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Abstract: Staphylococcus aureus is an opportunistic pathogen of human and other mammals 

that is of increasing clinical and veterinary importance due to its ability to rapidly develop 

antimicrobial resistance. The injudicious use of antibiotics has given rise to the emergence of 

antibiotic resistant S. aureus strains, most importantly methicillin-resistant Staphylococcus 

aureus (MRSA). The emergence of livestock-associated MRSA (LA-MRSA) has highlighted 

the importance of directed research toward its prevention, as well as the need for the discovery 

and development of more efficient treatment than is currently available. Furthermore, the treat-

ment of MRSA is complicated by the co-selection of heavy metal and antibiotic resistance genes 

by microorganisms. Livestock and livestock production systems are large reservoirs of heavy 

metals due to their use in feed as well as environmental contaminant, which has allowed for the 

selection of LA-MRSA isolates with heavy metal resistance. The World Health Organization 

reported that Africa has the largest gaps in data on the prevalence of antimicrobial resistance, 

with no reports on rates for LA-MRSA harboring heavy metal resistance in South Africa. This 

review aimed to report the emergence of LA-MRSA in South Africa, specifically the most 

frequent sequence type ST398, globally. Furthermore, we aimed to highlight the importance of 

LA-MRSA in clinical and food security, as well as this research gap in South Africa. This review 

sheds light on the prevalence of heavy metals in livestock farms and abattoirs, and focuses on 

the phenomenon of the co-selection of heavy metal and antibiotic resistance genes in MRSA, 

emphasizing the importance of a focused direction for research in humans, animals as well as 

environment using one-health approach.

Keywords: Staphylococcus aureus, methicillin resistance, livestock, MRSA, humans, anti-

microbial resistance, antibiotics, resistance, virulence, heavy metals, LA-MRSA, one health

Staphylococcus aureus
Staphylococcus is a genus of the Gram-positive cocci family Staphylococcaceae and 

includes both coagulase-positive and -negative staphylococci which consists of over 30 

species that cause various clinical manifestations.1 Staphylococcus aureus (S. aureus) 

is an opportunistic pathogen that forms part of the normal commensal flora of humans 

and livestock, colonizing ~30%–50% of the human population, and is considered to be 

the most clinically important species.2,3 S. aureus is associated with high infection and 

mortality rates and is one of the leading causes of minor and life-threatening diseases, 

most commonly including infections of the skin and respiratory tract, infective endo-

carditis, toxic shock syndrome, and osteomyelitis.4,5 S. aureus is considered to be one 

of the most clinically important multidrug-resistant threats globally,  according to the 
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recent global priority pathogens list (global PPL) of antibi-

otic-resistant bacteria by the WHO.6 Methicillin-resistant S. 

aureus (MRSA), vancomycin intermediate and resistant S. 

aureus strains are placed second on the list of bacteria of high 

priority for research and development of new antibiotics.7 The 

pathogenesis of S. aureus is attributed to the production of 

an arsenal of several toxins and virulence factors.8 S. aureus 

isolates are confirmed by the molecular detection of the nuc 

gene that encodes for a thermonuclease protein.9

Clinical emergence
Infections caused by S. aureus range from minor superficial 

skin to lethal deep-seated infections such as osteomyelitis 

and pneumonia which may spread to the blood stream, 

thereby causing septicaemia.10 S. aureus is a problematic 

bacterium with the capability to evade the immune system, 

secrete proteins that neutralize antimicrobial peptides and 

express several superantigens that disrupt humoral immune 

responses.10 In addition, MRSA causes significant morbidi-

ties and mortalities, with numerous staphylococcal disease 

outbreaks having been reported over several decades, raising 

major public health alarms worldwide.

S. aureus is isolated from different human anatomical 

sites, livestock and companion animals, foods, food produc-

tion systems and the environment. Consumption of S. aureus-

contaminated food caused outbreaks dating back to 1884 

where food-borne diseases were found to be caused by the 

consumption of cheese contaminated with staphylococci.11 A 

decade later, a family was discovered to have illnesses caused 

by the consumption of meat from a cow that had died of fever 

caused by pyogenic staphylococci.11 Other food poisoning 

outbreaks were reported due to enterotoxin-producing S. 

aureus strains.12 These outbreaks highlight the health threats 

of consuming contaminated foods, highlighting the need to 

scrutinize food products and production systems for bacterial 

contamination, specifically S. aureus.

Apart from food-borne illnesses, major concerns have 

been raised in hospitals due to infections caused by S. aureus, 

and has been identified as the most prominent cause of infec-

tive endocarditis in the industrialized world.13 It was reported 

that a patient with atopic dermatitis developed endocarditis 

caused by S. aureus,14 this case highlighting that such colo-

nization of these lesions represents an important source of 

invasive bacterial infections. This is supported by the fact that 

in native valve endocarditis, S. aureus accounts for 30%–35% 

of cases, whereas in a patient with atopic dermatitis, it is the 

exclusive cause of endocarditis .15

While humans are the main reservoir host of S. aureus, 

livestock have also been colonized with the bacterium, lead-

ing to the contamination of food products. This was shown 

when an outbreak of mastitis was observed in a closely 

packed dairy herd, and found to be caused by one strain of 

S. aureus.16 A survey was conducted on various livestock 

animals including cows, goats, sheep, rabbits, chickens, and 

cats, and identified S. aureus isolates that were harbouring 

various staphylococcal enterotoxin genes.17 The occurrence 

of outbreaks and the identification of novel genes predomi-

nating in S. aureus from animal hosts suggest that livestock 

are an important reservoir of staphylococcal infections. Strict 

hygiene at the time of milking, segregating any livestock with 

S. aureus infections, and intensive culling of those infected 

might be required to reduce the prevalence and incidence 

of highly transmissible strains of the bacterium.16 However, 

intensive culling of livestock could prove to be an economic 

loss to farmers and food production systems, making it 

important to explore various avenues to reduce the spread 

of the infection. Regardless of the host, S. aureus isolates 

produce a repertoire of toxins that allow the bacterium to be 

a highly threatening pathogen.

Toxins produced by S. aureus
Toxins are described as poisonous substances secreted by the 

microorganism that directly interacts with the host.4 Panton-

Valentine Leukocidin (PVL) is one of the most important, 

potent, and prevalent toxins produced by S. aureus and is asso-

ciated with a large percentage of S. aureus isolates that cause 

necrotizing skin lesions and severe necrotizing pneumonia as 

well as the destruction of white blood cells.18–20 Several studies 

were conducted to understand the determinant of PVL-positive 

S. aureus isolates. It was reported that PVL-producing S. aureus 

strains caused rapidly progressive, hemorrhagic, necrotizing 

pneumonia in healthy children and young adults with a high 

lethality rate.21 More recently, it was demonstrated that PVL-

producing S. aureus isolates damaged neutrophils in humans, 

this being linked to the development of thrombosis in associa-

tion with osteomyelitis.22 The virulence of PVL toxin lies in the 

formation of pores in the membrane of the host defense cells 

by the synergistic action of two proteins, that is, LukF-PV and 

LukS-PV which are encoded by two co-transcribed genes of a 

prophage integrated in the S. aureus chromosome.23 The PVL 

genes can be used as a marker for the presence and intensity 

of clinically infectious S. aureus isolates.

Alpha toxin (α-toxin) is another toxin that is produced 

by S. aureus and plays a major role as a virulence factor in 
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its pathogenesis, causing tissue invasion and necrosis while 

altering bacterial killing in macrophages.24,25 This toxin is 

encoded by the hla gene and is a pore-forming cytotoxin 

that is regulated by the global regulators agr, sarA, and sae.26 

In a study of S. aureus food poisoning outbreaks in the UK 

between 1969 and 1970, 79% of the strains were found to 

produce α-toxin alone or together with another toxin.27 More 

recently, α-toxin was found to be an important virulence fac-

tor in opportunistic bacterial lung infections, where it radi-

cally increased bacterial growth and prevented acidification 

of bacteria-containing macrophages (phagosomes), thereby 

reducing the effective destruction of S. aureus.25

Apart from the major toxins, the pathogenesis of S. aureus 

also includes other toxins. The pyrogenic-toxin superantigens 

bind to major histocompatibility complex II protein which 

causes extensive T-cell proliferation and cytokine release, 

resulting in food poisoning and toxic shock.4 Furthermore, 

the pathogen also produces various enzymes including pro-

teases, lipases, and hyaluronidases which destroy host tissue 

and may facilitate the spread of infection to adjoining tissues, 

with the enzyme β-lactamase inactivating penicillin (PBP2a) 

giving rise to antibiotic-resistant S. aureus.4,28 Staphylococci 

produce transpeptidase penicillin-binding proteins (PBPs) 

that reduces the activity of the β-lactam antibiotics;29,30 with 

second generation of semi-synthetic penicillins, namely 

methicillin and oxacillin, being developed in 1951 to over-

come the β-lactamase activity.31 In 1981, an initial discovery 

of a reduced-affinity penicillin-binding protein 2a (PBP2a), 

encoded by the mecA gene was made.32 The low binding 

affinity of this PBP2a to β-lactam antibiotics enabled the 

continued synthesis of the peptidoglycan cell wall in MRSA 

despite the presence of lethal concentrations of methicil-

lin.33 Interestingly, the pathogenesis of livestock-associated 

S. aureus (LA-SA) that is similar to human-associated S. 

aureus (HA-SA) is dependent on numerous virulence fac-

tors including toxins, cell-surface-associated adhesions, and 

secreted exo-proteins.34

Antimicrobial resistance
Antibiotics are types of antimicrobial agents that inhibit 

the growth or destroy bacteria. Previously, antibiotics were 

considered to be lethal compounds that were produced by 

living cells to kill or inhibit the growth of other competing 

microorganisms. However, antibiotics have more recently 

been described as antimicrobial agents that are also produced 

partly or wholly through synthetic means.35 Various antibiot-

ics are currently licensed and available for use in animals 

and humans, and are commonly grouped into five classes 

based on their mode of action. The Five groups of antibiotics 

consist of  the following: 1) cell wall synthesis inhibitors 

with a bactericidal effect such as beta-lactams (penicil-

lins, cephalosproins, carbapenems, and monobactams) 

and vancomycin; 2) protein synthesis inhibitors where the 

antibiotics bind to bacterial ribosomal subunits either the 

30S (such as tetracyclines and aminoglycosides) or the 50S 

(macrolides, clindamycin, linezolid, chloramphenicol, and 

streptogramins); 3) nucleic acid synthesis inhibitors that bind 

to DNA-gyrase or topoisomerase II and topoisomerase IV 

and thus interrupt the DNA breakage-reunion step (quino-

lones) or inhibit RNA polymerase activity (rifampicin); 4) 

folate pathway inhibitors that interfere with folic synthesis; 

and 5) inhibitors of cell membrane function (polyenes and 

polypeptides) that disrupts cell membrane permeability.36

The antibiotics most commonly prescribed to treat S. 

aureus infections include certain cephalosporins, nafcillin, 

and vancomycin among others. First-generation cephalo-

sporins (such as cefazolin, cephalothin, and cephalexin), 

clindamycin, lincomycin, and erythromycin have been found 

to play important therapeutic roles in S. aureus infections such 

as infections of the skin and soft tissue.37

One of the challenging problems facing the healthcare 

system is the overprescription and imprudent use of antibiot-

ics. They are injudiciously prescribed for self-limited viral 

infections with physicians trying to please patients who “feel” 

that they need antibiotics.38 It was reported that there is a lack 

of knowledge regarding the prudent and appropriate use of 

antibiotics and incorrect prescription practices.39–41 In South 

Africa, inappropriate use of antibiotics has been a common 

phenomenon of increasing concern with serious implications 

on the wide spread increase of antimicrobial resistance.39,40 

The call for rational use of antimicrobial agents in humans 

and animals in South Africa is an urgent requirement, and the 

prudent use of last-resort agents should be a high priority in 

the country’s national antimicrobial stewardship programs. 

It was recently observed that antibiotics belonging to tet-

racyclines and quinolones (enrofloxacin) are misused on a 

non-prescription basis for backyard poultry and livestock 

animals in rural areas of Pietermaritzburg in KwaZulu-Natal 

Province, South Africa (personal communication, Animal 

Health, Department of Agriculture and Rural Development). 

This may explain why antimicrobial consumption includ-

ing prescriptional and non-prescriptional uses is one of the 

main drivers of resistance in South Africa. It was previously 

reported that there is a direct correlation between veterinary 
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antimicrobial agents use and the prevalence of resistance in 

commensal Escherichia coli isolated from various livestock 

including pigs, poultry, and cattle in Europe.42 Substantial 

educational efforts are required nationally and globally in 

order to alleviate the overuse and inappropriate prescription 

of antibiotics. Greater emphasis needs to be placed in the 

fact that infections such as “common flu” are caused by a 

virus and therefore cannot be treated with antibiotics. This 

alarming overuse of antibiotics has given rise to consider-

able antibiotic resistance by most bacteria, causing what 

used to be common infections to become difficult-to-treat, 

life-threatening infections with numerous complications.

Antibiotic resistance is however a natural phenomenon, 

which is best explained by the Darwinian rules of natu-

ral selection for all living beings. When antibiotics are 

introduced in a medium, they exert pressure on bacteria, 

and as only naturally resistant bacteria can survive the 

resistant bacteria multiply, and become predominant in 

the medium. The selection of antibiotic-resistant bacteria 

during antibiotic treatments is therefore involuntary and 

unavoidable. The phenomenon of persistence of antibiotic 

resistance in bacterial populations was detailed elsewhere.43 

The more antibiotics are used, the more resistance is 

bound to occur, with three biological processes having 

been described to enhance the accumulation of bacterial 

drug resistance. These are new selection, gene epidemics, 

and strain epidemics with new resistance emerging by 1) 

advantaging entire species, 2) mutation, and 3) escaping 

resistance genes to mobile DNA.44 The steady rising of 

antibiotic resistance by various species showed that there 

is no single antimicrobial agent available for both human 

and animal use that has not demonstrated resistance by 

one or more microorganisms.45,46 In addition, the heritage 

of past decades of antibiotic use and misuse has resulted 

in clinically important bacteria being characterized by 

multiple antibiotic resistance.47

Globally, alarms of rising antimicrobial resistance have 

been ringing, with resistance to broad-spectrum antibiotics 

and multiple classes of antibiotics being reported in several 

European countries where it is increasingly reported as a 

serious public health threat.48

The world has seen a considerable rise (35%) in con-

sumption of antibiotics between 2000 and 2010, with 

Brazil, Russia, India, China, and South Africa accounting 

for 76% of the increase.49 However, more worrisome is the 

45% and 13% increased consumption of carbapenems and 

polymyxins, respectively, which are classified as last-resort 

antibiotic drugs, raising serious concerns for public health. 

The prevalence of antibiotic resistance in USA hospitals 

was also observed and clinically significant bacterial 

isolates resistant to essential antibiotics were evaluated 

between 2007 and 2010.50 Various resistant percentages 

were observed from different antibiotics such that 87.1% of 

Enterococcus faecium to vancomycin, 56.8% of S. aureus 

to oxacillin-methicillin, 39.7% of S. aureus to clindamycin, 

32.6% Pseudomonas aeruginosa to fluoroquinolones, 31.3% 

E. coli to fluoroquinolones while 3.9% of E. faecium to 

daptomycin.50 While these resistance profiles highlight the 

urgency of establishing treatment protocols that bypass the 

development of antibiotic among bacterial isolates, more 

alarming is the prevalence of antibiotic-resistant isolates. 

Bacteria were found in both source and tap water collected 

from Michigan, Ohio, USA, with antibiotic-resistant bacte-

rial isolates being found higher in tap water than in water 

that has just been introduced into the distribution system, 

which indicated that there was regrowth of the bacteria in 

the drinking water distribution systems, due to various water 

treatment strategies.51

Although antibiotic resistance is a global threat, develop-

ing countries would appear to shoulder the majority of the 

burden. These countries face numerous challenges such as 

limited studies and resources, a lack of surveillance systems, 

and poor education on proper use of antibiotics, thus antibi-

otic resistance is an emerging and serious public health threat. 

Moreover, the threat is aggravated by the limited availability 

and affordability of newly developed antibiotics. A study 

conducted in Rwanda revealed that antimicrobial resistance 

rates are high and pose a serious challenge to the clinical 

management of common infections.52 The conclusion was 

supported by the finding of resistance patterns in bacterial 

pathogens isolated from urine, blood, sputum, and wound 

swab specimens obtained at a hospital in Rwanda. Eighty 

percent of S. aureus isolates were found to be resistant to oxa-

cillin (classified as MRSA); 31.4% and 58.7% of E. coli and 

Klebsiella, respectively, were found to be resistant to third-

generation cephalosporins.52 In West Africa, it was reported 

that urinary tract infections caused by bacterial pathogens 

such as E. coli and Klebsiella spp. showed moderate to high 

antibiotic resistance to commonly used antibiotics such as 

cephalosporins.53 Common bloodstream Gram-negative 

pathogens were found to have moderate resistance rates to 

first-line antibiotics such as ampicillin, cotrimoxazole, genta-

micin, and amoxicillin/clavulanate. In South Africa, the first 

example of multidrug-resistant Streptococcus pneumoniae 
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was reported in pediatric patients treated prophylactically 

with antibiotics for serious viral infections.54 While various 

reports have shown a similar trend of consistently escalating 

antibiotic resistance rates in Africa, more alarming is the 

huge lack of data. The World Health Organisation reported 

that the African region has one of the largest data gaps on 

the prevalence of antimicrobial resistance.55 The lack of data, 

limited and lack of standardized treatment protocols, as well 

as the lack of adherence to prudent antibiotic use have led 

to the escalating increase in antimicrobial resistance in the 

region and globally. More in-depth investigation and research 

is required in order to consolidate the current treatment 

measures for a better global health outcome.56

Antimicrobial agents use in 
livestock
Apart from the inappropriate use of antibiotics by patients 

and physicians, another major cause of antibiotic resis-

tance is the use of antimicrobial agents in livestock. These 

antimicrobial agents especially antibiotics are extensively 

used in livestock production systems to protect their health 

and enhance their growth performance. Several bacterial 

pathogens are responsible for devastating losses in livestock, 

which may account for the increased use and application 

of antibacterial agents in veterinary practice such as tet-

racyclines, penicillins, macrolides, fluoroquinolones, and 

sulfonamides.57 As the world population continues to grow, 

more food resources are required to sustain their nutritional 

demands and requirements. The inclusion of antimicrobial 

agents in animal feed has been found to contribute to lower 

costs of meat, milk, eggs, and other animal products for 

human consumption.58 However, the problems arise in that 

up to 78% of the antibiotics used in the USA are for food 

production livestock.59 The improper use of antibiotics as pro-

phylactics and for nontherapeutic purposes in poultry, bovine, 

swine, and other livestock may be attributed to the nature of 

their production. For example, pigs  and poultry production 

become very dangerous when only a few show symptoms 

but the entire livestock is treated to prevent contamination of 

other animals.60 It was reported that considerable quantities 

of antimicrobial agents were used for nontherapeutic pur-

poses as growth promotors in factory farming globally,61–63 

which may have escalated the resistance rates in humans. 

The prolonged exposure of healthy animals to antibiotics 

is a recipe for breeding antibiotic resistance among various 

bacterial populations. Antimicrobial resistance may not be 

completely avoidable and preventable. In the USA, a wide 

variety of these antibiotics used in animal treatment and feed 

are the same as those used in human medicine as shown in 

Table 1. However, the use of antibiotics as growth promoters 

has been phased out from 2014 to 2016.64,65

Methicillin-resistant S. aureus
S. aureus is one of the most rapidly evolving bacteria, 

being able to develop resistance toward a wide variety of 

antibiotics. The first report of an important antibiotic was 

the development of penicillin in the early 1940s, with S. 

aureus becoming a clinical problem less than a decade later, 

as it had acquired resistance to penicillin by producing a 

β-lactamase enzyme that rendered penicillin inactive.66 A 

semi-synthetic penicillin called celbenin (currently referred 

to as methicillin) was developed in 1959,67,68 and by late 

1960, there were already reports of S. aureus isolates 

resistant to it when the first MRSA strain was identified 

in the UK in 1961.69,70 S. aureus isolates have developed 

resistance against ceftaroline, which was a new cepha-

losporin approved in 2012 to treat MRSA infections.71,72 

It is concerning that the rapid development of resistance 

Table 1 Major antimicrobial agent classes approved for nontherapeutic use in animals

Antimicrobial class Species Prophylaxis Growth promotion

Aminoglycoside Beef cattle, goats, poultry, sheep, swine Yes No
β-Lactam (penicillin) Beef cattle, dairy cows, fowl, poultry, sheep, swine Yes Yes

β-Lactam (cephalosporin) Beef cattle, dairy cows, poultry, sheep, swine Yes No
Ionophore Beef cattle, fowl, goats, poultry, rabbits, sheep Yes Yes
Lincosamide Poultry, swine Yes Yes
Macrolide Beef cattle, poultry, swine Yes Yes
Polypeptide Fowl, poultry, swine Yes Yes
Streptogramin Beef cattle, poultry, swine Yes Yes
Sulfonamide Beef cattle, poultry, swine Yes Yes
Tetracycline Beef cattle, dairy cows, fowl, honey bees, poultry, sheep, swine Yes Yes

Notes: This table was reproduced from United States General Accounting Office. Food Safety. The agricultural use of antibiotics and its implications for human health; 1999. 
Available at:  https://www.gao.gov/archive/1999/rc99074.pdf. Accessed July 12, 2018.142
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in S. aureus is not fully understood. MRSA is one of 

the most important and problematic antibiotic-resistant 

pathogens globally. Since its initial identification, MRSA 

has become established as the most prevalent pathogen in 

hospitals worldwide, responsible for numerous hospital 

outbreaks globally.69,73–75 Various outbreaks of MRSA led 

to its classification into two types; healthcare-associated 

MRSA (HA-MRSA) and community-associated MRSA 

(CA-MRSA). HA-MRSA is defined as MRSA strains 

recovered from patients in healthcare facilities due to 

hospitalization, surgery, or hemodialysis and is typically 

resistant to clindamycin and other β-lactam antimicrobial 

agents.76 CA-MRSA is described as strains that have the 

capacity to infect otherwise healthy people outside of the 

hospital setting, combining methicillin resistance with 

enhanced virulence and fitness, with all these strains typi-

cally carrying a novel type of methicillin resistance locus 

that appears to cause less of a fitness burden.77 Apart from 

HA-MRSA and CA-MRSA, livestock-associated MRSA 

(LA-MRSA) has been identified and been isolated from 

numerous livestock. LA-MRSA was first isolated in 2005 

from pigs and pig farmers in the Netherlands,78 and later 

from other animals including bovine, avian, equine, and 

from humans who are in close contact with animals.79–81 

The frequency of LA-MRSA has been steadily increasing 

following the detection of LA-MRSA in healthy poultry.82 

Numerous reports have focused on the identification and 

characterization of LA-MRSA from different livestock 

worldwide83,84 as well as in humans.80

With the current global food crisis, the health of food-

producing livestock is essential, with LA-MRSA being a 

major hindrance. Since the emergence of MRSA in animals 

in 2005, LA-MRSA was reported in pigs and veal calves in 

particular.2 The first detection of LA-MRSA strain ST398 

from poultry was reported, and a comparison of old and 

recent isolates (1970 and 2006, respectively) showed that 

the latter have a much more significant resistance rate to 

eight antibiotics, indicating that the overuse of antibiotics 

is essential for developing antibiotic resistant strains.82 

MRSA was discovered in broiler flocks in the Nether-

lands,83 with more recent, S. aureus isolates with methicil-

lin-resistant genes being isolated from commercial broiler 

chickens in South Africa.85 Apart from poultry, MRSA 

was isolated from a variety of meat products such as veal, 

beef, lamb, mutton, and game.86 Additional studies have 

shown that LA-MRSA was present in almost all types of 

food-producing livestock worldwide, including retail meat 

in Canada.87 In Korea, MRSA was isolated from imported 

and domestic meat,88 and from pigs and pig handlers, pig 

handler’s shower facilities, pork products and production 

processes.89 The global prevalence of MRSA in livestock 

has therefore necessitated extensive research towards char-

acterizing LA-MRSA isolates. Previously, S. aureus phe-

notyping methods were used to identify strains and these 

included phage typing, biotyping, and typing of enzymes 

or toxins.90 However, genetic characterization of isolates 

has significantly gained momentum and has become the 

pinnacle of isolate identification and characterization.

Genetic characterization of MRSA
Genetic characterization refers to the process by which 

bacterial isolates are identified or differentiated, and refers 

to any differences in the appearance or make-up of an 

accession.91 Therefore, genetic characterization of MRSA 

isolates is essential to identify old and new isolate types 

as well as their virulence factors, and facilitates the fight 

toward improved and effective treatment protocols. S. 

aureus isolates have been separated into various sequence 

types using genotyping methods, these being plasmid 

profile, analysis of chromosomal DNA, southern hybridiza-

tion, pulse-field gel electrophoresis, PCR, Staphylococcal 

Cassette Chromosome mec (SCCmec) typing, sequence 

typing, incuding multilocus sequence typing and spa typ-

ing, and accessory gene regulator (Agr) typing.92–95 There 

have been numerous differentiation studies for S. aureus 

isolates from humans and animals, with 87% of human 

isolates being distributed among 11 clonal complexes,96 

some rarer than others.97 The molecular epidemiology of 

S. aureus isolates from European wildlife was investigated 

using MLST (Multilocus sequence typing) and the isolates 

were assigned to numerous clonal complexes and sequence 

types, with those that share at least five MLST alleles being 

grouped into one clonal complex.98 The molecular charac-

teristics of MRSA isolates among pigs in German farms 

were investigated using spa typing, MLST, and detection 

of toxin genes, with t011, t034, t108, t1451, and t2510, all 

being associated with sequence type ST398.99

Sequence type ST398 belongs to the clonal complex 

CC398 and is the most common sequence type of LA-

MRSA found in livestock.99 Originally, sequence type 

ST398 was identified from S. aureus isolates isolated from 

a pig and other food animals,100,101 being later detected 

in chicken.82 Furthermore, a survey of fresh chicken and 

turkey meat and meat products in Germany revealed a 
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32% S. aureus prevalence with 87.5% of those belonging 

to the CC398, which is widespread among food-producing 

animals.102 The identified isolates were subsequently char-

acterized using spa typing and exhibited t011, t034, t8999, 

t2346, and t6574.102 Although MRSA ST398 is associ-

ated with livestock, it is a major public health threat to 

humans in close contact with livestock due to high risk of 

its colonization. A very high prevalence of MRSA ST398 

was reported among pig farmers and pigs in Spain, and the 

similar spa-types and phenotypes of resistance detected  

suggested animal-to-human transmission.103 The cross-

transmission between animals and humans poses a high 

zoonotic threat and complicates treatment protocols. Of 

greater cause of alarm is the lack of research conducted 

in developing countries, especially in Africa. Although 

LA-MRSA has been  frequently reported globally, the 

first detection of MRSA and (methicillin susceptible S. 

aureus) MSSA ST398 in food in an African country was 

only in 2015.79 MRSA ST398 isolate was detected from 

chicken samples, and was further characterized as ST398-

CC398-t4358-agrLI-SCCnecIVa, resistant to β-lactams, 

tetracycline, and erythromycin while also harboring 

numerous virulence genes.104 The diversity and multiple 

drug resistance of this isolate highlights the importance of 

intense research in Africa, especially as many households 

depend on farming for their livelyhood. There is currently 

no study that reports on the prevalence of MRSA/MSSA 

ST398 in South African livestock and livestock production 

systems, proving a large gap in research that is required 

to be addressed. We are currently conducting research 

into the prevalence of MRSA/MSSA ST398 in livestock 

production systems in South Africa using samples from 

various livestock animal species, companion animals, 

and wild birds. We were able to isolate more than 100 

isolates of livestock-associated S. aureus (unpublished 

data) among other important pathogens and are currently 

being characterized using molecular methods and whole 

genome sequencing. To our  knowledge, this is the first 

study in literature investigating LA-SA from KwaZulu-

Natal Province of South Africa.

Toxicity of heavy metals
The environment where bacteria are isolated and the 

environmental practices play an important role in the 

development of antibiotic resistance. Farms, abattoirs, and 

food production systems are home to numerous environ-

mental contaminants from water, soil, animal excretions, 

and human contaminations, and sometimes runoff from 

paints used on the buildings. One of the most common 

contaminants in these environments is heavy metals, these 

being described as metals that have a relatively high den-

sity (>5 g/cm3) with most being toxic at low quantities.105 

The most common heavy metals found in the environment 

include arsenic (As), lead (Pb), mercury (Hg), nickel (Ni), 

chromium (Cr), copper (Cu), zinc (Zn), and cadmium 

(Cd). As metals are naturally found in the earth’s crust and 

are required to maintain biochemical and physiological 

functions in various organisms, environmental factors and 

human interference can alter the natural concentrations of 

the heavy metals, leading to detrimental effects for animals, 

humans, and the environment.106 It was reported that heavy 

metals most commonly found in wastewater include As, 

Cd, Cr, Cu, Pb, Ni, and Zn.107,108 The toxic limits of the 

various heavy metals in animals and humans are shown in 

Table 2.109 Apart from the naturally occurring heavy metals 

on the earth’s crust, other sources of heavy metals include 

industrial effluents, urban runoff, sewage discharge, and 

chemical control agents applied to crops and livestock 

feeds.110,111 Of concern is that, heavy metals such as Hg, Cd, 

Pb, and As do not serve any essential biological function 

but have toxic properties, are readily transferred through 

food, and are not easily broken down.112

One of the major sources of heavy metals is animal 

feeds; feed and manure samples from farms in China 

were investigated, and 14 metals were reported including 

Zn, Cu, Pb, Cd, As, and Hg.113 Copper, one of the most 

common heavy metals, was found to be at concentration 

levels as high as 1,726.3 mg/kg. Similarly, livestock feeds 

and manure samples from commercial farms in England 

and Wales were investigated to determine their heavy 

metal concentrations. Pig feeds showed a concentration 

Table 2 Toxic limit and recommended/safe intake of heavy metal

Heavy metal Toxic limit Recommended intake/safe intake

Arsenic 3 mg/day for 2–3 weeks 15–25 µg/day (adults)
Cadmium 200 µg/kg of fresh weight 15–50 µg/day (adults); 2–25 µg/day (children)
Lead ≥500 µg/L (blood) 20–280 µg/day (adults); 10–275 µg/day children
Zinc 150 µg/day 15 µg/day

Notes: Adapted from Raikwar M, Kumar P, Singh M, Singh A. Toxic effect of heavy metals in livestock health. Vet World. 2009;1(1):28–30.109
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of 150–2,920 mg Zn/kg and 18–217 mg Cu/kg while in 

poultry feeds, they ranged from 28 to 4,030 mg Zn/kg and 

5 to 234 mg Cu/kg.114 Livestock manure was found to be 

responsible for an estimated 37%–40% of total Zn and 

Cu inputs.115 Analysis of animal feed and meat products 

from a metal processing region in east Kazakhstan showed 

high concentrations of Cd, Pb, and Zn.116 Higher levels 

of contamination were found in horse samples with their 

kidneys containing concentrations of 128 and 2.2 mg/

kg for Cd and Pb, respectively, which exceeded the state 

maximal allowed concentrations and pose a risk to human 

and animal health.116

In developing countries, food safety is of great importance 

in both livestock abattoirs and vegetable gardens. A study 

conducted in South Africa showed heavy metal contamina-

tion in vegetables from residential gardens with concentration 

levels ranging from 0.01 to 1.12 mg/kg for Cd, 0.92 to 9.29 

mg/kg for Cu, 0.04 to 373.38 mg/kg for Mg and 4.27 to 89.88 

mg/kg for Zn, respectively.117 Heavy metal contamination in 

soil was also detected at slightly higher concentrations and 

although those for critical heavy metals such as Pb and Cd 

may not pose a grave threat, the Mg level was extremely 

high and Zn concentrations exceeded safe levels in various 

vegetables. This contamination by heavy metals showed 

the potential risk that underprivileged communities face as 

they almost exclusively depend on these vegetables. Studies 

show that toxic metal pollution in Africa has reached unprec-

edented levels and has attracted the attention of national and 

international environmentalists.118 In South Africa, mining is 

the major source of environmental pollution while Zambia 

holds Cu and Co deposits; with industrial, agricultural and 

domestic wastes having been highlighted as major con-

tributors of heavy metal contamination. Pb, Cd, Cu, and Zn 

contamination in the Thohoyandou District rivers of South 

Africa has been attributed to the use of fertilizers, sewage 

treatment plants, and pesticides that contain Pb and Cd on 

surrounding farms.118 It was reported that the regulation of 

heavy metal content in meat products is lacking in many 

African countries despite that the general awareness of 

health risks associated with the consumption of heavy metal 

contaminated food has increased.119 Furthermore, the number 

of studies that have established a close association between 

exposure to heavy metals and cancer epidemiology in sub-

Saharan Africa is increasing,120 which further demonstrates 

the need for research to be focused on their contamination.

Apart from contaminating the environment, heavy met-

als are also consumed in water and feeds that are eaten 

by food producing animals, which poses health threats to 

consumers.121 It was found that the average concentrations 

of Cu, Pb, and Cd in raw milk were significantly higher than 

the International Dairy Federation standards, showing that 

more active heavy metal surveillance in animal products is 

required.121 Similarly, a study from Nigeria showed chicken 

bone-muscles with concentrations of 28.23 mg/kg for Pb, 

16.17 mg/kg for Zn and 4.27 mg/kg for Ni, while chicken 

brain had the highest levels of Cd and Mg (0.38 and 67.54 

mg/kg, respectively).122 These results show that both Pb and 

Cd should be of great concern in Nigeria due to the con-

tamination of meat and vegetables. In southern Nigeria, Cd 

(0.01-5.68 mg/kg), Ni (0.13-7.93 mg/kg), Cr (0.01-3.43 mg/

kg) and Pb (0.01-4.60 mg/kg) levels were found to be above 

the permissible limits in chicken, chicken gizzards and turkey 

meat samples.123 Fish and shellfish from areas around Cochin 

in India showed the presence of heavy metals at varying 

levels, with all concentrations falling within the prescribed 

range for safe human consumption.124 This shows that with 

diligent surveillance, it is possible to achieve contamination 

levels that are safe for human consumption.

Heavy metal and antimicrobial 
resistance
Livestock farms, abattoirs, and food production systems 

are home to numerous heavy metals, and microorganisms 

are found in water, soil, livestock, food products, and 

 livestock handlers. The cohabitation of  microorganisms 

and heavy metals in the environment has led to the 

 adaptation of microorganisms which develop resistance 

to heavy metals. Healthcare is currently challenged with a 

considerable burden of antimicrobial resistant microorgan-

isms, and compounding of heavy metal resistance leads 

to a whole range of new alarms. Similar to how bacteria 

develop antibiotic resistance due to the injudicious use 

of  antibiotics, the use of heavy metals in animal feed, 

environmental contamination, and therapeutic agents may 

enhance the development of plasmid-harboring resistant 

bacteria in these  environments to toxic metals including 

Ag, Cd, Co, Cu, Hg, Ni, Pb, and Zn.125–130 Microorganisms 

have developed several resistance mechanisms to heavy 

metals including exclusion by permeability  barrier, intra-

cellular and extracellular, enzymatic detoxification, active 

transport efflux pumps, and reduction in the sensitivity of 

cellular targets to metal ions.131 It is important to under-

stand the molecular background of microorganisms that 

are both antibiotic and heavy metal resistant, this aids in 
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the continued fight for a better healthcare system for both 

humans and animals as well as the processes involved in 

producing safe food products.

The co-contamination of heavy metals and antibiotics 

in the environment plays an important role in the rapidly 

growing concern of antibiotic resistance. Heavy metal resis-

tance mechanisms have been described to indirectly select 

for antibiotic resistance as well via a phenomenon known 

as co-selection.132 Two classes of co-selection resistance 

mechanisms have been described, these being: 1) cross-

resistance mechanisms that provide tolerance to more than 

one antimicrobial agent including antibiotics and heavy 

metals and 2) co-resistance of two or more resistance genes 

that are genetically linked.133 The effects of heavy metals 

on antibiotic resistance in a bacterium were investigated, 

with the presence of As, Cu, and Zn even at low levels in 

the environment being found to enhance resistance of the 

bacterium to tetracycline.134 Heavy metal induced antibiotic 

resistance is abundant among various microbial species, and 

it is suggested that it enhances the emergence and spread 

of antibiotic resistance in metal/antibiotic co-contaminated 

environments.134 More recently, antibiotic resistance of 

bacteria isolated from heavy metal-polluted soils in various 

land types was investigated, and with soil with the highest 

levels having the lowest number of bacteria, but interest-

ingly, a much higher abundance of heavy metal-resistant 

bacteria and antibiotic-resistant bacteria with a high degree 

of resistance to ampicillin and amoxicillin.135 Other prevalent 

antibiotic-resistant bacteria were resistant to vancomycin, 

tetracycline, and streptomycin. Co-resistance toward Hg and 

antibiotics was observed among the Gram-negative isolates 

while Gram-positive isolates showed co-resistance toward 

Zn, Ni, Hg with β-lactam antibiotics.

MRSA and heavy metal resistance
Methicillin-resistant S. aureus, being one of the most clini-

cally important classes of pathogens globally, has also been 

found to harbor resistance toward heavy metals as well, further 

complicating the treatment of MRSA infections. The recently 

reported co-resistance of Gram-positive isolates to β-lactam 

antibiotics and heavy metals including Zn, Ni, and Hg high-

lights the importance of combating MRSA.135 It was reported 

that 74% of MRSA CC398 isolates isolated from Danish swine 

had reduced susceptibility to ZnCl
2
, suggesting that there is a 

positive correlation between reduced heavy metal susceptibil-

ity and MRSA.136 This correlation was further supported in 

another study where it was reported that 75% of LA-MRSA 

isolates carried at least one metal-resistant gene.137 The study 

showed heavy metal resistance gene prevalences of 4.8% 

(As), 0.2% (Cd). 24.3% (Cu) and 71.5% (Zn) respectively.137 

Heavy metal resistance plays a role in the co-selection of 

methicillin resistance in S. aureus as was previously reported 

where 74% of LA-MRSA CC398 and 48% of MRSA CC398 

isolated from humans were resistant to zinc chloride and tested 

positive for the Zn-resistance gene czrC.138 The emergence of 

multidrug resistance coupled with heavy metal resistance is 

a major concern due to the co-localization of antimicrobial 

and heavy metal resistance genes. It was shown that three 

erm(T)-carrying multiple resistance plasmids isolated from 

porcine and human MRSA ST398, also harbored Cd and Cu 

resistance determinants.138 Furthermore, the plasmids were also 

found to carry numerous antibiotic resistance genes including 

tet(L), thereby conferring resistance to tetracycline.138 Most 

recently, it was shown that a novel copper-resistant locus that 

was horizontally transferred confers hyper-resistance.139 This 

locus is uniquely associated with the SCCmec elements of 

CA-MRSA USA300 strain that is highly virulent, epidemic, 

and with great implications for public health.139

Heavy metal resistance, including Zn and Cu in livestock 

associated S. aureus, was reported in Europe. Although 

co-selection of resistance was observed in both methicillin-

resistant and susceptible S. aureus, MRSA isolates contained 

more czrC gene compared to the MSSA isolates.140 No reports 

from South Africa have shown correlations between MRSA/

MSSA ST398 and heavy metal resistance. A significant posi-

tive correlation was reported between heavy metal resistance 

profiles for Cu and chromate (Cr) and erythromycin resistance 

in Gram-negative bacteria isolated from tilapia aquaculture 

systems confirming that heavy metal and antibiotic resistance 

is co-selected in fish-associated bacteria.141 Although the study 

is not related to LA-MRSA, the fundamental logic behind the 

study is sound and shows that similar studies can be conducted 

in South Africa to determine correlations between heavy metal 

resistance and MRSA ST398.

Conclusion
S. aureus is one of the most important clinical pathogens 

globally, with the development of antibiotic resistance, 

specifically MRSA, having imposed heavy burdens on the 

healthcare system. The characterization of S. aureus to iden-

tify virulence  factors, clonal complexes, and sequence types 

plays an important role in the efforts toward understanding 

this pathogen in order to be better prepared to develop treat-

ment protocols. The emergence of LA-MRSA further burdens 

the WHO as it highlights the crucial contamination of meat 

products, and with a rapidly growing global population, suf-
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ficient and safe food production is required. Heavy metals 

have been present in the environment since the beginning 

of time, with research showing that with rapidly evolving 

microorganisms as well as human interference, they are also 

a major environmental, health, and food safety concern. The 

proven positive correlation of heavy metal resistance and 

MRSA highlights the vulnerabilities of both humans and 

animals as compounded resistance is particularly difficult 

to treat effectively. Most alarmingly is the lack of sufficient 

research conducted in Africa on LA-MRSA, heavy metal 

resistance, and the stacked resistance in microorganisms. 

There is a gap in antibiotic and heavy metal resistance report-

ing in South Africa, with research efforts being required to 

combat the rapidly evolving resistant bacteria and their asso-

ciated consequences. In addition, strict measures and policies 

to contain antimicrobial resistance through the rational use 

of antimicrobial agents for veterinary and agricultural pur-

poses including awareness campaigns on their prudent use 

are urgently required to control the threat of antimicrobial 

resistance in South Africa.
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