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Abstract Background: Methicillin-resistant Staphylococcus aureus (MRSA) is a significant
healthcare-associated (HA-MRSA) pathogen due to its increased morbidity and mortality rates.
There is a paucity of data regarding MRSA clones circulating in the Middle East in the literature,
especially from Egypt. We aimed to identify the pattern of resistance and virulence in the
propagating clones using NGS technologies for the whole genome sequence.
Methods: From an 18-month surveillance program for MRSA-positive patients, 18 MRSA isolates
from surgical healthcare associated infections were selected. The Vitek2 system was used to
assess antimicrobial susceptibility. The whole genome sequencing was performed using the No-
vaSeq6000. The reads were mapped to the reference genome (Staphylococcus_aureus_ATCC_-
BAA_1680), used for variant calling, screened for virulence/resistance genes, and typed using
multi-locus sequence typing and spa typing. Correlation between demographic and clinical
data and molecular findings were performed.
Results: All the MRSA isolates were highly resistant to tetracycline followed by gentamicin
(61%) and highly susceptible to trimethoprim/sulfamethoxazole. Most of the isolates showed
a high virulence profile. ST239 was the predominant sequence type (6/18), while t037 was
the predominant spa type (7/18). Five isolates shared the same ST239 and spa t037. ST1535,
an emerging MRSA strain, was the second most prevalent in our study. One isolate showed a
unique pattern of a high abundance of resistance and virulence genes.
Conclusion: WGS elucidated the resistance and virulence profiles of MRSA isolated from clinical
samples of HAI patients with high-resolution tracking of clones predominant in our healthcare
facility.
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Introduction

Staphylococcus aureus is a Gram-positive bacterium that
causes a wide variety of clinical manifestations.1 S. aureus is
one of the most prevalent pathogens that spread both in the
community as well as in hospital settings; treatment of S.
aureus infections remains a challenge due to its ability to
acquire resistance against multiple antibiotic classes.2,3 In
2017, it was estimated that 119,000 Americans experienced
S. aureus systemic infections and that approximately 20,000
died.4 Among all S. aureus strains, MRSA strains are the most
challenging and clinically debilitating.5 MRSA strains pose a
significant threat; according to a recent study published in
the Journal of the American Board of Family Medicine,
assessing the 11-year mortality risk of MRSA colonization in a
community cohort study from the national database for
adults aged 40e85, the mortality rate among MRSA carriers
was 35.9%.6 MRSA poses not only a clinical threat, but also a
significant financial burden on hospitals and patients. Ac-
cording to a study conducted in Egypt, MRSA strains account
for more than 70% of healthcare-associated S. aureus cases
and 11.5% of community-acquired S. aureus infections.7

Healthcare facilities are the major source of MRSA in-
fections.8 MRSA has a high transmissibility and infectivity
making cross-contamination facile and necessitate legiti-
mate decontamination protocols.8 Various techniques are
currently available for investigating outbreaks and
comparing evolving strains. These techniques include multi-
locus sequence typing (MLST), antibiograms, and pulse field
gel electrophoresis (PFGE). However, these techniques
cannot isolate closely related bacterial species with the
desired resolution.9

At a rate of 1010 mutations per nucleotide base, S. aureus
rapidly mutates using single-nucleotide variants and point
mutations, which means 300 new mutations approximately
every 10 h.10 Traditional genotyping techniques are not
adequate for tracking these rapid alterations, and the use of
the novel whole-genome sequencing (WGS) is rudimentary.9

WGS offers high resolution and identifies both small and large
variants.11 Furthermore, it can detect single mutations, in-
sertions, and even deletionswithin the bacterium genome.12

Therefore, using WGS techniques can increase our under-
standing of the pathogenicity of S. aureus by elucidating its
determinants of virulence and resistance.

In this study, we used whole genome sequencing and
bioinformatics techniques to identify novel resistance and
virulence patterns in MRSA variants isolated from hospital-
ized patients in Egypt. Moreover, we assessed the related-
ness and the diversity of the bacterial genome of the 18
MRSA isolates using multi-locus sequence typing and single
nucleotide polymorphism (SNP) analysis.
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Methods

Isolates

From January 2018 to September 2019, we collected all
MRSA isolated from clinical samples sent to the microbi-
ology laboratory of Kasr Al Ainy hospitals, faculty of medi-
cine, Cairo university, Egypt (n Z 210). MRSA isolates
collected from patients suffering from healthcare-
associated infections were selected (n Z 110).

Twenty MRSA isolates were selected from surgically-
admitted patients (ICU and wards) with MRSA infections.
For sequencing, isolates were cultured from frozen stocks
onto Blood agar (Oxoid, Basingstoke, UK), incubated aero-
bically at 35 �C overnight, and single colonies were picked
for DNA extraction and further processing. Sequencing
failed in two samples.

Characterization of the isolates

Phenotypic identification of isolates was made using con-
ventional culture plates, Gram staining criteria, biochem-
ical testing of isolates as catalase, coagulase, culture on
mannitol salt agar, and DNase agar. According to the Clin-
ical and Laboratory Standards Institute (CLSI), the antimi-
crobial resistance patterns of S. aureus strains were
performed using the modified KirbyeBauer disc diffusion
test method. The antibiotic discs were purchased from
Oxoid� (ThermoFisher Scientific, USA), and S. aureus
strains ATCC 25923 were used as quality control. MIC was
determined using Vitek 2 system according to the manu-
facturer’s instructions.13 Isolates were confirmed for MRSA
genotypically using multiplex PCR targeting femB and mecA
genes.14

DNA extraction, library preparation, and
sequencing

DNA was extracted using a DNA mini extraction kit (Qiagen)
following the protocol of isolation of genomic DNA from
gram-positive bacteria.15 To investigate the sample’s
quality, we used the Fragment Analyzer to determine the
concentration of the sample. The NEBNext� Ultra II DNA
Library Prep kit for Illumina (cat# NEB #E7645 S/L) was used
in the samples’ processing according to the manufacturer’s
instructions. The DNA was then sequenced and clustered in
concordance with the NovaSeq6000 manufacturer’s pro-
tocols. The Illumina data analysis pipeline Bcl2fastq v2.20.
and RTA3.4.4 were used for image analysis, base calling,
and quality check.
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Sequence data analysis

Contamination screening and raw data quality control were
performed to assess the sequencing library. The reads were
preprocessed with adapter trimming and quality filtering,
followed by alignment of short reads and variant calling. To
further genotype the strains, assembly into scaffolds,
screening for resistance and virulence genes, and (pro)
phage screening were performed (Supplemental Fig. 1).

Contamination screen
In order to scan the samples for contamination, the reads
were classified using Centrifuge v1.0.4 based on a refer-
ence database which has been compressed using the
Burrow-Wheeler transform and optimized by creating
indices using the Ferragina-Manzini index. The reference
database for Centrifuge consists of all viral, bacterial, and
human sequences.

Raw data quality
The pipeline started with a quality control stage. In this
stage, checks for possible sample and barcode contamina-
tion were performed, and a set of standard quality metrics
for the raw data set was determined using third-party
(FastQC v0.34) and in-house (FastQA v1.0) QC tools
(Supplemental Table 1).

Adapter trimming and quality filtering
Before aligning the sequences, we trimmed the reads for
adaptor sequences and set up filters for sequence quality.
When the bases matched an adapter sequence with two or
fewer mismatches, or when an alignment score of at least
12 was obtained using Trimmomatic v0.30, the presumed
adapter sequences were eliminated. To reduce background
noise caused by sequencing errors, we filtered and clipped
the reads based on the quality scores. Within a sliding
window, 50 and 30 bases with an average Phred score less
than Q30 were removed. If the resulting reads were shorter
than 20 bp, they have been removed altogether (both pairs
in paired-end reads). The number and length of the reads
and bases before and after each trimming step are shown in
Supplemental Table 2.

Mapping to the reference sequence
Mapping the filtered reads to the reference sequences (HFH-
29568, ATCC BAA-1680) was performed with BWA v0.7.4, a
short-read aligner based on Burrows-Wheeler Transform,
with default settings. The resulting mapping (BAM files sor-
ted and indexed by the samtools v1.3 package) was used for
downstream analysis such as SNP/indel calling, mutation
analysis, or other structural variation analyses. The number
and percentage of reads mapped to the reference sequence
are reported in Supplemental Table 3.

Variant calling
Variant calling was based on the best practices of GATK in
terms of their approach to variant calling using GATK’s
Haplotype Caller v3.7. Based on the mapped reads, single
nucleotide variants and small indels in the sample data
804
were detected when compared to the reference and
reported.

Strain typing
Short Read Sequence Typing (SRST2 v0.2.0), which is an
analysis pipeline designed to incorporate Illumina sequence
data, MLST database, and/or gene sequencing database
(e.g., virulence genes, and resistance genes) and the output
sequence type. This tool was used in combination with the
ARGannot database to search for resistance genes and the
VFDB to search for virulence genes. Multi-locus sequence
typing was performed using S. aureus dataset from
Pubmlst.16

Assembly
Spades v3.14.1 was used for assembly. Spades is a de Bruijn
graph-based assembler that can cope with a variety of k-
mer sizes. The k-mer sizes was set to
21,33,55,77,89,99,111,127. With these k-mer sizes, the tool
can better handle the large variations in coverage across
the genome that are a characteristic of single-cell
sequencing, as well as a novel method for handling
paired-end information. The minimum coverage cutoff was
automatically calculated by the tool. For mapping the
edges of the assembly graph, the distances between the k-
mers were estimated. Afterward, a paired assembly graph
was constructed, and SPAdes outputted a set of scaffolds.

Gene annotation
The scaffolds produced from the de novo assembly were
annotated using Prokka v1.14.5. The tool had several in-
tegrated feature prediction tools. The features predicted
were coding sequences, ribosomal RNA genes, transfer
genes, signal leader peptides, and non-coding RNA.

Phage screen
Virsorter_v1.0.6 was used to identify phage/prophage se-
quences based on the scaffolds resulting from the assembly
step. Virsorter could detect a viral signal within a bacterial
sequence data either with or without a reference, which
further increased the chance of detecting novel viruses.

Resistance genes
A screen for common resistance genes was performed with
SRST_v0.2. A heatmap was generated to enhance the
visualization of the resistance pattern.

SCCmec typing, Spa typing
SCCmec types were determined using SCCmecFinder 1.2 to
identify specific gene alleles of ccr, class of mec and dif-
ferences in J regions for SCCmec type I-XI and subtyping for
SCCmec type IV and V.17 Spa type was determined using
spaTyper 1.0 from assembled genome/contigs.18

Circular genome visualization
Circular genome visualization was performed on isolate
104064-001-001 using CGview. A blast comparison was
performed against reference sequence ATCC BAA-1680, and
the open reading frame was provided.
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Results

Nature and characteristics of the isolates

In this study, we investigated 18 HAI-MRSA isolates recov-
ered from patients admitted to surgery departments (ICU
and wards), and all confirmed to express the methicillin
resistance gene SCCmecA. The isolates were obtained from
a variety of clinical sources; 55% of the samples were iso-
lated from wounds, while 33% were extracted from blood
(Table 1). Most samples were isolated from non-ICU hospi-
talized patients (61%); the majority showed signs of fever,
while the remaining 39% were ICU patients (Table 1). Out of
the 18 patients, only one died, while the rest were dis-
charged from the hospital after recovery (Table 1). Given
the limited number of isolates investigated in this study, a
significant correlation between the sequence type of the
sample and any of its clinical characteristics was not
feasible.

Resistance profile analysis

Due to the importance of accurately determining the
antibiotic resistance genes, in cases of MRSA, in preventing
the spread of infection, we decided to investigate the
correlation between the phenotypic antibiotic susceptibil-
ity patterns of our isolates and their resistance genes.

With the exception of isolate 15, which was phenotypi-
cally resistant to benzylpenicillin and did not carried the b-
lactam mecA and blaZ resistance genes, all of the samples
demonstrated phenotypic resistance to benzylpenicillin and
carried the b-lactammecA and blaZ resistance genes (Table
2 and Fig. 2 and Supplemental Table 4).

Isolate 1 showed a potent resistance pattern. Despite
being susceptible to erythromycin, levofloxacin and
trimethoprim/sulfamethoxazole (SXT) phenotypically, it
carried erythromycin resistance gene (LnuA), levofloxacin
resistance genes (norA and catA) and SXT resistance gene
dfrC (Table 2 and Fig. 2 and Supplemental Table 4). Car-
rying the resistance genes for these antibiotics may indi-
cate a higher probability for this isolate to develop
phenotypical resistance against them later on. For
improved visualization, a circular genome visualization of
isolate 1 is provided (Fig. 1).

A total of ten isolates showed phenotypic resistance to
gentamicin and carried at least four of the gentamicin
resistance genes (aadD, aac(60)-aph(200), ant 6-Ia, Aph300Ia,
aph(30)-III, Aadc, APH Stph, Sat4A, Aac3-IV). Isolates 6, 9,
14, 15, 17, and 19 demonstrated phenotypic susceptibility
to gentamicin but carried at least one gentamicin resis-
tance gene. The Aac3-IV and APH Stph were the most
common gentamicin resistance genes expressed in all the
isolates, followed by aac(60)-aph(200), which was expressed
in 66% of the isolates (Table 2 and Fig. 2 and Supplemental
Table 4).

Out of the 18 isolates analyzed, six isolates showed
phenotypic resistance to levofloxacin and expressed at
least three levofloxacin resistance genes (norA, Fex A,
Dha1, and catA); norA and catA were expressed in all iso-
lates. Moreover, 15 samples showed phenotypical resis-
tance to tetracycline and carried at least two tetracycline
805
resistance genes (tet K, tet M, tet-38). Tet-38 was
expressed in all isolates (Table 2, Fig. 2, and Supplemental
Table 4).

In comparison to other antibiotics, trimethoprim/sulfa-
methoxazole had the lowest profile of bacterial resistance,
with only four resistant isolates (Table 2, Fig. 2, and
Supplemental Table 4).

Virulence profile analysis

Using whole genome sequencing, we were able to identify
the virulence genes classes carried by each of the 18 MRSA
isolates (Table 3, Fig. 3, and Supplemental Table 5). Genes
encoding Adenosine synthase A, Autolysin, Aureolysin, He-
molysins, Leukocidins (luk D and E) and Staphylococcus
Complement Inhibitor were detected in all our MRSA iso-
lates (Table 3, Fig. 3, and Supplemental Table 5). In 94% of
the isolates, we detected genes belonging to the Haemo-
lysins, Leucocidins, Staphylokinase, and Serine Proteases.
Interestingly, virulence genes associated with epidermal
cell differentiation inhibition were only found in isolate 14;
an ST-80 MRSA isolate; which was extracted from a surgical
ward patient. Moreover, toxic shock syndrome toxin (TSST)
and staphylococcal super-antigen-like 9 (Ssl9) were also
each expressed in one isolate. Isolate 1 (ST-121) carried the
TSST gene, while Ssl9 was detected in isolate 14 (ST-80),
both of which were isolated from the blood of an ICU pa-
tient. The Panton-Valentine leukocidin (PVL)-encoding
genes lukS and lukF were detected in ST-1535 Isolate 13
(wound, ward) and ST-80 isolate 14 (blood, ICU). While ST-
121 isolate 1 (blood, ICU) only carried lukF virulence gene
(Table 3, Fig. 3, and Supplemental Table 5).

Multi-locus sequence typing

To further understand the bacterial genome diversity of the
18 MRSA isolates, multi-locus sequence typing was carried
out using seven loci specific to S. aureus, and a total of 8
Sequence types (ST) were identified (Table 1). ST 239 was
the most prevalent sequence type, corresponding to 33% of
all isolates, followed by ST 1535, which accounted for 16%
of all isolates. The eight sequence types were clustered
into three clonal complexes (CC) using eBURST, while 3 STs
were singletons. The most common clonal complex was CC8
(50%), followed by CC5 (16%) and CC15 (16%). A phylogeny
dendrogram was generated to facilitate the visualization of
the related sequence types (Fig. 4).

Spa and SCCmec typing from WGS

SCCmec types were analyzed to identify specific gene al-
leles of ccr and mec. Within the investigated 18 MRSA iso-
lates, three SCCmec types were identified (Table 1). Type III
(38%) was the most common, followed by type IV (33%) and
type V (27%). In addition, the 18 isolates were clustered
into 10 Spa types (Supplement Table 4). Spa type t037 was
the most prevalent, corresponding to 38% of all the isolates.
Interestingly, all the t037 isolates belonged to the same
MLST clonal complex, CC8, which further strengthened the
relatedness of these isolates.



Table 1 Nature and characteristics of the isolates.

Isolate No. Sex Age Speci-men ICU/non-ICU Fever Duration of
hospitalizationa

Antibiotics Deviceb Duration
of devicea

Outcome SCCmec type gene ST spa Type

1 F 24 Bl Y Y 8 Y N N Dis SCCmec_type_IV(2B&5) 121 t314
2 F 40 W N Y 10 Y N N Dis SCCmec_type_V(5C2) 1535 t084
3 F 60 W Y Y 9 N N N Dis SCCmec_type_III(3A) 239 t037
4 M 55 Bl Y N 10 Y Y 9 Dis SCCmec_type_III(3A) 239 t037
5 F 63 Bl Y Y 21 Y Y 14 Died SCCmec_type_III(3A) 239 t037
6 F 40 BAL N Y 4 Y N N Dis SCCmec_type_V(5C2) 8 t008
7 F 44 W N Y 5 Y N N Dis SCCmec_type_V(5C2) 1535 t084
8 F 38 W N N 20 Y N N Dis SCCmec_type_III(3A) 241 t037
9 M 51 W N Y 15 Y N N Dis SCCmec_type_III(3A) 239 t037
10 M 36 W Y Y 6 Y N N Dis SCCmec_type_III(3A) 239 t037
12 M 61 Bl N Y 30 Y N N Dis SCCmec_type_III(3A) 239 t138
13 F 42 W N Y 7 Y Y 30 Dis SCCmec_type_V(5C2) 1535 t2036
14 M 22 Bl Y Y 21 Y N N Dis SCCmec_type_IVc(2B) 80 t044
15 M 31 W N Y 5 Y N N Dis SCCmec_type_IVa(2B) 6 t304
16 F 28 W N Y 7 Y N N Dis SCCmec_type_IVa(2B) 241 t037
17 F 67 Bl N Y 7 N N N Dis SCCmec_type_VI(4B) 5 t954
19 F 48 Sp Y Y 7 Y Y 5 Dis SCCmec_type_VI(4B) 5 t688
20 M 30 W N N 5 Y N N Dis SCCmec_type_V(5C2) 121 t314

a Duration in days at time of sample collection.
b Device Z Presence of external device e.g. central venous line.

M Z Male; FZFemale; Bl Z Blood; WZWound; BALZ Bronchoalveolar lavage; Sp Z Sputum; YZYes, N]No; Dis Z Discharged.
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Table 2 Genotypic and phenotypic resistance identified in MRSA isolates.

Isolate
number

ST Benzylpenicillin Gentamicin Erythromycin Levofloxacin Tetracycline Trimethoprim/
Sulfamethoxazole

1 121 BlaZ, mecA/R aadD, aac(60)-aph(200), Aac3-lV, APH-Stph/R -/S norA/S tetK, tet-38/R dfrC/S
2 1535 BlaZ, mecA/R aadD, aac(60)-aph(200), Aac3-lV/R ermC/S norA/S tetK, tet-38/R -/S
3 239 BlaZ, mecA/R aac(60)-aph(200), ant 6-Ia, Aph300Ia, Aac3-lV, Aadc, APH-Stph/R ermC/S norA/S tetK, tetM, tet-38/R -/S
4 239 BlaZ, mecA/R aac(60)-aph(200), ant 6-Ia, Aph(30)-III, Aac3-lV, APH-Stph/R -/S norA/R tetK, tetM, tet-38/R -/S
5 239 BlaZ, mecA/R aac(60)-aph(200), ant 6-Ia, Aac3-lV, aph(30)-III, APH-Stph/R ermC/R norA/R tetK, tetM, tet-38/R -/S
6 8 BlaZ, mecA/R Aac3-lV, APH-Stph/S -/S norA/S tet-38/S -/S
7 1535 BlaZ, mecA/R aadD, aac(60)-aph(200), Aac3-lV, APH-Stph/R -/S norA/S tetK, tet-38/R -/S
8 241 BlaZ, mecA/R aac(60)-aph(200), APH-Stph, aph(30)-III, Aac3-lV/R ermA/R norA/R tetK, tetM, tet-38/R dfrC/R
9 239 BlaZ, mecA/R aac(60)-aph(200), ant 6-Ia, Aac3-lV, Aadc, APH-Stph/S ermC/S norA/S tetK, tetM, tet-38/R -/S
10 239 BlaZ, mecA/R aac(60)-aph(200), Aac3-lV, APH-Stph/R -/S norA/R tetM, tet-38/R -/S
12 239 BlaZ, mecA/R aac(60)-aph(200), ant 6-Ia, APH-Stph, aph(30)-III, Aac3-lV, Aadc/R ermC/R norA/R tetK, tetM, tet-38/R -/S
13 1535 BlaZ, mecA/R aac(60)-aph(200), Aac3-lV, APH-Stph, Aadc, aph(30)-III, ant 6-Ia/R -/S norA/S tetK, tetM, tet-38/R -/S
14 80 BlaZ, mecA/R aadD, Aac3-lV, APH-Stph/S -/S norA/S tetK, tet-38/R -/S
15 6 mecA/R Aac3-lV, ant 6-Ia, APH-Stph, aph(30)-III/S -/S norA/S tet-38/S -/S
16 241 BlaZ, mecA/R APH-Stph, aph(30)-III, Aac3-lV, aac(60)-aph(200),/R ermA, ermC/R norA/R tetK, tetM, tet-38/R dfrC/R
17 5 BlaZ, mecA/R Aac3-lV, APH-Stph/S ermC/S norA/S tetK, tetM, tet-38/R -/S
19 5 BlaZ, mecA/R Aac3-lV, APH-Stph/S -/S norA/S tetM, tet-38/R dfrC/R
20 121 BlaZ, mecA/R Aac3-lV, APH-Stph/S ermC/S norA/S tetK, tet-38/S -/S

SZSensitive; R Z Resistant.
(Phenotyic resistance was determined using modified KirbyeBauer disc diffusion test method).
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Figure 1. A CGView map of the isolate 1 genome, with nodes marked as arrows. Both the forward and reverse genes are marked
with blue. The genome was blasted against the reference Staphylococcus aureus labeled with cyan. The open reading frame is
marked with green.
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Single nucleotide polymorphisms analysis

SNPs derived from whole genome sequencing could
contribute to assess the relatedness of strains in a sus-
pected outbreak when combined with other epidemiolog-
ical data due to their high resolution compared to other
methods. Due to its significance in determining strain
relatedness, we started to investigate the robustness of the
SNPs across all our MRSA isolates. First, the Isolate genomic
sequences were aligned to the reference genome (Staph-
ylococcus_aureus_ATCC_BAA_1680), and 285337 positions
were found in all analyzed genomes. Additionally, 9.6% of
the reference genome was covered by all the isolates.
Then, we assessed the genomic distribution of SNPs; the
positions of the identified SNPs were plotted on the S.
aureus ATCC_BAA_1680 genome using a sliding window of
1000 bp. SNPs were distributed throughout regions included
in the analysis and did not indicate any locations for
mutational hotspots (Fig. 5A). Subsequently, we identified
the number of genomic SNPs shared between any two iso-
lates, and the similarity SNP count was provided (Fig. 5B).
SNP counts ranged between 6 and 1459 shared SNP
(Fig. 5B). To visualize the closely related s. S. aureus
strains, a phylogeny tree was constructed (Fig. 5C). Based
on the relatedness of the strains, the strains clustered into
two large clusters and one outlier. Isolates1 and 10 and Iso-
lates19 and 17 were the most closely related based on the
SNP analysis, while isolate 6 showed the least correlation
with any other strain (Fig. 5C).
808
Discussion

The diversity of the MRSA molecular epidemiology across
diverse geographic regions has resulted in a distinct sus-
ceptibility pattern within each health care setting.19 While
the significant expansion of next-generation sequencing
usage has made thousands of MRSA genomic data publicly
available, these public genomic sequences lack the
required global diversity and thus are not representative of
the infective variants worldwide. For instance, using the
bacterial bioinformatics resource center PATRIC data-
base,20 we found the genomic data for 17993 S. aureus
isolates. However, while 6090 isolates were isolated from
the United States and 1805 isolates were isolated from the
UK, only 68 isolates were from Egypt. This finding highlights
the disparate representation of this data in relation to the
global dynamics of infection. Consequently, this study
aimed to use whole genome sequencing to characterize the
genomic resistance and virulence of 18 MRSA isolates iso-
lated from hospitalized Egyptian patients and compare it to
their phenotypic resistance. Moreover, we investigated the
relationship between these samples using MLST and SNP
analysis.

In this study, 72%e83% of MRSA isolates exhibited similar
phenotypic susceptibility patterns as shown through disc
diffusion method or broth micro-dilution method and car-
riage of resistance genes for most tested antibiotics. This
finding aligned with other studies that reported a similar
pattern in 76e87% of isolates.21,22 Interestingly, a higher



Figure 2. Resistant genes profiling heatmap. Red indicates the expression of the gene, while yellow indicates the absence of the
genes. The isolates were clustered based on their sequence type.
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dissimilarity was found between gentamicin phenotypic
susceptibility and genomic resistance profile. While 39% of
the isolates were phenotypically susceptible to the drug, it
contained at least two gentamicin resistance genes. This
dissimilarity could be due to the presence of unexpressed
resistance genes. Given that these S. aureus isolates were
selected for their methicillin resistance, each isolate con-
tained the mecA gene, which encodes the PBP2a protein
essential for b-lactamase activity. Furthermore, 33% of the
isolates demonstrated phenotypic resistance to levo-
floxacin and expressed at least three levofloxacin resis-
tance genes. Additionally, 83% of the samples exhibited
phenotypic resistance to tetracycline and carried at least
two tetracycline resistance genes. Finally, 22% of isolates
showed phenotypic resistance to trimethoprim/sulfameth-
oxazole. These findings were consistent with the previously
published reports.22,28

The investigation into the virulence profile of the iso-
lates revealed the existence of various virulence classes.
Adenosine synthase A, Autolysin, Aureolysin, Staphylo-
coccus Complement Inhibitor, Haemolysins and Leucocidins
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(lukD and lukE) were the most commonly detected in all our
MRSA isolates, followed by genes belonging to the groups of
Staphylokinase, and Serine Proteases (in 94% of the iso-
lates). These virulence profiles were concordant with other
countries’ patterns, as Hemolysin A was detected in 98.7%
and 99% within more than 50% of isolates harboring more
than 6 virulence genes.23,24

Moreover, the Panton-Valentine leukocidin (PVL)-
encoding, lukS, and lukF, genes were detected in 16% of the
isolates, which is in concordance with previously published
studies in the middle east.25,26 PVL is a common
community-acquired MRSA strain exotoxin.27 Interestingly,
two of the three isolates that carried the PVL encoding
genes were isolated from ICU patients, which supports the
previous notion about the emergence of new PVL-positive
hospital-acquired MRSA.23 Moreover, despite the associa-
tion between the non-severe MRSA infection and PVL-
positive MRSA strains,23,24 our data confirmed the exis-
tence of PVL-positive MRSA in two severely infected ICU
patients out of the three patients who were infected with
PVL-positive MRSA. Our results revealed the presence of



Table 3 Virulence profile identified in MRSA isolates. Y indicates the expression of the gene within the isolate while N indicates the absence of the gene.

ST Adenosine
Synthase A

Autolysin Aureolysin Epidermal
cell

Haemolysins Toxic shock
syndrome

Staphylococcal
superantigen

Leucocidins Staphylokinase Staphylococcus
complement
inhibitor

Serine
proteases

adsA atl aur edin-B hlb TSST ssl9 lukF-PV lukS-PV lukD lukE sak scn splA splB splE

Isolate 1 121 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 2 1535 Y Y Y N Y N N N N Y Y N Y Y Y Y

Isolate 3 239 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 4 239 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 5 239 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 6 8 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 7 1535 Y Y Y N Y N N N N Y Y N Y Y Y Y

Isolate 8 241 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 9 239 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 10 239 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 12 239 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 13 1535 Y Y Y N Y Y N Y Y Y Y N Y Y Y Y

Isolate 14 80 Y Y Y Y Y N N Y Y Y Y Y Y Y N N

Isolate 15 6 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 16 241 Y Y Y N Y N N N N Y Y Y Y Y Y Y

Isolate 17 5 Y Y Y N Y N N N N Y Y Y Y Y Y N

Isolate 19 5 Y Y Y N Y N Y N N Y Y Y Y Y Y N

Isolate 20 121 Y Y Y N Y N N N N Y Y Y Y N Y Y

STZ Sequence type; YZYes; N]No.
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Figure 3. Virulence genes profiling heatmap. Red indicates the expression of the gene while yellow indicate the absence of the
genes. The isolates were clustered based on their sequence type.

Figure 4. A) EBURST analysis of S. aureus STs. The assigned common complex is within the central ring. The isolated complexed
are within the outer rings. B) A phylogeny dendrogram of the related sequence types based on sequence typing of 18 S. aureus
isolates. The unweighted pair-group method with arithmetic means tree of the seven gene fragments examined during multi-locus
sequence typing of Staphylococcus aureus isolates.
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virulence genes TSST (ST-121 isolate 13) and Ssl9 (ST-80
isolate 19), each in only one isolate, which is in concor-
dance with previous reports.28

In the present study, ST-239 was the most prevalent
sequence type, corresponding to 33% of all isolates, fol-
lowed by ST-1535 which accounted for 16% of all isolates.
Since the 1970s, ST-239 has been considered the oldest
pandemic MRSA strain causing severe infections in many
countries.29 This strain is wide-spreading, and the fact that
it is still capable of causing hospital-borne pandemics
further highlights the need for stricter infection control and
screening protocols.

The previous report has also highlighted the isolation of
the ST-239 MRSA strain in Egypt.30 Despite being ubiquitously
characterized in the literature as methicillin-susceptible S.
aureus strains, the clonal complex 15 ST-1535 strain has
recently emerged as a rare MRSA strain31. In 2016, Saudi
Arabia published the first report identifying this nasal colo-
nizer MRSA strain31. Multiple reports from various de-
mographic regions had since reported the emergence of this
811
rare strain.30 It was found that ST-1535 was the second most
prevalent sequence type in our data. The three ST-1535
isolates were isolated from wounds of non-ICU patients.
ST-121 isolate 1 (singleton), harbored a potent antibiotic
resistance genes pattern, compared to all other isolates.

In the current study, type III (38%) was the most common
SCCmec type within our MRSA isolates, followed by
SCCmec-IV (33%) and SCCmec-V (27%). This finding is in line
with the previous reports from Egypt and the middle east
demonstrating SCCmec-IV, SCCmec-V, and SCCmec-III to be
the most abundant among their MRSA isolates.24,32 How-
ever, according to these studies, SCCmec-IV is the most
prevalent of the three types in the Middle East, whereas our
research indicates that SCCmec-III is the most prevalent
strain. This finding may be due to the fact that all of the
MRSA isolates in this study were obtained from hospitalized
patients, and SCCmec-III is known to be the most prevalent
among HA-MRSA strains.33,34

The 5 isolates of interest that harboured SCCmec V
(5C2), showed diverse STs; 3 of them (Isolates 2, 7, and 13)



Figure 5. Single nucleotide polymorphisms analysis. A. Genomic distribution of SNPs. The position of the identified SNPs was
plotted on the Staphylococcus aureus ATCC_BAA_1680 genome using a sliding window of 1000 bp. SNPs were distributed throughout
regions included in the analysis and did not indicate any locations for mutational hotspots. B. Main SNP matrix showing the number
of genomic SNPs shared between any two isolates. C. Maximum parsimony SNP tree of MRSA isolates.
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were assigned as ST1535 and only one isolate was assigned
as ST8 (Isolate 6, USA300) and one isolate as ST121 (Isolate
20). This may indicate the expansion of a previously known
community-acquired SCCmec-V MRSA35 into multiple ST
lineages of HA-MRSA.

In another study in Egypt conducted on 18 MRSA isolates
from a tertiary care hospital, the ST1535-SCCmec V MRSA
clone was the most frequently isolated (16.6%), followed by
ST5-SCCmec IV, ST1-SCCmec V and ST239-SCCmec III (11.1%
each).36 Also, other studies showed this rising prevalence of
SCCmec V in variable STs of MRSA.37,38

Lastly, in this study, we performed a SNP analysis to
accurately investigate if an epidemiological association
exists within the isolated MRSA strains. We identified
285337 parsimony informative SNPs in all analyzed ge-
nomes. In addition, 9.6% of the reference genome was
covered by all the isolates. We observed a distinct clus-
tering of the isolates into two groups and one single outlier.
Isolates1 and 10 and isolates19 and 17 were the most closely
related, indicating that these isolates shared a common
origin (Fig. 5C). Interestingly, these isolates had a similar
antibiotic resistance pattern. Isolate 6 showed the least
correlation with any other strain, indicating a distinct
lineage from the other isolate.
Conclusion

This study characterized 18 confirmed HAI-MRSA isolates
isolated from surgically hospitalized patients (ICU & wards)
in a tertiary care hospital in Egypt. The analysis revealed high
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resistance to tetracycline followed by gentamicin, while
trimethoprim/sulfamethoxazole demonstrated the lowest
bacterial resistance profile. Most of the isolated MRSA
showed a high virulent profile of Adenosine synthase A,
Autolysin, Aureolysin, Hemolysin, Leukocidins D, E and
Staphylococcus Complement Inhibitor genes expressed in
almost all of them. ST239 was the predominant sequence
type (6/18), while t037 was the prevalent spa type (7/18).
Five isolates shared the same ST239 and spa t037. ST1535, an
emerging MRSA strain, was our cohort’s second most preva-
lent sequence type. Isolate 1 showed a unique pattern of a
high abundance of resistant and virulent genes. SNP analysis
showed that isolates comprise two distinct groups, and one
singleton.
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