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Abstract
Background  Milk is an excellent growth medium for microorganisms due to its nutritive composition. 
Microorganisms have been implicated in bovine mastitis (BM) in dairy cows as well as causing infections in 
animals and humans. Despite extensive endeavours to manage BM, this condition continues to persist as the most 
prevalent and economically burdensome problem affecting dairy cattle on a global scale. Non-aureus staphylococci 
(NAS) species such as Staphylococcus haemolyticus, S. epidermidis, and S. xylosus are currently the predominant 
microbiological agents identified as the main cause of subclinical udder infections and are also considered 
opportunistic pathogens in cases of clinical mastitis in dairy cows. Therefore, it is crucial to elucidate the genetic 
profile of these species. The primary objective of this study was to characterise three phenotypically determined 
multidrug-resistant NAS environmental strains (NWU MKU1, NWU MKU2, and NWU MKS3) obtained from dairy cows 
milk via whole-genome sequencing.

Results  The results confirmed that the three isolates were S. haemolyticus with genome sizes of 2.44, 2.56, and 
2.56 Mb and a G + C content of 32.8%. The genomes contained an array of antibiotic resistance genes that may 
potentially confer resistance to a range of antibiotic classes, such as macrolides, fluoroquinolones, aminoglycosides, 
cephalosporins, tetracyclines, peptides, and phenicol. Furthermore, all the genomes carried virulence genes, which 
are responsible for several functions, such as adhesion, enzyme and toxin production. The genomes of these 
organisms contained signatures encoding mobile genetic elements such as prophages and insertion sequences.

Conclusion  These findings indicate there is a need for diligent monitoring with improved management practices 
and quality control strategies on farms to safeguard milk production systems and human health.
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Background
The most nutritive products of animal husbandry include 
milk and meat [1]. Milk is a nutrient-rich liquid produced 
by the mammary glands of mammals including cows [2]. 
It is an excellent source of proteins, vitamins, minerals, 
and nutrients for human consumption [3]. The compo-
sition of milk (amino acids high quality proteins, micro-
nutrients, vitamins, and energy-containing fats) makes it 
an excellent growth medium for several microorganisms, 
hence very prone to microbial contamination [4–7]. The 
microbiological quality of milk is crucial in determining 
the quality and public health implications of its associ-
ated products. Moreover, the microbiological quality 
of milk at the point of milking from a healthy animal is 
theoretically expected to be safe for human consumption 
[8]. Although contamination of milk cannot be totally 
avoided, contamination can be significantly reduced by 
adhering to standard operating procedures and proper 
farm management techniques. Dairy products such as 
milk frequently contain a variety of bacteria contami-
nants, including Escherichia coli, Klebsiella pneumoniae, 
Staphylococcus aureus, Streptococcus species, and Liste-
ria spp [1, 6, 9].

Studies have reported the presence of various multi-
drug resistant (MDR) pathogens in fresh and raw milk 
samples from dairy cows in the North West Province 
[10, 11] and Eastern Cape Province [12] of South Africa. 
MDR pathogens in food such as milk may result in staph-
ylococcal food poisoning [13]. MDR infections result in 
higher morbidity and mortality rates, necessitate the use 
of costly medications, and increase the length of hospital 
stay [14]. Transmission of MDR pathogens from livestock 
(e.g. bovine) as well as through the consumption of con-
taminated food, necessitates the need for urgent control 
strategies [15]. Adherence to strategies aimed at limiting 
the transmission of typical MDR foodborne pathogens 
such as E. coli, Shigella, Campylobacter species, Salmo-
nella Typhi, and nontyphoidal salmonellae, which have 
been advocated for by the Centers for Disease Control 
and Prevention is imperative [16]. However, the potential 
of unspecified agents with insufficient data to estimate 
agent-specific burdens to contaminate the food chain and 
cause complications to consumers highlights the need 
for continuous surveillance to help improve food quality 
and protect human health. Decreased levels of pathogen 
sensitivity and proper hygiene measures could aid in pre-
venting the onset of disease, despite the use of contem-
porary strategies such as proper milking techniques [17, 
18].

Non-aureus staphylococci (NAS) constitute a diverse 
collection of bacteria and have been consistently found to 
be the most often detected bacteria in milk samples, with 
studies reporting the NAS colonisation of the teat apex in 
both lactating and dry cows [19–21]. Additionally, NAS 

colonisation has been detected in the teat canal [22] and 
other parts of the udder [23]. In a recent study, S. hae-
molyticus, along with other species, such as S. hominis, 
S. kloosii, S. rostri, and S. xylosus, was detected in rectal 
faeces [24]. This finding suggested that cows can transmit 
NAS to the farm environment, which may contaminate 
the udder and thus lead to the development of intramam-
mary infection (IMI). It is hypothesised that this infection 
occurs following colonisation of the teat apices. Among 
the several Staphylococcus species, S. aureus is widely 
recognised as the most pathogenic strain. The S. hae-
molyticus group is considered to be the most prominent 
etiological agent responsible for intramammary infec-
tions (IMIs) in dairy cattle, mostly involving colonisation 
of the teat surface. While certain staphylococcal species 
exhibit lower levels of virulence than S. aureus, they are 
nonetheless capable of colonising humans and potentially 
contributing to opportunistic infections [25, 26].

Staphylococcus haemolyticus has been recognised as 
a remarkably adaptable opportunistic species [27]. This 
strain is commonly found in human blood cultures [25] 
and ranks second to S. epidermidis in terms of frequency 
of isolation. S. haemolyticus is a commensal skin micro-
biota and is frequently detected in the axillary, perineal, 
and inguinal regions of individuals [28]. It also has the 
potential to induce septicaemia, peritonitis, otitis, uri-
nary tract infections, and bovine mastitis [29]. Further-
more, the strain is widely recognised for its ability to 
develop resistance to several drugs and has a long-stand-
ing reputation for quickly acquiring resistance to methi-
cillin and glycopeptide antibiotics [30, 31]. Its resistance 
to multiple antibiotics coupled with its ability to form 
biofilms contribute to the pathogenicity and virulence 
of this strain. However, the challenges and limitations 
encountered in the identification of S. haemolyticus by 
biochemical techniques have been documented [32].

Whole-genome sequencing (WGS) represents a con-
temporary technique used for the investigation of resis-
tance mechanisms, especially in various pathogenic 
organisms. This technology has the capacity to process 
many DNA sequences simultaneously with high through-
put at a reduced cost and time, hence providing extensive 
information on the genes contained within a pathogen 
genome [33, 34]. In addition, the technique has demon-
strated considerable efficacy, leading to a paradigm shift 
in the field of microbial genome research. Furthermore, 
WGS has been used for the examination of a wide range 
of genetic disorders and mutation in various pathogens 
such as S. haemolyticus. Therefore, this study evaluated 
three environmental strains of S. haemolyticus isolated 
from milk samples with the aim of assessing their MDR, 
virulence and biofilm-forming characteristics and eluci-
dating the genetic factors that contribute to their propen-
sity for frequent phenotypic variations.
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To fulfil the global increase in demand for milk driven 
by an increase in population in Asia, Latin America and 
Africa [35], particularly in South Africa [11], the food-
animal production sector is expanding quickly. Most 
dairy farms in the Mafikeng suburb (North West Prov-
ince, South Africa) are small, independently owned oper-
ations that typically provide fresh milk to both processing 
facilities and the surrounding community for on-site con-
sumption. With such practices, milk meant for human 
consumption may become contaminated and ultimately 
pose public health risks to consumers, mainly resulting 
from improper hygiene practices during the milking pro-
cess. The need for continuous surveillance of milk and 
other animal products for the presence of MDR bacte-
rial foodborne pathogens is eminent. The data generated 
will contribute to both the Global Action Plan to tackle 
AMR and the South African antimicrobial resistance 
(AMR) national strategy framework (https://knowledge-
hub.health.gov.za/system/files/elibdownloads/2020-03/
AMR%20National%20Action%20Plan%202018%20-%20
2024.pdf). The aim of this study was to characterise MDR 
and biofilm-forming BM pathogens from milk collected 
from apparently healthy cows (with not clinical signs of 
disease) and establish their public health significance.

Methods
Study design, study site, and ethical consideration
A randomised study design was used to perform a bac-
teriological analysis of raw and tank milk samples from 
the Molelwane farm in the Northwest Province, South 
Africa.

This study was conducted at the North‒West Univer-
sity Agricultural Research Farm (coordinates 25°47’30.4"S 
25°37’22.1"E), Molelwane village, Mafikeng town, North 
West Province, South Africa. The study site was chosen 
because it also supplies milk and poultry products to the 
inhabitants of neighbouring communities in the area.

Ethical clearance for the study was obtained from the 
Faculty of Natural and Agricultural Sciences Research 
Ethics Committee (FNASREC) at North‒West University 
(NWU), and the ethical clearance number NWU-01311-
22-A9 was assigned to the study.

Sample collection
Sixty milk samples comprising aseptically individual raw 
cow’s milk (n = 40) as described by Goddens et al. [36] 
and bulk tank milk (n = 20) were randomly sampled over 
a two-week period.Each 250 mL milk sample was col-
lected, correctly labelled, and transported on ice to the 
laboratory for microbial analysis. All the samples were 
analysed within 4 h of collection. All the microbiological 
culture materials used were obtained from Merck (Pty) 
Ltd (South Africa).

Isolation and preliminary characterization of pathogens
Pathogens were isolated from the samples using the pro-
cedures outlined by Bissong and Ateba [11] with minor 
modifications. Briefly, aliquot of 10 µL for each sample 
was spread-plated on mannitol salt agar (MSA). All the 
plates were incubated at 37  °C for 24  h. Following the 
morphological characteristics exhibited by the colonies, 
the pure colonies were kept in tryptic soy broth (TSB) 
supplemented with 40% (v/v) glycerol at -80  °C for sub-
sequent analysis.

Phenotypic antibiotic susceptibility testing
The antimicrobial resistance profiles of all the isolates 
were determined against a panel of 8 antibiotics, namely, 
tetracycline (30 µg), linezolid (30 µg), gentamicin (10 µg), 
clarithromycin (15  µg), sulfamethoxazole-trimethoprim 
(25  µg), ciprofloxacin (5  µg), chloramphenicol (30  µg), 
and amoxicillin (10 µg), using the Kirby–Bauer disk dif-
fusion technique [37]. Aliquots (100 µL) of bacterial sus-
pension (comparable with 0.5 McFarland’s standards) 
prepared with 0.8% (w/v) sterile saline were spread-plated 
on Mueller Hinton agar (Merck, South Africa). The plates 
were incubated aerobically at 37  °C for 18–24  h. After 
incubation, the inhibition zones were measured in milli-
meters, and the results were interpreted based on recom-
mended standards of the Clinical Laboratory Standards 
Institute [38], to classify the isolates as sensitive, interme-
diate resistant or resistant to a particular antibiotic. The 
multi-antibiotic resistance (MAR) phenotype and index 
were also determined following methods described by 
Krumperman [39].

Determination of biofilm formation
Phenotypic detection of biofilm
The crystal violet-based microtiter plate test technique 
described by Mahmoodi [40] was used to assess the ability 
of the MDR isolates to form biofilms. Loop-rich cultures 
were inoculated and grown overnight in tryptic soy broth 
(TSB) at 37 °C. An aliquot of 10 µL of each overnight cul-
ture (105 CFU/mL) was diluted in 190 µL of TSB. The 
96-well microtiter plate was then filled with 200 µL of the 
diluted culture mixture and incubated at 4 °C, 25 °C, and 
37 °C for 24, 48, and 72 h each. S. aureus ATCC 25,923, 
was used as a positive control while negative control well 
contained only 200 µL of TSB. The experiment was run in 
triplicates. After incubation, the TSB broth was discarded 
by flipping the plate upside down and then shaking off 
the broth containing the free cells. Phosphate-buffered 
saline (PBS) was then used to rinse the plates. To remove 
unattached cells, the washing procedure was repeated 
twice. The wells were stained with 200 µL (1% w/v) of 
crystal violet dye. The plates were left at room tempera-
ture for 1 h. Subsequently, the dye was washed off using 
PBS. This process was repeated five times to ensure that 

https://knowledgehub.health.gov.za/system/files/elibdownloads/2020-03/AMR%20National%20Action%20Plan%202018%20-%202024.pdf
https://knowledgehub.health.gov.za/system/files/elibdownloads/2020-03/AMR%20National%20Action%20Plan%202018%20-%202024.pdf
https://knowledgehub.health.gov.za/system/files/elibdownloads/2020-03/AMR%20National%20Action%20Plan%202018%20-%202024.pdf
https://knowledgehub.health.gov.za/system/files/elibdownloads/2020-03/AMR%20National%20Action%20Plan%202018%20-%202024.pdf
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the dye was properly washed. Using blotting paper, the 
microtiter plate was air-dried at room temperature. After 
that, each well received 200 µL of 95% ethanol, the plate 
were left at room temperature for 5 min. An automatic 
enzyme-linked immunosorbent assay (ELISA) microtiter 
plate reader (MB-580, Zhengzhou, China) was used to 
measure the optical density (OD) of the resultant solu-
tion at a wavelength of 630 nm. According to Papa et al. 
[41], the following conditions were employed to study the 
isolates’ capacity to produce biofilms: ODS < ODC = no 
biofilm formation, ODC < ODS < 2ODC = weak biofilm 
formation, 2ODC < ODS < 4ODC = moderate biofilm for-
mation, 4ODC < ODS = strong biofilm formation; where 
ODC = OD of negative control, ODS = OD of sample. To 
determine the OD for each isolate, ODs were measured 
in triplicate, and the mean value was used.

Detection of biofilm coding genes
The intercellular adhesion (ica) operon, encoded by 
the icaADBC gene, is responsible for the production of 
slime. Hence, the isolates were screened for the presence 
of ica- A and D genes. The polymerase chain reaction 
(PCR) protocols used were described by Omidi et al., and 
Atshan et al. [42, 43] respectively.

Molecular characterisation and identification of isolates
Extraction of genomic deoxyribonucleic acid (gDNA) from 
bacterial colonies
Genomic deoxyribonucleic acid (gDNA) was extracted 
using the Zymo Research Genomic DNA™ Tissue Mini-
Prep Kit (Zymo Research, Irvine, CA, USA) in accor-
dance with the manufacturer’s instructions. The purity 
of the extracted DNA was assessed using a Nanodrop™ 
Lite spectrophotometer (Thermo Scientific, Walton, MA, 
USA). DNA samples with A260/280 ratios ranging from 
1.80 to 2.00 were classified as high purity DNA.

Preliminary molecular identification of isolates
The isolates were identified through the amplification 
of 16  S rRNA (341-F: ​A​G​A​G​T​T​T​G​A​T​C​C​T​G​G​C​T​C​A​
G; 907-R: ​A​A​G​G​A​G​G​T​G​A​T​C​C​A​G​C​C​G​C​A) [44] and 
staphylococcal gap gene (GF-1: ​A​T​G​G​T​T​T​T​G​G​T​A​G​A​A​
T​T​G​G​T​C​G​T​T​T​A; GF-2: ​G​A​C​A​T​T​T​C​G​T​T​A​T​C​A​T​A​C​C​
A​A​G​C​T​G) [45] specific regions.

Whole genome sequencing - quality control, trimming, 
assembling and annotation
Three isolates (NWU MKU1, NWU MKU2, and NWU 
MKS3) that exhibit resistance to multiple drugs were 
subjected to whole-genome sequencing (WGS) analysis. 
The DNA samples were sent to Agricultural Research 
Council (ARC), Pretoria for whole genome sequencing. 
Briefly, the libraries were generated using the MGI Uni-
versal DNA library prep kit following the manufacturer’s 

instructions. The MGI DNBSEQ-G400 platform was uti-
lised to perform paired-end sequencing for a total of 312 
cycles. The quality assessment of the raw sequenced reads 
was conducted using the online program KnowledgeBase 
(KBase) v2.7.11 (https://www.kbase.us). FastQC v0.12.1 
[46] was used for this purpose. Subsequently, the reads 
were filtered to remove low-quality reads and adapter 
regions using Trimmomatic v0.36 [47]. The de novo 
genome assembly was performed using SPAdes v3.15.3 
[48], followed by annotation using the Prokka v1.14.5 
annotation pipeline [49] and the Pathosystems Resource 
Integration Centre (PATRIC) annotation tool v.3.31.12 
(https://www.bv-brc.org) [50]. A circular genome map 
of the isolates was constructed by uploading the anno-
tated genome into the Proksee online database (https://
www.proksee.ca) [51]. Moreover, a subsystem analysis of 
each genome was performed using the Comprehensive 
Genome Analysis (CGA) tool in the PATRIC online data-
base. Furthermore, genome sequences with annotations 
were submitted to the National Centre for Biotechnology 
Information (NCBI) GenBank, where they were assigned 
accession numbers.

Determination of resistome, virulome and mobile genetic 
elements (MGEs)
The functional annotation data obtained from the Prokka 
and PATRIC annotation processes were utilised to search 
for a variety of antibiotic resistance genes and viru-
lence determinants that hold therapeutic significance. 
The detection of resistance genes was performed using 
Resistance Gene Identifier (RGI) v6.0.2, which is a tool 
available on the Comprehensive Antibiotic Resistance 
Database (CARD) v3.2.7 platform (https://card.mcmas-
ter.ca/analyze/rgi) [52]. The virulence factor database 
(VFDB) version 4.0 (http://www.mgc.ac.cn/cgi-bin/VFs/
v5/main.cgi) [53] was utilised to determine the patho-
genic determinants for each genome. Furthermore, the 
identification of mobile genomic elements (MGEs) was 
accomplished using the Proksee online database, acces-
sible at (https://www.proksee.ca) [51]. The evaluation 
of MGE in the genome of the isolates was conducted by 
uploading the contigs of each isolate to the MGEfinder 
v1.0.3 database, which is hosted on the web platform of 
the Centre for Genomic Epidemiology (https://cge.food.
dtu.dk/services/MobileElementFinder/) [54] and the 
Phage Search Tool Enhanced Release (PHASTER) web 
server (https://phaster.ca) [55].

Phylogenetic analysis
Phylogenetic analysis of the strains NWU MKU1, NWU 
MKU2, and NWU MKS3 involved comparing their evo-
lutionary relationships with a set of high-quality genomes 
of Staphylococcus strains. This analysis was performed 
using the PATRIC Bacterial Genome Tree platform [50]. 

https://www.kbase.us
https://www.bv-brc.org
https://www.proksee.ca
https://www.proksee.ca
https://card.mcmaster.ca/analyze/rgi
https://card.mcmaster.ca/analyze/rgi
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi
https://www.proksee.ca
https://cge.food.dtu.dk/services/MobileElementFinder/
https://cge.food.dtu.dk/services/MobileElementFinder/
https://phaster.ca
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Specifically, the Comprehensive Genome Analysis report 
incorporates the reference and representative genomes 
provided by PATRIC into its phylogenetic analysis. Iden-
tification of the most closely related and representative 
genomes was accomplished using the Mash/MinHash 
algorithm. The phylogenetic location of the PATRIC 
global protein families (PGFams) was determined by 
selecting them from the genomes under consideration 
[56]. The protein sequences derived from these families 
were aligned using the MUSCLE algorithm, after which 
the corresponding nucleotide sequences for each protein 
were mapped to the protein alignment [57]. The amino 
acid and nucleotide alignments were combined into a 
single data matrix, which was subsequently subjected to 
analysis using RaxML [58]. Fast bootstrap was employed 
to create the support values in the resulting tree [59].

Results
Isolation and preliminary characterization of pathogens
With respect to the morphological and biochemical char-
acteristics, a total of 72 presumptive staphylococcal iso-
lates were recovered from 60 milk samples. Out of the 
72 isolates, 48 (66.7%) were coagulase positive, while the 
remainder were coagulase negative (24 [33.3%]).

Phenotypic antibiotic susceptibility
The coagulase-negative staphylococci (CONS) were sub-
jected to antimicrobial susceptibility tests against 8 anti-
biotics, each representing a different class of antibiotics. 
The results revealed that only one-fifth (5 [20.8%]) of the 
CONS isolates were MDR, while 12 (50.0%) were resis-
tant to fewer than 3 different classes of antibiotics, and 7 
(29.2%) were susceptible to all antibiotics tested. The iso-
late was considered MDR if it showed resistant to at least 
three or more antibiotics belonging to different groups. 
MDR phenotypes were observed against ciprofloxacin, 
amoxicillin, trimethoprim/sulfamethoxazole, tetracycline 
and linezolid. The multi-antibiotic resistance phenotypes 
and indices are shown in Table 1.

Biofilm formation
The isolates showed various biofilm formation patterns 
at different temperatures and time periods (Fig.  1). The 
results ranged from no biofilm production to strong 
biofilm production. While the biofilm formation capac-
ity was directly proportional to the incubation period 
at 4  °C, it was inversely proportional to the incubation 
period at 28  °C. Nonetheless, at 37  °C, all the isolates 
showed weakly adherent after 24 h of incubation. NWU 

Table 1  Multi-antibiotic resistant (MAR) phenotypes and MAR 
index of isolates
Resistant phenotype Frequency MAR Index
Cip-Amo-Tet-Cla-Lin-Gen-Chl- Tri/Sul
Amo-Tet-Cla-Lin-Gen-Chl- Tri/Sul
Amo-Cla-Lin

5
4
4

1.00
0.88
0.38

Cip-Amo- Tri/Sul 3 0.38
Amo-Tet-Lin 2 0.38
Cip-Gen 2 0.25
Amo-Lin 2 0.25
Amo 1 0.13
Tri/Sul 1 0.13

Fig. 1  Phenotypic biofilm formation by Staphylococcus isolates at different temperature levels and incubation times. PC – positive control, NC – negative 
control
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MK-U2 isolate revealed similar results across all incuba-
tion time periods. While the ability of the isolate NWU 
MK-S3 to form biofilm improved with increasing incu-
bation time (moderate at 48 and 72  h), isolate NWU 
MK-U1 showed weak biofilm formation at 48 h of incu-
bation but improved to produce moderate biofilm forma-
tion at 72 h. PCR results showed that no isolate showed 
amplification of the ica A or ica D genes.

Preliminary molecular identification of isolates
As shown in Fig. 2, the validation of the isolates’ Staphy-
lococcus genus membership was achieved through the 
amplification of the 16 S region and the gap gene.

Whole genome sequence analysis
After annotation and comparative evaluation against 
other genomes of the same species that were accessible 
through public databases, including NCBI and PATRIC, 
it was confirmed that the isolates’ genomes were of high 
quality. The subsequent data are presented, including 
the characteristics of the genomes, G + C content and 
genome length; genes of interest, including virulence and 
antibiotic resistance genes (ARGs); functional classifica-
tion via subsystems; and a phylogenetic tree constructed 
through phylogenetic analysis.

The characteristics of the genome assembly
The genome assembly sizes of the NWU MKU1, NWU 
MKU2, and NWU MKS3 isolates were 2,444,508, 
2,567,762, and 2,567,728 base pairs (bp), with G + C con-
tent of 32.85, 32.83, and 32.83%, and 21, 26, and 26 con-
tigs, respectively. The genomes contained 2409, 2585, and 
2485 protein-coding sequences (CDS), and 59, 61, and 
61 noncoding RNAs, which included tRNAs and rRNAs, 
respectively. The N50 values for the genomes were 
294,618  bp for NWU MKU1 and 304,465  bp for both 

NWU MKU2 and NWU MKS3, with an L50 value of 3 
for each genome (Table 2).

The genome annotation encompassed both putative 
proteins and proteins with established functional assign-
ments. The proteins included in the functional assign-
ments consisted of proteins with Enzyme Commission 
(EC) numbers, gene Ontology (GO) assignments, and 
proteins that were mapped to Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways. The PATRIC 
annotation encompasses two distinct categories of pro-
tein families, namely, genus-specific protein families 
(PLFams) and cross-genus protein families (PGFams). 
These protein families are found within the genomes 
under consideration.

The genomes of the three test isolates were identi-
fied as belonging to the genus Staphylococcus and the 
species haemolyticus. Therefore, the isolates were con-
sidered as S. haemolyticus NWU MKU1, S. haemolyti-
cus NWU MKU2 and S. haemolyticus NWU MKS3. In 
particular, the assembled genome sequences of the test 
strains NWU MKU1, NWU MKU2 and NWU MKS3 in 
the NCBI GenBank were assigned the following acces-
sion numbers: JAVSMG000000000, JAVSMH000000000 
and JAVSMI000000000, respectively. The genomes of the 
isolates subjected to annotation were assigned distinct 
genome identifiers, specifically 1279.3809, 1279.3808, 
and 1279.3813. The assembly and annotation details of 
the genomes are presented in Table 2.

Figures  3, 4 and 5 present the circular genome, illus-
trating several components, such as open reading frames 
(ORFs), GC content and GC skew, transfer RNA (tRNA), 
transfer messenger RNA (tmRNA), ribosomal RNA 
(rRNA), resistance genes, and clustered regularly inter-
spaced short palindromic repeats (CRISPR) arrays, as 
well as their associated CRISPR-associated sequence 
(Cas) proteins, mobile genetic elements, and potential 
horizontal gene transfer events.

Fig. 2  Identification of isolates by preliminary molecular techniques. (A) = 16 S rRNA gene, M – DNA marker (1 kb), lane 1: negative control (molecular 
grade water), lane 2: positive control (S. aureus ATCC 25923), lanes 3–5: samples; (B) = gap gene, M – DNA marker (100 bp), lane 1: positive control (S. 
aureus ATCC 25923), lanes 2–4: samples; lane 5: negative control (molecular grade water)
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The PATRIC annotation incorporates an examination 
of the subsystems that are distinctive to each genome. 
Figure 6 presents a comprehensive depiction of the sub-
systems pertaining to the genomes under investigation.

Antibiotic resistant, mobile genetic elements and virulence
Table 2 presents a summary of the AMR genes that have 
been identified in the genomesof the three isolates, along 
with their corresponding drug class and the resistance 
mechanisms associated with them. The findings derived 
from the online antibiotics RGI database revealed the 
presence of multiple antibiotic resistance genes (ARGs) 
within the isolates’genomes. Various ARGs found in the 
genomes encompass tet (A/B/T/O), mac B, evg A, mar 
A, mef B, lmr S, bcr A, pat B, NmcR, optr A, erm K, 
aac(6´), bla Z, and dfr C. Thesegenes encode resistance 
against various drug classes including aminoglycoside, 
cephalosporin, peptide, macrolide, fluoroquinolone, gly-
copeptide, penem, lincosamide, tetracycline, and pheni-
col, among others. The genomes of the isolates exhibit 
various mechanisms of AMR such as drug inactivation, 
alteration of antibiotic targets, antibiotic efflux, reduced 

permeability to antibiotics, and protection of antibiotic 
targets.

The genes that are potentially responsible for key vir-
ulence factors, including toxin (cytolysin), adherence 
(autolysin, elastin binding protein, and fibrinogen bind-
ing protein), immunological evasion (capsule and poly-
glutamic capsule), and enzymes (lipase and nuclease), 
were identified as being present in all genomes (Table 3).

The prophage search conducted using PHASTER 
revealed the sequences coding for presence of one intact 
prophage for NWU MKU1 and three intact prophages 
for NWU MKU2. No questionable or incomplete pro-
phages were detected for these two genome samples. 
Five prophage sequences were identified in NWU MKS3 
genome, consisting of two intact prophages and three 
incomplete prophages. The MGEs identified using the 
PATRIC database for each genome encompass various 
functional categories, namely, transfer, phage, replica-
tion/recombination/repair, integration/excision, and 
stability/transfer/defense. Based on the results obtained 
from the MobileElementFinder, it was observed that 
NWU MKU1 genome contained two insertion sequences 

Table 2  Assembly characteristics and taxonomy of the annotated genomes
Assembled genome content Isolate

NWU MKU1 NWU MKU2 NWU MKS3
Coarse consistency (%) 99.9 99.9 99.9
Fine consistency (%) 99.9 99.7 99.7
Completeness (%) 100 100 100
Genome length (bp) 2,444,508 2,567,762 2,567,728
Contigs N50 (bp) 294,618 304,465 304,465
GC content (%) 32.85 32.83 32.83
Contigs 21 26 26
Contigs L50 3 3 3
Domain Bacteria Bacteria Bacteria
Phylum Firmicutes Firmicutes Firmicutes
Class Bacilli Bacilli Bacilli
Order Staphylococcales Staphylococcales Staphylococcales
Family Staphylococcaceae Staphylococcaceae Staphylococcaceae
Genus Staphylococcus Staphylococcus Staphylococcus
Species Staphylococcus 

haemolyticus
Staphylococcus 
haemolyticus

Staphylococcus 
haemolyticus

Sequence read archive (SRA) SRR26105960 SRR26105954 SRR26105961
Accession number JAVSMG000000000 JAVSMH000000000 JAVSMI000000000
Number of CDS 2,409 2,585 2,485
Number of tRNA 56 58 58
Number of Repeat Regions 0 0 0
Number of rRNA 3 3 3
Number of hypothetical proteins 415 508 507
Number of proteins with functional assignments 1,994 2,077 2,077
Number of proteins with EC number assignments 728 727 727
Number of proteins with GO assignments 604 600 600
Number of proteins with Pathway assignments 542 540 540
Number of proteins with PATRIC genus-specific family (PLfam) assignments 2,380 2,547 2,546
Number of proteins with PATRIC cross-genus family (PGfam) assignments 2,397 2,564 2,563
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Fig. 4  Circular genome map of NWU MKU2

 

Fig. 3  Circular genome map of NWU MKU1
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(ISs) belonging to families IS3 and IS6. Both NWU 
MKU2 and NWU MKS3 genomes each contain a single 
IS element belonging to the IS6 family.

Phylogeny
The phylogenetic tree shows that the test isolates (NWU 
MKU1, NWU MKU2 and NWU MKS3) belong to the 
same clade. In addition, all test isolate genomes were 
observed to have the most common ancestral lineage 
with S. haemolyticus strain S167 (Fig. 7).

Discussion
Although the use of the cultural-base technique is essen-
tial for the identification, enumeration, and detection of 
the viability, virulence, and AMR phenotypic profile of 
pathogenic bacteria, the extensive and laborious process 
of culturing, together with the inability to culture certain 
types of bacteria, present a significant limitation of this 
technique [60]. Hence, the adoption of WGS in this study 
to fully characterise the bacteria isolates.

S. haemolyticus has been previously documented as 
a one of the neglected foodborne pathogens with high 
AMR profile [61, 62]. The strain is recognized as an 
emerging opportunistic pathogen, and its association 
with other bacteria has led to the transfer of ARGs, thus 
making it a potential threat. This study confirmed the 

presence of multiple resistance genes in S. haemolyticus, 
as several antibiotic resistance genes (ARGs), including 
sep A, nor C, PmrF, dfr C, optr A, erm K, and aac(6´), 
were detected in the genomes of the isolates. These genes 
confer resistance to several antibiotic groups, including 
beta lactams, aminoglycosides, linezolids, tetracyclines, 
and macrolides. Along with the ARGs detected, resis-
tance mechanisms, including efflux, antibiotic target 
al.teration and inactivation, and reduced permeability 
to antibiotics, were identified. The antibiotic resistance 
genes identified in the isolates under investigation cor-
roborate the isolates’ phenotypic resistance profiles. 
The phenomenon of heightened antibiotic resistance 
exhibited by Staphylococcus species has been previously 
reported in food-producing animals and their products 
[63, 64] which aligns with the current findings. This can 
be attributed to the escalated use of these antibiotics in 
the management of staphylococcal infections.

The lack of amplification of the biofilm determinants 
ica A and ica D is typical of NAS species. This finding 
is in agreement with the findings of Andrade et al. [65] 
who argued that the majority of staphylococci isolated in 
their study could generate biofilms. The authors further 
added that the presence of the bap gene was exclusively 
observed in coagulase-negative staphylococci (CNS), 
whereas the ica operon genes were predominantly 

Fig. 5  Circular genome map of NWU MKS3
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discovered in S. aureus isolates, indicating that the CNS 
primarily forms biofilms through the action of the bap 
gene. Based on the assertion of Pain et al. [66] the iden-
tification of biofilm-producing S. haemolyticus isolates 
that demonstrate resistance to oxacillin (mec A) and ami-
noglycosides (aac A-aph D) implies a greater probability 
of invasion, and the absence of these traits unequivocally 
indicates a commensal strain. Based on the results of 
this investigation, it was inferred that the isolates stud-
ied exhibit invasive characteristics because they harbor 
genes that confer resistance to amoxicillin, a penicillin 
antibiotic. The results also indicated that the presence 
of the aac (6´) gene is associated with resistance to ami-
noglycosides. Hence, it could be deduced that the MDR 

characteristics of the isolates are influenced by their abil-
ity to form biofilms, as biofilms serve to shield pathogens 
from the detrimental impacts of antibiotics. However, it 
is noteworthy to state that while ica A and ica D did not 
amplify in the test S. haemolyticus strains, the bap gene 
was not precisely screened. Consequently, the isolation 
of Staphylococcus strains from milking equipment, food 
sources, water, food processing surfaces, and machinery 
has become a challenging task.

The isolates demonstrated a significant occurrence of 
ARGs among their collection of accessory genes. This 
result was expected due to the frequent association of 
infections caused by MDR bacteria with S. haemolyti-
cus. A similar argument was presented by Chang et al. 

Fig. 6  The subsystems and genes present in each genome: A – NWU MKU1, B – NWMKU2, C - NWU MKS3
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[67], who stated that the exchange of genetic materials 
that occurs during interactions between microbial pop-
ulations frequently results in the emergence of resistant 
strains. The transmission of genetic material may occur 
through horizontal gene transfer (HGT). Resistance 
determinants may be transmitted from bacterial chro-
mosomes to mobile genetic elements (MGEs) during 
this process. The sample genomes contained numer-
ous MGEs, including insertion sequences (ISs) and pro-
phages, according to their genomic compositions. To 
adapt, these bacteria have obtained advantageous core 
mutations or MGEs. Multiple authors have documented 
the transfer of genetic material from bacterial chromo-
somes to MGEs, including plasmids, prophages, inser-
tion sequences, and transposons [54, 68].

The analysis of PHASTER annotations revealed the 
significant presence of intact prophage-associated genes 
in NWU MKU2 and NWU MKS3, suggesting that many 
bacteriophage remnants had infiltrated these particular 
strains. The susceptibility of the aforementioned strains 
to infection may have been facilitated by their deficiency 
in the “immune system” against bacteriophages and ISs. 
In contrast, the NWU MKU1 strain exhibited a reduced 
number of prophages and coding sequences associated 
with IS elements. It is possible that the presence of the 
CRISPR‒Cas system plays a protective role in preventing 
invasion by bacteriophages. This argument stems from 
the conclusions of Alkhnbashi et al. [69] who reported 
that the utilisation of CRISPR in conjunction with 
related Cas genes serves as an adaptive immune system 

Table 3  Antibiotic and virulence determinants in the test genomes
Virulence factor Related gene

Isolate NWU MKU1 (Staphylococcus 
haemolyticus)

Isolate NWU MKU2 (Staphylococcus 
haemolyticus)

Isolate NWU MKS3 (Staph-
ylococcus haemolyticus)

Adherence
Autolysin atl atl atl
Elastin binding-Protein ebp ebp ebp
ser-Asp fibrinogen 
binding protein

sdrD sdrD -

ser-Asp fibrinogen 
binding protein

sdrE sdrE -

Enzyme
Lipase lip lip lip
Thermonuclease nuc nuc nuc
Immune evasion
Capsule capSh capSh -
Polyglutamic Acid 
capsule

capB capB -

Toxin
Cytolysin cylR2 cylR2 -
Antiphagocytosis
Capsule uge - -
Isolate Drug Class Antibiotic Resistant Gene (ARG) Resistance Mechanism
NWU MKU1 
(Staphylococcus 
haemolyticus)

Fluoroquinolone, glycopeptide, macrolide, 
peptide, tetracycline, cephalosporin, mono-
bactam, carbapenem

sepA, sdrM, nor(C/B), van(K, R,H, T/Y), PC1 
beta-lactamase (blaZ), dfrC, mecD, tet(A/B/T/O), 
macB, evgA, marA, mefB, LmrS, bcrA, patB, 
NmcR, optrA, PJM-1, fexA, lmrB, cmx, salC, cfrA, 
ermK, aac(6´)

Antibiotic efflux, antibi-
otic inactivation, antibiotic 
target alteration, reduced 
permeability to antibiotic

NWU MKU2 
(Staphylococcus 
haemolyticus)

Fluoroquinolone, glycopeptide, tetracy-
cline, aminoglycoside, penam, peptide, 
cephalosporin, macrolide, aminocoumarin, 
carbapenem, monobactam, diaminopyrimi-
dine, lincosamide, rifamycin, mupirocin-like 
antibiotic, streptogramin antibiotic, phenicol

sepA, sdrM, norC, van(Y/T/S/H/R/L/O/G/R/B), 
mgrA, msbA, NmcR, EstT, tet(T/A/O/W/B), PmrF, 
norA, bcrA, almE, sta, RanA, novA, bacA, macB, 
BEL-2, baeS, arl(R/S), dfrC, LpsB, adeL, oleC, leuO, 
PJM-1, cmlV, optrA, ermK, fexA, EC-18, MexS, 
aac(6´), ermK, fexA, EC-18, MexS

Antibiotic efflux, antibiotic 
target alteration, antibi-
otic inactivation, antibiotic 
target protection, antibi-
otic target replacement, 
reduced permeability to 
antibiotic

NWU MKS3 
(Staphylococcus 
haemolyticus)

Fluoroquinolone, glycopeptide, macrolide, 
aminoglycoside, phenicol, beta-lactam, 
tetracycline, sulfonamide, fluoroquino-
lone, trimethoprim resistant-dihydrofolate 
reductase

gyrA, sepA, sdrM, LmrS, mgrA, optrA, emr(K/B), 
mepA, cmx, dfrC, CAR-1, salC, sul4, ramA, CMY-
89, CRP, aac(6´), arlR, NmcA beta lactamase, 
tet(A/B/O/W), nor(C/B), van(M/Y/P/T/S/K/H/
O/T), satA

Antibiotic efflux, antibi-
otic inactivation, antibiotic 
target alteration, reduced 
permeability to antibiotic, 
antibiotic target protection
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response to mobile genetic components, particularly 
bacteriophages.

Several virulence factors were found to be shared 
among all the isolates. One illustrative example of such a 
factor is the type II secretion system, which is responsible 
for the secretion of properly folded proteins, including 
lipase (lip A). Other factors include adherence factors, 
such as autolysin (atl), elastin binding protein (ebp) and 
fibrinogen binding protein (sdrE); immune evasion factor 
(cap B); and cytolysin (cyl R2) toxin. Typically, elastin-
binding protein and fibrinogen-binding protein facili-
tate bacterial cell binding and attachment to host cells, 
while cytolysins play a critical role in determining the 
virulence of S. haemolyticus. These attributes contrib-
uted to the invasive and virulent tendencies of the tested 
isolates. These findings are consistent with the findings 
of Czekaj et al. and Eltwisy et al. [70, 71] who reported 
that processes of bacterial adhesion and internalisation 

are facilitated by the presence of biofilms and fibronec-
tin-binding proteins (fnbp), and upon entry of S. haemo-
lyticus into host cells, the organism releases toxins and 
enzymes that facilitate tissue damage, induce the activa-
tion of proinflammatory cytokines, and trigger the death 
of host cells. In addition, the presence of an antiphago-
cytosis gene (uge) was detected; however, this gene was 
found only in the genome of NWU MKU1. Hence, the 
pathogenic characteristics that were identified in all the 
strains are exemplified by their virulence.

Upon conducting a phylogenetic analysis of the test 
strains in relation to other strains, it was ascertained that 
the strains in question exhibited a strong affinity for the 
Korean strain (S. haemolyticus S167). This phenomenon 
may be ascribed to the outcome of population dynamics. 
Indeed, the past thirty years have been marked by height-
ened economic interaction between Africa and Asia, 
which has resulted in an expansion of international travel 

Fig. 7  The phylogenetic tree illustrates the evolutionary relatedness between the genomes of the test isolates (NWU MKU1, NWU MKU2 and NWU MKS3) 
and a subset of Staphylococcus strains. The phylogenetic tree was constructed using PATRIC Bacterial Genome Tree platform. Highlighted strains are the 
test strains
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between the two continents [72]. South Africa and the 
Republic of Korea (ROK) maintain amicable economic 
relations owing to their complementary economies. The 
demand for consumer products in South Africa and the 
demand for raw materials in Korea are the driving forces 
behind this relationship. The ROK’s most significant trad-
ing partner in Africa is South Africa. Population migra-
tion can result in the transport of pathogens and the 
potential for genetic material to be exchanged. Owing to 
the heightened economic migration and social interac-
tion between the two regions, our isolates are phyloge-
netically similar to strains found in Korea.

Finally, it is noteworthy to state that a major limitation 
of this study is the number of samples sequenced. As it 
was earlier stated, 5 MDR isolates were identified, how-
ever, only 3 were sequenced.

Conclusion
The purpose of this research was to characterise three 
MDR and biofilm-forming strains of S. haemolyticus 
that were isolated from bovine milk. A better under-
standing of the complete DNA sequences of the NWU 
MKU1, NWU MKU2, and NWU MKS3 strains was 
achieved through the utilisation of the WGS method. 
The profusion of virulence and resistance genes identi-
fied within the genomes of these isolates and theircapac-
ity to form biofilms serve as indicators of their potential 
public implications, the gravity of the infections they can 
induce in both animals and humans, and the challenges 
associated with their control. The heterogeneous MGEs 
detected in the test strains indicate the dynamic nature of 
each strain throughout its evolutionary lineage. The esca-
lating prevalence of MDR S. haemolyticus in the milking 
parlour and the broader food chain has the potential to 
cause severe health concerns for animals, the environ-
ment, and humans. Consequently, it is crucial to imple-
ment adequate surveillance and monitoring systems, 
as well as effective farm management and adherence to 
good manufacturing practices, to ensure the safety and 
sustainability of food production. Furthermore, alterna-
tive treatment options are recommended for treating 
AMR.

Acknowledgements
The authors wish to thank the Department of Microbiology, School of 
Biological Sciences, North‒West University, Mafikeng, South Africa.

Author contributions
Conceptualisation: DJA, OEF, AOA and CNA; methodology: DJA, OEF, AOA and 
CNA; validation: DJA, PKM, OEF, AOA and CNA; investigation: DJA; writing—
original draft preparation, DJA; writing—review and editing: DJA, TOA, BOO, 
PKM, OEF, AOA and CNA; supervision: OEF, AOA and CAN. All authors have 
read and agreed to the published version of the manuscript.

Funding
The authors are grateful to North‒West University and the Department of 
Microbiology, School of Biological Sciences, for their financial support.
Open access funding provided by North-West University.

Data availability
The datasets generated and/or analysed during the current study are 
available with the following accession numbers: JAVSMG000000000, 
JAVSMH000000000, and JAVSMI000000000.

Declarations

Ethical approval
This study was performed in accordance with the principles of the Faculty of 
Natural and Agricultural Sciences Research Ethics Committee (FNASREC) at 
North‒West University (NWU). Approval was granted with ethical clearance 
number NWU-01311-22-A9.

Consent for publication
not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Antimicrobial Resistance and Phage Biocontrol Research Group 
(AREPHABREG), Department of Microbiology, School of Biological 
Sciences, Faculty of Natural and Agricultural Sciences, North-West 
University, Private Bag X2046, Mmabatho 2735, South Africa
2Food Security and Safety Focus Area, Faculty of Natural and Agricultural 
Sciences, North-West University, Private Bag X2046, Mmabatho  
2735, South Africa
3Department of Microbiology, Faculty of Science, Stellenbosch University, 
Stellenbosch 7600, South Africa
4Centre for Epidemic Response and Innovation, School for Data Science 
and Computational Thinking, Stellenbosch University, Stellenbosch  
7600, South Africa
5Department of Chemistry, Faculty of Natural and Agricultural Sciences, 
North-West University, Private Bag X2046, Mmabatho 2735, South Africa
6Indigenous Knowledge Systems (IKS) Centre, Faculty of Natural 
and Agricultural Sciences, North-West University, Private Bag X2046, 
Mmabatho 2735, South Africa

Received: 28 May 2024 / Accepted: 8 October 2024

References
1.	 Hassani S, Moosavy M-H, Gharajalar SN, Khatibi SA, Hajibemani A, Barabadi Z. 

High prevalence of antibiotic resistance in pathogenic foodborne bacteria 
isolated from bovine milk. Sci Rep. 2022;12(1):1–10.

2.	 Jaiswal L, Worku M. Recent perspective on cow’s milk allergy and dairy nutri-
tion. Crit Rev Food Sci Nutr. 2021:1–16.

3.	 Bernabucci U, Basiricò L, Morera P. Impact of hot environment on colostrum 
and milk composition. CMB. 2013;58(1):9–25.

4.	 Wuehler SE, Hess SY, Brown KH. Accelerating improvements in nutritional 
and health status of young children in the Sahel region of Sub-saharan Africa: 
review of international guidelines on infant and young child feeding and 
nutrition. Matern Child Nutr. 2011;7:6–34.

5.	 Schönfeldt HC, Hall NG. Dietary protein quality and malnutrition in Africa. 
BJN. 2012;108(S2):S69–76.

6.	 Berhe G, Wasihun AG, Kassaye E, Gebreselasie K. Milk-borne bacterial health 
hazards in milk produced for commercial purpose in Tigray, northern Ethio-
pia. BMC Public Health. 2020;20(1):1–8.

7.	 Zhang X, Liu X, Yang C, Xi T, Zhao J, Liu L, et al. New strategy to delay food 
spoilage: application of new food contact material with antibacterial func-
tion. JMST. 2021;70:59–66.

8.	 Owusu-Kwarteng J, Akabanda F, Agyei D, Jespersen L. Microbial safety of 
milk production and fermented dairy products in Africa. Microorganisms. 
2020;8(5):752.

9.	 Ansharieta R, Effendi MH, Plumeriastuti H. Detection of multidrug-resistant 
(MDR) Escherichia coli isolated from raw milk in East Java Province, Indonesia. 
IJFMT. 2020;14(4):3403–7.



Page 14 of 15Ajose et al. BMC Microbiology          (2024) 24:426 

10.	 Akindolire MA, Kumar A, Ateba CN. Genetic characterization of antibiotic-
resistant Staphylococcus aureus from milk in the North-West Province, South 
Africa. Saudi J Biol Sci. 2018;25(7):1348–55.

11.	 Bissong MEA, Ateba CN. Genotypic and phenotypic evaluation of biofilm 
production and antimicrobial resistance in Staphylococcus aureus isolated 
from milk, North West Province, South Africa. Antibiotics. 2020;9(4):156.

12.	 Kayode AJ, Okoh AI. Assessment of multidrug-resistant Listeria monocy-
togenes in milk and milk product and one health perspective. PLoS ONE. 
2022;17(7):e0270993.

13.	 Sergelidis D, Angelidis AS. Methicillin-resistant Staphylococcus aureus: a 
controversial food‐borne pathogen. Lett Appl Microbiol. 2017;64(6):409–18.

14.	 Doyle ME. Multidrug-resistant pathogens in the food supply. Foodborne 
Pathog Dis. 2015;12(4):261–79.

15.	 Koshchaev A, Shchukina I, Garkovenko A, Ilnitskaya E, Radchenko V, 
Bakharev A, et al. Allelic variation of marker genes of hereditary diseases 
and economically important traits in dairy breeding cattle population. JPSR. 
2018;10(6):1566–72.

16.	 CDC. Centers for Disease Control and Prevention. National Center for Emerg-
ing and Zoonotic Infectious Diseases (NCEZID), Division of Foodborne, 
Waterborne, and Environmental Diseases (DFWED). 2022.

17.	 Rainard P, Foucras G, Fitzgerald JR, Watts J, Koop G, Middleton J. Knowledge 
gaps and research priorities in Staphylococcus aureus mastitis control. Trans-
bound Emerg Dis. 2018;65:149–65.

18.	 Ajose DJ, Oluwarinde BO, Abolarinwa TO, Fri J, Montso KP, Fayemi OE, et 
al. Combating bovine mastitis in the dairy Sector in an era of Antimicro-
bial Resistance: Ethno-veterinary Medicinal option as a viable Alternative 
Approach. Front Vet Sci. 2022;9:287.

19.	 Condas LA, De Buck J, Nobrega DB, Carson DA, Naushad S, De Vliegher S, et 
al. Prevalence of non-aureus staphylococci species causing intramammary 
infections in Canadian dairy herds. JDS. 2017;100(7):5592–612.

20.	 De Visscher A, Supré K, Haesebrouck F, Zadoks RN, Piessens V, Van Coillie E, et 
al. Further evidence for the existence of environmental and host-associated 
species of coagulase-negative staphylococci in dairy cattle. Vet Microbiol. 
2014;172(3–4):466–74.

21.	 De Visscher A, Piepers S, Haesebrouck F, De Vliegher S. Teat apex colonization 
with coagulase-negative Staphylococcus species before parturition: distribu-
tion and species-specific risk factors. JDS. 2016;99(2):1427–39.

22.	 Quirk T, Fox L, Hancock D, Capper J, Wenz J, Park J. Intramammary infec-
tions and teat canal colonization with coagulase-negative staphylococci 
after postmilking teat disinfection: species-specific responses. JDS. 
2012;95(4):1906–12.

23.	 Adkins P, Dufour S, Spain J, Calcutt M, Reilly T, Stewart G, et al. Molecular char-
acterization of non-aureus Staphylococcus spp. from heifer intramammary 
infections and body sites. JDS. 2018;101(6):5388–403.

24.	 Wuytack A, De Visscher A, Piepers S, Boyen F, Haesebrouck F, De Vliegher S. 
Non-aureus staphylococci in fecal samples of dairy cows: first report and 
phenotypic and genotypic characterization. JDS. 2019;102(10):9345–59.

25.	 Takeuchi F, Watanabe S, Baba T, Yuzawa H, Ito T, Morimoto Y, Kuroda M, Cui L, 
Takahashi M, Ankai A, Baba SI. Whole-genome sequencing of Staphylococcus 
haemolyticus uncovers the extreme plasticity of its genome and the evolu-
tion of human-colonizing staphylococcal species. JB. 2005;187(21):7292–308.

26.	 Wald R, Hess C, Urbantke V, Wittek T, Baumgartner M. Characterization of 
Staphylococcus species isolated from bovine quarter milk samples. Animals. 
2019;9(5):200.

27.	 Leroy F, Van Coillie E, Braem G, Piessens V, Verbist B, De Vuyst L. Subtyping 
of Staphylococcus haemolyticus isolates from milk and corresponding teat 
apices to verify the potential teat-skin origin of intramammary infections in 
dairy cows. JDS. 2015;98(11):7893–8.

28.	 Fischetti VA, Novick RP, Ferretti JJ, Portnoy DA, Rood J. Gram-positive patho-
gens: ASM Press, American Society for Microbiology; 2000.

29.	 Svennesen L, Nielsen SS, Mahmmod YS, Krömker V, Pedersen K, Klaas IC. 
Association between teat skin colonization and intramammary infection with 
Staphylococcus aureus and Streptococcus agalactiae in herds with automatic 
milking systems. JDS. 2019;102(1):629–39.

30.	 Hiramatsu K. Vancomycin resistance in staphylococci. Drug Resist Updates. 
1998;1(2):135–50.

31.	 Chiew YF, Charles M, Johnstone MC, Thompson KM, Parnell KD, Penno EC. 
Detection of Vancomycin Heteroresistant Staphylococcus haemolyticus and 
Vancomycin intermediate resistant Staphylococcus epidermidis by means of 
Vancomycin screening agar. Pathology. 2007;39(3):375–7.

32.	 Ferreira AM, Bonesso MF, Mondelli AL, de Souza MLR. Identification of Staphy-
lococcus saprophyticus isolated from patients with urinary tract infection 

using a simple set of biochemical tests correlating with 16S–23S interspace 
region molecular weight patterns. J Microbiol Methods. 2012;91(3):406–11.

33.	 Zhou X, Ren L, Li Y, Zhang M, Yu Y, Yu J. The next-generation sequencing 
technology: a technology review and future perspective. Sci China Life Sci. 
2010;53:44–57.

34.	 Schwarze K, Buchanan J, Taylor JC, Wordsworth S. Are whole-exome and 
whole-genome sequencing approaches cost-effective? A systematic review 
of the literature. GIM. 2018;20(10):1122–30.

35.	 Adesogan AT, Dahl GE. MILK Symposium introduction: dairy production in 
developing countries. JDS. 2020;103(11):9677–80.

36.	 Godden SM, Royster E, Timmerman J, Rapnicki P, Green H. Evaluation of an 
automated milk leukocyte differential test and the California mastitis Test for 
detecting intramammary infection in early-and late-lactation quarters and 
cows. J Dairy Sci. 2017;100(8):6527–44.

37.	 Bauer AW, PERRY DM. Single-disk antibiotic-sensitivity testing of staphy-
lococci: an analysis of technique and results. AMA Arch Intern Med. 
1959;104(2):208–16.

38.	 CLSI. Performance Standards for Antimicrobial Susceptibility Testing. 31st ed. 
CLSI supplement M100. Clinical and Laboratory Standards Institute 2021.

39.	 Krumperman PH. Multiple antibiotic resistance indexing of Escherichia coli 
to identify high-risk sources of fecal contamination of foods. Appl Environ 
Microbiol. 1983;46(1):165–70.

40.	 Mahmoodi MM. Occurrence of Listeria monocytogenes in raw milk and dairy 
products in Noorabad, Iran. J Anim Vet Adv. 2010;9(1):16–9.

41.	 Papa R, Bado I, Iribarnegaray V, Gonzalez MJ, Zunino P, Scavone P, et al. Biofilm 
formation in carbapenemase-producing Pseudomonas spp. and Acineto-
bacter baumanni i clinical isolates. Int J Infect Dis. 2018;73:119–20.

42.	 Omidi M, Firoozeh F, Saffari M, Sedaghat H, Zibaei M, Khaledi A. Ability of 
biofilm production and molecular analysis of spa and ica genes among 
clinical isolates of methicillin-resistant Staphylococcus aureus. BMC Res Notes. 
2020;13(1):1–7.

43.	 Atshan SS, Shamsudin MN, Karunanidhi A, van Belkum A, Lung LTT, Sekawi Z, 
et al. Quantitative PCR analysis of genes expressed during biofilm develop-
ment of methicillin resistant Staphylococcus aureus (MRSA). Infect Genet Evol. 
2013;18:106–12.

44.	 Fukuda K, Ogawa M, Taniguchi H, Saito M. Molecular approaches to studying 
microbial communities: targeting the 16S ribosomal RNA gene. J UOEH. 
2016;38(3):223–32.

45.	 Yugueros J, Temprano A, Sánchez Ma L, JMa, Naharro G. Identification of 
Staphylococcus spp. by PCR-restriction fragment length polymorphism of 
gap gene. J Clin Microbiol. 2001;39(10):3693–5.

46.	 Andrews S. FastQC: a quality control tool for high throughput sequence data. 
Cambridge, United Kingdom: Babraham Bioinformatics, Babraham Institute; 
2010.

47.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. 2014;30(15):2114–20.

48.	 Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. 
SPAdes: a new genome assembly algorithm and its applications to single-cell 
sequencing. J Comput Biol. 2012;19(5):455–77.

49.	 Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 
2014;30(14):2068–9.

50.	 Wattam AR, Davis JJ, Assaf R, Boisvert S, Brettin T, Bun C, et al. Improvements 
to PATRIC, the all-bacterial bioinformatics database and analysis resource 
center. Nucleic Acids Res. 2017;45(D1):D535–42.

51.	 Grant JR, Enns E, Marinier E, Mandal A, Herman EK, Chen C-y et al. Proksee: in-
depth characterization and visualization of bacterial genomes. Nucleic Acids 
Res. 2023:gkad326.

52.	 Alcock BP, Huynh W, Chalil R, Smith KW, Raphenya AR, Wlodarski MA, et al. 
CARD 2023: expanded curation, support for machine learning, and resistome 
prediction at the Comprehensive Antibiotic Resistance Database. Nucleic 
Acids Res. 2023;51(D1):D690–9.

53.	 Liu B, Zheng D, Zhou S, Chen L, Yang J. VFDB 2022: a general classification 
scheme for bacterial virulence factors. Nucleic Acids Res. 2022;50(D1):D912–7.

54.	 Johansson MH, Bortolaia V, Tansirichaiya S, Aarestrup FM, Roberts AP, Petersen 
TN. Detection of mobile genetic elements associated with antibiotic resis-
tance in Salmonella enterica using a newly developed web tool: MobileEle-
mentFinder. JAC. 2021;76(1):101–9.

55.	 Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, et al. PHASTER: a 
better, faster version of the PHAST phage search tool. Nucleic Acids Res. 
2016;44(W1):W16–21.



Page 15 of 15Ajose et al. BMC Microbiology          (2024) 24:426 

56.	 Davis GS, Price LB. Recent research examining links among Klebsiella pneu-
moniae from food, food animals, and human extraintestinal infections. Curr 
Environ Health Rep. 2016;3(2):128–35.

57.	 Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and 
high throughput. Nucleic Acids Res. 2004;32(5):1792–7.

58.	 Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics. 2014;30(9):1312–3.

59.	 Stamatakis A, Hoover P, Rougemont J. A rapid bootstrap algorithm for the 
RAxML web servers. Syst Biol. 2008;57(5):758–71.

60.	 Gill A. The importance of bacterial culture to food microbiology in the age of 
genomics. Front Microbiol. 2017;8:256356.

61.	 Anthonisen I-L, Sunde M, Steinum T, Sidhu M, Sørum H. Organization of the 
antiseptic resistance gene qacA and tn 552-related β-lactamase genes in 
multidrug-resistant Staphylococcus haemolyticus strains of animal and human 
origins. Antimicrob Agents Chemother. 2002;46(11):3606–12.

62.	 Singhal L, Gupta V, Sharma S, Agarwal A, Gupta P. Mucoid Staphylococcus 
haemolyticus: an unheeded multidrug-resistant pathogen. Braz J Microbiol. 
2023;54(1):191–8.

63.	 Qian M, Tang S, Wu C, Wang Y, He T, Chen T, et al. Synergy between baicalein 
and penicillins against penicillinase-producing Staphylococcus aureus. Int J 
Med Microbiol. 2015;305(6):501–4.

64.	 Kim S-J, Moon DC, Park S-C, Kang HY, Na SH, Lim S-K. Antimicrobial resistance 
and genetic characterization of coagulase-negative staphylococci from 
bovine mastitis milk samples in Korea. JDS. 2019;102(12):11439–48.

65.	 Andrade NC, Laranjo M, Costa MM, Queiroga MC. Virulence factors in Staphy-
lococcus associated with small ruminant mastitis: biofilm production and 
antimicrobial resistance genes. Antibiotics. 2021;10(6):633.

66.	 Pain M, Hjerde E, Klingenberg C, Cavanagh JP. Comparative genomic analysis 
of Staphylococcus haemolyticus reveals key to hospital adaptation and patho-
genicity. Front Microbiol. 2019;10:2096.

67.	 Chang S-C, Lee M-H, Yeh C-F, Liu T-P, Lin J-F, Ho C-M, et al. Characterization of 
two novel variants of staphylococcal cassette chromosome mec elements 
in oxacillin-resistant Staphylococcus lugdunensis. J Antimicrob Chemother. 
2017;72(12):3258–62.

68.	 Ebmeyer S, Kristiansson E, Larsson DJ. A framework for identifying the recent 
origins of mobile antibiotic resistance genes. Commun Biol. 2021;4(1):8.

69.	 Alkhnbashi OS, Meier T, Mitrofanov A, Backofen R, Voss B. CRISPR-Cas bioinfor-
matics. Methods. 2020;172:3–11.

70.	 Czekaj T, Ciszewski M, Szewczyk EM. Staphylococcus haemolyticus–an 
emerging threat in the twilight of the antibiotics age. Microbiology. 
2015;161(Pt11):2061–8.

71.	 Eltwisy HO, Abdel-Fattah M, Elsisi AM, Omar MM, Abdelmoteleb AA, 
El-Mokhtar MA. Pathogenesis of Staphylococcus haemolyticus on primary 
human skin fibroblast cells. Virulence. 2020;11(1):1142–57.

72.	 Sullivan J, Cheng J. Contextualising Chinese Migration to Africa. JAAS. 
2018;53(8):1173–87.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Whole genome sequence analysis of multi-drug resistant and biofilm-forming ﻿Staphylococcus haemolyticus﻿ isolated from bovine milk
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study design, study site, and ethical consideration
	﻿Sample collection
	﻿Isolation and preliminary characterization of pathogens
	﻿Phenotypic antibiotic susceptibility testing
	﻿Determination of biofilm formation
	﻿Phenotypic detection of biofilm
	﻿Detection of biofilm coding genes


	﻿Molecular characterisation and identification of isolates
	﻿Extraction of genomic deoxyribonucleic acid (gDNA) from bacterial colonies
	﻿Preliminary molecular identification of isolates

	﻿Whole genome sequencing - quality control, trimming, assembling and annotation
	﻿Determination of resistome, virulome and mobile genetic elements (MGEs)
	﻿Phylogenetic analysis

	﻿Results


