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Abstract 

Background  Bovine mastitis caused by Staphylococcus aureus is considered a public health threat globally. Herein, 
we aimed to investigate the occurrence, agr typing, antimicrobial resistance patterns, biofilm production, and PCR-
based detection of the virulence, biofilm, adhesion, and enterotoxins genes of S. aureus strains recovered from clinical 
and subclinical bovine mastitis.

Results  The prevalence of S. aureus in the examined milk samples was 44.4%. Besides, 95% of the retrieved S. 
aureus strains were identified as MRSA. Herein, all the tested isolates were biofilm producers. PCR revealed that 85% 
of the retrieved S. aureus strains were positive for the agr I gene. Furthermore, the clfB, clfA, fnbB, fnbA, and cna genes 
were detected with a prevalence of 100%, 80%, 60%, 55%, and 30%, respectively. Also, all the tested S. aureus strains 
were positive for the coa gene (100%). Besides, 92.5% and 85% of the recovered strains harbored the lukF and spa 
genes, respectively. In addition, the prevalence of the hla, hlb, and hlg hemolysin genes was 70%, 50%, and 35%, 
respectively. Among the enterotoxin genes, the seb gene was detected in 30% of the tested strains. The prevalence 
of eno and icaA biofilm genes was 95% in the tested strains. Moreover, 15% of S. aureus strains were MDR to 8 anti-
microbial agents and harbored the mecA, ermC, and ermB genes. As well, 12.5% of S. aureus strains were MDR to 8 
antimicrobial agents and carried the mecA, ermC, ermB, tetK, and tetM genes. Also, 5% of S. aureus strains were XDR 
to 11 antimicrobial agents and carried the mecA, ermC, and ermB genes.

Conclusions  The existence of MDR and XDR MRSA strains in bovine milk is a public health hazard. The mecA, ermC, 
ermB, tetK, and tetM resistance genes and the coa, clfB, eno, icaA, lukF, spa, clfA, and hla virulence genes are commonly 
associated with the MDR and XDR MRSA strains. Moreover, the seb gene was the predominant enterotoxin gene 
in the MRSA strains recovered from milk.
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Background
Mastitis is one of the most vital threats affecting the 
dairy industry worldwide, causing productive losses 
by decreasing the quality and quantity of milk, and the 
recurrence of mastitis may shorten the productive life 
of affected animals [1]. Mastitis management requires 
collaboration between management processes (mainly 
milking) and the control of infectious agents, which are 
widely distributed in dairy farm environments [2]. Mas-
titis microorganisms are classified as "contagious" or 
"environmental" based on their reservoir, source of infec-
tion, and transmission mode. The infected mammary 
glands are the main source of infection and transmission 
of infectious pathogens during the milking process when 
clean areas are contaminated by infected milk droplets 
or when these droplets contaminate milking equipment, 
milking hands, and towels [3].

Among the variety of bacteria that are responsible for 
mastitis, Staphylococcus aureus (S. aureus) is among the 
major pathogens causing contagious mastitis in dairy 
farms [2]. There is limited data concerning the over-
all prevalence and status of S. aureus bovine mastitis in 
Egypt; however, previous investigations recorded a high 
prevalence of S. aureus mastitis (more than 40%) in dif-
ferent regions. [4, 5]. S. aureus is the most predomi-
nant and economically significant pathogen causing 
intramammary infection in bovine [6]. The pathogen 
could gain access to milk either by direct emission from 
infected mammary glands or by environmental con-
tamination during the handling and processing of milk. 
Transmission of S. aureus frequently takes place during 
the milking procedures by the milking machine, milker’s 
hands, and contaminated utensils. So, serious S. aureus 
infections are commonly associated with inadequate 
milking hygiene [7, 8].

S. aureus is one of the most important pathogenic 
bacteria because of the combination of toxin-mediated 
virulence, biofilm formation, antibiotic resistance, and 
invasion [9]. Communication between bacteria through 
quorum sensing is important for many cellular actions, 
such as biofilm formation, antibiotic resistance, sporula-
tion, and the regulation of a set of virulence factors [10].

The agr (accessory gene regulator) system is a pep-
tide quorum-sensing system found in all Staphylococci 
and is a dominant regulator of pathogenesis and biofilm 
development in S. aureus [11]. S. aureus strains have 
been divided into four agr specificity groups (I, II, III, 
and IV) [12]. S. aureus carries an arsenal of virulence 

factors that are responsible for pathogenesis via tissue 
adhesion, immune evasion, and host cell injury [13]. 
Microbial surface components recognizing adhesive 
matrix molecules (MSCRAMM) are a group of adhesin 
proteins that mediate the initial attachment of bacteria 
to host tissue, providing a critical step in establishing 
infection [14]. These proteins include fibronectin-bind-
ing proteins (FnbA and FnbB), fibrinogen-binding pro-
teins (ClfA, ClfB, and Efb), capsule proteins (Capsule 
types 5 and 8), and collagen-binding proteins (Cna) that 
can bind to a variety of mammalian extracellular pro-
teins and abiotic surfaces. These structures can bind to 
molecules such as collagen (mostly via Cna), fibronec-
tin (via FnbA, B), and fibrinogen (with ClfA, B, and Fib) 
and thus evade the immune system and can then lead 
to infection. ClfA is the major staphylococcal fibrino-
gen (Fg) binding protein, and is responsible for the 
observed clumping of S. aureus in blood plasma, culmi-
nating in arthritis and endocarditis [15].

Other virulence factors encoded by different viru-
lence genes play roles in infection by overcoming the 
immune system and causing host cell injury, such as 
Staphylococcus protein A on the cell wall (spa), Panton-
Valentine leukocidin (PVL), hemolysins (HLs), Staphy-
lococcus enterotoxins (SEs) and toxic shock syndrome 
(TSS) [16]. SpA plays a vital role in host immune eva-
sion by altering innate and adaptive immune responses 
against S. aureus by inhibiting the classical complement 
pathway, blocking opsonophagocytosis, and inducing 
programmed B-cell death [13, 17] Moreover, PVL is one 
of the most potent, essential, and prevalent toxins and 
acts as a pore-forming leukotoxin that promotes the 
lysis and apoptosis of leukocytes [18]. Besides, Staphy-
lococcus hemolysins are considered substantial viru-
lence factors that confer bacterial invasion and escape 
from the host immune system [19].

Staphylococcal enterotoxins (STEs) are extracellu-
lar toxins (A, B, C, D, and E) that cause food poison-
ing with symptoms of vomiting, nausea, abdominal 
cramps, and diarrhea [20]. Together with the increase 
in the pathogenicity of S. aureus, the dramatic increase 
in antimicrobial resistance is a major warning that is 
considered one of the greatest challenges to global 
health and food security today [21]. According to 
the WHO, MRSA strains are coined ’superbugs’, and 
more research and development of new antibiotics are 
urgently needed. Genetically encoded antimicrobial 
resistance can be considered a subtype of virulence, 
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as it increases host pathogenesis, allowing chronic or 
persistent disease [22]. Many factors are involved in 
the selective response of bacteria to antibiotic pres-
sure, such as quorum sensing, adhesion, and biofilm 
development [23]. The regulation, expression, transfer, 
and exchange of virulence and antimicrobial resist-
ance genes are mediated by biofilm formation [23]. This 
study aimed to investigate the occurrence, agr typing, 
antimicrobial resistance patterns, biofilm production, 
and PCR-based detection of the virulence, biofilm, 
adhesion, and enterotoxin genes of S. aureus strains 
recovered from clinical and subclinical bovine mastitis.

Materials and methods
Sampling and California mastitis test (CMT)
A total of 352 milk samples (320 apparently healthy 
quarter milk samples and 32 clinical mastitis milk sam-
ples) were collected from 112 dairy cows (80 apparently 
healthy cows and 32 clinically mastitis cows) from pri-
vate farms in Damietta Governorate, Egypt (from Janu-
ary 2021–March 2021). Cows were clinically examined, 
and animals suffering clinical mastitis displayed reddish 
udder, increased udder temperature, udder pain, and 
bloody milk. The examined cows were 3–5 years old. 
Samples were collected during the mid-lactation. There 
was a history of using tetracycline, erythromycin, and 
amoxicillin-clavulanic acid.

The California mastitis test (CMT) was performed for 
the detection of subclinical mastitis in the apparently 
healthy quarter milk samples as described by Clements 
[24]. Milk samples were collected from each quarter after 
cleaning and disinfection of the udder with 70% ethanol. 
The milk samples were discarded, and the milk samples 
were collected from each quarter in sterile McCartney 
bottles and transported within 4–6 h in a cooler box 
maintained at 4–6 °C to the laboratory for bacteriological 
analysis.

Bacteriological examination
The milk samples were incubated for 24 h at 37°C and 
then centrifuged at 3000 rpm for 20 min, after which the 
cream and supernatant were discarded. A loopful of sedi-
ment was streaked on the surface of nutrient agar, blood 
agar, and mannitol salt agar (Oxoid, Hampshire, UK) and 
incubated aerobically at 37°C for 24–72 h. The suspected 
colonies were identified morphologically and biochemi-
cally, as described by Quinn [25]. The identification of the 
recovered isolates was confirmed via PCR detection of 
the 16Sr RNA gene, according to Monday [26]. Moreover, 
the identification of MRSA strains is performed based on 
cefoxitin resistance and the detection of the mecA gene 
[27].

Biofilm formation assay
The tube method was used as described by Christensen 
[28] for qualitative assessment of biofilm production. 
Briefly, BHI broth with 2% sucrose (10 ml) in plastic 
tubes was inoculated with a loopful of the isolates and 
incubated aerobically at 37°C for 24 h. The tubes were 
subsequently washed once with 9 ml of phosphate-buff-
ered saline (pH 7.2). The biofilms were fixed with 10 ml 
of freshly prepared sodium acetate (2%) and stained with 
crystal violet (0.1%). The tubes were left at room tem-
perature for 30 min, after which the stain was discarded. 
The washing step was repeated, and the tubes were left to 
dry in an inverted position at room temperature. Biofilm 
formation was detected by the presence of visible film on 
the wall and bottom of the tube. Isolates were scored as 0 
for absence, + for weak, + + for moderate, and + + + for 
strong biofilm formation. The experiments were per-
formed in triplicate and repeated three times.

Antimicrobial susceptibility testing of S. aureus isolates
The disc diffusion method was performed using 13 anti-
microbial agents: cefoxitin (CFX; key of MRSA) (30 μg), 
ceftriaxone (CRO) (30 μg), ceftazidime (CAZ) (30 μg), 
amoxicillin-clavulanic acid (AMC) (20/10 μg), ampi-
cillin-sulbactam (ASM) (10/10 μg), penicillin (P) (10 
μg), levofloxacin (LEV) (5 μg), clindamycin (CD) (2 μg), 
chloramphenicol (C) (30 μg), rifampicin (RA) (5 μg), tet-
racycline (TE) (30 μg), gentamycin (GM) (10 μg), and 
erythromycin (E) (15 μg) (Oxoid). The antibacterial sus-
ceptibility test and interpretations of the inhibitory zones 
were performed according to the recommendations of 
the Clinical Laboratory Standard Institute (CLSI) [29]. 
The reference strain was supplied by the Animal Health 
Research Institute, Dokki, Egypt. The classification of 
isolates into multidrug-resistant (MDR) and extensively 
drug-resistant (XDR) strains was performed according 
to Magiorakos [30]. The multiple antibiotic resistance 
(MAR) index was measured according to Blasco [31].

agr typing and PCR detection of virulence and antibiotic 
resistance genes
PCR was performed for to identify S. aureus via ampli-
fication of the 16S rRNA, agr typing of S. aureus (I, II, 
III, and IV), and detection of virulence and antimicrobial 
resistance genes. The nucleotide sequences of the prim-
ers used were listed in the supplementary Table  S1 and 
the cycling conditions were illustrated in the supplemen-
tary Table  S2. All primers were supplied by Metabion 
(Germany). The genomic bacterial DNA was extracted 
according to the QIAamp DNA Mini Kit instructions 
(QIAGEN, Germany), and the amount and quality of 
the DNA samples were measured using a NanoDrop 
ND-1000 spectrophotometer. All the reactions were 
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performed in triplicate and adjusted to a final volume 
of 25 µL (12.5 µL of Emerald Amp GT PCR Master Mix 
(Takara, Code No. RR310A kit), 1 µL of each reverse and 
forward primer, 5 µL of DNA template, and 5.5 µL of 
ultrapure PCR grade water). Reactions without template 
DNA (Negative controls) and positive control S. aureus 
strains (provided by Animal Health Research Institute, 
Egypt) were used. Amplified PCR products were detected 
by horizontal 1.5% (w/v) agarose gel electrophoresis 
(Applichem, Germany, GmbH), and the gel was pho-
tographed using the gel documentation system (Alpha 
Innotech, Biometra).

Statistical analyses
The Chi-square test was used in the analysis of the 
retrieved frequencies via SPSS software (version 16, SPSS 
Inc., Chicago, USA). Besides, Fisher’s exact two-tailed 
test was used to determine the significance of the associ-
ations between resistance patterns, genotypic resistance, 
and biofilm formation. The differences were considered 
significant at values of p < 0.05. Moreover, correlation 
analysis was also carried out among the antibiotic resist-
ance genes and the tested antibiotics (corrplot package, 
R-software; version 4.0.2; https://​www.r-​proje​ct.​org/).

Results
Distribution of S. aureus among the examined milk 
samples
According to the CMT, the prevalence of subclinical 
mastitis in apparently normal quarter milk samples was 
18.12% (58/320). S. aureus was isolated from subclinical 
mastitic and clinical mastitic milks samples with percent-
ages of 46.55% (27/58) and 40.63% (13/32), respectively. 
The overall prevalence of S. aureus in the bacteriologi-
cally examined milk samples was 44.4% (40/90). A sig-
nificant difference was recorded in the prevalence of S. 
aureus in subclinical mastitic and clinical mastitic milk 
samples (p < 0.05).

Antibiogram profiles of the retrieved S. aureus isolates
With respect to the susceptibility of the recovered iso-
lates, the tested S. aureus isolates displayed a remarkable 
resistance to ceftazidime and ceftriaxone (100%, 40/40), 
followed by clindamycin (97.5%, 39/40), cefoxitin (95%, 
38/40), penicillin (92.5%, 37/40), erythromycin (35/40, 
87.5%), ampicillin-sulbactam (67.5%, 27/40), chloram-
phenicol (47.5%, 19/40), tetracycline (45%, 18/40), and 
amoxicillin-clavulanic acid (40%, 16/40).. Moreover, the 
retrieved S. aureus isolates revealed a notable sensitivity 
to rifampicin (90%, 36/40), gentamycin (85%, 34/40), and 
levofloxacin (77.5%, 31/40) (as illustrated in Table 1).

In this study, 95% (38/40) of the retrieved isolates were 
identified as MRSA (resistant to cefoxitin and harboring 
the mecA gene). Besides, there was a significant variance 

Table 1  Antibiogram profiles of the recovered S. aureus strains

Antimicrobial class Antimicrobial agents S. aureus (n = 40)

Resistant Sensitive

n % n %

Penicillins Penicillin G (P) 37 92.5 3 7.5

Cephalosporins Cefoxitin (CFX) 38 95 2 5

Ceftriaxone (CRO) 40 100 0 0

Ceftazidime (CAZ) 40 100 0 0

β-Lactam-β-lactamase inhibitor 
combination

Amoxicillin-clavulanic acid (AMC) 16 40 24 60

Ampicillin -sulbactam (ASM) 27 67.5 13 32.5

Fluoroquinolones Levofloxacin (LEV) 9 22.5 31 77.5

Aminoglycosides Gentamycin (GM) 6 15 34 85

Macrolides Erythromycin (E) 35 87.5 5 12.5

Phenicols Chloramphenicol(C) 19 47.5 21 52.5

Lincosamides Clindamycin(CD) 39 97.5 1 2.5

Ansamycin Rifampicin (RA) 4 10 36 90

Tetracycline Tetracycline (TE) 18 45 22 55

Chi-square
P value

90.616
P < 0.0001

154.8
P < 0.0001

https://www.r-project.org/
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in the susceptibility of the retrieved S. aureus isolates to 
various tested antibiotics (p < 0.05).

Biofilm production by S. aureus isolates
Biofilm production was evaluated among the retrieved 
isolates, where 100% (40/40) of the isolates were positive 
for biofilm formation via the tube method. Among the 
biofilm producers (n = 40), three isolates were weak bio-
film producers (7.5%), eleven isolates (27.5%) were mod-
erate biofilm producers, and twenty-six isolates (65%) 
were strong biofilm producers (as described in Fig. 1).

agr genotyping and the distribution of virulence 
and antimicrobial resistance genes in S. aureus strains
PCR revealed that 85% of the retrieved S. aureus strains 
were positive for the agrI gene. In addition, the agrII and 
agrIII genes were present among the tested MRSA strains 
with a prevalence of 10% and 5%, respectively, while no 
isolates harbored the agrIV gene, as illustrated in Table 2 
and Fig. 2.

With respect to the adhesion genes, the clfB, clfA, fnbB, 
fnbA, and cna genes were detected with a prevalence of 
100%, 80%, 60%, 55%, and 30%, respectively, as shown in 
Table 2 and Fig. 2.

Herein, all the tested S. aureus strains were posi-
tive for the coa gene (100%). Besides, 92.5% and 85% of 
the recovered strains harbored the lukF and spa genes, 
respectively. Moreover, the prevalence of the hla, hlb, and 
hlg hemolysin genes was 70%, 50%, and 35%, respectively. 
Among the enterotoxin genes, the seb gene was detected 
in 30% of the tested strains, whereas 25% of isolates 
harbor the sea gene. Regarding the biofilm genes, the 

prevalence of eno and icaA was 95% in the tested strains. 
Furthermore, all the retrieved S. aureus isolates harbor 
more than three virulence genes, 10% carrying twelve 
virulence genes, 7.5% carrying eleven virulence genes, 
5% carrying ten virulence genes, and 27.5% carrying nine 
virulence genes. Only one isolate harbor all the virulence 
genes, and three isolates harbor thirteen virulence genes 
(Table 2 and Fig. 2).

Concerning the distribution of antimicrobial resist-
ance genes, the tested S. aureus strains carried the 
mecA, ermB, ermC, tetK, and tetM genes with a preva-
lence of 95%, 97.5%, 92.5%, 62.5%, and 45%, respectively. 
Moreover, the mecA gene was detected in 38 isolates 
(95%), which were cefoxitin-resistant (MRSA strains) (as 
described in Table 2 and Fig. 2). Based on a dendrogram 
and hierarchical clustering, the isolates were classified 
into twelve clusters according to the dissemination of 
agr typing, antimicrobial resistance genes, and virulence 
genes (as illustrated in Fig. 3).Fig. 1  Biofilm production of the recovered S. aureus isolates 

from milk

Table 2  Virulence, resistance genes, and agr typing of the 
retrieved S. aureus strains

Type Gene Positive 
isolates

Chi-square
P value

n %

Confirmatory 16 S rRNA 40 100

agr typing agrI 34 85 77.6
p < 0.001agrII 4 10

agrIII 2 5

agrIV 0 0

Coagulase gene coa 40 100 96.306
p < 0.001Adherence genes clfA 32 80

clfB 40 100

can 12 30

fnbB 24 60

fnbA 22 55

Protein A gene spa 34 85

Panton–Valentine leucocidin lukF 37 92.5

Hemolysin genes hla 28 70

hlb 20 50

hlg 14 35

Biofilm genes eno 38 95

icaA 38 95

Enterotoxin genes sea 10 25

seb 12 30

Resistance genes mecA 38 95 11.248
0.02391ermB 39 97.5

ermC 37 92.5

tetK 25 62.5

tetM 18 45
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Correlation between phenotypic and genotypic multidrug 
resistance
In this study, 15% (6/40) of S. aureus strains were MDR 
to 8 antimicrobial agents (five antimicrobial classes) and 
harbor the mecA, ermC, and ermB genes. Besides, 12.5% 
(5/40) of the S. aureus strains were MDR to 8 antimi-
crobial agents (6 classes) and carried the mecA, ermC, 
ermB, tetK, and tetM genes. Moreover, 5% (2/40) of the 
S. aureus strains were XDR to 11 antimicrobial agents (8 
classes) and carried the  mecA, ermC, and ermB genes. 
Additionally, the remaining isolates were MDR or XDR 
to 5–11 antimicrobial agents (as shown in Table  3 and 
Fig.  4). The MAR index values for the MDR and XDR 
S. aureus isolates ranged between 0.38 and 0.85 (> 0.2), 
reflecting that the tested MDR  S. aureus  had recovered 
from a high-risk origin. Statistically, strong positive cor-
relations  were recorded between the mecA gene and 
CFX; ermC and E (r = 1); ermB and E (r = 0.99); tetM and 
TE (r = 1); and tetK and TE (r = 0.84) (as described in 
Fig. 5).

Association between the phenotypic antibiotic resistance 
pattern and biofilm formation
All strong biofilm-producing isolates (100%) were resist-
ant to ceftriaxone and ceftazidime and were resistant to 
penicillin, clindamycin, and cefoxitin (96.15%). A high 
percentage of strong biofilm-producing isolates (88.46%) 
were resistant to erythromycin, followed by ampicillin-
sulbactam (73.07%) (as shown in Table  4). There is a 
strong positive correlation between biofilm formation 
and antimicrobial resistance. Fisher’s exact test revealed a 
significant correlation between strong biofilm formation 
and resistance to penicillin, cefoxitin, ceftriaxone, cef-
tazidime, erythromycin, and clindamycin (p < 0.05).

Associations between virulence genes, antibiotic 
resistance genes, and biofilm production
All strong biofilm-producing isolates (100%) harbor the 
icaA, eno, and clfB adhesion genes. Fisher’s exact test 
revealed a significant relationship between strong bio-
film producers and the occurrence of the eno, icaA, sea, 
clfA, clfB, lukF, and hlb genes (P < 0.05). However, there 
was no significant relationship between biofilm forma-
tion and the presence of other virulence genes (P > 0.05). 
All strong biofilm-producing isolates (100%) carried the 
ermB gene and almost harbored the mecA gene (96.15%). 
A high percentage of strong biofilm-producing strains 
(92.3%) carried the ermC gene (as illustrated in Table 5). 
Fisher’s exact test revealed a significant correlation 
between the occurrence of antibiotic resistance genes 
(mecA, ermB, ermC, tetK, and tetM) and strong biofilm 
formation (p < 0.05).

Discussion
In this study, the prevalence of S. aureus was 46.55% and 
40.63% in subclinical mastitic and clinical mastitic milk 
samples, respectively. In the present study, the total prev-
alence of S. aureus is nearly similar to a previous study in 
Egypt [5], which reported that the prevalence of S. aureus 
was 41.5%. Moreover, a lower prevalence (28.92%) was 
reported in cows suffering from mastitis in private farms 
in Giza Governorate, Egypt [32]. The high prevalence of 
S. aureus may be attributed to Milker’s hands and con-
taminated milk utensils [7, 8]. A previous study in Bra-
zil [9] reported that the prevalence of Staphylococci was 
19.9% in the examined subclinical mastitic milk sam-
ples; of them, 68% were identified as S. aureus. Moreo-
ver, a previous investigation in China [19] reported that 
65 S. aureus isolates (77.3%) were recovered from 84 

Fig. 2  agr typing and the distribution of virulence and antimicrobial resistance genes among the retrieved S. aureus isolates
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bacteriologically examined quarter milk samples. In the 
present study, milk samples were obtained from clini-
cally and subclinically mastitic cows. Approximately 
two-thirds of the S. aureus isolates originated from sub-
clinical mastitis cases, whereas the remaining isolates 

were retrieved from cases showing clinical mastitis. In 
contrast, S. aureus isolates from animals suffering from 
clinical and subclinical mastitis were evenly distributed 
in other studies [33]. Host–pathogen interactions detect 
the form of mastitis, either clinical or subclinical, where 

Fig. 3  a Heatmap showing the distribution of agr typing, multidrug-resistant phenotypes, antimicrobial resistance genes, and virulence genes 
in the recovered S. aureus isolates from milk. b Twelve clusters are illustrated in a dendrogram
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subclinical mastitis is the most common form in all dairy 
animals and is responsible for greater economic losses. S. 
aureus is responsible for nearly one-third of subclinical 
mastitis cases [34].

According to the WHO, numerous types of bacteria 
are rapidly developing resistance to antimicrobial agents, 

and these bacteria can be categorized into three priority 
groups, where methicillin-resistant S. aureus (MRSA) has 
been categorized as a priority 2 pathogen [35]. In devel-
oping countries, competent authorities do not sufficiently 
control antimicrobial agent use in animals and humans, 
so resistant strains of S. aureus are frequently isolated 

Table 3  Phenotypic and genotypic resistance patterns of the retrieved S. aureus isolates (n = 40)

S. aureus Type Resistance patterns Genotypic resistance MARI

n %

6 15 MDR MRSA 8 Antimicrobial agents/ 5 Classes:
CFX, CRO, CAZ, P, AMC, ASM, E, CD

mecA, ermC, ermB 0.62

5 12.5 MDR MRSA 8 Antimicrobial agents/ 6 Classes:
CFX, CRO, CAZ, P, ASM, E, C, CD

mecA, ermC, ermB, tetK, tetM 0.62

2 5 XDR MRSA 11Antimicrobial agents/ 8 Classes:
CFX, CRO, CAZ, P, ASM, AMC, E, C, LEV, GM, CD

mecA, ermC, ermB 0.85

2 5 MDR MRSA 10 Antimicrobial agents/ 7 Classes:
CFX, CRO, CAZ, P, ASM, AMC, E, C, TE, CD

mecA, ermC, ermB, tetK, tetM 0.77

2 5 MDR MRSA 8 Antimicrobial agents/ 6 Classes:
CFX, CRO, CAZ, P, E, TE, CD, RA

mecA, ermC, ermB, tetK 0.62

2 5 MDR MRSA 6 Antimicrobial agents/ 4 Classes:
CFX, CRO, CAZ, E, C, CD

mecA, ermC, ermB, tetK 0.46

2 5 MDR MRSA 5 Antimicrobial agents/ 3 Classes:
CFX, CRO, CAZ, P, CD

mecA, ermB 0.38

2 5 MDR MRSA 7 Antimicrobial agents/ 5 Classes:
CFX, CRO, CAZ, P, TE, LEV, CD

mecA, ermC, ermB, tetK 0.54

2 5 MDR MRSA 10 Antimicrobial agents/ 7 Classes:
CFX, CRO, CAZ, P, AMC, ASM, E, TE, CD

mecA, ermC, ermB, tetK, tetM 0.77

2 5 MDR MRSA 7 Antimicrobial agents/ 5 Classes:
CFX, CRO, CAZ, P, ASM, E, CD

mecA, ermC, ermB 0.54

1 2.5 MDR MRSA 8 Antimicrobial agents/ 6 Classes:
CFX, CRO, CAZ, P, ASM, E, CD, TE

mecA, ermC, ermB, tetK, tetM 0.62

1 2.5 MDR MRSA 8 Antimicrobial agents/ 6 Classes:
CFX, CRO, CAZ, P, E, C, TE, CD

mecA, ermC, ermB, tetK 0.62

1 2.5 MDR MRSA 9 Antimicrobial agents/ 6 Classes:
CFX, CRO, CAZ, P, E, C, TE, CD

mecA, ermC, tetK, tetM 0.69

1 2.5 XDR MRSA 11 Antimicrobial agents/ 9 Classes:
CFX, CRO, CAZ, P, ASM, E, C, LEV, GM, TE, CD

mecA, ermC, ermB, tetK, tetM 0.85

1 2.5 MDR MSSA 5 Antimicrobial agents/ 4 Classes:
CRO, CAZ, ASM, LEV, CD

ermB 0.38

1 2.5 MDR MRSA 8 Antimicrobial agents/ 6 Classes:
CFX, CRO, CAZ, P, ASM, E, CD, TE

mecA, ermC, ermB, tetK, tetM 0.62

1 2.5 MDR MRSA 9 Antimicrobial agents/ 7 Classes:
CFX, CRO, CAZ, P, ASM, E, C, TE, CD

mecA, ermC, ermB, tetK, tetM 0.69

1 2.5 XDR MRSA 11 Antimicrobial agents/ 8 Classes:
CFX, CRO, CAZ, P, AMC, E, C, LEV, TE, CD, RA

mecA, ermC, ermB, tetK, tetM 0.85

1 2.5 MDR MSSA 7 Antimicrobial agents/ 6 Classes:
CRO, CAZ, P, ASM, E, GM, C

ermC, ermB 0.53

1 2.5 MDR MRSA 10 Antimicrobial agents/ 7 Classes:
CFX, CRO, CAZ, P, AMC, ASM, E, GM, TE, CD

mecA, ermC, ermB, tetK, tetM 0.77

1 2.5 XDR MRSA 11 Antimicrobial agents/ 8 Classes:
CFX, CRO, CAZ, P, AMC, ASM, E, RA, TE, GM, CD

mecA, ermC, ermB, tetK, tetM 0.85

1 2.5 MDR MRSA 9 Antimicrobial agents/ 7 Classes:
CFX, CRO, CAZ, P, E, LEV, C, TE, CD

mecA, ermC, ermB, tetK, tetM 0.69

1 2.5 MDR MRSA 9 Antimicrobial agents/ 7 Classes:
CFX, CRO, CAZ, P, AMC, E, C, LEV, CD

mecA, ermC, ermB 0.69
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from different cases [36]. Monitoring the virulence of 
livestock-associated MRSA is extremely important for 
public health. In this study, about 95% of the retrieved 
isolates were identified as MRSA. In Egypt, Tartor [5] 
identified all the recovered S. aureus isolates from mas-
titic milk as MRSA strains (100%) and Selim [4] reported 
that the prevalence of MRSA was 35.7%. Besides, El Fara-
maway [37] reported that the prevalence of MRSA was 
67.4%. The differences in the prevalence may be attribut-
able to the differences in sample size, seasons, and geo-
graphical area [4]. There have been extensive reports of 
antibiotic resistance recently, and all microorganisms 
exhibit varying degrees of resistance to the vast major-
ity of antimicrobial agents. This poses a serious threat to 
the health of both humans and animals [16]. In this study, 
most S. aureus isolates (45%–100%) presented resistance 
to penicillin G, cefoxitin, clindamycin, ceftriaxone, cef-
tazidime, tetracycline, and erythromycin. Previous inves-
tigations revealed similar S. aureus resistance patterns 
[15, 38, 39]. S. aureus presented the highest penicillin G 
resistance rate of 92.5%. Algeria [40], Ethiopia [36], and 
China [41] presented penicillin resistance rates ranging 
from 76–91.3%. Penicillin resistance in S. aureus puts 
public health at risk, highlighting the need for strict regu-
lation of animal infection treatment with these medica-
tions. Penicillin resistance may be more common than 

resistance to other antibiotics due to the susceptibility of 
S. aureus to β-lactam drugs [42]. This significant resist-
ance in the current study may be due to Egypt’s long-
standing and indiscriminate use of these medications to 
treat dairy cow mastitis [43]. Additionally, 60% of the S. 
aureus strains were sensitive to amoxicillin-clavulanic 
acid, and 32.5% were sensitive to ampicillin-sulbactam. 
Although β-lactam antibiotics such as sulbactam and cla-
vulanic acid exhibit limited bactericidal effects, they are 
potent β-lactamase inhibitors [44]. S. aureus strains were 
45% tetracycline resistant in the current investigation, 
which aligns with the findings of previous studies [43, 
45]. The prolonged use of broad-spectrum antibiotics, 
such as tetracycline, has led to the emergence of resist-
ant bacteria. The ribosomal protection protein interferes 
with the resistance of S. aureus to tetracyclines. In India, 
tetracycline resistance was found in 56.2% of bovine raw 
milk [46]. A high percentage of cephalosporin-resistant 
strains were also reported by Chukwu [47]. Its low sensi-
tivity to levofloxacin and gentamycin is similar to that of 
Feyissa [48].

In this investigation, the majority of the retrieved 
strains were MDR and 12.5% were XDR, indicating wide-
spread antimicrobial resistance. Similarly, a previous 
study in Egypt reported that the majority of the retrieved 
S. aureus isolates were MDR and 14.8% were XDR [5], 

Fig. 4  The multidrug resistance patterns of the retrieved S. aureus strains from milk
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and a previous study in Malaysia reported a high preva-
lence of multidrug resistance, at 65.6% [49]. Moreover, 
a previous study reported a high prevalence of MDR S. 
aureus strains in Egypt (73%) [50]. The difference in the 

prevalence of MDR strains may be attributed to varia-
tions in geographical areas, seasons, and sample size [5]. 
The inappropriate use of antibiotics to treat animal dis-
eases in the country may explain our study’s increased 

Fig. 5  Correlation between antibiotic resistance genes and the tested antibiotics
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MDR rate. In the present study, resistance to eight 
antibiotic classes was recorded, creating public health 
concerns. Handling and eating tainted milk and milk 

products could spread these resistant strains to people. 
Multidrug resistance complicates infection management, 
increases treatment failure, and prolongs hospital stays, 
resulting in poor patient outcomes and increased health-
care expenses for people and animals [51].

The Centers for Disease Control (CDC) stated that 
most bacterial species occur in communities protected 
via a secreted exopolysaccharide, slimy matrix (biofilm). 
All the isolates were able to form biofilms with different 
degrees, whereas the majority of the tested strains were 
strong biofilm producers. These results are nearly simi-
lar to a previous study [5], which reported that 55.6% of 
the tested S. aureus isolates were strong biofilm produc-
ers. Most S. aureus isolates that cause bovine mastitis are 
known to form biofilms [50, 52]. Among the five XDR S. 
aureus superbugs, 3 were strong biofilm producers, and 
the other two isolates were moderate biofilm produc-
ers. There is a strong correlation between the affinity of 
biofilm formation and phenotypic resistance to antibi-
otics. Fisher’s exact test revealed a significant correla-
tion between strong biofilm reactions and penicillin G, 
cefoxitin, ceftriaxone, ceftazidime, erythromycin, and 
clindamycin resistance (p < 0.05). The resistance of bio-
film-protected bacteria to antimicrobial agents is 1000 

Table 4  Phenotypic antibiotic resistance patterns among S. 
aureus strains on the basis of biofilm production

Antibiotics Biofilm producers

Strong 
biofilm 
producer

Moderate 
biofilm 
producer

Weak 
biofilm 
producer

Penicillin G 25 (96.15%) 10 (90.9%) 2 (66.66%)

Cefoxitin 25 (96.15%) 10 (90.9%) 3 (100%)

Ceftriaxone 26 (100%) 11 (100%) 3 (100%)

Ceftazidime 26 (100%) 11 (100%) 3 (100%)

Amoxicillin-clavulanic acid 11 (42.3%) 5 (45.45%) 0 (0%)

Ampicillin–sulbactam 19 (73.07%) 7 (63.63%) 1 (33.33%)

Levofloxacin 4 (15.38%) 5 (45.45%) 0 (0%)

Gentamycin 4 (15.38%) 2 (18.18%) 0 (0%)

Erythromycin 23 (88.46%) 9 (81.81%) 3 (100%)

Chloramphenicol 9 (34.61%) 8 (72.72%) 2 (66.66%)

Clindamycin 25 (96.15%) 11 (100%) 1 (33.33%)

Rifampicin 3 (11.53%) 1 (100%) 0 (0%)

Tetracycline 12 (46.15%) 5 (9.09%) 3 (100%)

Table 5  The occurrence of biofilm production in relation to the distribution of adherence, virulence, enterotoxin, and hemolysin of S. 
aureus strains

Type Genes Strong biofilm producer Moderate biofilm producer Weak 
biofilm 
producer

Biofilm
Genes

eno 26 (100%) 10 (90.9%) 2 (66.66%)

icaA 26 (100%) 10 (90.9%) 2 (66.66%)

Adherence genes clfA 17 (65.38%) 4 (36.36%) 0 (0%)

clfB 26 (100%) 11 (100%) 3 (100%)

can 11 (42.3%) 1 (9.09%) 0 (0%)

fnbB 16 (61.53%) 3 (27.27%) 0 (0%)

fnbA 17 (65.38%) 4 (36.36%) 1 (33.33%)

Panton–Valentine leukocidin lukF 26 (100%) 11 (100%) 0 (0%)

Virulence
Genes

spa 22 (84.61%) 10 (90.9%) 2 (66.66%)

coa 26 (100%) 11 (100%) 3 (100%)

Hemolysin genes hla 13 (50%) 0 (0%) 0 (0%)

hlb 11 (42.3%) 2 (18.18%) 0 (0%)

hlg 8 (30.76%) 1 (9.09%) 0 (0%)

Enterotoxin genes sea 3 (11.53%) 0 (0%) 0 (0%)

seb 10 (38.46%) 2 (18.18%) 0 (0%)

Resistance genes mecA 25 (96.15%) 10 (90.9%) 3 (100%)

ermB 26 (100%) 11 (100%) 2 (66.66%)

ermC 24 (92.3%) 10 (90.9%) 3 (100%)

tetK 16 (61.53%) 7 (63.63%) 2 (66.66%)

tetM 11 (42.3%) 6 (54.54%) 1 (33.33%)
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times greater than that of planktonic bacteria, resulting 
in more persistent and difficult-to-treat infections [23].

In Staphylococci, the main system responsible for sens-
ing bacterial cell density and responding with genetic 
adaptations is the accessory gene regulator (agr) [53]. 
The agr system can control and regulate some cell wall-
associated proteins (coagulase, fibronectin-binding pro-
tein, and protein A) and several exoproteins, such as 
leucotoxins and hemolysins [54]. In the present study, the 
majority of the recovered S. aureus strains (85%) carried 
the highly invasive agr I gene. In this context, S. aureus 
strains belonging to agr group I can invade epithelial cells 
and continue to thrive in larger quantities in mammary 
gland tissue than other strains can [55]. These findings 
suggest that the greater the degree of invasiveness of the 
isolates is, the greater the likelihood of inducing subclini-
cal mastitis. Moreover, this was shown in a recent study 
where agr type I was associated with S. aureus bovine 
subclinical mastitis cases; however, agr types II and III 
were associated with clinical mastitis [32, 56]

The ability of S. aureus to perform a wide range of 
infections is due to its arsenal of virulence factors, such 
as toxins, adhesins, and enzymes, many of which are reg-
ulated by the agr system. S. aureus depends on its patho-
genesis in terms of tissue adhesion, immune evasion, and 
host cell injury [13]. At the beginning of bacterial patho-
genesis, fimbriae, and pilli help bacteria attach loosely 
to the host cell surface, which is reversible. Once bac-
teria begin to produce an extracellular polymer matrix 
and adhesion molecules, attachment becomes irrevers-
ible [23]. MSCRAMM proteins are a group of adhesin 
proteins in which, among the MSCRAMM genes, clfB, 
clfA, fnbB, fnbA, and cna genes were detected with a 
prevalence of 100%, 80%, 60%, 55%, and 30%, respec-
tively, especially in isolates producing strong or moder-
ate biofilms. Ibrahim [32] reported that the prevalence of 
the clfA, fnbA, and cna genes in the recovered S. aureus 
strains was 89.5% for each. In Brazil, Rocha [57] detected 
three genes other than cna in all S. aureus strains from 
subclinical mastitis. In a previous study in Algeria, all 
the isolates harbor the MSCRAMM genes except the 
cna gene [58]. Clumping factors A and B inhibit host cell 
phagocytosis, and reports have shown that the expres-
sion of fnbB genes indicates increased invasiveness [59]. 
In addition to their role in antimicrobial resistance, bio-
film extracellular adherence proteins and extracellular 
matrix protein-binding proteins help in the adhesion of S. 
aureus to the host cell surface [60]. The high prevalence 
of the eno and ica genes is similar to the results of Cam-
poccia [61] and Tristan [62]. The eno and ica genes can 
collaborate to initiate and promote bacterial colonization 
and biofilm formation [63].

After adhering to the host cell surface, S. aureus 
escapes from the immune system of the host, which 
mainly involves S. aureus infection via three main mech-
anisms (phagocytes, antimicrobial peptides, enzymes, 
and the complement system) via the arsenal of virulence 
factors, such as hemolysins and leukocidins (related to 
phagocytic activity and leukocyte migration), clumping 
factor A (related to complement inactivation), protein A 
and clumping factors A and B (related to opsonization 
and immunoglobulins) [60].

In this study, the spa gene was detected in 85% of the 
isolates, indicating its pathogenicity (the greater the 
decrease in the spa gene is, the greater the increase in the 
number of complement C3b receptor-free sites on the 
cell surface of S. aureus for phagocytosis) [64]. Panton-
Valentine leukocidin (PVL), which targets leukocytes 
to disrupt host cell function, is represented by lukF and 
is amplified in 92.5% of S. aureus isolates, allowing the 
escape of S. aureus from the immune system without elic-
iting either an inflammatory response or a systemic reac-
tion [19]. Hemolysin is accused of cytokine release and 
controlling cell signaling pathways to initiate inflamma-
tory responses and cell–cell interactions, causing mam-
mary gland inflammation, cell edema, and necrosis in 
infected animals [65]. In this study, the prevalence of the 
hla, hlb, and hlg hemolysin genes was 70%, 50%, and 35%, 
respectively. In contrast, all isolates from animals with 
subclinical mastitis in Algeria carried alpha, beta, and 
delta hemolysins [58]. The differences in the prevalence 
of hemolysin genes could be attributable to the different 
locations where the studies were conducted [65, 66]. In 
this context, the presence of the hla and hlb genes leads 
to prolonged pathogen survival in the mammary gland, 
resulting in chronic infection [67]; hence, these genes are 
mostly associated with S. aureus from bovine mastitis. 
All XDR strains were positive for spa, lukF, and clfB, with 
variations in hemolysins and clfA, which indicate highly 
virulent strains. The coagulase protein encoded by the 
coa gene is one of several virulence factors produced by 
S. aureus, where it plays a crucial role in bacterial path-
ogenicity [68]. This protein is responsible for convert-
ing fibrinogen into fibrin, resulting in the formation of 
abscesses and allowing microorganisms to remain in the 
host’s tissues. Identifying coagulase is a sign of virulence 
in Staphylococci. The data of the current study confirmed 
the presence of the coa gene in all the isolates (100%).

Herein, the seb gene was detected in 30% of the tested 
strains, whereas 25% of isolates harbor the sea gene. 
These heat-stable toxins are superantigens that are 
responsible for 90% of food poisoning in humans and 
are responsible for T-cell proliferation [69]. In this con-
text, environmental factors such as temperature, pH, 
and moisture can impact enterotoxin production, and 
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management strategies in dairy facilities, such as inade-
quate hygiene practices and improper milking techniques 
or equipment, can influence toxin levels [70, 71].

Many researchers have identified MRSA in mastitis-
affected dairy cow milk, indicating that it is a major pub-
lic health issue. Staphylococcal cassette chromosomal 
mec acquisition causes S. aureus methicillin resistance. 
The cassette harboring the mecA gene encodes low-affin-
ity penicillin-binding protein 2a, which confers patho-
gen resistance to β-lactam antibiotics [72]. Our analysis 
revealed mecA in 95% of the cattle mastitis S. aureus iso-
lates aligned with Abd El-Hamid [50] and Ali et al. 2024, 
who reported 100% mecA in S. aureus, and Patel [73] 
reported mecA in 73.08% of S. aureus samples; moreover, 
Dan [74] and Marjory [75] reported lower mecA levels 
than those reported in this study. The difference in the 
prevalence of the mecA gene could be attributed to dif-
ferences in geographical areas, seasons, and sample size 
[5]. The efflux mechanism of Staphylococci is crucial to 
tetracycline resistance, particularly from the tetK gene. 
The tetK gene was frequently detected in resistant Staph-
ylococci (62.5%) in this study, similar to the findings of 
Aarestrup [76]. The genotype of MRSA isolates is usually 
tet (K) or tet (K, M) [77]. Our data revealed that the ermB 
gene was the most predominant resistance gene, which 
is similar to the findings of previous studies [78, 79]. 
Besides, the high prevalence of the ermC gene reported 
in this study is similar to the findings of El-Banna [78] 
and Spiliopoulou [80]. In addition to exhibiting β-lactam 
resistance, MRSA isolates are frequently resistant to 
other antimicrobial agents, such as tetracyclines, ami-
noglycosides, macrolides, fluoroquinolones, and chlo-
ramphenicol, which may be distributed rapidly in the 
environment through carriers or infected hosts and cause 
serious effects that are difficult to treat both humans and 
animals [81].

Study limitations
In the present study, we used California Mastitis Test 
(CMT) to detect subclinical mastitis. Although CMT 
is an inexpensive, easy-to-use, cow-side screening test 
that estimates the SCC of milk, it does not provide an 
exact SCC. Therefore, the lack of SCC information is still 
critical; indicating that several border samples might be 
non-inflammatory data (the high number of animals and 
objective issues in the geography might be helpful).

In conclusion, the evolution of MDR and XDR MRSA 
strains in bovine milk is considered a public health 
threat. The mecA, ermC, ermB, tetK, and tetM resist-
ance genes are commonly associated with MDR and XDR 
MRSA strains. Moreover, the seb gene was the most pre-
dominant enterotoxin gene in the MRSA strains recov-
ered from milk. Besides, the coa, clfB, eno, icaA, lukF, 

spa, clfA, and hla virulence genes are the most predomi-
nant virulence determinant genes associated with MRSA 
strains of milk origin. Strong positive  correlations  were 
recorded between resistance to certain antibiotics and 
the occurrence of their corresponding resistance genes. 
In addition, there was a significant relationship between 
strong biofilm producers and the occurrence of adhesion 
genes. Also, there is a strong positive correlation between 
biofilm formation and the occurrence of antimicrobial 
resistance. To monitor and control the emergence of 
MDR and XDR strains, mandatory antimicrobial suscep-
tibility testing, proper antimicrobial use, and selecting 
appropriate antibiotics for efficient treatment are crucial. 
Identifying MRSA strains requires a synergistic combina-
tion of traditional and molecular assays.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12866-​025-​03870-3.

Supplementary Material 1.

Acknowledgements
Not applicable.

Authors’ contributions
Conceptualization: A.M.A., N.H.E., and R.M.E.; Methodology: N.H.E., R.M.E., S.A.A., 
A.M.A., W.I.M., H.S.E., H.M.E., and A.A.; Software, investigation, resources, and 
data curation: A.M.A., R.M.E., N.H.E., W.I.M., A.M.Al, S.A., A.K., H.S.E., H.M.E., A.A., 
S.A.A., H.N., and A.A.M.; Writing and original draft preparation; A.M.A., N.H.E., 
R.M.E., W.I.M., S.A., A.K., A.M.Al, H.S.E., H.M.E., A.A., S.A.A., and A.A.M.; Writing-
review and editing: A.M.A., N.H.E., and R.M.E. All authors have read and agreed 
to the published version of the manuscript.

Funding
Not applicable.

Data availability
All the data has been included in the manuscript.

Declarations

Ethics approval and consent to participate
This study was accomplished in compliance with the ARRIVE guidelines. All 
protocols were conducted according to relevant guidelines and regulations. 
The handling of animals, all experiments, and the collection of milk samples 
were approved by the Ethics Committee of the Faculty of Veterinary Medicine, 
Ismailia, Egypt (SCU-VET-REC- 2024037). Moreover, the collection of samples 
comply the institutional guidelines. The informed consent is not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Bacteriology, Immunology, and Mycology, Faculty of Vet-
erinary Medicine, Suez Canal University, Ismailia 41522, Egypt. 2 Department 
of Animal Medicine, Faculty of Veterinary Medicine, Suez Canal University, 
Ismailia 41522, Egypt. 3 Department of Biology, Faculty of Science, University 
of Tabuk, 71491 Tabuk, Saudi Arabia. 4 Biodiversity Genomics Unit, Faculty 
of Science, University of Tabuk, 71491 Tabuk, Saudi Arabia. 5 Department 

https://doi.org/10.1186/s12866-025-03870-3
https://doi.org/10.1186/s12866-025-03870-3


Page 14 of 16Eidaroos et al. BMC Microbiology          (2025) 25:155 

of Clinical Laboratory Sciences, Faculty of Applied Medical Sciences, Umm 
Al-Qura University, 24381 Makkah, Saudi Arabia. 6 Department of Zoonoses, 
Faculty of Veterinary Medicine, Suez Canal University, Ismailia 41522, Egypt. 
7 Department of Microbiology, Faculty of Veterinary Medicine, Ain Shams 
University, Cairo, Egypt. 8 Department of Food Hygiene and Control, Faculty 
of Veterinary Medicine, Suez Canal University, Ismailia 41522, Egypt. 9 Institute 
of Bacterial Infections and Zoonoses, Friedrich-Loeffler-Institut, 07743 Jena, 
Germany. 

Received: 11 November 2024   Accepted: 4 March 2025

References
	1.	 Abutarbush SM. Veterinary Medicine — A Textbook of the Diseases 

of Cattle, Horses, Sheep, Pigs and Goats, 10th edition. Can Vet J. 
2010;51(5):541.

	2.	 Khairullah A, Ramandinianto S, Effendi M. A Review of Livestock-Associ-
ated Methicillin-Resistant Staphylococcus aureus (LA-MRSA) on Bovine 
Mastitis. Systematic Reviews in Pharmacy. 2020;11:172–83. https://​doi.​
org/​10.​31838/​srp.​2020.7.​28.

	3.	 Ruegg P. Managing cows, milking and the environment to minimize 
mastitis. Japanese Journal of Large Animal Clinics. 2015;5:210-; https://​
doi.​org/​10.​4190/​jjlac.5.​210.

	4.	 Selim A, Kelis K, AlKahtani MDF, Albohairy FM, Attia KA. Prevalence, anti-
microbial susceptibilities and risk factors of Methicillin resistant Staphy-
lococcus aureus (MRSA) in dairy bovines. BMC Vet Res. 2022;18(1):293. 
https://​doi.​org/​10.​1186/​s12917-​022-​03389-z.

	5.	 Tartor YH, Enany ME, Ismail NI, El-Demerdash AS, Eidaroos NH, Algendy 
RM, et al. Vancomycin-resistant Staphylococcus aureus endangers 
Egyptian dairy herds. Sci Rep. 2024;14(1):30606. https://​doi.​org/​10.​1038/​
s41598-​024-​81516-6.

	6.	 Akineden O, Annemuller C, Hassan AA, Lammler C, Wolter W, Zschock M. 
Toxin genes and other characteristics of Staphylococcus aureus isolates 
from milk of cows with mastitis. Clin Diagn Lab Immunol. 2001;8(5):959–
64. https://​doi.​org/​10.​1128/​CDLI.8.​5.​959-​964.​2001.

	7.	 Scherrer D, Corti S, Muehlherr JE, Zweifel C, Stephan R. Phenotypic 
and genotypic characteristics of Staphylococcus aureus isolates 
from raw bulk-tank milk samples of goats and sheep. Vet Microbiol. 
2004;101(2):101–7. https://​doi.​org/​10.​1016/j.​vetmic.​2004.​03.​016.

	8.	 Asperger H, Zangerl P. STAPHYLOCOCCUS AUREUS. In: Roginski H, editor. 
Encyclopedia of Dairy Sciences. Oxford: Elsevier; 2002. p. 2563–9.

	9.	 de Freitas GF, Nóbrega DB, Richini-Pereira VB, Marson PM, de Figueiredo 
Pantoja JC, Langoni H. Enterotoxin genes in coagulase-negative and 
coagulase-positive staphylococci isolated from bovine milk. J Dairy Sci. 
2013;96(5):2866–72. https://​doi.​org/​10.​3168/​jds.​2012-​5864.

	10.	 Lou Q, Ma Y, Qu D. Two-component signal transduction system SaeRS is 
involved in competence and penicillin susceptibility in Staphylococcus 
epidermidis. J Basic Microbiol. 2016;56(4):358–68.

	11.	 Paharik AE, Horswill AR. The Staphylococcal Biofilm: Adhesins, Regulation, 
and Host Response. Microbiol Spectr. 2016;4(2):0022–2015.

	12.	 Traber KE, Lee E, Benson S, Corrigan R, Cantera M, Shopsin B, et al. 
agr function in clinical Staphylococcus aureus isolates. Microbiology. 
2008;154(Pt 8):2265–74.

	13.	 Powers ME, Bubeck Wardenburg J. Igniting the fire: Staphylococcus 
aureus virulence factors in the pathogenesis of sepsis. PLoS Pathog. 
2014;10(2).

	14.	 Ghasemian A, Najar Peerayeh S, Bakhshi B, Mirzaee M. The Microbial Sur-
face Components Recognizing Adhesive Matrix Molecules (MSCRAMMs) 
Genes among Clinical Isolates of Staphylococcus aureus from Hospital-
ized Children. Iran J Pathol. 2015;10(4):258–64.

	15.	 Zhang Y, Xu D, Shi L, Cai R, Li C, Yan H. Association Between agr Type, 
Virulence Factors, Biofilm Formation and Antibiotic Resistance of Staphy-
lococcus aureus Isolates From Pork Production. Frontiers in Microbiology. 
2018;9; https://​doi.​org/​10.​3389/​fmicb.​2018.​01876.

	16.	 Neelam, Jain VK, Singh M, Joshi VG, Chhabra R, Singh K, et al. Virulence 
and antimicrobial resistance gene profiles of Staphylococcus aureus asso-
ciated with clinical mastitis in cattle. PLoS One. 2022;17(5).

	17.	 Kobayashi SD, DeLeo FR. Staphylococcus aureus protein A promotes 
immune suppression. mBio. 2013;4(5):00764–13.

	18.	 Boyle-Vavra S, Daum RS. Community-acquired methicillin-resistant 
Staphylococcus aureus: the role of Panton-Valentine leukocidin. Lab 
Invest. 2007;87(1):3–9. https://​doi.​org/​10.​1038/​labin​vest.​37005​01.

	19.	 Ren Q, Liao G, Wu Z, Lv J, Chen W. Prevalence and characterization of 
Staphylococcus aureus isolates from subclinical bovine mastitis in south-
ern Xinjiang. China J Dairy Sci. 2020;103(4):3368–80.

	20.	 Argudín M, Mendoza MC, Rodicio MR. Food poisoning and Staphylococ-
cus aureus enterotoxins. Toxins (Basel). 2010;2(7):1751–73. https://​doi.​org/​
10.​3390/​toxin​s2071​751.

	21.	 Salam MA, Al-Amin MY, Salam MT, Pawar JS, Akhter N, Rabaan AA, et al. 
Antimicrobial Resistance: A Growing Serious Threat for Global Public 
Health. Healthcare (Basel). 2023;11(13); https://​doi.​org/​10.​3390/​healt​
hcare​11131​946.

	22.	 Emaneini M, Jabalameli F, Mirsalehian A, Ghasemi A, Beigverdi R. Char-
acterization of virulence factors, antimicrobial resistance pattern and 
clonal complexes of group B streptococci isolated from neonates. Microb 
Pathog. 2016;99:119–22.

	23.	 Schroeder M, Brooks BD, Brooks AE. The Complex Relationship between 
Virulence and Antibiotic Resistance. Genes. 2017;8(1).

	24.	 Clements AC, Taylor DJ, Fitzpatrick JL. Evaluation of diagnostic proce-
dures for subclinical mastitis in meat-producing sheep. J Dairy Res. 
2003;70(2):139–48. https://​doi.​org/​10.​1017/​s0022​02990​30060​22.

	25.	  Quinn P, Markey B, Leonard F, FitzPatrick E, Fanning S, Hartigan P. Veteri-
nary Microbiology and Microbial Disease Second edition. 912pp. 2011. 
Oxford, Wiley-Blackwell. P J Quinn, B K Markey, F C Leonard, E S FitzPatrick, 
S Fanning and P J Hartigan. 2011.

	26.	 Monday SR, Bohach GA. Use of multiplex PCR to detect classical and 
newly described pyrogenic toxin genes in staphylococcal isolates. J Clin 
Microbiol. 1999;37(10):3411–4. https://​doi.​org/​10.​1128/​jcm.​37.​10.​3411-​
3414.​1999.

	27.	 McClure J-A, Conly John M, Lau V, Elsayed S, Louie T, Hutchins W, et al. 
Novel Multiplex PCR Assay for Detection of the Staphylococcal Virulence 
Marker Panton-Valentine Leukocidin Genes and Simultaneous Discrimi-
nation of Methicillin-Susceptible from -Resistant Staphylococci. J Clin 
Microbiol. 2006;44(3):1141–4. https://​doi.​org/​10.​1128/​jcm.​44.3.​1141-​1144.​
2006.

	28.	 Christensen GD, Simpson WA, Younger JJ, Baddour LM, Barrett FF, Melton 
DM, et al. Adherence of coagulase-negative staphylococci to plastic tis-
sue culture plates: a quantitative model for the adherence of staphylo-
cocci to medical devices. J Clin Microbiol. 1985;22(6):996–1006. https://​
doi.​org/​10.​1128/​jcm.​22.6.​996-​1006.​1985.

	29.	 Performance Standards for Anti-Microbial Susceptibility Testing. 32 edn. 
Wayne, Pennsylvania.: Clinical and Laboratory Standard Institute (CLSI) 
2022.

	30.	 Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, 
et al. Multidrug-resistant, extensively drug-resistant and pandrug-resist-
ant bacteria: an international expert proposal for interim standard defini-
tions for acquired resistance. Clin Microbiol Infect. 2012;18(3):268–81.

	31.	 Blasco MD, Esteve C, Alcaide E. Multiresistant waterborne pathogens 
isolated from water reservoirs and cooling systems. J Appl Microbiol. 
2008;105(2):469–75.

	32.	 Ibrahim ES, Arafa AA, Dorgam SM, Eid RH, Atta NS, El-Dabae WH, et al. 
Molecular characterization of genes responsible for biofilm forma-
tion in Staphylococcus aureus isolated from mastitic cows. Vet World. 
2022;15(1):205–12. https://​doi.​org/​10.​14202/​vetwo​rld.​2022.​205-​212.

	33.	 Hoekstra J, Zomer AL, Rutten VPMG, Benedictus L, Stegeman A, Spaninks 
MP, et al. Genomic analysis of European bovine Staphylococcus aureus 
from clinical versus subclinical mastitis. Sci Rep. 2020;10(1):18172. https://​
doi.​org/​10.​1038/​s41598-​020-​75179-2.

	34.	 Hoque MN, Talukder AK, Saha O, Hasan MM, Sultana M, Rahman AA, et al. 
Antibiogram and virulence profiling reveals multidrug resistant Staphy-
lococcus aureus as the predominant aetiology of subclinical mastitis in 
riverine buffaloes. Vet Med Sci. 2022;8(6):2631–45.

	35.	 Painuli S, Semwal P, Sharma R, Akash S. Superbugs or multidrug resistant 
microbes: A new threat to the society. Health Sci Rep. 2023;6(8).

	36.	 Desisa F, Makita K, Teklu A, Grace D. Contamination of informally mar-
keted bovine milk with Staphylococcus aureus in urban and peri urban 
areas of Debre-Zeit, Ethiopia. African Journal of Microbiology Research. 
2012;6; https://​doi.​org/​10.​5897/​ajmr12.​151.

	37.	 El Faramaway R.T EEA, Abdel-Tawab A. Ashraf , Walid S. Mousa. Antibio-
gram Profile and Molecular Characterization of coa and spa Genes Of 

https://doi.org/10.31838/srp.2020.7.28
https://doi.org/10.31838/srp.2020.7.28
https://doi.org/10.4190/jjlac.5.210
https://doi.org/10.4190/jjlac.5.210
https://doi.org/10.1186/s12917-022-03389-z
https://doi.org/10.1038/s41598-024-81516-6
https://doi.org/10.1038/s41598-024-81516-6
https://doi.org/10.1128/CDLI.8.5.959-964.2001
https://doi.org/10.1016/j.vetmic.2004.03.016
https://doi.org/10.3168/jds.2012-5864
https://doi.org/10.3389/fmicb.2018.01876
https://doi.org/10.1038/labinvest.3700501
https://doi.org/10.3390/toxins2071751
https://doi.org/10.3390/toxins2071751
https://doi.org/10.3390/healthcare11131946
https://doi.org/10.3390/healthcare11131946
https://doi.org/10.1017/s0022029903006022
https://doi.org/10.1128/jcm.37.10.3411-3414.1999
https://doi.org/10.1128/jcm.37.10.3411-3414.1999
https://doi.org/10.1128/jcm.44.3.1141-1144.2006
https://doi.org/10.1128/jcm.44.3.1141-1144.2006
https://doi.org/10.1128/jcm.22.6.996-1006.1985
https://doi.org/10.1128/jcm.22.6.996-1006.1985
https://doi.org/10.14202/vetworld.2022.205-212
https://doi.org/10.1038/s41598-020-75179-2
https://doi.org/10.1038/s41598-020-75179-2
https://doi.org/10.5897/ajmr12.151


Page 15 of 16Eidaroos et al. BMC Microbiology          (2025) 25:155 	

Methicillin Resistant Staphylococcus aureus (MRSA) from Clinical Mastitis. 
Alexandria Journal of Veterinary Sciences. 2019;61(1):32–8.

	38.	 Akindolire MA, Babalola OO, Ateba CN. Detection of Antibiotic Resistant 
Staphylococcus aureus from Milk: A Public Health Implication. Int J Envi-
ron Res Public Health. 2015;12(9):10254–75.

	39.	 Kérouanton A, Hennekinne JA, Letertre C, Petit L, Chesneau O, Brisabois 
A, et al. Characterization of Staphylococcus aureus strains associ-
ated with food poisoning outbreaks in France. Int J Food Microbiol. 
2007;115(3):369–75.

	40.	 Titouche Y, Hakem A, Houali K, Meheut T, Vingadassalon N, Ruiz-Ripa L, 
et al. Emergence of methicillin-resistant Staphylococcus aureus (MRSA) 
ST8 in raw milk and traditional dairy products in the Tizi Ouzou area of 
Algeria. J Dairy Sci. 2019;102(8):6876–84.

	41.	 Dai J, Wu S, Huang J, Wu Q, Zhang F, Zhang J, et al. Prevalence and Char-
acterization of Staphylococcus aureus Isolated From Pasteurized Milk in 
China. Front Microbiol. 2019;10(641).

	42.	 Liu H, Li S, Meng L, Dong L, Zhao S, Lan X, et al. Prevalence, antimi-
crobial susceptibility, and molecular characterization of Staphylococ-
cus aureus isolated from dairy herds in northern China. J Dairy Sci. 
2017;100(11):8796–803. https://​doi.​org/​10.​3168/​jds.​2017-​13370.

	43.	 Algammal AM, Enany ME, El-Tarabili RM, Ghobashy MOI, Helmy YA. 
Prevalence, Antimicrobial Resistance Profiles, Virulence and Enterotoxins-
Determinant Genes of MRSA Isolated from Subclinical Bovine Mastitis in 
Egypt. Pathogens. 2020;9(5).

	44.	 Feucht C, Patel DR. Principles of pharmacology. Pediatr Clin North Am. 
2011;58(1):11–9.

	45.	 Deddefo A, Mamo G, Asfaw M, Edao A, Hiko A, Fufa D, et al. Occurrence, 
antimicrobial susceptibility, and resistance genes of Staphylococcus 
aureus in milk and milk products in the Arsi highlands of Ethiopia. BMC 
Microbiol. 2024;24(1):127. https://​doi.​org/​10.​1186/​s12866-​024-​03288-3.

	46.	 Jamali H, Paydar M, Radmehr B, Ismail S, Dadrasnia A. Prevalence and anti-
microbial resistance of Staphylococcus aureus isolated from raw milk and 
dairy products. Food Control. 2015;54:383–8. https://​doi.​org/​10.​1016/j.​
foodc​ont.​2015.​02.​013.

	47.	 Chukwu EE, Awoderu OB, Enwuru CA, Afocha EE, Lawal RG, Ahmed RA, 
et al. High prevalence of resistance to third-generation cephalosporins 
detected among clinical isolates from sentinel healthcare facilities in 
Lagos. Nigeria Antimicrob Resist Infect Control. 2022;11(1):022–01171.

	48.	 Feyissa N, Alemu T, Jirata Birri D, Desalegn A, Sombo M, Abera S. Isolation 
and Determination of Antibacterial Sensitivity Characteristics of Staphy-
lococcus aureus from Lactating Cows in West Shewa Zone, Ethiopia. 
Veterinary Medicine International. 2023;2023(1):3142231. https://​doi.​org/​
10.​1155/​2023/​31422​31.

	49.	 Haulisah NA, Hassan L, Bejo SK, Jajere SM, Ahmad NI. High Levels of 
Antibiotic Resistance in Isolates From Diseased Livestock. Frontiers in 
Veterinary Science. 2021;8; https://​doi.​org/​10.​3389/​fvets.​2021.​652351.

	50.	 Abd El-Hamid MI, El-Tarabili RM, Bahnass MM, Alshahrani MA, Saif A, 
Alwutayd KM, et al. Partnering essential oils with antibiotics: proven 
therapies against bovine Staphylococcus aureus mastitis. Front Cell Infect 
Microbiol. 2023;13(1265027).

	51.	 Jans C, Wambui J, Stevens MJA, Tasara T. Comparative genomics of dairy-
associated Staphylococcus aureus from selected sub-Saharan African 
regions reveals milk as reservoir for human-and animal-derived strains 
and identifies a putative animal-related clade with presumptive novel 
siderophore. Frontiers in Microbiology. 2022;13; https://​doi.​org/​10.​3389/​
fmicb.​2022.​923080.

	52.	 Notcovich S, DeNicolo G, Flint SH, Williamson NB, Gedye K, Grinberg A, 
et al. Biofilm-Forming Potential of Staphylococcus aureus Isolated from 
Clinical Mastitis Cases in New Zealand. Vet Sci. 2018;5(1).

	53.	 Le KY, Otto M. Quorum-sensing regulation in staphylococci—an over-
view. Frontiers in Microbiology. 2015;6; https://​doi.​org/​10.​3389/​fmicb.​
2015.​01174.

	54.	 Tan L, Li SR, Jiang B, Hu XM, Li S. Therapeutic Targeting of the Staphy-
lococcus aureus Accessory Gene Regulator (agr) System. Frontiers in 
Microbiology. 2018;9; https://​doi.​org/​10.​3389/​fmicb.​2018.​00055.

	55.	 Buzzola FR, Alvarez LP, Tuchscherr LP, Barbagelata MS, Lattar SM, Calvinho 
L, et al. Differential abilities of capsulated and noncapsulated Staphy-
lococcus aureus isolates from diverse agr groups to invade mammary 
epithelial cells. Infect Immun. 2007;75(2):886–91.

	56.	 Rossi BF, Bonsaglia ECR, Pantoja JCF, Santos MV, Gonçalves JL, Fernandes 
Júnior A, et al. Short communication: Association between the accessory 

gene regulator (agr) group and the severity of bovine mastitis caused by 
Staphylococcus aureus. J Dairy Sci. 2021;104(3):3564–8.

	57.	 Rocha LS, Silva DM, Silva MP, Vidigal PMP, Silva JCF, Guerra ST, et al. Com-
parative genomics of Staphylococcus aureus associated with subclinical 
and clinical bovine mastitis. PLoS One. 2019;14(8).

	58.	 Zaatout N, Ayachi A, Kecha M, Kadlec K. Identification of staphylococci 
causing mastitis in dairy cattle from Algeria and characterization of 
Staphylococcus aureus. J Appl Microbiol. 2019;127(5):1305–14.

	59.	 Capra E, Cremonesi P, Pietrelli A, Puccio S, Luini M, Stella A, et al. Genomic 
and transcriptomic comparison between Staphylococcus aureus strains 
associated with high and low within herd prevalence of intra-mammary 
infection. BMC Microbiol. 2017;17(1):017–0931.

	60.	 Zecconi A, Scali F. Staphylococcus aureus virulence factors in evasion 
from innate immune defenses in human and animal diseases. Immunol 
Lett. 2013;150(1–2):12–22.

	61.	 Campoccia D, Speziale P, Ravaioli S, Cangini I, Rindi S, Pirini V, et al. The 
presence of both bone sialoprotein-binding protein gene and col-
lagen adhesin gene as a typical virulence trait of the major epidemic 
cluster in isolates from orthopedic implant infections. Biomaterials. 
2009;30(34):6621–8.

	62.	 Tristan A, Ying L, Bes M, Etienne J, Vandenesch F, Lina G. Use of multiplex 
PCR to identify Staphylococcus aureus adhesins involved in human 
hematogenous infections. J Clin Microbiol. 2003;41(9):4465–7.

	63.	 Haghi Ghahremanloi Olia A, Ghahremani M, Ahmadi A, Sharifi Y. Com-
parison of biofilm production and virulence gene distribution among 
community- and hospital-acquired Staphylococcus aureus isolates from 
northwestern Iran. Infection, Genetics and Evolution. 2020;81:104262; 
https://​doi.​org/​10.​1016/j.​meegid.​2020.​104262.

	64.	 Gao J, Stewart GC. Regulatory elements of the Staphylococcus aureus 
protein A (Spa) promoter. J Bacteriol. 2004;186(12):3738–48.

	65.	 Divyakolu S, Chikkala R, Ratnakar K, Sritharan V. Hemolysins of Staphylo-
coccus aureus —An Update on Their Biology, Role in Pathogenesis and 
as Targets for Anti-Virulence Therapy. Advances in Infectious Diseases. 
2019;09:80–104. https://​doi.​org/​10.​4236/​aid.​2019.​92007.

	66.	 El-Razik KAA, Arafa AA, Fouad EA, Soror AH, Abdalhamed AM, Elgioushy 
M. Phenotypic and genotypic characterization of erythromycin-resistant 
Staphylococcus aureus isolated from bovine subclinical mastitis in Egypt. 
Vet World. 2023;16(7):1562–71. https://​doi.​org/​10.​14202/​vetwo​rld.​2023.​
1562-​1571.

	67.	 Pérez VKC, Costa GMD, Guimarães AS, Heinemann MB, Lage AP, Dorneles 
EMS. Relationship between virulence factors and antimicrobial resistance 
in Staphylococcus aureus from bovine mastitis. J Glob Antimicrob Resist. 
2020;22:792–802.

	68.	 Momtaz H, Tajbakhsh E, Rahimi E, Momeni M. Coagulase gene polymor-
phism of Staphylococcus aureus isolated from clinical and sub-clinical 
bovine mastitis in Isfahan and Chaharmahal va Bakhtiari provinces of Iran. 
Comp Clin Path. 2011;20(5):519–22.

	69.	 Homsombat T, Boonyayatra S, Awaiwanont N, Pichpol D. Effect of 
Temperature on the Expression of Classical Enterotoxin Genes among 
Staphylococci Associated with Bovine Mastitis. Pathogens. 2021. https://​
doi.​org/​10.​3390/​patho​gens1​00809​75.

	70.	 Jung H-R, Lee YJ. Characterization of Virulence Factors in Enterotoxin-
Producing Staphylococcus aureus from Bulk Tank Milk. Animals. 2022. 
https://​doi.​org/​10.​3390/​ani12​030301.

	71.	 Schelin J, Wallin-Carlquist N, Cohn MT, Lindqvist R, Barker GC, Rådström P. 
The formation of Staphylococcus aureus enterotoxin in food environ-
ments and advances in risk assessment. Virulence. 2011;2(6):580–92.

	72.	 Turner NA, Sharma-Kuinkel BK, Maskarinec SA, Eichenberger EM, Shah PP, 
Carugati M, et al. Methicillin-resistant Staphylococcus aureus: an over-
view of basic and clinical research. Nat Rev Microbiol. 2019;17(4):203–18. 
https://​doi.​org/​10.​1038/​s41579-​018-​0147-4.

	73.	 Patel K, Joshi C, Nauriyal D, Kunjadiya A. Genotypic identification of 
methicillin resistance and virulence factors in Staphylococcus spp. from 
bovine mastitis milk. Comparative Clinical Pathology. 2017;26(6):1355–61; 
https://​doi.​org/​10.​1007/​s00580-​017-​2540-1.

	74.	 Dan M, Yehui W, Qingling M, Jun Q, Xingxing Z, Shuai M, et al. Antimicro-
bial resistance, virulence gene profile and molecular typing of Staphylo-
coccus aureus isolates from dairy cows in Xinjiang Province, northwest 
China. J Glob Antimicrob Resist. 2019;16:98–104.

	75.	 Marjory X, Silva N, Trevilin J, Melina M, Tsai S, Fabio R, et al. Antibiotic 
resistance and molecular characterization of Staphylococcus species 

https://doi.org/10.3168/jds.2017-13370
https://doi.org/10.1186/s12866-024-03288-3
https://doi.org/10.1016/j.foodcont.2015.02.013
https://doi.org/10.1016/j.foodcont.2015.02.013
https://doi.org/10.1155/2023/3142231
https://doi.org/10.1155/2023/3142231
https://doi.org/10.3389/fvets.2021.652351
https://doi.org/10.3389/fmicb.2022.923080
https://doi.org/10.3389/fmicb.2022.923080
https://doi.org/10.3389/fmicb.2015.01174
https://doi.org/10.3389/fmicb.2015.01174
https://doi.org/10.3389/fmicb.2018.00055
https://doi.org/10.1016/j.meegid.2020.104262
https://doi.org/10.4236/aid.2019.92007
https://doi.org/10.14202/vetworld.2023.1562-1571
https://doi.org/10.14202/vetworld.2023.1562-1571
https://doi.org/10.3390/pathogens10080975
https://doi.org/10.3390/pathogens10080975
https://doi.org/10.3390/ani12030301
https://doi.org/10.1038/s41579-018-0147-4
https://doi.org/10.1007/s00580-017-2540-1


Page 16 of 16Eidaroos et al. BMC Microbiology          (2025) 25:155 

from mastitic milk. African Journal of Microbiology Research. 2017;11:84–
91. https://​doi.​org/​10.​5897/​ajmr2​016.​8347.

	76.	 Aarestrup FM, AgersŁ Y, Ahrens P, JŁrgensen JC, Madsen M, Jensen LB. 
Antimicrobial susceptibility and presence of resistance genes in staphylo-
cocci from poultry. Vet Microbiol. 2000;74(4):353–64.

	77.	 Wendlandt S, Feßler AT, Monecke S, Ehricht R, Schwarz S, Kadlec K. The 
diversity of antimicrobial resistance genes among staphylococci of 
animal origin. Int J Med Microbiol. 2013;303(6–7):338–49.

	78.	 El-Banna TE-S, Sonbol FI, Kamer AMA, Badr SAMM. Genetic diversity of 
macrolides resistant Staphylococcus aureus clinical isolates and the 
potential synergistic effect of vitamins, C and K3. BMC Microbiology. 
2024;24(1):30; https://​doi.​org/​10.​1186/​s12866-​023-​03169-1.

	79.	 Zmantar T, Chaieb K, Ben Abdallah F, Ben Kahla-Nakbi A, Ben Hassen A, 
Mahdouani K, et al. Multiplex PCR detection of the antibiotic resist-
ance genes in Staphylococcus aureus strains isolated from auricular 
infections. Folia Microbiol. 2008;53(4):357–62. https://​doi.​org/​10.​1007/​
s12223-​008-​0055-5.

	80.	 Spiliopoulou I, Petinaki E, Papandreou P, Dimitracopoulos G. erm(C) is 
the predominant genetic determinant for the expression of resistance to 
macrolides among methicillin-resistant Staphylococcus aureus clinical 
isolates in Greece. J Antimicrob Chemother. 2004;53(5):814–7. https://​doi.​
org/​10.​1093/​jac/​dkh197.

	81.	 Kot B, Wierzchowska K, Piechota M, Grużewska A. Antimicrobial Resist-
ance Patterns in Methicillin-Resistant Staphylococcus aureus from 
Patients Hospitalized during 2015–2017 in Hospitals in Poland. Med Princ 
Pract. 2020;29(1):61–8. https://​doi.​org/​10.​1159/​00050​1788.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.5897/ajmr2016.8347
https://doi.org/10.1186/s12866-023-03169-1
https://doi.org/10.1007/s12223-008-0055-5
https://doi.org/10.1007/s12223-008-0055-5
https://doi.org/10.1093/jac/dkh197
https://doi.org/10.1093/jac/dkh197
https://doi.org/10.1159/000501788

	Virulence traits, agr typing, multidrug resistance patterns, and biofilm ability of MDR Staphylococcus aureus recovered from clinical and subclinical mastitis in dairy cows
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Sampling and California mastitis test (CMT)
	Bacteriological examination
	Biofilm formation assay
	Antimicrobial susceptibility testing of S. aureus isolates
	agr typing and PCR detection of virulence and antibiotic resistance genes
	Statistical analyses

	Results
	Distribution of S. aureus among the examined milk samples
	Antibiogram profiles of the retrieved S. aureus isolates
	Biofilm production by S. aureus isolates
	agr genotyping and the distribution of virulence and antimicrobial resistance genes in S. aureus strains
	Correlation between phenotypic and genotypic multidrug resistance
	Association between the phenotypic antibiotic resistance pattern and biofilm formation
	Associations between virulence genes, antibiotic resistance genes, and biofilm production

	Discussion
	Study limitations

	Acknowledgements
	References


