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Whole Genome Molecular Characterization of Methicillin
Resistant Staphylococcus aureus Isolated From Clinical Settings in
Lebanon

ABSTRACT

The high prevalence of multi-drug resistant Staphylococcus aureus, particularly the
Methicillin-Resistant S. aureus (MRSA), has become a worldwide health concern. In
this study, we used whole-genome sequencing, multi-locus Sequence Typing
(MLST), S. aureus protein A (spa), and Staphylococcal Chromosomal Cassette
(SCCmec) typing of MRSA and pan-genome analysis to study the molecular
characteristics, resistance patterns, and relatedness of the isolates. In silico typing was
used to determine the antimicrobial resistance and virulence determinants, rep
families, and prophages. All the studied isolates carried the blaZ gene, and most were
multi-drug resistant. Two MRSA isolates recovered from hospitalized patients were
additionally resistant to vancomycin. Seven distinct MLST allelic profiles were
identified, and the most common STs and spa types, respectively, were ST789 and
ST1and t091 and t127. SCCmec typing of MRSA revealed the prevalence of type
V(5C2). MRSA ST789-t091-V was the predominant type, but we also detected
SCCmec cassette harboring ccrA1B1 and mecC2, classified as SCCmec type IX(1C2).
Keywords: Staphylococcus aureus, WGS, MLST, SCCmec, spa, Lebanon.
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Chapter One
Introduction
1. Overview
Staphylococci were first discovered in 1880 in a puss from a surgical abscess by
surgeon Sir Alexander Ogston (Licitra, 2013). The name staphylococcus
originates from Staphyle and refers to a cluster of grapes and kokkos, which
means grain in Greek (Bhunia, 2008). Staphylococcus is gram-positive, nonmotile, non-spore forming (Gulzar & Zehra, 2018), and a catalase positive
facultative anaerobe (Bhunia, 2008; Missiakas & Schneewind, 2013).
Staphylococcus aureus is a widespread commensal pathogen colonizing nares,
axilla, perineum, skin, and other body sites in humans and livestock (Rai &
Khairnar, 2021), and can cause mild to severe infectious diseases including skin
infections, bacteremia, endocarditis, pneumonia, and food poising (Gnanamani,
2017). One of the risk factors for S. aureus infection is nasal carriage (Sakr et al.,
2019). The bacterium colonizes the anterior nares of approximately 15% of the
general population. The colonization rate can increase up to 80% in healthcare
workers, individuals using needles on regular basis, hospitalized and
immunocompromised patients (Taylor & Unkal, 2021). The recurrent antibiotic
resistance of the bacterium makes infections caused by S. aureus challenging to
treat, particularly infections caused by the clinically prevalent methicillin-resistant
S. aureus (MRSA) (Cheung, Bae, & Otto, 2021) that increases morbidity and the
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risk of mortality (Ippolito et al., 2010). With S. aureus being resistant to almost all
available antibiotics, vancomycin is the last resort for the treatment of MRSA
infections, however, vancomycin-resistant S. aureus (VRSA) isolates have also
emerged (Cheung, Bae, & Otto, 2021). In the 19th century, S. aureus was
recognized as an important pathogen due to the wide array of virulence
determinants, such as toxins, immune evasion factors, protein, and non-protein
factors (Cheung, Bae, & Otto, 2021).

2. Identification
Rapid and effective laboratory routine tests have been used for the identification
of S. aureus, such as the tube coagulase test (TCT) that is used to distinguish the
coagulase positive S. aureus from coagulase-negative staphylococci (CoNS)
(Fonsale et al., 2004). The free coagulase secreted S. aureus reacts with the
coagulase reacting factor in human/animal plasma forming staphylothrombin that
converts fibrinogen to fibrin leading after few hours of incubation to plasma
clotting (Lourdes & Kunha, 2018). Mannitol Salt Agar (MSA) and blood agar can
also be used for the isolation and identification of S. aureus. MSA contains 7.5%
NaCl which inhibits the growth of bacteria except S. aureus which is salt tolerant.
S. aureus also ferments mannitol producing yellow colonies on the medium. On
blood agar, however, the bacterium forms a clear halo surrounding the yellow
circular colonies, reflecting its hemolytic activity (Lourdes & Kunha, 2018).
DNase test can also be used and is performed by incubating the bacterium on
DNase agar containing an excess of acid (HCL) for 24 h at 37°C. Clear zones are
linked to S. aureus (Kateete et al., 2010).
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In addition to the classical phenotypic tests, molecular techniques offering higher
specificity and sensitivity were developed for the identification of S. aureus,
including multiplex real time polymerase chain reaction (PCR) and DNA
sequencing (Lourdes & Kunha, 2018). Based on a single base pair mismatch in
staphylococcal 16S rRNA gene, a PCR assay can be used to differentiate S.
aureus from other species (Li, Zhang, & Ji, 2016). To additionally detect MRSA,
a multiplex PCR assay targeting three genes (mecA, SCCmec-orfX, and
staphylococcal 16S rRNA genes) was developed (Kim et al., 2013). Finally, next
generation sequencing (NGS) is a cost-effective technique facilitating rapid whole
genome sequencing (Lourdes & Kunha, 2018).

3. Mobile Genetic Elements
Mobile genetic elements (MGE) are extrachromosomal DNA segments encoding
enzymes and proteins that play a major role in genome plasticity (Malachowa &
DeLeo, 2010). MGEs are mobile elements exchanged through horizontal gene
transfer (HGT) (Keeling & Palmer, 2008). There are three mechanisms mediating
the transfer of genetic material in bacteria: (1) Transformation (uptake of free
DNA from the environment) (Malachowa & DeLeo, 2010), (2) Transduction
where DNA is transferred from one cell to another through a bacteriophage
(Lindsay, 2014), and (3) conjugation where the transfer is mediated by sex pili
(Stömmer, 2021). MGEs constitute 25% of the staphylococcal genome (Alibayov
et al., 2014) and include plasmids, bacteriophages, insertion sequences (IS), and
staphylococcal cassette chromosomes (Malachowa & DeLeo, 2010).

3

3.1 Plasmids
Plasmids are transferred between bacterial cells through conjugation (Selimović et
al., 2007) carrying resistance determinants (Mukherjee et al., 2021). In S. aureus
plasmids were divided into three different classes. Class I plasmids are small
(1.3–4.6 kbp), multicopy (10–55 copies per cell) that mainly carry a single
resistant determinant. pT181, pC194, pSN2 and pE194 are examples on class I
plasmids (Alibayov et al., 2014). Class II plasmids are larger (15–46 kbp) but
exist in lower copy numbers (4–6 per cell), and carry penicillin, aminoglycoside,
and trimethoprim resistance determinants (Alibayov et al., 2014). pSK1 belongs
to this group and could confer resistance to aminoglycosides, tetracycline,
macrolides, and vancomycin (Haabeer et al., 2017), while pMW2, pSAS, pI147,
and pI258 mediate penicillin resistance (Olsen et al., 2006). Finally, plasmids of
class III, such as pGO1, pG0400, and pCRG1600, are the largest (30–60 kbp)
(Alibayov et al., 2014).
3.2 Bacteriophages
Phages carried by S. aureus encode a variety of virulence factors (Xia & Wolz,
2014), including superantigen encoding genes such as sea, seg, sek, sek, sep, seq
encoding several superantigens, lukF-PV and lukS-PV encoding the bi-component
cytotoxin Panton–Valentine leucocidin (PVL), and eta gene encoding the
Exfoliative Toxin A (ETA) (Deghorain & Melderan, 2012).
3.3 Insertion Sequences
Insertion sequences (IS) are mobile short DNA sequences that could carry
resistance genes and insert into different parts of the genome (Partridge et al.,
2018). IS insert themselves in chromosomes, plasmids, or in staphylococcal
4

cassette chromosome (SCCmec) (Foster, 2015). IS also carries a transposase
encoding gene that mediates mobility (Al-Ali, Hemeg, & Ozbak, 2014) Like IS,
transposons are mobile DNA but are larger in size and carry genes mediating
resistance and virulence (Williams, 2016).
3.4 Staphylococcal Cassette Chromosome
SCCmec is a large DNA fragment that inserts itself in the orfX gene on S. aureus
chromosome (Malachowa & DeLeo, 2010). It is detected in MRSA but not in
methicillin sensitive S. aureus (MSSA) (Alibayov et al., 2014). SCCmec elements
share three essential genetic components: (i) the mec gene complex composed of
methicillin resistance gene mec (mecA, mecB, or mecC) and its control elements
(mecR1 encoding transducer protein mecR1 and mecI encoding a repressor
protein), (ii) the gene complex consisting of site-specific recombinase genes
ccrA, ccrB, and ccrC that mediate the accurate integration of the SCCmec in the
chromosome, and (iii) the joining (J) regions bordering the mec and the ccr gene
complex (Turleg et al., 2011). SCCmec elements are classified into 13 distinctive
types (I to XIII) based on the type of mec and the ccr gene complex (Lakhundi
and Zhang, 2018), and are further classified into subtypes based on differences in
the J region (Liu et al., 2016). Advancements in whole-genome sequencing
(WGS) facilitated SCCmec typing and classification (Kaya et al., 2018).

4. Epidemiology
S. aureus is a pathogen of concern due to its resistance against multiple
antimicrobial agents and is commonly recovered from hospital and community
settings (Mehraj et al., 2016) (Lakhundi & Zhang, 2018). Penicillin resistant S.
aureus was first observed in the mid-1940s following the introduction and
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widespread use of penicillin (Chambers & DeLeo, 2009). Followed by the
emergence of methicillin resistant S. aureus (MRSA) (Turner et al., 2019), which
was linked to the acquisition of the staphylococcal cassette chromosome mec
(SCCmec) carrying the mecA gene (Lakhundi & Zhang, 2018). MRSA infections
were initially healthcare associated but then the community associated MRSA
(CA-MRSA) also emerged. CA-MRSA infections were detected in individuals
without prior exposure to a healthcare setting (Choo, 2017), such as prior
hospitalization, surgery, and presence of indwelling devices (Buck et al., 2005).
HA-MRSA is further distinguished from CA-MRSA by the type of harbored
SCCmec element. HA-MRSA harbor large SCCmec element, mainly of types I–
III, whereas the CA-MRSA isolates harbor smaller elements, particularly types IV
and V (Kong, Johnson, & Rizk, 2016). HA-MRSA isolates are commonly multidrug resistant, while CA-MRSA are more susceptible to antimicrobial agents
(Otto, 2013). Nonetheless, CA-MRSA have become increasingly prevalent in
hospital settings having a higher potential than HA-MRSA in transmission and
virulence (Choo, 2017). In Lebanon, 30% (39/132) of S. aureus isolates were
found to be MRSA, with SCCmec type IV being most prevalent (33/39; 85%). It
is worth noting that MRSA isolates carrying the SCCmec IV cassette were all
PVL positive, whereas 13% of the isolates harboring the SCCmec V cassette were
PVL-negative (Harastani, Araj, & Tokajian, 2014).

5. Typing
The high prevalence of MRSA infections, especially in intensive care units,
required the development of accurate and efficient methods to characterize
isolates and identify clones spreading within hospitals to facilitate and implement
6

effective infection control measures. Different DNA-based typing methods were
developed and used, such as, multilocus sequence typing (MLST), spa typing, and
the previously discussed SCCmec typing (Lakhundi and Zhang, 2018).
5.1 Multi-locus Sequence Typing
A typing method used to characterize S. aureus is multi-locus sequence typing
(MLST). MLST is a genotyping tool that involves the sequencing of seven
constitutively expressed housekeeping genes (Liu & Ji, 2020). The sequence type
(ST) is determined through the allelic assignment for each of the seven
housekeeping genes (Liu & Ji, 2020).
Since 2000, MLST has been used to genotype MSSA and MRSA isolates
(Saunders and Holmes, 2007). The seven housekeeping genes in S. aureus used
are carbamate kinase code (arcC), dehydrogenase shicimate (aroE), glycerol
kinase (glbf), guanylate kinase (gmk), acetyltransferase (pta), triosephosphate
isomerase (tpi), and acetyl coenzyme A (yqiL) (Lakhundi and Zhang, 2018). A
publicly available database then is used to assign an ST based on the allele’s
combination outcome (Lakhundi and Zhang, 2018). Bacterial isolates having the
same ST belong to the same genetic lineage, while those with even a single locus
difference would be classified as single-locus variants (SLVs) and those with two
as double-locus variants (DLVs) (Lakhundi and Zhang, 2018).
5.2 Spa Typing
In S. aureus, the spa gene codes for staphylococcal protein A, a preserved cell
wall protein. Spa is a virulence factor that can be secreted or expressed on the
surface (Pauli et al., 2014). spa typing is another approach that can be used along
with MLST (Lakhundi and Zhang, 2018). The spa gene is 2,150 bp in length and
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encodes for the Fc binding domain, the Xr domain, a short sequence–repeat
region, and the C-terminal region (Tang et al., 2000). The Xr domain consists of
variable number tandem repeats (VNTRs) (Votintseva et al., 2014), made up of
two to fifteen repetitive sequences exhibiting numerous polymorphisms due to
point mutations, deletions, duplications, and insertions (Lakhundi and Zhang,
2018). The pattern of repeats determines the spa type, with two isolates having
the same sequence and order of repeat units being genetically related (Lakhundi
and Zhang, 2018).
Using these typing methods, it was revealed that ST80-MRSA-IVc, spa type 44,
was the most prevalent MRSA in Lebanon (Tokajian et al., 2010).

6. Antibiotic Resistance
Antibiotics including sulfonamides, tetracyclines, quinolone, macrolides,
aminoglycosides, β-lactam antibiotics, and chloramphenicol are used as
antibacterial agents exhibiting a certain level of selective toxicity by interacting
with specific bacterial cellular targets (Burrowes et al., 2014). Mutations and
horizontal gene transfer in the specific cellular targets lead to resistance
(Burrowes et al., 2014). Antimicrobial resistance in S. aureus occurs through
different mechanisms including the modification of drug the target site, enzymatic
inactivation of the drug, and drug efflux pumps (Yilmaz & Aslantas, 2017).
6.1 Resistance against antimicrobial agents targeting the cell wall
6.1.1 β -lactam antibiotics: Penicillin and Methicillin
β-lactam antibiotics target the peptidoglycan layer of bacterial cell walls,
particularly peptidoglycan cross-linking enzymes involved in transpeptidation
reaction that bind to β-lactams through penicillin binding proteins (PBP), to
8

inhibit bacterial cell wall synthesis (Peakcock & Paterson, 2015). β-lactam
antibiotics such as penicillin and methicillin were successfully used in treating S.
aureus infections. However, resistance to penicillin emerged in the early 1940s
and was conferred by the blaZ gene encoding the extracellular enzyme βlactamase (McGuinness, Malachowa, & DeLeo, 2017), which is also known as
penicillinase. Penicillinase inactivates penicillin by hydrolyzing the β-lactam ring
(Pantosti, Sanchini &Monaco, 2007). The production of the enzyme is under the
control of a regulatory system composed of the genes blaR1and blaI found within
the bla locus. blaI gene encodes a repressor protein that inhibits blaZ gene
expression in the absence of a β-lactam. In the presence of a β-lactam, the blaR1
receptor is activated and facilitates the degradation of the repressor, allowing the
synthesis of β-lactamase to inactivate the antibiotic (Lautenschläger, Popp, &
Mascher, 2020). This was followed by the use of methicillin, with the first MRSA
case being detected in the UK and was initially limited to Europe (Lakhundi &
Zhang, 2018). By the 1980s, methicillin resistance was widespread (Lakhundi &
Zhang, 2018), and was conferred by the acquisition of staphylococcal cassette
chromosome (SCCmec), a MGE carrying the mecA gene that promotes the
synthesis of an altered form of PBP namely PBP2a. PBP2a has lower affinity to
β-lactams (Paterson, Harrison, & Holmes, 2014), and so cell wall synthesis
proceeds even in the presence of inhibitory concentrations of β-lactams (Paterson,
Harrison, & Holmes, 2014). The mecA gene, in turn, is under the control of two
regulatory genes mecI and mecR1 located within the mec operon and which is also
carried by the SCCmec (Turlej, Hryniewicz, &Empel, 2011).
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6.1.2 Glycopeptide Vancomycin
Vancomycin belongs to the glycopeptide class of antibiotics and is derived from
the organism Amycolatopsis orientalis (Hu, Peng, & Rao, 2016). The antibiotic is
bactericidal and inhibits peptidoglycan cell wall synthesis by binding to the
terminal D-alanyl-D-alanine (D-Ala–D-Ala) moieties of the peptidoglycan
precursor lipid II, leading to the decomposition of the cell wall and consequent
bacterial lysis (Cong, Yang, & Rao, 2020). Vancomycin remained one of the last
lines for treatment of MRSA infections (Niederhausern et al., 2011), until MRSA
isolates recovered in Japan exhibited reduced susceptibility in 1997 (Howden &
Johnson, 2010). The Clinical & Laboratory Standards Institute (CLSI) classified
the bacterium’s susceptibility to vancomycin into three categories based on MIC
breakpoints: vancomycin susceptible S. aureus (VSSA) has an MIC ≤ 2 μg/mL,
vancomycin intermediate-resistant S. aureus (VISA) has an MIC = 4–8 μg/mL,
and vancomycin-resistant S. aureus (VRSA) has an MIC ≥ 16 μg/mL (Machado et
al., 2021). It is worth noting that VISA strains acquire intermediate resistance due
to a number of introduced mutations (Gardete & Tomasz, 2014) and are
precursors for the hetero-resistant VISA (hVISA) (Nannini, Muray, & Arias,
2010). The hVISA phenotype occurs when S. aureus has a small subpopulation of
cells, 105 to 106 colony forming units (CFU), that can grow at vancomycin
concentration of ≥ 4 mg/mL, while the main population remains susceptible
(Nannini, Muray, & Arias, 2010). In 2002, MI-1, the first VRSA strain emerged
in USA and was isolated from the foot wound of a diabetic patient with MIC of
128 µg/mL (Hu, Peng, & Rao, 2016). The plasmid-mediated resistance was
acquired from a vancomycin-resistant Enterococcus faecalis
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(VRE) is conferred through transposon TN156 carried on plasmids (Gardete &
Tomasz, 2014) and having the vanA operon. vanA operon consists of vanA, vanH,
vanX, vanS, vanR, vanY, and vanZ genes (McGuinness, Malachowa, & DeLeo,
2017). Expression of the vanHAX genes is crucial for the vancomycin resistant
phenotype (McGuinness, Malachowa, & DeLeo, 2017), this gene cluster alters the
peptidoglycan precursor, D-Ala-D-Ala to D-Ala-D-Lac, thus significantly
reducing the drug affinity (Périchon & Courvilan, 2009). Upstream of vanHAX a
two-component regulatory system, vanRS, controls the expression of vanHAX and
vanSR gene clusters (Qureshi, Yin, & Vavra, 2014). In the presence of
vancomycin, the regulatory system activates its own promoter followed by the
activation of vanHAX promoter, the expression of which leads to an altered
peptidoglycan precursor and conferring vancomycin resistance (Qureshi, Yin, &
Vavra, 2014).
6.2 Resistance antibiotics that inhibit protein synthesis at the 30S subunit:
6.2.1 Tetracycline
Tetracycline is a bacteriostatic antibiotic that inhibits protein synthesis at the 30S
subunit by inhibiting the binding of tRNA to mRNA, thereby, halting bacterial
growth and replication (Shutter & Akhondi, 2021). Two mechanisms mediate
tetracycline resistance, the first is through efflux pumps tet(K) and tet(L), the
second is by ribosomal protection through tet(M) (Jensen & Lyon, 2009). Efflux
pumps are proteins localized in the membrane functioning as transporters that
facilitate pumping out toxins including antibiotics (Soto, 2013). The tet(K) and
tet(L) efflux pumps belong to the major facilitator superfamily (MFS) that are
MDR efflux pumps and predominate among S. aureus (Schindler, Jacinto, &
11

Kaatz, 2013). Tet(M) acts as a ribosomal protection protein that confer
tetracycline resistance (Munita & Arias, 2016). Tet(O) also mediates resistance
by competing with tetracycline on the same 30S ribosomal binding site (Li et al.,
2013).
6.2.2 Aminoglycosides
Introduced for clinical use in 1940, aminoglycosides are bactericidal antibiotics
that inhibit protein synthesis by binding to the bacterial ribosome, leading to
codon misreading and inhibition of translocation (Serio et al., 2017). S. aureus
confers aminoglycoside resistance through the inactivation of the drug by
aminoglycoside modifying enzymes (AMEs) (Perumal et al., 2016). AMEs are
highly mobile genetic elements that are acquired by pathogenic bacteria through
horizontal gene transfer (HGT) (Tsodikova & Labby, 2016). Aminoglycoside
nucleotidyltransferases (ANTs), aminoglycoside phosphotransferases (APHs),
and aminoglycoside acetyltransferases (AACs) are three classes of AMEs (Serio
et al., 2017). ANTs, AACs, and APHs mediate aminoglycoside resistance by
modifying the amino groups of aminoglycosides, preventing the drug from
binding to the ribosome and inhibiting protein synthesis (Jensen & Lyon, 2009).
Based on the position of the modified amino group of the susceptible
aminoglycoside, these classes are divided into subtypes. For example, APH (3’)
modifies the 3′-hydroxyl group of the drug (Serio et al., 2017). AAC (6')/APH
(2"), ANT (4')-I, and APH (3')-III are highly significant AMEs in S. aureus as
they mediate resistance to traditional aminoglycoside (Hauschild et al., 2008).
Gentamycin resistance is mediated by aacA-aphD encoded on transposon
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Tn4001, while that of neomycin by aphA encoded by Tn5405 or aadD carried by
plasmid pUB110 (Foster, 2017).
6.3 Resistance to antibiotics that inhibit protein synthesis at the 50S subunit:
6.3.1 Macrolide-lincosamide-streptogramin B (MLSb)
Macrolide-lincosamide-streptogramin B (MLSB) group of antibiotics that inhibit
protein synthesis at the 23S ribosomal bacterial subunit and are used for the
treatment of gram-positive infections, such as S. aureus (Durmaz et al., 2014).
Since the three classes of antibiotics have the same target site, genes conferring
resistance to one of the MLS antibiotics, would confer resistance to the others
(Cetin et al., 2008). In S. aureus, resistance can be constitutively expressed
(cMLS) when the isolates are resistant to all MLSB-type antibiotics, or inducibly
expressed (iMLS) is through macrolides (Cetin et al., 2008). Three distinct
mechanisms in S. aureus mediate MLSB resistance: (1) active efflux pump
encoded by msr gene (Khodabandeh et al., 2019), particularly mrsA and mrsB that
pump out macrolide and streptogramin B leading to an inducible MSB resistant
phenotype (Petinaki & Papagiannitsis, 2018) (2) drug inactivation encoded by the
lun gene (Khodabandeh et al., 2019), particularly lunA-F that mediate
lincosamide resistance (Pardo, 2020) (3) alteration of ribosomal binding site by
erm (ermA, ermB, ermC, and ermF) gene cluster, where ermA and ermC are of
particular significance in conferring the MLSB resistant phenotype (Khodabandeh
et al., 2019). The erm genes encode methylase enzyme that methylates the
A2058/A2059 residues in domain V of 23S rRNA, causing ribosomal
confirmational changes interfering as a result with the drug activity
(Vandendriessche et al., 2011).
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6.4 Antibiotics that target nucleic acid biosynthesis:
6.4.1 Fluoroquinolones:
Fluoroquinolones, derived from the quinolone family of antibiotics, inhibit
bacterial DNA synthesis (Dalhoff, 2012), and treat infections caused by resistant
bacteria (Redgrave et al., 2014). The antibiotic targets are: (1) GyrA and GyrB
which are DNA gyrases that introduce negative supercoils into DNA and (2) ParC
and ParE topoisomerase IV enzymes that catalyze staggered double-stranded
breaks in the DNA (Foster, 2017). In gram positive bacteria, such as S. aureus¸
ParC is more sensitive to fluoroquinolones and is the primary drug target (Foster,
2017). DNA gyrases are less sensitive, however, are the secondary targets of the
drug (Foster, 2017). Fluoroquinolones exert its bactericidal effect by forming a
ternary complex with Mg2+ and the primary target, preventing the release and
repair of the cleaved DNA with double stranded breaks (Foster, 2017). By the
mid-1990s, fluoroquinolone resistance became widespread (Dalhoff, 2012).
Resistance was mainly conferred through mutations in the quinolone-resistancedetermining-region (QRDR), particularly mutations in gyrA, gyrB, parC, and
parE genes (Al-Hashem et al., 2013), reducing the sensitivity and the binding
efficiency of the enzymes to fluroquinolones (Redgrave et al., 2014). Quinolone
resistance in S. aureus can also be conferred through the over expression of the
norA encoding the for an efflux pump (Al-Hashem et al., 2013).
6.5 S. aureus resistance patterns reported in Lebanon:
In Lebanon, multi-drug resistance was detected in MSSA and MRSA isolates.
MRSA with mecA subtypes II and III were found to be additionally resistant to
10-14 drugs, acquired confirming the association between nosocomial infections
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and multi-drug resistance (Tokajian et al., 2011). The prevalence of MRSA differs
depending on the site of detection and ranging between <20% to as high as 30%
(Chamoun et al., 2016). A cross sectional conducted in 2017, revealed that the
rate of resistance among S. aureus isolates was 31.8% (MDR 28.8% and
extensive-drug resistant (XDR) 3%). Resistance was highest against methicillin
(34.8%). Followed by erythromycin (31.8%), quinolones (25.8%), and
clindamycin (18.2%). Less resistance was detected against linezolid (1.5%) and
vancomycin (3%), and all isolates were susceptible to teicoplanin (Salloum et al.,
2020).

7. Virulence Factors
The pathogenicity of S. aureus stems from its ability to produce a wide array of
virulence factors, most of which are found on mobile genetic elements including
plasmids and prophages (Otto, 2013). Such virulence factors enable the bacterium
to promote the manipulation of the hosts immune response, increase its potential
to cause diseases, and ensure bacterial survival (Tam & Torres, 2019). Based on
their mechanism of action, virulence factors can be divided into secreted factors
or adherence factors (Otto, 2013).
7.1 Secreted Factors
When S. aureus infects the host, it secretes a variety of toxins, known as
exotoxins. Exotoxins include cytotoxins that promote lysis of host cell membrane
and superantigens (SAgs) that promote massive B and T cell proliferation (Tam &
Torres, 2019). Secreted cytotoxins target the protective lipid bilayer of
mammalian plasma membranes and are known as pore forming toxins (PFTs)
causing cell death by membrane disruption (DuMont &Torres, 2014). PFTs in S.
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aureus include α-toxin, γ-toxin, Panton Valentine leucocidin (PVL), and
leukocidin (LukED) (Otto, 2013; Bien et al., 2011). The α-toxin, encoded by hla,
interacts with the proteinaceous receptor ADAM-10 disrupting focal adhesions of
epithelial cells, and causing the loss of epithelial barrier function (Otto, 2013). γtoxin on the other hand, is a bicomponent toxin (consisting of HlgAB and HlgCB)
and exhibits hemolytic and cytotoxic activities (Mohan & Venugopal, 2013).
HlgAB and HlgCB interact with chemokine receptors to induce pore formation in
the cell membrane causing cell lysis (Spaan et al., 2014; Vandenesch et al., 2012).
Another bi-component toxin is PVL (consisting of LukF-PV and LukS-PV) that
inserts and oligomerizes in the membrane, (Bien et al., 2011), exerting its
cytolytic pore-forming activities (Lo & Wang, 2010). The LukE-LukD toxin is
also a bi-component PFT in S. aureus (Rasheed & Hussein, 2021). LukED has
cytolytic activity against leukocytes and selectively targets T-cell lines expressing
CCR5 (Sielie & Wardenburg, 2018). LukED was detected in >70% of clinical S.
aureus isolates (Alonzo et al., 2013). Like γ-toxin and PVL, LukED induces a
proinflammatory response in vivo (Alonzo & Torres, 2014) and contributes to
lethality in patients developing bacteremia (Yoong & Torres, 2014). S. aureus
secretes an additional group of exotoxins known as superantigens, which include
toxic shock syndrome toxin-1 (TSS-1) and staphylococcal enterotoxins (SEs)
(Bien et al., 2011). Toxic Shock Syndrome (TSS) is an acute systemic illness and
potentially a fatal disease marked by hypotension, fever, and desquamation of the
skin (Tam & Torres, 2019). It is caused by the 22-kD TSST-1, which stimulates
the production of cytokines such as IL-1, IL-2, TNF-a, among others (Otto, 2013).
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SEs, on the other hand, include SE A, B, C, D, E, G, H, I, R, and T and are the
causative agents for staphylococcal food poisoning (Xu & McCormick, 2012). SE
food poisoning causes an inflammatory response throughout the gastrointestinal
tract, as well as nausea, vomiting, abdominal discomfort, and diarrhea (Pinchuk et
al., 2010). Since S. aureus survives under a wide range of temperatures and pH
levels, a common source of SE outbreaks is inadequate refrigeration and mild
cooking of contaminated food (Pinchuk et al., 2010). Both TSST-1 and SEs result
in the activation of an excessive immune response in the host (Cheung et al.,
2021). A particularly interesting S. aureus exotoxin is the exfoliative toxin (ET)
causing staphylococcal scalded skin syndrome (SSSS) (Bukowski et al., 2010).
Early SSSS symptoms include fever, nausea, drowsiness, and lack of appetite.
These symptoms are preceded by an inflamed rash and the formation of
large fluid-filled blisters (Bukowski et al., 2010). Two isoforms were detected
namely ETA and ETB that mediate the cleavage of cell-cell adhesion in
keratinocytes (Koosha et al., 2013) and are directly linked to SSSS (Bien et al.,
2011).
7.2 Adherence Factors
Adherence factors enable the bacterial attachment to the host (Foster et al., 2014).
Adherence to the extracellular components of the host is mediated by microbial
surface interacting with the host matrix molecules. These proteins are referred to
as microbial surface components recognizing adhesive matrix molecules
(MSCRAMM) (Foster et al., 2014). Fibronectin binding proteins (FnBPA and
FnBPB), staphylococcal protein A (SpA), and clumping factor proteins (ClfA and
ClfB) are all examples on MSCRAMM (Speziale et al., 2009). Fibronectin (Fn)
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enables S. aureus to invade mammalian cells by forming a bridge between FnBPs
and the host α5β1 integrin receptor (Foster, 2016). FnBPA also promotes effective
microbe internalization by endothelial and epithelial cells (Linek, Hook, & Potts,
2006). Other MSCRAMM surface proteins include the ClfA and ClfB, which are
staphylococcal fibrinogen binding proteins that cause clumping in the host’s
blood plasma (Speziale et al., 2009). An additional surface protein, SpA, plays a
major role in the immune evasion mechanism of S. aureus. SpA binds to IgG and
depletes the host’s B cell repertoire enabling the bacterium’s attachment to skin
ligands (Lacey et al., 2016).
7.3 Virulence factors in S. aureus recovered from Lebanon
In Lebanon, exfoliative toxins were detected in MRSA and MSSA isolates, with
eta being more prevalent (11%) than etb (3%), with only 2% being positive for
both. The tsst, on the other hand, was only detected in MSSA recovered from
puss, abscess, septum, and blood. Enterotoxin genes were also prevalent among S.
aureus isolates, with sei being the most prevalent (59%), followed by seg and sea
(25%), sed (11%), seb (8%), sec (5%), and sej (1.5%) (Tokajian et al., 2010). lukPV was detected in 16-25% of S. aureus clinical isolates (Beyrouthy et al., 2013).

8. Biofilm Formation
To survive under unfavorable environmental conditions, some bacteria form
surface-associated multicellular communities, known as biofilms (Foulstone et al.,
2014). S. aureus is notorious for forming biofilms that increase the persistence
and proliferation of the pathogen on both biotic and abiotic surfaces (Sánchez &
López, 2018). Biofilm formation can be divided into three distinct stages (Lister
& Horswill, 2014). The first being attachment of bacterial cells to biotic or abiotic
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surface (Moormeier & Bales, 2017), which is mediated by MSCRAMMs (Chen et
al., 2019), followed by biofilm maturation. During maturation bacterial cells
secrete the extracellular matrix (ECM) composed of polysaccharides, proteins, or
extracellular DNA (eDNA) (Moormeier & Bales, 2017; Sánchez & López, 2018).
The final stage is bacterial dispersal associated with ECM degradation where cells
can move to distant sites and reconstruct biofilms (Moormeier & Bales, 2017).
Cells within the biofilm can interact with each other through quorum-sensing
(QS) (Parastan et al., 2020). The QS in S. aureus is regulated through the
accessory gene regulator or “agr” system (Kavanaugh & Horswill, 2016). The agr
operon is made up of two transcription units, RNAII and RNAIII, transcribed
from two divergent promoters P2 and P3, respectively (Tan et al., 2018). The P2
promoter drives the transcription of agrBDCA operon whose gene products (agrB,
agrD, agrC, and agrA) are involved in QS (Bronesky et al., 2016). The P3
promoter on the other hand, drives the transcription of the post-transcriptional
regulator RNAIII, which control the expression of multiple virulence factors (Tan
et al., 2018). To date, four major types of agr have been characterized (type I –
IV) (Jenul & Horsewill, 2018), with types II and III being directly linked to
biofilm producers (Tan et al., 2018).

9. Study Aims:
•

Determine the phenotypic antibiotic resistance profiles of the isolates
using antimicrobial susceptibility testing.

•

Investigate the presence of different resistance genes and virulence factors
in the isolates using in silico typing.
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•

Perform plasmid analysis and identify rep groups using in silco typing
tools.

•

Identify mutations in genes associated with quinolone and fosfomycin
resistance in quinolone and fosfomycin-resistant isolates.

•

Identify MLST, spa, and agr type for each S. aureus strain using in silico
typing methods.

•

Identify SCCmec type and construct SCCmec elements using in silico
typing methods.

•

Investigate differences in phage content between S. aureus isolates using
PHASTER annotation tools.

•

Use genome sequence data to construct a genome-based phylogeny.

•

Perform comparative analysis between different strains of S. aureus.
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Chapter Two
Materials and Methods
1. Bacterial Isolates
A total of 20 non-duplicate S. aureus isolates were collected throughout 2020
from the Makassed General Hospital and were designated as SAT1 to SAT20. All
the isolates were confirmed as S. aureus by further growing them on Mannitol
Salt Agar (MSA) (Table 1).

Table 1: Site of isolation for all S. aureus undertaken in this study.

2. DNA Extraction
All isolates were cultured for 24 h in tryptic soy broth (TSB), and DNA was
isolated according to the manufacturer's instructions using the Nucleospin®
Tissue Kit. Genomic DNA was kept at -20°C.

3. Antibiotic Susceptibility
The Kirby-Bauer disk diffusion assay was used for antimicrobial phenotypic
analysis. The turbidity of bacterial-saline suspensions was calibrated to meet that
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of the 0.5 McFarland standard, before being plated on Mueller-Hinton agar for 24
h at 37°C. Twelve different antibiotics representing nine different classes were
used for antimicrobial resistance determination and included: Methicillin,
penicillin, vancomycin, amikacin, cefoxitin, ciprofloxacin, clindamycin,
erythromycin, fusidic acid, gentamicin, trimethoprim, and tetracycline. Results
were interpreted following CLSI guidelines (CLSI, 2020) (Table 2).

Table 2: Antibiotic zone of inhibition (mm) according to the standards set by
CLSI (2020).

4. Biofilm Assay:
The inclination of S. aureus isolates to form biofilms was tested using a microtiter
plate assay. The assay was conducted following Stepanovic et al. (2007). S.
aureus were grown for 18.5 h at 37 °C in 5 mL TSB. After that, 50 mL from each
culture was transferred to fresh 5 mL TSB containing 1% glucose to achieve a
1:100 dilution. These suspensions were then divided into aliquots (200 μL) and
pipetted in 96-well plates; three wells/isolate and six wells used as negative
control.
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Plates were incubated for 24 h at 37°C. To extract non-adherent cells, the wells
were decanted and washed three times with 300 μL phosphate-buffered saline
(PBS). After heat fixing at 60°C for 60 min, 150 μL of methanol was added and
left for 20 min. The microtiter plates were then emptied by simple flicking and
left to air dry overnight in an inverted position at room temperature. Afterward,
150 μL 2% crystal violet was added for 15 min. The excess dye was then removed
by washing. Following air drying, 150 μL of 95% ethanol was added to the wells.
Using a microtiter-plate reader, (ThermoScientific, Waltham, MA, USA), the OD
of the wells was measured at 570 nm. The cut-off (ODc) value was calculated
following the scoring matrix in Table 3.

Table 3: Biofilm scoring matrix.

5. Multiplex PCR Assay
A multiplex PCR was performed for the detection of S. aureus 16S RNA, mecA
and PVL. The following primers were used: Staph756F and Staph750R for the
16S RNA amplification, Luk-PV-1 forward and Luk-PV-2 reverse were used for
the detection of lukS-PV/lukF-PV genes, and primers MecA1 forward and MecA2
reverse for the detection of the mecA gene (McClure et al., 2006). The PCR
amplification was done using 4 ng/uL DNA in a total volume of 25 µL using 0.2

23

mM dNTPs, 1.6x Taq buffer, 1.5 mM MgCl2, 0.2 µM of the Staph750F primer,
0.2 µM of the Staph 750R primer, 0.4 mM F Luk-PV-1 primer, 0.4 mM R LukPV-2 primer, 0.4 mM F MecA1 primer, 0.4 mM R MecA2 and 2 U DreamTaq
polymerase (ThermoScientific, Waltham, MA, USA). The thermal cycling
protocol was as follows: 5 min at 94 °C for initial denaturation, 10 cycles of 3
steps consisting of 45 s at 94 °C (denaturation temperature), 45 s at 55 °C
(annealing temperature), 1.15 min at 72°C (elongation temperature), and 25
cycles of 3 steps consisting of 45 s at 94 °C (denaturation temperature), 45 s at 50
°C (annealing temperature), 1.15 min at 72°C (elongation temperature). The DNA
fragments were resolved in a 1.5% agarose gel with 1X Tris-Acetic Acid-EDTA
(TAE) buffer ((Bio-Rad, Hercules, CA) at 80 V for 30 mins and were visualized
with ethidium bromide.

6. Whole Genome Sequencing and data analysis
6.1 Whole Genome Sequencing and Assembly
Whole-genome sequencing was performed for 10 isolates: SAT1, SAT2, SAT3,
SAT4, SAT5, SAT6, SAT7, SAT9, SAT10, and SAT13. Genomic libraries were
constructed using the Nextera XT DNA library preparation kit with dual indexing
(Illumina). The libraries were sequenced on an Illumina MiSeq with 250 bp x 2
read length. Genome assembly was performed de novo using Spades Genome
Assembler Version 3.6.0 (Bankevich et al., 2012). Reads were trimmed using
Trimmomatic v0.38 (Bolger, Lohse, & Usadel, 2014). Quality control checks on
the obtained raw sequence data was performed using FastQC version 0.11.5
(Andrews 2010).
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6.2 Whole Genome Analysis
in silico analysis was performed to extract resistance and virulence determinants,
conduct MLST and spa typing, and for the detection of mobile genetic elements
(MGEs). The RAST server was used for annotation and to simulate subsystems in
the genome. The Center for Genomic Epidemiology's website and ResFinder were
used for the identification of different antimicrobial resistance determinants. The
Comprehensive Antibiotic Resistance Database (CARD) was used for the
detection of resistance mechanisms of the gene conferring resistance to each
antimicrobial drug. The presence of putative virulence factors (VFs) was assessed
using VirulenceFinder 2.0 (Joensen et al, 2014). The agr types were determined
in silico using BLASTn MLST for each isolate was determined in silico by
mapping the high throughput sequencing data to the online database on the CGE
MLST 2.0 server (Larsen et al., 2012). Sccmec typing was performed using
SCCmecFinder 1.2. RAST server and Blastn were used to construct SCCmec
element of SAT3, SAT4, SAT5, SAT6, SAT7, SAT9, SAT10, and SAT13. The
presence of plasmids in the genomic sequences was determined using
PlasmidFinder 2.1 (Carattoli et al., 2014). Contigs belonging to plasmids were
aligned to references obtained from the NCBI database using BLASTn. The
Phage Search Tool Enhanced Release (PHASTER) was used for the identification
of phages (Zhou et al., 2011; Arndt et al., 2016).
6.3 Comparative Genome Analysis
Proksee, an expert system for genome assembly, annotation, and visualization,
was used for genome comparison and to construct a circular representation of
plasmids (Petkau et al., 2010).
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6.4 Pan-genome and recombination analysis
Genomes were annotated using Prokka version 1.13. with a similarity cutoff evalue 10−6 and a minimum contig size of 200 bp (Seemann 2014). Annotated
GFF3 files were piped into Roary version 3.12.0. choosing a minimum blastp
identity of 95 and core gene prevalence in all the isolates (Page et al., 2015). A
maximum-likelihood phylogenetic tree based on the core genome alignment was
constructed using FastTree 2 (Price et al., 2010). Recombination events in the
core genes were assessed by Gubbins version 2.2.1 and a maximum-likelihood
tree was generated using RAxML (Croucher et al., 2015). The reference genome
used (GenBank accession no. CP030479.1) was obtained from NCBI based on
sequence similarity with the studied genomes. The resulting phylogenetic tree
along with the pan-genome fingerprints of the isolates, core genome SNPs, and
recombination hotspots were visualized on Phandango V 1.1.0 (Hadfield et al.,
2018).
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Chapter Three
Results
1. Antibiotic susceptibility of Staphylococcus aureus isolates
All S. aureus isolates were tested for their susceptibility against a panel of 12
antibiotics covering nine classes that included β -lactams, aminoglycosides,
macrolides/lincosamides, fluoroquinolones, tetracyclines, glycopeptide, fusidic
acid, antifolate, and cephalosporins (Table 4).

All the isolates (n=20/20) were resistant to penicillin, followed by resistance to
methicillin and cefoxitin (n=18/20), fusidic acid (n= 15/20), and tetracycline
(n=13/20). Amikacin, ciprofloxacin, and trimethoprim resistance was detected in
eight (n=8/20) of the isolates. This was followed by resistance to erythromycin
(n=7/20), gentamycin (n=6/20), and clindamycin (n=3/20) with one isolate
showing intermediate resistance to clindamycin. Interestingly, most (n=18/20) of
the isolates were multidrug-resistant (MDR) for showing resistance to one or
more agents within three or more antimicrobial classes (Magiorakos et al., 2012).
We also detected vancomycin resistance in two isolates namely being SAT14 and
SAT15. The results of antimicrobial susceptibility test are summarized in Table 4.
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Table 4: Antibiotic susceptibility testing results against 12 antimicrobial
agents representing 9 different classes, including: methicillin, penicillin,
vancomycin, amikacin, cefoxitin, ciprofloxacin, clindamycin, erythromycin,
fusidic acid, gentamicin, trimethoprim, and tetracycline.

2. Resistance Determinants
The antibiotic susceptibility testing results were further confirmed in silico using
CARD and ResFinder v1.2. We were able to detect 19 different genes that confer
resistance to the different tested antimicrobial agents including β -lactams,
fosfomycin, trimethoprim, aminoglycosides, macrolides, lincosamides, steroids,
tetracycline, and amphenicol (Table 5).
The gene conferring resistance to penicillin, blaZ, was detected in all the isolates.
Out of the 10 whole-genome sequenced isolates, eight (n=8/10) carried the mecA
gene encoding methicillin resistance. SAT1 and SAT2 were the only methicillin
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sensitive isolates, and hence did not carry the mecA gene. Among the six WGS
isolates (SAT3, SAT4, SAT5, SAT6, SAT7, and SAT13) that carried one or more
genes conferring resistance to aminoglycosides, one was positive for aad(6)-Ia and
ant (4')-lb, five for aph(3')-IIIa and ant(6)-la, and four isolates had the aac(6')-leaph(2'')-la. Additionally, we looked for the genes mediating resistance to
macrolides/lincosamides and detected erm(C) in SAT5. Two gene mediating
resistance to trimethoprim was also detected, accordingly, three isolates (SAT3,
SAT6, and SAT13) carried the dfrG gene and two isolates (SAT5 and SAT9)
carried dfrC gene. Four different genes coding for tetracycline resistance (tet45,
tetL, tetK, and tetM) were detected in 50% of the WGS isolates (SAT3, SAT6,
SAT7, SAT9, and SAT13), with tetK and tetL being the most common (2/10; 20%).
Remarkably, only SAT9 expressed the gene fexA coding for amphenicol resistance.
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Table 5: Types and distribution of resistance determinants and plasmid typing
results. in silico analysis was done using CARD and ResFinder v1.2, while
plasmid rep typing was done in silico using PlasmidFinder 1.3.

Moreover, mutations in the quinolone resistance determining region (QRDR), gyrA
and parC, were detected in four of the isolates. The two most common mutations
were S84L and S80F found in gyrA and parC, respectively. One other distinct
mutation was found in glpT gene mediating Fosfomycin resistance, but only in
SAT2The latter mutation led to an amino acid substitution at position 100 (A100V)
in the target gene (Table 6).
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Table 6: Mutations that confer resistance to fluoroquinolones and fosfomycin
found in the quinolone resistance determining regions (QRDR) and Glpt,
respectively.

Also, using CARD, we were able to characterize the different types of drug efflux
pumps in the 10 WGS S. aureus isolates (Table 7). The predominant drug efflux
pumps belonged to MFS, followed by ATP-binding cassette (ABC) pump,
multidrug and toxic compound extrusion (MATE) pump, and small multidrug
resistance (SMR) pump. The prominent substrate for each efflux pump is found in
Table 7.
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Table 7: Drug efflux pumps in S. aureus.

3. Rep Families
Screening for plasmids content was done by using PlasmidFinder tool (Carattoli et
al. 2014). All 10 sequenced genomes carried plasmid. We detected eight rep types,
including: rep5, rep7, rep10, rep16, rep19, rep20, rep22, and repUS43. RepUS43
only detected in SAT9 (Table 5).
rep16 was the most common detected in eight isolates. Rep16 plasmids were
aligned with 98.97% similarity to the reference plasmid p08-028 (NCBI accession
no. CP045436.1) (Figure 1).
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Figure 1: Circular map of the plasmid replicon gene rep16 in 8 isolates of S.
aureus constructed against p08-028 (accession no. CP045436.1) using Proksee.
Reference plasmid p08-028 accession was constructed according to other
reference plasmids obtained from NCBI database HUV05-03 (accession no.
CP007679.1), pAR_475 (accession no. CP030324.1), p07-059 (accession no.
CP045440.1), and p18809-P04 (accession no. CP002146.1). Resistance
determinants are shown in red.

4. MLST, spa and SCCmec Typing
4.1 MLST and spa Typing
in silico MLST analysis was performed based on seven housekeeping genes
(arcC, aroE, glpF, gmk, pta, tpi and yqiL). For each isolate, the sequences
obtained at each of the seven loci are assigned to an allele number based on the
detected sequence, and isolates sharing the same allelic profile (or sequence type)
are considered members of the same clone. As a result, seven different STs were
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detected (Table 8). ST789 was the most common type (30%; 3/10), followed by
ST1 (20%; 2/10), ST5 (10%; 1/10), ST6 (10%; 1/10), ST7 (10%; 1/10), ST22
(10%; 1/10), and ST25 (10%; 1/10).
We also detected six different spa types (Table 8) with spa t091 being the most
common, followed by t127 (20%; 2/10), and the remaining, t304, t688, t852, t081,
were only detected once (10%; 1/10). Combining the MLST and spa typing
results revealed that the common types were ST789-t091 (30%; 3/10), ST1-t127
(20%; 2/10), ST25-t081 (10%; 1/10), ST22-t852 (10%; 1/10), ST5-T688 (10%;
1/10), ST7-T091 (10%; 1/10), and ST6-T304 (10%; 1/10), with the ST1 being
linked to spa t127 (100%; 2/2), and ST789 to spa t091 (75%; 3/4).

Table 8: Overview of S. aureus ST and spa types.

4.2 SCCmec typing
SCCmecFinder was used to determine the type of the cassette in the 8 MRSA
isolates. Typing of the mec cassette revealed the presence of SCCmec type
V(5C2) (3/8 isolates), SCCmec type IV(2B) (2/8 isolates) SCCmec type IX(1C2)
(2/8 isolates), and only one (SAT9) had SCCmec type VI(4B) (Figure 2).
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SCCmec type IV(2B) cassette distinguished by having mecR1, mecA, IS1272, ccrA
and ccrB, was detected in SAT5 and SAT10 showing complete sequence similarity
to mecA and mecR1. The ccr gene complex (ccrA and ccrB) in SAT5 and SAT10
aligned with the reference sequence (GenBank: AB425824) and were ccrA2 and
ccrB2 (Figure 2A).
When compared to the SCCmec type V(5C2) elements in the reference genome of
MRSA JCSC3624 (Genbank: AB121219.1), all three isolates (SAT3, SAT6, and
SAT13) were aligned to the reference mecA gene and the IS431 sequence that are
linked to SCCmec typeV(5C2). Two isolates (SAT3 and SAT6), on the other hand,
carried ccr gene complex ccrC1, while SAT13 had another ccr gene complex
namely being class 5 (ccrB1) (Figure 2B).
Moreover, SCCmec type VI (4B) cassette having mecA, IS1272, ccrA4 and ccrB4,
was only detected in SAT9, and showing complete sequence similarity (Figure 2C).
SCCmec type IX(1C2) cassette recognized by having mecA, ccrA, ccrB, ccrC, and
cad operon, was detected in both SAT4 and SAT7 and showing complete sequence
similarity. The ccr and mec gene complex in SAT4 and SAT7 were ccrA1B1 and
mecC2, respectively (Figure 2D).
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Figure 2: A) Comparison of the SCCmec elements of the MRSA isolates in
this study carrying SCCmec type IV(2B) with that of a reference MRSA
isolate C05 (GenBank: AB425824). B) Comparison of the SCCmec elements
of MRSA isolates that carried SCCmec typeV(5C2) with that of a reference
MRSA isolates WIS (GenBank: AB121219). C) Comparison of the SCCmec
elements of MRSA isolates that carried SCCmec type VI(4B) with that of a
reference MRSA isolates WIS (GenBank:AF411935). D) Comparison of the
SCCmec elements of MRSA isolates that carried SCCmec type IX(1C2) with
that of a reference MRSA isolates WIS (GenBank: AB505628). The colors
and arrows indicate the gene and transcription direction.

Finally, combining the MLST, spa, and mec type revealed the following
distributions: ST789-t091-V (3/8), ST1-t127-IX (2/8), ST5-t088-VI (1/8), ST22t852- IV (1/8), and ST6-t852-VI (1/8). The PVL gene was only detected in SAT5
(ST22-t852- IV) (Table 9).
Table 9: Overview of representative MRSA and MSSA spa types and their
corresponding MLST clone.
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5. Comparative Genomics
A circular map to compare the 10 WGS S. aureus genomes was generated using
Proksee. In general, isolates were closely related and shared high sequence
similarity. Particularly those with the same ST and spa-type. SAT3, SAT6, and
SAT13 typed as ST789-t091 appear in Figure 3 as green rings, while SAT4 and
SAT7 typed as ST1-t127 as yellow rings. The common gene content between the
isolates is shown around the map in blue and red.

Figure 3: Genome based characterization of the 10 S. aureus sequenced isolates using
Proksee. Isolates were grouped according to their STs. Different ring colors represent
different STs. The GC content is shown in black. The negative GC deviation is shown
in purple whereas the positive GC deviation in green. The circular map was labeled
with the predicted common genes between isolates. SAT1 was used as the reference
genome.
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6. agr Typing and Biofilm Formation
Using Blast, we determined the agr types. agr type I was the most common
(7/10), followed by agr type III (2/10), and agrII was only detected in SAT9
(Table 12). Biofilm formation was determined using a qualitative assay. Majority
of the isolates (12/20) had the potential to be engaged in biofilm formation as
shown in Table 10.
Table 10: Biofilm production and agr type of S. aureus isolates. A scale
of 1-3 was set for the isolates biofilm production ability, with 1 for weak
biofilm production, 2 for moderate biofilm production and 3 for strong
biofilm production.
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7. Virulence Genes
We screened for the presence/absence of 26 virulence factors (VFs), including:
Panton-Valentine leukocidin (pvl), staphylococcal enterotoxin genes (entA, entB,
entC, entH, entG and entD), the exfoliative toxin genes (eta, etb), hemolysin
genes (hla, hlb), adhesion factor genes (fnbA, clfA and clfB) as well as proteases
and the immune evasion gene scn. Screening was done in silico using the
VirulenceFinder 2.0 available on CGE and RAST (Joensen et al. 2014) (Table
11).
clfA and clfB were present in SAT4, SAT5, and SAT6, with FnBA only present in
SAT4. Interestingly, all these isolates showed moderate to strong potential to
engage in biofilm production. All ten sequenced genomes harbored at least one of
the fourteen staphylococcal enterotoxin (SE) genes. The gene sep was the most
prevalent SE gene (5/10 isolates) and was detected in all three MRSA ST789-t091
isolates. A common enterotoxin gene profile, namely sea-seh-sek-seq, was
observed among SAT4 and SAT7 isolates. Interestingly, SAT5 was the only
lukS/lukF-PV positive isolate and had the full egc cluster genes (seg, sem, sen, seo
and seu).
All MSSA and MRSA isolates carried genes hlgA, hlgB, and hlgC encoding
hemolysin pore forming toxin. The majority of S. aureus isolated carried lukE and
lukD gene, except for SAT5 that was PVL positive as mentioned previously.
MRSA ST25-t081 (SAT2) was the only isolate positive for the exotoxin gene
edinB.
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Table 11: Virulence factors detected in silico using CGE and RAST.

8. Phages
Using PHASTER annotation tool, differences in the phage content between the
isolates were determined. In total, 12 different intact phages were identified
(Table 12).
Staphylococcus phage phiN315 (accession no. NC_004740), phiJB (accession
no. NC_028669), YMC/09/04/R1988 (accession no. NC_022758), 88 (accession
no. NC_007063), and JSO1 (accession no. NC_021773) were the most common,
each being detected in two isolates. SAT3 and SAT6 (ST789-t091) both had
phage phiN315, while SAT13 (ST789-091) had YMC/09/04/R1988 along with
SAT3. On the other hand, phage JS01 was found in ST1-t127 isolates (SAT4 and
SAT7). It mainly carried genes coding for phage proteins, hypothetical proteins,
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Maximum likelihood tree (Figure 4) based on the pan-genome analysis of the
coding regions in S. aureus showed the clustering of the isolates having the same
MLST type (ST-1, ST-25, ST-6, ST-789, ST-5 and ST-22).

Figure 4: Presence/Absence matrix with its associated maximum likelihood
phylogenetic tree based on pan genome analysis of coding regions in S. aureus
isolates.

9.2 Recombination Analysis
Gubbins (Genealogies Unbiased by Recombinations in Nucleotide Sequences)
was used to assess recombination events in S. aureus. Gubbins is an algorithm
that allows for a comprehensive understanding and reconstruction of evolutionary
history and relatedness of numerous bacterial isolates, by identifying loci with
elevated densities of base substitutions and generating a phylogeny based on
putative point mutations outside of these regions (Croucher et al., 2014).
Accordingly, the maximum-likelihood phylogenetic tree was constructed based
on the alignment of core genome SNPs using RAxML, a rapid and accurate
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algorithm for generating phylogenies (Croucher et al., 2014). Phandango was then
used to visualize recombination hotspots. The acquired phylogenetic tree displays
regional recombination hotspots by red vertical lines, meanwhile, blue vertical
lines display unique core genome SNPs. The highly recombinant regions were
then identified using BLASTn search, and accordingly, these regions (A to E;
Figure 5) were mainly associated with proteins involved in several biochemical
processes and virulence gene regulation. These proteins are summarized in Table
13.

Figure 5: Recombination hotspots in the maximum likelihood phylogenetic tree
constructed by PHANDANGO.
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Chapter Four
Discussion
S. aureus is a widespread pathogen and the causative agent of nosocomial and
community-associated infectious diseases (Gnanamani, Hariharan, & Satyaseela,
2017). S. aureus expresses a wide range of virulence factors that enable it to
evade the immune system and promote damage to host cells (Turner et al., 2019).
It has become a challenging pathogen to treat due to multi-drug resistance
(Gnanamani et al., 2017), particularly MRSA which is highly prevalent in
Lebanon (30% to 72%) (Harastani et al., 2014; Tokajian et al., 2010).
Accordingly, we conducted a whole genome-based molecular characterization of
S. aureus isolates recovered from clinical settings in Lebanon.
In this study, eighteen out of the total twenty isolates recovered were MRSA. The
eighteen MRSA isolates were multi-drug resistant. MRSA isolates showed more
resistance than MSSA to aminoglycosides, macrolides, cephalosporins,
ciprofloxacin, and fusidic acid. These results are in line with previous studies with
MRSA being resistant to a larger number of tested antimicrobial agents (Gurung
et al., 2020; Oydanich et al., 2017).
Out of the total twenty isolates recovered in this study, ten isolates (SAT1, SAT2,
SAT3, SAT4, SAT5, SAT6, SAT7, SAT9, SAT10, and SAT13) were whole
genome sequenced. SAT1 and SAT2 were the only MSSA isolates. Among the
eight WGS MRSA isolates, three were typed as ST789, two as ST1, with the
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remaining being ST22, ST6, and ST5. Previous studies have reported the
prevalence of ST80-MRSA in Lebanon and the Middle East (Tokajian, 2014;
Khalil, Hashwa, Shihabi, & Tokajian, 2012), whereas a more recent study by
Mairi et al. (2020) showed the declining prevalence of MRSA-ST80 in many
countries worldwide, particularly Europe and Middle East. MRSA-ST789 was the
dominant detected type in this study, and which is a single locus variant of ST7
commonly found in Asia (Song et al., 2013). MSSA-ST789 was previously
detected in Lebanon (Harastini et al., 2014), MRSA-ST789 from hospital settings
in Ghana (Egyir et al., 2014), and from frozen/imported chicken in Abeokuta
(Ogundipe et al., 2020). MRSA-ST22 on the other hand, is another common clone
in Palestine and Istanbul (Al Laham et al., 2015; Oskuz et al., 2013), like MRSAST5 which was also among the detected clones in Istanbul and Oman (Udo et al.,
2014; Oskuz et al., 2013).
Aminoglycosides are broad spectrum antibiotics and are particularly potent
against infections caused by S. aureus. The activity of the drug is enhanced
through synergy when combined with antimicrobial agents from different classes,
such as ß-lactams or glycopeptides (Krause et al., 2016). Aminoglycoside
resistance is mainly conferred by aminoglycoside modifying enzymes (AMEs),
including aminoglycoside phosphotransferase (APH), acetyltransferase (AAC),
adenylyltransferase (AAD), and nucleotidyltransferase (ANT) (Seyedi-Marghaki
et al., 2019). AMEs mediate resistance from modifying aminoglycosides such as,
gentamicin, amikacin, and kanamycin (Krause et al., 2016). Resistance to
aminoglycosides is common in Middle Eastern countries, and especially among
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MRSA (Khosravi, Jenabi, & Montazeri, 2017; Mahdiyoun et al., 2016; Askar,
Badawi, & Hammad, 2016). We also detected, similar to previous studies
(Tokajian et al., 2011), resistance towards gentamicin. Resistance in our study
could be linked to five genes aad (6)-Ia, aph(3')-IIIa, aac(6')-le-aph(2'')-la, ant
(4')-lb, and ant(6)-la. Khosravi et al. (2017) showed similar findings in MRSA
isolates from Iran, where aac(6′)-aph(2″) and aph(3′)-IIIa were the most
frequently detected aminoglycoside resistant determinants.
The emergence of fusidic acid (FA) resistance in S. aureus (FRSA) has become a
public health concern in many countries. The genetic basis of FA resistance in S.
aureus is through acquiring fusB /fusC or mutations in fusA and fusE genes. All
MRSA isolates in this study were resistant to FA, which agreed with the situation
in Greece (62.4%) (Castanheira et al., 2010). ST1 and ST5 were among the FA
resistant MRSA isolates, which was also the case in China and New Zeeland,
where the predominant FA resistant MRSA isolates belonged to ST5 and ST1,
respectively (Zhao et al., 2021; Carter et al., 2018). It is noteworthy that the
prevalence of FA resistance in Asia is 1.2 folds higher than Europe, while the
prevalence of FRMRSA in Asia is almost the same as in Africa and America and
1.57 to 2.72-fold higher than Europe (Hajikhani et al., 2021). The alarming
increase of MRSA resistance to FA highlights the need for infection control
efforts and calls for appropriate measures to be taken to control the widespread
use of this antibiotic.
Fluoroquinolone resistance in S. aureus has mainly been attributed to mutations
occurring in quinolone-resistance-determining-region (QRDR). In this study, we
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detected two mutations S84L and S80F in four MRSA isolates, conferring
quinolone resistance in gyrA and parC, respectively. The common S84L and
S80F mutations in QRDR were mainly seen in ST789 isolates (3/4). On the other
hand, most of our MRSA isolates were ciprofloxacin resistant. Ciprofloxacin
resistance in the USA and Korea was also >70% among MRSA isolates (Flamm
et al., 2012; Kim et al., 2011). We detected NorA efflux pump, linked to
ciprofloxacin resistance in S. aureus isolates (Papkou et al., 2020), and which
agreed with the data reported from Iran by Zahmatkesh et al. (2016) and Baghdad
by Al-Marjani et al. (2015).
Another distinct mutation was A100V, in glpT also conferring resistance to
fosfomycin. The mutation was detected in one MSSA ST25 isolate.
On the other hand, resistance to vancomycin is becoming a global crisis, with
VRSA being detected in Africa (16%), Asia (5%), Europe (1%), North America
(4%), and South America (3%). The high prevalence of VRSA was also seen in
Iran, India, Nigeria, Saudi Arabia, and Egypt (Wu et al., 2021). To our knowledge
this is the first report of vancomycin resistant MRSA from Lebanon.
We further analyzed the SCCmec cassette in the MRSA isolates and detected four
different types, with the most common type being type V(5C2), and which was
higher than previous reports in Lebanon (Harastani et al. 2014; Tokajian et al.
2010). MRSA isolates carrying SCCmec type V were also PVL-negative, and this
was consistent with several studies conducted in Lebanon and elsewhere
(Tokajian et al., 2010; Kikuta et al., 2011; Harastani et al., 2014).
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Two other SCCmec types, SCCmec type IV(2B) and SCCmec type IX(1C2), were
also detected. SCCmec type IV (2B) showed high sequence similarity to the
reference type IV(2B) (GenBank: AB425824), but also carried hsdR gene
encoding restriction modification system and transposase IS431.
Moreover, MRSA harboring SCCmec type IX (1C2) carried ccrA1B1 and mecC2
and was in line with other reports (Vestergaard et al., 2012; Rongsanam et al.,
2020). The J1 region in type IX SCCmec contained a cadDX operon, a copZ gene,
and an arsenate resistance determinant (arsR and arsB). This element was first
identified in Thailand (Li et al.,2011).
It is noteworthy, that one of the studied isolates (SAT9) had the type VI (4B)
SCCmec element, characterized by ccrAB4, and harbored genes encoding
restriction modification system (hsdR and hsdM). Consistent with Senok et al.
(2019), SAT9 harbored fusC gene conferring resistance to FA. SCCmec IV has
emerged recently in Kuwait, Riyadh, Dubai, and UAE (Boswihi et al., 2018;
Sinok et al., 2019).
We had six different spa types in the sequenced genomes, the most common spa
type among the MRSA isolates was t091 being mainly typed as MRSA-ST789-V,
followed by t127 typed as ST1-t127-IX. MRSA ST1-t127 was also previously
reported in Lebanon (Harastani et al. 2014) and ST789-t091-V in Nigeria
(Ogundipe et al., 2020). In accordance with what was reported in Oman and UAE,
MRSA ST22-t852-IV isolate was PVL positive, which could indicate the
expansion of MRSA ST22-t852-IV clone in the Middle East.
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On the other hand, the two sequenced MSSA isolates belonged to ST7-t091 and
ST25-t081. Tavares et al. (2014) also showed that ST25-t081 isolates were
methicillin sensitive and positive for the alpha-hemolysin (hla).
We screened for the common virulence determinants in S. aureus using
VirulenceFinder and BLAST. We looked for different toxins/enterotoxins, and
hlgA, hlgB, and hlgC genes encoding γ-toxin were the most common, which was
in line with results obtained from Iran (Kadkhoda et al., 2020). This was followed
by lukE and lukD genes that were also previously reported in Southeast Asia and
Iran (Aung et al., 2016; Khosravi, Hoveizavi, & Farshadzadeh, 2012). The edinB
gene was only seen in MSSA-ST25 isolate (SAT2), which agreed with data
reported in Germany by Franke et al. (2010).
All 10 isolates carried enterotoxin genes belonging to the enterotoxin gene cluster
(egc), with only one of the isolates having the full cluster of genes (seg, sei, sem,
sen, seo and seu). The most prevalent enterotoxin gene was sep, followed by the
sea and seg. Calderwood et al. (2014). previously showed that sep positive MRSA
were linked to increased bacteremia risk. MRSA ST1 isolates were positive for
sea-seh-sek-seq. This genotype was also previously reported in ST81 S. aureus
recovered from Japan, which is a single-locus variant of ST1 (Sato'o et al., 2014).
Furthermore, seh gene, in accordance with previous findings, was only found in
ST1 isolates (Basanisi et al., 2017).
Three out of the four agr types were detected in this study. The most prevalent
agr group was agr type I found in 7/10 isolates, followed by agr type III (2/10).
In Iran, agr type I was also common (Javdan, Narimani, Abadi, &Gholipour,
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2019), and isolates carrying agr type II or III had the highest number of toxin
genes. The agr type was also found to be associated with antibiotic resistance.
Javdan et al. (2019) reported that agr type I was linked to gentamicin
susceptibility and resistance to cefoxitin, erythromycin, and tetracycline. agr type
III, however, was associated with gentamicin resistance and trimethoprim
sensitivity. Our results confirmed these findings as resistance to cefoxitin,
tetracycline, and erythromycin were variably detected among agr type I isolates.
In this study, we conducted a whole genome-based characterization of S. aureus
isolates collected from healthcare settings in Lebanon. Our findings revealed high
resistance profiles and showed a higher prevalence of resistant determinants
within MRSA. SCCmec VI (4B) and SCCmec IX(1C2) were detected for the first
time in Lebanon and indicated the possible introduction and spread of new MRSA
types in Lebanon. SCCmec IX(1C2) is of particular concern. It is mainly detected
in LA-MRSA, which is an emerging problem in many parts of the world with the
potential for zoonotic transmission. Accordingly, more targeted antimicrobial
therapy should be implemented along with, abiding by the recommended
infection control policies, while closely monitoring the circulating clones. One of
the main limitations in this study is the small sample size of the whole genome
sequenced isolates, therefore, future studies on large-scale MRSA surveillance are
needed in Lebanon to monitor changes in MRSA epidemiology, limit the spread
of resistant determinants, and the potential emergence of VRSA.
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