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Genome-Scale Analysis of S. aureus Clinical Isolates recovered 

from Lebanon 

Tina Panossian 

 

Abstract 

The rising prevalence of multidrug resistant (MDR) Staphylococcus aureus is a 

worldwide threat. S. aureus is a Gram-positive bacterium that asymptomatically 

colonizes the nasal passages and the skin in 30% of the individuals. It is a major human 

pathogen that can cause a range of infections such as pneumonia, bacteremia, food 

poisoning, skin and soft tissue infections. This study was based on the molecular 

characterization of 23 S. aureus isolates collected from the American University of 

Beirut – Medical Center (AUB-MC). Six representative isolates were also sequenced. 

The initial assemblies produced an average genome length of 2,711,679 bp, G+C 

content of 32.6%, and 104 contigs. The majority of the isolates were Methicillin-

resistant (MRSA), 85% were positive for the blaZ and 50% showed resistance to 

aminoglycosides. The multilocus sequence typing (MLST) revealed that the isolates 

belonged to various sequence types (ST97, ST5, ST6, ST44, ST291, ST1, ST121, ST80, 

ST45, ST2, and ST8), and were assigned to 12 different S. aureus protein A (spa) types 

(t267, t067, t304, t002, t3310, t1149, t386, t159, t044, t586, t711, and t008). 

SCCmec typing of MRSA revealed the prevalence of the mobile genetic element 

SCCmec type IV. Isolates were also assigned to three accessory gene regulator (agr) 

types: agr-type I (43%), agr-type II (31%) and agr-type III (26%), and 13 different 

phages were detected. The whole-genome based SNP phylogenetic analysis showed 

higher discriminatory power, compared to Pulsed-field Gel Electrophoresis (PFGE) 

fingerprinting and full chromosome comparison. This whole-genome based 

comparative analysis and the trends observed should stimulate initiatives to control 

MRSA at a national, regional, and hospital levels. 

 

Keywords: Staphylococcus aureus, MRSA, MSSA, spa typing, MLST, SCCmec 

typing, PVL, agr, Next-generation sequencing, Genome-wide analysis, Lebanon.  
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Chapter One 

 

INTRODUCTION 

 
 

Staphylococcus aureus is a common Gram-positive bacterium found in the environment 

and in the human normal flora. Around 30% of the individuals are asymptomatically 

colonized in the nasal passages and the skin. A variety of infections can be caused by 

S. aureus such as pneumonia, bacteremia, food poisoning, skin and soft tissue infections 

(Eko et al. 2015; Ludden et al. 2015). Various factors lead to S. aureus diseases 

including a combination of virulence factors such as exfoliative toxin, enterotoxins, 

superantigenic exotoxins, toxic shock syndrome toxin (TSST), Panton-Valentine 

Leukocidin (PVL) and many others (Tristan et al. 2007). There are different ways for 

S. aureus transmission including skin-to-skin direct contact with a carrier or infected 

person, or through contaminated objects and surfaces (Miller & Diep, 2008). In 

addition, veterinarians have reported the spread of S. aureus infections through pets 

such as cats and dogs, and dairy-producing farm animals, but with the ones infecting 

animals being different than those strains infecting humans (Singh et al. 2008; Smith, 

2015).  

When S. aureus was first discovered, it was naturally susceptible to all existing 

antibiotics, including penicillin. Shortly after the introduction of penicillin in the 

medical treatments, S. aureus strains started to develop resistance to β-lactam 

antibiotics (Grundmann et al. 2006; Turlej et al. 2011). Consequently, many semi-

synthetic penicillins were developed such as methicillin, the first/second generation 

cephalosporins and oxacillin. Soon after the introduction of these antibiotics, the first 

case of methicillin-resistant S. aureus (MRSA) was reported in England (Lee et al. 

2015; Monecke et al. 2011). Originally, MRSA clones were known as hospital-acquired 

MRSA (HA-MRSA), but in the late 1990s, the virulent strain community-acquired 

MRSA (CA-MRSA) quickly spread all over the world. Later on, CA-MRSA was also 

found in hospitals, which made the distinction between HA-MRSA and CA-MRSA 

highly challenging. The resistance of MRSA strains to β-lactam drugs is due to the low 

affinity of the penicillin-binding protein 2a (PBP2a) for all β-lactam antibiotics (Turlej 

et al. 2011; Deurenberg & Stobberingh, 2008). The alarming increase of resistance in 

MRSA strains, causing a serious global threat, triggered the need to study these strains 

at the molecular level to understand the evolution of MRSA by finding the critical 
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mutations that led to the increase of antibiotic resistance (Gordon & Lowy, 2008; Bhatta 

et al. 2016).  

Next Generation Sequencing (NGS) is currently one of the most important tools for 

clinical diagnostics in hospitals, with the development of analysis pipelines the 

accuracy of the diagnosis is increasing (Goldfeder et al. 2016). The low cost of the high-

throughput NGS techniques increased the potential of having a high number of 

sequenced isolates. Additionally, NGS became a platform that allowed scientists to 

follow the transmission and evolution of bacterial strains globally, locally and within 

the same host (Vernikos et al. 2015).     

In this study, 23 S. aureus isolates were collected from the AUB-MC, and NGS was 

performed on six chosen representative isolates. Our study is based on identifying the 

genes related to virulence factors and antibiotic resistance, in the hope to improve the 

understanding of the evolution and population dynamics of MRSA strains, which is 

critical in preventing current and future threats imposed by this important human 

pathogen.  

 

Objectives: 

• Screening agr types and relate its genetic variation to the secreted toxins.  

• Identify unique characteristics that can allow the distinction between CA-

MRSA and HA-MRSA infections.  

• Identify and investigate genes related to antibiotic resistance and virulence 

factors. 

• Test resistance patterns of MRSA and MSSA strains through disk diffusion test.  

• Compare the existing genes in various phylogenetic groups  

• Identify the clones with MRSA risk factors in Lebanon.  

• Perform comparative analysis between different MRSA strains.  

• Investigate the molecular diversity of MRSA strains. 

• Determine the PVL gene rates among the isolates.  
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Chapter Two 

 

Literature Review 
 

Staphylococcus aureus, a member of the Staphylococcaceae family, is a grape-like 

spherical Gram-positive bacterium, which is often found on the skin, nasal passages, 

respiratory and gastrointestinal tracts. S. aureus can grow in 15% NaCl and in the 

temperature range of 15 oC – 45 oC. It causes urinary tract infection, pulmonary 

infections, osteomyelitis and many other diseases. These infections are caused either 

by the expression of surface proteins or by the secretion of toxins (Todar, 2012). Drug 

resistance has been increasing in S. aureus due to mobile genetic elements (MGE) that 

are transferred by horizontal gene transfer. MGEs are identified as DNA fragments that 

encode various resistance and virulence determinants (Frost et al. 2005).  

  

2.1 Virulence Factors  

2.1.1 Cell surface proteins 

The most ubiquitous adhesin proteins are the members of the microbial surface 

components  

recognizing adhesive matrix molecules (MSCRAMM) family. These IgG-like folded 

protein structures, which are exposed on the surface of the organism, are essential for 

colonization through establishing direct contact with the host (Silverman et al. 2006). 

The cell wall-associated virulence factors, such as the clumping factor A (ClfA), 

mediates S. aureus binding to platelets and fibrinogen. Clumping factor B (ClfB), 

however, plays a role in colonizing the nasal passages in humans (Haim et al. 2010; 

Scully et al. 2015). S. aureus has the collagen adhesion, fibronectin binding protein 

(Fnb) and spa as cell surface-associated virulence factors (Deivanayagam et al. 2002).  

 

2.1.2 Secreted components  

The secreted virulence factors in S. aureus include: exoenzymes, pore-forming toxins, 

superantigens and many other proteins. Proteins such as lipase, proteases, and nuclease, 

are secreted during the post-exponential and stationary phases, making nutrients 

available for the bacteria. Additionally, some secreted proteins help the microorganism 

to evade the immune system (Schlievert et al. 2010). Leukocidins, such as PVL, trigger 

apoptosis by forming pores in the host cell membrane (Boakes, et al. 2011), whereas 
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the staphylococcal enterotoxins (SEs) are superantigens linked to food poisoning, 

autoimmune and allergic diseases causing toxic shock-like syndromes (Ortega et al. 

2010). Superantigens activate T-cells, which will secrete cytokines and chemokines 

causing staphylococcal toxic shock syndrome (STSS) (Bachert et al. 2002). On the 

other hand, exfoliative toxins ETA, ETB, and ETD are encoded by eta, etb or etd 

respectively and are regulated by the accessory gene regulator (agr), including agr A, 

agr B, agr C, and agr D (Bibalan et al. 2014). The genes encoding for ETA and ETB 

toxins are either carried on the chromosome (ETA) or on a plasmid (ETB), while ETD 

toxin is encoding gene is on a pathogenicity island (Bukowski et al. 2010). Exfoliative 

toxins have glutamate-specific serine protease activity, which cleaves the desmosomal 

intercellular adhesion molecule facilitating skin invasion. The toxin, and through 

disrupting the keratinocyte adhesion will cause staphylococcal scalded skin syndrome 

(SSSS) and impetigo (Grumann et al. 2013).  

 

2.2 Pathogenesis 

S. aureus is considered as a pathogen and as a commensal organism. It colonizes the 

nasal passages of around 30% of the individuals, as well as different other body parts 

such as the gastrointestinal tract, the axillae, and the groin. The colonization process is 

the key for S. aureus infections, it is introduced by breaching host defense systems, e.g. 

skin wounds, catheters, or surgeries (Gordon & Lowy, 2008).  

 

2.2.1 HA-MRSA  

In the late 1970s, the first HA-MRSA was isolated in Singapore. Then, this was 

followed by a noticeable increase in prevalence, until the late 1990s, when almost 40% 

of the S. aureus samples isolated from hospital patients were MRSA strains (Hsu et al. 

2015). HA-MRSA is known to be multiple drug resistant, and as a treatment choice, it 

is limited to either linezolid or glycopeptides. The infections caused by HA-MRSA are 

due to the weakening of the immune system of patients after constant use of antibiotics 

and long-term hospitalization (Ostajic & Hukic, 2015).  
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2.2.2 CA-MRSA 

CA-MRSA is known to be more virulent than HA-MRSA since it mostly infects healthy 

individuals with no previous MRSA risk factors. USA300 has been known to be a 

successful CA-MRSA clone that spread across the United States, Europe and Canada 

causing severe skin and soft tissue infections (Miller et al. 2008). CA-MRSA strains 

are more susceptible to antibiotics compared to HA-MRSA. The virulence factor, 

commonly detected in CA-MRSA strains, is the PVL and is associated with skin and 

soft tissue infections (SSTI) and pyogenic skin infections, causing fatal diseases such 

as, necrotizing pneumonia (Boakes et al. 2011). PVL, carried on the phage type 80/81, 

is a bicomponent leukocidin toxin which plays a role in enhancing the virulence of CA-

MRSA (Labandeira-Rey et al. 2007). Furthermore, arginine catabolic mobile element 

(ACME) is another important virulence factor, found in USA300 strains. ACME is 

detected in strains carrying SCCmecIVa cassette, forming the ACME-SCCmec 

composite island. ACME mediates S. aureus colonization and disruption of the skin 

barrier (Diep & Otto 2008; Sabat et al. 2015).  

    

2.3 Antibiotic Resistance 

S. aureus developed antibiotic resistance through different mechanisms since 1940 

when penicillin was introduced into clinical usage. Various drug resistance mechanism 

will be discussed in the following section.     

 

2.3.1 Penicillin 

The mortality of patients with S. aureus bacteremia in the pre-antibiotic period 

exceeded 80%, and over 70% developed severe terminal infections. The introduction 

of penicillin in the early 1940s drastically improved the prognosis of patients with S. 

aureus infections (Chambers, 2001). However, in the mid-1940s, penicillin resistance 

arose in hospitals and within 10 years this pattern spread in the community. In the late 

1960s, above 80% of the hospital- and community-acquired S. aureus strains were 

penicillin resistant (Lowy, 2003). It first emerged in hospitals and then spread to the 

community, which shows a well-established pattern that relapses with every new wave 

of antibiotic resistance (Chambers, 2001). More than 90% of S. aureus strains now 

produce penicillinase, regardless of the clinical setting. The gene for β-lactamase is on 

a transposon located on a large plasmid, often with additional antibiotic resistance genes 

such as erythromycin and gentamicin. The resistance to penicillin is mediated by BlaZ, 
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the gene that encodes β-lactamase. This extracellular enzyme is synthesized when S. 

aureus strains are exposed to β-lactam drugs, and by hydrolyzing the β-lactam ring it 

inactivates its function. blaZ is controlled by two adjacent regulatory genes, the 

repressor blaI and the anti-repressor blaR1 (Kernodle, 2000). The signaling pathway 

responsible for β-lactamase synthesis needs consecutive cleavage of the regulatory 

proteins BlaR1 and BlaI; after exposure to β-lactams, the transmembrane sensor-

transducer BlaR1 cleaves itself. The cleaved protein functions as a protease which 

cleaves, directly or indirectly, the repressor BlaI, and hence mediating the expression 

of blaZ to produce β-lactamase (Zhang et al. 2004).  

 

2.3.2 Methicillin   

In 1960, methicillin was the new drug that was used to treat patients infected with S. 

aureus strains resistant to penicillin. However, after a while, a methicillin-resistant 

strain called “MRSA strain COL” was recovered from patients in the UK. This was one 

of the earliest methicillin-resistant strains, which caused infection both in health care 

and community settings (Crisostomo et al. 2001). mecA gene is associated with 

methicillin resistance and it is the modification of the penicillin-binding protein PBP2 

that leads to low binding affinity towards β-lactams (Monecke et al. 2011). SCCmec, 

being the carrier of mecA, is inserted into a gene of an unidentified function, known as 

the open reading frame (orfX). The SCCmec carrying methicillin resistance is also 

composed of an operator region, and mecR1 and mecI regulatory genes. Exposure of 

MecR1 to β-lactam drugs induces its synthesis, which will inactivate MecI allowing the 

synthesis of PBP2a. Several SCCmec allotypes and subtypes, SCCmecI-SCCmecXI, 

have been identified (Lowy, 2003; Deurenberg & Stobberingh, 2008; McCarthy & 

Lindsay, 2010). 

 

2.3.3 Vancomycin 

Vancomycin is a glycopeptide antibiotic, which is currently considered as being the 

“last resort” for treatment of severe S. aureus infections (Haaber et al. 2015). However, 

the overuse of this antibiotics in hospitals to treat MRSA and the selective pressure 

have led to the appearance of three groups of vancomycin resistant isolates: 

vancomycin-intermediate S. aureus (VISA) strains, heterogeneous vancomycin-

intermediate S. aureus (hVISA) and vancomycin-resistant S. aureus (VRSA) strains. 

VRSA was first detected in Japan and then it spread to other countries (Ling et al. 2015). 
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In 2002, VRSA was reported for the first time in the United States in a diabetic patient 

with the strain being positive for both vanA and mecA genes. VRSA strains acquire 

resistance by conjugative transfer of the vanA operon from an Enterococcus faecalis, 

which made the dissemination of the resistance gene much more efficient amongst S. 

aureus strains. The Tn1546 transposon carried an identical sequence of vanA found in 

VRSA, suggesting that Tn1546 transposon was possibly responsible for passing the 

resistant gene to MRSA strains (Chang et al. 2003; Lowy, 2003). 

 

2.3.4 Fusidic acid 

Fusidic acid is a topical cream used on the eyes or skin for superficial infections caused 

by S. aureus and other Staphylococcus species. It can also be used for deep infection of 

the joints or bones (Ellington et al. 2015). It inhibits the elongation factor G (EF-G) of 

the ribosome, which stops protein synthesis in bacteria (McLaws et al. 2011). High 

level of resistance to fusidic acid is due to a point mutation(s) in the gene known as 

fusA which encodes for EF-G (Ellington et al. 2015). A decade after the introduction 

of fusidic acid, S. aureus strains became resistant to this antibiotic and caused an 

infection known as impetigo (McLaws et al. 2011).  

 

2.4  Typing Techniques 

Public health and infectious disease specialists are involved in studying the geographic 

distribution of virulent MRSA strains. Making data retrieved from molecular typing 

essential to understand and track the transmission pattern of this important human 

pathogen (Grundmann et al. 2010). 

 

2.4.1 Staphylococcal protein A (spa) typing 

spa is an important virulence factor in S. aureus, which helps the bacterium to escape 

host immune system. This anti-phagocytic protein can bind to human immunoglobulin 

G (IgG) molecules through the Fc portion (Votintseva et al. 2014). SpA is a 42 kDa 

protein contains different regions with different functions: in the N-terminal region, 

there is the signal sequence (S region) followed by 4 or 5 highly homologous IgG-

binding domains in tandem (the E, D, A, B, and C regions).  In the C-terminal region, 

there is the Xr repeat region which containing 24 bp of highly variable repeats used in 

typing and the Xc region which consists of a conserved sequence that confers anchoring 

to the cell wall via an LPXTG-binding motif (Baum et al. 2009). These variables in the 
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Xr region create combinations of various repeats are assigned to a specific spa type, 

such as “t044”, depending on point mutations, deletions or duplications of the repeats. 

The spa typing is a discriminatory method and one of the most frequently used 

genotyping approaches to quickly type S. aureus samples (Votintseva et al. 2014).  

 

2.4.2 SCCmec typing 

To fully understand the characterization of MRSA strains it is essential to study the 

MGEs (Zhang et al. 2011). The molecular determinants that carry methicillin resistance 

are located on MEGs called SCCmec, which range in size from 21 to 67 kb. SCCmec 

elements carry genes involved in methicillin resistance and recombination, along with 

accessory elements such as integrated plasmids, transposons, and genes encoding 

resistance to heavy metals (Chatterjee et al. 2011). The SCCmec can be integrated at a 

specific location called attBSCC downstream the orfX. These elements consist of two 

main components, mec and ccr gene complexes and the junkyard (J) region (Zhang et 

al. 2011). The mec gene complex consists of mecA, IS431mec, and regulatory genes, 

mecI and mecR1. The ccr gene complex encodes for a recombinases (ccr), which are 

responsible for the motility of SCCmec, facilitating its integration and excision from 

the chromosome. The other part of the cassette includes J regions (J1, J2, and J3) that 

consist of genes or pseudogenes, the presence of which is not essential for the 

microorganism. However, the notable exceptions are resistance genes towards heavy 

metals or non-beta-lactams, some of which are derived from plasmids or transposons 

(Ito et al. 2003). Eleven SCCmec (I to XI) types have been so far detected in S. aureus 

and are assigned based on the combination of the mec gene classes and ccr gene types 

(Zong et al. 2011). The SCCmec complex identified five (A–E) different classes of 

SCCmec, of which three (A–C) are the most common in S. aureus. Only class A 

SCCmec consists of the complete mecA regulon (mec1-mecR1-mecA), while the 

regulatory genes are disrupted by insertional sequences in class B and C, SCCmec–

IS1272-∆mecR1-mecA for class B and IS431-∆mecR1-mecA for class C. Three classes 

of the mec complex and four different ccr allotypes define the eight SCCmec types (I–

VIII). SCCmec types can be further differentiated into subtypes depending on variations 

in the J regions (Malashowa & DeLeo, 2010). The SCCmec in HA-MRSA carry often 

the SCCmec I, II, III, VI, or VIII elements that may encode resistance determinants in 

addition to mecA, and while the ones classified as CA-MRSA carry the SCCmec IV, V, 

or VII elements (Moroney et al. 2007; Boakes et al. 2011).  
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2.4.3 MLST 

MLST is an important method to be used in outbreaks and it helps to identify the related 

strains and classify novel isolates (Larsen et al. 2012). This procedure is based on 

identifying the nucleotide sequence of ~500 bp each in the seven housekeeping gene 

fragments, arcC, aroE, glpF, gmk, pta, tpi, and yqiL, to determine the lineage of the 

strains (Deurenberg & Stobberingh, 2008). Using the public database (www.mlst.net), 

the isolates are designated by a specific allelic profile known as the sequence type (ST), 

and these ST types along with their sequences are kept in curated databases used 

worldwide. MLST typing is both time-consuming and costly. In the era of high-

throughput sequencing, it is more practical to use the NGS data for typing, especially 

that the cost of DNA sequencing is going down roughly by 10-folds every five years, 

and the development of next and third-generation sequencing methods is making the 

technology accessible to routine clinical laboratories and individual investigators. 

However, the challenge is to extract the appropriate information from the huge amount 

of data generated by these methods and to be able to compare and relate traditional 

MLST data and the data obtained by NGS. MLST server 

(www.cge.cbs.dtu.dk//services/MLST) was developed, that uses NGS data for 

identifying the STs of microorganisms (Larsen et al. 2012).    

 

2.5 Clonal Complexes of MRSA 

Sequence types are clustered into clonal complexes by their similarity to a central allelic 

profile. These genotypes are identified by different computational methods such as 

BURST. In the following section, some of the most prevalent clonal complexes will be 

mentioned.  

CC1 is a CA-MRSA strain that includes USA400 strains known to be PVL-positive 

strains. There are seven strains clustered in CC1-MRSA that can be distinguished by 

carrying SSCmec elements IV or V, PVL genes, and SCCfus elements. The first PVL-

positive CC1-MRSA strain was detected in the USA, then it spread to other countries 

like Australia, the UK, Germany, Egypt and the UAE (Monecke et al. 2011). 

CC5 is a commonly widespread clonal complex including various strains of HA- and 

CA- MRSA which were responsible for pandemic spread (Campanile et al. 2009). CC5 

isolates such as USA100, the Pediatric clone (USA), the Tokyo clone (Japan), and 

EMRSA-3 (Great Britain) have worldwide prevalence but harbor several different 

SCCmec elements, indicating polyclonal genesis (Schulte et al. 2013). Sequencing 

http://www.mlst.net/
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representatives of CC5 revealed that many genes were found to feature this clonal 

complex including the ones that encode the MSCRAMM. A common strain known as 

ST5-MRSA-I is mainly found in France and it is a CA-MRSA strain with an SCCmec 

type I. In addition to France, the CC5 clones are found in Australia, Croatia, Paraguay, 

Austria, Taiwan and other countries (Monecke et al. 2011).  

CC8 clones are pandemic MRSA clones, similar to CC5, it includes several CA- and 

HA- MRSA strains. The core genome carries MSCRAMM genes, exotoxins and 

proteases and different clones can be differentiated by the exotoxin profiles and 

SSCmec types (Gill et al. 2005). Reports in Russia indicated that 80% of MRSA strains 

causing skin infections were CC8-MRSA-IV. Still, in Europe, one strain belonging to 

a livestock-associated clone (spa type 1485/ST398) was collected from Belgium and 

one CC80-MRSA-IV strain (spa type 70; PVL positive) was noted in Greece. The latter 

has been implicated as an important CA-MRSA clone in Europe, but it has also been 

responsible for documented HA-MRSA infections (Mendes et al. 2012).  

CC80 isolates are mostly PVL positive carrying SCCmec type IV. However, SCCmec 

type I has been found and PVL-negative CC80-MRSA-IV has found in Croatia and 

France. PVL-positive CC80-MRSA-IV is known to be the European clone, widespread 

all over the European countries. However, this clone has been also found in the Middle 

East including Lebanon (Monecke et al. 2011). Compared to the CA-MRSA (USA300) 

clone that is the most common in the United States, the European CA-MRSA clone 

seems to be less adapted to persist in hospital settings, where CC80-MRSAIV has 

entered Danish hospitals but has not caused nosocomial infections. Several reports 

indicated the transmission of the ST80-IV clone to Europe from patients with a recent 

history of travel or family relation to the Mediterranean or Middle East (Harastani & 

Tokajian, 2014).  

 

2.6 Next Generation Sequencing   

2.6.1 Overview 

NGS or high-throughput sequencing reached bacteriology in the 2000s. Multiple 

platforms hit the market in fast succession, alongside with different bioinformatics 

approaches. By 2012, the innovation of benchtop sequencing platforms emerged 

(Loman et al. 2012). These laser-printer-sized machines came with user-friendly 

set-ups at a low running costs, and the generation of data is fast. Hence, bacterial 
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genome sequencing was moved out of sequencing centers and reached to universities 

and public health laboratories (Loman & Pallen, 2015). 

2.6.2 NGS in S. aureus  

By sequencing the complete genome of S. aureus, many genomic islands were found 

such as phage-associated and SCCmec elements that encode virulence factors. Genomic 

islands are diverse amongst S. aureus clones hence, the toxicity of each clone depends 

on the combination of these genomic islands (Baba, 2013). NGS helped to study the 

resistance phenotypes in MRSA strains by finding “genetic determinants for resistance” 

which was applied in clinical practices to predict antimicrobial resistance (Gordon et 

al. 2014). Furthermore, sequencing genomes helped in comparing the emerging 

livestock strain (ST398) isolated from a case of endocarditis in a patient with other S. 

aureus strains. This study showed that ST398 is not causing diseases in humans due to 

the lack of some virulence factors (Schijffelen et al. 2010).   

 

2.7  S. aureus Research in Lebanon  

A wide range of studies had been done in Lebanon on S. aureus, known to be one of 

the most adaptable pathogens. A study was done on 130 S. aureus isolates taken from 

a Lebanese hospital to show the wide variability of the virulence factors of S. aureus in 

Lebanon. The occurrence of enterotoxins, exfoliative toxins (ETA and ETB), TSST, 

ACME and the drug resistance profile was studied along with 16S-23S DNA internal 

transcribed spacer (ITS) typing. This study shows the importance of having accurate 

typing methods to better track the epidemiology of the clones among health-care 

settings (Tokajian et al. 2011). In addition, the clone ST80-MRSA-IV PVL-positive 

was also widely studied in Lebanon and was shown to be the most dominant strain in 

the area (Tokajian, 2014). Another study was done by Sfeir et al. 2014 showing that the 

spread of MRSA is still low in the community of Lebanon, and thus, strict policies and 

hygiene measures should be taken to control and prevent a larger dissemination of 

MRSA in the community.  
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Chapter Three 

 

MATERIALS AND METHODS 

 
3.1 Ethical Approval 

Ethical approval was not needed since the clinical isolates were gathered and stored as 

part of routine clinical care. Clinical isolates and patient records/information remained 

anonymous.  

 

3.2 Bacterial Isolation and DNA Extraction  

The isolates were collected from the AUB-MC in fall 2015-2016. All samples were 

cultured in Tryptic soy broth (Bio-Rad, USA). The NucleoSpin Kit (Macherey-Nagel, 

Germany) was used for DNA extraction following the manufacturer's instructions. 

 

3.3 Whole-Genome Sequencing 

The Qubit 3.0 fluorometer (Life technologies, Carlsbad, CA) was utilized for accurately 

quantifying the DNA concentrations. Genomic DNA was used as input for library 

preparation using the Illumina Nextera XT library preparation kit (Illumina, Inc., San 

Diego, CA). The Agencourt AMPure XP PCR purification beads (Agencourt, Brea, 

CA) were used to allow effective clean up after library preparation. With the use of the 

Kapa library quantification kit (Kapa Biosystems, Woburn, MA), the CFX96-PCR 

system (Bio-Rad, U.S.A) was utilized to quantify the DNA libraries. The Illumina 

MiSeq Desktop Sequencer was finally used to multiplex, cluster and sequence the 

pooled libraries with a minimum of 250 bp read length. 

 

3.4 Analysis of NGS Results 

3.4.1 Genome Assembly 

To assemble the sequenced genomes, SPAdes pipeline (version 3.6.0) 

(https://basespace.illumina.com/apps/1989988/SPAdes-Genome-

Assembler?preferredversion) for de novo sequencing was used with all parameters set 

as default. SPAdes automatically assembles contigs and scaffolds along with the 

support of read error correction tool (Tritt et al. 2012).   

 

http://en.wikipedia.org/wiki/Tryptic_soy_broth
https://basespace.illumina.com/apps/1989988/SPAdes-Genome-Assembler?preferredversion
https://basespace.illumina.com/apps/1989988/SPAdes-Genome-Assembler?preferredversion
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3.4.2 Genome Annotation with RAST 

The annotation of the de novo assemblies was done with RAST server 

(http://rast.nmpdr.org). RAST identifies genes such as rRNA, tRNA, and protein-

encoding, also it predicts the subsystems that are present in the assembled sequences 

and assigns genes’ functions (Larsen et al. 2012). 

 

3.4.3 Genetic elements determination 

The bacterial genomes were analyzed using The Center for Genomic Epidemiology 

(CGE) website (www.genomicepidemiology.org) along with the SEED viewer service. 

Genes encoding antibiotic resistance were identified by the ResFinder 2.1 web server 

(Zankari et al. 2012). 

 

3.4.4 Mobile genetic element and phage determination 

Phage Search Tool (PHAST) is a public tool that helps in finding phages in the genomes 

(http://phast.wishartlab.com/index.html) (Zhou et al. 2012). PHAST provides a close 

identification of the present phages in different mobile genetic elements and provides 

the positions in which these phages have been integrated. 

 

3.4.5 in silico MLST and plasmid typing 

The CGE website includes a MLST 1.7 server which was used to determine the MLST 

of each sequenced isolate (Larsen et al. 2012). The CGE website also has a 

PlasmidFinder 1.2 web service that was used for detecting plasmids (Carattoli et al. 

2014). 

 

3.4.6 Circular genomes 

The publically accessible CGView server Stothard Research Group website 

(http://stothard.afns.ualberta.ca/cgview_server/) was useful in generating a 

comparative circular genome (Grant & Stothard, 2008). To generate an informative 

circular genome, the DNAPlotter release 1.11 will be used (Carver et al. 2009). 

 

3.5 Gene Amplification of 16S rRNA, mecA and PVL 

The multiplex PCR targeted the S. aureus-specific 16S rRNA with the primers 

Staph756F (5’-AACTCTGTTATTAGGGAAGAACA-3’) and Staph750R (5’-

CCACCTTCCTCCGGTTTGTCACC-3’), the lukS/F-PV gene with the primers Luk-

http://rast.nmpdr.org/
http://phast.wishartlab.com/index.html
http://stothard.afns.ualberta.ca/cgview_server/
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PV-1 forward (5’-ATCATTAGGTAAAATGTCTGGACATGATCCA-3’) and Luk-

PV-2 reverse (5’-GCATCAAGTGTATTGGATAGCAAAAGC-3’), and the mecA 

gene with the primers MecA1 forward (5’-GTAGAAATGACTGAACGTCCGATAA-

3’) and MecA2 reverse (5’-CCAATTCCACATTGTTTCGGTCTAA-3’) (Zhang et al., 

2004). The PCR amplification was done on 2 µl DNA in a total volume of 25 µl using 

0.2 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 Luk-PV-2 

primer, 0.4 mM F MecA1 primer, 0.4 mM R MecA2 and 2 U Taq polymerase. The 

thermocycler (Bio-Rad) was set with the following conditions: 1 cycle at 94oC for 5 

min followed by 10 cycles at 94oC for 30 sec, 55oC for 45 sec, and 72oC for 1 min 15 

sec, and 25 cycles at 94oC for 45 sec, 50oC for 45 sec, and 72oC for 1 min 15 sec 

(McClure et al., 2006). The 756 bp (16S rRNA), the 433 bp (lukS/F-PV) and the 300 

bp are the expected amplicons. The DNA fragments were stained with ethidium 

bromide to be visualized on 1.5% agarose gel with 1X Tris-Acetic Acid-EDTA (TAE) 

buffer at 100 V.   

 

3.6 spa Locus Typing 

The X region of spa gene was amplified with the forward (5’- 

TAAAGACGATCCTTCGGTGAG-3’) and the reverse primer (5’- 

CAGCAGTAGTGCCGTTTGCTT-3’). The targeted size is variable between 300 and 

600 bp. The PCR amplification was done on 2 µl DNA in a total volume of 20 µl using 

0.2 mM of every deoxynucleoside triphosphate (dNTP), 1x Taq buffer, 2.5 mM MgCl2, 

0.4 µM of the F primer, 0.4 µM of the R primer, and 0.1 U Taq polymerase (Hotstart, 

AmpliTaq Gold). The thermocycler (Bio-Rad) was set with the following conditions: 1 

cycle at 95oC for 12 min followed by 30 cycles at 94oC for 30 sec, 60oC for 30 sec, and 

72oC for 1 min 15 sec, and 1 cycle at 72oC for 10 min. PCR products were cleaned 

using Exonuclease 1 (Exo1) and Shrimp alkaline phosphatase (SAP). The cleaned PCR 

products (3 µl) were sequenced using the same set of primers and the BigDye v3.1 X-

terminator sequencing kit (Applied Biosystems, Carlsbad, CA) (Platt et al. 2007). The 

spa type of the S. aureus strain was obtained using the Ridom StaphType v.2.2.1 

software (Al-Tam et al. 2012).  
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3.7 MLST  

For amplification of the seven housekeeping genes, a PCR was performed in a total 

volume of 20 μl using the seven housekeeping genes primers (table 1) for amplification 

as described by Enright et al. (2002). The reaction contained 2 μl DNA, 200 μM dNTPs, 

10 pmol of each primer, 5 μl of 10-fold concentrated PCR Buffer II (Applied 

Biosystems), MgCl2 1.5 mM, and 1.25 U of AmpliTaq DNA polymerase (Applied 

Biosystems). Thermal cycling reactions consisted of an initial denaturation (12 min at 

95°C) followed by 30 cycles of denaturation (30 sec at 94°C), annealing (30 sec at 

55°C), and extension (60 sec at 72°C), with a single final extension (10 min at 72°C). 

MLST types were assigned by submitting the sequences to the S. aureus database on 

the website (http://www.mlst.net/) and eBURST v3 software was used for MLST 

sequence analysis and clustering. The online MLST database (htt://aureus.mlst.net) was 

used to predict the sequence types (ST) of the MRSA strains (Gordon et al. 2014). 

 

Table 1. The seven housekeeping genes used in the MLST sequencing (Enright et al. 

2000) 

Primer Orientation Oligonucleotide sequence (5’→3’) 
Product Size 

(bp) 

arcC 
Forward TTGATTCACCAGCGCGTATTGTC 

456 
Reverse AGGTATCTGCTTCAATCAGCG 

aroE 
Forward ATCGGAAATCCTATTTCACATTC 

456 
Reverse  GGTGTTGTATTAATAACGATATC 

glpF 
Forward CTAGGAACTGCAATCTTAATCC 

465 
Reverse TGGTAAAATCGCATGTCCAATTC 

gmk 
Forward ATCGTTTTATCGGGACCATC 

429 
Reverse TCATTAACTACAACGTAATCGTA 

pta 
Forward GTTAAAATCGTATTACCTGAAGG 

474 
Reverse GACCCTTTTGTTGAAAAGCTTAA 

tpi 
Forward TCGTTCATTCTGAACGTCGTGAA 

402 
Reverse TTTGCACCTTCTAACAATTGTAC 

yqiL 
Forward CAGCATACAGGACACCTATTGGC 

516 
Reverse CGTTGAGGAATCGATACTGGAAC 

 

3.8 SCCmec Subtyping 

To type the SCCmec elements, the optimal cycling conditions were the following: 95°C 

for 15 min; 30 cycles of 94°C for 30 sec, 57°C for 1.5 min, and 72°C for 1.5 min; and 

a final extension at 72°C for 10 min. For multiplex PCR, a Qiagen® multiplex PCR kit 

was used. Reaction mixtures contained 2 μl of the chromosomal template; 25 μl master 
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mix with 3 mM MgCl2, 5 μl primer mix (2 mM in TE buffer for each primer) and 

RNase-free water to a final volume of 50 μl. The PCR products (7 μl) were resolved in 

a 1.8% (w/v) agarose gel in 0.5% Tris-borate-EDTA buffer (Bio-Rad, Hercules, CA) at 

80 V/cm for 1h and were visualized with ethidium bromide. Table 2 summarizes the 

PCR primer sets selected based on specificity, compatibility, and ability to target 

fragments of SCCmec types I–V (Zhang et al., 2005). 

 

Table 2. Primers used in a multiplex PCR to identify the SCCmec elements of MRSA 

as described by Zhang et al. 2005 

Primer Orientation Oligonucleotide sequence (5’→3’) 

Product 

Size 

(bp) 

Type I 
Forward GCTTTAAAGAGTGTCGTTACAGG 

613 
Reverse GTTCTCTCATAGTATGACGTCC 

Type II 
Forward CGTTGAAGATGATGAAGCG 

398 
Reverse CGAAATCAATGGTTAATGGACC 

Type III 
Forward CCATATTGTGTACGATGCG 

280 
Reverse CCTTAGTTGTCGTAACAGATCG 

Type IVa 
Forward GCCTTATTCGAAGAAACCG 

776 
Reverse CTACTCTTCTGAAAAGCGTCG 

Type IVb 
Forward TCTGGAATTACTTCAGCTGC 

493 
Reverse AAACAATATTGCTCTCCCTC 

Type IVc 
Forward ACAATATTTGTATTATCGGAGAGC 

200 
Reverse TTGGTATGAGGTATTGCTGG 

Type IVd 
Forward CTCAAAATACGGACCCCAATACA 

881 
Reverse TGCTCCAGTAATTGCTAAAG 

Type V 
Forward GAACATTGTTACTTAAATGAGCG 

325 
Reverse TGAAAGTTGTACCCTTGACACC 

MecA147 
Forward GTGAAGATATACCAAGTGATT 

147 
Reverse ATGCGCTATAGATTGAAAGGAT 

mecI 
Forward CCCTTTTTATACAATCTCGTT 

146 
Reverse ATATCATCTGCAGAATGGG 

IS1272 Forward TATTTTTGGGTTTCACTCGG 
1,305 

mecR1 Reverse CTCCACGTTAATTCCATTAATACC 

ccrAB-β2 Forward ATTGCCTTGATAATAGCCITCT  

ccrAB-α2 Reverse AACCTATATCATCAATCAGTACGT 700 

 ccrAB-α3  Reverse TAAAGGCATCAATGCACAAACACT 1,000 

ccrAB-α4 Reverse AGCTCAAAAGCAAGCAATAGAAT 1,600 

ccrC 
Forward ATGAATTCAAAGAGCATGGC 

336 
Reverse GATTTAGAATTGTCGTGATTGC 
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3.9 agr Group Specific Multiplex PCR 

The amplification of the agr sequences was done on 2 μl of DNA in a total volume of 

25 μl reaction mixture containing 200 μM dNTPs, 5 mM MgCl2, 0.1% Triton X-100, 

10 mM TrisCl (pH 9.0), 50 mM KCl, a 0.3 μM of each of the agr primers (Table 3) and 

1.25 U of Taq DNA polymerase. Amplifications were carried out in the thermocycler 

(Bio-Rad) set with the following conditions: 1 cycle at 94°C for 5 min; 26 cycles at 

94°C for 30 sec, 30 sec at 55°C, and 60 sec at 72°C; and finally 1 cycle of 72°C for 10 

min. The DNA fragments were stained with ethidium bromide to be visualized on 1.5% 

agarose gel with 1X Tris-Acetic Acid-EDTA (TAE) buffer at 100 V.  

 

Table 3. Primers used to identify the specific agr type of the MRSA strains as described 

by Gilot et al. 2002 

Primer Oligonucleotide sequence (5’→3’) 
Product 

Size (bp) 

agrI-F ATGCACATGGTGCACATGC  
440 

agrI-R GTCACAAGTACTATAAGCTGCGAT  

agrII-F ATGCACATGGTGCACATGC  
572 

agrII-R GTATTACTAATTGAAAAGTGCCATAGC 

agrIII-F ATGCACATGGTGCACATGC 
406 

agrIII-R CTGTTGAAAAAGTCAACTAAAAGCTC  

agrIV-F ATGCACATGGTGCACATGC  
588 

agrIV-R CGATAATGCCGTAATAC CCG 

 

 

3.10 Antibiotic Susceptibility  

The bacterial-saline suspensions were adjusted to 0.5 Mcfarland standard. The test was 

performed on Mueller-Hinton agar followed by incubation at 37°C for 24 h. The 

Clinical and Laboratory Standards Institute (CLSI) guidelines were used to determine 

the antibiotic resistance/susceptibility profiles for each respective antimicrobial drug 

(CLSI, 2013). The following antibiotics were used: amikacin, ciprofloxacin, 

clindamycin, erythromycin, fusidic acid, gentamicin, linezolid, 

piperacillin/tazobactam, sulfamethoxazole/trimethoprim, and tetracycline (Table 4).  

 

Table 4. Antibiotic zone of inhibition (mm) used to test susceptibility of the isolates 

according to CLSI, 2011 
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Zone of Inhibition (mm) 

Antibiotic (µg) S I R 

Amikacin (30) ≥27 20-26 ≤19 

Ciprofloxacin (5) ≥29 22-30 ≤21 

Clindamycin (2) ≥29 24-30 ≤23 

Erythromycin (15) ≥29 22-30 ≤21 

Fusidic acid (10) ≥33 29-34 ≤28 

Gentamicin (10) ≥26 19-27 ≤18 

Linezolid (30) ≥20 25-32 ≤19 

Piperacillin/Tazobactam 

(100/10) 
≥35 27-36 ≤26 

Sulfamethoxazole/trimethoprim 

(1.25/3.75) 
≥31 24-32 ≤23 

Tetracycline (30) ≥29 24-30 ≤23 

 
 

 

3.11 PFGE Fingerprinting 

Strain relatedness was analyzed by PFGE of total DNA restricted with the PFGE was 

performed using SmaI (ThermoScientific, Waltham, MA, USA) as described 

previously (Slama et al. 2012). The relatedness of the strains were determined 

according to the criteria of Tenover et al. (1995). The isolates with >75% similarity 

were clustered in patterns. 1% SeaKem agarose gel and the universal laboratory 

standard Salmonella enterica subsp. enterica serovar Braenderup (ATCC® 

BAA664™) according to the standard PulseNet protocol 

(http://www.pulsenetinternational.org) were used. Electrophoresis was performed 

using the Bio-Rad laboratories CHEF DR-III system (Bio-Rad Laboratories, Bio-Rad 

Laboratories Inc., Hercules, CA, USA) under the conditions set in the Unified PFGE 

Protocol for Gram Positive Bacteria (https://www.cdc.gov/pulsenet/). Gels were 

stained with ethidium bromide. PFGE profiles were analyzed with the BioNumerics 

software version 7.6.1 (Applied Maths, Belgium). The pulsotypes were clustered based 

on the BioNumerics software analysis through dice correlation coefficients with an 

optimization of 1% and tolerance of 1%. 

 

 

 

http://www.pulsenetinternational.org/
https://www.cdc.gov/pulsenet/
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Chapter Four 

 

RESULTS 

 
4.1 Antibiotic Susceptibility Test  
 

Antibiotic susceptibility testing was performed on the 23 studied isolates by the Kirby-

Baüer disk agar diffusion against 11 different antibiotics. The obtained results were 

interpreted according to the CLSI guidelines (2017) (Table 5).  

The disk diffusion test revealed that 78% (18/23) of the isolates were resistant to 

augmentin, cefoxitin and cephalexin, 35% (8/23) to ciprofloxacin, 30% (7/23) to 

clindamycin and erythromycin. All the 23 isolates were sensitive to 

sulfamethoxazole/trimethoprim, teicoplanin and vancomycin (Table 5; Figure 1).  

 

Table 5. Antibiotic susceptibility results of the 23 S. aureus isolates. Augmentin 

(AUG), cefoxitin (FOX), cephalexin (CEX), ciprofloxacin (CIP), clindamycin (CLI), 

erythromycin (ERY), gentamicin (GEN), tetracycline (TCN), 

trimethoprim/sulfamethoxazole (TMP/SMX), teicoplanin (TEC), vancomycin (VAN) 

(black: Resistant; white: Sensitive). 

 

 
AUG FOX CEX CIP CLI ERY GEN TCN 

AUH-SA-1              

AUH-SA-2                

AUH-SA-3             

AUH-SA-4              

AUH-SA-5             

AUH-SA-6             

AUH-SA-7          

AUH-SA-8              

AUH-SA-9             

AUH-SA-10                

AUH-SA-11             

AUH-SA-12          

AUH-SA-13          

AUH-SA-14          

AUH-SA-15              

AUH-SA-16               

AUH-SA-17               

AUH-SA-18           

AUH-SA-19               
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AUH-SA-20               

AUH-SA-21              

AUH-SA-22               

AUH-SA-23                 

 

 

Figure 1. Bar chart representing the distribution of the antimicrobial susceptibility 

profiles of the isolates against the tested antibiotics. Orange: Sensitive; Blue: 

Resistant.  

4.2 SCCmec, spa, MLST and agr Typing 

4.2.1 SCCmec typing 

PCR assays were performed on all the 23 isolates to obtain their SCCmec, spa and 

MLST types. The obtained results showed that 70% of the isolates (16/23) were of the 

SCCmec IV type. Only one isolate (AUH-SA-2) was of the SCCmec V type making 

4% of the total isolates.  
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4.2.2 spa typing 

In total, 12 different spa types were detected among the 23 isolates. t304 was the most 

common spa type detected in 17.4% (4/23) of the isolates. The remaining spa types 

were detected each once: t267, t067, t002, t3310, t1149, t386, t159, t044, t586, t711 

and t008.  Nine of the isolates (39%) (AUH-SA-4, AUH-SA-9, AUH-SA-7, AUH-SA-

13, AUH-SA-15, AUH-SA-17, AUH-SA-19, AUH-SA-20, AUH-SA-21) were un-

typeable. 

4.2.3 MLST 

MLST typing based on the sequence of seven housekeeping genes was performed on 

all the isolates. Eleven different STs were detected. ST6 was the most common type 

(26.1%; 6/23), followed by ST1 (13%; 3/23), ST97 (13%; 3/23), ST5, ST8 and ST44 

(8.7%; 2/23). ST2, ST45, ST80, ST121 and ST291 were detected each once (4.3%).  

MLST 1.7 server available at CGE was used to confirm the STs of the six sequenced 

genomes (AUH-SA-1, AUH-SA-2, AUH-SA-3, AUH-SA-4, AUH-SA-7, and AUH-

SA-8).  

4.2.4 agr typing 

The PCR amplification of the agr locus showed that agr type I was the most common 

in 43.5% (10/23) of the isolates including AUH-SA-1, AUH-SA-3, AUH-SA-4, AUH-

SA-7, and AUH-SA-8, while agr type II in only 30.4% (7/23) of the isolates. The 

remaining 26.1% (6/23) of the isolates were of agr type III.  

 

Table 6. Overview of the MRSA and MSSA MLST clones, spa types, PVL and agr 

types.  

Clone MLST-CC 
spa type (number of 

isolates) 
PVL agr 

ST97-MRSA-IV 97 t267 (1) Pos I 

ST5-MRSA-V 5 t067 (1) Pos II 

ST6-MRSA-IV 6 t304 (2) Pos I 

ST5-MRSA-IV 5 t002 (1) Pos II 

ST44-MRSA-IV 44 t3310 (1) Neg II 

ST291-MSSA 291 t1149 (1) Pos I 

ST1-MSSA 1 t386 (1) Neg I 

ST44-MRSA-IV 44 (1) Neg II 

ST121-MRSA-IV 121 t159 (1) Pos II 

ST80-MRSA-IV 80 t044 (1) Neg III 
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ST6-MSSA 6 (1) Neg II 

ST1-MSSA 1 (1) Neg III 

ST45-MSSA 45 t586 (1) Neg III 

ST97-MRSA-IV 97 (1) Neg I 

ST2-MRSA-IV 2 t711 (1) Neg I 

ST6-MRSA-IV 6 (1) Neg II 

ST8-MSSA 8 t008 (1) Neg I 

ST1-MRSA-IV 1 (1) Neg III 

ST8-MRSA-IV 8 (1) Neg III 

ST97-MRSA-IV 97 (1) Pos III 

ST6-MRSA-IV 6 t304 (2) Neg I 

 

4.3 PFGE Fingerprinting  

PFGE-based analysis clustered the 23 isolates into 18 different pulsotypes. Isolates that 

were three or more bands different were considered as having different PFGE pattern, 

according to Goering and Winters (1992). Isolates obtained from different sources and 

different STs, and mec types grouped together. No clear correlation could be detected 

between the PFGE patterns and the other studied parameters (Figure 2). 
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4.4 Genome Statistics 

Out of the 23 S. aureus isolates studied, six representatives were selected. The chosen 

isolates covered: MSSA (AUH-SA-7 and AUH-SA-8) and MRSA (AUH-SA-1, AUH-

SA-2, AUH-SA-3 and AUH-SA-4), different STs including the most common ones 

(ST1, ST5, ST6, ST97 and ST291), and representatives of both SCCmecIV and 

SCCmecV.  

The genomes were assembled using de novo assembly. The total length of the genomes 

was on average 2,711,679 base-pairs with the following characteristics: AUH-SA-1, 

121 contigs contained in 120 scaffolds with the largest contig consisting of 133,588 bp; 

AUH-SA-2, 109 contigs contained in 108 scaffolds with the largest contig consisting 

of 169,000 bp; AUH-SA-3, 107 contigs in 105 scaffolds with the largest contig 

consisting of 124,323 bp; AUH-SA-4, 94 contigs in 92 scaffolds with the largest contig 

consisting of 195,111 bp and AUH-SA-7, 79 contigs in 78 scaffolds; AUH-SA-8, 112 

contigs in 110 scaffolds with the largest contig consisting of 189,598 bp. The average 

G+C content of the chosen isolates was 32.6%. The general features of the sequenced 

genomes are summarized in table 7. 

 

Table 7. General features of the obtained genome sequences.  

Feature 

AUH-SA-

1 

AUH-

SA-2 

AUH-

SA-3 

AUH-

SA-4 

AUH-

SA-7 

AUH-

SA-8 

Genome 

size (bp) 
2,791,625 2,722,299 2,792,510 2,800,338 2,720,285 2,443,021 

Number of 

contigs  

 

121 109 107 94 79 112 

G+C 

contents 

(%) 

32.71 32.71 32.74 32.76 32.81 31.99 

Number of 

subsystems 

 

401 400 400 401 394 381 

Number of 

coding 

sequences 

2628 2510 2591 2603 2512 2253 

Number of 

RNAs 

 

79 73 73 81 75 78 
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4.5 Genome Annotation 

A total of 1,750 subsystem features were detected in the annotated genomes using 

RAST, with the largest percentages of genes belonging to the category of amino acids 

and carbohydrates metabolism, followed by those associated with virulence factors, 

phages, cell division, regulation and cell signaling (Figure 3).  

 

Figure 3. The pie chart represents the average subsystem category distribution in the 

staphylococci genome based on SEED database. It shows the subsystem related genes 

as a percentage of the whole genomic content. Numbers near the entities represents the 

number of genes involved in each subsystem. 

 

4.6 Virulence Factors  

The virulence factors (VFs) of the sequenced isolates were extracted from the 

VirulenceFinder 1.2 tool available on CGE and RAST (Joensen et al. 2014) (Table 8). 

All the six were positive for icaA, icaB, icaC, icaR, sarA genes associated with biofilm 

formation and regulation (Cue et al. 2012), except for AHU-SA-1 that was negative for 

icaB and icaC. 

PVL encoding genes were detected in four of the isolates with AUH-SA-7 and AUH-

SA-8 being negative. 

At least one agr gene was detected in all the sequenced genomes. agrA was detected in 

all the isolates, agrB was detected in four, while agrC and agrD were detected five. 
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Table 8. Important VFs detected in the six S. aureus genomes based on the CGE and 

RAST.   

 

Genes Functions 
AUH-

SA-1 

AUH-

SA-2 

AUH-

SA-3 

AUH-

SA-4 

AUH-

SA-7 

AUH-

SA-8 

efb 
Extracellular fibrinogen-

binding protein 
+ + - - + - 

icaA 
Intercellular adhesion 

protein A 
+ + + + + + 

icaB 
Intercellular adhesion 

protein B 
- + + + + + 

icaC 
Intercellular adhesion 

protein C 
- + + + + + 

icaR 
Intercellular adhesion 

regulator 
+ + + + + + 

spa 
Immunoglobulin G binding 

protein A 
+ - - - + - 

eta Exfoliative toxin A - + + + + - 

sexo Exotoxin + - + + + - 

hla Alpha-hemolysin precursor + + + + + - 

lukS-

PV 
Leukotoxin + + + + - - 

lukF-

PV 
Leukotoxin + + + + + - 

lukD Leukotoxin + + + + + - 

lukE Leukotoxin  + + + + - - 

tsst 
Toxic shock syndrome 

toxin-1 
+ - - - - - 

agrA 
Accessory gene regulator 

protein A 
+ + + + + + 

agrB Accessory gene regulator B + + + + - - 

agrD 

Accessory gene regulator D 

(Pheromone precursor, type 

III) 

+ + + + + - 

agrC 
Accessory gene regulator C 

(Sensor histidine kinase) 
+ + + + + - 

sarA 
Staphylococcal accessory 

regulator A 
+ + + + + + 

clfA 
Fibrinogen-binding protein 

A, clumping factor 
- - + + + - 

clfB 
Fibrinogen-binding protein 

B, clumping factor 
- + + + + - 

fnbA 
Fibronectin-binding protein 

A 
- + + + + - 

fnbB 
Fibronectin-binding protein 

B 
- + + + + - 

sentO Enterotoxin O - + - - - - 
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sentN Enterotoxin N - + - - - - 

sek Superantigen enterotoxin - + - - - - 

fib Fibrinogen-binding protein - - + + - - 

 

 

4.7 Antibiotic Resistance   

PCR assays targeting mecA showed that 74% (17/23) of the isolates carried the mecA 

gene encoding for methicillin resistance.  

Resistance genes for the six sequenced isolates were identified using ResFinder 

(Zankari et al. 2012). 

 

Table 9. Resistance patterns in the sequenced isolates based on the ResFinder tool 

(Zankari et al. 2012). Aminoglycoside resistance (aac(6’); aph(2”); aaD); β-lactam 

resistance (mecA, blaZ); spectinomycin resistance (spc); black: positive, white: 

negative.  

Isolate aac(6’)-aph(2”) blaZ mecA aaD spc 

AUH-SA-1          

AUH-SA-2          

AUH-SA-3         

AUH-SA-4         

AUH-SA-7        

AUH-SA-8           

 

 

4.8 Plasmids Content 

The assembled genomes were screened for plasmids content using Plasmid Finder 

(Carattoli et al. 2014). All the six sequenced genomes carried at least one plasmid. The 

detected rep types were: rep5, rep16, rep20 and repUS12, with the latter found only in 

AUH-SA-2. Three variants of the rep20 plasmid were detected: rep(pTW20), 

repA(SAP074A) and repA(pWBG753). 

The reads corresponding to the different plasmids were extracted and resistance genes 

and VFs were determined by aligning the plasmid sequences with their corresponding 

references using the BioNumerics v7.6.1 beta software (Applied Maths, Sint-Martens-

Latem, Belgium) (Table 10). In addition to the antibiotic resistance determinants 

summarized in Table 6, cadmium efflux regulator and resistance transporters were 
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present on rep20 (AUH-SA-1 and AUH-SA-8), rep16 and rep5 (AUH-SA-3, AUH-

SA-4 and AUH-SA-7). rep16 and rep5 also carried ABC transporter ATP binding 

protein. Moreover, rep20 in AUH-SA-2 was also positive for enterotoxins (Ser, Sej, 

Sed).  

The blaZ gene was widely distributed and was detected on rep5, rep16 and rep20.  

Of particular interest was repUS12 in AUH-SA-2 that had several resistance 

determinants including: mecA, aadD encoding a kanamycin resistance protein and ble 

encoding a bleomycin resistance protein.  

Table 10. Plasmids content of the six sequenced genomes as inferred by Plasmid 

Finder (Carattoli et al. 2014).  

 rep Reference Accession # 
Antibiotic 

Resistance 

AUH-SA-1 rep20 rep(pTW20) FN433597.1 - 

AUH-SA-2 
rep20 repA(SAP074A) GQ900426.1 blaZ 

repUS12 rep(pUB110) AF181950 mecA, aadD, ble 

AUH-SA-3 
rep16 rep(Saa6159) CP002115.1 blaZ 

rep5 rep(pMW2) NC005011 blaZ 

AUH-SA-4 
rep16 rep(Saa6159) CP002115.1 blaZ 

rep5 rep(pMW2) NC005011 blaZ 

AUH-SA-7 rep16 rep(Saa6159) CP002115.1 blaZ 
 rep5 rep(pMW2) NC005011 blaZ 

AUH-SA-8 rep20 repA(pWBG753) GQ900395.1 - 

 

4.9 Phage Content 

 
The assembled genomes were also screened for phages using the phage search tool 

PHASTER (Arndt et al. 2016). Thirteen different phages were detected among the 

isolates. These included Staphylococcus phages 11, 37, 71, 77 and 187, Staphylococcus 

phage JS01, Staphylococcus phage SPbeta-like, Staphylococcus phage tp310-1, 

Staphylococcus prophage phi 13, Staphylococcus phage PT1028, Lactococcus phage 

28201, Planktothrix phage PaV-LD and Propionibacterium phage PFR1. 

Staphylococcus phage 11 (Accession # NC_004615) was the most commonly detected 

phage (50%; 3/6), followed by Staphylococcus phage 77 (Accession # NC_005356) 

(33.3%; 2/6). AUH-SA-1 and AUH-SA-8 carried intact phages: Staphylococcus phages 

11 and JS01 in AUH-SA-1, while the Staphylococcus prophage phi 13 was detected in 

AUH-SA-7. The remaining isolates carried either incomplete or questionable phages 

(Table 11). 
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Table 11.  Phages content of the six sequenced genomes as inferred by the phage search 

tool PHASTER (Arndt et al. 2016).  

Isolate 
Length 

(Kb) 
Completeness Position Phage Accession # 

GC 

% 

AUH-

SA-1 

37 Intact 
48516-

85527  

Staphylococcus 

phage 11 
NC_004615 

34.2 

26.5 Intact 
3-

26533  

Staphylococcus 

phage JS01 
NC_021773 

33.9 

13 Incomplete 
99-

13139 

Lactococcus 

phage 28201 
NC_031013.1 

30.6 

AUH-

SA-2 

7 Incomplete 
55078-

62138  

Planktothrix 

phage PaV-LD 
NC_016564 

33.3 

9.3 Incomplete 
64240-

73629  

Staphylococcus 

phage SPbeta-like 
NC_029119 

32.1 

7.4 Incomplete 
910-

8355  

Staphylococcus 

phage 71 
NC_007059 

29 

6.5 Incomplete 72-6582 
Staphylococcus 

phage 37 
NC_007055 

26.5 

AUH-

SA-3 

26.1 Incomplete 
2-

26126  

Staphylococcus 

phage 11 
NC_004615 

34.6 

24 Questionable 2-24061 
Staphylococcus 

phage JS01 
NC_021773 

34.3 

12.4 Incomplete 
222-

12635  

Staphylococcus 

phage tp310-1 
NC_00976 

32.5 

10.1 Incomplete 
51-

10183  

Staphylococcus 

phage 77 
NC_005356 

33.9 

AUH-

SA-4 

15.2 Incomplete 
59-

15350  

Staphylococcus 

phage 77 
NC_005356 

33.3 

26.1 Incomplete 2-26126 
Staphylococcus 

phage 11 
NC_004615 

34.6 

24 Questionable 
2-

24061  

Staphylococcus 

phage JS01 
NC_021773 

34.4 

17.2 Incomplete 
222-

17507  

Staphylococcus 

phage tp310-1 
NC_00976 

32.1 

AUH-

SA-7 

20.5 Questionable 
74678-

95177  

Propionibacterium 

phage PFR1 
NC_031076 

29.9 

42.2 Intact 
71468-

113733  

Staphylococcus 

prophage phi 13 
NC_004617 

33.5 

AUH-

SA-8 

11 Incomplete 
170832-

181850 

Staphylococcus 

phage 187 
NC_007047 

29.5 

9.2 Questionable 
959-

10208 

Staphylococcus 

phage PT1028 
NC_007045 

30.5 
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4.10 Representative and Comparative Circular Genomes  

The genomes of the sequenced isolates were compared with closely related reference 

strains retrieved from NCBI (Annex I). AUH-SA-1 (ST97), was aligned to that of S. 

aureus HO 5096 0412 (Accession # NC_017763.1) using CGview Server V 1.0 (Grant 

& Stothard, 2008). HO 5096 0412 is commonly used as a reference strain to compare 

MRSA isolates. It belongs to ST22 and is a representative of epidemic MRSA-15 

strains (EMRSA-15). It was isolated from a fatal neonatal infection from a MRSA 

hospital outbreak in the UK in 2005 (Köser et al. 2012). The two isolates were 98.28% 

identical based on the average nucleotide identity (ANI) calculator (http://enve-

omics.ce.gatech.edu/ani/). Gaps and non-conserved regions between the two isolates 

were examined. The gaps were due to differences in the plasmid contents as HO 5096 

0412 carried pSAMEMRSA15 plasmid while AUH-SA-1 carried rep20. HO 5096 0412 

also carried plasmid-encoded enterotoxins that were absent in AUH-SA-1. Also, 

several transposases and transposon-related LysR family regulator proteins were 

missing in AUH-SA-1. Phage related proteins were also different between the isolates. 

AUH-SA-1 carried Staphylococcus phages 11 and JS01 in addition to Lactococcus 

phage 28201 while HO 5096 0412 carried Streptococcus phage phiARI0031, 

Staphylococcus phages phi2958PVL and phiNM3 and Planktothrix phage PaV-LD 

(Figure 4; Figure 5).  

Circular genome representations of the remaining sequenced genomes are depicted in 

annex I.  

 

http://enve-omics.ce.gatech.edu/ani/
http://enve-omics.ce.gatech.edu/ani/
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AUH-SA-1

 

 

Figure 4. Circular map of S. aureus AUH-SA-1 genome. DNAPLOTTER was used to 

create this graphical representation of the genome. From outside to inside: S. aureus, coding 

DNA sequence on the forward strand (blue); S. aureus coding DNA sequence on the reverse 

strand (red); GC% (Black above mean and grey below mean); GC skew. 
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Figure 5. Comparative circular representation of the AUH-SA-1 isolate genome 

BLASTed against the reference genome reference strain S. aureus HO 5096 0412 

complete genome (Accession # NC_017763.1). This graphical representation of the 

genome was created by using CGview Server V 1.0 (Grant & Stothard, 2008). Circular 

tracks show (from outside inwards): S. aureus coding DNA sequence on the forward 

strand, S. aureus coding DNA sequence on reverse strand (rRNA and tRNA are colored 

according to the legend inside the first two tracks), the third track is the BLAST 1 S. 

aureus HO 5096 0412 track. It represents the positions covered by the BLASTN 

alignment. Inside these tracks, white regions indicate parts of the input sequence that 

did not yield a blast hit, light pink/light green represents parts of the input sequence that 
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yield one blast hit, and darker pink/green regions indicate parts of the input sequence 

that yield overlapping blast hits. These often include rRNA or tRNA genes or repetitive 

sequences which represent the positions covered by the BLASTN alignment. Then the 

GC content is shown in black and finally the positive and negative GC skew are colored 

green and purple, respectively.  

 

4.11 Chromosome Comparison and Phylogenetic Relatedness   

The assembled sequences of the six sequenced genomes were aligned on the 

BioNumerics v7.6.1 beta software (Applied Maths, Sint-Martens-Latem, Belgium) 

with 17 reference genomes using the Burrows–Wheeler Aligner (BWA). S. aureus HO 

5096 0412 (Accession # NC_017763.1) was used as the reference for alignment. Several 

regions of high variability were observed among the aligned genomes these were also 

attributed to plasmids and phages.  

Full sequence based whole chromosome comparison of the six sequenced genomes was 

performed on the BioNumerics v7.6.1 beta software (Applied Maths, Sint-Martens-

Latem, Belgium) with 17 reference genomes. The reference genomes were chosen 

based on their STs to cover all the detected ones in this study (Figure 6). S. schweitzeri 

DSM 28300 (Accession # GCA_000751735.1) was used as an outgroup. The six 

sequenced isolates and the reference strains were separated into four major clades (I to 

IV) having at least 68% similarities. AUH-SA-7 (ST291) clustered with 51S (ST291), 

a MRSA isolate from Pakistan (Marasa et al. 2015) and ST97 (ST97) in clade I. AUH-

SA-1 (ST97), AUH-SA-2 (ST5), AUH-SA-3 (ST6) and AUH-SA-4 (ST6) clustered 

separately under clade II and appeared to be distantly related to other reference strains 

of the same STs. Clade III included reference strains of various STs. AUH-SA-8 

clustered with RP62A, a pathogenic S. epidermidis strain (Gill et al. 2005). Although 

the spa types were different, identical spa types clustered together. SCCmec types did 

not correlate with the phylogenetic distribution of the isolates (Figure 6).  
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4.12 wgSNPs Analysis 

In order to resolve to better understanding the relatedness of the sequenced genomes, 

wgSNPs analysis was performed.  

The assembled genomes were screened for mutations on the BioNumerics v7.6.1 beta 

software (Applied Maths, Sint-Martens-Latem, Belgium). Types of mutations searched 

included intergenic (silent) mutations, synonymous and non-synonymous mutations. 

Indels (insertions and deletions) were not included. In total, 1,390,649 mutations were 

detected.  

An UPGMA tree of categorical values was drawn in BioNumerics by using the filtered 

wgSNPs data as input. S. schweitzeri DSM 28300 (Accession # 

GCA_000751735.1) was used as an outgroup. The isolates were separated into three 

major clades, which helped in getting a more comprehensive clustering, where the six 

sequenced genomes clustered closely to their reference strains that had similar STs. 

Isolates having similar spa types also clustered together, such as JKD6159 (ST93) and 

M013 (ST59). SCCmec types were divers and did not correlate with the phylogenetic 

distribution (Figure 7).  
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Chapter Five 

 

DISCUSSION 
 

S. aureus is a Gram-positive spherical bacterium that invades through the nasal 

passages, and it is also found on the skin, oral cavity and gastrointestinal tract (Huttner 

et al. 2013). S. aureus can cause a wide variety of diseases ranging in severity from 

superficial to life-threatening invasive infections such as endocarditis, necrotizing 

pneumonia, and sepsis. The pathogenicity of S. aureus is mostly related to a 

combination of genetic characteristics mediating invasive capacity, immune evasion, 

virulence and antibiotic resistance (Earls et al. 2017; Carfora et al. 2016). MRSA is 

known to be a major cause of infections worldwide in the hospital and community 

settings, and while HA-MRSA generally affect patients with predisposing risk factors 

such as prolonged hospitalization, use of indwelling catheters or prior surgical 

procedures, CA-MRSA mostly affect young and healthy individuals without such risk 

factors (Espadinha et al. 2013). Multidrug resistance S. aureus has been highly reported, 

and the potential of pandemics is of a great concern in Lebanon. In this study, we 

examined the genomic attributes of six MSSA and 17 MRSA samples. 

 

5.1 Antibiotic Resistance 
 

The dissemination of resistant S. aureus strains in Lebanon and the Middle East is a 

worrying health concern (Althaqafi et al. 2017). In this study, 74% of the isolates were 

identified as MRSA which is in accordance to previous reports from Lebanon (Tokajian 

et al. 2010; Tokajian et al. 2011), orthopedic hospital in Nigeria (Udobi et al. 2013), 

and from Jordan (Bazzoun et al. 2014), while being much higher than what was reported 

in India (28%) (Harshan & Chavan, 2015). The MRSA isolates undertaken in this study 

were also MDR, which was again in accordance with previous reports from Lebanon 

(Tokajian et al. 2011). Furthermore, this study revealed a significantly lower resistance 

to clindamycin (30%), erythromycin (30%) and gentamycin (13%), compared to the 

reported resistance by Tokajian et al. 2011, which could be attributed to the lower 

number of isolates undertaken in this study and which primarily targeted MDR strains. 

All the isolates, however, were susceptible to vancomycin and teicoplanin, which again 

matched previous findings in Lebanon (Tokajian et al. 2011) and those from Poland 

and China (Matynia et al. 2005; Hu et al. 2015).  
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A variety of resistance genes were detected in the sequenced genomes. AUH-SA-1 and 

AUH-SA-8 carried aac(6’) and aph(2”). The presence of these genes confers resistance 

to the aminoglycoside gentamycin (Gomes et al. 2015) which was also phenotypically 

detected. This, however, was in agreement with the results obtained in previous studies 

in Canada and in West Iran (Martineau et al. 2000; Mohammadi et al. 2014). Moreover, 

in this study, blaZ was detected in 83% of the isolates with a similar occurrence 

previously being reported by Gomes et al. 2015 in Brazil (86%).  

 

5.2 SCCmec typing 
 

SCCmec typing revealed that SCCmecIV was the predominant type identified in 70% 

of the isolates. SCCmecIV is the most prevalent type detected between among CA-

MRSA (Berglund et al. 2005). This was in harmony with results from previous studies 

done in Lebanon with the reported prevalence being around 85% (Tokajian et al. 2010; 

Harastani et al. 2014). Similarly, in Taiwan SCCmecIV was the dominant detected type 

(82%) (Boyle-Vavra et al. 2005), while it was less frequent in Sweden (45%) (Berglund 

et al. 2005).  

Among the SCCmecIV isolates, only 37% were positive for PVL. Our findings showed 

a significantly lower percentage of PVL occurrence when compared to Harastani et al. 

(2014), with all the MRSA-IV being PVL positive. PVL negative MRSA-IV were 

detected in Brazil and Italy from cystic fibrosis patients (Mimica et al. 2011; Campana 

et al. 2007), and in China (Zhou et al. 2016). 

We detected one ST80-MRSA-IV (CC80), which was among the MRSA-IV PVL 

negative batch. Recently, Edslev et al. (2017) studied a PVL negative ST80-MRSA that 

carried remnants of the phage ΦSa2 suggesting that these clones probably were derived 

from PVL positive ancestor that lost part of the phage fragment (Edslev et al. 2017). 

Our findings confirmed that the correlation between PVL and/or SCCmecIV and being 

CA-MRSA rather than HA-MRSA should be carefully applied due to obvious 

exceptions (Zhou et al. 2016).   

 

5.3 spa typing 

The investigated MRSA and MSSA isolates in this study were assigned to 12 different 

spa types, which showed a diverse genetic profile. The most common type was t304 

(17%), which was also detected previously in Denmark during a continuous outbreak 

that started in 2011 (Bartels et al. 2015). Among our isolates, three out of five MRSA 
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ST6-IV/t304 were PVL negative. Previously, results obtained from Oman and UAE 

revealed that the majority of MRSA ST6-IV/t304 were PVL negative (Udo et al. 2014; 

Sonnevend et al. 2012), suggesting MRSA ST6-IV/t304 expansion in the Middle East.    

spa type t1149 (MSSA, PVL positive) and spa type t044 were also detected. spa type 

t1149 previously linked to an isolate from Jordan (Bazzoum et al. 2014), while spa type 

t044, one of the most common spa type in Lebanon and Jordan (Bazzoum et al. 2014; 

Tokajian et al. 2010) was only represented by one isolates (AUH-SA-11). It is 

noteworthy, that t002, reported to be a livestock indicator in Germany, detected also in 

Nigeria (Nworie et al. 2017), and linked to infections in humans (Köck et al. 2013), 

was also seen among the studied isolates, indicating cross-transmission. Finally, the spa 

type t008 associated with one isolate typed as ST-8-MSSA (O’Hara et al. 2012).  

5.4 MLST 

Among the isolates identified in this study, ST6 was the most prevalent type (26%), 

and was previously detected in Hong Kong, Australia, and the UAE (Monecke et al. 

2011; Sonnevend et al. 2012). Other clones identified in this study included ST8, also 

known as the USA300 clone, which was the leading cause of CA-MRSA infection in 

U.S.A. hospitals, was reported in the U.S.A., Europe, Korea, and the Middle East 

(Robinson & Enright, 2004; Jung et al. 2016; Boswihi et al. 2016), ST1 in Asia, Europe 

and the U.S.A. (Robinson & Enright, 2004), ST5 in Nigeria, Europe, and Brazil 

(Nworie et al. 2017; Köck et al. 2013), and ST80 in Europe, and the Middle East 

(Teixeira et al. 2012). PVL-positive ST80 was the most common type among isolates 

causing SSTIs affecting young individuals outside the hospital settings in Lebanon and 

Jordan (Tokajian et al. 2010; Khalil et al. 2012).  

 

5.5 Virulence Factors 

Among the four MRSA and two MSSA isolates tested, eta was the only exfoliative 

toxin gene detected (67%). eta gene, however, was also common among isolates from 

Lebanon (11%) (Tokajian et al. 2011), Japan (30%) (Yamasaki et al. 2005), Africa, 

Europe and the U.S. (Ladhani et al. 1999). The prevalence of eta gene over etb was due 

to the higher immunogenicity of eta in S. aureus (Yamasaki et al. 2005).  

The tsst-1 gene on the other hand, was detected only in one isolate (5%), which was 

comparable to a previous study from Lebanon (7%) (Tokajian et al. 2011), and another 

in Klang Valley in Malaysia (10%) (Puah et al. 2016).  
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Finally, agr can be grouped into four types (I-IV). In this study agr-type I (43%), agr-

type II (31%) and agr-type III (26%) were detected. Although there was no reported 

correlation between agr types and diseases caused by S. aureus, the high predominance 

of agr-type II was associated with nosocomial MRSA infections (Ostojic et al. 2015).  

 

5.6  PFGE 
 

PFGE revealed genetic diversity within the isolates with 18 pulsotypes being identified. 

PFGE in S. aureus is often considered over-discriminatory (Peacock et al. 2002), even 

minor genetic changes, such as point mutations leading to the gain or loss of a 

restriction sites, can lead to a three fragments difference and thus to new pulsotypes 

(Tenover et al. 1995).  

We could not find any correlation between the pulso- and MLST types, which was also 

the case in some previous reports (Peacock et al. 2002; Srednik et al. 2018). Fewer 

reports showed that PFGE typing separated the isolates based on their STs. Among S. 

aureus recovered from mastitis bovine milk in Argentina, isolates that were 80% related 

based on PFGE, also had the same MLST type (Srednik et al. 2018).  

 

5.7  Plasmids 
 

The sequenced isolates had at least one plasmid. Four different rep types were detected: 

rep5, rep16, rep20 and repUS12, with the latter, found only in AUH-SA-2. We found 

three variants of the rep20 plasmid (rep(pTW20), repA(SAP074A) and 

repA(pWBG753)). 

Plasmids in S. aureus are classified based on the genes encoding replication proteins, 

referred to as rep genes (Jensen et al. 2011). These have been shown to carry resistances 

to aminoglycosides, β-lactams, and macrolides (McCarthy & Lindsay, 2012). The blaZ 

was widely distributed and was detected on rep5, rep16 and rep20. blaZ is the main 

mechanism of penicillin resistance in staphylococci (Olsen et al. 2006). It may be 

present on a plasmid or integrated into the chromosome (Olsen et al, 2006). As 

described previously, blaZ was clustered with its repressor gene blaI, and a signal 

transducer-sensor protein, encoded by blaR1 (Firth et al 2000).  

Of particular interest was repUS12 detected only in AUH-SA-2 that had several 

resistance determinants including: mecA, aadD encoding a kanamycin resistance 

protein and ble encoding a bleomycin resistance protein. Few reports exist on repUS12. 

It was recently described in livestock-associated MRSA (Moon et al. 2016) and 
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Enterococcus faecium (Mbelle et al. 2017). The closest reference to repUS12 was 

rep(pUB110). As we detected in repUS12, the SCCmec element, along with bleomycin 

and kanamycin resistance genes; previously shown to be integrated on pUB110 with a 

copy of Tn554 transposon (Holden et al. 2004).   

Moreover, cadmium efflux regulator and resistance transporters were present on rep20 

(AUH-SA-1 and AUH-SA-8), rep16 and rep5 (AUH-SA-3, AUH-SA-4 and AUH-SA-

7). In fact, heavy metal resistance genes are often carried on plasmids in S. aureus 

(Silver & Phung, 1996).  

Furthermore, rep20 in AUH-SA-2 was also positive for enterotoxins (SER, SEJ, and 

SED).  The occurrence of toxin genes on plasmids in S. aureus is considered to be rare 

(McCarthy & Lindsay, 2012). Yet exotoxin B (ETB), a toxin that causes blistering of 

the skin, and toxins EntA, EntG, EntJ, and EntP were previously also found on plasmids 

(Jackson & Iandolo, 1986).  

 

5.8  Phages 

 

Thirteen different phages were detected among the isolates with at least two phages 

found in all the sequenced genomes. AUH-SA-1 and AUH-SA-8 carried intact phages 

while the remaining isolates (AUH-SA-2, AUH-SA-3, AUH-SA-4, and AUH-SA-7) 

carried either incomplete or questionable phages. Phages in S. aureus are thought to be 

phages the primary tools for genetic diversification (Xia & Wolz, 2014). This is 

achieved through various mechanisms: First, phages can carry genes encoding for 

staphylococcal VFs. The mobilization of such phages transfers these VFs to recipient 

strains. Second, phages aid in the induction, packaging, and transfer of genomic islands 

(Christie & Dokland, 2012; Novick et al. 2010). Third, phage transduction can transfer 

plasmids and even chromosomally encoded markers (Xia & Wolz, 2014). 

Staphylococcus phage 11 (ɸ11) was the most prevalent, detected in 50% (3/6) of the 

isolates. ɸ11, a serogroup B phage, is among the best-studied phages in S. aureus 

because of its high transducing efficiency (Xia & Wolz, 2014). It switches between the 

lysogenic and lytic phases through a molecular circuitry similar to that of the λ phage 

(Ganguly et al. 2009). Moreover, ɸ11 was linked to S. aureus pathogenicity islands 

mobilization (Christie & Dokland, 2012).  

PVL was detected in 67% (4/6) of the sequenced isolates. The PVL-encoding genes 

(lukS-PV and lukF-PV) can be found on a variety of temperate bacteriophages 

(ΦSa2MW, ΦPVL, Φ108PVL, ΦSLT, and ΦSa2USA) (Ma et al. 2008). This was in 
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accordance with our results as the PVL positive isolates showed a varying repertoire of 

phages.  

 

5.9  Chromosome Comparison and Phylogenetic Relatedness   
 

The sequenced genomes were aligned with 17 other genomes retrieved from NCBI with 

S. aureus HO 5096 0412 (Accession # NC_017763.1) used as a reference. HO 5096 0412, 

isolated from a fatal neonatal infection from a MRSA hospital outbreak in the UK in 

2005 (Köser et al. 2012), is commonly used as a reference strain to compare MRSA 

isolates. It belongs to ST-22 and is a representative of epidemic MRSA-15 strains 

(EMRSA-15) (Köser et al. 2012). The six sequenced isolates and the reference strains 

were separated into four major clades (I to IV) in correlation with the STs of the isolates 

and the reference genomes. AUH-SA-7 (ST291) clustered with 51S (ST291), a MRSA 

isolate from Pakistan (Marasa et al. 2015) and ST97 (ST97) in clade I. However, AUH-

SA-1 (ST97), AUH-SA-2 (ST5), AUH-SA-3 (ST6) and AUH-SA-4 (ST6) clustered 

separately under clade II and appeared to be distantly related to other reference strains 

of the same STs. The full chromosome comparison, and in harmony with Tong et al. 

(2015), did not provide enough discriminatory power to accurately elucidate the genetic 

diversity and relatedness among the isolates.  

 

5.10 wgSNPs Analysis 

In order to obtain a more rigorous understanding of the phylogeny of the sequenced 

genomes, especially the isolates that clustered under clade II separately from references 

with the same STs, we performed wgSNPs analysis and a wgSNPs-based phylogenetic 

tree was constructed. The isolates were separated into three major clades. The 

sequenced genomes clustered closely to their reference strains with similar STs. Isolates 

with same spa types also clustered together, while SCCmec types did not correlate with 

the phylogenetic distribution. With the advances of WGS, whole-genome SNP analysis 

has become an established tool for strain typing (David et al. 2016), and the 

construction of phylogenetic trees (Freschi et al. 2015). It also provides evidence of 

genomes evolution, tracing hospital outbreaks and has a higher discriminatory power 

over MLST and PFGE (Losada &Tummler, 2016).  

In summary, the spread of MDR pathogens, including S. aureus in Lebanon, is of a 

great public health concern. As demonstrated in this study, the risk of transmission and 

acquisition of antimicrobial resistance in S. aureus is increasing with the high 
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prevalence of plasmids, phages and mobile genetic elements carrying antibiotic 

resistance and virulence encoding genes. The future work arising from this study is to 

focus on elucidating the molecular mechanisms behind the transfer of plasmid-encoded 

antibiotic resistance genes and toxins through an in-depth analysis of the plasmids 

genetic environments, genetic compositions and abilities of transmission by performing 

conjugation experiments. Furthermore, biofilm formation and transmission of S. aureus 

is another important aspect that should be carefully considered.  
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Chapter Six 

 

CONCLUSION 

 
• MDR S. aureus isolates against antibiotics routinely used for treatment 

were identified.  

• The isolates were assigned to 12 different spa types: t267, t067, t304, 

t002, t3310, t1149, t386, t159, t044, t586, t711, and t008.    

• The isolates belonged to the following MLSTs: ST97, ST5, ST6, ST44, 

ST291, ST1, ST121, ST80, ST45, ST2, and ST8.  

• In our study, three out of five MRSA ST6-IV/t304 were PVL negative 

which agreed with previous studies on Oman and UAE, suggesting that 

this clone is expanding in the Middle East.  

• SCCmecIV was detected in 70% of the isolates with only 37% carrying 

PVL.  

• One strain of ST80-MRSA-IV (CC80) PVL negative was detected 

which conferred with studies done on PVL negative ST80-MRSA that 

carried remnants of the phage ΦSa2 suggesting that these clones 

probably were derived from PVL positive ancestor that lost part of the 

phage fragment. 

• Isolates were assigned to three agr types: agr-type I (43%), agr-type II 

(31%) and agr-type III (26%).  

• eta was the only exfoliative toxin gene detected in 67% of the isolates 

and tsst-1 gene was detected only in one isolate.  

• The average size of the genomes was 2,711,679 bp, G+C content of 

32.6%, and 104 contigs. 

• 83% of the isolates carried blaZ and AUH-SA-1 and AUH-SA-8 carried 

aac(6’) and aph(2”). 

• A diversity of VFs were detected, including: efb, icaA, icaB, icaC, icaR, 

sexo, hla, sarA, clfA, clfB, fnbA, fnbB, sentO, sentN, sek, and fib.  

• There was no correlation found between the pulso- and MLST types 

which agreed with previous studies.  

• Thirteen different phages were detected among the isolates with at least 

two phages found in all the sequenced genomes.  



45 
 

• Staphylococcus phage 11 (ɸ11) was the most commonly detected in 

50% of the isolates and it is known to have high transducing efficiency.  

• All the six sequenced genomes carried at least one plasmid. Four 

different rep types were detected: rep5, rep16, rep20 and repUS12. 

• repUS12 detected only in AUH-SA-2 carried mecA, aadD and ble. 

• The blaZ, which is a main mechanism of penicillin resistance in 

staphylococci, was widely distributed and was detected on rep5, rep16 

and rep20.  

• rep20 in AUH-SA-2 was positive for enterotoxins (SER, SEJ, and SED), 

as it was previously reported that it is rare to find toxins on plasmids.   

• wgSNPs analysis proved to be of higher discriminatory power than 

PFGE and full chromosome comparison.  

• The role of plasmids and mobile genetic elements in the transmission of 

antibiotic resistance was elucidated.  

• Finally, the obtained data will be used to implement surveillance over 

the use of antibiotic and infection control to prevent outbreaks of 

resistant S. aureus clones in Lebanon through publications in local or 

international journals. 
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ANNEX I 
 

AUH-SA-2  

(2,740,536 bp) 

 

 

Figure 1. Circular map of S. aureus AUH-SA-2 genome. DNAPLOTTER was used to 

create this graphical representation of the genome. From outside to inside: S. aureus, coding 

DNA sequence on the forward strand (blue); S. aureus coding DNA sequence on the reverse 

strand (red); GC% (Black above mean and grey below mean); GC skew. 
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AUH-SA-3  

(2,808,367 bp) 

 

 

 

Figure 2. Circular map of S. aureus AUH-SA-3 genome. DNAPLOTTER was used to 

create this graphical representation of the genome. From outside to inside: S. aureus, coding 

DNA sequence on the forward strand (blue); S. aureus coding DNA sequence on the reverse 

strand (red); GC% (Black above mean and grey below mean); GC skew. 
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AUH-SA-4  

(2,818,539 bp) 

 

 

 

Figure 3. Circular map of S. aureus AUH-SA-4 genome. DNAPLOTTER was used to 

create this graphical representation of the genome. From outside to inside: S. aureus, coding 

DNA sequence on the forward strand (blue); S. aureus coding DNA sequence on the reverse 

strand (red); GC% (Black above mean and grey below mean); GC skew. 
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AUH-SA-7  

(2,728,266 bp) 

 

 

 

Figure 4. Circular map of S. aureus AUH-SA-7 genome. DNAPLOTTER was used to 

create this graphical representation of the genome. From outside to inside: S. aureus, coding 

DNA sequence on the forward strand (blue); S. aureus coding DNA sequence on the reverse 

strand (red); GC% (Black above mean and grey below mean); GC skew. 
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AUH-SA-8  

(2,448,502 bp) 

 

 

 

Figure 5. Circular map of S. aureus AUH-SA-8 genome. DNAPLOTTER was used to 

create this graphical representation of the genome. From outside to inside: S. aureus, coding 

DNA sequence on the forward strand (blue); S. aureus coding DNA sequence on the reverse 

strand (red); GC% (Black above mean and grey below mean); GC skew. 
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Figure 7. Comparative circular representation of the S. aureus AUH-SA-2 isolate 

genome BLASTed against the genomes of the reference strain S. aureus NC_017347. 

This graphical representation of the genome was generated using CGview server. 

Circular tracks show (from outside inwards): S. aureus coding DNA sequence on the 

forward strand, S. aureus coding DNA sequence on reverse strand (rRNA and tRNA 

are colored according to the legend inside the first two tracks), third track is the BLAST 

1 S. aureus NC_017347 track. This track represents the positions covered by the 

BLASTN alignment. Inside this track, white regions indicate parts of the input sequence 

that did not yield a blast hit, light pink/light green represents parts of the input sequence 

that yield one blast hit, and darker pink/green regions indicate parts of the input 
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sequence that yield several blast hits (overlapping hits). These often include rRNA or 

tRNA genes or repetitive sequences which represents the positions covered by the 

BLASTN alignment. Then the GC content is shown in black and finally the positive 

and negative GC skew are colored green and purple, respectively. Image created using 

CGview Server V 1.0 (Grant & Stothard, 2008). 
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Figure 8. Comparative circular representation of the S. aureus AUH-SA-3 isolate 

genome BLASTed against the genomes of the reference strain S. aureus 

NZ_BAEA01000058. This graphical representation of the genome was generated using 

CGview server. Circular tracks show (from outside inwards): S. aureus coding DNA 

sequence on the forward strand, S. aureus coding DNA sequence on reverse strand 

(rRNA and tRNA are colored according to the legend inside the first two tracks), third 

track is the BLAST 1 S. aureus NZ_BAEA01000058 track. This track represents the 

positions covered by the BLASTN alignment. Inside this track, white regions indicate 

parts of the input sequence that did not yield a blast hit, light pink/light green represents 

parts of the input sequence that yield one blast hit, and darker pink/green regions 

indicate parts of the input sequence that yield several blast hits (overlapping hits). These 
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often include rRNA or tRNA genes or repetitive sequences which represents the 

positions covered by the BLASTN alignment. Then the GC content is shown in black 

and finally the positive and negative GC skew are colored green and purple, 

respectively. Image created using CGview Server V 1.0 (Grant & Stothard, 2008). 
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Figure 9. Comparative circular representation of the S. aureus AUH-SA-4 isolate 

genome BLASTed against the genomes of the reference strain S. aureus NC_017347. 

This graphical representation of the genome was generated using CGview server. 

Circular tracks show (from outside inwards): S. aureus coding DNA sequence on the 

forward strand, S. aureus coding DNA sequence on reverse strand (rRNA and tRNA 

are colored according to the legend inside the first two tracks), third track is the BLAST 

1 S. aureus NC_017347 track. This track represents the positions covered by the 

BLASTN alignment. Inside this track, white regions indicate parts of the input sequence 

that did not yield a blast hit, light pink/light green represents parts of the input sequence 

that yield one blast hit, and darker pink/green regions indicate parts of the input 
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sequence that yield several blast hits (overlapping hits). These often include rRNA or 

tRNA genes or repetitive sequences which represents the positions covered by the 

BLASTN alignment. Then the GC content is shown in black and finally the positive 

and negative GC skew are colored green and purple, respectively. Image created using 

CGview Server V 1.0 (Grant & Stothard, 2008). 
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Figure 10. Comparative circular representation of the S. aureus AUH-SA-7 isolate 

genome BLASTed against the genomes of the reference strain S. aureus NC_017763. 

This graphical representation of the genome was generated using CGview server. 

Circular tracks show (from outside inwards): S. aureus coding DNA sequence on the 

forward strand, S. aureus coding DNA sequence on reverse strand (rRNA and tRNA 

are colored according to the legend inside the first two tracks), third track is the BLAST 

1 S. aureus NC_017763 track. This track represents the positions covered by the 

BLASTN alignment. Inside this track, white regions indicate parts of the input sequence 

that did not yield a blast hit, light pink/light green represents parts of the input sequence 

that yield one blast hit, and darker pink/green regions indicate parts of the input 

sequence that yield several blast hits (overlapping hits). These often include rRNA or 
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tRNA genes or repetitive sequences which represents the positions covered by the 

BLASTN alignment. Then the GC content is shown in black and finally the positive 

and negative GC skew are colored green and purple, respectively. Image created using 

CGview Server V 1.0 (Grant & Stothard, 2008). 
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Figure 11. Comparative circular representation of the S. aureus AUH-SA-8 isolate 

genome BLASTed against the genomes of the reference strain S. aureus NC_002976. 

This graphical representation of the genome was generated using CGview server. 

Circular tracks show (from outside inwards): S. aureus coding DNA sequence on the 

forward strand, S. aureus coding DNA sequence on reverse strand (rRNA and tRNA 

are colored according to the legend inside the first two tracks), third track is the BLAST 

1 S. aureus NC_002976 track. This track represents the positions covered by the 

BLASTN alignment. Inside this track, white regions indicate parts of the input sequence 

that did not yield a blast hit, light pink/light green represents parts of the input sequence 

that yield one blast hit, and darker pink/green regions indicate parts of the input 

sequence that yield several blast hits (overlapping hits). These often include rRNA or 
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tRNA genes or repetitive sequences which represents the positions covered by the 

BLASTN alignment. Then the GC content is shown in black and finally the positive 

and negative GC skew are colored green and purple, respectively. Image created using 

CGview Server V 1.0 (Grant & Stothard, 2008). 

 

 

 

 




