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Abstract 

Background  Staphylococcus aureus is one of the prevalent etiological agents of contagious bovine mastitis, causing 
a significant economic burden on the global dairy industry. Given the emergence of antibiotic resistance (ABR) and 
possible zoonotic spillovers, S aureus from mastitic cattle pose threat to both veterinary and public health. Therefore, 
assessment of their ABR status and pathogenic translation in human infection models is crucial.

Results  In this study, 43 S. aureus isolates associated with bovine mastitis obtained from four different Canadian 
provinces (Alberta, Ontario, Quebec, and Atlantic provinces) were tested for ABR and virulence through phenotypic 
and genotypic profiling. All 43 isolates exhibited crucial virulence characteristics such as hemolysis, and biofilm forma-
tion, and six isolates from ST151, ST352, and ST8 categories showed ABR. Genes associated with ABR (tetK, tetM, aac6’, 
norA, norB, lmrS, blaR, blaZ, etc.), toxin production (hla, hlab, lukD, etc.), adherence (fmbA, fnbB, clfA, clfB, icaABCD, etc.), 
and host immune invasion (spa, sbi, cap, adsA, etc.) were identified by analyzing whole-genome sequences. Although 
none of the isolates possessed human adaptation genes, both groups of ABR and antibiotic-susceptible isolates dem-
onstrated intracellular invasion, colonization, infection, and death of human intestinal epithelial cells (Caco-2), and 
Caenorhabditis elegans. Notably, the susceptibilities of S. aureus towards antibiotics such as streptomycin, kanamycin, 
and ampicillin were altered when the bacteria were internalized in Caco-2 cells and C. elegans. Meanwhile, tetracy-
cline, chloramphenicol, and ceftiofur were comparatively more effective with ≤ 2.5 log10 reductions of intracellular S. 
aureus.

Conclusions  This study demonstrated the potential of S. aureus isolated from mastitis cows to possess virulence 
characteristics enabling invasion of intestinal cells thus calling for developing therapeutics capable of targeting drug-
resistant intracellular pathogens for effective disease management.
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Background
Staphylococcus aureus is a versatile pathogen that is 
reported to cause a plethora of infections ranging from 
superficial skin infections to life-threatening diseases in 
livestock [1]. It is considered to be the most prevalent 
etiological agent of contagious bovine mastitis world-
wide causing a significant economic burden on the dairy 
industry [2]. The prevalence of bacterial infections is not 
only a challenge for the clinical management of mastitis 
but could also be a public health concern as mastitis may 
contribute to zoonotic spillover (the transfer of bacte-
ria or genetic determinants to humans) majorly through 
direct contact with the infected dairy cattle [3]. In 
humans, S. aureus has been associated with a wide range 
of infectious diseases such as endocarditis, hemolytic 
pneumonia, toxin-mediated conditions such as scalded 
skin syndrome, staphylococcal food poisoning or gastro-
enteritis, toxic shock syndromes, etc. [4].

In contrast to environmental pathogens, infections 
caused by contagious mastitis pathogens such as S. 
aureus are difficult to treat in agricultural settings due to 
an array of virulence traits including biofilm  formation, 
toxin and enzyme  production, evasion of phagocytic/
non-phagocytic host cells, and immune defense mecha-
nisms [5]. S. aureus can switch its phenotypes between 
wild types and small colony variants, and survive intra-
cellularly contributing to persistent colonization in the 
intramammary environment, leading to recurrent bovine 
mastitis [6]. The persistence of such infection within the 
mammary gland demands the frequent use of antibiotics, 
the excessive application of which over the years has led 
to antibiotic resistance (ABR) and treatment failures [7]. 
Antibiotics including aminoglycosides, ß-lactams, cepha-
losporins, tetracyclines, etc. have been used for control-
ling S. aureus infection, however, these antibiotics have 
shown inconsistent efficiency [8].

Although there is plenty of information on the infectiv-
ity of S. aureus from cattle in mastitis infection models, 
there are prominent knowledge gaps on the pathogenic 
translation of mastitic S. aureus in human infection 
models. Human intestinal epithelial Caco-2 cells are 
considered to be an efficient model to investigate bacte-
rial intracellular invasion, while Caenorhabditis elegans 
are broadly accepted as an in vivo model with higher 
throughput to assess bacterial intestinal pathogenicity 
and antimicrobial efficacy [9]. The acceptability of C. ele-
gans is based on the key similarities with the mammalian 
intestine such as the presence of polarized epithelial cells 
with microvilli, and the first line of defense against invad-
ing pathogens [10].

In this study, we examined 43 S. aureus isolates col-
lected from Canadian dairy cattle with active mastitis 
for ABR and virulence characteristics through genotypic 

and phenotypic profiling. These isolates were chosen as 
a subpopulation of the entire collection available at the 
Mastitis Pathogen Culture Collection (MPCC). We inves-
tigated the infectivity of the isolates in intestinal infection 
models of Caco-2 cells and C. elegans and assessed the 
efficiency of antibiotics in remediating such infections. 
Additionally, the whole genome analysis data available for 
the selected isolates were used to compare the genotype 
and phenotype for ABR and virulence characteristics.

Results
Prevalence of antibiotic resistance in S. aureus isolates
Out of the 43 isolates, 6 isolates showed either single 
antibiotic resistance (5/6) or multi-antibiotic resist-
ance (1/6) (Fig.  1a and Table S3a). The isolates Sa3 and 
Sa9 showed resistance to tetracycline, whereas isolates 
Sa3489, Sa3493, and Sa3603 were resistant to lincomycin. 
Isolate Sa1158c showed resistance to multiple classes of 
antibiotics including ampicillin, gentamycin, kanamycin, 
penicillin, tetracycline, ticarcillin, and ceftiofur. Interme-
diate responses to lincomycin and spectinomycin were 
observed from 39.5% and 46.5% of the isolates, respec-
tively (Fig. 1b). Eight different sequence types (ST) cover-
ing the 43 isolates were identified where 34 of the isolates 
either belonged to ST151 or ST352 (Table S1). The two 
tetracycline-resistant and three lincomycin-resistant iso-
lates were from ST151 and ST352 respectively, whereas 
the multi-drug-resistant isolate belonged to ST8. Clini-
cally important ABR genes were identified from the 
whole genome data. For instance, tetracycline-resistant 
genes (tet(K); 1/43, tet(M); 3/43 and tet(38); 43/43), lin-
comycin-resistant genes (lnu(A); 3/43), aminoglycoside-
resistant genes (aac(6’); 1/43, aph(3’); 43/43, aac3; 43/43), 
ß-lactam and cephalosporin-resistant genes (blaI, blaR, 
blaZ; 1/43, mecA; 1/43), and multi-drug resistant regula-
tors (arlR, arlS, mgrA; 43/43) were evident.

EtBr efflux assay and Nitrocefin assay were performed 
to assess efflux pump activity and ß-lactamase enzyme 
activity, respectively in all the isolates (Table S3b). The 
tetracycline-resistant Sa3 and Sa9, lincomycin-resistant 
Sa3489, and the multi-drug-resistant Sa1158c showed 
active efflux pump activity. For instance, isolates Sa3, 
Sa9, Sa3489, and Sa1158c extruded 50% of the EtBr in 
295.2 sec, 1067 sec, 3443 sec, and 271.9 sec, respectively 
(Fig.  2a, see the tabular data). The ß-lactamase enzyme 
activity was observed only in the multi-drug resistant iso-
late (50.36 U/mL) (Fig. 2b, see the tabular data). Genome 
analysis indicated the presence of genes associated with 
MFS efflux pumps (norA; 43/43, norB; 43/43, lmrS; 
43/43, tet(38); 43/43, tet(K); 1/43, tet(M); 3/43), MATE 
efflux pumps (mepR, mepA, mepB; 43/43), and ß-lacta-
mase enzyme activity (blaI, blaR, blaZ; 1/43). The list of 
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genes associated with antibiotic resistance is provided in 
Tables 1 and S4.

Virulence profile of S. aureus isolates
The 43 isolates were cultured on blood agar plates and 
checked for hemolysis. All the isolates either produced 
alpha-hemolysin (34/43) (encoded by hla) or beta-hemo-
lysin (9/43) (encoded by hlb) (Fig. 2c,d). Beta-hemolysis 
was observed only in the members of ST151 and ST8. 
Crystal violet assay confirmed biofilm-forming ability 
in all isolates. Specifically, 23.26% of the isolates showed 
strong biofilm formation, 55.81% of them were mod-
erate biofilm formers, whereas the rest formed weak 
biofilms (Fig.  2e,f and Table S5). None of the isolates 
except Sa16, Sa23, and Sa27 from ST352 and ST151 
were strong biofilm formers, whereas, isolates from ST8 
and ST2270 formed strong biofilms. Common virulence 
genes included: two-component leukotoxins, includ-
ing gamma-hemolysin (Hlg, encoded by hlgA, hlgB, and 
hlgC), and leukotoxin D (LukD, encoded by lukD). None 
of the isolates had pyrogenic toxin superantigen (PTSAg) 
genes except for Sa3154 which contained enterotoxin C, 
enterotoxin L, and toxic shock syndrome toxin-associ-
ated sec, sell, and tsst-1 genes, respectively. Adhesins that 
are involved in biofilm formation were also identified in 
all isolates. For instance, fibronectin-binding proteins, 
fnbA, and fnbB were observed in 60.46% of the isolates. 
Clumping factor A (clfA), a cell-wall anchored protein 
was identified in 58.13% of the isolates, whereas, clfB, a 

fibrinogen-binding adhesin was found in 95.56% of the 
isolates. Accessory gene regulator (agr) and staphylo-
coccal accessory regulator (sarA) system associated with 
quorum sensing [11] was identified among the isolates 
as well. Genes associated with intercellular adhesion 
such as icaA, icaB, icaC, icaD, and icaR were evident in 
all 43 isolates. The presence of the staphylococcal pro-
tein A (spa) gene, the product of which plays an impor-
tant role in colonization and immune invasion [12] was 
found in 17 isolates including 4 ABR isolates. Ssp serine 
protease (encoded by sspA) that contributes to in vivo 
growth and survivability [13] was identified in all the iso-
lates. The second immunoglobulin-binding protein (Sbi) 
which is a multifunctional immune invasion factor [14] 
was observed in 34 isolates. Moreover, all the isolates 
had bovine immune invasion factors such as serotype 8 
capsular polysaccharide (Cap), and adenosine synthase 
A (AdsA). The list of genes associated with adherence, 
toxin/enzyme production, and immune invasion is pro-
vided in Tables 1, 2, and S6.

Internalization of the S. aureus isolates in human intestinal 
epithelial cells
Five antibiotic-resistant isolates (Sa3, Sa9, Sa1158c, 
Sa3489, and Sa3603), and five antibiotic-susceptible 
isolates (Sa11, Sa14, Sa30, Sa3014, and Sa3154) were 
tested for internalization in Caco-2 cells. All the isolates 
showed significantly (p < 0.05) higher internalization in 
Caco-2 cells in comparison to the reference strain, Sa 

Fig. 1  Response of 43 S. aureus isolates against antibiotics. a List of antibiotic-resistant isolates. b Bacterial responses toward 24 antibiotics. The S. 
aureus isolates were subjected to Kirby-Bauer disc diffusion susceptibility tests. The scores based on CLSI guidelines for susceptibility or resistance to 
an antibiotic were generated for each isolate. Abbreviations used—AK: Amikacin; AMP: Ampicillin; APR: Apramycin; B: Bacitracin; CZ: Cefazolin; CTX: 
Cefotaxime; CF: Ceftiofur; C: Chloramphenicol; CIP: Ciprofloxacin; E: Erythromycin; CN: Gentamycin; K: Kanamycin; MY: Lincomycin; N: Neomycin; 
OFX: Ofloxacin; P: Penicillin; SH: Spectinomycin; S: Streptomycin; TET: Tetracycline; TIC: Ticarcillin; TIL: Tilmicosin; TOB: Tobramycin; SXT: Trimethoprim/
Sulfamethoxazole; VA: Vancomycin. The experiment was performed in triplicates and repeated thrice to ensure reproducibility
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ATCC 25923 (Fig. 3a). For instance, >8 log10 cfu/well of 
Sa14, Sa1158c, Sa3014, and Sa3603, and >6 log10 cfu/
well of Sa3, Sa9, Sa11, Sa30, Sa3154, and Sa3489 were 
recovered from the Caco-2 cells, which was ~5.22 log10 
higher (p < 0.05) than the reference strain. High-content 
microscopy confirmed the internalization of Sa30 and the 
death of Caco-2 cells (Fig. 3b(i-viii)). Cysteine proteases, 
staphopain B (SspB), and staphopain C (SspC) which are 
often associated with biofilm formation and intracellular 
colonization of S. aureus [15, 16] were identified in all 
isolates (Tables 1 and S6).

The Caco-2 cells with internalized S. aureus were 
exposed to antibiotics to check for their colonization-
remediation efficiency. The aminoglycosides and ß-lac-
tam antibiotics failed to show effectiveness against any of 
the intracellular S. aureus whereas, chloramphenicol, tet-
racycline, and ceftiofur were comparatively more effec-
tive (p < 0.05) against all the antibiotic-susceptible and 

lincosamide resistant isolates. However, none of these 
antibiotics could reduce the intracellular bacterial load 
by more than 2.5 log10. For instance, chloramphenicol, 
tetracycline, and ceftiofur showed a 2.3-2.5 log10 reduc-
tion (p < 0.05) of Sa30 colonization (Fig. 3c). Moreover, 
no antibiotic demonstrated a significant reduction in the 
aminoglycoside/ß-lactam/tetracycline/cephalosporin-
resistant Sa1158c colonization except chloramphenicol 
which showed a 2.42 log10 reduction (p < 0.05) (Fig. 3c). 
Similarly, tetracycline failed to show any efficiency 
against the tetracycline-resistant Sa3 and Sa9, while chlo-
ramphenicol and ceftiofur significantly reduced their col-
onization by ~2.35 log10 (Figs. 3c and S1a).

Pathogenicity of the S. aureus isolates in Caenorhabditis 
elegans model of intestinal infection
Infection of C. elegans with the selected isolates had 
a significant effect on the lifespan of worms when 

Fig. 2  Antibiotic-resistance mechanisms and virulence factors in S. aureus isolates. a Assessment of efflux pump activity in five antibiotic-resistant 
and five susceptible isolates. EtBr efflux assay was performed using 3 µg/mL of EtBr and 30 µg/mL of CPZ. The fluorescent intensity 
(530 nm/590 nm) was monitored for 60 min after reenergizing the bacterial cells to trigger EtBr efflux with glucose (0.4% v/v). b Assessment of 
ß-lactamase enzyme activity in the isolates. The isolates were subjected to a Nitrocefin assay where the absorbance of the cell-free extract mixed 
with Nitrocefin was detected at 490 nm for 15 min. c Distribution of hemolysin manifestation by the 43 isolates. d Alpha hemolysin manifestation 
by Sa30. Each isolate was cultured in TSA plates with 5% sheep blood for 24 h. The hemolysis was detected visually by the translucency around 
the bacterial colony. e Distribution of biofilm-forming ability by the 43 isolates. The biofilm formation was assessed using a crystal violet assay. 
All isolates were classified into weak, moderate, and strong biofilm-formers based on their biofilm-forming ability. f Fluorescence microscopic 
image of extracellular polymeric substances (EPS) and Sa30 cells. A green (505 nm) filter was used to acquire the GFP-labeled Sa30 biofilms using 
a high-content screening microscope, Cell Discoverer 7. Alphabets (in tabular data) indicate a significant difference (p < 0.05). ‘N/A’ stands for not 
applicable. More data on the resistance mechanisms and virulence factors are provided in Tables S3 and S5. The experiment was performed in 
quadruplicates and repeated thrice to ensure reproducibility
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Table 1  List of the genes associated with antibiotic resistance and adherence in the six antibiotic-resistant isolates (Sa3, Sa9, Sa1158c, 
Sa3489, Sa3493, and Sa3603), and five antibiotic-susceptible isolates (Sa11, Sa14, Sa30, Sa3014, and Sa3154)

Isolate ID Isolate notation Sequence Types Antibiotic-resistant 
genes

Virulence genes

Clumping factor Fibronectin 
binding 
proteins

Intercellular 
adhesin

Staphylococcal 
protein A

30704176 Sa3 ST151 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38, tetK

clfB xx icaA, icaB, icaC, icaD, 
icaR

xx

41704653 Sa9 ST151 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA, clfB xx icaA, icaB, icaC, icaD, 
icaR

xx

32200324 Sa11 ST352 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA, clfB fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa

22200587 Sa14 ST3028 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa

21000024 Sa30 ST352 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA, clfB fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa

10812464 Sa1158c ST8 aac3, aac(6’), arlR, arlS, 
blaI, blaR, blaZ, dhaP, 
fosB, lmrS, mecA, 
mepA, mepB, mgrA, 
norA, norB, rlmH, 
tet38, tetM, aph(3’)

clfA, clfB fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa

11200086 Sa3154 ST351 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA, clfB xx icaA, icaB, icaC, icaD, 
icaR

xx

40915913 Sa3603 ST352 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, lnuA, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA, clfB fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa

40913704 Sa3489 ST352 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, lnuA, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfB fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa

40913568 Sa3493 ST352 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, lnuA, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA, clfB fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa

31312165 Sa3014 ST352 aac3, aph(3’), arlR, 
arlS, dhaP, lmrS, 
mepA, mepB, mepR, 
mgrA, norA, norB, 
rlmH, tet38

clfA, clfB fnbA, fnbB icaA, icaB, icaC, icaD, 
icaR

spa
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compared with non-infected or infected with reference 
strain (Sa ATCC 25923). For instance, 100% death in 
the infected worms was observed by the 15th day post-
infection, whereas ~77.5%, and ~60% of the non-infected 
and Sa ATCC 25923 infected worms respectively, were 
alive on the 15th day (Fig. 4a). High-content microscopy 
confirmed Sa30 accumulation in the pharynx, intestinal 
lumen, rectum, and anus of the worms within 24 h post-
infection (Fig. 5a). After 48 h of infection, Sa30 accumu-
lation was observed throughout the digestive tract of C. 
elegans leading to intestinal epithelium destruction, and 
complete degradation of internal organs (Figs. 5b-d and 
S2a-i). The multiplication of Sa30 in C. elegans was evi-
dent with increased fluorescence when the microscopic 
images of 24 h and 48 h post-infection periods were 
compared.

The 24 h treatments with ampicillin, streptomycin, 
kanamycin, and chloramphenicol failed to improve 

(p > 0.05) the lifespan of C. elegans infected by any 
of the 10 selected isolates (Figs.  4b-d and S1b-h). For 
instance, 20-31% of the worms infected with Sa3 and 
Sa1158c were alive (p > 0.05) irrespective of treatment 
by these antibiotics on the 10th day (Fig.  4b,c). Tetra-
cycline failed to improve (p > 0.05) the survivability of 
Sa3 and Sa1158c infected worms on the 10th day either, 
while ceftiofur treatment was comparatively effective 
(p < 0.05) against both these isolates. Only 25-29% of 
the Sa30 infected worms were alive after ampicillin, 
streptomycin, kanamycin, and chloramphenicol treat-
ment on the 10th day which was insignificant (p > 0.05) 
when compared to untreated control (Fig.  4d). The 
low antibiotic efficiency was verified through higher 
fluorescence showing Sa30 accumulation in the phar-
ynx, intestinal lumen, and anus of the worms (Fig. 5e-
h). In comparison, 45% of the Sa30 infected worms 
were alive after tetracycline treatment, which was 

Fig. 3  Internalization of S. aureus isolates and response to antibiotic treatment in Caco-2 cells. a Intracellular survivability of S. aureus isolates in 
Caco-2 cells. Approximately 2 × 104 Caco-2 cells/well of a 96-well plate were exposed to the isolates maintained at 0.5 Macfarland standard (1.5 X 
108 cells/ mL). The cells were washed with PBS and subjected to gentamicin (10 µg/mL) to remove extracellular bacteria. The cells were washed 
further after 4 h of incubation and lysed using 0.5% (v/v) of Triton-X. Colony-forming units were determined using the drop culture method. b 
Epifluorescence microscopic images of non-infected control and Sa30-infected Caco-2 cells. After 4 h incubation of the Caco-2 cells exposed to 
bacteria, 30 µL of Hoechst-PI cocktail was added and incubated for 30 min in dark. These wells were imaged using an epifluorescence microscope 
with blue, green, and red filters. i-ii) Hoechst 33342 staining of non-infected and Sa30-infected Caco-2 cells. iii-iv) GFP-labeled Sa30 internalization 
in Caco-2 cells. Non-infected cells were considered as a control. v-vi) PI staining of infected and non-infected cells. vii-viii) Overlap of Hoechst and 
PI stained Sa30-infected and non-infected Caco-2 cells. The images confirmed Sa30 internalization and infection of the Caco-2 cells leading to cell 
death. c Antibiotic efficiency against intracellular Sa1158c, Sa30, and Sa3. The infected Caco-2 cells were exposed to ampicillin (AMP) (10 µg/mL), 
kanamycin (K) (30 µg/mL), streptomycin (S) (10 µg/mL), chloramphenicol (C) (30 µg/mL), tetracycline (TET) (30 µg/mL), and ceftiofur (CF) (30 µg/
mL). The plates were incubated for 24 h, followed by washing, lysing of the cells, and drop-culture method to enumerate the cfu/well. Average 
values plotted in the graph with different alphabets indicate a significant difference (p < 0.05). ‘IF-control’ stands for infected Caco-2 cells without 
antibiotic treatment. The experiment was performed in quadruplicates and repeated thrice to ensure reproducibility
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supported by low fluorescence in the pharynx, rectum, 
and anus regions suggesting reduced Sa30 accumula-
tion (Fig. 5i). A significant (p < 0.05) improvement in 
the survivability of Ceftiofur-treated Sa30 (63% until 
the 10th day) infected worms was observed which was 
confirmed by a negligible accumulation of the isolate 
in the pharynx, and rectum regions (Fig. 5j).

Discussion
A subpopulation of S. aureus isolates (n=43) from MPCC 
was investigated for ABR and virulence characteristics 
favoring intracellular survival and evasion of antibiotics. 
All isolates possessed critical virulence characteristics 
such as biofilm formation, and hemolysis manifesta-
tion while ABR phenotype was evident only among six 
isolates. Genes associated with ABR, toxin production, 

Fig. 4  Life-span of S. aureus infected C. elegans and assessment of antibiotic efficiency. a Life-span assay of S. aureus infected and non-infected C. 
elegans. The worms were grown to the L4 stage and exposed to 1.5 × 108 cells of S. aureus isolates for 48 h. The worms were washed, transferred 
to NGM plates with E. coli OP50 lawns, and monitored for survivability for 20 days. The mantel-Cox test was used to find the statistical significance 
(p < 0.05). b-d Antibiotic efficiency against b Sa1158c, c Sa3, and d Sa30 infection in C. elegans. The infected worms were subjected to ampicillin 
(AMP) (10 µg/mL), kanamycin (K) (30 µg/mL), streptomycin (S) (10 µg/mL), chloramphenicol (C) (30 µg/mL), tetracycline (TET) (30 µg/mL), and 
ceftiofur (CF) (30 µg/mL) for 24 h. The worms were washed and transferred to NGM plates with E. coli OP50 lawns. The survivability of the worms 
was monitored for 20 days. Average values plotted in the graph with different alphabets indicate a significant difference (p < 0.05). ‘NIF-Worms’ and 
‘IF-Worm UT’ stands for non-infected worms and infected untreated worms, respectively. The experiment was performed in quadruplicates and 
repeated thrice to ensure reproducibility

(See figure on next page.)
Fig. 5  Microscopic images of non-infected, and antibiotic-treated/untreated Sa30-infected C. elegans. Epifluorescence images of a Sa30 infected 
(24 h post-infection), b non-infected, c Sa30 infected (48 h post-infection), and d dead infected worms. Sa30 accumulation was observed in the 
pharynx, intestinal lumen, rectum, and anus of the worms 24 h post-infection. The increased fluorescence 48 h post-infection throughout the 
digestive tract of the worms suggested Sa30 multiplication leading to intestinal epithelium destruction. The antibiotics e ampicillin, f kanamycin, 
g streptomycin, h chloramphenicol, i tetracycline, and j ceftiofur were exposed to Sa30 infected worms for 24 h. The worms were washed 
and resuspended in S-basal media in a 96-well plate. Green (505 nm) and red (583 nm) filter combinations were used to acquire the green 
autofluorescence of C. elegans and RFP-labeled Sa30. The epifluorescence images were captured using the Cell Discoverer 7



Page 10 of 18Majumder et al. BMC Microbiology           (2023) 23:43 

Fig. 5  (See legend on previous page.)
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adherence, and host immune invasion were identified by 
analyzing the whole-genome sequences. Although none 
of the isolates carried human adaptation genes, they 
demonstrated intracellular invasion, infection, and death 
of human epithelial Caco-2 cells, and intestinal infection 
model, Caenorhabditis elegans. Our studies also showed 
the inefficiency of widely used antibiotics relevant to vet-
erinary and public health to remediate intracellular and 
intestinal S. aureus infection.

Out of the 43 isolates, 5 isolates (Sa3, Sa9, Sa3489, 
Sa3493, and Sa3603) showed resistance to either tetra-
cycline or lincomycin, whereas one isolate (Sa1158c) was 
resistant to multiple antibiotics. Approximately 39.5% 
and 47.5% of the isolates showed intermediate responses 
toward lincomycin and spectinomycin, respectively. 
These two antibiotics have been introduced in Canada to 
swine, poultry, and dairy cattle individually or in combi-
nations to a large extent [17]. Bennett et al. have reported 
S. aureus showing resistance to lincosamides and ami-
noglycosides frequently and rapidly due to their similar 
mechanism of action [18]. Sa3 and Sa1158c carried tetK 
and tetM genes, respectively while all 43 isolates were 
identified with the major facilitator superfamily (MFS) 
of transporters such as tet(38), NorA, and NorB efflux 
genes. These chromosomally encoded MFS efflux genes 
are associated with EtBr extrusion and their expressions 
are controlled in part by the transcriptional regulators 
mgrA and the arlRS [19–22] which were also identi-
fied in all isolates. Interestingly, tetracycline resistance 
(from disc diffusion assay) and EtBr efflux activity were 
evident only in Sa3, Sa9, and Sa1158c. The role of func-
tional efflux pumps regulated by the MFS transporters 
in conferring tetracycline resistance in the three isolates 
(Sa3, Sa9, and Sa1158c) is evidenced by the congruence 
of the EtBr assay result and the antibiotic disc diffusion 
tests [23]. While the exact reason for the failure of ABR 
genes to translate to functional proteins and phenotype 
was beyond the scope of this investigation, we speculate 
possibilities of gene mutations, failure in sensing anti-
biotic stress, defective gene products, etc as potential 
causes of the discrepancy between the genetic makeup of 
the isolates and their phenotypic characteristics [24, 25]. 
The ß-lactam and cephalosporin resistance in Sa1158c 
could be associated with expressive ß-lactamase enzyme 
activity (50.36 U/mL) and the association of blaI, blaR, 
and blaZ genes. Moreover, the mecA gene identified in 
Sa1158c encodes the low-affinity penicillin-binding pro-
tein (PBP2a) and also plays a significant role in resist-
ance towards ß-lactam antibiotics, especially methicillin, 
thus is considered to be a standard for MRSA confir-
mation [12]. The aac(6’), aac(3’), and aph(3’) genes in 
Sa1158c encode the aminoglycoside-modifying enzymes 
that mediate gentamycin and kanamycin inactivation, 

whereas, the prevalence of lnuA gene in Sa3489, Sa3493, 
and Sa3603 encode lincosamide nucleotidyl transferases 
leading to lincomycin resistance [26, 27].

Every isolate exhibited crucial virulence characteris-
tics essential for an intramammary and intestinal infec-
tion. For instance, all the isolates manifested either alpha 
or beta-hemolysin and formed biofilms. Hemolysins 
encoded by hly/hla, and hlb genes identified in the iso-
lates often contribute to cell signaling pathways that 
mediate proliferation, cytokine secretion, inflammatory 
responses, and cell-cell interactions [28]. The role of the 
Clf-Sdr family consisting of fibrinogen-binding proteins, 
clfA, and clfB, and fibronectin-binding proteins (FnBPs), 
fnbA, and fnbB in biofilm formation and their contribu-
tion to S. aureus infection has been extensively discussed 
[29]. Moreover, the icaADBC locus identified in all the 
isolates mediates the synthesis of polysaccharide intercel-
lular adhesin (PIA) which is poly N-acetyl glucosamine 
(PNAG), one of the extracellular polymeric substances 
of staphylococcal biofilms [30]. Here, all the members of 
ST151 manifested beta-hemolysis, and over 76% of the 
isolates formed strong or moderate biofilms. ST151 sub-
clone of the bovine ET3 clone has also been reported to 
display greater virulence in mouse models of mastitis by 
Guinane et al. [31]. ST8 has been reported to be a human 
clone that has transferred to dairy cows causing mastitis 
and has been speculated for possible spillover and trans-
mission under suitable selection pressure [1].

All the tested isolates showed intracellular colonization 
(of >6 log10 cfu/well), and infection of the Caco-2 cells 
causing cell death. The intracellular invasion and infec-
tion were possibly mediated by the cysteine proteases 
SspB, and SspC which were evident in all the isolates 
[16]. The fibronectin bridging between S. aureus FnBPs 
and the Caco-2 fibronectin receptor integrin α5β1 is 
also known to contribute to epithelial cell invasion [32]. 
Moreover, Kwak et al. have reported the contribution of 
staphylococcal hemolysin in the disruption of the bar-
rier integrity of Caco-2 cells [9]. As reported in this study, 
the internalized bacteria were able to cause cell death. 
Accordingly, cytotoxic S. aureus strains upon internaliza-
tion by epithelial cells have the ability to escape from the 
phagosome, multiply in the cytosol, employ staphylococ-
cal cysteine proteases and induce host cell death [16].

The microscopic images showed Sa30 accumulation in 
the pharynx, intestine, rectum, and anus of C. elegans. 
The consequence of the infection was evident as a sig-
nificant reduction in worm survivability. Our obser-
vations are consistent with those made by Irazoqui et 
al. where S. aureus was reported to cause enterocyte 
effacement, lysis of the intestinal epithelial cells, fol-
lowed by invasion in the rest of the body, and complete 
degradation of the internal tissues of C. elegans [33]. 
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The pathogenicity of the isolates in C. elegans was prob-
ably executed by the production of alpha-hemolysin 
(encoded by hla), and V8 protease (encoded by sspA) 
[34]. Moreover, overexpression of the icaADBC locus 
synthesizing PIA is also reported to be one of the con-
tributing virulence mechanisms employed by Staphylo-
cocci during intestinal infection of nematodes [35]. Sa 
ATCC 25923 infected worms showed better survivabil-
ity in comparison to the worms infected by the bovine 
isolates. This is probably because the reference strain 
lacks expressive virulent genes and a strong intracellular 
internalization property which are reported to be essen-
tial for C. elegans infection.

Different classes of antibiotics including aminoglyco-
sides, cephalosporin, ß-lactam, tetracycline, and chlo-
ramphenicol were tested for intracellular and intestinal 
infection remediation in Caco-2 cells, and C. elegans, 
respectively. The antibiotics were selected based on 
their frequent use against S. aureus-mediated masti-
tis and human infections. Kanamycin, streptomycin, 
and ampicillin failed to reduce bacterial colonization 
in the Caco-2 cells. The result was expected as the con-
ventional antibiotics especially ß-lactams, aminoglyco-
sides, and cephalosporin (cellular/extracellular (C/E) 
ratio: <1) are known to have poor penetration, slow 
accumulation, or inferior retention in mammalian cells 
due to their high polarity and hydrophilic characteris-
tics [36]. Chloramphenicol showed superior efficiency 
which is probably because of higher accumulation (C/E 
ratio: 2-4) due to its hydrophobic nature [37]. Tetra-
cycline (C/E ratio: 1.8-7.1) is reported to moderately 
penetrate and accumulate inside neutrophils through 
active organic cation transport with a relatively low 
affinity [38]. Despite being a cephalosporin, ceftiofur 
showed better efficiency against S. aureus infection in 
Caco-2 cells in comparison to other antibiotics. This 
could probably be due to a direct antibacterial effect of 
ceftiofur owing to a higher intracellular concentration 
above the minimum bactericidal concentration [36]. 
Although few antibiotics were comparatively effective, 
none of them reduced bacterial colonization by more 
than 2.5 log10. Our observations of lower antibiotic effi-
ciency against intracellular S. aureus corroborate with 
several existing literature [36, 39, 40]. The other classes 
of antibiotics that are known for higher C/E ratios such 
as quinolones, carbapenems, etc. are mostly restricted 
for veterinary use as they are considered to be the last-
resort drugs for human applications [41].

Microscopic images indicated a reduction in Sa30 
accumulation in C. elegans after aminoglycoside, ampi-
cillin, and chloramphenicol treatment, which however 
was not enough to inhibit Sa30 multiplication leading 

to infection and cell death as suggested by the life-span 
assay. Tetracycline and ceftiofur were comparatively 
effective in remediating S. aureus-mediated intestinal 
infection in the nematodes. This is probably because, 
in addition to the antimicrobial activity, tetracycline 
has been reported to up-regulate C. elegans genes that 
function in xenobiotic detoxification, redox regulation, 
and cytoprotection [42]. Cephalosporins on the other 
hand have been reported to employ anti-quorum sens-
ing activity, reduce bacterial motility, and biofilm for-
mation [43]. Despite its better performance in Caco-2 
cells, chloramphenicol wasn’t effective in infection 
remediation in worms which is probably because of 
the impermeability of the worm cuticle to hydrophobic 
compounds thus leading to inefficient drug uptake [44]. 
The aminoglycosides and ß-lactam antibiotics failed as 
well possibly because of their poor penetration against 
the S. aureus internalized in the intestinal epithe-
lial cells of C. elegans. Generally, antibiotics that were 
found effective against bacteria from the Kirby Bauer 
disc diffusion assay failed to show convincing efficiency 
in both the infection models. This discrepancy in the 
effectiveness of antibiotics when directly exposed to 
bacterial cells and those present as intracellular patho-
gens originating from differential pharmacokinetics of 
antibiotics highlight the importance of testing antibiot-
ics in organism models.

Proteins associated with bovine immune invasions 
such as Sbi, Cap, and AdsA were identified in the iso-
lates. Previous studies have reported Sbi to partici-
pate in the inflammatory response induced during 
staphylococcus infections whereas, Cap and AdsA 
inhibit neutrophil activity against S. aureus thus pre-
venting chemotaxis and phagocytosis and promoting 
cell adhesion, during pathogen spillover to humans 
[45–47]. Sa3154 from ST351 was the only isolate to 
carry PTSAgs which are known to regulate immune 
responses by abnormal activation of immune cells or 
exhibit destruction of the host cell membranes [48]. 
The prevalence of PTSAg genes varies considerably 
between studies probably due to variations in the herd 
selection criteria or geographical locations [48]. In this 
study, the low prevalence of PTSAg gene-positive S. 
aureus, the lack of virulence markers (lukE, lukM), and 
human immune evasion cluster-associated genes (lytN, 
fmhC, dprA, chp, sak, and scn) suggest a minimal risk 
of zoonotic infection. However, S. aureus is an oppor-
tunistic pathogen and thus, under certain environmen-
tal pressure, mobile genetic elements may disseminate 
within or across different lineages [1]. For instance, 
antibiotic pressure-inducing SOS response has been 
reported to promote horizontal gene transfer of patho-
genicity islands in Staphylococci [49, 50].
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Conclusion
S. aureus is highly prevalent in bovine mastitis cases 
worldwide, and thus investigations associated with ABR, 
ABR mechanisms, and virulence characteristics are cru-
cial. In this study, we used phenotypic and genotypic 
profiling to inspect 43 S. aureus isolates associated with 
bovine mastitis. Antibiotic resistance was identified 
among six isolates based on a disc diffusion assay and 
all the isolates demonstrated crucial virulence charac-
teristics including hemolysis induction, biofilm forma-
tion, intracellular infection in Caco-2 cells, and intestinal 
infection in C. elegans. Although these isolates lacked 
human immune invasion genes, their ability to invade 
human cells and cause intestinal infection in model 
organisms highlights the need for continuous monitor-
ing for zoonosis. Notably, the antibiotics that showed 
efficiency against the isolates in the disc diffusion assay 
failed to a large extent in remediating their intracellular 
and intestinal infection. This observation suggested the 
need to include models capable of testing the effective-
ness of antibiotics against internalized bacteria as well as 
the urgent need to develop therapeutics that can combat 
ABR and intracellular pathogens. Nano-enabled antibac-
terial combination therapies designed to deliver multiple 
drugs hold promise in countering such recalcitrant infec-
tions caused by ABR bacteria [51, 52].

Methods
Isolation of the S. aureus from cases of clinical mastitis
A library of 43 S. aureus isolates analyzed in this study 
are a part of the mastitis pathogen culture collection 
(MPCC) and collected from different Canadian provinces 
(Alberta, Ontario, Quebec, and Atlantic provinces) [53, 
54]. The metadata including the numbers and locations 
of the herd, sampling dates, mastitis severity score, iso-
late IDs, and notations are summarized in Table S1. The 
isolates were grown in Tryptic Soy Agar (TSA) plates 
with 5% sheep blood (Hardy Diagnostics, Canada), but 
were cultured in Mueller-Hinton broth (MHB) (Millipore 
Sigma, Canada) for conducting assays.

Susceptibility testing of the isolates against antibiotics
The S. aureus isolates were subjected to the Kirby-Bauer 
disc diffusion susceptibility tests following the clinical 
and laboratory standard institute (CLSI) guidelines [55]. 
Briefly, 24 antibiotics (Oxoid, Thermo Fischer Scientific, 
Canada) relevant to human and veterinary health from 
the classes of ß-lactams, aminoglycosides, cephalospor-
ins, quinolones, macrolides, lincosamide, tetracycline, 
chloramphenicol, and sulphonamide were included in the 
study. The list of antibiotics and their corresponding anti-
biotic concentration breakpoints suggested by CLSI are 

provided in Table S2 [55]. Escherichia coli ATCC 25922, 
Staphylococcus aureus ATCC 25923, and Pseudomonas 
aeruginosa ATCC 27853 (Oxoid company, Canada) were 
used as quality control (QC) strains.

Detection of antibiotic resistance mechanisms 
in the isolates
Activities of the efflux pump and ß-lactamase enzyme in 
the isolates were determined as phenotypic character-
istics of ABR. The efflux pump activities in the isolates 
were assessed following a pre-established protocol [56]. 
Briefly, bacterial cells cultured overnight in MHB were 
washed twice in phosphate-buffered saline (PBS) (1X) 
and adjusted to 1.0 McFarland standard (approximately 
3 × 108 cfu/mL) using DensiCHEK plus (BioMerieux, 
USA)). Ethidium bromide (EtBr) (3 µg/mL) was added 
to the bacterial suspensions followed by 30 µg/mL of an 
efflux pump inhibitor, chlorpromazine (CPZ). The bacte-
rial suspensions were incubated under shaking at 25 ˚C 
for an hour to allow maximum intracellular accumula-
tion of EtBr. The suspensions were washed, resuspended 
in PBS, and transferred (140 µL) to 96-well plates. The 
cells were reenergized to trigger the efflux of EtBr by 
adding 10 µL of glucose (0.4% v/v), and the fluorescence 
was monitored for 60 min at 37 ˚C using a plate reader 
(SpectraMax-i3X, Molecular Devices, USA) at 530/590 
nm (excitation/emission). S. aureus ATCC 25923 with 
no efflux pump activity was used as a reference strain. 
GraphPad Prism 7 software was used to determine the 
time-dependent efflux of EtBr using a single exponential 
decay equation as detailed previously [7]. The time taken 
for the bacterial cells to extrude 50% of EtBr was denoted 
as tefflux50 %.

The Nitrocefin assay was performed to determine the 
ß-lactamase enzyme activity [56]. For this, isolates grown 
overnight in MHB were adjusted to McFarland 1.0. 
Ampicillin (5 µg/mL and 25 µg/mL for ampicillin sus-
ceptible and resistant isolates, respectively) was added 
to the cell suspensions and incubated for 3 h at 37°C. 
Subsequently, suspensions were centrifuged at 8,900 × 
g for 10 min and the cells were washed in sodium phos-
phate buffer (pH – 7.0). Cells resuspended in buffer were 
sonicated on ice for 3 mins and the cell-free extract was 
collected by centrifugation (17,500 × g for 25 min). Ten 
microlitres of Nitrocefin (abcam, Canada) (stock concen-
tration: 0.5 mg/mL) were added to 10 µL of the cell-free 
extract in a 96-well plate. The final volume was adjusted 
to 100 µL using the buffer. The absorbance was recorded 
in kinetic mode for 15 min at 490 nm using a plate reader. 
S. aureus ATCC 25923 with no ß-lactamase enzyme 
activity was used as a reference strain. The β-lactamase 
enzyme activity was calculated using the formula:
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where Sa is the amount of nitrocefin (in μM) hydrolyzed 
between t1 and t2 of the standard curve; reaction time is 
the time difference between t1 and t2, and Sv is the sample 
volume (in mL) added to the well. The β-lactamase activ-
ity was reported as U/mL.

Determination of virulence characteristics in the isolates
The isolates were tested for hemolysin activity by grow-
ing colonies on Tryptic Soy Agar (TSA) plates contain-
ing 5% sheep blood. These plates were incubated for 24 h 
at 37 ˚C. The pattern of hemolysis was detected by visual 
inspection for the translucency around the bacterial col-
ony as detailed previously [57].

Biofilm-forming abilities of isolates were assessed by 
the crystal violet assay [58]. Briefly, 10 µL of bacterial 
culture maintained at 0.5 McFarland standard (approxi-
mately 1.5 × 108 cfu/mL) was added to 100 µL of MHB 
media in a 96-well plate. The plates were incubated for 
24  h at 37  °C without shaking. After incubation, the 
media was discarded, and the wells were washed with 
saline to remove non-adherent cells. These plates were 
kept undisturbed to fix the biofilms at room temperature 
for 15 min after adding 100 µL of methanol (99% v/v) to 
each well. The wells were air-dried, followed by the addi-
tion of 200 µL of crystal violet (0.4% v/v) and incubation 
for 2 h. Wells in these plates were washed with saline 
and 100 µL of acetic acid (30% v/v) was added. The bio-
film biomass was quantified by detecting absorbance at 
570 nm. The isolates were classified into non-biofilm-
formers, weak biofilm-formers, moderate biofilm-form-
ers, and strong biofilm-formers by using the following 
formulae: ODcut−off = ODavg of control + 3 × standard 
deviation (SD) of ODs of control; OD ≤ ODcut−off = Non-
biofilm-former (NBF); ODcut−off < OD ≤ 2 × ODcut−off = 
Weak biofilm-former (WBF); 2 × ODcut−off < OD ≤ 4 × 
ODcut−off = Moderate biofilm-former (MBF); OD > 4 × 
ODcut−off = Strong biofilm-former (SBF) [7]. S. aureus 
ATCC 25923 was used as a reference strain.

Evaluation of intracellular survival of S. aureus isolates 
in human intestinal epithelial cells
Cellular internalization of the isolates and the response 
of internalized bacteria to antibiotics were determined 
as previously described [56]. Caco-2 cells (ATCC, Vir-
ginia, USA) was used as the in vitro model of the human 
intestinal epithelium. The cells were cultured in a 96-well 
plate (2 × 104 cells/well) until confluent. Five antibiotic-
susceptible and five resistant isolates were randomly 
selected, and cultured overnight. The bacterial isolates 
(1.5 X 108 cells/mL) were added to each well to infect 

β- Lactamase enzyme activity =
Sa

Reaction time X Sv

the Caco-2 cells and the plate was incubated for an hour. 
The cells were washed using PBS (4 ˚C) and subjected 
to gentamicin (10 µg/mL) for 30 min. The extracellular 
gentamicin was removed by washing the cells with PBS 
followed by incubation with Gibco Dulbecco’s Modified 
Eagle Medium (DMEM) (Thermofisher, Canada) for 4 h 
to establish the intracellular infection model. Six antibi-
otics relevant to animal and human infection including 
ampicillin (10 µg/mL), kanamycin (30 µg/mL), strepto-
mycin (10 µg/mL), chloramphenicol (30 µg/mL), tetracy-
cline (30 µg/mL), and ceftiofur (30 µg/mL) (the standard 
concentration breakpoints of antibiotics suggested by 
CLSI) were selected to check their efficiency against 
intracellular isolates. The plates were incubated for 24 h 
after the addition of antibiotics in a cell culture incuba-
tor at 37  °C, with 5% CO2. Subsequently, the cells were 
washed using PBS and lysed using 0.5% (v/v) of Triton-
X. Colony-forming units (cfu) of viable intracellular bac-
teria were enumerated using the drop culture method 
as detailed earlier [59]. S. aureus ATCC 25923 was used 
as a reference strain and cells infected with bacteria but 
without any treatment were considered as the negative 
control.

Evaluation of S. aureus pathogenicity in Caenorhabditis 
elegans model of intestinal infection
The C. elegans CF512 worms were age-synchronized 
with an alkaline bleach solution to the first larval stage 
(L1) and further attained the fourth larval (L4) stage with 
lawns of E. coli OP50 on solid nematode growth medium 
(NGM) for 48 h at 21 °C [60]. These worms were washed 
with M9 buffer and transferred to NGM plates with 
lawns of 1.5 × 108 cells of S. aureus isolates to establish 
infection. The plates were incubated for 48 h at 25 ˚C. 
The infected worms were then washed, resuspended in 
S-basal media, and exposed to antibiotics in a 96-well 
plate. After 24 h, the infected worms were washed again 
and transferred (n=15-30) to fresh solid NGM plates 
with E. coli OP50 lawns. The plates were examined every 
24 h for 20 days for worm survivability using a dissection 
microscope (Wild Heerbrugg, Switzerland). Untreated 
infected and non-infected worms were considered as 
controls. Live worms in the plates were scored with a 
transfer pick.

Fluorescence microscopic analysis of S. aureus in Caco‑2 
cells and Caenorhabditis elegans
Cells of S. aureus 30 (Sa30) were transformed with plas-
mids pSGFPS1 (coding GFP) and pSRFPS1 (coding RFP) 
to visualize bacterial survival in Caco-2 cells and the C. 
elegans models, respectively. GFP-labeled Sa30 was used 
to establish infection in Caco-2 cells and avoid interfer-
ence in the assessment of cell viability, while RFP-labeled 
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Sa30 was used to infect C. elegans and avoid interference 
from green autofluorescent worms. For this, plasmids of 
pSGFPS1 (BEI resources, NR-51163) and pSRFPS1 (BEI 
resources, NR-51164) from S. aureus RN4220 were puri-
fied using the Monarch® Plasmid Miniprep Kit (NEB) 
after pre-treating with 20  µg of lysostaphin (Sigma-
Aldrich) for 30  min at 37  °C  [61]. The  electrocompe-
tent cells of S. aureus 30 (Sa30), originally isolated from 
mastitic cattle, were prepared as reported earlier  [61]. 
Briefly, 0.1 µg of the purified plasmid DNA and 70 µL of 
the S. aureus competent cells were combined and pulsed 
at 2.3 kV, 100 Ω, and 25 µF in 0.1 cm cuvette using the 
Gene Pulser Electroporation System (Bio-Rad Laborato-
ries). The pulsed cells were transferred to 1 mL of brain 
heart infusion broth and incubated for 1 h at 37 ˚C under 
constant shaking (5 × g). The cell suspensions were cul-
tured on Luria-Bertani agar (containing 10 µg/mL of tri-
methoprim) and then incubated overnight at 37 ˚C.

Transformations of bacterial cells were confirmed 
by acquiring epi-fluorescence images of the bacterial 
cells using a high-content screening microscope, Cell 
Discoverer 7 (Carl Zeiss, Germany). The cell death in 
Caco-2 ensuing bacterial (Sa30) infection was assessed 
using fluorescence probes. Briefly, the cells were added 
with 30 µL of fluorescence probes in saline contain-
ing Hoechst 33342 (1  μM) (ThermoFisher, Canada) and 
Propidium iodide (PI) (5  μM) (ThermoFisher, Canada) 
to image for the number of live and dead cells [59, 62]. 
These plates were kept at 37  °C for 30  min in the dark 
and epi-fluorescence images of the Caco-2 cells were cap-
tured using channels of blue (Hoechst (461 nm), staining 
cell nucleus), green (GFP from Sa30), and red (PI (615 
nm) staining nucleus of dead Caco-2 cells). Similarly, 
images of infected and non-infected C. elegans were also 
acquired by Cell Discoverer 7. Green (505 nm), and red 
(583 nm) filter combinations were used to image green 
autofluorescence from C. elegans and red fluorescence 
from RFP labeled Sa30.

Identification of antibiotic resistance, and virulence genes 
through whole‑genome analysis
The extraction and quantification of DNA of each iso-
late, DNA library preparation, whole-genome sequenc-
ing, assembly, and annotation of sequenced reads were 
conducted as reported previously (Table S1) [1, 54, 
63]. Initially, the isolates were identified using matrix-
assisted laser desorption ionization-time of flight 
(MALDI) mass spectrometry. A single well-isolated 
colony from the TSA plates was cultured overnight at 
37°C with agitation. An aliquot of the liquid culture was 
used for DNA extraction with the DNAzol reagent (Inv-
itrogen) and lysostaphin (Sigma-Aldrich) following the 
manufacturer’s instructions. Briefly, the Nextera Flex 

DNA library preparation kit (Illumina, San Diego, CA) 
and Nextera DNA CD indexes (96 indexes, 96 samples) 
were used to prepare sequencing libraries as paired-
end libraries. The libraries were then sequenced using 
a MiSeq benchtop sequencer (Illumina) (301 cycles 
in each direction). The raw DNA sequences of the iso-
lates were assembled using ProkaryoteAssembly version 
0.1.6 (https://​github.​com/​bfssi-​forest-​dussa​ult/​Proka​
ryote​Assem​bly), and the quality of the genome assem-
blies was assessed using Qualimap (v. 2.2.2) [7]. Default 
parameters were applied except for the trimming step 
for which command trimq=20 was used to trim low-
quality sequences (Q score of <20). The sequence types 
(STs) of each isolate were identified using the tool MLST 
(v. 2.23.0) (https://​github.​com/​tseem​ann/​mlst) which 
incorporates data from the PubMLST database. The 
antibiotic-resistant genes were identified using ABRi-
cate (https://​github.​com/​tseem​ann/​abric​ate) through 
the MEGARes database whereas, the genes associated 
with virulence were assessed using VFanalyzer (http://​
www.​mgc.​ac.​cn/​VFs/​main.​htm) [1, 57]. Whole genome 
sequencing data were deposited in BioProject numbers 
PRJNA609123 (https://​www.​ncbi.​nlm.​nih.​gov/​biopr​
oject/​PRJNA​609123) and PRJNA622791 (https://​www.​
ncbi.​nlm.​nih.​gov/​biopr​oject/?​term=​PRJNA​622791). 
The accession numbers for each genome are reported in 
Table S1.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12866-​023-​02785-1.

Additional file 1: Figure S1. a) Intracellular responses of Sa9, Sa11, 
Sa14, Sa3014, Sa3154, Sa3489, and Sa3603 to antibiotic treatment. The 
aminoglycosides and ampicillin failed to show efficiency against the 
Caco-2 internalized isolates, whereas chloramphenicol and ceftiofur were 
comparatively more effective (p < 0.05). Tetracycline was more efficient 
(p < 0.05) against all the isolates except the tetracycline-resistant Sa9. 
b-h) Assessment of antibiotic efficiency against b) Sa9, c) Sa11, d) Sa14, 
e) Sa3014, f ) Sa3154, g) Sa3489, and h) Sa3603 infection in C. elegans. The 
infected worms were exposed to ampicillin (AMP) (10 µg/mL), kanamycin 
(K) (30 µg/mL), streptomycin (S) (10 µg/mL), chloramphenicol (C) (30 µg/
mL), tetracycline (TET) (30 µg/mL), and ceftiofur (CF) (30 µg/mL). The 
aminoglycosides, ampicillin, and chloramphenicol failed to show infection 
remediation in the worms, whereas, ceftiofur was comparatively more 
effective (p < 0.05). Tetracycline was effective (p < 0.05) as well except 
against Sa9 infected worms. Average values plotted in the graph with 
different alphabets indicate a significant difference (p < 0.05). ‘IF-control’ 
stands for infected Caco-2 cells without antibiotic treatment. ‘NIF-Worms’ 
and ‘IF-Worm UT’ stands for non-infected worms and infected untreated 
worms, respectively.

Additional file 2: Figure S2. Microscopic images of non-infected, and 
antibiotic-treated/untreated Sa30 infected C. elegans under transmission 
light. Images of a) non-infected, c) Sa30 infected (48 h post-infection), and 
d) dead infected worms. Destruction of intestinal epithelium and degrada-
tion of internal organs was observed due to Sa30 infection. The antibiotics 
e) ampicillin, f ) kanamycin, g) streptomycin, h) chloramphenicol, i) tetracy-
cline, and j) ceftiofur were exposed to Sa30 infected worms for 24 h. The 
images were acquired using the Cell Discoverer 7.
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Additional file 3: Table S1. Metadata of the 43 S. aureus isolates. 
Table S2. List of antibiotics and antibiotic concentration breakpoints. 
Table S3. List of a) responses of S. aureus isolates towards antibiotics, 
and b) prevalence of antibiotic resistant mechanisms. Table S4. List of 
genes associated to antibiotic resistant mechanisms in S. aureus isolates. 
Table S5. List of S. aureus isolates with hemolysin production and biofilm 
formation ability. Table S6. List of genes associated to virulence character-
istics in the S. aureus isolates.

Acknowledgements
Satwik Majumder acknowledges student aid from CRIPA (Centre de recherche 
en infectiologie porcine et avicole), and INAF (Institute of Nutrition and 
Functional Foods).

Authors’ contributions
Satwik Majumder: Conceptualization, Data curation, Formal analysis, Investiga-
tion, Methodology, Software, Validation, Visualization, Writing – original draft, 
Writing – review & editing. Trisha Sackey: Conceptualization, Formal analysis, 
Methodology, Validation, Visualization, Writing – review & editing. Charles Viau: 
Conceptualization, Formal analysis, Methodology, Validation, Visualization, 
Writing – review & editing. Soyoun Park: Formal analysis, Methodology, Valida-
tion, Visualization, Writing – review & editing. Jianguo Xia: Resources, Valida-
tion, Writing – review & editing. Jennifer Ronholm: Investigation, Resources, 
Validation, Visualization, Writing – review & editing. Saji George: Funding 
acquisition, Conceptualization, Methodology, Investigation, Project admin-
istration, Resources, Supervision, Validation, Visualization, Writing – review & 
editing. The author(s) read and approved the final manuscript.

Funding
The authors acknowledge funding CRC/George/X-coded/248475 and CFI 
254248 for supporting this research work.

Availability of data and materials
All supporting datasets have been deposited online. The raw sequence reads 
have been deposited in the NCBI Sequence Read Archive under BioProject 
accession numbers PRJNA609123 (https://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/​
PRJNA​609123) and PRJNA622791 (https://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/?​
term=​PRJNA​622791). The accession numbers for each genome are provided 
in Table S1. The datasets used and analyzed during the current study are avail-
able from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Dr. Jennifer Ronholm is a Senior Editorial Board Member of BMC Microbiology.

Received: 18 August 2022   Accepted: 30 January 2023

References
	1.	 Park S, Jung D, O’Brien B, Ruffini J, Dussault F, Dube-Duquette A, et al. 

Comparative genomic analysis of Staphylococcus aureus isolates associ-
ated with either bovine intramammary infections or human infections 
demonstrates the importance of restriction-modification systems in host 
adaptation. Microb Genom. 2022;8(2):000779. https://​doi.​org/​10.​1099/​
mgen.0.​000779.

	2.	 Park S, Ronholm J. Staphylococcus aureus in Agriculture: Lessons in Evolu-
tion from a Multispecies Pathogen. Clin Microbiol Rev. 2021;34(2):e00182-
20. https://​doi.​org/​10.​1128/​cmr.​00182-​20.

	3.	 Boss R, Cosandey A, Luini M, Artursson K, Bardiau M, Breitenwieser F, et al. 
Bovine Staphylococcus aureus: Subtyping, evolution, and zoonotic trans-
fer. J Dairy Sci. 2016;99(1):515–28. https://​doi.​org/​10.​3168/​jds.​2015-​9589.

	4.	 Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG Jr. Staphylococcus 
aureus infections: epidemiology, pathophysiology, clinical manifestations, 
and management. Clin Microbiol Rev. 2015;28(3):603–61. https://​doi.​org/​
10.​1128/​cmr.​00134-​14.

	5.	 Dego OK, Van Dijk J, Nederbragt H. Factors involved in the early 
pathogenesis of bovine Staphylococcus aureus mastitis with emphasis 
on bacterial adhesion and invasion. A review Veterinary Quarterly. 
2002;24(4):181–98. https://​doi.​org/​10.​1080/​01652​176.​2002.​96951​35.

	6.	 Dego OK. Bovine Mastitis: Part I. In: Animal Reproduction in Veterinary 
Medicine. IntechOpen. 2020. https://​doi.​org/​10.​5772/​intec​hopen.​93483.

	7.	 Majumder S, Jung D, Ronholm J, George S. Prevalence and mechanisms 
of antibiotic resistance in Escherichia coli isolated from mastitic dairy 
cattle in Canada. BMC Microbiol. 2021;21(1):222. https://​doi.​org/​10.​1186/​
s12866-​021-​02280-5.

	8.	 Larsen J, Raisen CL, Ba X, Sadgrove NJ, Padilla-González GF, Simmonds 
MSJ, et al. Emergence of methicillin resistance predates the clinical use 
of antibiotics. Nature. 2022;602(7895):135–41. https://​doi.​org/​10.​1038/​
s41586-​021-​04265-w.

	9.	 Kwak Y-K, Vikström E, Magnusson K-E, Vécsey-Semjén B, Colque-Navarro 
P, Möllby R. The Staphylococcus aureus alpha-toxin perturbs the barrier 
function in Caco-2 epithelial cell monolayers by altering junctional 
integrity. Infect Immun. 2012;80(5):1670–80. https://​doi.​org/​10.​1128/​IAI.​
00001-​12.

	10	 Jiang H, Wang D. The Microbial Zoo in the C. elegans Intestine: Bacteria, 
Fungi and Viruses. Viruses. 2018;10(2):85. https://​doi.​org/​10.​3390/​v1002​0085.

	11.	 Le KY, Otto M. Quorum-sensing regulation in staphylococci-an overview. 
Front Microbiol. 2015;6:1174. https://​doi.​org/​10.​3389/​fmicb.​2015.​01174.

	12.	 Hong X, Qin J, Li T, Dai Y, Wang Y, Liu Q, et al. Staphylococcal Protein A 
Promotes Colonization and Immune Evasion of the Epidemic Healthcare-
Associated MRSA ST239. Front Microbiol. 2016;7:951. https://​doi.​org/​10.​
3389/​fmicb.​2016.​00951.

	13.	 Rice K, Peralta R, Bast D, de Azavedo J, McGavin MJ. Description of staphy-
lococcus serine protease (ssp) operon in Staphylococcus aureus and 
nonpolar inactivation of sspA-encoded serine protease. Infect Immun. 
2001;69(1):159–69. https://​doi.​org/​10.​1128/​IAI.​69.1.​159-​169.​2001.

	14.	 Smith EJ, Visai L, Kerrigan SW, Speziale P, Foster TJ. The Sbi protein is a 
multifunctional immune evasion factor of Staphylococcus aureus. Infect 
Immun. 2011;79(9):3801–9. https://​doi.​org/​10.​1128/​IAI.​05075-​11.

	15.	 Dubin G. Extracellular proteases of Staphylococcus spp. Biol Chem. 
2002;383(7–8):1075–86. https://​doi.​org/​10.​1515/​bc.​2002.​116.

	16.	 Stelzner K, Boyny A, Hertlein T, Sroka A, Moldovan A, Paprotka K, et al. 
Intracellular Staphylococcus aureus employs the cysteine protease 
staphopain A to induce host cell death in epithelial cells. PLoS Pathog. 
2021;17(9):e1009874. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10098​74.

	17.	 Saini V, McClure JT, Léger D, Dufour S, Sheldon AG, Scholl DT, et al. Anti-
microbial use on Canadian dairy farms. J Dairy Sci. 2012;95(3):1209–21. 
https://​doi.​org/​10.​3168/​jds.​2011-​4527.

	18.	 Bennett JE, Dolin R, Blaser MJ. Mandell, Douglas, and Bennett’s principles 
and practice of infectious diseases. 9th ed. Philadelphia: Elsevier; 2020. 
https://​www.​elsev​ier.​com/​books/​mande​ll-​dougl​as-​and-​benne​tts-​princ​
iples-​and-​pract​ice-​of-​infec​tious-​disea​ses/​benne​tt/​978-0-​323-​48255-4. 
Accessed 15 Apr 2022.

	19.	 Truong-Bolduc Q, Dunman P, Strahilevitz J, Projan S, Hooper D. MgrA is a 
multiple regulator of two new efflux pumps in Staphylococcus aureus. J 
Bacteriol. 2005;187(7):2395–405. https://​doi.​org/​10.​1128/​JB.​187.7.​2395-​
2405.​2005.

	20.	 Kaatz GW, McAleese F, Seo SM. Multidrug resistance in Staphylococ-
cus aureus due to overexpression of a novel multidrug and toxin 
extrusion (MATE) transport protein. Antimicrob Agents Chemother. 
2005;49(5):1857–64. https://​doi.​org/​10.​1128/​AAC.​49.5.​1857-​1864.​2005.

	21.	 Narui K, Noguchi N, Wakasugi K, Sasatsu M. Cloning and characterization 
of a novel chromosomal drug efflux gene in Staphylococcus aureus. Biol 
Pharm Bull. 2002;25(12):1533–6. https://​doi.​org/​10.​1248/​bpb.​25.​1533.

	22.	 Neyfakh AA, Borsch C, Kaatz G. Fluoroquinolone resistance protein 
NorA of Staphylococcus aureus is a multidrug efflux transporter. Anti-
microb Agents Chemother. 1993;37(1):128–9. https://​doi.​org/​10.​1128/​
AAC.​37.1.​128.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA609123
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA609123
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA622791
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA622791
https://doi.org/10.1099/mgen.0.000779
https://doi.org/10.1099/mgen.0.000779
https://doi.org/10.1128/cmr.00182-20
https://doi.org/10.3168/jds.2015-9589
https://doi.org/10.1128/cmr.00134-14
https://doi.org/10.1128/cmr.00134-14
https://doi.org/10.1080/01652176.2002.9695135
https://doi.org/10.5772/intechopen.93483
https://doi.org/10.1186/s12866-021-02280-5
https://doi.org/10.1186/s12866-021-02280-5
https://doi.org/10.1038/s41586-021-04265-w
https://doi.org/10.1038/s41586-021-04265-w
https://doi.org/10.1128/IAI.00001-12
https://doi.org/10.1128/IAI.00001-12
https://doi.org/10.3390/v10020085
https://doi.org/10.3389/fmicb.2015.01174
https://doi.org/10.3389/fmicb.2016.00951
https://doi.org/10.3389/fmicb.2016.00951
https://doi.org/10.1128/IAI.69.1.159-169.2001
https://doi.org/10.1128/IAI.05075-11
https://doi.org/10.1515/bc.2002.116
https://doi.org/10.1371/journal.ppat.1009874
https://doi.org/10.3168/jds.2011-4527
https://www.elsevier.com/books/mandell-douglas-and-bennetts-principles-and-practice-of-infectious-diseases/bennett/978-0-323-48255-4
https://www.elsevier.com/books/mandell-douglas-and-bennetts-principles-and-practice-of-infectious-diseases/bennett/978-0-323-48255-4
https://doi.org/10.1128/JB.187.7.2395-2405.2005
https://doi.org/10.1128/JB.187.7.2395-2405.2005
https://doi.org/10.1128/AAC.49.5.1857-1864.2005
https://doi.org/10.1248/bpb.25.1533
https://doi.org/10.1128/AAC.37.1.128
https://doi.org/10.1128/AAC.37.1.128


Page 17 of 18Majumder et al. BMC Microbiology           (2023) 23:43 	

	23.	 Kumar S, Varela MF. Biochemistry of bacterial multidrug efflux pumps. Int 
J Mol Sci. 2012;13(4):4484–95. https://​doi.​org/​10.​3390/​ijms1​30444​84.

	24.	 Poole K. Efflux-mediated resistance to fluoroquinolones in gram-
positive bacteria and the mycobacteria. Antimicrob Agents Chemother. 
2000;44(10):2595–9. https://​doi.​org/​10.​1128/​aac.​44.​10.​2595-​2599.​2000.

	25.	 Ding Y, Onodera Y, Lee JC, Hooper DC. NorB, an efflux pump in Staphylo-
coccus aureus strain MW2, contributes to bacterial fitness in abscesses. J 
Bacteriol. 2008;190(21):7123–9. https://​doi.​org/​10.​1128/​jb.​00655-​08.

	26.	 Khosravi AD, Jenabi A, Montazeri EA. Distribution of genes encod-
ing resistance to aminoglycoside modifying enzymes in methicillin-
resistant Staphylococcus aureus (MRSA) strains. Kaohsiung J Med Sci. 
2017;33(12):587–93. https://​doi.​org/​10.​1016/j.​kjms.​2017.​08.​001.

	27	 Petinaki E, Papagiannitsis C. Resistance of Staphylococci to Macrolides-
Lincosamides-Streptogramins B (MLSB): Epidemiology and Mechanisms 
of Resistance. 2018. https://​doi.​org/​10.​5772/​intec​hopen.​75192.

	28.	 Zhang L, Gao J, Barkema HW, Ali T, Liu G, Deng Y, et al. Virulence gene 
profiles: alpha-hemolysin and clonal diversity in Staphylococcus aureus 
isolates from bovine clinical mastitis in China. BMC Vet Res. 2018;14(1):63. 
https://​doi.​org/​10.​1186/​s12917-​018-​1374-7.

	29.	 Paharik AE, Horswill AR. The Staphylococcal Biofilm: Adhesins, Regulation, 
and Host Response. Microbiol Spectr. 2016;4(2). https://​doi.​org/​10.​1128/​
micro​biols​pec.​VMBF-​0022-​2015.

	30	 Arciola CR, Campoccia D, Ravaioli S, Montanaro L. Polysaccharide intercel-
lular adhesin in biofilm: structural and regulatory aspects. Front Cell Infect 
Microbiol. 2015;5:7. https://​doi.​org/​10.​3389/​fcimb.​2015.​00007.

	31.	 Guinane CM, Sturdevant DE, Herron-Olson L, Otto M, Smyth DS, et al. 
Pathogenomic analysis of the common bovine Staphylococcus aureus 
clone (ET3): emergence of a virulent subtype with potential risk to public 
health. J Infect Dis. 2008;197:205–13. https://​doi.​org/​10.​1086/​524689.

	32.	 Sinha B, Francois P, Que YA, Hussain M, Heilmann C, Moreillon P, 
et al. Heterologously expressed Staphylococcus aureus fibronectin-
binding proteins are sufficient for invasion of host cells. Infect Immun. 
2000;68(12):6871–8. https://​doi.​org/​10.​1128/​IAI.​68.​12.​6871-​6878.​2000.

	33	 Irazoqui JE, Troemel ER, Feinbaum RL, Luhachack LG, Cezairliyan BO, Aus-
ubel FM. Distinct Pathogenesis and Host Responses during Infection of C. 
elegans by P. aeruginosa and S. aureus. PLoS Pathog. 2010;6(7):e1000982. 
https://​doi.​org/​10.​1371/​journ​al.​ppat.​10009​82.

	34.	 Sifri CD, Begun J, Ausubel FM, Calderwood SB. Caenorhabditis elegans 
as a model host for Staphylococcus aureus pathogenesis. Infect Immun. 
2003;71(4):2208–17. https://​doi.​org/​10.​1128/​IAI.​71.4.​2208-​2217.​2003.

	35.	 Begun J, Gaiani JM, Rohde H, Mack D, Calderwood SB, Ausubel FM, et al. 
Staphylococcal Biofilm Exopolysaccharide Protects against Caenorhabdi-
tis elegans Immune Defenses. PLoS Pathog. 2007;3(4):e57. https://​doi.​org/​
10.​1371/​journ​al.​ppat.​00300​57.

	36.	 Bongers S, Hellebrekers P, Leenen LPH, Koenderman L, Hietbrink F. Intra-
cellular Penetration and Effects of Antibiotics on Staphylococcus aureus 
Inside Human Neutrophils: A Comprehensive Review. Antibiotics (Basel). 
2019;8(2):54. https://​doi.​org/​10.​3390/​antib​iotic​s8020​054.

	37.	 McLeod TF, Manyan DR, Yunis AA. The cellular transport of chlorampheni-
col and thiamphenicol. J Lab Clin Med. 1977;90(2):347–53 (PMID: 267694).

	38.	 Cockeran R, Mutepe ND, Theron AJ, Tintinger GR, Steel HC, Stivaktas PI, 
et al. Calcium-dependent potentiation of the pro-inflammatory functions 
of human neutrophils by tigecycline in vitro. J Antimicrob Chemother. 
2012;67(1):130–7. https://​doi.​org/​10.​1093/​jac/​dkr441.

	39.	 Naess A, Andreeva H, Sørnes S. Tigecycline attenuates polymorpho-
nuclear leukocyte (PMN) receptors but not functions. Acta Pharm. 
2011;61(3):297–302. https://​doi.​org/​10.​2478/​v10007-​011-​0024-4.

	40	 Jacobs RF, Wilson CB. Intracellular penetration and antimicrobial activity 
of antibiotics. J Antimicrob Chemother. 1983;12(suppl_C):13–20. https://​
doi.​org/​10.​1093/​jac/​12.​suppl_C.​13.

	41.	 Uses of Antimicrobials in Food Animals in Canada: Impact on Resistance 
and Human Health In. Edited by Veterinary Drugs Directorate HC; 2002. 
Link: https://​www.​canada.​ca/​en/​health-​canada/​servi​ces/​drugs-​health-​
produ​cts/​repor​ts-​publi​catio​ns/​veter​inary-​drugs/​uses-​antim​icrob​ials-​
food-​anima​ls-​canada-​impact-​resis​tance-​human-​health-​health-​canada-​
2002.​html. Accessed 3 Mar 2021.

	42	 Head B, Aballay A. Recovery from an acute infection in C. elegans requires 
the GATA transcription factor ELT-2. PLoS Genet. 2014;10(10):e1004609. 
https://​doi.​org/​10.​1371/​journ​al.​pgen.​10046​09.

	43.	 Kumar L, Brenner N, Brice J, Klein-Seetharaman J, Sarkar SK. Cepha-
losporins Interfere With Quorum Sensing and Improve the Ability of 

Caenorhabditis elegans to Survive Pseudomonas aeruginosa Infection. 
Front Microbiol. 2021;12:598498. https://​doi.​org/​10.​3389/​fmicb.​2021.​
598498.

	44.	 O’Reilly LP, Luke CJ, Perlmutter DH, Silverman GA, Pak SCC. elegans in 
high-throughput drug discovery. Adv Drug Deliv Rev. 2014;69–70:247–
53. https://​doi.​org/​10.​1016/j.​addr.​2013.​12.​001.

	45	 Gonzalez CD, Ledo C, Giai C, Garófalo A, Gómez MI. The Sbi Protein 
Contributes to Staphylococcus aureus Inflammatory Response during 
Systemic Infection. PloS one. 2015;10(6):e0131879. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01318​79.

	46.	 Echániz-Aviles G, Velazquez-Meza ME, Rodríguez-Arvizu B, Carnalla-Bara-
jas MN, Noguerón AS. Detection of capsular genotypes of methicillin-
resistant Staphylococcus aureus and clonal distribution of the cap5 and 
cap8 genes in clinical isolates. Arch Microbiol. 2022;204(3):186. https://​
doi.​org/​10.​1007/​s00203-​022-​02793-1.

	47.	 Thammavongsa V, Kern JW, Missiakas DM, Schneewind O. Staphylococcus 
aureus synthesizes adenosine to escape host immune responses. J Exp 
Med. 2009;206(11):2417–27. https://​doi.​org/​10.​1084/​jem.​20090​097.

	48	 Schmidt T, Kock MM, Ehlers MM. Molecular Characterization of Staphylococ-
cus aureus Isolated from Bovine Mastitis and Close Human Contacts in South 
African Dairy Herds: Genetic Diversity and Inter-Species Host Transmission. 
Front Microbiol. 2017;8:511. https://​doi.​org/​10.​3389/​fmicb.​2017.​00511.

	49.	 Úbeda C, Maiques E, Knecht E, Lasa Í, Novick RP, Penadés JR. Antibiotic-
induced SOS response promotes horizontal dissemination of patho-
genicity island-encoded virulence factors in staphylococci. Mol Microbiol. 
2005;56(3):836–44. https://​doi.​org/​10.​1111/j.​1365-​2958.​2005.​04584.x.

	50.	 Beaber JW, Hochhut B, Waldor MK. SOS response promotes horizontal 
dissemination of antibiotic resistance genes. Nature. 2004;427(6969):72–
4. https://​doi.​org/​10.​1038/​natur​e02241.

	51.	 Coates ARM, Hu Y, Holt J, Yeh P. Antibiotic combination therapy against 
resistant bacterial infections: synergy, rejuvenation and resistance reduc-
tion. Expert Rev Anti Infect Ther. 2020;18(1):5–15. https://​doi.​org/​10.​1080/​
14787​210.​2020.​17051​55.

	52.	 George S, Tay I, Phue WH, Gardner H, Sukumaran B. Enhancing the 
Bioavailability of Silver Through Nanotechnology Approaches Could 
Overcome Efflux Pump Mediated Silver Resistance in Methicillin Resistant 
Staphylococcus aureus. J Biomed Nanotechnol. 2019;15(11):2216–28. 
https://​doi.​org/​10.​1166/​jbn.​2019.​2858.

	53.	 Reyher KK, Dufour S, Barkema HW, Des Côteaux L, DeVries TJ, Dohoo IR, 
et al. The National Cohort of Dairy Farms—A data collection platform for 
mastitis research in Canada. J Dairy Sci. 2011;94(3):1616–26. https://​doi.​
org/​10.​3168/​jds.​2010-​3180.

	54.	 Dufour S, Labrie J, Jacques M. The Mastitis Pathogens Culture Collection. 
Microbiol Resour Announc. 2019;8(15):e00133-e219. https://​doi.​org/​10.​
1128/​MRA.​00133-​19.

	55.	 CLSI: Performance standards for antimicrobial susceptibility testing; CLSI 
document M100–S27, Wayne, PA: Clinical Laboratory Standards Institute 
(CLSI). 2017. https://​clsi.​org/​stand​ards/​produ​cts/​micro​biolo​gy/​docum​
ents/​m100/. Accessed 3 Mar 2021.

	56.	 Brar A, Majumder S, Navarro MZ, Benoit-Biancamano M-O, Ronholm J, 
George S. Nanoparticle-Enabled Combination Therapy Showed Superior 
Activity against Multi-Drug Resistant Bacterial Pathogens in Comparison 
to Free Drugs. Nanomaterials. 2022;12(13):2179. https://​doi.​org/​10.​3390/​
nano1​21321​79.

	57.	 Buxton R. Blood agar plates and hemolysis protocols. American Society 
for Microbiology. 2005. https://​asm.​org/​getat​tachm​ent/​7ec0d​e2b-​bb16-​
4f6e-​ba07-​2aea2​5a43e​76/​proto​col-​2885.​pdf. Accessed 3 Mar 2021.

	58.	 George S, Teo LL, Majumder S, Chew WL, Khoo GH. Low levels of silver 
in food packaging materials may have no functional advantage, instead 
enhance microbial spoilage of food through hormetic effect. Food Con-
trol. 2020:107768. https://​doi.​org/​10.​1016/j.​foodc​ont.​2020.​107768.

	59.	 Shao L, Majumder S, Liu Z, Xu K, Dai R, George S. Light activation of 
gold nanorods but not gold nanospheres enhance antibacterial effect 
through photodynamic and photothermal mechanisms. J Photochem 
Photobiol B Biol. 2022;231:112450. https://​doi.​org/​10.​1016/j.​jphot​obiol.​
2022.​112450.

	60.	 Majumder S, Viau C, Brar A, Xia J, George S. Silver nanoparticles grafted 
onto tannic acid-modified halloysite clay eliminated multidrug-resistant 
Salmonella Typhimurium in a Caenorhabditis elegans model of intestinal 
infection. Appl Clay Sci. 2022;228:106569. https://​doi.​org/​10.​1016/j.​clay.​
2022.​106569.

https://doi.org/10.3390/ijms13044484
https://doi.org/10.1128/aac.44.10.2595-2599.2000
https://doi.org/10.1128/jb.00655-08
https://doi.org/10.1016/j.kjms.2017.08.001
https://doi.org/10.5772/intechopen.75192
https://doi.org/10.1186/s12917-018-1374-7
https://doi.org/10.1128/microbiolspec.VMBF-0022-2015
https://doi.org/10.1128/microbiolspec.VMBF-0022-2015
https://doi.org/10.3389/fcimb.2015.00007
https://doi.org/10.1086/524689
https://doi.org/10.1128/IAI.68.12.6871-6878.2000
https://doi.org/10.1371/journal.ppat.1000982
https://doi.org/10.1128/IAI.71.4.2208-2217.2003
https://doi.org/10.1371/journal.ppat.0030057
https://doi.org/10.1371/journal.ppat.0030057
https://doi.org/10.3390/antibiotics8020054
https://doi.org/10.1093/jac/dkr441
https://doi.org/10.2478/v10007-011-0024-4
https://doi.org/10.1093/jac/12.suppl_C.13
https://doi.org/10.1093/jac/12.suppl_C.13
https://www.canada.ca/en/health-canada/services/drugs-health-products/reports-publications/veterinary-drugs/uses-antimicrobials-food-animals-canada-impact-resistance-human-health-health-canada-2002.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/reports-publications/veterinary-drugs/uses-antimicrobials-food-animals-canada-impact-resistance-human-health-health-canada-2002.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/reports-publications/veterinary-drugs/uses-antimicrobials-food-animals-canada-impact-resistance-human-health-health-canada-2002.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/reports-publications/veterinary-drugs/uses-antimicrobials-food-animals-canada-impact-resistance-human-health-health-canada-2002.html
https://doi.org/10.1371/journal.pgen.1004609
https://doi.org/10.3389/fmicb.2021.598498
https://doi.org/10.3389/fmicb.2021.598498
https://doi.org/10.1016/j.addr.2013.12.001
https://doi.org/10.1371/journal.pone.0131879
https://doi.org/10.1371/journal.pone.0131879
https://doi.org/10.1007/s00203-022-02793-1
https://doi.org/10.1007/s00203-022-02793-1
https://doi.org/10.1084/jem.20090097
https://doi.org/10.3389/fmicb.2017.00511
https://doi.org/10.1111/j.1365-2958.2005.04584.x
https://doi.org/10.1038/nature02241
https://doi.org/10.1080/14787210.2020.1705155
https://doi.org/10.1080/14787210.2020.1705155
https://doi.org/10.1166/jbn.2019.2858
https://doi.org/10.3168/jds.2010-3180
https://doi.org/10.3168/jds.2010-3180
https://doi.org/10.1128/MRA.00133-19
https://doi.org/10.1128/MRA.00133-19
https://clsi.org/standards/products/microbiology/documents/m100/
https://clsi.org/standards/products/microbiology/documents/m100/
https://doi.org/10.3390/nano12132179
https://doi.org/10.3390/nano12132179
https://asm.org/getattachment/7ec0de2b-bb16-4f6e-ba07-2aea25a43e76/protocol-2885.pdf
https://asm.org/getattachment/7ec0de2b-bb16-4f6e-ba07-2aea25a43e76/protocol-2885.pdf
https://doi.org/10.1016/j.foodcont.2020.107768
https://doi.org/10.1016/j.jphotobiol.2022.112450
https://doi.org/10.1016/j.jphotobiol.2022.112450
https://doi.org/10.1016/j.clay.2022.106569
https://doi.org/10.1016/j.clay.2022.106569


Page 18 of 18Majumder et al. BMC Microbiology           (2023) 23:43 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	61.	 Park S, Classen A, Gohou HM, Maldonado R, Kretschmann E, Duvernay 
C, et al. A new, reliable, and high-throughput strategy to screen bacteria 
for antagonistic activity against Staphylococcus aureus. BMC Microbiol. 
2021;21(1):189. https://​doi.​org/​10.​1186/​s12866-​021-​02265-4.

	62.	 Xu K, Basu N, George S. Dietary nanoparticles compromise epithelial 
integrity and enhance translocation and antigenicity of milk proteins: An 
in vitro investigation. NanoImpact. 2021;24:100369. https://​doi.​org/​10.​
1016/j.​impact.​2021.​100369.

	63.	 Park S, Jung D, Dufour S, Ronholm J. Draft Genome Sequences of 27 
Staphylococcus aureus Strains and 3 Staphylococcus Species Strains Iso-
lated from Bovine Intramammary Infections. Microbiol Resour Announc. 
2020;9(19):e00300-e320. https://​doi.​org/​10.​1128/​MRA.​00300-​20.

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

https://doi.org/10.1186/s12866-021-02265-4
https://doi.org/10.1016/j.impact.2021.100369
https://doi.org/10.1016/j.impact.2021.100369
https://doi.org/10.1128/MRA.00300-20

	Genomic and phenotypic profiling of Staphylococcus aureus isolates from bovine mastitis for antibiotic resistance and intestinal infectivity
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Prevalence of antibiotic resistance in S. aureus isolates
	Virulence profile of S. aureus isolates
	Internalization of the S. aureus isolates in human intestinal epithelial cells
	Pathogenicity of the S. aureus isolates in Caenorhabditis elegans model of intestinal infection

	Discussion
	Conclusion
	Methods
	Isolation of the S. aureus from cases of clinical mastitis
	Susceptibility testing of the isolates against antibiotics
	Detection of antibiotic resistance mechanisms in the isolates
	Determination of virulence characteristics in the isolates
	Evaluation of intracellular survival of S. aureus isolates in human intestinal epithelial cells
	Evaluation of S. aureus pathogenicity in Caenorhabditis elegans model of intestinal infection
	Fluorescence microscopic analysis of S. aureus in Caco-2 cells and Caenorhabditis elegans
	Identification of antibiotic resistance, and virulence genes through whole-genome analysis

	Acknowledgements
	References


