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1. Introduction

Staphylococcus aureus is a major human and animal pathogen, leading to cause skin
and soft tissue infections to life-threatening infections (Tenover et al., 2019). S. aureus
acquires an arsenal of antibiotic resistance genes (ARGs) and virulence factors-
encoding genes (VFGs) via horizontal gene transfer (HGT) and recombination. This
HGT event enabled the emergence of hypervirulent and multi-drug resistant (MDR)
strains and led to challenging issues in antibiotic therapy (Chan et al., 2011).
Consequently, the morbidity and mortality rates caused by S. aureus infections have a
substantial impact on health concerns. Thus, the prevention and control of MDR S.
aureus infections have become the main concern in the public health sectors of the
European countries (Kock et al., 2010). This strongly suggests that there is a
continuous need to search for additional drug or vaccine targets in their genomes that
would improve protection and long-lasting prevention (Perumal et al., 2007).

The polyphasic characterization of S. aureus is essential for delineating the
occurrence of an epidemic and monitoring the transmission of the organism (Du et al.,
2011). In this modern era, the whole-genome sequencing technology has brought with
it the possibility of investigating pathogen outbreaks, defining the different lineages,
and identifying the prophages among the S. aureus strains and their diversity (Koser
et al., 2012). Further, this technology provides an excellent opportunity to accelerate
the discovery process of drug target, or vaccine candidate proteins through subtractive
genome-based and reverse vaccinology (RV) approaches (Rappuoli, 2000). These
approaches enable the prediction of drug and vaccine target proteins for the pathogens
that are challenging to culture in the laboratory.

The number of comprehensive studies addressing S. aureus infections by
concurrently exploring the epidemiology, and genome comparison are currently low,
thus limiting global surveillance and epidemiological monitoring. This study is to
understand the molecular basis of drug resistance, pathogenesis, niche-specific
difference, evolutionary relationship of S. aureus clinical strains, prophages diversity,
and identification of potential drug target and vaccine candidate proteins of S. aureus
strains. This knowledge would allow the extrapolation of basic principles to improve

diagnosis, infection control, and treatment strategies of staphylococcal disease.



2 Aim of the study

Characterization of methicillin-resistant S. aureus (MRSA) clinical isolates through
genomic approach, and an in-silico identification of potential drug and vaccine

candidates against methicillin-resistant S. aureus.

Research activities were carried out to fulfill the following key scientific objectives:
1. Characterization of MRSA clinical isolates through the polyphasic approach

(phenotypic and genotypic characterizations).
2. Genome-wide comparison of MRSA clinical isolates.

3. Comparative analysis of prophages carried by human and animal-associated S.
aureus strains spreading across the European regions.

4. ldentification of potential drug targets and vaccine candidates against MRSA
strains through subtractive genomics-based and reverse vaccinology approaches.

3 Materials and Methods

3.1 Collection of the isolates

In this study, a total of 35 S. aureus clinical isolates were used. Among these isolates,

21 isolates belonged to Hungarian strains, and 14 isolates belonged to German strains.
3.2 Polyphasic characterization of S. aureus clinical isolates

The phenotypic characterization of S. aureus clinical isolates was performed using
biochemical tests (catalase, coagulase, urease, DNase production, and mannitol
fermentation test) (Collee et al., 1996), and susceptible to oxacillin (1pg), cefoxitin
(30pg), and erythromycin (15pg) was determined according to the Clinical and
Laboratory Standards Institute (CLSI) guidance (CLSI, 2014). Biofilm formation was
performed as previously described (Rahimi et al., 2016).

The genotypic characterization of S. aureus clinical isolates was performed using
the PCR amplification method to detect the presence of S. aureus species-specific
sequence (Martineau et al., 1998), mecA (Strommenger et al., 2003), and pvl toxin
(Karahan et al. 2007) genes. Molecular typing of SCCmec, (Staphylococcus
Chromosomal Cassette) (Zhang et al., 2005), coa (coagulase) (Khoshkharam-
Roodmajani et al., 2014), and spa (Staphylococcus protein A) (Harmsen et al., 2003)
were performed. The PCR amplicon of coa gene was further digested using the Haelll



restriction enzyme and banding patterns were analyzed, and the amplified spa gene
was sequenced using ABI PRISM 310 Genetic Analyzer (Applied Biosystems, USA).
The spa sequence types were assigned using spaTyper. The discriminatory power (DP)
of coa-, and spa typing were calculated based on Simpson's index. The detection of
biofilm-encoding genes such as icaA, icaB, icaD, icaR, fnbA, cna, clfA, clfB, and ebps

was performed.

3.2.1 Data setting for polyphasic approach

Individual result of the applied techniques was converted into the unweighted binary
code (0, 1), and Jacquard’s similarity index was generated and visualized according to
the Neighbour-Joining (NJ) clustering method using Past 3.x (Hammer et al., 2001).
Besides the binary data was used to perform a logistic Principal Component Analysis
(PCA) in R software (RStudio Team, 2020).

3.3 Whole-genome sequencing

Based on the dendrogram and PCA plot generated from polyphasic characterization
data showed that the strains originated from the same geographical region were found
in the close group (SA G6 and SA G8; SA H27 and SA H32) while the other two
strains originated from different geographical regions viz., SA G5 (German strain) and
SA H29 (Hungarian strain) were found in the same group. Based on this information,
these 6 S. aureus strains were chosen for in-depth comparative genome levels study to
better understand the genomic differences among the strains.

Whole-genome sequencing was performed using lon PGM Hi-Q View Sequencing
Kit on lon Torrent Personal Genome Machine (PGM) (Thermo Fisher Scientific Inc.
USA). In-silico trimming of adapter and barcode sequences and data analysis were
performed using Torrent Suite 5.4.0 (Thermo Fisher Scientific Inc., USA) and the
trimmed paired-end reads were assembled by de novo assembler SPAdes 3.7.1
software (Nurk et al., 2013). Gene annotation of the genome assemblies was performed
via the fully automated RAST (Rapid Annotation using Subsystem Technology)
pipeline.

3.3.1 In-silico characterization of genome assemblies
In-silico epidemiologic characterization of genome assemblies was performed using a

web-based server provided by the Center for Genomic Epidemiology (CGE Server,

n.d.). In-silico mining of candidate ARGs and VFGs were performed using CARD



(Comprehensive Antibiotic Resistance Database) version 3.0.8 (Alcock et al., 2020),
and a comprehensive set of S. aureus VFGs was analyzed using VFDB (Virulence
Factor Database) in VFanalyzer (Liu et al., 2019). Secondary metabolite biosynthesis
gene clusters and the detection of genes encoding bacteriocins were analyzed using
antiSMASH 5.0 (Blin et al., 2019).

3.3.2 Comparative genome analysis

EDGAR 2.0 software framework was used to calculate, ANI, pan-genome, core-
genome, and singletons (Blom et al., 2016). The functional annotation was performed
using EggNOG (Evolutionary Genealogy of Genes: Non-supervised Orthologous
Groups) mapper 5.0 database (Huerta-Cepas et al., 2019) and RAST server-based
SEED viewer (Overbeek et al., 2014).

3.3.3 Phylogenetic analysis

The genome assemblies of the isolates were used for a phylogenomic analysis using
TYGS (Type/Strain Genome Server) (Meier-Kolthoff & Goker, 2019) engaging with

genomes of closely related strains of S. aureus.
3.4 Comparative genomic analyses of S. aureus prophages

A total of 60 whole genomes of S. aureus strains reported to cause human and animal
infections across the European regions were used in this study. Of these 60 whole
genome sequences of S. aureus strains, 54 were retrieved from the NCBI database and
additional 6 genome assemblies of S. aureus were current study genomes. The S.
aureus strains used in this study originated from Austria (n=7), Denmark (n=5), France
(n=12), Germany (n=11), Hungary (n=3), Italy (n=9), Netherlands (n=11), and Spain
(n=2). The genome sequences were analyzed for SCCmec types and MLST using a
web-based server provided by the Center for Genomic Epidemiology.

PHAQge Search Tool Enhanced Release (PHASTER) algorithm was used to identify
prophage sequences from 60 S. aureus genomes (Arndt et al., 2016). Further, the intact
prophage genomes were re-annotated using prokka 1.14 (Seemann, 2014). A total of
65 intact prophage nucleotide sequences were subjected to Multiple Sequence
Alignment using Fast Fourier Transform (MAFFT) version v7.475 (Katoh et al.,
2018), and further generate cluster tree on SplitsTree4 software (Huson & Bryant,
2006). The identified intact prophage sequences were analyzed for ARGs and VFGs
using CARD (Alcock et al., 2020) and VirulenceFinder-2.0 Server (CGE Server, n.d),



respectively. The intact prophage sequences were used for a pan-genome comparison
using the TBLASTX and prophage phiH14-1 as a seed genome in Gview server
(https://server.gview.ca/). Furthermore, the prophage sequences belonging to each
cluster or clade were analyzed for core and accessory genomes using Spine and AGEnt

version 0.3.1 webserver (Ozer et al., 2014).

3.5 ldentification and characterization of potential vaccine and drug target

candidates by reverse vaccinology

The genome sequences of 16 MRSA strains were retrieved from the NCBI database
(http://www.ncbi.nIm.nih.gov/genbank/) among these, 6 genome sequences were
from this present study. The identification of conserved proteins (core-proteome)
between the 16 genomes was analyzed in the genome set using reciprocal best BLAST
hits of all CDS in EDGAR 2.0 software framework (Blom et al., 2016).

3.5.1 ldentification of conserved proteins of MRSA and subtractive genomics

Paralog sequences from the S. aureus core-proteome were removed using CD-HIT (Li
& Godzik, 2006) with a sequence identity cut-off of 0.7 (70%), and further analyzed
using GEPTOP 2.0 with an essentiality score cut-off of 0.24 (Wen et al., 2019). The
essential non-paralogous protein sequences were subjected to BLASTp against the
Homo sapiens genome (host) using default parameters, and Vaxign 2 tool (He et al.,
2010). The resultant sequences showing non-host homologous sequences with no hit

found were selected for subsequent analysis.

3.5.2 Prediction of subcellular location and 3D modelling of cytoplasmic protein

structures

The non-host homologous protein sequences were used for the prediction of
subcellular location using Vaxign 2 tool (He et al., 2010). The cytoplasmic (CYT)
protein sequences were submitted to MHOLline 2.0 server (Rossi et al., 2020) to model

a three-dimensional (3D) structure.
3.5.3 Ligand libraries, virtual screening, and molecular docking analysis

The ligands, drug-like molecules mentioned in the article (Vilela et al., 2019) were
obtained from the ZINC 15 database, and an in-house library was constructed. The
docking was performed using the MolDock Optimizer search algorithm with default
parameters in Molegro Virtual Docker (MVD) 6.0 (Bitencourt-Ferreira & de Azevedo,
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2019) and visualized using PyMOL 2.4.1 (Schrodinger & DeLano, 2020), and
Discovery Studio Visualizer 2020 (BIOVIA, 2020), respectively.

3.5.4 Reverse vaccinology approach for prediction of putative vaccine

candidates

The non-CYT proteins were submitted to the Vaxign 2.0 tool (He et al., 2010) to
identify the potential vaccine candidate proteins. The antigenicity of vaccine candidate
proteins was predicted using the VaxiJen v2.0 server with a threshold of 0.4
(Doytchinova & Flower, 2007).

4 Results

4.1 Polyphasic characterization

In the present study, phenotypic and genotypic characterization confirmed that the 35
S. aureus clinical isolates were S. aureus strains and showed a high prevalence of mecA
genes (94.28%) positive strains. The distribution of SCCmec types showed that
36.36% of strains were CA-MRSA and 54.54% of strains were HA-MRSA. The
quantitative test for biofilm production revealed that among the 33 mecA gene-positive
strains, 87.87% of strains produced biofilm. Among 33 mecA gene-positive strains, 15
S. aureus isolates were selected based on non- (26.7%), moderate- (40%), and strong-
(33.3%) biofilm-forming abilities for molecular typing and discrimination. The coa
gene typing showed the discriminatory index (DI) of 0.8381. coa-RFLP analysis
revealed 11 different patterns, revealing the DI of 0.9619. Typing of the spa gene
revealed DI of 0.9429. Analysis of the spa gene revealed 12 known spa types. The
presence of fnbA and fnbB genes were detected in 73.3% and 66.6% strains,
respectively. Genes associated with biofilm-forming ability viz., cna, clfA, clfB, and
ebps were found present in 53.33%, 80%, 73.3%, and 86.6% strains, respectively.
Although, the individual test has the advantage of being cost-effective, but often
cannot differentiate among the strains. To avoid a misleading conclusion, the data from
all applied methods were coupled to perform cluster and PCA analysis. The analysis
results suggested that Hungarian strains (SA H27 & SA H32) belonging to the same
SCCmec-1V have shared the same cluster, however, these strains were isolated from
the different sites of infections (nostrils and trachea) and showed different antibiotic
resistance patterns and biofilm-forming abilities. Germany and Hungarian strains (SA

G5 & SA H29) from different geographical locations clustered together. However, the



strains collected from Germany viz., SA G6 & SA G8 belonged to different SCCmec
types and had similar antibiotic resistance patterns and biofilm-forming profiles, but
these strains were isolated from the different sites of infections (skin and other body

sites) and were not clustered in the same group.

4.2 Characterization through genomic approach

The genomes of S. aureus isolates generated reads per sample cover more than 98%
of the reference genome (ASM1342v1) with an average depth of 152.4X. Among the
S. aureus isolates, SA G8 has the largest genome size (28633393 bp) with a high %
GC content (32.81%). The numbers of protein-coding sequences (CDSs) in the S.
aureus strains varied from 2630 (SA H27) to 2743 (SA H29).

4.2.1 In-silico characterization of genomic assemblies

The Sequence Types (STs) of Hungarian isolates belonged to CC5, and CC22 suggests
its relationship with CA-MRSA, while Germany isolates SA G6, and SA G8 belonged
to CC8 which is typical of HA-MRSA.

A putative plasmid (p1G6) of the SA G6 genome has 30.97% sequence coverage
with plasmids pTW20_1 (FN433597.1). Two putative plasmids, p1H29 and p2H29 of
the SA H29 genome constitute rep20 and rep7C type genes. Identified plasmid, p2H29
has blaZ (beta-lactamase), blaR, and mecl genes that conferred resistance to penicillin.
Then, the SA H32 genome also consists of a putative plasmid (p2H32) which has
71.32% sequence coverage with plasmids AR_0472 (NZ_CP029648.1). It carried an
erythromycin resistance gene (emrC).

Six study genomes of S. aureus strains shared 63.33% (19/30) antibiotic resistance
and associated genes. This in-silico identification and antibiotic susceptibility test
results were correlated with beta-lactam and erythromycin-resistant analysis. The auto-
inducing peptide-11 gene was identified in SA G6 and SA G8 genomes while the auto-
inducing peptide-1 gene was identified in SA G5, SA H27, SA H29, and SA H32
genomes. However, lanthipeptide A (gallidermin) was present in the SA H29 genome.
The clinically isolated SA G6 carried an array of antibiotic and heavy-metal resistance
genes, this finding suggests that SA G6 could be a multi-drug resistant strain. The
VFGs of S. aureus genomes against the VFDB revealed that 40.98% (50/122) of genes
were shared in all the strains of S. aureus. The genome of SA G8 isolate has occupied
3.40% of VFGs against its CDS, whereas the genome of SA H32 isolate has 2.97% of



VFGs against its CDS. In this study, SA G8, and SA H28 genomes present 77.27%
(17/22) of adherence-associated genes with additional genes of clumping factor A
(clfA), clumping factor B (clfB), and fibronectin-binding proteins (fnbB). The highest
number of toxin genes were identified in the genome of SA G5 i.e., 52. 94% (27/51).

4.2.2 Comparative genome analysis

The genome comparative analysis based on core genome ANI mean matrices result
indicated that all the S. aureus strains showed >96.69% sequence identities. Among
the core genomes of S. aureus isolates, the SA H27 genome showed the highest
sequence identities (97.3 to 99.9%), however, the SA G5 genome has 96.7 to 97.2%
sequence identities to genomes of S. aureus isolates. The functional annotations using
SEED subsystem and eggNOG revealed that S. aureus isolates required amino acids
than carbohydrates as the energy source and suggests that these isolates adapted to
grow in a protein-rich medium than carbohydrates. The comparison of six study S.
aureus genomes generated a pan-genome size of 3691 genes, of which 2202 (59.7%)
genes were core-genome, 721 (19.5%) genes were dispensable, and 768 (20.8%) genes
were singletons. The highest (107 CDSs), and singletons (4) were observed in SA G5,
and SA H27, respectively. The pan-genome analysis of S. aureus strains showed a
growing and open pan-genome model. The phylogenomic revealed that the strains with
ST225 (Germany), ST228 (Germany, Switzerland), ST105 (USA), and ST5 (Japan)
were grouped in the same CCS5 cluster, and a different cluster was noticed among the
UK origin ST22 (CC22). This analysis revealed that the German and Hungarian
isolates are genetically diverse and showed variation among them due to the gain or
loss of MGEs. The event of MGEs transfer was observed in ST5, ST225, and ST228.

4.3 Comparative genomic analyses of S. aureus prophages
To study prophages diversity, genome sequences of S. aureus strains associated with
human (Homo sapiens) infections (n=34), bovine (Bos tourus) infections (n=22), and
dog (Canis lupus familiaris) infections (n=4) were retrieved from the NCBI database.
The MLST analysis result revealed that S. aureus strains associated with the animal
infections have ST398 (CC398) and ST151 (CC151), while the S. aureus strains
associated with human infections have ST398 (CC398), ST8 (CC8), ST5 (CC5), etc.
The S. aureus with CC398 (ST398) and CC151 (ST151) are the most identified clone
types of bovines in the European regions (Fluit, 2012). It was reported that these CCs



are an emerging zoonotic agent (Springer et al., 2009). Prophages of CC398 and
CC151 strains associated with animals were selected to compare with prophages of
CC398 or other CCs strains associated with human infections.

PHASTER identified 65 intact/complete prophages, among these prophages, 57
prophages were extracted from MRSA strains, while the 8 analyzed prophages were
extracted from MSSA strains in which 4 prophages were from 4 MSSA strains
associated with human infections, and another 4 prophages were extracted from 4
MSSA strains associated with bovine and dog infections. The genome sizes of
intact/complete prophages were in the range of approximately 24.8 to 87.8 kb, and the
GC content varied between 32.16 and 35.38%. These complete prophages belonged to
the Siphoviridae family and had temperate lifestyles. The highest number (132) of
coding sequence (CDS) was found in phiG4-3 (S. aureus SA G6) and the lowest
number (29) of CDS was found in phiH7-2 (S. aureus strain H7).

The phylogenetic analysis of 65 intact prophage sequences generated the prophages
into 7 different clades. The prophages carried by human and animal-associated S.
aureus strains linked with different infected sites and different geographical locations
were dispersed randomly in all clades. There was no correlation between the clade, the
host, the site of infection, or geographical locations. The phylogenetic analyses result
showed that the prophages carried by MSSA strains showed high proximity among
them and were found clustered in subclades. This similar clustering pattern and
prophages sequences similarities are favored by the identical SCCmec types, STs, or
CCs of their host strains. This study suggested that the frequency of phage-mediated
HGT is higher between the S. aureus strains with the identical SCCmec type, STs, or
CCs.

The clade/subclade-wise prophages analysis revealed that the prophages carried by
S. aureus associated with human or bovine infections have relatively high genome
sizes in comparison with prophages of S. aureus associated with dogs. It was found
that the prophage sequences from a different host spectrum showed 100% sequence
similarity, however, their host strains owned the identical SCCmec lva, clonal lineage
ST398. Remarkably, this showed the evidence of phage-mediated horizontal gene
transfer between the S. aureus associated with bovine infections and the S. aureus
associated with dog infection.

The prophages carried by animal-associated S. aureus have 50.34% more VFGs
than the prophages harbored by human-associated S. aureus. The immune evasion
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cluster (IEC) was identified in both prophages harbored by human and animal-
associated S. aureus strains. The prophages carried by human-associated S. aureus
strains of different serotypes obtained from different geographical locations scattered
themselves in all the clades, suggesting that these phages have a wide distribution

across the European regions.

4.3 ldentification and characterization of potential drug and vaccine target

candidates by reverse vaccinology
4.3.1 ldentification of conserved proteins of MRSA and subtractive genomics

A set of 1719 CDSs shared by all the strains was identified and these sequences were
extracted in form of protein sequences. Out of these protein sequences, 1678 non-
redundant protein sequences were retrieved by using CD-HIT. Essential core proteins
of 278 were identified by GEPTOP 2.0 server. Further comparison of the core-proteins
of essential protein sequences to the human host proteome resulted in a set of 98 targets

as essential non-host homologous.

4.3.2 Prediction of subcellular location and 3D modelling of cytoplasmic protein

structures

The subcellular localization of 98 essential non-homologous proteins predicted that 78
proteins were localized in CYT regions, 2 proteins were in SEC, 6 proteins were in
potentially PSE, and 12 proteins in MEM. The analysis of proteins localized in CYT
regions using MHOLIine 2.0 predicted 19 proteins (9 very high quality, 8 high, and 2
good) as potential candidates for drug targets. Based on the druggability score, 8 drug
target proteins viz., biotin protein ligase (BPL), thymidine kinase (TMK), UDP-N-
acetylmuramoyl-L-alanyl-D-glutamate-L-lysine ligase (MurE), Phosphate
acetyltransferase (Pta), HPr kinase/phosphorylase, UTP-glucose-1-phosphate
uridylyltransferase (UGPase), Fatty acid/phospholipid synthesis (PIsX), and

Pantothenate synthetase (PanC) were selected for the docking process.
4.3.3 Virtual screening and molecular docking analysis

The molecular docking analysis suggested that the ZINC4235426 compound is a
promising drug molecule. This compound was found in good interactions along with
lower MolDock scores with four drug target proteins such as BPL, TMK, MurkE, HPr
kinase/phosphorylase, and PanC. Also, this drug molecule satisfies Lipinski’s rule of

10



five with zero violations and had no PAIN alerts. Also, using the reverse vaccinology
approach, 4 putative antigenic proteins were identified, among these, PrsA and EssA
proteins were found to be more promising vaccine candidates. These identified
proteins can be used for further rational drug or vaccine design to identify novel

therapeutic agents for the treatment of MDR staphylococcal infections.

5. Summary/Research finding

- PCR-RFLP method and suggested that spa typing method has better than other
typing methods.

- The characterization of MRSA through a polyphasic approach could determine the
relatedness among geographically diverse MRSA strains.

- The data generated from the WGS confirmed the diversity of MRSA strains among
the same CCs.

- The genomic data mining approach has clearly stated that the biofilm-forming
ability of MRSA was not correlated with the presence of biofilm-forming genes,
also the genetic constituents have no information regarding the infection sites.

- The core-genome and accessory genome revealed that S. aureus isolates required
amino acids than carbohydrates as the energy source and suggests that these
isolates adapted to grow in a protein-rich medium than carbohydrates.

- The mining of prophage signals from S. aureus genomic data suggested that the S.
aureus strains with the same SCCmec type, and clonal complex favored the
harboring of similar prophage sequences and suggested that the frequency of phage
mediated HGT is higher between them.

- The IEC is highly human-specific, however, this computational study finding
revealed that the presence of IEC could not differentiate between the phages of
human and animal-associates S. aureus.

- This study proposed that prophages of animal-associated S. aureus could be more
pathogenic than prophages of human-associated S. aureus.

- Remarkably, this study showed evidence of phage-mediated HGT between the S.
aureus associated with bovine (cow) infections and the S. aureus associated with
dog infections.

- This study showed that the S. aureus phages are dispersed among the several S.

aureus serotypes and around the European regions.
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- The molecule docking analysis result suggested that the ZINC04235426
compound is the most confident drug molecule.
- The reverse vaccinology approach revealed foldase protein (PrsA), and ESAT-6

secretion machinery protein (EssA) are the most promising vaccine candidates.
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