antibiotic resistance genes in P. aeruginosa have been described
(Meng et al., 2020). Genetic transfers of an antibiotic resistance gene from non-pathogenic
Pseudomonas spp. to P. aeruginosa have been described which is a serious concern (Aguayo et

al., 2020, Schauer et al., 2021).

149



4.5 CONCLUSION

Staphylococci: This study revealed a high ampicillin resistance rate and low resistance rate to
fluoroquinolones among the bovine mastitis-causing staphylococci. In addition, blaZ and strB
were the most prevalent genes among the isolates. Detection of various antibiotic resistance genes
in these strains signifies a public health concern and a serious challenge to bovine mastitis therapy.
Therefore, there is need to control the emergence and spread of AMR in dairy farms.

The presence of phenotypic methicillin-resistant staphylococci (MRS) in this study provides a
baseline data for their further monitoring in Kenyan dairy farms. Further screening of the mec genes
(A, B, C) and other intrinsic mechanisms encoding for resistance to MRS should be considered in
future studies.

PCR was used to determine the genotypic resistance in this study, this technique targets fewer
AMR genes, restricting the results to screened elements. Therefore, there is need for further
characterization of the isolates using whole genome sequencing and spa typing to assess the clonal

diversities of the isolates.

Streptococci: This study found moderate to low levels of antimicrobial resistance among
Streptococcus spp. isolated from dairy cows in the study areas. The highest resistance was reported
in tetracycline while the lowest was reported in gentamycin and fluoroquinolones. Resistance to
vancomycin reported in this study is a public health concern and should be monitored. Further,
continuous monitoring of the antimicrobial resistance in the region is needed to ensure optimal

therapeutic results and prevent the further spread of AMR. Further studies incorporating a larger
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sample size, molecular characterization of the Streptococcus isolates to species level and genotypic

antimicrobial resistance profiles should be considered in future studies.

E. coli and P. aeruginosa: This study reported high multidrug resistance among E. coli and P.
aeruginosa isolates. This is indicative of the emergence of bovine mastitis that is caused by bacteria
that are recalcitrant to antimicrobials commonly used for the treatment of mastitis in the regions.
Urgent measures should be taken to address this issue because the two organisms are frequently
found in the animal environment. The study provides the first report on the presence of imipenem-

resistant Pseudomonas aeruginosa in mastitic milk and should be further investigated.

Study limitation: For the Gram negative and streptococcus the study analyzed fewer isolates and
used only phenotypic antibiotic susceptibility testing methods. In addition, the antibiotics disc used
were few and some of them especially in P. aeruginosa lacked approved clinical breakpoints.
Future studies should target higher numbers of the isolates and consider using more antibiotics
using minimum Inhibitory concentration (MIC) method. Determining the presence of
antimicrobial-resistant genes conferring resistance to various antibiotics using whole-genome
sequencing (WGS) is highly recommended. Such information will be key in deepening the
understanding of E. coli and P. aeruginosa isolates, in terms of pathogens’ dynamics and
antimicrobial resistance (AMR) evolution. In addition, the information generated will be useful in

the improvement of AMR stewardship and control of the further spread.

151



CHAPTER FIVE: RISK FACTORS ASSOCIATED WITH MASTITIS IN DAIRY COWS
IN EMBU AND KAJIADO COUNTIES IN KENYA

5.1 INTRODUCTION

Mastitis is a multifactorial, widespread and costly disease of dairy cows in the world (Ruegg, 2017).
Incidences of clinical and subclinical mastitis in cows per year range between 10%-40% and
19.2%-83.0% respectively in most of the countries in the world including Kenya (Jamali et al.,
2018, Bhakat et al., 2020, Gitau et al., 2014). Due to the multifactorial and multi etiological nature
of bovine mastitis, treatment and control of the disease have remained one of the greatest challenges
in dairy farming (Oliveira et al., 2015). Host, pathogen and management factors have been shown
to directly influence the occurrence and recurrence of mastitis in dairy cows (Ramirez et al., 2014).
Host factors such as parity (older cows) and early lactation periods have been described as key risk
factors to the occurrence and recurrence of clinical mastitis in cows (Jamali et al., 2018). On the
other hand, cow breed, higher parity and late stage of lactation have been described as significant

risk factors associated with subclinical mastitis (Ramirez et al., 2014, Abebe et al., 2016).

Several management risk factors associated with bovine mastitis have been described in many
countries in the world (Neave et al., 1969). However, in Kenya, only a limited number of studies
have studied risk factors of mastitis in dairy cows despite the high prevalence of the disease
(Mureithi & Njuguna, 2016). For instance, Mureithi & Njuguna, 2016, in their study in Kenya,
found that multiparous cows, breed, mid-lactation, dirty udders and muddy/soil floor were
significantly associated with subclinical mastitis in smallholder dairy farms in urban and peri-urban

regions of the Thika, Kiambu County. The main bacteria isolated in their study was S. aureus.
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Husbandry practices have shown to differ from one region to another and therefore control
programs should be based on local specific risk factors within a setup (Ramirez et al., 2014, Jamali

etal., 2018).

Moreover, due to the continued evolution of mastitis pathogens that are reported in many countries
including Kenya, a review of the responsible risk factors will be useful in designing more efficient
mastitis control programs (Ruegg, 2017). Therefore, the objective of this study was to establish
and document farm management and cow level risk factors that are associated with dairy cow

mastitis (clinical and subclinical) in Embu and Kajiado counties.
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5.2 MATERIALS AND METHODS
5.2.1 Study area

As per section 3.2.1

5.2.2 Sample size determination

As per section 3.3.1

5.2.3 Case definition

A cow was defined to have subclinical mastitis based on two categories; CMT results and bacterial
infection in this study. For subclinical mastitis based on CMT, a cow was positive for mastitis if
one or more quarters had California Mastitis Test (CMT) score positive of +1 or higher. For,
subclinical mastitis based on bacterial infection, a cow was positive for mastitis if one or more
quarters had one or all the bacteria isolated from the milk sample. The bacteria isolated were;
Coagulase-negative Staphylococcus (CNS), Staphylococcus aureus, Escherichia coli, Bacillus
species, Streptococcus agalactiae, other non-Streptococcus agalactiae, species, Micrococcus
species, Enterobacter species and Klebsiella species. Similarly, a farm was defined to be positive
for subclinical mastitis if any milk samples from that farm had a CMT score positive of +1 or

higher and if one or more quarters had one or all the bacteria isolated from the milk sample.

5.2.4 Collection of data on risk factors associated with dairy-cow mastitis
A pre-tested semi-structured questionnaire (Appendix 2) was used to collect data on farm biodata,

farm level and cow level information. This was done through, interviewing the farmers and direct
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observations by the investigator on the dairy cow’s husbandry practices during the farm visits.
Selected farm and cow level risk factors analyzed in this study are shown in Table 5.1 and Table
5.2 respectively. Three of the variables collected in this study were not analyzed. These included:
milking techniques since all the farmers used hand milking, washing hands with clean water before
milking, all milkers washed hands before milking their cows and cow housed in cow shed with a

roof 99%(153) of the farmers housed their animals in a roofed cow shed.

5.2.5 Data entry and analysis

Data entry and management were done using Microsoft excel 2016, while data analysis was done
using the STATA versionl15. Descriptive statistics were calculated for all variables of interest. All
variables of interest were assessed for confounders, collinearity and interaction prior to analysis
(Dohoo et al., 2003). In this study, variance linearization estimation procedures were used to
account for standard errors that arise due to clustering and repeated measures structure of the data
(multiple observation of cows clustered within farms) (Dohoo et al., 2003). The farm was identified

as the primary clustering unit (Dohoo et al., 2003).

Multilevel mixed-effect logistic regression analysis was used to assess the association between the
dependent variable (subclinical mastitis based on CMT score of +1 and above, and subclinical
mastitis based on presence of bacteria isolated from milk samples) with each risk factor. All
variables which had a p value <0.2 (20%) in the univariate analysis were fitted into a mixed effect

multivariable model using backward elimination approach. In this analysis, the statistical
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significance was set at p<0.05. The Output of the model was presented using Odds Ratio with 95%

Confidence Interval (CI) of the Odds Ratio (Dohoo et al., 2003).

5.3 RESULTS

5.3.1 Descriptive statistics for mastitis risk factors

Farm-level management and cow-level factors collected and analyzed in this study are shown in
Table 5.1 and 5.2. The prevalence of mastitis differed in this study between the two counties. Farms
in Embu County reported a higher prevalence of mastitis at 78.8% (63/80) as compared to those in
Kajiado County which had 74.3% (55/74). Based on the production system, a higher mastitis rate
was reported in cows reared using an intensive production system at 79.5% (101/127) compared to

those farms which used a semi-intensive system 63.0% (17/27).

This current study found that farms, where the cows were kept in cow sheds with earthen floors,
had a higher mastitis rate at 83.8% (31/37) compared to those on houses with concrete floors 74.4%
(87/117) (Figure 5.1). Farms, where dairy cows slept on bedding material (rubber mats) had less
mastitis at 71.7% (33/46) compared to farms where cows had no bedding on their floor at 78.7%
(85/108) in this study (Figure 5.2). Based on cleaning frequency of the floor, farms which cleaned
the floors once a week had had higher prevalence of mastitis at 81.5% (31/38) compared to farms

which did daily cleaning of the floor of the houses at 75.0% (87/116).

The prevalence of mastitis was higher in farms where the milkers did not use drying towel after
washing the udder at 87.5% (7/8) as compared to farms where the milker used a drying towel 76.0%
(111/146) in this study. The prevalence of mastitis was higher in farms where a single udder cloth
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towel was shared among cows in the herd at 85.2% (75/88) as compared to farms where each cow

had its own udder drying cloth after washing 65.2% (43/66) (Figure 5.3 A&B).

Farms, where teat dips were not used, had a higher prevalence of mastitis at 79.0% (109/138)
compared to farms where teat dips were used either at the beginning or end of the milking at 56.2%
(9/16). Farms that practiced dry therapy had lesser mastitis cases at 72.7% (24/33) as compared to
farms where dry therapy was not practiced 77.7% (94/121). Farms, where the culling of mastitic
cows was practiced in this study, had lesser cases of mastitis 69% (20/29) as compared to farms
where culling was not practiced 78.4 % (97/ 125). Farms that never practiced routine screening of
mastitis had a higher prevalence of mastitis 81.7% (47/58) as compared to farms that practiced

routine screening for mastitis 74% (71/96) (Table 5.1).
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Table 5.1: Farm management practices considered as risk factors for clinical and

subclinical mastitis defined by culture positive in 154 smallholder dairy farms in Embu ad

Kajiado Counties

Variable Group Description Mastitis
positive cases
n (%)
County Kajiado (n=74) 55 (74.3)
Embu (n=80) 63 (78.8)
Production system Semi-intensive (n=27)  Semi intensive farms cows were housed and 17 (63)
Intensive (n=127) allowed to graze on pastures and supplemented 101(79.5)
with concentrates
Intensive farms cows were kept indoors and fed on
concentrates
Cleaning frequency of  Daily (116) Floor of the cow shed cleaned daily 87 (75)
the floor Weekly (38) Floor of the cow shed cleaned weekly 31 (81.5)
Floor-type Concrete (n=117) Concrete floors made of cement blocks 87 (74.4)
Earthen (n=37) Earthen floors made of ground itself 31 (83.8)
Bedding material Yes (n=46) Presence of bedding material meant cows had 33 (71.7)
No (n=108) rubber mats to sleep on 85 (78.7)
Milking mastitic cow Yes; milker milked cows with mastitis last
the cows last Yes (n=43) No: milkers milked cows with mastitis with no order 25 (58.1)
No (n=111) 93 (83.8)
Udder drying cloth Yes; teats were washed with water and dried with
towel Yes (n=146) cloth towel during milking 111(76)
No (n=8) No: teat were washed with water and not dried 7(87.5)
Udder drying cloth Yes (n=66) Yes: each cow had its own udder drying cloth after 43(65.2)
towel for each cow No (n=88) washing 75 (85.2)
No (n=89) No: A single udder cloth towel was shared in the 74 (83.1)
herd
Use of Teat dips Yes (n=16) Yes; Farmers used a recommended chemical after 9 (56.2)
No (n=138) milking 109
No; Farmers never used any recommended chemical (78.9)
after milking
Dry therapy Yes (n=33) 24 (72.7)
No (n=121) 94 (77.7)
Culling Yes (n=29) Yes; chronic mastitic cows were permanently 20 (69.0)
No (n=125) removed from the herd 97 (77.6)
No; mastitis cows were not removed from the hers
Test for mastitis Yes (n=96) Yes: farms practiced routine screening for mastitis 71 (74.0)
No (n=58) No; farms never practiced routine screening of 47 (81.0)

mastitis
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Figure 5.1: A picture showing a cow in a shed with earthen floor type (indicated in blue arrow)

and a soil (mud) bedding (indicated in blue arrow) in Embu County.

Concrete

clean floor

Figure 5.2: A picture showing a cow shed with a clean concrete floor (indicated by blue arrow)
and a rubber cow mattress bedding (indicated by red arrow) in Kajiado County.
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Figure 5.3 A&B: Picture showing reusable udder drying towel (pointed by red arrows) hang in

the milking crushes in farms in Kajiado (image A) and Embu (image B) Counties

In this study, the prevalence of mastitis differed between the breeds. Exotic cows had a higher
prevalence of mastitis at 75.3% (278/369) as compared to the crossbreed cows who had 61.5%
(16/26). The prevalence of mastitis also varied based on parity level in this study. A high prevalence
of mastitis was reported in cows in fourth parity or higher at 79% (79/100) while lower prevalence
was reported in cows in the first parity 66.7% (68/102). Dairy cows in the early stages of lactation
had a higher prevalence rate of mastitis at 80.2% (85/106) compared to cows in the mid and late
stages of mastitis. The prevalence of mastitis also differed based on the history of mastitis. Dairy
cows with a previous history of mastitis had a higher prevalence of mastitis at 80.4% (127/158) as

compared to cows without a previous history of mastitis in this study (Table 5.2).
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Table 5.2: Selected cow level factors considered as risk factors for clinical and subclinical

mastitis defined by culture in 395 dairy cows in Embu and Kajiado Counties

Variable Category No. of observation Mastitis positive cases
(n) n (%)
Breed Exotic ! 369 278 (75.3)
Cross? 26 16 (61.5)
Parity 1 102 68 (66.7)
2 99 75 (75.8)
3 94 72 (76.6)
>4 100 79 (79)
Stage of lactation Early(>1-2months) 106 85 (80.2)
Mid ( >3-6months) 134 94 (70.1)
Late (>7 months 155 115 (74.2)
History of mastitis®  Yes 158 127 (80.4)
No 237 167(70.5)

'Exotic cows included Jersey, Friesian, Ayrshire, Guernsey: 2Crosses included Boran, Sahiwal,
Zebu and several crosses of Friesian with Boran, Sahiwal and Zebu, History of mastitis cows have
had contracted mastitis during current lactation period or a previous one

5.3.2 Mixed effect univariate logistic regression of risk factors with the occurrence of
subclinical mastitis

Several risk factors were considered for mixed effect univariate logistic regression for the presence

of subclinical mastitis based California mastitis test (CMT) and culture (bacterial isolation) as

shown in Table 5.3 and 5.4. Among the risk factors analyzed management factors such as frequency

of cleaning the cow sheds, milking mastitic cow last, culling, use of udder drying towel in a farm,

use of udder drying towel for each cow and routine testing for mastitis as well as cow factors such

as parity and a previous history of mastitis were univariably associated with the presence of mastitis
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at (p<0.2) in this study. However, the other risk factors were not significantly associated with

mastitis as indicated in Table 5.3 &5.4.

Table 5.3: Mixed effect univariate logistic regression analysis for association between
management and cow level factors subclinical mastitis defined by California Mastitis

Test(CMT) in Embu and Kajiado Counties Kenya

Variable 95% CI P- value
Production system -0.32 156 0.20
Cleaning frequency 0.26 1.59 0.16*
Milking the cows last 021 184 0.01*
Use of udder drying towel 0.80 3.35 0.23
Use of udder drying cloth towel for each cow 034 134 0.24
Washing hands between milkings 050 1.15 0.44
Teat dips 058 115 0.36
Culling -1.83 122 0.12*
Test for mastitis 1.76  1.83 0.03*
Parity 0.09 048 0.19*
History of mastitis 126 1.38 0.14*

*Factors with significance at (p<0.2), Cl Confidence Interval
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Table 5.4: Mixed effect univariate logistic regression analysis for association between

management and cow level factors and subclinical mastitis defined by culture in Embu and

Kajiado Counties Kenya

Variables 95%  CI P- value
Production system 0.50 1.23 0.41
Cleaning frequency of the cow sheds 0.22 1.43 0.15*
Milking the cows last 0.23 1.69 0.01*
Use of udder drying towel in a farm 0.56 3.31 0.16*
Use of udder drying cloth towel for each cow 0.26 1.25 0.20*
Washing hands between milkings 0.24 1.24 0.18*
Culling -1.16 0.52 0.46
Test for mastitis -1.28 0.19 0.15*
Parity -1.64 0.59 0.27
History of mastitis 0.11 0.71 0.06*

*Factors with significance at (p<0.2), Cl Confidence Interval

5.3.3 Multivariate analysis of the subclinical mastitis risk factors

For subclinical mastitis defined by CMT, all factors showing p<0.2 (20%) in the initial univariate

mixed-effect logistic regression were considered for inclusion in a multivariate mixed-effect

regression analysis as previously described by Dohoo et al., 2003. The variables included were

cleaning frequency of the cow sheds, milking mastitic cow last, routine testing for mastitis, culling,

parity and history of mastitis. The multivariate analysis of these variables revealed that milking the
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mastitic cow last (p=0.02), routine testing for mastitis (p=0.01) and history of mastitis (p=0.05)
were significantly associated with the occurrence of subclinical mastitis in this study. Accordingly,
the odds of having mastitis were significantly lower (0.51) in cows with no previous history of
mastitis compared to cows who had a previous history of mastitis (O. R=0.51, 95% ClI, 0.25-1.05).
The odds of mastitis were significantly lower (0.35) in farms where no routine testing of mastitis
was done compare to those who did (O. R=0.35, 95% CI, 0.15-0.79). Further, the odd of the
occurrence of mastitis increased in the farm which did not milk mastitic cows last (O. R=3.42, 95%

Cl, 1.58-7.42). However, the other variable remained non-significant in this study (Table 5.5).

Table 5.5: Mixed effects multivariable logistic regression models for the association between
farm management and cow level factors and subclinical mastitis defined by CMT in Embu
and Kajiado Counties

Variables B coefficient OR 95% ClI p-value
Milking mastitic cow last

Yes Reference

No 0.84 3.42 1.58-7.42 0.02*

Routine testing for mastitis

Yes Reference

No -0.74 0.35 0.15-0.79 0.01*
History of mastitis

Yes Reference

No -0.55 0.51 0.25-1.05 0.05*

*Factors statistically significant at (p<0.05), SE- Standard error, OR-Odd Ratio, Cl-confidence interval

Similarly, for subclinical mastitis defined by culture (bacterial infection) all factors showing p<0.2
(20%) in the initial univariate mixed-effect logistic regression were considered for inclusion in a
multivariate mixed-effect regression analysis as previously described by Dohoo et al., 2003. The
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variables included were cleaning frequency of the cow sheds, use of udder drying towel in farms,
use of udder drying towel for each cow, milking mastitic cow last, routine testing for mastitis,
washing hands between milkings and history of mastitis. The multivariate analysis of these
variables revealed that milking the mastitic cow last (p=0.04) and history of mastitis (p=0.03) were
significantly associated with the occurrence of subclinical mastitis this study. Accordingly, the
odds of having mastitis were significantly lower (0.50) in cows with no previous history of mastitis
compared to cows who had a previous history of mastitis (O. R=0.50, 95% CI, 0.26-0.95). The
odd of the occurrence of mastitis increased in the farm which did not milk mastitic cows last (O.
R=2.62, 95% ClI, 0.26-0.95). However, the other variable remained non-significant in this study

(Table 5.6).

Table 5.6: Mixed effects multivariable logistic regression models for the association between
farm management and cow level factors and subclinical mastitis defined by culture in

Embu and Kajiado Counties

Variables B coefficient OR 95% ClI p-value
Milking mastitic cow last

Yes Reference

No 0.74 2.62 1.30-5.27 0.04*

History of mastitis

Yes Reference

No -0.58 0.50 0.26-0.95 0.03*
*Factors statistically significant at (p<0.05), OR-Odd Ratio, Cl-confidence interval
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5.4 DISCUSSION
The current study explored management farm practices and cow level factors associated with

clinical and subclinical mastitis in dairy cows in Kajiado and Embu counties.

Failure to milk mastitic cows last was significantly associated with mastitis in this study. These
findings were in agreement with reports by Abebe et al. (2016), in Ethiopia and Nielsen &
Emanuelson (2013), in Sweden. They reported that failure to milk mastitic cow last increased the
spread of mastitis in farms from one cow to another during milking. These findings may explain
the reason for high farm-level prevalence in this study since all farmers used hand milking. Farmers
need to be educated on the importance of knowing the cow's udder health status and encouraged to

milk mastitic cow last to prevent the spread of mastitis (Nielsen & Emanuelson, 2013).

In this study, cows with no previous history of mastitis were found to be 0.50 less likely to have
mastitis, compared to cows with a previous history of mastitis. Similar findings have been reported
in several studies in Bangladesh (Sarker et al., 2013), Ethiopia (Mekonnen et al., 2017), India
(Kumar et al., 2016) and Brazil (Oliveira et al., 2015). However, Abebe et al., 2016, in Ethiopia,
found no association between history of mastitis and recurrence of mastitis. High recurrence of
mastitis especially in clinical mastitis has also been described (Zadoks, 2001, Jamali et al., 2018).
Inadequate screening and treatment of subclinical mastitis, lack of correct and specific
identification of the mastitis-causing pathogens in clinical cases may have led to the recurrence of
mastitis in this study (Jamali et al., 2018). In addition, the indiscriminate use of antibiotics by

farmers leading to the development of mastitis-causing antibiotic-resistant pathogens was believed
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to be a critical contributor to the recurrence of mastitis in this study (Omwenga et al., 2020).
Certainly, such cows need to be culled to prevent further transmission of mastitis in the farms

(Kumar et al., 2016; Jamali et al., 2018).

Continues monitoring of mastitis leads to improved udder health (Lam et al., 2009, Ruegg, 2017).
It was noted that cows in farms that did not do routine monitoring of mastitis (0.35) had a lower
odd of getting mastitis compared to farms that did. These findings may be due to the fact farmers
in this study used CMT and alcohol test methods to routinely test for mastitis. Although the use of
CMT in the detection of bovine is valuable to a certain extent, this method has remained
questionable. This is because the results are usually difficult to interpret due to the other factors
that influence high somatic cell counts and the method fails to identify the real causative agent of
mastitis (Duarte et al., 2015, Sharun et al., 2021). Therefore, more reliable methods such as a
combination of CMT, culture and molecular should be used in the routine diagnosis of mastitis in

the study regions (Lam et al., 2009).

Unlike in other studies, parity was not a significant cow level factor of mastitis in this study. Studies
have shown that level of parity is a key predictor of mastitis in dairy cows (Ramirez et al., 2014,
Mureithi & Njuguna 2016, Abebe et al., 2016). Although parity was not a statistically significant
risk factor associated with mastitis in this study, cows with parity of four and more had a higher
odd of getting mastitis compared to cows in lower parities. These results could be explained by the
fact older cows have pendulous udders and teats which are more susceptible to injury and therefore

increased the risk of mastitis (Abebe et al., 2016). In addition, older cows also have a higher chance
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of exposure to mastitis pathogens in previous lactations and therefore they are more likely to come

down with mastitis again ( Oliveira et al., 2015, Jamali et al., 2018).

5.5 CONCLUSIONS

Factors associated with subclinical mastitis risk factors in this study were the previous history of
mastitis, routine testing for mastitis and failure to milking mastitic cow last. These results suggest
that farms in the study regions should consider these important risk factors when developing

subclinical mastitis control programs.

Study limitation: Due to low prevalence of clinical mastitis cases in this study the logistic

regression analysis was not done. Future studies should consider use of case control design in order

to analyze the risk factors associated with clinical mastitis in the study sites.
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CHAPTER SIX: GENERAL DISCUSSION, CONCLUSIONS AND
RECOMMENDATIONS

In Kenya, a few studies have investigated bovine mastitis, bacterial diversity, associated risk
factors, and antimicrobial resistance profiles of the isolates (Gitau et al., 2014, Muriethi & Njuguna
2016, Richards et al., 2019). However, all these previous studies were limited because they only
used classical culture methods. The culture method has been faced with limitations such as a delay
of 24-48 hours to obtain results, and most bacterial organisms present in milk are not detected
(Kuehnetal., 2013, Oikonomou et al., 2013). As a consequence, effective treatment and prevention
of the disease have been hindered (Kuehn et al., 2013). This is coupled with the increasing numbers
of potentially zoonotic multidrug-resistant (MDR) bacterial strains, associated with mastitis in
dairy cows (Sharma et al., 2018). Therefore, this study investigated the prevalence, bacterial
diversity of mastitic milk using culture and culture independent 16S rRNA metagenomics analysis,
associated risk factors and Antibiotic susceptibility profile (AMR) of the isolates in dairy cows in
Kajiado and Embu Counties, Kenya in order to improve mastitis therapy and control emergence

and the spread of AMR Kenya.

This study reported a higher overall prevalence of clinical mastitis at (6.8%) and subclinical
mastitis at (74%) in Kajiado and Embu Counties compared to previous mastitis studies in Kenya.
A lower prevalence of clinical mastitis ranging between (0.5%-0.9 %) and subclinical (30%-50%)
has been reported previously in different parts of Kenya (Gitau et al., 2014 ). However, a more
recent study in one farm by Ondiek & Kemboi, (2018) reported a higher prevalence of mastitis at

(82%) in Njoro, Egerton, Kenya. These results suggest that changes over time, spatial sampling,
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geographical and management practices differences might explain discrepancies in prevalence
levels between regions (Taponen et al., 2009). Moreover, the high prevalence of subclinical
mastitis reported in this study could suggest limited farmer awareness of this form of mastitis since
it lacks clinical signs. Inadequate mastitis control programs as noted in the study areas and as
reported in other studies in Kenya and Africa could also be a key contributor (Abebe et al., 2016,

Adamu et al., 2020).

The predominance of subclinical mastitis in the study sites is of great concern as it may lead to
high usage of antibiotics leading to multidrug resistance (MDR) in mastitis pathogens (Adamu et
al., 2020). Moreover, subclinical mastitis is associated with higher economic losses since it is
hardly diagnosed by farmers due to a lack of clinical signs (Abebe et al., 2016, Ismael, 2018).

Therefore, control measures of mastitis should be instituted in the study sites.

Embu County had a significantly higher farm, cow, and quarter-level prevalence of mastitis
compared to Kajiado. Higher prevalence in Embu could be associated with poor hygiene, poorly
designed cow shed, poor drainage and the extremely wet weather experienced during the sampling
period. Season variation has shown to directly influence the occurrence of mastitis (Kurjogi &
Kaliwal, 2014). The presence of high moisture in the environment during the wet weather supports
the proliferation of pathogenic bacterial resulting in increased mastitis incidences in dairy cows

(Kurjogi & Kaliwal, 2014).
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Coagulase-negative staphylococcus (CNS) (47%) was the predominant mastitis-causing organisms
diagnosed using the culture method. However, metagenomics analysis of the same milk samples
showed the predominance of the genera Pseudomonas in the analyzed samples. These results
suggest that Staphylococcus may not be the predominant species in these quarters and provide new
insights into the microbial diversity of the cow mastitic milk in Kenya. However, epidemiological
studies have shown that CNS are emerging bacteria increasingly being identified as a major
causative agent of cow mastitis infections worldwide (Sender et al., 2017, Vakkaméki et al., 2017,
Yang et al.,2018). These shifts have largely been attributed to change in management practices,
new breeds, changes in mastitis causative agent’s virulence mechanisms of host-adaptation, and
increasing societal and economic pressure (Zadoks et al., 2011, Ndahetuye et al., 2019). Therefore,
investigating the epidemiology and the specific risk factors contributing to the emerging/evolution

of mastitis pathogens is necessary (Gitau et al., 2014, Motaung et al., 2017).

Streptococcus agalactiae a key contagious mastitis pathogen was reported at very low level in this
study. Similar to other previous findings in other studies in Kenya (Gitau et al., 2014, Muriethi et
al., 2017), these results indicate that S. agalactiae is no longer a major problem in bovine mastitis

in the study areas.

This study reported 20% culture-negative milk samples from mastitic cows. These findings were
lower than reported by Richards et al. (2019) in Kenya who reported lack of growth in 37.5% of
the mastitis cases. However, this study results were higher than reported by Gitau et al. (2014) who

reported lack growths in 10% in all mastitic cases. Globally, about 10%-40% of mastitis cases
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remain culture-negative in routine culture assays (Kuehn et al., 2013, Bhanderi et al., 2014). The
lack of growth samples has remained a challenge in the diagnosis of mastitis worldwide
(Oikonomou et al., 2013). Limitations of the culture methods, low level of bacteria in milk, cow
pretreated with antibiotics before sampling, and causative agents of mastitis, not bacteria have been

described as key reasons for lack of growth in mastitic milk (Kuehn et al., 2013).

Analysis of the risk factors associated with mastitis found that failure to milk mastitic cows last,
routine mastitis testing and cow with a previous history of mastitis were significantly associated
with the occurrence of mastitis in this study. Although there is no previous data from the study
regions to compare with, similar findings have been reported in Ethiopia and Sweden (Abebe et
al., 2016, Nielsen & Emanuelson, 2013). Failure to milk mastitic cow lasts increased the spread
of mastitis in farms from one cow to another during milking may explain the high prevalence of

subclinical mastitis reported in this study (Nielsen & Emanuelson, 2013).

In this study, the alpha and beta diversity comparison showed that there were no significant
differences in bacterial numbers and diversity based on study region, culture growth status and
disease status. These results indicate that bacterial number and diversities in milk from quarters

did not differ between the region, culture growth status and disease status in this study.

Similar to other studies using culture-independent 16S rRNA metagenomics analysis of the mastitic
milk revealed that the phyla Proteobacteria and Firmicutes were most abundant in all mastitic

samples (Pang et al., 2018, Zhang et al., 2019). The dominance of Proteobacteria and Firmicutes
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in mammary glands has been linked to the existence of potential an endogenous entero-mammary
pathway facilitating the migration of gut bacteria into the mammary gland (Hoque et al., 2019).
These results indicate that similar to other studies globally, Proteobacteria and Firmicutes were
the main bacteria in Kajiado and Embu, Kenya across all the categories and provides confidence

in the study.

An increased relative abundance of some phyla and genera known to cause mastitis which are hard
to identify using standard culture methods such as Chlamydiae and Mycoplasma in culture-negative
mastitic milk were reported. These results indicate that it would be useful to apply more sensitive
mastitis detection methods, especially on culture-negative clinical samples. These findings confirm

the usefulness of metagenomics over culture methods (Kuehn et al., 2013).

Other genera with increased relative abundance in the culture-negative clinical samples included;
Pseudomonas, Acinetobacter, and Staphylococcus both in Kajiado and Embu counties. These
findings suggest a great degree of similarities of microbial diversities in the two geographical
regions (Hoque et al., 2019). Further the current study provides a baseline of microbial diversity

of mastitic samples with no culture growth in the two regions.

In this study, three bacterial genera diagnosed by culture were also reported in 16S rRNA
metagenomics. However, the results did not match well since a higher relative abundance of these
organisms was reported in metagenomics. Furthermore, eight other topmost abundant genera were

recovered using metagenomics analysis and not the culture method. This lack of direct comparison
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between culture and metagenomics analysis has been described (Oikonomou et al., 2012, 2014).
These results demonstrate that classical culture methods fail to describe the true bacterial
complexity of mastitic cow milk (Oikonomou et al., 2012, 2014; Kuehn et al., 2013). Therefore,
the application of more sensitive mastitis detection methods especially in clinical and early

subclinical stages are recommended.

Overall, this study showed a high proportion of resistance (50%-100%) to at least one antibiotic
tested in all bacteria. The high resistance profiles reported in this study could be reflective of the
high predominance of subclinical mastitis reported in the study sites resulting in the indiscriminate
use of antimicrobial in the study areas (Omwenga et al., 2020, Adamu et al. ,2020). This
observation was consistent with other studies that have reported low susceptibilities amongst
mastitis bacteria to almost all antimicrobial tested worldwide (Phopi et al., 2019, Aklilu et al.,

2020).

This study reported much higher resistance rates to - lactams (83%-31%) among mastitis
pathogens than those reported previously in dairy cows in Kenya (Shitandi & Sternesjo, 2004,
Gitau et al., 2014). These results indicate an increase in the antibiotics resistance by the mastitis
bacteria over the years. The higher resistance rates are likely due to widespread use of penicillin
and other B- lactams in the treatment of mastitis in dairy cows as observed in the study farms and
as evidenced by other previous studies in Kenya (Mitema et al., 2001, Shitandi & Sternesjo, 2004).
Continuous monitoring of the antimicrobial resistant bacteria (AMR) and awareness creation on

AMR among farmers in the region is needed to ensure optimal therapeutic results and prevent the
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further spread of AMR.

Overall, low resistant levels to gentamycin, quinolones, and chloramphenicol were reported in all
isolates. Authors in Ethiopia (Kalayu et al., 2020), South Africa (Phopi et al., 2019), Canada
(Nobrega et al., 2018) reported similar findings. These critically important human medicine
antibiotics are restricted for use in the treatment of animal diseases in many countries including
Kenya (Phobi et al., 2019). However, even the low resistance rates reported are of public health
significance, and continuous monitoring, control measures should be implemented to curb further

spread.

This study reported the presence of some key World Health Organization (WHO) priority
pathogens including methicillin-resistant staphylococci at 25% S. aureus and 10.8% CNS,
vancomycin-resistant streptococcus species (13.6%), and 21% carbapenem (Imipenem) resistant
P. aeruginosa. This is the first report, vancomycin resistant and Imipenem-resistant in mastitic
isolates in Kenya. Although MRSA has been previously reported in Kenya by Omwenga et al.
(2020) in raw milk in Isiolo Kenya, this study was the first to report methicillin resistance in
Coagulase-negative Staphylococcus isolates from cow mastitic milk. Detection of these priority
pathogens in mastitic milk is a public health concern and should be further investigated as most of
these organisms are potentially zoonotic and multidrug-resistant and limits the role of therapy in

the control of mastitis (Meng et al., 2020).
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Further, vancomycin and imipenem are highly restricted drugs for use in animals and are usually
used as a last resort in the treatment of multidrug gram-positive and gram-negative bacterial
infections in humans. The high resistance rates to these critically important antibiotics reported in
this study are a clinical threat and public health concern (Ismail & Abutarbush, 2020). The finding

from this study provides a baseline survey for further monitoring.

The presence of high prevalence resistance of genes encoding for the beta-lactamases blaZ gene
recovered in Staphylococcus species was found in this study. This likely contributed to the high
resistance level to beta-lactams recorded in this study. High blaZ genes might indicate an increased
use and possible misuse of B lactams in the study farms in the treatment of staphylococcus mastitis

(Quetal., 2017).

A high proportion of MDR in mastitis isolates was reported in this study with the highest being
reported in gram-negative (66%-78.9%) and lowest among streptococci species at (13.6%). Higher
MDR especially on gram negatives has been reported in bovine mastitis have been described
(Ismail & Abutarbush, 2020). The high MDR in some bacteria like P. aeruginosa has been linked
to innate resistance mechanisms such as impermeable cell walls, biofilm formation, and enzymes
which have been shown to further limit therapeutic options (Meng et al., 2020). However, for other
organisms, overuse, and misuse of antibiotics in the dairy industry have shown to be the key
contributors to the development of MDR based on other previous studies (Ameen et al., 2017). The
increasing emergence of mastitis-associated MDR isolates globally is alarming and a public health

concern that requires urgent intervention (Ismail & Abutarbush, 2020). Molecular characterization
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of the gram-negative bacterial isolates will be key in expanding the understanding of the E. coli
and P. aeruginosa isolates, in terms of pathogens’ dynamics and AMR evolution. Such information
will be key in improving AMR stewardship and control of the further spread of AMR (Sharma et

al., 2018, Alawneh et al., 2020).
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6.1 OVERALL CONCLUSIONS

1.

Overall, there was a high prevalence (73%) of subclinical mastitis in Kajiado and Embu
Counties with Coagulase Negative Staphylococcus (CNS) and Pseudomonas identified as
the predominant bacteria in mastitis based on culture methods and 16S rRNA
metagenomics analysis.

Chlamydiae, Mycoplasma and Solibacillus which are important causative agents of mastitis
and are difficulty to culture were identified in culture-negative mastitic milk from Kajiado
and Embu Counties

High antimicrobial resistance to penicillin and other Beta lactams antibiotics and a
significant multidrug resistance (MDR) were observed in Staphylococcus species,
Escherichia coli, and Pseudomonas aeruginosa in this study.

This is the first study to report the presence of phenotypic methicillin resistance (MRS) in
Coagulase-negative Staphylococcus, carbapenem (Imipenem)-resistant P. aeruginosa, and
vancomycin-resistant streptococci in mastitic milk isolates in Kenyan dairy farms.

This study identified a high presence of blaZz at (59%) and at StrB (35%) gene in
Staphylococcus isolates thus signifying a public health concern and a challenge to bovine
mastitis therapy.

The risk factors significantly associated with bovine mastitis in this study were failure to

milk mastitic cow last, a previous history of mastitis and routine testing of mastitis.
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6.2 RECOMMENDATIONS

1. Based on the high prevalence of subclinical mastitis dominated by CNS and Pseudomonas
in the two counties there is a need to create awareness to the farmers regarding subclinical
mastitis and the respective control measures such as milking mastitic cow last, using udder
cloth for each cow, and culling mastitic cows adopted. Additionally, CNS and
Pseudomonas species should be monitored routinely and further characterized to species
level in order to improve mastitis management in the counties.

2. The presence of a high level of antimicrobial resistance among mastitis isolates including
methicillin-resistant staphylococci (MRS), carbapenem resistant P. aeruginosa and
Vancomycin-Resistant Streptococcus in the present study is a public health concern.
Therefore, enhanced continuous surveillance of these priority bacterial pathogens is
needed. In addition, effective antimicrobial stewardship especially to farmers and animal
health practitioners in the study counties is recommended.

3. The use of more sensitive mastitis detection methods where possible such as 16S rRNA
metagenomics analysis especially in culture-negative clinical and subclinical mastitic milk
would be useful to improve diagnosis and therapeutic strategies of the disease in the study
counties and Kenya at large.

4. Due to the high group of unassigned bacteria with the 16S rRNA metagenomics analysis
future studies should consider the use of a shotgun or intermediate approaches to allow

deeper microbial characterization of mastitic milk to species levels.
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Study limitation and future studies

This study was carried out during the rainy season therefore the high prevalence of subclinical
mastitis may be biased towards the wet weather season. The 66 milk samples used for the
analysis of the microbial diversity in the 16S rRNA metagenomics analysis may not be
sufficient to extrapolate the results to other counties. Therefore, extending metagenomics
studies to other counties and increasing the number of milk samples would create robustness

of the identified taxonomic profiles.

A major limitation of 16S rRNA studies is that they describe only bacterial communities at
genus levels and higher taxonomies excluding diversity exploration at the species, strain levels.
Moreover, these studies focus only on bacterial microorganisms and fail to identify archaeal,
fungal, and viral communities which are also documented causative agents of mastitis. They
fail to characterize microbial functions and resistomes. Therefore, future studies should
consider the use of a shotgun or intermediate approaches to allow deeper microbial

characterization.

Due to low prevalence of clinical mastitis cases in this study the logistic regression analysis

was not done. Future studies should consider use of case control design in order to analyze the

risk factors associated with clinical mastitis in the study sites.
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FVM/BAUEC/2018/157 (appendix 1.1). Informed consent was obtained verbally from farmers

before participation in the study.
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APPENDIX 1.1: SHOWING THE ETHICAL APPROVAL LETTER USED IN THIS

STUDY

UNIVERSITY OF NAIROBI
FACULTY OF VETERINARY MEDICINE
- DEPARTMENT OF VETERINARY ANATOMY AND PHYSIOLOGY
P.O. Box 30197,
00100 Nairobi £ 2300
Kenya

Dr Christine Minoo Mbindyo REF:FVM BAUEC/2018/157
Dept. of Vet. Pathol. Microbiol & Parasitol..

13/122018
Dear Dr Mbindyo,
RE: Approval of Proposal by Biosafetv, A nd Ethics committee

Characterization of milk microbial diversity, antibiotic resistance and evaluation of
cattle genotypes for improved mastitis control in Kenya.

By Christine Minoo Mbindyo 1035276/2017

We refer 1o the above PhD proposal that you submitted to the committee for review and
approval. We have now reviewed your proposal and have noted that:

Your study involves collection of milk samples and blood from milking animals in
selected areas within the country and analysis of the same samples in the laboratory.

The principal investig will observance of required standards of biosafety
including proper disposal of samples after the analysis.

We hereby approve your study as detailed in your proposal,

Rodi 0. Ojoo BVM M.Sc. Ph.D.

Chairman, Biosafety, Animal Use and Ethics Committee,

Faculty of Veterinary Medicine
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APPENDIX 2: FARMS SURVEY QUESTIONNAIRE FOR DAIRY FARMERS

To be filled once for each farm

Demographic information

Farm no

Name of the respondent

Gender

Telephone Number of
respondent

Age

Date of the interview

County

Sub —County

Division

Location

Village

GPS coordinates

Agro-ecological zone (AEZ)

A. Farm Background
1. Who manages the farm?

A) Owner B) Relative C) Employee

2. What is your level of education?

A) Informal __B) Primary___ C) Secondary D) University
3. For how long have you been keeping dairy cattle

A) <lyear  b)>lyearand<5years  c¢)>byear
4. Production system

A) Intensive ___ B) Semi intensive
5. How many dairy cows do you have?
6. What cattle breed do you keep a) Exotic b) Crosses

7. Do you keep records? Yes No

If yes specify  a) Production b) Breeding C) others (specify)
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8. What feed are given to the cows a) concentrate b) Pastures only (c) Both

9. Are the cattle housed witharoof?A)Yes _ B)No ___

10. If housed, what is the nature of the floor where the milking cows lie down? A) Concrete_ B)
Earthen

11. Presence of Bedding A) Yes__ B)No____ (Describe type of bedding)

12. How often is the floor cleaned?
A. Daily B) Weekly C) Monthly D) Others (specify)
B. Mastitis and control practices

1. Have you ever experience cases of mastitis in the farm? A) Yes __ B) No

2. Do you milk mastitic cows last? A) Yes B) No

3. Isthe cow milked using proper technique (observe)? A) Yes B) No
4. Do you wash hands before milking the cows? A) Yes B) No

5. a) Do you wash the udder pre-milking? A) Yes B) No

b) Is the udder dried before milking with clean cloth/towel/paper?  A) Yes B) No
c) Is a different clean drying cloth/towel/paper used for each milking cow? A) Yes  B)No
d) if you have > 1 milking cow, do you wash your hands between milking cows? Yes _ No _

6. Do you use a teat dip post milking? A) Yes _ B)No__

7. Do you practice dry cow therapy? A) Yes _ B)No
8. Do you cull chronically infected cows? A) Yes_ B)No__
9. Who treats your animals?
A) Vet Surgeon B) Animal Health Assistant C) Self D) Others (specify)

10.Do they perform any test to confirm mastitis?

A) CMT B) Alcohol test C) Culture D) Other (specify)
11. For how long did mastitis during the last case take to resolve (in general)?
A) One week

B) Above one week

C) Never resolved
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C. Cow characteristics details

Cow ID | Breed | Parity Milk Stage of History of CMT score
production per | lactation mastitis results for each
dayinL (1-2Early (yes/No) quarter

(3-6) mid
(>Nlate
Cow 1 FR
HR
FL
HL
Cow 2 FR
HR
FL
HL
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