MOLECULAR CHARACTERISTICS AND ANTIMICROBIAL
RESISTANCE OF METHICILLIN RESISTANT
STAPHYLOCOCCUS AUREUS ISOLATED FROM PIGS AND
HUMANS IN KOGI STATE, NIGERIA

BY
Otalu Jnr OTALU

DEPARTMENT OF VETERINARY PUBLIC HEALTH AND
PREVENTIVE MEDICINE,

FACULTY OF VETERINARY MEDICINE,
AHMADU BELLO UNIVERSITY,
ZARIA

FEBRUARY, 2021



MOLECULAR CHARACTERISTICS AND ANTIMICROBIAL
RESISTANCE OF METHICILLIN RESISTANT
STAPHYLOCOCCUS AUREUS ISOLATED FROM PIGS AND
HUMANS IN KOGI STATE, NIGERIA

BY

Otalu Jnr OTALU
{B.Sc, 2006 (A.B.U); M.Sc, 2011(A.B.U)}
(P16VTPH9078)

A THESIS SUBMITTED TO THE SCHOOL OF POSTGRADUATE
STUDIES, AHMADU BELLO UNIVERSITY IN PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR THE AWARD
OF DEGREE OF DOCTOR OF PHILOSOPHY IN VETERINARY
PUBLIC HEALTH AND PREVENTIVE MEDICINE

DEPARTMENT OF VETERINARY PUBLIC HEALTH AND
PREVENTIVE MEDICINE,
AHMADU BELLO UNIVERSITY,
ZARIA

FEBRUARY, 2021



DECLARATION

| declare that the work in the thesis entitled, “MOLECULAR CHARACTERISTICS AND
ANTIMICROBIAL RESISTANCE OF METHICILLIN RESISTANT
STAPHYLOCOCCUS AUREUSISOLATED FROM PIGS AND HUMANS IN KOGI
STATE, NIGERIA”has been performed by me in the Department of Veterinary Public
Health and Preventive Medicine, Faculty of Veterinary Medicine under the supervision of
Prof. J.K.P. Kwaga, Prof. E.C. Okolocha and Prof. B.O. Olayinka. The information derived
from literature has been duly acknowledged in the text and a list of references provided. No
part of this Thesis was previously presented for another degree or diploma in any university.

Otalu Jnr OTALU-------------------- -- -
Signature Date




CERTIFICATION

This thesisentitled “MOLECULAR CHARACTERISTICS AND ANTIMICROBIAL
RESISTANCE OF METHICILLIN RESISTANT STAPHYLOCOCCUS AUREUS
ISOLATED FROM PIGS AND HUMANS IN KOGI STATE, NIGERIA”’ by Otalu Jnr
OTALU meets the regulations governing the award of Doctor of Philosophy Degree in
Veterinary Public Health and Preventive Medicine of Ahmadu Bello University, Zaria and is
approved for its contribution to scientific knowledge and literary presentation.

Prof. JKIP. KWaga e e
(Chairman, Supervisory Committee) Signature Date

Prof. E.C. OKOIOChA s e
(Member, supervisory committee) Signature Date

Prof. B.O. Olayinka e s
(Member, supervisory committe) Signature Date

Prof. ML BellO i e
Head of Department Signature Date

Prof. Sani A. Abdullahl o e
Dean, School of Post Graduate Studies ~ Signature Date



DEDICATION

This work is dedicated to my beloved family.



ACKNOWLEDGEMENTS
My profound gratitude goes to the Almighty God, whose grace has brought me thus far.

I acknowledge with thanks, Prof. J. K. P. Kwaga, Chairman of my supervisory team, for
mentoring me and access throughout the entire duration of this work.

| also acknowledge Prof. E. C. Okolocha and Prof. B. O. Olayinka, who are members of my
supervisory team for their contributions towards the successful completion of this work as
well as their friendship.

| appreciate the effort of the HOD and the entire staff of Vetrinary Public Health and
Preventive Medicine Department towards the actualization of this project..

| thank immensely Dr. P. Zanger of Heidelberg University, Germany for his useful
contributions towards the design of this work. Duly acknowleged also is Mr. O. Owonipa,
who was a self voluntered personal assistant and driver especially during the sampling stage
of this work.

Specially acknowledged is Dr. A. Moodley of University of Copenhagen, Denmark. Thank
you for believing in this work and for making your lab available for me to carry out the
molecular aspects of this study.

I could not have come all along without the assistance of great friends— Mr. C. Akpala, Mr.
C. Osinlu, Mr. A. H. Tarfa, Mr. S. Ogbole, Mr. M. Odoba, Mr. K. Iwuanyanwu, Dr. U. Ghali,
Dr. U. Akpabio, Mr. F. Babatunde, Mr. M. Olaomi, Engr. K. Melikam, Engr. A. Odeyele, and
others too numerous to list who have been a source of inspiration and encouragement, | say

God bless you all.

Vi



ABSTRACT

Staphylococcus aureus is a common cause of serious community and health care-associated
infections and limited antimicrobial treatment options for methicillin resistant Staphylococcus
aureus (MRSA) infections make their management challenging. This study was conducted to
determine the molecular characteristics and antimicrobial resistance of MRSA isolated from
pigs and humans in Kogi State, Nigeria. Using standard microbiological techniques, 680
nasal swab samples collected from 425 pigs, 55 ‘in-contact’ and 200 ‘non-contact’ humans
were analysed. Risk factors associated with MRSA carriage among humans was also
determined using a structured questionnaire. Staphylococcus aureuswas recovered from 20
(4.7%) of the 425 pigs screened and 19 (7.5%) from humans. Six (2.4%) of the human S.
aureus isolates were recovered from 55 ‘in-contact’ while 13 (5.1%) were recovered from
200 ‘non-contact’ humans. In addition 42 other isolates belonging to other Staphylococcus
species (S. hyicus, S. scuiri, S. intermedius, S. lentus, S. chromogens, S. warnari, S.
lugdunensis, S. saprophyticus, S. haemolyticus, S. xylosus) were recovered in the study. All of
the S. aureus isolates (39; 100%) irrespective of source were resistant to g-lactams only. Also
all of the S. aureusisolates had MIC values >4mg/ml for oxacillin and were termed
methicillin resistant. Five (6.2%) and 3 (3.7%) of the other Staphylococcus species isolates
from pigs and humans respectively showed multi-drug resistance patterns. Age and sex were
found to be factors associated with nasal carriage of S. aureuswithin the study population.
MRSA werecharacterized by a multiplex PCR to detect spa, mecA, lukF-PV(a marker of the
Panton-Valentine leucocidin, PVL), scn and aCC398 specific band. Direct sequencing ofthe
purified PCR reaction amplicon was used for spa typing. Four isolates (one pig, one pig-
contact human fromthe same pig farm, one non-pig-contact human from the samedistrict, and
one pig-contact human from a different district)were selected for further SCCmec, multilocus
sequence typing and whole genomesequencing (WGS).All 39 MRSA isolates belonged to spa

type t1603- sequence type (ST) 88, and mecA was associated with a SCCmeclVa element in

vii



38/39 of the isolates. Core genome SNP analysis revealed high genetic similarity between
strains (3-11 SNP differences), despite the temporal (2 year gap) and geographic (165km)
differences between isolates. Furthermore, the MRSA isolates in this study form a distinct
clade when compared with other African MRSA ST88 isolates. Nineteen (95%) of the
porcine strains were positive for scnsuggesting a possible human origin and that pigs were
either transiently contaminated by humans or result of a very recent human-to-pig

transmission event.
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CHAPTER ONE
1.0 INTRODUCTION

1.1 Background of the Study

Staphylococcus aureus(S. aureus) is a Gram-positive bacteria found as commensal flora of
humans and various animalspecies (Vanderhaeghenet al., 2010). Multiple body sites canbe
colonized in humans, but the anterior nares are the most frequently colonized sites (Wertheim
et al., 2005).It can cause conditions ranging from minor skin infections to systemic, life-
threatening illnesses, such as pneumonia, osteomyelitis, and endocarditis (Thammavongsaet
al., 2015). Methicillin resistant Staphylococcus aureus (MRSA) evolved from methicillin-
susceptible S. aureus (MSSA) by acquisition of staphylococcal cassette chromosome mec
(SCCmec)elementscontaining a mec gene (mecA, more rarely mecC), which codes for an
additional penicillin bindingprotein that has low affinity for p-lactam antibiotics and therefore
mediates resistance to nearly allcompounds from this antibiotic class (besides ceftobiprole
and ceftarolin) (Cuny et al., 2015).The SCCmec cassette is a mobile genetic element
consisting of the mec gene complex, the cassette chromosome recombinase (ccr) gene
complex, and the junkyard regions (j-region) (Zhang et al., 2005). Based on the variability
and combinations of these genetic elements, molecular typing of MRSA strains has revealed
up to thirteen distinct SCCmec types (I-XI111) (Lakhundi and Zhang, 2018). SCCmec types I,
Il and Il are characteristic hospital associated MRSA (HA-MRSA) strains and cause
resistance to multiple classes of antibiotics due to the additional drug resistance genes
integrated into SCCmec. SCCmec types IV, V and VI are generally associated with
community acquired MRSA (CA-MRSA), which in most cases, do not contain additional
antimicrobial resistance genes, and therefore, cause only B-lactam antibiotic resistance

(Mediavilla et al., 2012).



Swine production plays a vital role in food security, poverty eradication, and employment
generation in Nigeria (Adebisi, 2008).The pig population in Nigeria which stands at 7 million
(Umeh et al., 2015) contributes significantly to national animal protien intake. The
epidemiology of S. aureus in swine held little interest, until the sequence type (ST) 398
lineage of MRSA was found to be prevalent in pigs and pig farmers in the Netherlands in
2004 (Voss et al. 2005).MRSA ST398 has since been detected in multiple livestock species
and in many countriesas well as in people in contact with MRSApositiveanimals(Petinaki and
Spiliopoulou, 2012; Kock et al., 2013; Sahibzada et al., 2017). Besides direct exposure to
livestock, potential sources fortransmission include farm visits or having a family member
employed in farming (Bisdorff et al., 2011). There is the potential risk of MRSA introduction
from the animal reservoirs into hospitals with humans serving as vectors. Meat and other
foods of animal origin can also be contaminated and serve as sources of human infection
(Smith and Pearson, 2011). Nasal carriage of S. aureusin humans has been reported across
various settings in Nigeria (Nwankwo and Nasiru, 2011; Ayepola et al., 2018), and infections
associated with S. aureushas also been reported in various parts of the country (Ayepola et
al., 2015; Abdullahi and Iregbu, 2018; Abubakar and Suleimn, 2018).In the last decade,
MRSA Sequence Type (ST)398 has found an ecological niche in pigs, horses, cattle and
poultry industry, although other MRSA lineages (e. g. ST1, ST5, ST9, ST97, ST130, ST433),
have been identified in farmed animals worldwide (Guardabassiet al., 2013). All these
lineages are currently termed “livestock-associated MRSA” (LA-MRSA). In contrast to HA-
MRSA and CA-MRSA, severe infection due to LA-MRSA in humans is rare (Cuny et al.,
2009; Aires-de-Sousa, 2017). Only isolates belonging to ST5-MRSA-1V and ST88-MRSA-

IV, and not ST398-MRSA, have so far been found in African livestock (Fall et al, 2012).



1.2 Statement of Research Problem

Intensive husbandry due to the frequency and intensity of antibacterial treatments is thought
to facilitate clonal selection of antibiotic resistant strains (De Faveriet al., 2014).Further
more,the close proximity of animal and human hosts has in turnincreased opportunities for
the transmission and exchange of microbial flora (Guinaneet al, 2011; Sarowska et al., 2019).
Farm hygiene has also contributed to MRSA emergence, occurrence and spread in animals.
MRSA is now responsible forconsiderable mortality, morbidity and health-careexpenditure
both in hospital and community settings worldwide (Dweba et al., 2018; Kluytmans-
Vandenbergh and Kluytmans, 2006).1t is estimated that MRSA infections within the health
care setting alone affected more than 150,000 patients annually in the European Union, with
an additional cost of 380 million Euros (Kocket al., 2010). In the United States of America,
80,461 invasive MRSA infections and 11,285 related deaths occurred in 2011, and an
estimated annual burden of between $1.4 billion and $13.8 billion was attributed to
community-acquired MRSA (CDC, 2013; Lee et al., 2013a).Wherever there is aninterface
between different host species, the opportunity exists for bacterial exchange and in
mostcases, these exchanges lead to transient infections which are short lived due to the failure
oftheS. aureusstrain to establish transmission pathways in the new host species (Shepheard et
al., 2013).Bacterial transfer fromfarm animals as well as colonization or infection of humans
is of significant concern tohuman medicine. The reverse scenario, which is often overlooked,
warrants consideration.Humans may represent an important source of new bacterial strains,
which can causedisease in livestock and, as such, pose a potential threat to food security
(Fitzgerald, 2012). Typically, pigs carry MRSA without symptoms, although there are rare
reports of clinical disease (van der Wolf et al., 2012). Thus the main problem with MRSA in
pigs is the risk of spread to humans (Unnerstad et al., 2017). The zoonotic transmission of

MRSA from colonized pigs to humans via direct animal contact, environmental



contamination or meat calls for concern. There is paucity of information on the occurrence
and epidemiology of MRSA in animals and especially in pigs in Nigeria and Kogi State in

particular.

1.3 Justification of the Study

MRSA is fast becoming a global epidemiological scourge with serious therapeutic
implications as well as a potential cause of great economic loss in pig production systems
(FAO, 2016). Pigs have been recognised as a reservoir of livestock associated methicillin-
resistant Staphylococcus aureus (LA-MRSA) in Europe, Asia and North America. However,

little is known about the presenceand distribution of MRSA in the Nigerian pig population.

Several molecular typing methods are widely accepted andimplemented for the
characterization of S. aureus isolates. DNAsequence-based typing methods generate
unambiguous andportable data, allowing the comparison of data from different geographic
locations. Currently, multilocus sequence typing, basedon the sequencing of internal
fragments of seven housekeepinggenes generating a sequence type (ST), and spa typing,
based on thesequencing of a single gene (spa coding for protein A), are thesequence-based
methods of choice to determine the geneticrelatedness of S. aureus isolates(Aires-de-Sousa,
2017). Detailed molecular characterization of clinical S. aureus isolates from Africa has not
been accomplished.In the few studies which have been conducted to characterize ST and spa
types in Africa, the majority of MRSA isolates has been assigned to ST8 and ST88
(Breurecet al., 2011; Fall et al., 2012; Schaumburget al., 2015). To date there has been little
genomic characterization of methicillin resistantS. aureus (MRSA) that are prevalent in swine
populations in Nigeria. The occurrence and changes in types of S. aureus, clonal identities,
and their geographic spread is essential for the establishment of adequate infectioncontrol

programmes (Shittu et al., 2011). Therefore, the data to be generated from this study, which



seek to determine the concurrent detection of MRSA in pigs and humans could provide

insight into the prevalence of MRSA in pigs and in humans with and without exposure to pigs

in the study area and to implement appropriate control measures, particularly for those at risk.

1.4 Aim of the Study

This study was aimed at determining the prevalence of MRSA in pigs and humans in contact

with and without contact with pigs in Kogi State and to molecularlycharacterize MRSA

isolates.

1.5 Objectives of the Study

The objectives of this study were to;

Vi.

determine the presence of MRSA in pigs, persons exposed to pigs and those without

exposure to pigs.

determine the susceptibility of the isolates by the standard disk diffusion methodto a

panel of commonly used antibiotics.

determine the M.1.C. of oxacillin using E-test among the MRSA isolates.

determine risk factors associated with MRSA colonization in humans.

detect the presence of spa, pvl, mecA, scn, and CC398 specific genes in MRSA

isolates using multiplex PCR.

determine the genetic relatedness of the MRSA isolates using spa-typing and SCCmec
typing, multilocus sequence typing and whole genome sequencing of 4 representative

MRSA isolates.



1.6 Research Questions
What is the prevalence of MRSA in pigs and humans exposed to pigs and those

without exposure to pigs in Kogi State?

Do human MRSA isolates have the same resistance profiles as animal isolates?

What are the risk factors associated with MRSA colonization in humans?

Do MRSA isolates from pigs and humans possess mecA, scn, pvl and spa genes?

Avre there similarities in genetic composition of MRSA isolates of porcine and human

origin?



CHAPTER TWO
2.0 LITERATURE REVIEW

2.1 The Organism Staphylococcus

Staphylococcusis a genus of Grampositive, facultatively anaerobic bacteria, which commensally

inhabits the skin and mucosal membranes of humans and animals. They are approximately 1 um in
size and grow in pigmented yellow orwhite colonies (Kasper et al., 2016).Depending ontheir
ability to coagulate plasma, staphylococci are classified as either coagulase-positive
orcoagulase-negative (Pyorala and Taponen, 2009).Staphylococcusaureus (S. aureus) a
coagulase positive cocci, is the foremost important and most studied human pathogen of
thestaphylococcal genus and it is capable of causing a broad variety of infections
rangingfrom minor skin infections to serious conditions such as osteomyelitis, bacteremia
andinfective endocarditis (Tong et al., 2015). However, S. aureus is usually a harmless
coloniser of about onethird of healthy humans without causing infections (Gorwitz et al.,
2008).S. aureus has a clonal population structure and it does not undergo extensive
genomicrecombination but rather, random nucleotide mutations and horizontal gene transfer
are the mainfactor for diversity (Holmes and Zadoks, 2011). Morphologically, S. aureus can
be observed as a golden yellow medium-size colony on solid media such as nutrient agar and
can cause B-hemolysis on sheep blood agar (Sasaki et al, 2007). The production of golden
pigmentation of S. aureus colonies is closely related to the presence of carotenoids which was
previously reported as virulence factor protecting S. aureus from the immune system (Liu et
al., 2012). Though S. aureus is non-spore forming, it is highly resistant to various
environmental conditions. It is able to grow at a wide range of temperatures, from 7.0-48.5°C
with an optimum growth temperature of 30-37°C. S. aureus is also tolerant of osmotic stress
and highly salt resistant, as it can withstand salt at concentrations of 15% NaCl and readily

grows at concentrations up to 10% NaCl. Additionally, it is tolerant to a pH range of 4.2-9.3,



with an optimum pH of 7.0-7.5 (Crossley et al., 2009). These characteristics allow S. aureus
to grow in a variety of substrates, including various food products and epidermal tissue. Other
coagulase-positive staphylococci that include S. hyicus and S. flexneri have been implicated

in human and animal infections (Tormo et al., 2005; Coimbra-e-Souzaet al., 2017).

The coagulase negative species (CoNS) constitute the majority of the genus and are
opportunistic pathogens that can be isolated from the skin or mucous membrane as part of
normal flora of humans and animals (He et al., 2013).Often dismissed as culture
contaminants (Becker et al., 2014), they are becomingincreasingly recognized as pathogens
with almost half of all CoNS identified till date implicated in human infections (Lowy,
2013).S. saprophyticus isa common cause of community-acquired urinary tract infection.S.
epidermidis causes nosocomial bacteraemia and prostheticdevice-related infections. Other
species that have been associatedwith infection include S. haemolyticus, S.lugdunensis and S.
schleiferi. These organismsadhere to prosthetic material and become embedded in
anexopolysaccharide matrix, forming a biofilm. The biofilmprotects the organisms from

phagocytic cells and reduces thepenetration of antibiotics (Archer et al., 2011).

2.2 S. aureus Genome

In silico analysishas revealed that the S. aureus genome is approximately 2.8 Mb in size,
exhibits a GC content 0f~33%, and includes approximately 2,800 proteinencoding sequences.
The regions of staphylococcal genomes are well conserved, with many massive sequence
blocks showing high variability (Diep et al., 2006; Ali et al., 2019). In order to describe
evolutionary changes and phylogenetic relationships, the S. aureus genome can be divided

into the core-genome and the accessory genome.



2.2.1The coregenome

The core genome accounts for approximately 85% of the entire S. aureus genome and
includes both stable core genes (~75%) and accessory genes (~10%) (Mccarthy et al., 2012a).
The stable core genome is highly conserved among all S. aureusstrains and consists of genes
associated with housekeeping functions such as central metabolism, growth and survival
(Lindsay, 2010). Genetic diversity in the core-genome derives from single nucleotide
variations (SNVs) and insertions/deletions. When a SNV becomes fixed within a population,
it is referred to as a single nucleotide polymorphism (SNP). SNPs which do not change the
encodedamino acid (synonymous SNPs) are phenotypically silent, while non-synonymous
SNPs may result in functional effects. The latter includes mutations which may be retained
under the selective pressure exerted on clinical strains by the use of antibiotics (Lindsay and
Holden, 2006). Insertions/deletions can also have significant functional effects on a strain.
They range in size from one nucleotide to several kilobases and may include complete genes

or operons (Lindsay and Holden, 2006).

2.2.2 The accessory genome

The accessory genome constitutes the remaining ~15% of the S. aureus genome, and contains
genes associated with non-essential functions such as virulence and resistance (Mccarthy et
al., 2012a). These genes are typically located on mobile genetic elements (MGEs) which can
be transferred horizontally between cells via conjugation, transduction or transformation
(Lindsay, 2014). Five distinct types of MGE have been described in S. aureus, namely,
lysogenic bacteriophage, plasmids, S. aureus pathogenicity islands (SaPls), staphylococcal
cassette chromosome (SCC) elements and transposons. Lysogenic bacteriophages and SaPls
generally harbour virulence genes, while resistance genes typically reside on plasmids,

transposons and SCC elements (Lindsay and Holden, 2006).



2.3Staphylococcus aureus Transmission

Human carriers are the most important source of S. aureus among the human population,
although animals also constitute a significant reservoir. Staphylococcus aureus is typically
transmitted between individuals via direct physical contact, or through an environmental
intermediary, such as a door handle (Sollid et al., 2014). Acquisition may also occur via
droplets in the air, following dispersion from the nose or mouth of a carrier (Gehanno et al.,
2009). In hospitals, patients are at risk of acquiring S. aureus from other patients, visitors and
healthcare workers (Sollid et al., 2014).S. aureus persists in the environment, in milk, on the
animal’s body, and also in humans in livestock breeding (Harrison et al. 2014). During
slaughter, sources of microbiological contamination on carcass may come from the hide or
gastrointestinal tract of the animal or from the slaughter plant environment, including
facilities and personnel (Lin et al., 2009). S. aureus has colonized diverse animal species
following host-switching events and subsequent adaptation through acquisition and/or loss of
mobile genetic elements (MGEs) as well as further host-specific mutations, allowing it to
expand into new host populations. Close contact between animals and humans facilitates such

host-switching events (Haag et al., 2019).

2.4 Overview of S. aureus Virulence Factors and Clinical Features

S. aureus virulence is dependent on a diverse array of virulence factors giving the
bacteriacapacity for colonization, tissue destruction and invasion, immune evasion, and long
termsurvival (Tuchscherr et al., 2019). To adhere to mucosal and other epithelial surfaces
such as the anterior nares, axillae,oropharynx and perineum, S. aureus uses a number of cell
surface bound adhesive proteinstermed MSCRAMMS (Microbial Surface Components
Recognising Adhesive Matrix Molecules) (Ghasemian et al., 2015).These are anchored to the

cell wall peptidoglycan by sortase and enable binding to a numberof different molecules such
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as fibronectin (FnbA), fibrinogen (CIfA) and collagen (Cna) (Vazquez et al., 2011).
Colonisation of the anterior nares in particular is facilitated by clumping factorB binding to
epithelial cells, with the recently characterized SasX protein also having a role in some
strains (Li et al, 2012; Li et al., 2015; Bakthavatchalamet al., 2019). Progression from
colonisation to disease is usually dependent on breaches of the physicalbarrier provided by
intact skin through abrasions, surgery or hair follicle trauma such thatbacteria can invade into
tissue directly or via the bloodstream to establish abscesses (Cheng etal, 2011). Once in the
bloodstream, MSCRAMNMs are understood to play a vital role inendothelial adherence, along
with wall teichoic acid (WTA) and a secreted, non-anchored,adhesive protein, the

extracellular adherence protein (Eap) (Edwards and Massey, 2011).

Endovascular infections such as endocarditis are initiated by adherence to, often
damaged,endothelium mediated by the fibronectin binding proteins with subsequent
accumulation offibrin, erythrocytes, platelets and other cellular debris forming vegetations
(Beynon et al, 2006; Tonget al, 2015). Following endothelial adherence at organ sites and
other tissues, extravasation occurs via anumber of mechanisms including endocytosis,
transport within professional phagocytes andperhaps paracytosis by interfering with tight
junctions between cells (Edwards and Massey,2011). Staphylococci are notorious for their
capacity to survive within various cell types, evenneutrophils, through inhibition of
phagosome lysosome fusion, neutralization of phagosomecontents by staphyloxanthin,
resistance to lysozyme and subsequent escape into the cellcytoplasm (Foster, 2005; Clauditz
et al, 2006; Uribe-Querol and Rosales, 2017). Once bacteria have gainedaccess to tissues, S.
aureus has a veritable arsenal of enzymes which can destroy surroundingcells and structures
including proteases, lipases, hyaluronidase, nuclease, staphylokinase andhaemolysins (Burlak
et al, 2007). Iron scavenging and uptake is also essential at this stage tomeet the nutritional

requirements of the pathogen (Skaar et al, 2004). The inflammationgenerated by cell damage
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would then generate a wider immune response, resulting in the influxof neutrophils to the
site. Though S. aureus is adept at survival within neutrophils, however, numerous other
strategies are employed to preventphagocytosis. The prophage encoded virulence factors
CHIP (Chemotaxis inhibitory protein) and SCIN (Staphylococcal complement inhibitor)
interfere withchemotaxis (van Wamelet al., 2006; Amissahaet al., 2017) and complement
activationrespectively. Clumping factor A triggers staphylococcal agglutination and
adherence to fibrin,presumably making opsonisation and phagocytosis more difficult
(Higgins et al, 2006).ProteinA binds to the Fc region of IgG conferring additional
antiphagocytic  protection by providing a‘camouflage’ of ineffectively bound
immunoglobulins (Kobayashi and DelLeo, 2013). Capsularpolysaccharide is also well
characterized for its antiphagocytic properties (Mohamedet al., 2019).In addition to these
defensive strategies, some strains of S. aureus are capable of directly lysingneutrophils

through production of leukocidins and phenol soluble modulins (Bhattacharya et al., 2018).

While evasion of the immune response gives bacteria more time to replicate and
disseminatethroughout the host, subversion of the immune response is a more pernicious
strategy whichdirectly contributes to clinical syndromes. The best known example of this is
the toxic shocksyndrome toxin 1 (TSST-1), although similar toxic shock syndromes can be
caused by the otherpyrogenic toxin superantigens (PTSAgs) such as the staphylococcal
enterotoxins. Superantigensinterfere with antigen presentation to cause a pathogenic
‘cytokine storm’ which leads to thefever, haemodynamic instability and the characteristic
widespread blanching rash associatedwith toxic shock (Dinges et al., 2000). Abscess
formation appears to be another form of immune subversion relying, in part, on theimmune
response. Developing abscesses appear to be made up of a central nidus of replicating
staphylococci surrounded by a fibrin deposit, promoted by coagulase and clumping factor

Aand an outer ring of necrotic neutrophils (Cheng et al, 2011). Bacterial replication will
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continuewithin an abscess capsule until rupture and dissemination of bacteria into the
bloodstream or skin surface occurs, thus continuing the cycle. Abscess formation is the
central component ofmany of the disease processes associated with S. aureus including skin
and soft tissueinfections, cavitating pneumonia, osteomyelitis and other end organ abscesses
such as in thekidneys and brain. The capacity for the bacteria to continually metastasize and
disseminateback into the bloodstream at a later time is associated with recurrent infections.
Bacterialendocarditis is a notorious source of continual bacteraemia and frequently occurs
inconjunction with infections at other sites such as septic arthritis, discitis and
infectedpulmonary emboli (Beynon et al, 2006). S. aureus tend to persist at former abscess
sites through formingbiofilms within cellular debris or surviving within host cells. Biofilm
formation promotes longtermbacterial survival by providing protection from the immune
system and inhibitingpenetration of antibiotics (O'Neill et al, 2008). The formation ofbiofilms
on the surface of medical devices, tissue engineering constructs (i.e, artificialheart valves) or
damaged host tissue is associated with increased mortality in patients anddifficulty of
antibiotic treatment. The last stage of biofilm, ‘dispersion’ is controlled bythe mechanism of
quorum sensing regulated by agr genes (accessory gene regulator), isable to spread highly
populated S. aureus inside of biofilm and cause bacteremia such asendocarditis, arthritis or

osteomyelitis (Boles and Horswill, 2011).

2.5 Methicillin Resistant Staphylococcus aureus (MRSA)

Methicillin  was put to clinical use in 1959 as the first semisynthetic f-
lactamaseresistantpenicillin. 1t was designed for the treatment of p-lactamase-producing
staphylococci.Within a year of its introduction, methicillin-resistant Staphylococcus aureus
(MRSA) emerged (Harkins et al., 2017). These strains were first reported in 1961 in the

United Kingdom and acquired resistance via the incorporation of a mecA gene into the
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chromosome at a specific site. The mecA gene is a DNA segment of 2.1 kb that is non-native
to S. aureus and is inserted in a large block of exogenous DNA, known as the staphylococcal
cassette chromosome mec (SCCmec) (Katayama et al. 2000).Genetic analyses of the first
MRSA by multi-locus sequence typing (MLST) demonstrated that they were sequence type
(ST) 250, a lineage belonging to clonal complex (CC) 8 and carried the type I SCCmec
element. After emerging in the UK, this first epidemic MRSA clone (ST250-MRSA-I) spread
across Europe during the 1960s and 70s, but by the late 1980s had become less prevalent and
is now rarely reported (Enright et al., 2002; Harkins et al., 2017). mecAencodes an
alternative penicillin-binding protein (PBP2a orPBP2’) that has low affinity for B-lactam
antibiotics and therefore mediates resistance to nearly allcompounds from this antibiotic class
(besides ceftobiprole and ceftarolin) (Cuny et al. 2015). MRSA has nowglobally become a
well-known risk of hospital admission in immunocompromisedpeople and a huge problem
faced by numerous infection control teams.Intercountry and intercontinental spread of MRSA
has occurred via infected patientsand staff. New strains of MRSA have continued to emerge
and decline for decades forunknown reasons. Although global in its distribution, MRSA was
once confined to onlyhospitals and health care settings. However, it has now invaded the
community andemerged in livestock as well. Hence, the ever-increasing burden of MRSA
infections hasled to the increased use of vancomycin, the last resort for the treatment of
MRSAinfections, to which MRSA was susceptible. However, this increased use of
vancomycinhas now resulted in the emergence of vancomycin-intermediate S. aureus (VISA)
andvancomycin-resistant S. aureus (VRSA) strains. These strains are inhibited only at
concentrationsabove 4 to 8 pg/ml, and 16 pg/ml, respectively (Tenoveret al., 2001;

McGuinness et al., 2017), causing a fear ofthem becoming completely resistant.

Homologues of mecA (mecC, mecB, and mecD) have recently been reported in S. aureus

(Becker et al., 2018). S. aureus containing mecChas been found in a range of multilocus
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sequence type lineagesisolated from humans and other animal species (Cuny et al., 2011;
Garcia-Alvarez et al., 2011;Laurent et al., 2012; Harrison et al., 2013).Although mecA and
mecCencoded proteins possess different biochemical properties,mecCnevertheless confers
methicillin resistance. Hence, the need for the correctidentification of these strains as MRSA

is particularly important from a clinical diagnosticperspective (Lakhundi and Zhang, 2018).

2.5.1Hospital-associated and community-associated MRSA

MRSA infections were traditionally hospital-associated (HA-MRSA) and have been a major
publichealth issue for the last 50 years causing severe nososcomial infections worldwide.
However in the past decade and half, an increased number of infections due to community-
associatedMRSA (CA-MRSA) have been reported in Europe and the US (DeLeo et al., 2010;
Verkade and Kluytmans, 2013). The rapid dissemination of CA-MRSA strains among
general populations in diverse communities has resulted in increasing reports of outbreaks
worldwide (Kong et al., 2016).A number of factors have been found to be associated with a
higher risk for nosocomial acquisition of MRSA and includesthe use of antimicrobials,
underlying diseases, prior hospitalization, surgery, duration of hospitalization, central venous
catheterization, endotracheal intubation, enteral feeding, admission to intensive care unit,
nursing staff workload and compliance with hand disinfection procedures (Shuping et al.,
2017).CA-MRSA infections are mainly seen in healthy individuals with no recentcontact to
the healthcare system. Currently, more than 20 genetic lineages have been reported to be
associated with CA-MRSA worldwide (Witte, 2009; Mediavilla et al., 2012).Typically CA-
MRSA is genetically distinct from HA-MRSA (Diep and Otto, 2008; Kong et al., 2016).
Theyfrequently carry the SCCmec type 1V or V and they often harbour the Panton-Valentine
leukocidin (PVL) that is associated with skin and soft tissue infections (DeLeo et al., 2010).

The SCCmec types IV and V are smaller in comparison to the SCCmec types I, 11 and Illoften
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carried by HA-MRSA, which may facilitate a lower metabolic cost and a more

efficientlytransferred element between CA strains(Lakhundi and Zhang, 2018).

The genetic differences seen between HA-MRSA and CA-MRSA correlate with the
hostenvironment (Diep and Otto, 2008; David and Daum, 2010). HA-MRSA often infects
immunecompromisedindividuals in hospital settings where a high antibiotic selective
pressure are present,whereas CA-MRSA, infecting healthy individuals, requires fewer
resistance genes, additionalvirulence factors, and a growth advantage in the more competitive

environment outside the hospitalsetting (David and Daum, 2010).

2.5.2 Livestock- associated MRSA

In the last decade LA-MRSA has emerged as a challenge in some domestic animals such as
horses (Guerin et al., 2017), cattle (Locatelliet al., 2017), and pigs (Reynaga et al., 2016).
Pigs are the most commonly reported amongst livestock for LA-MRSA carriage that could
transfer MRSA to people in direct contact (EFSA, 2009). Therefore, LA-MRSA is reported
as an occupational health-hazard in many countries, especially those where pig production is
common. A prevalence of LA-MRSA carriage as high as 86% has been reported in pigs in
the Netherlands (Morcillo et al., 2015), and a similar proportion of carriage has also been

reported in people working in direct pig contact in Germany (Cuny et al., 2009).

Populationgenetic studies have identified certain genotypes to be associated with specific
host species.Multilocus sequence type ST71, ST97, ST126, ST133 and ST151 are often
found among ruminants, and are the major cause of bovine mastitis, whereas ST5 is often
associated with poultry (Lowderet al., 2009;Holmes and Zadoks, 2011; Moodley et al.,
2012). The major MRSA sequence type colonizing pigs is ST398.0ther STs described in pigs
are ST541, ST1965, ST1966,ST1967, and ST1968 (Porrero et al., 2012). However, it has

beenshown that there is a specific subgroup of human ST398strains, different from LA-
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MRSA ST398, that can bereadily differentiated by SNP detection and the presence orabsence

of scn and tetM(Butaye et al., 2016).

2.6 SCCmec

SCCmec elements range in size from approximately 20-60 kb, and integrate into the
chromosome at the 3’ end of orfX, which encodes a ribosomal transferase (Shore and
Coleman, 2013). Each SCCmec element includes a mec gene complex, a cassette
chromosome recombinase (ccr) gene complex, and three joining (J) regions. The ccr complex
comprises one or two ccr genes of four main types (ccrA, ccrB, ccrC and ccrAA) and various
allotypes, and surrounding open reading frames (ORFs). While the function(s) of these ORFs
remains unclear, the ccr genes are known to encode serine recombinases that mediate site-
and orientation-specific integration into and excision from the chromosome. The mec gene
complex includes mecA or mecC, regulatory genes mecRland mecl, when present and
associated insertion sequences. Five different classes (A-E) of the mec gene complex have
been identified in S. aureus to date, four of which include mecA (classes A-D) and one of
which includes mecC(class E). The J regions are the genomic regions surrounding the ccr and
mec gene complexes. These are non-essential components of the cassette which are highly
variable and which may harbour additional antimicrobial resistance determinants (Ito et al.,
2009). To date, 13 different SCCmec types (I-X111) have been identified in S. aureus, each of
which harbours a unique ccr and mec gene complex combination (Ito et al., 2009; Wu et al.,
2015; Baig et al., 2018). Many different subtypes have also been defined, based on variation
in the J regions (Monecke et al., 2016). Sequence-based studies indicate that both SCC and
the mecAcomplex evolved largely in Staphylococcus sciuri, a CONS species prevalent in
animals (Tsubakishita et al., 2010; Rolo et al., 2017). Evidence suggests that mecAevolved

from a harmless core gene (mecAl) encoding the penicillin binding protein D, and
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subsequently acquired regulatory genes to form the mec complex. The mec complex was then
integrated into SCC, which had evolved independently, at orfX (Rolo et al., 2017). This
formed SCCmec, which diversified in other CoNS species (e.g. Staphylococcus epidermidis,
Staphylococcus hominis and Staphylococcus haemolyticus), and was eventually acquired by

S. aureus via horizontal gene transfer (Miragaia, 2018).

2.7MRSA in Animals

Staphylococcus. aureus is not only a colonizer of the upper respiratory tract mucosa of all
mammals investigated so far, it has also been found in natural populations of birds,
industrially- raised poultry and probably also in snakes (Christiane et al., 2010). Cases of
MRSA infections in several animal species have been reported since mid 1970s (Walther et
al., 2008)and among companion animals. MRSA has been isolated from horses, pigs, cattle,

sheep,rabbits, birds,cats and dogs (Saleha and Zunita, 2010; Zomer et al., 2017).

2.7.1 MRSA in pigs

In 2005, pigs were reported as an animal reservoir of S. aureus in France, including MRSA
ST398(Armand-Lefevreet al., 2005). MRSA ST398 was subsequently reported in different
European countries, with higher rates in countries with higher densities of pig farming (EFSA
2009). The emergence of this strain wasalso reported in pigs and pig farmers in the
Netherlands (van Duijkerenet al., 2008; Dierikxet al., 2016), Denmark (Schulz et al., 2019),
Germany(Kock et al., 2013), Portugal (Conceicaoet al, 2017), Spain (Reynaga et al., 2016)
and Canada (Khannaet al., 2008; Narvaez-Bravoet al., 2016). Other ST types, human-
associated MRSAST1 and cattle-associated ST97 in finishing holdings, and ST9 in the same
animal species inEurope (Battistiet al., 2010), CC9, and CC49 in Switzerland (Oppligeret al.,
2012) have also been reported. In Italy, CCland CC97 lineages among MLST types that do

not belong to CC398 were significantly high inthe primary production of pigs (Battistiet
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al.,2010). A different swine-associated MRSA strain,CC9, is circulating among pigs and pig
farmers in China and Malaysia (Neelaet al., 2009; Zhouet al., 2018). In Thailand,
porcineMRSA ST9 isolates had a unique spa type (t337) and SCCmec type (SCCmec IX) that
were differentfrom other LA-MRSA ST9 strains found in Asian countries (Larsen et al.,
2012). In contrast to studies in Europe, North America and Asia, the predominant strain as

found in the majority of African pigs belonged to ST88. (Fall et al., 2012; Otalu et al., 2018).
2.7.2 MRSA in cattle

After the first report of MRSA in bovine mastitis in Belgium (Devriese et al. 1972),
increasing numbers of cases of MRSA isolates in cows or milk have been reported from all
over the world. Some MRSA lineages reported in cows are thought to be bovine-specific,
such as CC130, ST425 and CC1943 but the detection of ST398 as a major clone in milk
recovered from cases of bovine mastitis in Belgium confirmed that this clone has also
emerged in cattle (Bardiau et al., 2013). Recently, a highly divergent mecAgene (mecC) was
detected in isolates from both humans and dairy cattle. This mecC gene has been identified
and localised to SCCmec type XI (Garcia-Alvarez et al., 2011; Ito et al., 2012). MRSA
strains shown to carry mecC typically belong to lineages reported in cattle (CC49, CC130,
CC425, CC5H99 and CC1943), which suggests an animal origin (Petersen et al., 2013; Shore
and Coleman, 2013). Besides cattle, mecC has also been found among other farm animals
such as sheep and rabbits as well as among different companion animals (dogs, cats, horses,

guinea pigs and rabbits) (Walther et al., 2012; Haenni et al., 2017).

2.7.3 MRSA in horses

The first report of an outbreak of MRSA infections in horses in a veterinary hospital came
from the United States in 1999, and was followed by descriptions of clusters of MRSA

infections in equine hospitals in Canada and in Central Europe a few years later (Cuny et al.,

19



2016). The majority of the Canadian MRSA isolates from horses and staff, has typically been
identified as Canadian epidemic MRSA-5, equivalent to “USA500”, belonging to ST8, a
putatively equine clinic associated strain, which accounted for nearly 10% of MRSA in
Canadian hospitals by the end of the 1990 (Simoret al., 2002). Other studies have
demonstrated that horses are colonized and infected by MRSA clones that commonly belong
to the sequence type (ST)8 and related STs within the clonal complex (CC)8 (Pantosi, 2012;
Carfora et al., 2016). More recently, studies from Europe and Canada reported horses to be
colonized by MRSA clones belonging to ST398, designated livestock-associated (LA)-
MRSA, which is primarily recognized as a colonizer of pigs and pig farmers (Loncaricet al.,

2014; Vinczeet al., 2014; Guerin et al., 2017).

2.7.4 MRSA in poultry

MRSA carriage in poultry was first reported in South Korea though not confirmed byPCR
(Lee, 2003). Another study demonstrated the presence of MRSA in broilers atslaughterhouses
in The Netherlands (Mulders et al., 2010). In Belgium, MRSA have beenrecovered from
broilers occasionally (Persoons et al., 2009; Pletincksetal., 2011; Nemeghaireet al., 2013).
MRSA was rarely found in diseased breeder turkeys in France (Argudin et al.,2013) though a
German study found 18 out of 20 fattening flocks of turkeys positive forMRSA (Richter et
al., 2012). Otalu et al. (2015) reported the detection of mecA in MRSA isolate recovered

from a slaughtered broiler chicken in Nigeria.

2.7.5 MRSAIn companion animals

The first report on the emergence of MRSA in dogs came from the United Kingdom (Rich et
al., 2005). Cats and dogs represent potential sources of spread of antimicrobial resistance due
to the extensive use of antimicrobial agents in these animals and their close contact with

humans (Guardabassiet al., 2004; Damborg et al., 2016). Cross transmission in veterinary
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hospitals seems likely, and the finding of MRSA ST22, which represents the most frequent
HA-MRSA in United Kingdom, suggested an origin from human hospitals (Loffler et al.,
2005). MRSA ST22 from wound infections of dogs was also reported from Germany
(Strommenger et al., 2006). Studies conducted in recent years have shown that staphylococci
isolated from cats and dogs have become resistant to methicillin (Loeffler and Lioyd, 2010;

Haenni et al., 2017).

2.7.6 MRSA in food of animal origin

Isolation of MRSA from food of animal origin has been reported in several studies from
different continents, mostly from meat. For example, in the Netherlands, MRSA was isolated
from 267 of 2217 (11.9%) raw meat samples from the retail trade, namely from beef (10.6%),
veal (15.2%), lamb and mutton (6.2%), pork (10.7%), chicken (16.0%) and turkey (35.3%)
and the majority of the isolates (85%) belonged to LA-MRSA ST398 (de Boer et al., 2009).
A recent study from Brazil detected MRSA in beef (23.3%), chicken (23.3%), pork (37.5%),
and also in fish (30%) samples but no further features of the isolates are known (Costa et al.,
2015). In Africa, two MRSA were reported in Tunisia from raw meat samples and were
assigned to ST30-V and ST398-1Va (Chairat et al., 2015). MRSA has also been isolated from
fish (Hammad et al., 2012), although infrequently. Food of animal origin intended for human
consumption is often contaminated with LA-MRSA ST398, particularly meat (de Boer et al.,
2009), suggesting that LA-MRSA isolates present in the live animal may be later detected on
the carcasses. Moreover, CA-MRSA and HA-MRSA may also be present, suggesting that
humans are a likely source of contamination, probably during slaughtering or processing. In
the USA, 22 (18.3%) MRSA isolates were detected among 120 retail meat samples from 30
grocery stores and the isolates belonged to two clones, USA300 (ST8-1V-PVL) currently

widely spread in both the community and hospital settings, and USA100 (ST5-I1) a frequent
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clone circulating in hospitals in the USA (Pu et al., 2009). In Canada, MRSA was identified
in 31 (7.7%) of 402 retail pork samples and the isolates belonged not only to LA-MRSA
ST398, but also to two nosocomial Canadian clones (CMRSA-5; ST8 and CMRSA2; ST5)
(Weese et al., 2010). Despite the fact that food may be contaminated by MRSA, to date there
IS no evidence that consumption increases the risk of human colonization or infection (Aires-

de-Sousa, 2017).

2.8 Transmission of MRSA Between Humans and Animals

The role of animal populations in the transmission of pathogens to humans is obligatorily
dependent not only on the possibility of transmission from animals tohumans, but also on the
possibility of transmission between animals.Dogs and cats were initially indicated as a
reservoir for MRSA years ago (Scott et al., 1988; Cefai et al., 1994). Thestrains involved in
canine and feline cases are usually similar to those infecting humans,and the most obvious
explanation for this veterinary problem is that the pets acquiredthe resistant bacteria from
humans and that these strains can also be passed back from animals to humans (van
Duijkerenet al., 2004; Loeffleret al., 2005). The zoonotic transmission of MRSA in horses
was demonstrated in studies for which identical or a closely related strain of the organism
was isolated from horses and horse personnel that differed from common human isolates (van
Duijkerenet al., 2010). The presence of MRSA ST398 in environmental swabs indicates that
direct contact withanimals is not necessarily needed for transmission to humans (van den

Broeket al., 2008).

MSSA and MRSA human-to-animal transmission has been suggested in some African studies
(Nagel et al., 2013; Schaumburg et al., 2015). Human related clonal lineages (CC15, CC72,
CC80, CC101, and CC152) have been identified in MSSA strains from non-human primates,

goats, sheep, poultry and pets (Schaumburg et al., 2012; Schaumburg et al., 2015). Moreover,
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MRSA CC88 strains with the same spa-type (t189) were identified in humans and sheep in
Cote d’Ivoire (Fall et al., 2012). In the same vien, Otalu et al. (2018) found identical MRSA
CC88 strains with identicsl spa-type (t1603) in human and pigs in Nigeria. Another human-
to-animal case transmission was identified in a sanctuary in Africa in which a veterinarian
and a chimpanzee showed MSSA strains with the same spa-type t279 (Schaumburg et al.,
2012). In addition, in the study of Nagel et al. (2013), interspecies transmission of a widely
spread human associated S. aureus CC72 strain (spa-type t148) was observed; this strain was
found as colonizer agent in three gorillas and caused infection in one of them. Strains with
the same spa-type were identified in chimpanzees in contact with the infected gorilla. These
strains presented only one different band in Pulsed-Field Gel Electrophoresis (PFGE)
compared with the strains obtained from gorillas (Nagel et al., 2013). On the other hand,
animal-to-human transmission might have occured in one study performed in Tunisia where
nasal swabs of healthy people with different levels of interaction with animals were analyzed,
and animal associated clonal lineages (CC30 and CC121) were found in some MSSA strains

from people with frequent contact with animals (Ben Slama et al., 2011).
2.9 Laboratory Detection of MRSA

Phenotypic detection of MRSA has been problematic ever since its discovery in the 1960s.
Heterogenous expression of methicillin resistance complicates detection of these strains in
clinical microbiology laboratories. Methods successful for other antibiotics can be insensitive
for detection of methicillin resistance. Resistance can easily be missed if inappropriate or
improperly stored [-lactam antibiotic is tested, if the incubation is too brief (e.g. 18 hours
instead of 24 hours), if temperature of 37 °C is used or if the inoculum is too low (Pandaet al,
2016). On the other hand, methods to enhance sensitivity in detection of methicillin

resistance, such as increase salt concentration of media and prolonged (48hours) incubation,
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can lead to erroneous categorization of susceptible strains as resistant. Genotypic detection of
mecAgene or its product, PBP-2a is however now considered the ‘gold standard’ for MRSA

confirmation.
2.9.1 Phenotypic methods of detecting methicillin resistance

The methods for detection of methicillin resistance most commonly used in the clinical
laboratories are the disk diffusion, broth dilution, agar screen, Epsilometer test (E-test) and

automated systems.
2.9.1.1 Disk diffusion test

Disk diffusion testing is widely used to detect methicillin resistance in staphylococci, and
cefoxitin is currently considered thebest marker for mecA-mediated methicillin resistance
(Bonjean et al., 2016). The Clinical and Laboratory Standards Institute specifies optimum
temperature of 35 °C for testing of staphylococci to oxacillin and full 24 hours incubation.
Recommended culture medium for disk diffusion susceptibility testing is Mueller-Hinton
agar (Cookson and Philips, 1990) although Iso-Sensitest (O’Mahony et al., 2005) and
Mannitol salt agar (Smyth et al., 2001) have been reliably used. Disk diffusion test can be
performed using 1pg oxacillin disk, 1 pg nafcillin disk, Spg methicillin disk and very recently
10ug or 30ug cefoxitin disk (Pandaet al., 2016). Cefoxitin is considered as a better inducer of
mecA gene expression than oxacillin or methicillin, and can be used to screen heterogeneous
MRSA populations (Anand et al., 2009).Heterogeneous strains are composed of two
populations of bacteria; one is relatively susceptible and other highly resistant population.

Thus only few (one in 10* -10°%) of them express the phenotype (Datta et al., 2011).

2.9.1.2 Broth microdilution test
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The standard broth microdilution test uses bacterial inoculum of approximately 5 x 10°
CFU/ml and cation-supplemented Mueller Hinton broth containing 2% sodium chloride to
determine the minimum inhibitory concentration (MIC) of oxacillin for the isolate.
Incubation is at 35 °C for 24 hours and oxacillin, methicillin or nafcillin can be used
butcephalosporins and cloxacillin should not be used because they give inaccurate results.
Although addition of 5% NaCl may slightly improve detection of resistance; at this
concentration, higher rates of borderline or falsely resistant results occur for susceptible
strains. Incubation for 18 hr renders the test too insensitive and because of B-lactamase effect,

incubation for 48 hr is not recommended (Andrews et al., 2000; Lallemand et al., 2016).
2.9.1.3 Epsilometer test (E-test)

In this method, an E-test strip containing graded concentration of B-lactam and other
antibiotics is aseptically placed on an agar plate, which entire surface has been inoculated
with a standardized inoculum (0.5 McFarland standard) of the bacterium. The agar plate is
incubated for 18-24 hours at 35-37 °C and the MIC is read as the point of intersection
between edge of zone of inhibition and the E-test strip. Oxacillin E-test for detection of
methicillin-resistance in S. aureus has been standardized for use with Mueller-Hinton agar
supplemented with 2% NaCl and incubation at 35 °C for full 24 hours but recently cefoxitin
E-test strip, which has comparable sensitivity and specificity with oxacillin E-test, is
performed with unsupplemented Mueller Hinton agar and incubation temperature of 35 °C or
36 °C for 18 hours (Skov et al., 2006). E-test method has been shown to have excellent

correlation with broth microdilution and the agar screen method for the detection of MRSA.

2.9.1.4 Agar screen test
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The agar screen test is performed by inoculating 10° CFU onto Mueller-Hinton agar
supplemented with 4% NaCl containing 6 mg of oxacillin per ml. After a 24 hour-incubation
at 35°C, the agar is inspected for growth. The presence of even one colony is indicative of
resistance. The sensitivity of this method approaches 100% for the detection of methicillin-
resistant S. aureus and 95% for the coagulase-negative strains (Chambers, 1993; Kumar et

al., 2017).
2.9.1.5 Chromogenic media
The most frequent and laboratory verified selective chromogenic media include:

MRSASELECTis a selective chromogenic medium designed for isolation and direct
identification of the methicillin resistant Staphylococcus aureus strain (MRSA). Pink
colonies grow within 18-24 hours and all the other microorganisms are inhibited. The test

specificity is 99.8 % and its sensitivity is 98.9 % (Nsira et al., 2006; Brennan et al., 2016).

Oxacillin Resistance Screening Agar Base (ORSAB) is intended as a medium for the
screening for methicillin resistant Staphylococcus aureus (MRSA) directly from routine swab
samples. The screening of patients and staff for the early detection of MRSA colonization is
essential if epidemics are to be prevented. ORSAB is a novel medium which uses aniline blue
to detect mannitol fermentation creating intense blue colonies of presumptive MRSA
(Kluytmans et al, 2002). Using this cultivation medium, after 24 hrs (48 hrs), Apfalter et al.
(2002) found a sensitivity of 68 % and a specificity of 95%. Within the context of the
detected values they drew attention to the existence of mannitol-negative S. aureus strains

and mannitol-positive methicillin-resistant coagulase-negative staphylococci.

ChromID MRSAIs a new chromogenic medium for the rapid and reliable screening of

methicillin-resistant Staphylococcus aureus (MRSA). Direct identification of MRSA strains
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is based on spontaneous green coloration of alpha-glycosidase-producing colonies and the
presence of an antibiotic, cefoxitin. Immediate identification of MRSA (green colonies) is
possible after 18-24 hours of incubation (Compernolle et al., 2007). Using this cultivation

medium, Yang et al. (2010) found a sensitivity of 99% and a specificity of 99.5% after 24hr.

2.9.1.6 Automated systems

Several automated systems for detection of methicillin resistance, mostly based on broth
microdilution methods, are in use. These include Autobac, Sceptor, AutoMicrobic, Vitek
GPS-SA Card systems, BD Phoenix PMIC/ID-60 panel, MicroScan Pos MIC type 31 panel
and Sensititre system (Putland and Guiness, 1985; Kolenda et al., 2017). Variable results
have been reported regarding the accurate detection of methicillin-resistance with these
commercial kits due to changes in software over time, variations in reference methodology
used and poor definition as to the relative distribution of isolates expressing homogenous and

various degrees of heterogeneous resistance (Sakoulas et al., 2001).

2.9.2 Molecular Typing of MRSA

MRSA can be typed by several different genetic typing methods, including Multilocus
sequence typing (MLST), S.aureus protein A (spa) gene typing, SCCmec typing, and macro-
restriction pulsed-field gel electrophoresis (PFGE) (EFSA, 2012). Molecular typing helps in
the understanding of the epidemiology of MRSA as well as the molecular evolution of
MRSA. Typing also helps in defining and comparing local or regional epidemics and

potential sources of MRSA spread.

2.9.2.1 MLST
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MLST is currently considered to be the gold standard in S.aureus molecular typing and is the
preferred method for epidemiological studies because of harmonised protocols and
nomenclature that allows high inter-laboratory reproducibility, and facilitates the comparison
of a large number of STs globally (Williamson et al., 2015; Kinross et al., 2017). MLST
classifies S.aureus on the basis of nucleotide allelic variation in the seven housekeeping
genes, and identical isolates are assigned a ST (http://saureus.mlst.net). Closely related STs
are grouped in a clonal complex (CC) (Enright et al., 2000) such as CC398. Almost all
nosocomial MRSA strains detected worldwide belong to five clonal complexes (CCs): 5, 8,
22, 30 and 45(Lindsay, 2013).Although MLST is a widely used method, it may not be useful

to investigate local outbreaks due to a lack of discriminatory power within the strains.

2.9.2.2Spa typing

Spa typing is another powerful technique used in epidemiological investigations. This typing
is based on sequencing a single gene, S.aureus protein A gene, which is a highly polymorphic
X-region containing different short tandem repeats whose combination results in different spa
types (Harmsen et al., 2003). Different spa types can also be grouped within CCs. The
method is supported by a central spa server (http://www.segnet.org) which hosts thousands of
spa types and allows for comparison of local MRSA epidemiology in relation to other regions
and countries. Spa typing is thought to be a more useful tool for epidemiological
investigation compared to MLST as it is more discriminatory, for example, a single ST398
contains different spa types like t011, t034, t108, and t01254 (Ballhausen et al., 2014).
However, CC cannot always be deduced from spa type results because the same spa type can

belong to unrelated lineages (Cuny et al., 2010).

2.9.2.3 SCCmec typing
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The SCCmec is another way to group MRSA that is based on the variation across different
SCCmec elements (http://www.sccmec.org). The SCCmec cassette is a mobile genetic
element consisting of the mec gene complex, the cassette chromosome recombinase (ccr)
gene complex (i.e. ccrA, ccrBor ccrC), and the junkyard regions (j-region) (Zhang et al.,
2005). Based on the variability and combinations of these genetic elements, molecular typing
of MRSA strains has revealed up to thirteen distinct SCCmec types (I-XII1) (Lakhundi and
Zhang, 2018) which differ from each other in antibiotic resistance markers. The SCCmec
typing is of minimal epidemiological importance as they are unable to detect a single-
nucleotide polymorphism that helps to distinguish the major type of MRSA, for example,
LA-MRSA vs CA-MRSA. Therefore, SCCmec typing is usually used in conjunction with

MLST such as ST398-V, ST93-1V.

2.9.2.4 PFGE

PFGE is a typing technique used for the separation of large DNA molecules using rare-
cutting restriction enzymes, such as Smal and Cfr9l, that produce different banding patterns
on agarose gel in the presence of electric field with alternative voltage gradient (Bosch et al.,
2010). PFGE can be a useful tool in a local outbreak investigation because of high
discriminatory power (Argudin et al., 2010); however, it has limited use in epidemiological
studies. As protocols and nomenclature are not harmonised for PFGE, it makes it difficult to
compare inter-laboratory results (EFSA, 2012). Although PFGE typing is still used in the
USA to describe the major MRSA clones (e.g. USA100, USA300); spa and MLST typing are
now the most commonly used methods in Europe and other parts of the world (Kinross et al.,

2017).

2.9.2.5 DNA microarray analysis
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DNA microarray analysis, also known as biochip or DNA chip analysis, is a
techniqueemployed for typing studies using a collection of DNA probes attached in an
orderlyfashion to a solid surface. The probes provide a medium for matching known
andunknown DNA samples, thereby automating the process of identifying unknowns
(Ramsy, 1998).The probes could be oligonucleotides (up to 70-mers) or gene segments (PCR
ampliconsof >200 bp) that can be used to detect the presence of complementary
nucleotidesequences in a particular bacterial species. Based on the number of probes on
thechip, one can distinguish low-density (hundreds) or high-density (hundred
thousands)DNA microarrays. Microarrays represent a tool for spotting genes that aid as
markers forspecific bacterial strains or to uncover allelic variants of a gene present in all
strains of a particular species (Sabat et al., 2013).Previouslyreported microarrays could
covalently immobilize probes for approximately 180genes and 300 alleles of S. aureus
(Moneckeet al., 2008; Sanchiniet al., 2011). These include genes for antimicrobialresistance,
toxins, surface components of microorganisms, and typing targets, givingthem the potential
for simultaneous detection of large number of loci.Microarrays appear to be well suited for
bacterial typing and are widely used for theanalysis of genomic mutations such as single-
nucleotide polymorphisms (SNPs). Theyare an efficient tool for the detection of
extragenomic elements, including uncommonantibiotic resistance genes, as well as complex
patterns of virulence genes, and therefore have the potential to detect new epidemiological
markers for clones (McCarthy et al., 2012b). Using microarray-based technology, regulons of
regulatory systems of S. aureuswhich help us to better understand the molecular mechanisms
of pathogenesis havealso been elucidated (Bischoffet al., 2004; Yan et al., 2012).
Comparativegenomics using whole-genome microarrays, has revealed 10 major S. aureus
lineages responsible for causing the majority of human infections (Lindsay et al., 2006).Each

lineage has a unique combination of surface proteins and regulators called core variable (CV)
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genes, and corresponds to the clonal complexes (CCs) identified by MLST typing. Each
lineage has not evolved independently, but is the result of multiple recombinations of CV
genes between lineages. Furthermore, all strains carry a variety of mobile genetic elements
(MGE) encoding resistance and putative virulence genes, and there is much variation within

lineages indicating frequent horizontal transfer (Sung et al., 2008).

2.9.2.6 Whole genome sequencing

Whole genome sequencing (WGS) is a technique used for typing of bacteria including
S.aureus. The application of WGS has gained traction during the past decade as technological
advances have improved the accessibility and cost-effectiveness of high-throughput
sequencing (Trees et al., 2015). At present however, WGS still remains unaffordable in
resource-limited settings. WGS can be utilized for species identification, evolutionary
clustering (Price et al., 2012), identification of resistance (Zankari et al., 2012) and virulence
markers (Joensen et al., 2014), just to mention afew of the many applications. WGS of MRSA
isolates has revealed that these isolates aresignificantly similar to their MSSA counterparts
from the same lineage, apart from theacquired SCCmec gene region (Miragaia, 2018). In
addition, sequencing has revealed that the coregenome of each specific lineage is genetically
highly variable, especially in the carriageof surface and regulatory genes. Within lineages, up
to 20% of the genome consists ofmobile genetic elements (MGES), which vary substantially
between isolates, and thereis evidence of horizontal transfers of these elements between

isolates of the same lineage (McCarthy and Linsay, 2010).

2.10Antibiotic Resistance Mechanisms

S. aureus develops resistance to antimicrobials by differentmechanisms. These mechanisms
include limiting uptake of the drug, modification of the drug target, enzymatic inactivation of

the drug, and active efflux of the drug. Depending on the antimicrobial involved, the bacteria
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may use one or several of these resistance mechanisms. In particular, the localization of
resistance genes on transferable genetic elements such as plasmids and transposons facilitates
horizontal transfer of resistance between bacteria (van Hock et al., 2011).From an
evolutionary perspective, bacteria use two major genetic strategies to adapt to antibiotic
challenge namely, i) mutations in gene(s) often associated with the mechanism of action of
the compound, and ii) acquisition of foreign DNA coding for resistance determinants through
horizontal gene transfer (Munita and Arias, 2016).Among all the antibiotic resistance
achieved by Staphylococcus aureus, two most remarkable ones are methicillin and
vancomycin resistance. The methicillin resistance was achieved by interspecies transfer of
mecA gene from an ancestral Staphylococcusspecies to S. aureus mediated by a unique
staphylococcal mobile genetic element. Vancomycin resistance was achieved by horizontal
transfer of a plasmid-born vanA-gene transposon from vancomycin-resistant Enterococcus to

S. aureusacross the genus barrier (Hiramatsuet al., 2014).

2.10.1 Mechanism of action of and resistance to penicillin

The major inhibitory target for p-lactam antibiotics in S. aureusis the bifunctional
transglycolylase-transpeptidase PBP2(Giesbrecht et al. 1998; Walsh and Wencewicz,2016).
The transglycosylase domainof the enzyme is responsible for transferring the
disaccharidepentapeptide building block of peptidoglycan frommembrane-bound lipid Il to
growing polysaccharide chainswhile the transpeptidase (TP) domain cross-links the
glycinecross-bridge of the fourth D-alanine of an adjacent chain.s-Lactam antibiotics bind at
the active site serine of the TP in PBP2 by acting as structural analogues of D-Ala4-D-Ala5.
The p-lactam bond is broken and a penicilloyl-O-serine intermediate is formed. The
difference between this intermediate and the peptidoglycan acyl enzyme intermediate is that

the former is extremely stable, taking 1-4 h for the addition of water to regenerate the active
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site Ser and release the penicilloic acid product. This compares to themilliseconds for the
natural reaction to be completed. In essence, the active site of the TP enzyme is blocked and
peptidoglycan biosynthesis ceases (Walsh and Wencewicz,2016). The bactericidal effect is
more complex than simply inhibiting PBP activity. The drug induces toxic malfunctioning of
the wall biosynthetic apparatus which involves a continuing cycle of synthesis and autolysis
(Cho et al., 2014). The S. aureus p-lactamase responsible for resistance to penicillin is a
typical serine p-lactamase (BlaZ) that forms the same type of acyl enzyme intermediate as the
TP of PBP2 (Lowy,2003). The catalytic difference between BlaZ and TP is the Kinetics of
deacylation. With BlaZz, the addition of water is rapid resulting in regeneration of the active
site serine and release of the ring-opened penicilloic acid, a hydrolytic degradation product

with no inhibitory activity.

The p-lactamase structural gene blaZ gene is carried by the transposon Tn552 or Tn552-like
elements (Jensen and Lyon, 2009). The transposon is either located on a large plasmid, the
prototype of which is pl524, or is integrated into the bacterial chromosome. Expression of the
enzyme is inducible, being controlled by the Blal repressor and the BlaR sensor (Zhang et

al.2001; Lowy,2003).

2.10.2 Mechanism of resistance to methicillin and oxacillin

The mechanistic basis of resistance to methicillin and oxacillin is through acquisition of a
gene that encodes a homologue of the PBP2 called PBP2a (Peacock and Paterson,2015)
which is not susceptible to drug action. This is because the active site serine of the TP of
PBP2a is located in a deep pocket which is not accessible to g-lactams (Lim and Strynadka,
2002). The enzyme can therefore take over peptidoglycan (PG) biosynthesis if the
housekeeping PBP2 TP is inactivated. In fact, the PBP2 transglycosylase activity is required

for PG biosynthesis becausethe PBP2a moiety is non-functional (Pinho et al., 2001). Thus,
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PG biosynthesis is a cooperative effort between the two proteins when the TP of PBP2 is

inactivated.

When an MRSA strain is grown in the presence of g-lactams, the PG formed is poorly cross-
linked. One of the consequences of this is that the peptidoglycan has stronger pro-
inflammatory effects which could contribute to pathology during infection if the MRSA
strain is exposed to p-lactams (Muller et al. 2015). The altered PG structure might also
account for the inability of the global accessory gene regulator (Agr) to be induced in some

MRSA strains (Rudkin et al.,2012).

PBP2a is encoded by the mecAgene which is located within a family of distinct but related
staphylococcal cassette chromosome(SCC) elements (Jensen and Lyon,2009; Peacock and
Paterson 2015). However, a distinct PBP2a called mecC with only 63% residue identity to
mecA was discovered recently. It occurs predominantly in a single lineage of MRSA in

Europe (Paterson et al., 2014).

2.10.3 Mechanism of resistance to vancomycin

The introduction of antibiotics into clinical setting is usually followed by the fairly rapid
emergence of resistant bacteria. In this respect, vancomycin was somewhat atypical, because
for almost 30 years following its introduction, resistance to this glycopeptide was reported
only rarely and appeared to have little clinical significance. However, in the late 1980s, the
emergence of acquired glycopeptides resistance was recognized for the first time (Leclercq et
al., 1988; Johnson et al., 1990). This vancomycin resistance resulted from the production of
modified peptidoglycan precursors ending in D-Ala-D-Lac (vanA, vanB, and vanD) or D-
Ala-D-Ser (vanC, vanEk, and vanG), to which glycopeptides exhibit low binding affinities.
Vancomycin Kills bacteria by binding to the C-teminal D-Ala-D-Ala residues of the

peptidoglycan precursor lipid 11 in the cytoplasmic membrane to form a stable, non-covalent
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complex, which prevents the use of the precursor for cell wall synthesis. The steric hindrance
imparted by vancomycin may further inhibit the glycosyltransferase and transpeptidase
activities of penicillin-binding proteins (PBPs) (Kahne et al., 2005).Classification of
glycopeptide resistance is based on the primary sequence of the structural genes for the
resistance-mediating ligases. The vanA and vanB operons are located on plasmids or on the
chromosome, whereas the vanC1, vanC2/3, vanD, vanEk, and vanG have so far been found

exclusively on the chromosome (Klare et al., 2003; Depardieu et al., 2007).

Vancomycin resistant Staphylococcus aureus (VRSA) arises when vancomycin resistance
genes (e.g., the vanA operon, which codes for enzymes that result in modification or
elimination of the vancomycin-binding site) from vancomycin resistant Enterococcus (VRE)
are transferred to S. aureus. The vanA gene cluster is often located in the plasmidborne
transposon Tn1546, which can transfer from vancomycinresistant Enterococcus faecalis to S.
aureus and produce a VRSA isolate (Zhu et al., 2013). The mechanism for VRSA resistance
is well-characterized. The coded product enables VRSA to replace the D-Ala—D-Ala terminal
dipeptide with D-Ala—D-Lac dipeptide, thereby altering the binding target of vancomycin and
often mediating high level resistance to vancomycin. Although VRSA may have been
underestimated (Moravvej et al., 2013), the limited cases of VRSA suggest that vanA-
mediated vancomycin resistance is significant but has not evolved or quickly spread; this
trend is probably caused by the high fitness cost imparted by vanA-type transposon (Foucault

et al., 2009).

2.10.4 Mechanism of resistance to drugs that bind to the 30S ribosomal subunit

The main aminoglycoside drugs used to treat S. aureus infections are gentamicin and
tobramycin. Resistance to these drugs has been observed since the 1960’s. The resistance

mechanism is similar for all aminoglycoside drugs; production of an aminoglycoside-
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modifying enzyme (AME) that chemically modifies the drug (quite often by transfer of an
acetyl group), decreasing the drug’s ability to bind to the 30S ribosomal subunit (Hauschildet
al., 2008). The aac (6°)-le + aph (2°), ant (4°)-1a, aph (3”)-1lla, and ant (6)-la genes that
encode aminoglycoside-6'-N-acetyltransferase/2"-O-phosphoryltransferase, aminoglycoside-
4'-O-nucleotidyltransferase 1,  aminoglycoside-3'-O-phosphoryltransferase  1ll,  and
streptomycin modifying enzyme, respectively, are hence the most important genes in this
regard. Resistance to gentamicin, kanamycin, and tobramycin in staphylococci is mediated by
a bi-functional enzyme displaying AAC (6") and APH (2") activity. The ANT (4')-1A enzyme
inactivates neomycin, kanamycin, tobramycin, amikacin, and kanamycin, while the APH (3')-

I11, enzyme inactivates neomycin (Rahimi, 2016).

Resistance to the tetracycline drugs has also been observed for many years. The resistance
mechanisms are similar for all bacteria. There are two mechanisms used: active efflux of the
drug (the tetKgene), and ribosomal protection by competitive binding to the 30S subunit by a
ribosomal protection protein (RPP) encoded by the tetMgene. Binding ofthe RPP interferes
with the binding of the drug. The tet genes are contained within conjugative transposons that
can be transferred horizontally and expressed in Gram-positive and Gram-negative bacteria.

(Chopra and Roberts, 2001).

2.10.5 Mechanism of resistance to drugs that bind to the 50S ribosomal subunit

Lincosamides, streptogramins, phenicols, and pleuromutilins represent four structurally
different classes of antimicrobial agents that inhibit bacterial protein synthesis by binding to
particular sites on the 50S ribosomal subunit of the ribosomes. Members of all four classes
are used for different purposes in human and veterinary medicine in various countries
worldwide (Schwarz et al., 2016).Resistance to the lincosamides (clindamycin), macrolides

(erythromycin), and streptogramins (quinupristin/dalfopristin) is mediated by the same
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mechanism. Three related genes, ermA, ermB, and ermC, that encode for erythromycin
resistance methylases are acquired via plasmids. These enzymes methylate a site on the
ribosome resulting in a conformational change. This decreases the ability of these drugs to

bind to the ribosome (Gul et al., 2008).

Resistance to chloramphenicol is mediated by acquisition of a plasmid that carries a
chloramphenicol acetyltransferase gene (cat gene). The enzyme produced by this gene
inactivates chloramphenicol by acetylation (chloramphenicol can no longer bind to the 50S

subunit) (Schwarz et al., 2004).

The oxazolidinones are newer drugs, and the only one currently in use is linezolid. Resistance
to linezolid has been foundto happen via two mechanisms: mutation of the ribosomal RNA
(rrn gene), and methylation of the ribosomal RNA (cfrgene). The cfr gene which encodes an
RNA methyltransferase is plasmid-borne, and has also been shown to confer resistance to
chloramphenicol, clindamycin, and streptogramin drugs (Arias et al., 2008; Schwarzet al.,

2016).

2.10.6 Mechanism of resistance to drugs that inhibit nucleic acid synthesis

The fluoroquinolone drugs act by inhibiting gyrase or topoisomerase IV which halts DNA
replication and transcription. Resistance to these drugs is a result of mutations in either the
GyrA subunit of gyrase (encoded by gyrAgene), or the GrlA subunit of topoisomerase 1V
(encoded by grlAgene) which reduce the ability of the drugs to bind to their targets.In
addition, some moderate resistance to norfloxacin (and possibly ciprofloxacin) is caused by

induction of the NorA efflux pump (norAgene) (Winston and Chambers, 2009).
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2.10.7 Mechanism of resistance to drugs that are metabolic pathway inhibitors

The combination drug sulfamethoxazole/trimethoprim targets the folate biosynthesis pathway
in bacteria by competitive inhibition. Sulfonamides inhibit dihydropteroate synthase in a
competitive manner with higher affinity for the enzyme than the natural substrate, p-amino
benzoic acid. Agents such as trimethoprim act at a later stage of folic acid synthesis and
inhibit the enzyme dihydrofolate reductase (Yoneyama and Katsumata, 2006). Resistance to
sulfamethoxazole is due to a mutation in the dhps (dihydropteroate synthase enzyme)
genewhich allows pABA to bind but has greatly reduced binding of sulfamethoxazole.
Resistance to trimethoprim occurs by a mutation in the dhfr (dihydrofolate reductase enzyme)

gene with reduced binding of trimethoprim (Houvinen, 2001; Kapooret al., 2017).

2.11 Population Structure of MRSA in Animals in Africa

Most of the studies in which MRSA strains have been identified in animals in Africa has been
by phenotypic detection and onlyin three of them there is information about the ST or the CC
detected (Lozano et al., 2016). The CCs identified were CC5 in pigs (Fall et al., 2012, CC80
in sheep (Gharsa et al., 2012) and CC88 in pigs and sheep (Fall et al., 2012; Schaumburg et
al., 2015; Otalu et al., 2018). All three CCs found in MRSA of animals in Africa have been
frequently detected amonghuman clinical MRSA isolates in this continent (Abdulgader et al.,
2015; Schaumburg et al., 2015). MRSA isolates with the mecC gene is yet to be reported in

Africa.

2.12Control of Antibiotic Resistance and Spread of Resistant Staphylococcus aureus

Overuse of antimicrobial agents and poor compliance with infection-control measures have
been identified as the major reasons for increasing trends in antimicrobial resistance. It is

estimated that 25 to 50% of all antibiotic prescriptions are inappropriate as a result of
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incorrect choices in drug, dose, or duration (Atif et al., 2019). Hospitals have considerable
potential for the spread of antimicrobial resistance. Poor compliance with basic infection-
control techniques is largely responsible for the dissemination of resistant organisms.
Caregivers, for example, may not wash their hands or wear and discard gloves appropriately,
and efforts to modify caregiver behavior in this regard have proved unsuccessful over the

long term (Boyce, 1999; Ayukekbonget al., 2017).

Environmental contamination with organisms such as vancomycin resistant Enterococcus and
MRSA also adds to the problem of resistance control. A large reservoir of patients colonized
with resistant organisms may be difficult to identify in the absence of costly surveillance
measurements, unless they have an active infection, which would then further increase the

likelihood of person-to-person spread in the hospital setting (Rekha, 2001).

Expert groups agree that the major focus on MRSA control is the prevention of hand transfer
of MRSA which can be achieved by performing hand hygiene directly before and after each
and every physical contact with a patient or their immediate environment, before performing
aseptic procedures, before the handling or manipulation of any invasive device including
injection through venous catheters and when emptying drains or catheters. Also, hand
hygiene is required before entering and upon leaving critical care units, isolation rooms, and

open rooms used for cohorting of MRSA cases (Pittet et al., 2000; Marimuthuet al., 2014).

Specific measures to control and prevent MRSA in the hospital environment will include
surveillance and screening of patients and hospital staff, patient isolation and cohorting as
well as decolonization. Decolonization regimens vary, but usually include the application of
topical mupirocin ointment to the anterior nares twice daily for 5 days along with adjunctive
chlorhexidine baths, using either 4% chlorhexidine gluconate-containing soap or 2%

chlorhexidine gluconate wipes (Daum, 2007). Skin to skin, and skin to formite contact are
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important routes of CA-MRSA acquisition (Miller and Diep, 2008),measures to limit its
spread therefore would focus on wound coverage, hand washing, laundering of clothes,

linens, and towels,and environmental decontamination.

For farm environments, controlled use of antibiotics for either therapeutic or as growth
promoters should be encouraged in a bid to check the spread of multi-resistant
microorganisms as well as the use of protective clothing when working with livestock in the

farm and routine use of disinfectant and proper cleaning of the environment.

Confronted with a shortage of new antimicrobials, current drugs must be used more
prudently. Reducing and improving use can diminish resistance and permit a drug to
resurface eventually as an effective therapy. The appropriate use of the antibiotics not only
can help to reverse high resistance frequencies, but also can curb the emergence of resistance

to newer agents (Barbosa and Levy, 2000; Lee et al., 2013b).
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CHAPTER THREE
3.0 MATERIALS AND METHODS

3.1 Materials
The following materials were used in this study;

Incubator, weighing balance, centrifuge, binocular microscope, autoclave, deep freezer, hot
air oven, refridgerator, thermocycler (PCR) machine, heating block, water bath,
electrophoresis machine, computer, photographic machine, votex machine, eppendorf
centrifuge, bijou bottles, glass slides, petri dishes, test tubes, measuring cylinder, conical
flasks, pipettes, bunsen burner,Mannitol Salt Agar (Oxoid Ltd, Basingstoke, UK), Trypticase
Soy Broth (Oxoid Ltd, Basingstoke, UK), Oxidation-Fermentation Medium (Oxoid Ltd,
Basingstoke, UK), Mueller Hinton Agar (Oxoid Ltd, Basingstoke, UK), distilled
water,sucrose, glucose, mannitol, xylose, antibiotic disks and antibiotic disk dispenser (Oxoid

Ltd, Basingstoke, UK).
3.2 Methods
3.2.1 Study Area

Sampling for this study covered 16 out of the 21 Local Government Areas of Kogi State.Kogi
State is bordered by the states of Nassawara to the northeast; Benue to the
east; Enugu, Anambra, and Deltato the south; Ondo, EKiti, and Kwara to the west;
and Niger to the north. Abuja Federal Capital Territory also borders Kogi to the north.Kogi
state consists of a wooded savanna region bisected by the southward-flowing Niger River;
the Benue River, a major tributary of the Niger, forms part of the state’s northeastern border.
It has its coordinates as longitude E6° 42' (East of Greenwich meridian) and latitude N7°30

(North of equator) (Fig 3.1).
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3.2.2 Isolation of methicillin resistant Staphylococcus aureus from pigs and humans
3.2.2.1 Study design and sample collection

A cross-sectional study was conducted using snowball sampling method to select 35 pig
farms in the study area while systematic random sampling was employed in selecting pig
samples using 5 interval. Nasal swab samples were collected from 35 pig farms
housingbetween 28 and 275 pigs per farm. Between 10 and 15 pigs weresampled per farm.
When pigs were housed in pens(i.e., on 5/35 farms), two pigs per pen were sampled.Nasal
swab samples from humans on farms were collected based on consent and availability from
each of the sampled locations. Also, nasal swab samples were collected from students in Kogi
State University, Anyigba representing the ‘non-contact’ group based on simple random
sampling technique (lottery method). The study and protocol was approved by the
Institutional ReviewBoard of Kogi State University Teaching Hospital, Anyigba. For
humans,a standardized specific questionnaire was administered to collectdemographic data,
medical history over the last 12 months, and information about contact with pigs.A self
administered questionnaire was used to collect information about each pig including age, sex,
current healthstatus, and history of antimicrobial therapy in the last 6 monthsprior to
sampling. Information was also retrieved about farming system (Intensive, Semi-intensive),

and presence ofother animals on the farm.

3.2.2.2 Sample size determination

Sample size was arrived at using the formula outlined by Thrusfield (2005).
n = Z%Pq/ d*

Where Z=1.9
P = prevalence

43



q=1-P

d? = allowable error (5%)

A prevalence of 5.3% for pigs and 12.8% for humans was recently reported in Plateau State
(Momoh et al., 2018), giving a minimum of 77 pigs and 172 humans to be sampled.

However, 425 samples were collected from pigs and 255 human samples in this study.
3.2.2.3 Criteria used for sample collection
3.2.2.3.1 Inclusion criteria

a. Pig owner’s consent

b. Oral consent from farm workers and students of Kogi State University

c. Pigs that were adequately restrained for sample collection

d. Farms and households with minimum of 10 pigs

3.2.2.3.2 Exclusion criteria
a. Sickpigs
b. Sick humans

c. Pigs that could not be restrained for samples to be collected
d. Farms and households with less than 10 pigs

3.2.2.4 Sample collection

Nasal swab samples were collected by inserting a sterile swab stick in both anterior nares of
each pig and human and gently rubbing the swab against the mucosa surface for

approximately 5-10 seconds.These were placed in 3ml Mueller-Hinton broth (Oxoid, UK).
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All the samples were transported immediately on ice to the Department of Microbiology

Laboratory, Kogi State University, Anyigba for processing.
3.2.2.5 Culture on media

All the media were prepared in the laboratory according to the manufacturers' instructions
and included Mannitol Salt agar (Oxoid), Trypticase Soy broth (Oxoid), Mueller Hinton agar
(Oxiod), Oxidation-Fermentation medium (Oxiod), and Blood agar base (Oxiod), Dnase agar
(Oxiod), Brillance agar (Oxiod), and Oxacillin resistance screening agar base (ORSAB)

(Oxoid).
3.2.2.6 Isolation of Staphylococcus

Nasal swabs were collected from eachpig and human and were placed into 3ml Mueller
Hinton broth (Oxoid, UK) supplemented with6.5% sodium chloride and incubated at 37 °C
for 24h. A loopful of the inoculum from the enrichment broth was streaked onto mannitol salt

agar and incubated at 37°C for 24h.
3.2.2.7 ldentification of isolates

Suspected S. aureus isolates (golden yellow colonies)on mannitol salt agar were tested using
conventional methods that included Gram staining, catalase, coagulase, Dnase and sugar

fermentation tests.
3.2.2.7.1 Catalase test

An 18-24 hour old pure colony was placed on a clean microscope slide using a loop. By using
a Pasteur pipette or a dropper, a drop of 3% H,0, was immediately dropped over the colony

on the slide and observed for immediate bubbling as evidence of gas production.
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3.2.2.7.2 Coagulase test

The tube method for coagulase test was carried out as follows: 0.5ml of rabbit serum diluted
at 1:9ml of normal saline was pipetted into a test tube. 0.1ml of the test isolate was added to
the test tube. After mixing, the test tube was incubated at 37°C for 4-24 h,and examined for

clotted plasma which indicated positive result.
3.2.2.7.3 Haemolysis on blood agar

Haemolysis was carried out by plating the isolates onto 5% sheep blood agar and incubated
for 24 hrs at 37°C. Complete clearing of the blood was indicative of beta haemolysis; partial

clearing was alpha haemolysis while no clearing was indicative of gamma or no haemolysis.
3.2.2.7.4 Deoxyribonuclease (Dnase) test

The Dnase agar was prepared one day before it was used and stored in the fridge at 4 °C. A
sterile wire loop was dipped into an overnight broth culture of the S. aureus and inoculated
onto Dnase agar plate and incubated for 24 hrs at 37 °C, following which, the plates were
flooded with 1 N HCI and the excess decanted. The HCI was left to act for about ten minutes
after which the plates were observed for clear zones around each streak of S. aureus. The
presence of a clear zone indicates a positive result, showing that DNase was produced and it

digested the DNA.
3.2.2.7.5Sugar fermentation test

These sugars (mannitol, sucrose, glucose, xylose) were prepared at 1% concentration i.e. one
gram of each of the sugars in 100ml of Oxidation-Fermentation medium, with 1ml of sterile
paraffin added to each tube. These were inoculated with the test organisms and incubated at

37 °C for four days and checked for color change.
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3.2.2.8Confirmation of Staphylococcus isolates

3.2.2.8.1 Microgen 1DStaph confirmation

The test was carried out and interpreted based on the instructions of the
manufacturer(Microgen Bioproducts, U.K). A homogenous suspension was prepared by
mixing 2-5 isolated colonies in 3ml staphylococci suspending medium provided in the Kit,
then four drops of the bacterial suspension were added to each well with a Pasteur pipette;
well no 7 indicated by a black circle on the test strip coated with arginine was overlaid with
two drops of mineral oil. The inoculated test strips were incubated at 35°C + 2°C for 24hr.
After incubation, two drops of fast blue reagent was added to well no 12 indicated by a green
circle on the test strip (Beta galactosidase). A colour change within 5-10seconds to plum
purple was observed for positive test. All results were recorded on the organism ID report

forms provided in the kit and interpreted using the microgen identification package.

3.2.2.8.2 Matrix-assisted laser desorption/ionizationtime-of-flight mass spectrophotometry
(MALDI-TOF MS) (BioMérieux, France).

All S. aureus isolates were confirmed using MALDI-TOF technique. Sample preparation for
MALDI-TOF MS: Ethanol/ formic acid extraction procedure was followed according to the
manufacturer’s instruction (Bruker Daltonik GmbH, Bremen, Germany). Briefly, 2-3 isolated
colonies were transferred into the 1.5 ml screw cap extraction tube containing 300 pl of
double distilled water with an inoculation loop and mixed thoroughly. Absolute ethanol (0.9
ml) was added, the contents of the tube were carefully mixed, and the tubes were then
centrifuged at 13,000 x g for 2 min, then 1 pl of the supernatant was placed onto a ground
steel MALDI target plate and allowed to dry at room temperature. Subsequently, each sample
was overlaid with 1 pl of matrix solution, which consisted of a saturated solution of a-cyano-

4 hydroxy-cinnamic acid (HCCA) in 50 percent acetonitrile and 2.5 percent trifluoroacetic
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acid (final concentration: 10 mg HCCA/ml) and air dried at room temperature. The MALDI-
TOF MS target was subsequently introduced into the MALDI-TOF MS mass spectrometer
(Brucker Daltonik GmbH, Bremen, Germany) for automated measurement and data
interpretation using the MALDI Biotyper software package with the reference database v.2.0

by AHL.

3.2.3 Determination of methicillin resistance and susceptibility of isolates to commonly
used antibiotics

3.2.3.1 Antibiotic susceptibility test

Each S. aureus isolate was inoculated into trypticase soy broth (Oxoid) at 37°C for 24hours
before testing. The turbidity of the actively growing culture was adjusted to correspond with
that of a barium sulphate (0.5 MacFarland) standard. Subsequently 0.1ml of the suspended
culture was inoculated onto Mueller Hinton agar plates (90mm diameter disposable Petri
dishes) and spread over the surface with sterile cotton swabs. Six antimicrobial disks were
then placed on the surface of each plate by means of antibiotic disk dispenser and incubated
at 37 °C for 18hrs. Inhibition zone diameters were measured using a transparent ruler, and the
interpretative breakpoints for resistance determined by comparing zone diameters according
to the Clinical and Laboratory Standards Institute (CLSI, 2014) guidelines. S. aureus ATCC
25923 was used for quality control.S. aureus strains were tested using a panel of twelve
antimicrobials namely, sulphamethoxazole/trimethoprim (25ug), tetracycline (30ug),
gentamicin (10ug), cefoxitin (30ug), amikacin (30ug), amoxycillin/clavulanic acid (30ug),
penicillin  (10ug), chloramphenicol (30ug), erythromycin (5upg), vancomycin (30ug),

oxacillin (1ug) and ciprofloxacin (5ug).
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3.2.3.2 Minimum Inhibitory Concentration (M.1.C) Determination

M.I.Cs of oxacillin was determined using the Episolometer test strips (Etest strip)
(Biomerieux, France). This was carried out as described by the manufacturer and interpreted
using the CLSI guidelines (CLSI, 2014). Procedure: 0.5 McFarland standard bacterial
suspension was made from an overnight culture plated on Mueller Hinton agar on which the
Etest strips were placed with a forcep one on each plate. The plates were incubated for 24 h at
37°C. After the period of incubation, an ellipse corresponds to the antimicrobial concentration
no longer inhibitory to the growth of the organism. The corresponding concentration of
antibiotic at the point of intersection on the strip was read as the MIC in pg/ml.If the growth
intersects on the line between two sections, the MIC was read as the value in the lower
section. If there was growth along the entire length of the strip, the MIC was read as greater
than the highest value on the M.I1.C.E scale.MIC values were interpreted as susceptible (S),

intermediate (1) and resistant (R).

The S. aureus isolates were further subjected to antibiotic susceptibility using the Sensititre
system and COMPANILF MIC plate (ThermoFisher Scientific, USA). The antibiotic
susceptibility of the isolates to penicillin, amoxycillin/clavulanic acid, clindamycin,
gentamicin, oxacillin, vancomycin, tetracycline, ciprofloxacin, ticarcillin,
trimethoprim/sulfamethoxazole, ceftiofur, erythromycin, rifampicin, amikacin, imipenem,
enrofloxacin,  ceforecin, cefpoxodime, marbofloxacin,  cefoxitin,  doxycycline,
chloramphenicol, cefazoline was determined andsusceptibility was interpreted according to

CLSI (CLSI, 2014).The reference strain used for quality control was S. aureus ATCC 29213.
3.2.3.3 ORSAB and Brilliance test for MRSA screening

An overnight broth culture of each S. aureus isolate was also streaked on ORSAB medium as

well as brilliance medium and incubated at 37° C for 24h. All isolates that grew on ORSAB
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medium with intense blue colonies and demin blue colonies on brilliance agar were

considered MRSA.
3.2.4 Molecular characterization of S. aureus isolates
3.2.4.1 DNA extraction

Twenty five pL of 100pg/mL lysostaphin solution was added to a 1.5mL Eppendorf tube and
3-4 colonies (~1puL) resuspend in thelysostaphin solution. This was incubated at 37°C for
10min. Thereafter, 25 puL of a 100pug/mL proteinase Ksolution and 75uL of Tris-HCI 1M
(pH8.0) was added, mixed well and incubated at 37°C for 10min. The suspension was further
incubated at 97°C for 5min and centrifuged at 15,000 x g for 5min. The supernatant

containing DNA was transferred to a new tube and stored at-20°C.
3.2.4.2 Multiplex polymerase chain reaction (PCR)

Amultiplex PCR to detect spa, mecA, the CC398-specific saul-hsdS1 variant,lukF-PV(a
marker of the Panton-Valentine leucocidin, PVL),and scn was carried out as previously
described (Islam et al., 2017).The PCR reactionswere carried out in a final volume of 13ul
containing 1 x QiagenMultiplex PCR Master Mix (Qiagen, Germany), 2uM ofeach primer,
and 1pl of bacterial DNA. The following PCRconditions were used: initial denaturation at
94°C for 15 min,followed by 25 cycles consisting of denaturation (94°C for 30s), annealing
(59°C for 60s), and extension (72°C for 60 s),and a final extension step at 72°C for 10
min.The resultant PCR products were visualized on electrophoresis gels 2% wi/v (Invitrogen,
Carlsbad, CA, USA).Positive control DNA was derived from a known MRSA strain bearing

spa, pvl, mecA, scn, and CC398 specific genes.
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Table 3.1: Primer sets used for detection of mecA, spa, pvl and scn genes

Target gene  Primers Amplicon  Reference
size (bp)

mecA P4  5-TCCAGATTACAACTTCACCAG-3 162 Larsen et al., (2008)
P7 5’-CCACTTCATATCTTGTAACG-3’

spaFP 5’-TAAAGACGATCCTTCGGTGAGC-3’ Variable Larsen et al., (2008)
RP  5-CAGCAGTAGTAGTGCCGTTTGCTT-3" (165-550)

pvl FP 5’-GCTGGACAAAACTTCTTGGAATAT-3 80 Larsen et al., (2008)
RP  5-GATAGGACACCAATAAATTCTGGATTG-3°

scn FP 5’>-TACTTGCGCGAACTTTAGCAA-3’ 130
RP

5’-AATTCATTAGCTAACTTTTCGTTTTGA-3’

CC398FP 5-GAGAATGATTTTGTTTATAACCCTAG-3’ 106 Stegger et al., (2011)

RP 5" CAGTATAAAGAGGTGACATGACCCCT-3'
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3.2.4.3 Multiplex PCR amplicon clean-up prior to sequencing

A reaction mixture comprising 10l PCR mixture (directly after completion of PCR), 1ul

Exonuclease | (Exo 1) and 2ul FastAP™

Thermosensitive Alkaline Phosphatase was mixed
well and incubated at 37°C for 15 min. The reaction was stopped by heating the mixture at

85°C for 15 min.
3.2.4.4 spa typing

Direct sequencing of the cleaned PCR product was used for spa typing (Harmsen et al.,
2003).The x region of the spa gene was amplifiedoy PCR with primers 1095F (5'-
AGACGATCCTTCGGTGAGC-3') and 1517R (5'-GCTTTTGCAATGTCATTTACTG-3").
PCR amplification was accomplished by adding 1 pl of a 1:200 dilution of genomic DNA
and 24 pl of water to 25 pl of PCR master mixture in 0.2 ml PCR tubes (Perkin-Elmer
Applied Biosystems Division [PE-ABI]). Master mixture buffer contained 0.5 pM PA 1095F
forward PCR primer, 0.5 puM PA 1517R reverse primer, 2.5 U of AmpliTaq Gold DNA
polymerase, 2 mM MgCl,, 350 uM total dNTPs, and 25 mM KCI. Tubes were capped and
placed in a GeneAmp PCR System 9600 Thermocycler (PE-ABI). Thermal cycling
parameters included an initial 10 min at 95°C; 30 cycles of 30 s at 95°C, 30 s at 60°C, and 45
s at 72°C; and a final extension at 72°C for 10 min. PCR products were purified and
concentrated twofold prior to sequencing in distilled water with a Microcon-100 (Millipore)

micro-concentrator. Completed reaction mixtures were stored at -20°C.

DNA cycle sequencing reaction mixtures had a total volume of 20 pl, and reactions were
carried out with a GeneAmp PCR System 9600 with the following reaction conditions: 13 pl
of AmpliTag FS Dye Terminator ready reaction mixture and sequencing primer (PA 1095F
and PA 1517R), 3 pl of purified PCR product, and 4 pl of deionized water. The cycle

sequencing profile consisted of a 96°C denaturation step for 10 s followed by an
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annealing/extension step starting at 65°C and decreasing 1°C every six cycles until a
touchdown temperature of 55°C was reached, for a total of 66 cycles. Dye terminator cycle
sequencing reaction products were purified with a Sephadex column (Pharmacia) and a Silent
Screen filter plate (Nalge Nunc). The column filtrate was evaporated in avacuum centrifuge
and resuspended in 2 pl of blue dextran-EDTA—deionizedformamide (1:5). Sequences were
determined by electrophoresis with the ABI PRISM 377 DNA sequencer. Consensus

sequences were assembled from both orientations with PE-ABI software.

Isolates were assigned to spa type using Ridom StaphType software (Ridom GmbH,
Germany). Associations of the assigned spa type with multilocus sequence type (MLST)

were determined using the Ridom spa server database (www.spaserver.ridom.de/).

3.2.4.5 Whole genome sequencing

Four isolates (one pig, one pig-contact human from the same pig farm, onenon pig-contact
human from the same district, and one pig-contact human from a different district)were
selected for further SCCmec (Kondo et al., 2007), multilocus sequencing typing (Enright et
al., 2000), and whole genome sequencing (WGS). For WGS, overnight cultures were grown
in tryptic soy broth at 37°C with 200-rpm shaking. Genomic DNA was extracted from
cultures by using the automated Maxwell DNA instrument using the Maxwell®RSC Cultured
Cells DNA Kit (Promega, United Kingdom). Library preparation was carried outusing the
Nextera XT kit and paired end 2 x 250bp sequencing on the MiSeq, all following
standardlllumina protocols (Illumina, Inc., United States). All raw reads have been deposited
in theSequence Read Archive database in the European Nucleotide Archive under the study

accessionnumber PRJEB26533.
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3.2.4.6 Phylogenetics and comparative genomics

All analyses were performed in CLC Genomics Workbench v. 11.0 using the tools within the
MicrobialGenomics Module. First, Kmer analysis was performed against the NCBIRefSeq
database and including only complete staphylococcalgenomes. This analysis was performed
to determine if therewas any contamination of the DNA prior to sequencingand as a
secondary confirmation of the S. aureus speciesidentification. Secondly, adapter trimmed,
high quality reads were mapped against the reference genomeAUS0325, a closed ST88
methicillin-susceptible, penicillin-resistant genome (NCBI accession no.LT615218) to
identify single nucleotide polymorphisms (SNPs). A maximum likelihood tree wasgenerated
from core genome SNPs. To further investigate the clonal relationship of MRSA ST88from
the African continent, MRSA strains in this study were compared to the 17 publically
available ST88 MRSAisolated in Ghana (Kpeli et al., 2017). The Resfinder v.3.0 and
Virulence finder v.1.5 web-basedpipelines were used to search for the presence of known

virulence and antibiotic resistance genes(Zankari et al.,2012; Joensen et al., 2014).

3.2.5 Data analysis

The results obtained are presented in tables and percentages were computed using Microsoft
Excel Programme version 2010. Chi-square test, Fisher’s exact test and odds ratio from
logistic regression was used to analyze data for associations with variables where necessary.
Values of P < 0.05 were considered significant. Stata version 12.0 was used to analyze all

data generated from the study.
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CHAPTER FOUR

4.0 RESULTS

4.1Detection of S. aureus in Pigs and Humans in Kogi State

Out of 680 samples collected from pigs (425 across 35 farms) and humans (55 pig-contact
humans and 200 non pig-contact humans), 39 (5.7%) S. aureus isolates were recovered.
Twenty of the S. aureus isolates were obtained from pigs in 12 of the 35 farms sampled,
while 19 were from humans in contact with pigs (6/55) and no pig-contact humans (13/200)
(Table 4.1). The distribution of S. aureus in pigs according to geographical location is shown
in Fig 4.1, which showed that there was at least a farm habouring a MRSA positive pig in 8
out of the 16 Local Government Area sampled. There were no statisticallysignificant
differences in occurrence of S. aureus in the various age groups of pigs and in humans with
or without exposure to pig farming sampled in this study (Table 4.2). Age and sex were found
to be the only factors associated with nasal carriage of S. aureuswithin the study population
(Table 4.3).MALDI-TOF was shown to be a much more reliable method in the confirmation

of S. aureus, followed by microgen (Table 4.4).

4.2 Susceptibility of S. aureus Isolates to 12 Commonly Used Antimicrobials

All 39 (100%) S. aureus isolates from pigs and humans were resistant to [-lactams
(penicillin, oxacillin, cefoxitin and amoxicillin/clavulanic acid) only, and were susceptible to
other classes of antibiotics tested (Fig 4.2). Also the most reoccurring resistance profile
pattern of S. aureus isolates from pigs and humans was found to be P, OX, AMC (Table 4.5).
Furthermore, all S. aureus isolates from pigs and humans had MIC values ranging from
8mg/ml to >256mg/ml for oxacillin and were termed methicillin resistant. The S. aureus
isolates were further subjected to antibiotic susceptibility using the Sensititre system and

COMPANL1F MIC plate (ThermoFisher Scientific, USA) that corroborated the results of
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sensitivity using disk diffusion method i.e. 100% of the S. aureus isolates from pigs and

humans were resistant to B-lactams (penicillin and cefoxitin) only.

4.3 Occurrence of Other Staphylococcus Species in Pigs and Humans and Antimicrobial
Resistance

4.3.1 Prevalence of other Staphylococcus species in pigs and humans

Aside S. aureus, other Staphylococcus species (n=42) were isolated in the course of the study.
The species were identified as S. aureus, S. hyicus, S. scuiri, S. intermedius, S. lentus, S.
chromogens, S. warneri, S. lugdunensis and S. saprophyticus, S. haemolyticus and S. xylosus
based on microgen test (Table 4.6). The recovery rate was 100% S. hyicus in pigs only, (75%,
25%) for S. scuiri and S. chromogens respectively in pigs and humans and 100% for S.

haemolyticus and S. xylosus in humans only (Table 4.7).

4.3.2 Antibiotic susceptibility of other Staphylococcus species to 12 commonly used
antimicrobials

The majority of analysed isolates displayed penicillin resistance (61.9%). They were
however, susceptible (100%) to vancomycin and amikacin while only 4.8% of the isolates
were resistant to cefoxitin (Table 4.8). Nineteen unique susceptibility profiles were identified
among the Staphylococcus species isolates while 5 (11.9%) and 3 (7.1%) of these isolates

from pigs and humans respectively showed multi-drug resistance (Table 4.9).

4.4 Molecular Characteristics of MRSA Isolates

The results of the multiplex PCR to detect spa, mecA, CC398, pvl,and scn confirmed all the
39 isolates as S. aureus by the presence of spa. The results also showed that mecA was presnt
in 38 (97.4%) of the isolates, presence of scnin all but one isolate from a pig and absence of

pvl in all 39 (100%) of the isolates (Plate 1). Sequencing of the spa product demonstratedthat
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all strains had the same spa type, t1603 and associated to ST88. The mecAwas harbored on

anSCCmec type IVa cassette.

Core genome single nucleotide polymorphism (SNP) analysis from whole genome
sequencing (WGS) of fourisolates from a pig, a pig-contact human from the same farm, a
pig-contact human from a differentfarm with no MRSA positive pigs, and a non pig-contact
human using AUS0325 as the reference genomerevealed high genetic similarity between
strains (3-11 SNP differences), despite the temporal (2 year gap) and geographic (165km)
differences between isolates (Fig. 4.3). SNP in MRSA isolates relative to ST88 reference
genome is shown in Table 4.10. Based on the analysis ofthe WGS data in Virulence Finder,
all four strains contained the putative virulence factorsscn, sak, lukD, E, higA, B, C, aur,
andsplA, B. Furthermore, these isolates form a distinct clade when compared to MRSA ST88

isolates from Ghana (Fig. 4.4).
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Table 4.1: Isolation rates of S. aureus from pigs, pig farm workers and non-pig contact

humans in Kogi State

No. of sampled  No. of pig  No. of S. aureus No. of S.
pigs/humans farms positive farms aureuspositive
samples
Pigs 425 35 12 20
Pig farm workers 55 35 6* 6
Kogi State University 200 - - 13
Students
Total 680 35 15 39

*3/6 farms harboured S. aureus positive pigs
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Figure 4.1: Geographic locations of pig farms sampled

Source: Geographical Information Service Centre, Kogi State University.

Legends:

® MRSA negative farms.

® MRSA positive pig farms where only pigs were positive.
® Pig farms where only humans were positive.

® Pig farms harboring both MRSA positive pigs and humans.

O Kogi State University
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Table 4.2: Prevalence of S. aureus among different age groups of pigs and humans in Kogi

State.
Group % (Positive/Total) X2 P-value OR
Pigs 4.7(20/425)
<1month 18.2(2/11) 5.0435 0.081 7.7273
1-3months 2.4(2/85) 0.8217 0.459 0.4706
>3-7months 5.0(5/100) 0.0053 0.9999 1.0409
>7months 4.8(11/229) 0.6699 0.454 0.7281
Humans 7.5(19/255) 0.608 0.423 0.683
Contact 10.9(6/55) 1.0238 0.389 1.6783
No-Contact 6.5(13/200) 1.7032 0.210 2.7972
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Table 4.3: Prevalence of S. aureus in humans with respect to demographic and risk factors

Characteristics No.(%) of subjects OR p value
MRSA Non-MRSA
(n=19) (n=236)
Age
<20 yrs 12(63.12)  88(37.29) 5.0909 0.013*
21-30 yrs 3(15.79)  112(47.46)  0.6964 0.574
31-40 yrs 1(5.26) 26(8.90) 0.1154 0.124
41-50 yrs 2(10.53)  6(2.54) 1.3333 0.999
>50 yrs 1(5.26) 4(1.69) 0.5455 0.491
Gender
Male 7(53.85)  143(60.59)  0.3794 0.050*
Female 12(63.16)  93(39.41)
Occupation
Pig farm worker 6(31.58) 49(20.76) 1.7614 0.258
Student 13((68.42)  187(79.24)
Antibiotic Use within 6 months
Yes 0(0.00) 23(9.75) 0.000 0.233
No 19(100.00)  213(90.25)

*Statistically significant
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Table 4.4: Detection of S. aureus in pigs and humans in Kogi State based on three different

methods
Method Source No. Positive (%)
Human (%) Pigs (%)
Conventional 24 (48) 26 (52) 50 (7.3)
Microgen 21 (46) 25 (54) 46 (6.7)
MALDI-TOF 19 (49) 20 (51) 39 (5.7)
Overall Prevalence 19/255 (7.5) 20/425 (4.7) 39/680 (5.7)
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Figure 4.2: Antibiotic resistance of S. aureus isolates from pigs, contact humans and non-
contact humans in Kogi State

P= Penicillin; OX= Oxacillin; Fox= Cefoxitin; AMC= Amoxycillin/Clavulanic acid.
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Table 4.5: Antibiotic resistance profiles of MRSA from pigs and humans in Kogi State

Resistance profile Number of isolates
Humans Pigs

P, FOX 2 2
P, OX 1 7
P, OX, FOX 6 2
P, FOX, AMC 4 4
P, OX, AMC 4 5
P, OX, FOX, AMC 2 0
Total 19 20
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Table 4.6: Isolation of other Staphylococcus species from pigs and humans in Kogi State

Staphylococcus species Number Percentage
S. hyicus 8 19.0
S. scuiri 8 19.0
S. intermedius 5 11.9
S. lentus 5 11.9
S. chromogens 4 9.5
S. warneri 3 7.1
S. lugdunensis 3 7.1
S. saprophyticus 3 7.1
S. haemolyticus 2 4.8
Staphylococcus xylosus 1 2.4
Total 42 100
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Table 4.7: Distribution of other Staphylococcus species among pigs and humans

Staphylococcus species Pigs (%) Humans (%)
S. hyicus 8 (100.0) 0 (0.0)

S. scuiri 6 (75.0) 2 (25.0)
S. intermedius 4 (80.0) 1 (20.0)
S. lentus 2 (40.0) 3 (60.0)
S. chromogens 3 (75.0) 1 (25.0)
S. warneri 1(33.3) 2 (66.7)
S. lugdunensis 2 (66.7) 1(33.3)
S. saprophyticus 1(33.3) 2 (66.7)
S. haemolyticus 0(0.0) 2 (100.0)
S. xylosus 0(0.0) 1 (100.0)
Total 27 (64.3) 15 (35.7)
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Table 4.8: Antibiotic resistance of other staphylococci species form pigs and humans in Kogi
State to commonly used antibiotics

Antibiotic Disk Potency Number Number (%)Resistant
(ng) (%)Sensitive
Amikacin 30 42 (100.0) 0(0.0)
Amoxycillin/Clavulanic 30 39 (92.9) 3(7.1)
acid
Cefoxitin 30 40 (95.2) 2 (4.8)
Chloramphenicol 30 37 (88.1) 5(11.9)
Ciprofloxacillin 5 39 (92.9) 3(7.1)
Erythromycin 5 34 (81.0) 8 (19.0)
Gentamicin 10 37 (88.1) 5(11.9)
Oxacillin 1 35(83.3) 7 (16.7)
Penicillin 10 16 (38.1) 26 (61.9)
Sulphamethoxazole/ 25 41 (97.6) 1(2.4)
Trimethoprim
Tetracycline 30 29 (69.0) 13 (31.0)
Vancomycin 30 42 (100.0) 0(0.0)
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Table 4.9: Antibiotic resistance profiles of otherStaphylococcus species from pigs and
humans in Kogi State

Resistance Profile Number of isolates
Humans Pigs

P 4 6
TE 0 1
C 0 1
P, TE 1 1
P,E 1 0
P, AMC 1 0
P, OX 0 1
P, CIP 0 2
CN, TE 0 1
P, OX, TE 1 1*
P,E,TE 1* 0
P,C, TE 1* 0
P, OX, AMC 0 1
CN, E, TE 1* 0
CIP, TE, AMC 0 1*
P, OX, E, FOX 0 1
P,OX,CN, E 0 1*
P,SXT,C,E, TE 0 1*
P,OX,CN, E, TE 0 1*
Total 11 20

*Multi-drug resistant
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Plate 1: Multiplex PCR amplification of spa, mecA, and scn genes in MRSA isolates

M=100bp marker; -ve=negative control; +ve=positive control with spa, mecA, scn, CC398
and pvl, 1=KSU3, 2=AJA1, 3=SHE?, 4=AGU1, 5=KAB5, 6=KSU10, 8=EJU1, 9=KSU10,
10=EGB3, 12=0KP3, 13=0KU1, 14=0KUZ2, 15=0KP6, 16=SHE4, 17=AGU2, 19=LOKS5,
21=ITA1, 22=0KU6, 24=ANK?9, 25=0KP8, 26=KSU5, 27=SHE5; 28=ECH2; 30=SHES;
31=0GI2; 33=63; 34=30; 35=12; 36=20; 37=2; 38=83; 39=49; 40=19; 41=ELE1, 42=164;
43=75; 44=102; 45=13; 46=35
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Figure 4.3: Metadata describing sample origins, sampling location in Kogi State andisolation
date. Phylogeny based on analignment of 1,248 SNPs.

AM496=KAB5; AM526=164; AM497=KSU10; AM492=KSU3

70



Table 4.10: Single nucleotide polymorphisms in MRSA isolates relative to the ST88
reference genome, AUS0325

Nucleotide 164 KSU10 KSU3 KAB5
position

853428 T T C C
853440 C Gap Gap Gap
853452 C Gap Gap Gap
1349949 T G T T
2673340 G G G A
2673364 A A A G
2673388 G G Gap Gap
2673400 G G Gap Gap
2673412 Gap Gap Gap G
2673424 Gap Gap G G
2673436 Gap Gap G G

71



® BU_GO701_t5
=& Sa_NOG-W25

—® Sa_NOG-W13

— Sa_NOG-W11

——8 Sa_NOG-W02

—e BU_WI13_11

700

|

Sa-NOG-W14
_E‘ Sa_NOG-Wo7
8 5a_NOG-WO05

Sa_NOG-W10
_I Sa_NOG-Wo1

L—e Sa_NOG-W04

Sa_NOG-W06
Sa_NOG-w24
9 BU_G1905_13

¢ BU_GC0202_12

¢ BU_G0201_18

0.080

I

Figure 4.4: Comparative analysis of the Nigerian and Ghanaian MRSA ST88. Core genome

phylogeny based on an alignment of 1492 SNPs.

AM496=KAB5; AM526=164; AM497=KSU10; AM492=KSU3
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CHAPTER FIVE

5.0 DISCUSSION

Colonization withS. aureus may occur on mucous membranes of the respiratory and/or
intestinaltract, or on other body surfaces, without causing disease or harming their
hosts(Verkaiket al., 2009). Colonization with S. aureususually precedes infection, and is
mostly caused by the same isolate (Mertz et al., 2009). A prevalence of 4.7% (20/425) and
10.9% (6/55) S. aureus carriage was found in pigs and in-contact humans respectively in this
study. This was lower than the prevalence of 12.3% (57/464) and 30.8% (16/52) S. aureus
carriage in pigs and pig farm workers respectively reported in Senegal by Fall et al. (2012)
but similar to the prevalence of 5.3% and 12.9% S. aureus carriage in pigs and pig farm
workers respectively reported in Plateau State, Nigeria by Momoh et al. (2018). The
prevalence of 6.5% (13/200) S. aureus colonization in apparently healthy pupils in this study
was lower than 32.9% (72/219) reported by Ouedraogoet al., (2016). The factors responsible
for the observed differences in S. aureus carriage in pigs and humans in this study is
unknown, but may not be unconnected with antibiotic use and personal hygiene especially
among humans. When the opportunity arises, S. aureus can cause a wide range of infections

(Shittu et al., 2011) with methicillin resistant strains adding to the disease burden.

MRSA in pigs and pig farmers in Africa was first reported in Senegal (Fall et al., 2012)
however, no MRSA was isolated from the farm workers. In Nigeria, there has been to our
knowledge only one report of phenotypic oxacillin-resistant S. aureusin pigs from Oyo State
in South Western, Nigeria (Okunlola and Ayandele, 2015). Only 18/200 (9%) pigs were
positive for presumptive MRSA on 7 of the 11 farms sampled. Similar to Okunlola and
Ayandele, (2015), 20/425 MRSApositive animals were observed onfarms sampled in this

study.MRSA prevalence of 4.7% (20/425) in pigs in this study was lower than 14.4%
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(89/641) reported by Fang et al. (2014) in Taiwan, but higher than 1.3% (6/464) reported in
Senegal by Fall et al. (2012). The prevalence of MRSA in pigs in this study and Senegal (Fall
et al., 2012), a fellow West Afican country, is lower than what was reported in industrialized
countries such as the Netherland, Spain and Portugal (Aberu et al., 2019; Conceicao et al.,
2017; Dierikx et al., 2016). This difference may be a consequence of the intensity of
antibiotic use in pig farming in industrialised countries and may also be attributed to the fact
that majority of the pigs sampled in this study were reared in semi-intensive farming system
and is in accordance with previous reports demonstrating a correlation between MRSA
isolation and conditions that subsist in intensive farming such as crowded environment (Alt et
al., 2011; Conceico et al., 2017). Also, MRSA prevalence of 10.9% (6/55) in pig farm
workers (in-contact humans) in this study is lower than 60% (31/52) reported by Sahibzada et
al. (2017) in pig farmers in Australia and 13% (13/100) reported by Fang et al. (2014) in pig
farmers in Taiwan. Prevalence of MRSA positive farms 42.8% (15/35) in this study was
lower than 59.1% (13/22) reported by Fang et al. (2014). Furthermore, MRSA carriage of
25% (3/12) for on-farm workers with MRSA colonized pigs in this study was lower than 50%
reported by Denis et al. (2009). These observed differences may be due to differences in
factors associated with pig husbandry such as movement of animals between different types
of pig farms, use of antimicrobials and intensity of contact between animals and farm
personnel (van Duijkerenet el., 2008).People inclose contact with pigs (farmers,
veterinarians, transporters, and slaughterhouse workers) have been shown to be at a greater
risk of being colonized with livestock associated MRSA (LA-MRSA) (Denis et al., 2009; Liu
et al., 2015). There was no statistically significant difference in MRSA carriage between
humans in contact with pigs and those without exposure to pigs in this study. The reason for
this is unknown, but may not be unconnected with the fact that other domestic animals and

humans also could serve as source of the pathogen. Previous studies indicated that higher

74



density of pigs on pig farms increased the risk of MRSA colonization (Battisti et al, 2010;
Graveland et al., 2010). MRSA was isolated from more persons without antibiotic treatment
than in persons with previous antibiotic treatment as none of the MRSA positive individuals
had reported takingantibiotics and only one pig farm worker had reported beinghospitalized
in the last 12 months prior to sampling in this study. This finding agrees with Cuny et al.
(2009) who reported that antibiotic treatment had no influence on MRSA colonization in case
of humans exposed to MRSA colonized pigs. Risk factors associated with human carriage of
MRSA in this study were male sex and age < 20yr. This finding is in agreement with that of
Sangvik et al. (2011) who reported that male sex and younger age were positively associated
with nasal MRSA colonization and carriage rates in their study population. It has also been
previously established that children/younger adults and the elderly were much more

susceptible to colonization by MRSA (Huang et al., 2007).

Inrecentyearsmatrixassisted laser desorption ionization
timeofflightmassspectrometry(MALDI-

TOFMS)hasemergedasapotentialtoolformicrobialidentificationanddiagnosis (Singhal et al.,
2015) and numerous studies have shown that MALDI-TOF MS is a rapid, reliable and cost-
effective technique for identification of bacteria (Burillo et al., 2014; Song et al., 2017,
Momoh et al., 2018). MALDI-TOF MS was shown to be a much more reliable method in the
confirmation of MRSA in this study and is in agreement with Guembe et al. (2014) who

reported that MALDI-TOF MS performed better than conventional culture methods.

MRSA isolates found in this study expressed phenotypic resistance to P-lactams only,
possessed blaz (100%) and mecA (97.4%) genes and no other acquired antimicrobial
resistance genes based on whole genome sequencing (WGS) of selected strains. All MRSA

isolates further subjected to antibiotic susceptibility testing using the Sensititre system and
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COMPANLI1F MIC plate (ThermoFisher Scientific, USA) were resistant to penicillin and
cefoxitin only and there was agreement between phenotypic and inferred genotypic
resistance. Although multidrug resistance is presently defined as resistance to three or more
classes of antibiotics (Seiler and Berendonk, 2012), it should be noted that any lack of
therapeutic effectiveness due to resistance to the administered substance can be devastating.
The main dangers associated with these infections are aggravation of disease due to
unexpected ineffectiveness of antibiotic therapy in a severely ill patient and the uncontrolled
spread of these organisms in the hospital environment(Schmithausenet al., 2015).The absence
of mecA gene in an isolate phenotypically described as MRSA may suggest that the
expression of methicillin resistance could be due to over production of B-lactamase controlled
by blaZ. That isolate also had the highest MIC value for oxacillin resistance (8ug/ml).
Resistance to methicillin may be extrinsic, non-mecA mediated, in S. aureus strains with low-
level resistance to oxacillin, known as borderline oxacillin-resistant Staphylococcus aureus
(BORSA) (Leahy et al., 2011). BORSA exhibit oxacillin MIC of 1-8ug/ml, but lack mecA,
which encodes the low-affirnity penicillin-binding protein (Nadarajah et al., 2006). Typically,
this borderline phenotype results from excess production of p-lactamase. It was described
initially by McDougal and Thornsberry(1986) in the US. According to these authors, these
strains were neither hetero-resistant nor multi-resistant, and they produced large amounts of
normal staphylococcal B-lactamase, which partially hydrolyze oxacillin and became fully
susceptible to oxacillin in the presence of B-lactamase inhibitors. However, the borderline
phenotype has been attributed to other mechanisms, i.e., the production of an inducible,
plasmid-mediated methicillinase or different modifications in the PBP genes due to
spontaneous amino acid substitutions in the transpeptidase domain (Argudin et al.,
2018).mecA was harboured on an SCCmectype IVa cassette in MRSA isolates in this study.

SCCmec types IV, V and VI are generally associated with community acquired MRSA (CA-
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MRSA), which in most cases, do not contain additional antimicrobial resistance genes, and
therefore, cause only P-lactam antibiotic resistance (Mediavilla et al., 2012). Panton-
Valentine leucocidin (PVL) genes (lukS/lukF) was not detected in any of the MRSA isolates
tested in this study and this is in agreement with the findings of Kolawole et al. (2013) that
reported absence of PVL in all MRSA isolates in a study conducted in Nigeria. Also, Pirolo
et al. (2019) reported that none of the MRSA isolates in their study harboured the PVL genes,
while Yanagihara et al.(2012) reported a low prevalence (2.3%) carriage of PVL genes

among MRSA SCCmec IV isolates.

Molecular epidemiology-based methods are essential tools for the study of clonal relatedness,
genetic diversity, and also tracking the dissemination of S. aureus infections (Wang et al.,
2018). All MRSA isolates found in this study belonged to ST88,which has been isolated from
both hospital and community acquired infections in humans in several Sub-Saharan African
countries, including Nigeria (Ghebremedhin et al., 2009; Shittu et al., 2012; Kolawole et al.,
2013; Raji et al., 2013; Abdulgader et al., 2015). ST88 appears to be primarily associated
with the African continent, but has also been reported in Asia and sporadically in other parts
of the world (Schaumburg et al., 2014). The association of ST88 and livestock has only been
described in Africa. Specifically, MRSA ST88 has been identified in one pig isolate from
Senegal and healthy sheep in the Ivory Coast (Fall et al., 2012; Schaumburg et al., 2015). In
China, MRSA ST88 has been found in food of animal origin and recently in livestock
workers (Wang et al., 2014; Ye et al., 2016). Also all MRSA ST 88 isolates in this study
belonged to spa type t1603 a unique spa type from those (1168, 1186, t667, t690, t729, t1289,
11855, 13489, t7237) previously reported on the African continent (Breurec et al., 2011; Fall
et al., 2012; Moremi et al., 2012; Kolawol et al., 2013; Kpeli et al., 2017). MRSA isolates
belonging to the same sequence type/clonal complex were found to share similar virulence

gene profiles (Jamrozy et al., 2012). MRSA isolates in this study belonged to the same
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sequence type irrespective of the source (pig, pig-contact human or non-pig contact human)
and shared genetic similarities based on WGS, raising questions about the origin of these
strains. The immuneevasion cluster (IEC), which is carried on a bacteriophageand encodes
the secreted proteins staphylococcal complementinhibitor (scn), staphylokinase (sak), and
chemotaxis inhibitoryprotein (chp), are thought to contribute to the immune evasionin
humans (van Wamel et al., 2006). Moreover, these genesare less prevalent in livestock
adapted S. aureuslineages andare hence considered good genetic markers for identificationof
human associated S. aureusclones (McCarthy et al., 2012a; Uhlemann et al., 2012). Most of
the porcine isolates (19/20 isolates) in this study possessedscn and the additionaloccurrence
of sakbased onWGS data. The presence of these IECrelated genes suggest a possible human
origin and that pigs wereeither transiently contaminated by farmworkers or the result of avery
recent human-to-pig transmission event. Human associatedS. aureuslineages have been
previously described in animalsincluding pigs (Arriola et al., 2011; Schaumburg et al., 2012;
Nagel et al., 2013; Baez et al., 2017).All strains were positivefor the CC398 specific band.
However, spasequencing demonstrated that all strains had the same spatype, t1603, which is
unrelated to spatypes typically associated with CC398. Furthermore, MLST demonstrated
that the strains belongedto ST88. In silicoPCR using the CC398 specific primers, which
target the C398-specific saul-hsdS1 variant, (FP2saul:
5'GAGAATGATTTTGTTTATAACCCTAG3’ and CC398r1:
5CAGTATAAAGAGGTGACATGACCCCT-3") and denovoassembled contigs in this study,
showed that the primers shared 100% complementarity to the target and produced the
expected 106 bp amplicon. The primers band to an open reading frame (ORF) with 99%
nucleotide identity to hsdS, which is the sequence specificity gene of the Saul type |
restriction-modification system. The CC398 specific PCR is an excellent tool to rapidly

identifyS. aureusbelonging to CC398, which was shown to be 100% specific for CC398 only
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(Stegger et al., 2011). This PCR is based on saul-hsdS since it was previously shown that
variations in this gene is associated with specific S. aureusclonal lineages, but maintained a
high sequence homology within the lineage (Waldron and Lindsay, 2006). This approach has
also been used for rapid identification of hospital-acquired MRSA lineages (Cockfield et al.,
2007). Unfortunately, at the time of the study by Stegger et al. (2011)there were no publically
available ST88 genomes and strains belonging to ST88 were not included in that study, since
ST88 is the not the typical LA-MRSA and it is not a globally disseminated human associated

clone.

Based on WGS, the core genome consisted of 2407 coding DNA sequences (CDS) with S.
aureusAUS0325 used as reference. A core genome phylogeny was inferred by mapping reads
from the four sequenced isolates to AUS0325, and a phylogenetic tree was constructed using
the core genome SNPs and maximum likelihood estimation. Relative to AUS0325, 1,248
SNPs were identified, but only 11 SNPs were found between the four isolates in this study
despite the temporal and geographic differences signifying high genetic relatedness. Also,
isolates from the same region i.e., Anyigba, differed only by 3-8 SNPs despite a 2-year gap.
A phylogenetic comparison with the 17 ST88 from Ghana indicates that the Nigerian isolates
formed a separate, distinct clade with 700 SNPs differences. WGS analysis revealed a limited
content of virulence determinants (scn, sak, Iukg, lukD, gamma hemolysin, aur, splA and
splB) among representative MRSA ST88 isolates in this study as compared to ST 88 isolates
from a previous study (Kpeli et al., 2017). The absence of significant virulence factors among
isolates belonging to ST88 has been reported previously in Nigeria (Ghebremedhin et al.,

2009; Kolawole et al., 2013).

Most of the staphylococci species (S. hyicus, S. scuiri, S. intermedius, S. lentus, S.

chromogens, S. warnari, S. lugdunensis, S. saprophyticus, S. haemolyticus, S. xylosus)
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isolated in this study have been reported previously in Nigeria (Ugwu et al., 2015; Momoh et
al., 2016) and elsewhere (Nagase et al., 2002). The prevalence of 6.4% (27/425) and
5.9%(15/255) for CoNS, S. hyicus and S. intermediusisolated from pigs and humans
respectively in this study was lower than the 100% (12/12) and 88.9% (80/90) for pigs and
humans respectively reported by Nagase et al. (2002). Also, the combined prevalence of
6.2% (42/680) for CoNS, S. hyicus and S. intermedius isolated from pigs and humans in this
study was lower than the 22.4% (90/401) reported by Momohet al. (2016). This observed
difference may reflect variations in intensity of antibiotic usage on farms sampled. Of all
described staphylococcal species, only S. aureus, S. epidermidis, S. hyicus and S.
pseudintermedius are responsible for significant disease conditions in animals (Aarestrup and
Schwarz, 2006). Other Staphylococcus species are predominantly associated with
opportunistic infections in different animal species. Two CoNS, S. lugdunensis and S.
schleferi, have been described as emerging zoonotic pathogens (Davis et al., 2013).S. sciuri
has been reported to cause fatal exudativeepidermitis in piglets in China (Chen et al., 2007).
This specieshas also been associated with endocarditis (Wallet etal., 2000), urinary tract
infections (Stepanovic et al., 2003)and wound infections (Coimbra et al.,2011) in
humans.S.hyicus was the predominant species found among the pig Staphylococcusisolates in
this study followed by S. scuiri. This finding differs from those of Ugwu et al. (2015) who
reported that S. scuiri was the predominant species in their study and Tulinski et al., (2011)
who reported S. cohnii as the predominant CoNS. Also Momoh et al. (2016) reported that S.
xylosus and S. haemolyticus were the predominant species detected in pigs and in-contact
humans. The resistance of CoNS, S. hyicus and S. intermedius isolates to Oxacillin,
Tetracycline, Chloramphenicol and Ciprofloxacin (16.7%, 31%, 11.9%, 7.1%) respectively in
this study was lower than that observed by Ugwu et al. (2012) who reported resistance of

100%, 74%, 19%, 48% to Oxacillin, Tetracycline, Chloramphenicol and Ciprofloxacin
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respectively. This difference may be due to differences in management systems. That 61.9%
of CoNS, S. hyicus and S. intermediusisolates were resistant to penicillin is in agreement with
the report of Detwiller et al. (2013) who reported that CoNS are often resistant to beta-
lactams, and such high level of resistance has been reported previously in Nigeria (Ugwu et
al., 2015). Resistance to penicillin calls for concern as they are probably the most commonly
used antibiotics in pig production system both in treatment of infections and as growth
promoter (Rajic et al., 2006). Apart from the beta-lactams, 26.2% of CoNS, S. hyicus and S.
intermediusisolates were multi-drug resistant by expressing resistance to 3 or more classes of
antimicrobial agents. This could be associated with the fact that CoONS are often reported as
methicillin resistant with co-resistance to different classes of antibiotics (Huber et al., 2010).
Also, 63.6% of the multi-drug resistant isolates were of porcine origin and this is in
agreement with Nagase et al. (2002) who reported that staphylococci from animals including
pigs showed higher incidence of multi-drug resistance when compared to those isolated from

humans in the same study.

Molecular characterization of CoNS, S. hyicus and S. intermedius was not carried out in this
study. Hence, genetic markers such as antibiotic resistance genes and virulence genes
possessed by them could not be elucidated. They are thought to be reserviors of antibiotic
resistance genes and unique virulence factors that could be transferred to methicillin
susceptible S. aureus thereby contributing to its pathogenecity (Otto, 2013). It has been
reported previously in studies on staphylococci isolated from pigs in Nigeria that coagulase
negative species possessed several antibiotic resistance genes including mecA and a vast
array of virulence factors (Ugwu et al., 2015).Horizontal gene transfer of the SCCmec
element is thought tocontribute to the generation of new methicillin-resistant staphylococci,

including MRSA (Tulinski et al., 2011).

81



CHAPTER SIX

6.0CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

This study provides insights into the carriage of MRSA as well as CoNS species, S. hyicus,
and S. intermedius among pigs, pig farm workers (in-contact humans) and students (non-
contact humans) of a tertiary institution in Kogi State, Nigeria and highlights molecular

characteristics of the MRSA isolates. Conclusions made from this study are outlined below;

1. There was a relatively low prevalence (4.7% and 7.5%) of MRSA among pigs and

humans in the study area.

2. The MALDI-TOF MS was more sensitive in the detection of MRSAIsolates in the

study than Microgen and conventional methods.

3. MRSA isolates were resistant to -lactams only, while 26.2% of CoNS, S. hyicus and
S. intermedius isolates were multi-drug resistant by expressing resistance to 3 or more

classes of antimicrobial agents.

4. mecA wasdetected in 38/39 of the MRSAIsolates and its absence was recorded in an
isolate from human. mecA was associated with a SCCmec IVa element in 38/39 of the

isolateswhile pvl was absent in all isolates tested.

5. All MRSA isolates belonged to the same spa type t1603 associated with ST88

irrespective of origin.

6. scn was detected in 38/39 of the isolates being absent in a pig isolate only. The

absence ofscnin only 1 porcine strain suggest a possible human origin and that pigs
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were either transiently contaminated by humans or as a result of very recent human-

to-pig transmission event.

7. Core genome SNP analysis of four isolates revealed high genetic similarities between
strains (3-11 SNP differences), despite the temporal (2 year gap) and geographic

(165km) differences between isolates.

8. MRSA isolates in this study formed a distinct clade when compared to other African

MRSA ST88 isolates.

6.2 Recommendations

Based on the findings of this study, the following recommendations are made;

1. Although an expensive technique, the possibility of a more sensitive confirmatory test
like the use of MALDI-TOF MS should be considered for correct and quick
identification of S. aureus in research and in clinical settings in Nigeria because of its

sensitivity.

2. There is the need to carry out periodic screening of pigs for resistant staphylococci
species as CoNS are a reservoir of antibiotic resistance genes with the potential to
transfer to S. aureus, as has been demonstrated with the plasmid-mediated transfer of

mupA, conferring mupirocin resistance, from S. haemolyticus to S. aureus.

3. Pig workers should always wear protective equipment when working with pigs to

reduce human sources of pig colonization.

4. For effective monitoring and continuous improvement of antimicrobial policies both
in the human and animal populations, it would be useful to conduct follow-up

studiesperiodically, extending to other geographical areas not included in this study in
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order to determine prevalent sequence types and to monitor changes in antimicrobial

resistance over time.

Further research is required in the study area to determine whether MRSA carriage
amongst pigs was transient or persistent, establish the exact transmission routes on pig
farms and explore biosecurity measures for preventing the spread of MRSA in the

farm.
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APPENDICES

APPENDIX I: Questionnaire to access information from humans

Date of visit (FDAT) (dd/mm/yy): Farm ID (FID)

DEPARTMENT OF VETERINARY PUBLIC HEALTH AND PREVENTIVE MEDICINE

AHMADU BELLO UNIVERSITY, ZARIA

I. QUESTIONNAIRE FOR HUMANS

Dear Respondent,

This questionnaire is designed as part of a scientific study of molecular epidemiological
studies on S. aureus isolated from pigs and in-contact humans in two Local Government
areas of Kogi State, Nigerian. Please, all information obtained will be treated strictly and
confidential and information provided would be solely for this purpose!

Thank you for your cooperation.

Otalu Otalu Jnr.

1. How old are you?
(1)10-20
(ii)21-30
(iii)31-40

(iv)41-50

3. What iS YOUT PrOTESSIONT.....ccviiieiieeie ettt enne e
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10.

11.

Do you have any history of skin infection in the last 12months? Yes....... No......
Have you taken any antibiotics in the last 6months? Yes...... No.......

If Yes, please specify antibiotiC.......o.uvuiiuiiniiiiaiiiei e e
For how long did you take the antibiotic?..............cooiiiiiiiiiiiiiiii e

Have you had close contact with pigs, other domestic animals and pets in the last

3months?  Yes..... No....... If Yes, ©please specify species  of
ANIMAL. ..
Do you handle raw meat? Yes..... No...............

Have you been hospitalized in the last 12months? Yes..... No......

If Yes, please specify
AUIAtION. ...

Do you have family member with history of skin lesion or abraisions in the last
6months? Yes...... No.......

Do you know of family member with history of hospitalization in the last 6months?
Yes.... No...... If Yes, please specify
dUration.......cooeiiii
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APPENDIX II: Questionnaire to access information from pig farms

Date of visit (FDAT) (dd/mm/yy): Farm ID (FID)

DEPARTMENT OF VETERINARY PUBLIC HEALTH AND PREVENTIVE MEDICINE
AHMADU BELLO UNIVERSITY, ZARIA

1. QUESTIONNAIRE FOR THE FARM

Dear Respondent,
This questionnaire is designed as part of a scientific study of molecular epidemiological
studies on S. aureus isolated from pigs and in-contact humans in two Local Government
areas of Kogi State, Nigerian. Please, all information obtained will be treated strictly and
confidential and information provided would be solely for this purpose!
Thank you for your cooperation.
Otalu Otalu Jnr.
Name Of farm. . ... e
TOWN/VIILAZE. . ..o e e
LoCal GOVEIMMENT ATBA.......iuieiteti it e e
1. System of management practiced on the farm (FMAN):
(1)Intensive system
(2)Semi-Intensive system
2. Source of pigs (FPSORC)
(1)Locally sourced
(2)Bought from a commercial farm
(3)Others please specify

3. Noofpigsonfarm:..............cceviiiiiiiiinnnn, (FNUM)
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4. Source of feed (FFPSORC):

(1)Locally compounded

(2)Commercial

(3)Scavenge for feed

(4)Others please SPECITY. .. ouiiniit e

5. Inclusion of feed additives (FADD):
(1) Yes
(2) No
6. What type of additive is added? (FTADD):
(@ A4 1711 11 T PPN
(0211 511 1S3 21 T
(3)Antibiotics Please SPeCIfY......ivuiitiiti i
(4)Hormones
7. How do you obtain antibiotics? (FANT):

(1)Direct purchase

(2)Prescribed by a veterinarian
(3)Prescribed by Animal Health Officer
(4)Self prescription

8. We always start our pigs on antibiotic ................ beginning with the age of ......
9. Who adds the feed additive? (FWADD):
(1)Manufacturer
(2)Farmer
10. Source of drinking water (FWSORC):

(L)well

(2)Bore hole
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(3)Pipe borne
(4)Others please specify
11. How often do you clean your drinking and feeding troughs? (FCLN):
(1)Daily
(2)Weekly
(3)Others please specify
12. How often do you change your pen? (FPEN):
(1)Weekly
(2)Monthly

(3)Others please specify

14. How do you dispose dead pigs?

()Bury

(if)Feed to pets

(ii)Sell
15. Are there pests on the farm? (FPEST):

(1)No

(2)Y eS, Please SPECIIY . ...ttt e e
16. Are there other animals on the farm? (FANIM):

(1)No

(2)Y eS, Please SPECIIY . ...ttt e e
17. Nature of personnel on the farm (FPERSON):

(1)Permanent

(2)Casual
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19. What kind of personal protective equipment do the personnel use on the farm?
(FPEQIP):
(1)Overall
(2)Jump Suit
(3)Rain boot
(4)Nose mask
(5)Gloves
20. Do you practice “all in all out” system? (FINOUT):
(1)No
(2)Yes
21. Do you disinfect premises before bringing in new pigs? (FDIS):
(1)No
(2)Yes
22. Presence of footbath (FBATH):
(1)No
(2)Yes
Chemical content of footbath if known ...
23. Are visitors allowed into the farm? (FVISIT):
(1)No
(2)Yes
24. Do you keep any record of disease outbreak? (FDIS):
(1)No

(2)Yes
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If yes, please specify diseases recorded in the past three

25. What preventive and control measures do you take to reduce disease outbreaks?

(FPREV): oo e e,
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APPENDIX I11: Questionnaire to access information on pigs

Date of visit (FDAT) (dd/mm/yy): PIG ID (PID)

DEPARTMENT OF VETERINARY PUBLIC HEALTH AND PREVENTIVE MEDICINE

AHMADU BELLO UNIVERSITY, ZARIA

1. QUESTIONNAIRE ON PIGS

1. Breed of pig (PBREED):
(1)Local
(2)Improved/Foreign
(3)Cross
2. Ageofpiginmonths............covviiiiiiiiiiiiininn (PAGE)
3. Sex of pig (PSEX):
(1)Male
(2)Female
4. Were the pigs vaccinated against any disease and at what age? (PVAC):
SPECTEY VACCINE. ..ttt ettt et e e e e e e e et et e e
5. Who administered the vaccine? (PWVAC):
(1)Self
(2)Veterinarian

(3)Others Please SPECIIY....uiintiit e e
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