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Introduction: Staphylococcus aureus is a significant human pathogen that poses

a threat to public health due to its association with foodborne contamination and

a variety of infections. The factors contributing to the pathogenicity of S. aureus

include virulence, drug resistance, and toxin production, making it essential to

monitor their prevalence and genetic profiles. This study investigated and

compared the genomic characteristics of S. aureus isolates from retail meat

and patients in Saudi Arabia.

Methods: A total of 136 S. aureus isolates were obtained between October 2021

and June 2022:84 from patients and 53 from meat samples in Riyadh, Saudi

Arabia. S. aureus isolates were identified using conventional methods and

MALDI-TOF MS, and methicillin-resistant S. aureus (MRSA) was identified using

VITEK2 and BD Phoenix systems. MRSA was confirmed phenotypically using

chromogenic agar, and genotypically by detecting mecA. Genomic data were

analyzed using BactopiaV2 pipeline, local BLAST, and MLST databases.

Results: Antibiotic resistance genes were prevalent in both meat and patient S.

aureus isolates, with high prevalence of tet38, blaZ, and fosB. Notably, all S.

aureus isolates from patients carried multidrug-resistant (MDR) genes, and a high

percentage of S. aureus isolates from meat also harbored MDR genes.

Phenotypically, 43% of the S. aureus isolates from meat and 100% of the

patients’ isolates were MDR. Enterotoxin genes, including selX, sem, and sei,

exhibited high compatibility between meat and patient S. aureus isolates.

Virulence genes such as cap, hly/hla, sbi, and isd were found in all S. aureus

isolates from both sources.
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Conclusion: Our study established a genetic connection between S. aureus

isolates from meat and patients, showing shared antibiotic resistance and

virulence genes. The presence of these genes in meat derived isolates

underscores its role as a reservoir. Genomic relatedness also suggests potential

transmission of resistance between different settings. These findings emphasize

the necessity for a comprehensive approach to monitor and control S. aureus

infections in both animals and humans.
KEYWORDS
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1 Introduction

Staphylococcus aureus is an opportunistic bacterium found in

humans and animals, especially food-producing animals (Kadariya

et al., 2014). These bacteria can enter the food chain during

collection, slaughter, processing, packaging, and storage (Wu

et al., 2018). It has been detected in processed cheese, raw beef,

camel meat, and dairy products in Saudi Arabia (El Sheikha, 2016).

Moreover, it is a major pathogen that causes a wide range of

infections in community and hospital settings (Turner et al.,

2019). S. aureus has a variety of virulence factors that

significantly influence its clinical manifestations (Jenul and

Horswill, 2019). For instance, surface adhesins, including

clumping factors and fibronectin-binding proteins, promote tissue

adherence and contribute to skin and soft tissue infections

(Algammal et al., 2020). Other virulence factors, including toxins

such as hemolysins, leukocidins [e.g., panton-valentine leukocidin

(PVL)], enterotoxins, and exfoliative toxins, lead to diverse clinical

outcomes, ranging from severe skin infections to food poisoning

and scalded skin syndrome (Algammal et al., 2020). Staphylococcal

protein A (SPA) interferes with the host immune response and

increases the severity of staphylococcal infection (Algammal et al.,

2020). Proteins that promote biofilm production, such as

polysaccharide intercellular adhesins, contribute to chronic

infections and antibiotic resistance, particularly in cases involving

medical devices (Singh et al., 2009). These virulence factors

contribute to S. aureus pathogenicity (Jenul and Horswill, 2019).

Enterotoxigenic S. aureus strains produce heat-stable

staphylococcal enterotoxins (SEs), which are one of the main

causes of global outbreaks of food poisoning (Pinchuk et al.,

2010). To date, more than 20 SEs have been identified

(Sankomkai et al., 2020). Classically known enterotoxins include

the five enterotoxins encoded by sea, seb, sec, sed, and see

(Sankomkai et al., 2020). Beyond food poisoning, these proteins

can contribute to a broad range of symptoms ranging from mild

toxin-mediated illnesses to life-threatening systemic diseases

(Ahmad-Mansour et al., 2021). According to a recent report by

the European Food Safety Authority, more than 40 staphylococcal
02
food poisoning (SFP) outbreaks, 400 cases, and 32 hospitalizations

have been linked to S. aureus. aureus in the European Union by

2020 (The European Union One Health 2020 Zoonoses Report,

2021). SFP accounts for approximately 241,000 hospitalizations

annually due to illness in the United States (Scallan et al., 2018).

As SFP are becoming more prevalent, food safety is increasingly

considered a serious public health issue that affects all other safety

aspects (Kadariya et al., 2014). The extensive use of antibiotics has

led to the emergence of multidrug-resistant (MDR) bacteria,

including genetically distinguished methicillin-resistant S. aureus

(MRSA) strains associated with communities and animals, such as

community-associated MRSA (CA-MRSA) and livestock-

associated MRSA (LA-MRSA) (Fetsch et al., 2021). S. aureus

strains exhibit antibiotic resistance due to specific genes that

render them resistant to various antimicrobials, such as

penicillins, tetracyclines, cephalosporins, aminoglycosides, and

fluoroquinolones (Urban-Chmiel et al., 2022). The global increase

in MDR is recognized as a public health threat (Algammal et al.,

2022a). Recent studies have highlighted the emergence of MDR

bacterial pathogens from various sources, emphasizing the

importance of routine antimicrobial susceptibility testing to

identify effective antibiotics and screen for emerging MDR strains

(Algammal et al., 2020; Elmoslemany et al., 2021; Gordon et al.,

2021; Algammal et al., 2022b). Despite sporadic reports of S. aureus

toxins and drug resistance genes in Saudi retail foods, information

on the prevalence, toxigenicity, and antibiotic resistance of S. aureus

remains limited (Raji et al., 2016; Alghizzi and Shami, 2021;

Alghizzi et al., 2021). Molecular genomic methods are essential

tools for investigating the virulence factors, antimicrobial resistance,

and toxin genes in S. aureus. aureus. In addition, it aids in

elaborating the toxigenic and drug resistance potential of this

microorganism in retail meats and hospitals. Meat and meat

products have been found to be important S. aureus reservoirs

and have been linked to various foodborne bacterial outbreaks (van

Loo et al., 2007; Boost et al., 2013; Ge et al., 2017; Wu et al., 2018;

Thwala et al., 2021). In Saudi Arabia, data on S. aureus. aureus in

retail meat from different regions was limited (Abulreesh and

Organji, 2011; Kay et al., 2013; El Sheikha, 2016; Raji et al., 2016;
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Shawish and Al-Humam, 2016; El-Ghareeb et al., 2019). Therefore,

this study aimed to investigate and compare the genomic

relatedness and distribution of resistance and virulence genes

among clinical and meat S. aureus isolates. The genomic

investigation of S. aureus isolates from meat and their

relationship with clinical S. aureus isolates may be an initial step

in establishing an effective strategy in Saudi Arabia for monitoring

the emergence and spread of S. aureus.
2 Material and methods

2.1 Sample collection

From October 2021 to June 2022, 84 non-duplicate isolates of S.

aureus were obtained from inpatients at the bacteriology

department of the Riyadh Regional Laboratory and Blood Bank.

A wide range of specimens, including urine midstream, tissue

culture, wound swab, nasal swab, pus swab, groin swab, axilla

swab, burn swab, eye swab, bronchial wash, sputum, ascites

(peritoneal) fluid, tracheal aspirate, and blood culture samples,

were collected for analysis in this study. For additional details on

the specimens, please refer to Supplementary Table 4 in

Supplementary Material. Additionally, 250 raw meat samples,

including camels, beef, chicken, fish, and lamb, were collected

from various meat retailers in Riyadh, Saudi Arabia. All meat

samples were transported in sealed plastic wrap or original

packaging in insulated coolers maintained at a stable temperature

of 4°C with adequate ice packs to sustain a stable temperature

throughout the transportation process to the Reference Laboratory

of Microbiology at the Saudi Food and Drug Authority.

Microbiological analysis was conducted within 24 h of sampling.
2.2 Ethical approval

Ethical approval (approval number H-01-R-053) for the study

was obtained from the Institutional Review Board committee of

King Saud Medical City, Riyadh, Saudi Arabia and the Institutional

Biosafety and Bioethics Committee of King Abdullah University of

Science and Technology (approval number 22IBEC051).
2.3 Staphylococcus aureus isolation
and identification

Meat samples were homogenized in a stomacher using a sterile

plastic bag. This involved 25 g of each meat sample and 225 mL of

buffered peptone water with 6.5% NaCl. Petrifilm™ Staph Express

count plate (3M™, St. Paul, MN, USA), a modified chromogenic

Baird-Parker medium, was used as a selective and differential

medium for S. aureus detection. The Petrifilm™ Staph Express

disk contained toluidine blue O and DNA. DNase-positive

organisms degrade DNA that reacts with toluidine blue O to form

pink zones. This allowed for a distinction between S. aureus colonies

and other staphylococci. Single S. aureus colonies were transferred to
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mannitol salt agar (Neogen; Lansing, MI, USA). All S. aureus isolates

were identified and confirmed using the classical method, which

included Gram staining, catalase testing, and coagulase testing

(PROLEX™, Neston, UK). All S. aureus isolates were further

identified by matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF) (Bruker, Bremen,

Germany) using the 70% formic acid protein extraction method.
2.4 Phenotypic and genotypic detection of
methicillin-resistant Staphylococcus aureus

The identification of MRSA strains was carried out using

VITEK2 (bioMérieux, Craponne, France) and BD Phoenix (BD

Diagnostics, Franklin Lakes, NJ, USA). The instruments’ systems

classify any S. aureus isolate as MRSA based on both oxacillin and

cefoxitin minimum inhibitory concentrations (MICs) breakpoints,

interpreted according to Laboratory Standards Institute (CLSI). For

oxacillin, isolates were considered resistant with MICs ≥4 mg/ml,

whereas for cefoxitin, isolates were considered resistant with

MICs ≥8 mg/ml. Individual colonies of the S. aureus isolates were

transferred to Harlequin MRSA chromogenic agar for the selective

and differential detection of MRSA (Neogen, Lansing, MI, USA).

This medium allowed MRSA to grow because it includes a cefoxitin

(Fox) supplement. The a-glucosidase enzyme produced by S.

aureus cleaves the chromogenic substrate, resulting in blue colonies.

DNA was extracted from the bacterial culture using the QIAGEN

DNeasy Blood and Tissue Kit (Qiagen, Manchester, UK), following

the manufacturer’s instructions. DNA purity was checked using a

QIAxpert spectrophotometer (Qiagen, Manchester, UK), and DNA

concentration was determined using a Qubit™ Flex Fluorometer

device (Thermo Fisher Scientific, Waltham, MA, USA).

The presence of methicillin resistance was determined by

detecting the mecA gene, which encodes for penicillin’s binding

protein 2a (PBP2a). This was performed using a forward primer

(5′-GTAGAAATGACTGAACGTCCGATAA-3′) and a reverse

primer (5′-CCAATTCCACATTGTTTCCGTCTAA-3′), which

amplified a 310 bp fragment (Parvin et al., 2021). The reaction was

performed in 25 µL using DreamTaq™ 2X Green PCR Master Mix

(Thermo Scientific, Waltham, MA, USA). The reaction setup

included 1 µL of each (10 pmol) primer and 2 µL of DNA

template (20 ng/µL). S. aureus (ATCC43300) was used as a positive

control (ATCC, Manassas, Virginia, USA). The amplification process

involved an initial denaturation step at 95°C for 4 min, followed by 30

cycles at 95°C for 45 s, 56°C for 1 min, and 72°C for 1 min. This was

followed by a final extension step at 72°C for 4 min. The final PCR

product was analyzed on a 1.6% agarose gel stained with ethidium

bromide and run for 60 min at 80 volts in 1X tris borate buffer (TBE)

(BIOBasic, Markham, ON, Canada). Gel visualization was performed

using the Image Lab™ 6.1 Software (Bio-Rad, Hercules, CA, USA).
2.5 Antimicrobial susceptibility testing

The antimicrobial susceptibility testing (AST) of S. aureus

isolates was evaluated using both the VITEK 2 System and BD
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Phoenix System. Testing followed manufacturers’ instructions and

adhered to CLSI guidelines (Wayne, 2018). Shared antimicrobial

agents between the two systems encompassed 15 classes, including

b-lactam: cefoxitin (FOX) and oxacillin (OXA); aminoglycosides:

gentamicin (GEN); fluoroquinolones: levofloxacin (LEV) and

moxifloxacin (MOX); macrolide: erythromycin (ERY);

lincosamides: clindamycin (CLI); oxazolidinone: linezolid (LIN);

glycopeptide: teicoplanin (TEI) and vancomycin (VAN);

tetracycline: tetracycline (TET); glycycline: tigecycline (TIG);

phosphonic acids: fosfomycin (FOS); nitroheterocyclics:

n i t rofurantoin (NIT); fus idanes : fus idic ac id (FUS) ;

monoxycarbolic acids: mupirocin (MUP); ansamycin: rifampin

(RIF); and folate pathway antagonists: sulphamethoxazole/

trimethoprim (SXT). However, the BD Phoenix System lacked

benzylpenicillin (PEN) and tobramycin (TOB) present in the

VITEK 2 system. Additionally, the BD Phoenix System included

more antimicrobial agents such as b-lactam: ampicillin (AMP),

cefotaxime (CTX), ceftaroline (CPT), and penicillin G (PEN);

fluoroquinolones: ciprofloxacin (CIP); and lipopeptides:

daptomycin (DAP). The reference strain (ATCC33400) was used,

and the results, including the MICs, were interpreted following

CLSI guidelines and MIC breakpoints for S. aureus (Clinical and

Laboratory Standards Institute, 2023). S. aureus isolates resistant to

three or more antimicrobial classes or to oxacillin/cefoxitin were

classified as MDR (Magiorakos et al., 2012).
2.6 Whole-genome sequencing

Whole-genome sequencings (WGS) libraries were constructed

using a QIAseq DNA FX library preparation kit (Qiagen,

Manchester, UK). The input concentration was 100 ng of DNA,

following the manufacturer’s instructions (Qiagen, Manchester, UK).

The library was size-selected to have a 300–350 bp insert size.

Sequencing was performed using the Illumina NovaSeq 6000

platform with two SP flow cells (Illumina, San Diego, CA, USA).

Data were quality-checked prior to analysis, with a Phred score cut-

off of Q30. Bioinformatics analysis was conducted using the

BactopiaV2 pipeline, focusing on the S. aureus-specific workflow

(Petit and Read, 2020). Screening for pvl was carried out using local

BLAST database identification of the two genes, lukS and lukF,

accessions (YP_002268030.1 and YP_002268029.1), respectively.

For sequence type (ST) assignment, the public MLST database for

S. aureus was used. The clonal lineages of all S. aureus strains isolated

from the patients and meat samples were identified using MLST.
2.7 Statistical analysis

To investigate the association between antibiotic resistance,

toxins, and virulence genes in S. aureus isolates obtained from

meat and patients, data were analyzed using GraphPad Prism 10.0

software (GraphPad Software, Boston, Massachusetts, USA). The

two-tailed chi-square test (c2) was used to determine the significance

of the differences, and p values < 0.05 were considered statistically

significant. The correlation coefficient (r) was calculated among the
Frontiers in Cellular and Infection Microbiology 04
demonstrated antimicrobial resistance genes in the S. aureus strains

and different antimicrobial agents. The Pearson correlation coefficient

in a correlation matrix was estimated using the “corrplot” package in

R, (version 4.2.1) (Wei and Simko, 2021).
3 Results

3.1 Prevalence of Staphylococcus
aureus isolates

In the analysis of 250 meat samples, 53 isolates of S. aureus were

detected, comprising 21.2% of the total meat samples (53/250).

Further analysis revealed 136 S. aureus isolates, of which 83 (61%)

were obtained from patients and 53 (39%) from meat samples. The

breakdown of S. aureus isolates across the various meat types was as

follows: camel meat (18/53; 34%), beef (12/53; 23%), lamb (8/53;

15%), fish (8/53; 15%), and chicken (7/53; 13%).
3.2 Phenotypic characteristics of the
Staphylococcus aureus isolates

All S. aureus isolates recovered in this study were positive for

several key phenotypic tests, such as Gram staining and catalase and

coagulase tests. The isolates showed beta-hemolysis on blood agar,

indicating the production of hemolysins and fermented mannitol on

mannitol salt agar, leading to a color change from pink to yellow.

Antibiotic susceptibility testing provided specific profiles for the

sensitivity and resistance to various antibiotics. Using VITEK2, 56

S. aureus isolates from patients and 11 from meat were identified as

MRSA, exhibiting positivity for cefoxitin and an oxacillin MIC ≥4

mg/L. The 42 methicillin-sensitive S. aureus (MSSA) isolates from

meat were cefoxitin screen-negative, with oxacillin MICs measuring

0.5 mg/L. Additionally, BD Phoenix™ identified 26 S. aureus isolates

from patients as MRSA, all demonstrating cefoxitin MIC ≥8 mg/L

and oxacillin MIC >2 mg/L.
3.3 Phenotypic and genotypic resistance
characteristics of S. aureus isolates

The antimicrobial susceptibility of the pooled S. aureus isolates

were resistance to penicillin (97.7%), cefoxitin (68,3%), oxacillin

(64,6%), levofloxacin and moxifloxacin (33.8%), erythromycin

(27.9%), and trimethoprim/sulfamethoxazole (22%). Statistical

analysis indicated no significant variation in susceptibility patterns

among the S. aureus strains to different tested antimicrobial classes (p

= 0.09). Among the meat isolates, 20.7% (11/53) demonstrated

sensitivity to all antibiotics, while 35.8% (19/53) exhibited resistance

(R) to penicillin (PEN) in the presence of blaZ, fosB-Saur, and tet38

genes, coupled with a MAR index of 0.05. Furthermore, 43% (23/53)

of the meat isolates were categorized as MDR, displaying resistance to

at least one antimicrobial agent in a minimum of three categories,

according to Magiorakos et al.’s criteria (Magiorakos et al., 2012).

These MDR strains harbored aph(3’)-IIIa, blaZ, mphC, msrA, sat4,
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and tet38 genes, and had a MAR index ranging from 0.15 to 0.3.

Clinical S. aureus isolates exhibited diverse resistance patterns, with

100% demonstrating MDR and MAR indices ranging from 0.15 to

0.8, as shown in Table 1. The study revealed positive correlations

between: tet gene with PEN (r=1);mecA with CFX (r=0.85); and dfrG

with SXT (r=0.75), as depicted in Figure 1.
3.4 Molecular typing of Staphylococcus
aureus isolates

Multiple S. aureus clones were found in both patients and meat,

with clonal complex CC5 being the most prevalent in both groups.

CC5 comprised (38/80, 47.5%) clones from patients and (5/11,

45.45%) clones from meat. CC97 was the second most common

clone in meat, making up (4/11, 36%) of the MRSA clones, while in

patients it was only (6/80, 8%). CC361 was represented by (2/11,

18%) of the meat MRSA isolates and (5/80, 6%) of patients’ MRSA

isolates. The clonal lineages of all S. aureus strains isolated from the

patients and meat samples were identified using MLST (Figure 2).

Accessory gene regulator (agr) alleles were identified in 136 isolates

by WGS. agr I was the most prevalent (58/136; 43%), followed by

agr II (53/136; 39%) and agr III (22/136; 16%). Only one clinical S.
Frontiers in Cellular and Infection Microbiology 05
aureus isolate harbored agr IV. The most common agr type of S.

aureus isolated from meat was agr II, whereas agr I was the most

common agr type isolated from the patients (Figure 2).
3.5 Antibiotic-resistance genes in
Staphylococcus aureus strains

Staphylococcus aureus isolates from patients and meat samples

demonstrated similar antimicrobial resistance gene profiles. Of the

53 meat isolates, 11 (21%) were mecA gene-positive and 42 (79%)

were mecA gene-negative. Overall, the majority of S. aureus isolates

from meat and patients contained b -lactam, tetracycline, and

phosphonic acid resistance genes (Figures 3A, B). Meat isolates

displayed a high prevalence of resistance genes harboring tet38

(69%), blaZ (70%), and fosB (58%), whereas patient isolates

harbored tet38 (100%), blaZ (62%), and fosB (70%) (Figures 3A,

B). A significant difference was observed between the prevalence of

antibiotic resistance genes in S. aureus isolates from meat and

patients (p < 0.0001). Meat isolates had multidrug resistant genes

(33/53; 62.2%), specifically 100%MRSA and 52%MSSA, containing

antibiotic resistance genes for three or more drug classes. All patient

isolates (100%) harbored several drug resistance genes (Table 2).
TABLE 1 The Prevalence of Multidrug-Resistance Profiles and the Resistance Genes Among the isolated S. aureus (n=136).

Source of S.
aureus isolates

No. of
strains %

Type of
resistance

S,
R, MDR

Phenotypic multidrug resistance
(classes and antibiotics)

The antibiotic-
resistance genes

MAR
index

Meat 3 (2.2) R PEN blaZ, tet38, tetK 0.05

8 (5.8) S _ fosB-Saur, tet38 _

2 (1.4) S _ tet38 _

1 (0.7) S _ tet38, tetK _

7 (5.1) R PEN blaZ, fosB-Saur, tet38 0.05

8 (5.8) R PEN blaZ, tet38 0.05

3 (2.2) MDR Two classes: CFX, PEN, OXA, and FUS mecA, aph(2’’)-Ih, fusC, tet38 0.2

1 (0.7) R Two classes: PEN, OXA, and FUS fosB-Saur, tet38 0.15

2 (1.4) MDR Five classes: PEN, CIP, ERY, CLI, and STX dfrG, ermC, fosB-Saur, tet38 0.25

1 (0.7) MDR Four Classes: PEN, CIP, GEN, and CLI
ant(4’)-Ia, blaZ, fosB-Saur, lnuA,

tet38, tetK
0.2

1 (0.7) MDR Three classes: PEN, ERY, and CLI blaZ, ermC, fosB-Saur, tet38 0.15

1 (0.7) MDR Four classes: PEN, CIP, ERY, CLI,
ant (6)-Ia, aph(3’)-IIIa, blaZ, fosB-

Saur, sat4, tet38
0.2

5 (3.6) MDR Four classes: PEN, CIP, ERY, and TET
aph(3’)-IIIa, blaZ, mphC, msrA,

sat4, tet38
0.2

1 (0.7) MDR Four classes: PEN, CIP, ERY, and TET
aph(3’)-IIIa, blaZ, fusC, mphC, msrA,

sat4, tet38
0.2

3 (2.2) MDR Four classes: CFX, PEN, OXA, CIP, TET, and FUS mecA, blaZ, fosB-Saur, tet38 0.3

1 (0.7) MDR Four classes: CFX, PEN, OXA, CIP, ERY, and STX
mecA, blaZ, dfrG, ermC,fosB-Saur,

fusC, tet38
0.3

(Continued)
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TABLE 1 Continued

Source of S.
aureus isolates

No. of
strains %

Type of
resistance

S,
R, MDR

Phenotypic multidrug resistance
(classes and antibiotics)

The antibiotic-
resistance genes

MAR
index

1 (0.7) MDR Four classes: PEN, OXA, CIP, ERY, and STX
ant(4’)-Ia,blaZ, fosB-Saur,fusB, lnuA,

mphC, msrA,tet38
0.25

2 (1.4) MDR Three classes: CFX, PEN, OXA, TET, and FUS mecA, blaZ, fosB-Saur, fusC, tet38 0.25

1 (0.7) MDR Three classes: CFX, PEN, OXA, GEN, TET
mecA, blaZ,erm (B), fexA,fosB-Saur,

tet38, tetK, tetM
0.2

1 (0.7) MDR Two classes: CFX, PEN, OXA, and CLI mecA, blaZ, tet38,vga(A)-LC 0.2

Clinical 1 (0.7) MDR Two classes: AMC, AMP, CFX, OXA, and PEN mecA, blaZ, fosB-Saur, tet38 0.3

1 (0.7) MDR Two classes: CFX, PEN, OXA, and FUS mecA, blaZ, fusC, tet38 0.2

4 (2.9) MDR Three classes: CFX, PEN, OXA, FUS, and CIP mecA, fosB-Saur, fusC, tet38 0.25

1 (0.7) MDR One class: CFX, PEN, and OXA mecA, fosB-Saur, fusC, tet38 0.15

5 (3.6) MDR Four classes: CTX, CFX, OXA, PEN, TET, and STX
mecA, blaZ, dfrC, fexA, fosB-Saur,

fusC, tet38, tetM
0.3

5 (3.6) MDR Three classes: CFX, PEN, OXA, FUS, and GEN mecA, aph(2’’)-Ih, fusC, tet38 0.25

10 (7.3) MDR Four classes: CFX, PEN, OXA, CIP, FUS, and STX
mecA, blaZ, dfrG, fosB-Saur,

fusC, tet38
0.3

1 (0.7) MDR
10 classes: AMC, AMP, CIP, CFX, PEN, OXA, FUS,

CLI, ERY, GEN, TET, RIF, TEI and SXT
mecA, blaZ, dfrG, fosB-Saur,

fusC, tet38
0.8

1 (0.7) MDR Two classes: CFX, PEN, OXA, and ERY
mecA, ant(6)-Ia, aph(3’)-IIIa, fosB-

Saur, msrA, sat4, tet38
0.2

1 (0.7) MDR Two classes: CFX, PEN, OXA, and FUS mecA, blaZ, fusB, tet38 0.2

1 (0.7) MDR Three classes: CFX, CTX, PEN, OXA, and GEN
mecA, ant(4’)-Ia, aph(2’’)-Ih, blaZ,

fosB-Saur,fusC, lnuA, tet38
0.25

2 (1.4) MDR Two classes: CFX, PEN, OXA, and FUS mecA, fusC, tet38 0.2

8 (5.8) MDR Two classes: CFX, PEN, OXA, and FUS mecA, fosB-Saur, tet38 0.2

2 (1.4) MDR Two classes: AMP, CTX, CFX, OXA, and PEN mecA, fosB-Saur, tet38 0.25

1 (0.7) MDR
Three classes: AMP, CTX, CFX, OXA, PEN,

and TET
mecA, blaZ, fosB-Saur, tet38, tetK 0.3

1 (0.7) MDR
Four classes: AMP, CTX, CFX, GEN, OXA, PEN,

and TET
mecA, aph(2’’)-Ih, aph(3’)-IIIa, blaZ,

fusC, tet38, tetL
0.3

1 (0.7) MDR
Five classes: AMC, AMP, CFX, CLI, ERY, OXA,

PEN, and TET
mecA, ant(4’)-Ia, blaZ, ermC, fosB-

Saur, lnuA, tet38, tetK
0.45

4 (2.9) MDR
Four classes: AMC, AMP, CFX, CLI, ERY, OXA,

and PEN
mecA, ermC, fosB-Saur, tet38 0.4

1 (0.7) MDR
Three classes: AMP, CTX, CFX, OXA, PEN,

and TET
mecA, blaZ, fusC, tet38, tetK 0.3

1 (0.7) MDR
Four classes: AMP, CTX, CFX, ERY, OXA, PEN,

and TET
mecA, blaZ, ermC fusC, tet38, tetK 0.35

1 (0.7) MDR Four classes: CFX, PEN, OXA, CIP, ERY, and TET
mecA, aph(3’)-IIIa, blaZ, dfrG, fosB-
Saur, mphC, msrA, sat4, tet38, tetK

0.3

4 (2.9) MDR
Five classes: AMP, CTX, CFX, GEN, CIP, PEN,

and STX
mecA, aph(2’’)-Ih, blaZ, dfrC, tet38 0.4

1 (0.7) MDR Two classes: AMP, CTX, CFX, OXA, and PEN mecA, tet38 0.25

3 (2.2) MDR Four classes: CFX, PEN, OXA, CIP, ERY, and FUS
mecA, aph(3’)-IIIa, blaZ, fosB-Saur,

mphC, msrA, sat4, tet38
0.3
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3.6 Prevalence of enterotoxin genes in
Staphylococcus aureus strains

The sequencing results revealed 131 S. aureus isolates harboring

different enterotoxin genotypes (Figure 4). The 18 enterotoxin

genotypes detected in this study included the classic enterotoxin

genes (sea, seb, sec, sed, and see), enterotoxin-like genes (sel, selX,

sel27, selz, and sey), and other enterotoxin genes (sej, seh, ser, seu,

seg, seo, sen, sem, and sei). MSSA and MRSA isolates from meat and

patients harbored enterotoxin genes, which varied from 0 to 12. The

enterotoxin-like gene selX was detected in almost all S. aureus

isolates (129/136; 94.8%), followed by the sem and sei genes (66/136;

48.5%) and sen (62/136; 45.5%). The classic genes see and sed were

absent from meat isolates but were present in three patient isolates.

All other enterotoxin genes (seu, seg, seo, sen, sem, and sei) were

observed more frequently in all the isolates. The prevalence of

different enterotoxin genes in patient isolates was higher than that

in the meat isolates (p =0.0239). A large proportion of the S. aureus

isolates (104/136, 76.4%) harbored more than one enterotoxin gene

(Table 3). The highest prevalence was found in isolates with the

genotype selX, sea (23%) followed by genotype selX (22%). More

than 67% of the meat and patient isolates had more than five

different antibiotic resistance genes and more than 45% of these

isolates had more than five enterotoxins (Figure 5).
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3.7 Prevalence of virulence genes in
Staphylococcus aureus strains

Toxin genes were distributed in a similar pattern in S. aureus

isolates (Table 4). The virulence genes cap, hly/hla, sbi, geh, hlgA/

hlgB, esaA/esaB, essA/essB, esxA, ica, lip, hld, adsA, sspB/sspC, isdE/

isdF/isdG, and srtB were detected in all isolates. Almost all isolates

harbored sspA, isdB/isdC/isdD (134/136; 99%), hlgC (133/136; 98%),

isdA (132/136; 97%), aur (129/136; 95%), and ebp (127/136; 93%)

genes. Other virulence genes were also prevalent among the isolates,

including hysA (118/136; 87%), sdrE (116/136; 85%), sdrC (113/136;

83%), sdrD (112/136; 82%), esaC and esxB (107/136; 79%), essC

(106/136; 78%), and clfB (92/136; 68%). Other virulence genes were

also present: map (46/136; 34%), fnbA (32/136; 24%), clfA (27/136;

20%), pvl (lukS-PV/lukF-PV) (24/136; 18%), sell (15/136; 11%), and

tst-1 (14/136; 10%). Six isolates of S. aureus carrying the toxin gene

tst-1 were identified in meat, including two camels, one chicken,

three fish, and eight from patients. Furthermore, a single S. aureus

isolate from beef and 23 isolates obtained from patients harbored

the pvl genes (lukS-PV/lukF-PV). A significant difference in the

distribution of virulence genes was observed between S. aureus

isolates from meat and patients (p < 0.0001).

The prevailing resistance gene patterns observed among MRSA

isolates derived from both meat sources and human patients
TABLE 1 Continued

Source of S.
aureus isolates

No. of
strains %

Type of
resistance

S,
R, MDR

Phenotypic multidrug resistance
(classes and antibiotics)

The antibiotic-
resistance genes

MAR
index

1 (0.7) MDR
Five classes: CFX, PEN, OXA, CIP, ERY, CLI,

and FUS
mecA, ermC, fosB-Saur, fusC, tet38 0.35

3 (2.2) MDR
Five classes: CFX, PEN, OXA, GEN, CIP, ERY,

and CLI
mecA, aph(2’’)-Ih, blaZ, dfrC,

ermC, tet38
0.35

1 (0.7) MDR Three classes: CTX, PEN, OXA, CIP, and FUS
mecA, blaZ, dfrG, fexA, fosB-Saur,

fusC, tet38, tetL
0.25

1 (0.7) MDR
Six classes: AMC, AMP, CFX, CLI, LZD, MUP,

OXA, PEN, and STX
mecA, fosB-Saur, fusC, tet38 0.5

1 (0.7) MDR
Four classes: AMP, CTX, CFX, CIP, ERY, OXA,

and PEN
mecA, blaZ, ermC, tet38 0.35

2 (1.4) MDR
Five classes: AMC, AMP, ERY, CLI, CFX, FUS,

OXA, PEN, and STX
ant(4’)-Ia, blaZ, bleO, fosB-Saur, fusB,

msrA, tet38
0.35

2 (1.4) MDR Two classes:CTX, CFX, OXA, and PEN mecA, blaZ, dfrG, fosB-Saur, tet38 0.2

3 (2.2) MDR Three classes:CTX, CFX, ERY, OXA, and PEN mecA, blaZ, ermC, fusC, tet38 0.25

1 (0.7) MDR One class: CFX, PEN, and OXA mecA, fosB-Saur, tet38 0.15

1 (0.7) MDR One class: CFX, PEN, and OXA mecA, fosB-Saur, lnuA, tet38 0.15

3 (2.2) MDR
Six classes: CFX, PEN, OXA, CIP, ERY, CLI, FUS,

and STX
mecA, blaZ, dfrG, ermC, fosB-Saur,

fusC, tet38
0.4

1 (0.7) MDR One class: CFX, PEN, and OXA mecA, blaZ, fosB-Saur, lnuA, tet38 0.15

1 (0.7) MDR Two classes: CFX, PEN, OXA, and TET mecA, blaZ, tet38, tetK 0.2
front
Classes and antibiotics: b-lactams and cephalosporins: benzylpenicillins (PEN), oxacillin (OXA), cefoxitin (CFX), amoxicillin/clavulanic acid (AMC), and ampicillin (AMP), fluoroquinolones:
Ciprofloxacin (CIP), moxifloxacin (MOX), fusidanes: fusidic acid (FUS), lincosamides: clindamycin (CLI), macrolides: erythromycin (ERY), aminoglycosides: gentamycin (GEN), tetracyclines:
tetracycline (TET), ansamycins: rifampicin (RIF), glycopeptide: teicoplanin (TEI), and Folate pathway inhibitors: trimethoprim/sulfamethoxazole (SXT).
–, the isolates were negative for the tested antibiotics and the MAR index.
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FIGURE 1

The heat map illustrates the correlation coefficient (r) between the demonstrated antimicrobial resistance genes in the S. aureus strains and different
antimicrobial agents.
FIGURE 2

Distribution of antibiotic resistance genes, enterotoxin genes, and virulence genes plotted against core genome phylogeny of S. aureus isolates
based on single nucleotide polymorphisms (SNPs). The agr, sequence types, and sources of the isolates were aligned with the tree. The fully colored
circle indicates the presence of the target gene. White circles indicate the absence of investigated genes.
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A

B

FIGURE 3

(A) Distribution of antibiotic resistance genes in S. aureus isolated from meat. (B). Distribution of antibiotic resistance genes in S. aureus isolated
from patients.
TABLE 2 The prevalence of resistance genes among S. aureus isolated from meat and patients.

Antibiotic
class

Resistance
gene

The protein
encoded by
the gene

Camel
(n = 18)
(%)

Beef
(n = 12)
(%)

Lamb
(n = 8)
(%)

Chicken
(n = 7)
(%)

Fish
(n = 8)
(%)

Clinical
(n = 83)

(%)

Total
(N = 136)

(%)

Aminoglycoside

aph(3’)-IIIa
Aminoglycoside

3’-
phosphotransferase

1(4.3) 3 (21.4) 2 (18.1) 1 (7.6) 1 (6.6) 6 (7.1) 14 (8.7)

aph(2’’)-Ih
Aminoglycoside

2’’-
phosphotransferase

1(4.3) – – 2 (15.3) – 14 (16.6) 17 (10.6)

ant(4’)-Ia
Aminoglycoside
adenyltransferase

2 (8.6) – – – 1 (6.6) 4 (4.7) 7 (4.3)

Beta-lactam

mecA Alternative
penicillin-binding
protein (PBP 2a)

6 (26) – 1 (9) 3 (23) 1 (6.6) 80 (96.3) 91 (56.8)

mecA1 3 (13) – 1 (9) 1 (7.6) 1 (6.6) – 6 (3.7)

blaZ Beta-lactamase 9 (39.1) 4 (17.3) 6 (54.5) 1 (7.6) 5 (33.3) 52 (61.9) 77 (48.1)

Quinolone gyrA
DNA gyrase
subunit A

5 (21.7) 3 (21.4) 2 (18.1) 1 (7.6) 1 (6.6) 33 (39.2) 45 (28.1)

(Continued)
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encompass mecA, aph(2’’)-Ih, fusC, and tet38 which were identified

in three meat samples associated with the MRSA Clonal Complex

97 (CC97). In the patients, they were present in MRSA isolates

belonging to CC97, CC152, and CC153. In the context of virulence

genes, the distribution patterns of genes exhibited nearly uniform

prevalence across various clonal complexes.
4 Discussion

In this study, S. aureus isolates were found in 21.2% of retail

meat samples. Similarly, several previous studies have reported

comparable levels of S. aureus contamination in raw meat: 27.8%

prevalence in the United States (Thapaliya et al., 2017), 24.5% in

various African countries (Thwala et al., 2021), 23.8% in Iran

(Safarpoor Dehkordi et al., 2017), 35% in China, 33.3% in the

Netherlands (van Loo et al., 2007), and 22% in Bangladesh (Pu et al.,
Frontiers in Cellular and Infection Microbiology 10
2009). Similarly, several earlier investigations have reported

comparable levels of S. aureus contamination in raw meat: 27.8%

prevalence in the United States (Thapaliya et al., 2017), 24.5% in

various African countries (Thwala et al., 2021), 23.8% in Iran

(Safarpoor Dehkordi et al., 2017), 35% in China, 33.3% in the

Netherlands (van Loo et al., 2007), and 22% in Bangladesh (Pu et al.,

2009). Various factors, such as hygiene practices, storage

conditions, and the use of antibiotics in animal husbandry can

differ between regions and impact the presence of S. aureus in meat

(Dorjgochoo et al., 2023). These regional variations are essential for

understanding and addressing the food safety concerns associated

with S. aureus contamination.

In addition, 136 S. aureus isolates had diverse genetic

backgrounds as demonstrated by MLST and agr typing. The

most prevalent agr type in patient isolates in the present study

was agr I. This finding aligns with previous reports indicating the

predominance of agr I among MRSA isolates associated with
TABLE 2 Continued

Antibiotic
class

Resistance
gene

The protein
encoded by
the gene

Camel
(n = 18)
(%)

Beef
(n = 12)
(%)

Lamb
(n = 8)
(%)

Chicken
(n = 7)
(%)

Fish
(n = 8)
(%)

Clinical
(n = 83)

(%)

Total
(N = 136)

(%)

Macrolide mphC
Macrolide

2’-
phosphotransferase

2 (8.6) 2 (14) 2 (18.1) 2 (15.3) – 4 (4.7) 12 (7.5)

Macrolide/
streptogramin

msrA
Peptide methionine
sulfoxide reductase

2 (8.6) 2 (14) 2 (18.1) 2 (15.3) 1 (6.6) 7 (8.3) 16 (10)

Tetracycline

tetK Tetracycline
resistance protein

2 (8.6) 1 (7.1) – 1 (7.6) – 5 (6) 9 (5.6)

tetK – – – 1 (7.6) – 5 (6) 6 (3.7)

tet38
Tetracycline efflux
MFS transporter

17 (73.9) 12 (85.7) 6 (54.5) 7 (53.8) 10 (66.6) 83 (100) 136 (85)

Streptogramin/
lincosamide/
pleuromutilin

salA
Iron-sulfur cluster
carrier protein

3 (13) 2 (14) 1 (9) 1 (7.6) 1 (6.6) – 6 (3.7)

vgaA-lc ABC transporter 1(4.3) – 1 (9) – 1 (6.6) – 3 (1.8)

Streptogramin/
lincosamide/
macrolide

ermC
rRNA adenine N-
6-methyltransferase

2 (8.6) 1 (7.1) – 3 (23) – 17 (20.2) 23 (14.3)

Diaminopyrimidine dfrG
Dihydrofolate
reductase

2 (8.6) – – 1 (7.6) – 30 (35.7) 33 (20.6)

Fusidane
fusB 2-domain zinc-

binding protein

1(4.3) – – – 1 (6.6) 3 (3.6) 5 (3.1)

fusC 3 (13) 1 (7.1) – 2 (15.3) 1 (6.6) 42 (50) 49 (30.6)

Phosphonic acid fosB-saur
Metallothiol
transferase

11 (47.8) 4 (17.3) 4 (36.2) 4 (38.4) 10 (66.6) 59 (70.2) 92 (57.5)

Nucleoside Sat-4
Streptothricin N-
acetyltransferase
and streptothricin

1(4.3) 3 (21.4) 2 (18.1) 1 (7.6) – 5 (6) 12 (7.5)

Glycopeptide bleO
Bleomycin

resistant proteins
1(4.3) – – – 1 (6.6) 2 (2.3) 4 (2.5)

Phenicol fexA
Chloramphenicol/
florfenicol exporter

– – – 1 (7.6) – 6 (7.1) 7 (4.3)

Lincosamide lnuA
Lincosamide

nucleotidyltransferase
2 (8.6) – – – – 4 (4.7) 6 (3.7)
f

N, total number of S. aureusS. aureus isolates in this study; n, number of S. aureusS. aureus isolates positive for a gene profile; –, no isolates positive for a gene. The numbers in parentheses
indicate percentages.
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FIGURE 4

Distribution of enterotoxin genes in S. aureus isolated from meat and patients.
TABLE 3 Enterotoxin gene patterns of Staphylococcus aureus.

Pattern
Enterotoxins
genes profiles

No. of meat S. aureusS.
aureus isolates with the

genotype (%)

No. of clinical S. aureusS.
aureus isolates with the

genotype (%)

No. of total S. aureusS.
aureus isolates with the

genotype (%)

P1 selX 18 (33.9) 11 (13.2) 29 (21.3)

P2
selX, sem, sei, sen, seg,

seo, seu
10 (18.8) 10 (12) 20 (14.7)

P3
selX, sem, sei, sen, seg,
seo, seu, sea, seb, sel

1 (1.8) 0 (0) 1 (0.7)

P4 selX, sem, sei, ser 1 (1.8) 0 (0) 1 (0.7)

P5 sec, selX, seb, sel, sey 5 (9.4) 0 (0) 5 (3.6)

P6 selX, seh 1 (1.8) 0 (0) 1 (0.7)

P7
selX, sem, sei, sen, seg,

seo, seu, seb
2 (3.7) 12 (14.4) 14 (10.2)

(Continued)
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clinical infections in Riyadh (54.21% and 42.4%, respectively)

(Monecke et al., 2012; Senok et al., 2019). In contrast, the

predominant agr type in meat in this study was agr II. A

previous study reported the prevalence of agr types I, II, and

III in S. aureus isolated from retail meat in Riyadh, all of which

were evenly distributed across isolates (Raji et al., 2016).

Although agr IV has previously been identified in other clinical

S. aureus isolates, only one clinical isolate in the present study

harbored the same agr type (Monecke et al., 2012; Senok et al.,

2019). The incompatibility of agr types over time indicates the

flexibility of S. aureus isolates for adaptation. The clinical S.

aureus isolates harboring agr IV in this study shared the same

clonal lineage (CC121) as those from retail meat, carrying the

same agr type, thereby demonstrating genetic relatedness (Raji

et al., 2016).
Frontiers in Cellular and Infection Microbiology 12
The high prevalence of antibiotic resistance genes in both

patient and meat isolates is concerning because it underscores the

potential for the transmission of resistance traits from the food

supply to the clinical setting. tet38, which encodes tetracycline

resistance, was found in 100% and 69% of patients and meat

isolates, respectively. A previous study reported a tetK prevalence

of 4% among S. aureus isolates from retail meat (Raji et al., 2016).

Additionally, in a hospital in Riyadh, S. aureus isolates had tetK and

tetM prevalence rates of 10.2% and 20.5%, respectively (Monecke

et al., 2012). The increase in the prevalence of tet gene may indicate

the excessive use of tetracyclines over the past few years. Moreover,

b -lactam resistance genes, including blaZ, were highly prevalent in

70% and 62% of meat and patients, respectively. Comparatively,

these rates slightly decreased compared to previous studies in Saudi

Arabia, where isolates from retail meat in Riyadh had a blaZ
TABLE 3 Continued

Pattern
Enterotoxins
genes profiles

No. of meat S. aureusS.
aureus isolates with the

genotype (%)

No. of clinical S. aureusS.
aureus isolates with the

genotype (%)

No. of total S. aureusS.
aureus isolates with the

genotype (%)

P8
sem, sei, sen, seg, seo,

seu, sea
1 (1.8) 2 (2.4) 3 (2.2)

P9 selX, sea, seb, sel 1 (1.8) 0 (0) 1 (0.7)

P10 selX, sem, sei, sen 2 (3.7) 0 (0) 2 (1.4)

P11
selX, sem, sei, sen, seg,

seo, seu, sea
1 (1.8) 1 (1.2) 2 (1.4)

P12
selX, sem, sei, sen, seg,

seo, seu, sey
2 (3.7) 0 (0) 2 (1.4)

P13
sem, sei, sen, seg, seo,

seu, seh
3 (5.6) 0 (0) 3 (2.2)

P14
selX, sen, seg, seo, seu,

sea, sej, ser, sed
0 (0) 1 (1.2) 1 (0.7)

P15 selX, sey, seh 0 (0) 1 (1.2) 1 (0.7)

P16 sem, sei, sen,seg, seo, seu 0 (0) 1 (1.2) 1 (0.7)

P17 selX, sem, sei, sea, seh 0 (0) 1 (1.2) 1 (0.7)

P18
selX, sem, sei, sen, seg,
seo, seu, sej, ser, sed

0 (0) 1 (1.2) 1 (0.7)

P19
selX, sem, sei, sen, seg,

seo, seu, sey, selZ
0 (0) 1 (1.2) 1 (0.7)

P20
sec, selX, sem, sei, sen,

seg, seo, seu, sea, seb, sel,
sel27, selZ

0 (0) 1 (1.2) 1 (0.7)

P21
sec, selX, sem, sei, sen,
seg, seo, seu, seb, sel

0 (0) 6 (7.2) 6 (4.4)

P22
selX, sem, sei, sen, seg,
seo, seu, seb, sel, sen

0 (0) 1 (1.2) 1 (0.7)

P23 selX, sem, sei 0 (0) 3 (3.6) 3 (2.2)

P24
selX, sem, sei, sen, seg,
seo, seu, sea, sej, ser

0 (0) 2 (2.4) 2 (1.4)

P25 selX, sea 5 (9.4) 25 (30.1) 30 (22)

P26
selX, sei, sen, seg, seo,

seu, seb
0 (0) 1 (1.2) 1 (0.7)
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TABLE 4 Distribution of virulence-associated gene among S. aureus isolate.

Gene product
Virulence

gene

Camel
(n= 18)
(%)

Beef
(n=12)
(%)

Lamb
(n= 8)
(%)

Chicken
(n= 7)
(%)

Fish
(n=8)
(%)

Clinical
(n= 83)
(%)

Total
(N= 136)

(%)

Toxic shock syndrome toxin 1 tsst-1 2 (1.1) – – 1(14.2) 3 (37.5) 8 (9.6) 14 (10.2)

Panton–Valentine Leukocidin lukS-PV – 1 (8.3) – – – 23 (27.7) 24 (17.6)

Panton–Valentine Leukocidin lukF-PV – 1 (8.3) – – – 23 (27.7) 24 (17.6)

Capsular polysaccharide
synthesis enzyme

cap 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Alpha-Hemolysin precursor hly/hla 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Fibronectin-binding protein A fnbA 3 (16.6) – – 3 (42.8) – 26 (31.3) 32 (23.5)

Cell surface elastin binding protein ebp 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 74 (89.1) 127 (93.3)

Clumping factor, A fibrinogen-
binding protein

clfA 5 (27.7) 7 (58.3) 2 (25) 2 (28.5) – 11 (13.2) 27 (19.8)

clfB 11 (61.1) 8 (66.6) 2 (25) 6 (85.7) 6 (75) 59 (71) 92 (67.6)

IgG-binding protein sbi 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Gamma-hemolysin chain II precursor hlgA 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Ser-Asp rich fibrinogen-binding bone
sialoprotein-binding protein

sdrE 12 (66.6) 9 (75) 8 (100) 6 (85.7) 5 (62.5) 76 (91.5) 116 (85.2)

Type VII secretion system protein

esaA 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

essA 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

esxA 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Zinc metalloproteinase aureolysin aur 17 (94.4) 12 (100) 8 (100) 7(100) 5 (62.5) 80 (96.3) 129 (94.8)

Triacylglycerol lipase precursor lip 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Delta-hemolysin hld 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Adenosine synthase A adsA 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Serine protease; V8 protease;
glutamyl endopeptidase

sspB 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

(Continued)
F
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FIGURE 5

Snakey diagram illustrating the multiplicity of resistance and enterotoxin genes present in S. aureus isolates from both meat samples and patients.
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prevalence rate of 88% (Raji et al., 2016) and those from hospitals in

Riyadh were 93.46% (Monecke et al., 2012). Furthermore, the gene

encoding phosphonic acid resistance, fosB, had prevalence rates of

70% and 58% in the patient and meat isolates in the present study,

respectively. This is consistent with a previous study on retail meat,

wherein 52% of S. aureus isolates harbored fosB (Raji et al., 2016).

The high prevalence of antibiotic -resistance genes is most likely a

result of the overuse of b-lactams and phosphonic acid antibiotics to

treat S. aureus infections in hospitals and livestock farms.

The distribution of antibiotic resistance genes among MRSA

strains in a tertiary care facility in Riyadh was as follows: ermC

(28.8%), msrA (10.4%), aphA3 and sat (18.4%), fusC (43.2%), tetK

(17.6%), tetM (7.2%), and fosB (56.8%) (Senok et al., 2019).

According to Snoussi et al. (2023), the genes associated with

antimicrobial resistance in S. aureus isolates included fusC (50%),

fosB, tetK, tet45, sat-4, aph(3′)-IIIa (12%), aac(6′)-aph(2″), and
ermC (25%). In the present study, resistance genes in meat isolates

included aph(3’)-IIIa (15%), gyrA (23%), tetK (7%), tetM (2%),

ermC (9%), fosB (62%), msrA, fusC, and sat-4 (13%), whereas those

in patient isolates included aph(3’)-IIIa (7%), gyrA (40%), msrA

(8%), ermC (20%), fusC (51%), fosB (71%), tetK, and sat-4 (6%).

Although some antibiotic resistance genes had higher prevalence

levels in meat isolates, such as aph(3’)-IIIa, tetK, msrA, and sat-4,

patient isolates harbored more antimicrobial resistance genes. This

might due to the environment in which patient isolates are

genetically adapted to thrive and flourish in hospitals. The fact

that all patient isolates harbored multidrug-resistant genes is

particularly alarming, highlighting the importance of prudent

antibiotic use in healthcare. Furthermore, the presence of

multidrug-resistant S. aureus strains in meat isolates raises

concerns regarding the role of foodborne transmission in the

dissemination of antibiotic resistance, highlighting the importance

of surveillance in food production and distribution.

The high prevalence of some antibiotic genes in this study, such

as fosB, in MRSA isolates raises concerns regarding the potential

compromise of fosfomycin as a last-resort therapy for

staphylococcal infections. Fosfomycin is used to treat MRSA and

MDR infections because it can penetrate biofilms and exert

intracellular bactericidal activity because of its low molecular

weight (Chen et al., 2022). Fosfomycin is often used in

combination with other antibiotics to reach targets more

efficiently, thereby improving the therapeutic effects of the
Frontiers in Cellular and Infection Microbiology 14
combined antibiotics (Chen et al., 2022). The high prevalence of

fosB gene, highlights the risk of emerging resistance, which affects

the efficacy of fosfomycin in the treatment MRSA infections. In the

present study, the MAR index values (0.2–0.5) of most MDR S.

aureus strains revealed multiple resistance patterns, suggesting that

the S. aureus strains were derived from high-risk contamination

(Krumperman, 1983). This result emphasizes the potential public

health implications of antimicrobial resistance in S. aureus isolates.

Staphylococcus aureus enterotoxins are gastrointestinal

exotoxins that can cause SFP when consumed in certain amounts

(Argudıń et al., 2010). Staphylococcal enterotoxin A (sea) is the

most frequently identified cause of SFP, and classic enterotoxins

(sea, seb, sec, sed, and see) are associated with the most reported

food poisoning outbreaks (Cha et al., 2006). In Kuwait, a study of

200 isolates obtained from food handlers in various restaurants with

suspected SFP revealed that the majority of isolates were resistant to

various antibacterial agents, and that 71% of the isolates harbored

genes for SEs, with sei being the most prevalent (Udo et al., 2009). In

the present study, the enterotoxin-like gene selX was found in 95%

of the patient isolates, followed by the sem and sei genes, and sen.

Meat isolates exhibited comparable prevalence rates. These rates

differ depending on the source of isolation and area. For instance, in

Riyadh, a previous study isolated S. aureus from dairy products and

identified 14 enterotoxin genes, of which seh had the highest ratio

(51%). Furthermore, classic enterotoxins have a lower prevalence,

except for the see gene (27.5%) (Alghizzi and Shami, 2021). In

another study, the prevalence of seh gene in S. aureus isolates from

processed meat was the highest at 49% (Alghizzi et al., 2021). In

2014, 165 S. aureus isolates were obtained from food handlers in

Makkah, and PCR analysis of classic SEs genes revealed that sea was

the most prevalent enterotoxin in MRSA (36%) and MSSA (30%)

isolates (Ahmed and Mashat, 2014). Similarly, the most prevalent

classic enterotoxin in S. aureus isolates in the present study was sea.

The prevalence of classic SEs genes in MRSA isolates from patients

in Riyadh in 2012 was < 9% (Monecke et al., 2012). In the early

2000s, 129 S. aureus isolates were identified from food handlers in

Makkah during the Hajj season, and sec and sea were observed in

15.5% and 12.4% of the S. aureus isolates, respectively (Dablool and

Al-Ghamdi, 2011). In the present study, sec was detected in 10% of

the S. aureus isolates, and the prevalence of the sea gene was 32%.

The high compatibility of enterotoxin genotypes in S. aureus

isolates from meat and patients indicates a strong genomic
TABLE 4 Continued

Gene product
Virulence

gene

Camel
(n= 18)
(%)

Beef
(n=12)
(%)

Lamb
(n= 8)
(%)

Chicken
(n= 7)
(%)

Fish
(n=8)
(%)

Clinical
(n= 83)
(%)

Total
(N= 136)

(%)

Iron-regulated surface
determinant protein

isd A 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 79 (95.1) 132 (97)

isd E 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

NPQTN specific sortase B srtB 18 (100) 12 (100) 8 (100) 7(100) 8 (100) 83(100) 136 (100)

Hyaluronate lyase precursor hysA 17 (94.4) 11(91.6) 5 (62.5) 7(100) 3 (37.5) 75 (90.3) 118 (86.7)

Extracellular proteins Map map 5 (27.7) 7 (58.3) 2 (25) 2 (28.5) 2 (25) 28 (33.7) 46 (33.8)
f

n, total number of isolates from the type of sample; N, total number of S. aureus isolates; –, no isolates positive for this virulence gene the n, number of total isolates from the type of sample; N,
total number of S. aureus isolates; –, no isolates positive for this virulence gene.
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association between the isolates from both sources. Furthermore,

the higher prevalence of enterotoxin genes in the patient isolates

suggests their role in the clinical manifestations of S. aureus

infections, potentially leading to more severe symptoms.

Every toxin-encoding gene is equally important; the more genes

an organism possesses, the more virulent it becomes (Tam and

Torres, 2019). In Saudi Arabia, information regarding the

prevalence and molecular characteristics of these virulence genes

is limited. However, our analysis revealed a consistent distribution

pattern of virulence genes across S. aureus isolates from meat

samples and patients, indicating a common genetic structure

among pathogens from both sources. Notably, key virulence

genes, including cap, hly/hla, sbi, geh, hlgA/hlgB, esaA/esaB, essA/

essB, esxA, ica, lip, hld, adsA, sspB/sspC, isdE/isdF/isdG, and srtB

were present in all S. aureus isolates. This consistency suggests that

these genes play essential roles in the pathogenesis of S. aureus from

various sources. Although a significant difference in the distribution

of virulence genes was observed between S. aureus isolates from

meat samples and patients (p < 0.0001), it is essential to note the

different sample sizes in each group. Nevertheless, this significance

underscores the robust association between virulence gene

distribution and the source of S. aureus isolates.

S. aureus produces the cytotoxin PVL, which destroys

leukocytes and results in tissue necrosis (Otto, 2014). Previously,

pvl gene was not abundant, except in some cases, and was often

associated with CA-MRSA strains (Alghizzi and Shami, 2021;

Alghizzi et al., 2021). For example, this gene was not detected in

50 S. aureus isolates obtained from patients in Makkah in 2017

(Abulreesh et al., 2017). In addition, it is absent in S. aureus isolated

from dairy products, milk, and processed foods in Riyadh (Alghizzi

and Shami, 2021; Alghizzi et al., 2021). In this study, 28% of S.

aureus isolates from patients harbored pvl, and only one S. aureus

isolate from beef that belonged to LA-MRSA CC361 harbored this

gene. A previous study of 125 MRSA isolates linked to clinical

infections in Riyadh reported a pvl prevalence of 30% (Senok et al.,

2019). The high prevalence of pvl-carrying S. aureus clones in

hospitals, which is known for its association with CA-MRSA,

suggests that CA-MRSA isolates outnumber HA-MRSA in

hospitals and that there is an over-time shift in the distribution of

MRSA types.

Toxic shock syndrome (TSS) exotoxin is a superantigen that is

generally resistant to heat and proteolysis and induces T cell-

dependent shock syndrome with significant mortality by boosting

the excessive release of cytokines (Dinges et al., 2000). Although S.

aureus isolated from meat had a slightly higher prevalence of the tst

gene in this study, it did not vary greatly from that of S. aureus

isolated from patients. These numbers are slightly lower than the

national tst gene prevalence rates, which range from 11.2% to 13.2%

in human infections (Alkharsah et al., 2018; Senok et al., 2019).

Evaluation of the frequency of virulence genes in S. aureus strains

serves as a fundamental basis for formulating effective infection

control strategies and anti-virulence interventions to suppress S.

aureus with hypervirulent genes (Dinges et al., 2000). A limitation

of this study was the small sample size, which was determined by

the city’s landscape within a confined geographical area. Moreover,
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this study was constrained by the comparison of MRSA isolates

from symptomatic humans with S. aureus and MRSA isolated from

meat products. It is important to note, however, that our findings

align with previous research conducted in this region (Raji et al.,

2016; Aljeldah, 2020; Alghizzi et al., 2021).

The observed correlation in genetic lineages, antibiotic

resistance profiles, enterotoxin genes, and virulence genes

between the two sources of S. aureus has significant implications

for public health. Further research is recommended to explore the

genetic factors involved in S. aureus pathogenicity and their

potential impact on clinical outcomes and food safety.

Additionally, protocols to monitor and limit the transmission of

S. aureus between clinical and foodborne settings should be

developed to mitigate the potential risks to public health.
5 Conclusion

Our findings provide a comprehensive exploration of the

genomic properties of the clinical and foodborne S. aureus strains.

The results strongly support the close genetic association between S.

aureus isolates from meat and patients, revealing shared antibiotic

resistance and virulence gene profiles. Notably, the detection of a

diverse array of these genes in meat-derived S. aureus, which is highly

compatible with that found in patient isolates, underscores the

significant genomic relatedness observed in our study. The high

prevalence of specific genes such as selX, tet38, blaZ, fosB, and

mecA, highlights potential challenges associated with virulence and

antibiotic resistance. Our study indicates that the misuse of

antibiotics may contribute to the dissemination of multidrug

resistance across S. aureus isolates from different settings, with

meat serving as a potential reservoir for MDR dissemination. In

light of these findings, a comprehensive approach is essential for

estimating the prevalence, prevent, and control S. aureus infections,

thereby improving both animal and human health.
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Nowaczek, A., et al. (2022). Antibiotic resistance in bacteria—A review. Antibiotics.
11 (8), 1079. doi: 10.3390/antibiotics11081079

van Loo, I. H. M., Diederen, B. M. W., Savelkoul, P. H. M., Woudenberg, J. H. C.,
Roosendaal, R., van Belkum, A., et al. (2007). Methicillin-resistant Staphylococcus
aureus in meat products, the Netherlands. Emerg. Infect. Dis. 13 (11), 1753–1755.
doi: 10.3201/eid1311.070358

Wayne P. A. (Ed.) (2018). “Methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically,” in CLSI standard M07, 11th (Clinical and Laboratory
Standards Institute (CLSI)).

Wei, T., and Simko, V. (2021). corrplot: Visualization of a Correlation Matrix
(Version 0.92). Available at: https://github.com/taiyun/corrplot.

Wu, S., Huang, J., Wu, Q., Zhang, J., Zhang, F., Yang, X., et al. (2018). Staphylococcus
aureusisolated from retail meat and meat products in China: Incidence, antibiotic
resistance and genetic diversity. Front. Microbiol. 9 (NOV). doi: 10.3389/
FMICB.2018.02767
frontiersin.org

https://doi.org/10.1128/CMR.13.1.16
https://doi.org/10.1186/s12866-023-03122-2
https://doi.org/10.26873/SVR-764-2019
https://doi.org/10.3390/antibiotics10040367
https://doi.org/10.16966/nftoa.103
https://doi.org/10.1007/s40588-021-00170-y
https://doi.org/10.1016/j.fm.2016.10.029
https://doi.org/10.1136/bmjopen-2020-041968
https://doi.org/10.1128/microbiolspec.GPP3-0031-2018
https://doi.org/10.1155/2014/827965
https://doi.org/10.5897/AJMR12.930
https://doi.org/10.1128/aem.46.1.165-170.1983
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1186/1471-2180-12-146
https://doi.org/10.1016/j.mib.2013.11.004
https://doi.org/10.3390/microorganisms9030636
https://doi.org/10.1128/msystems.00190-20
https://doi.org/10.3390/toxins2082177
https://doi.org/10.1128/AEM.01110-08
https://doi.org/10.3389/fmicb.2016.00911
https://doi.org/10.1186/s13756-017-0257-1
https://doi.org/10.2478/jvetres-2020-0036
https://doi.org/10.3201/EID1701.P11101
https://doi.org/10.2147/IDR.S218870
https://doi.org/10.3205/DGKH000268
https://doi.org/10.1099/jmm.0.009720-0
https://doi.org/10.3390/microorganisms11051124
https://doi.org/10.1128/microbiolspec.GPP3-0039-2018
https://doi.org/10.1128/microbiolspec.GPP3-0039-2018
https://doi.org/10.1016/j.fm.2017.01.015
https://www.efsa.europa.eu/en/efsajournal/pub/6971
https://doi.org/10.3390/antibiotics10091108
https://doi.org/10.3390/antibiotics10091108
https://doi.org/10.1038/s41579-018-0147-4
https://doi.org/10.1186/1756-0500-2-108
https://doi.org/10.1186/1756-0500-2-108
https://doi.org/10.3390/antibiotics11081079
https://doi.org/10.3201/eid1311.070358
https://github.com/taiyun/corrplot
https://doi.org/10.3389/FMICB.2018.02767
https://doi.org/10.3389/FMICB.2018.02767
https://doi.org/10.3389/fcimb.2023.1339339
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Comparative genomic analysis of antibiotic resistance and virulence genes in Staphylococcus aureus isolates from patients and retail meat
	1 Introduction
	2 Material and methods
	2.1 Sample collection
	2.2 Ethical approval
	2.3 Staphylococcus aureus isolation and identification
	2.4 Phenotypic and genotypic detection of methicillin-resistant Staphylococcus aureus
	2.5 Antimicrobial susceptibility testing
	2.6 Whole-genome sequencing
	2.7 Statistical analysis

	3 Results
	3.1 Prevalence of Staphylococcus aureus isolates
	3.2 Phenotypic characteristics of the Staphylococcus aureus isolates
	3.3 Phenotypic and genotypic resistance characteristics of S. aureus isolates
	3.4 Molecular typing of Staphylococcus aureus isolates
	3.5 Antibiotic-resistance genes in Staphylococcus aureus strains
	3.6 Prevalence of enterotoxin genes in Staphylococcus aureus strains
	3.7 Prevalence of virulence genes in Staphylococcus aureus strains

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Author disclaimer
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


