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Abstract
Staphylococcus aureus is the leading cause of secondary infections in hospitals and a challenging pathogen in food industries. 
Decades after it was first reported, β-lactam-resistant S. aureus remains a subject of intense research owing to the ever-
increasing issue of drug resistance. S. aureus bacteriophages (phages) or their encoded products are considered an alternative 
to antibiotics as they have been shown to be effective in treating some S. aureus-associated infections. In this review, we 
present a concise collection of the literature on the pathogenic potential of S. aureus and examine the prospects of using S. 
aureus phages and their encoded products as antimicrobials.
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Introduction

Staphylococcus aureus was first identified and described in 
1880 by Alexander Ogston, a surgeon who isolated the bac-
terium from a surgical abscess [1]. S. aureus is a Gram-pos-
itive bacterium and facultative anaerobe with low genomic 
G + C content. It is a common commensal of humans and 
animals and may be found colonizing nares, axilla, peri-
neum, skin, and multiple other body sites; however, nasal 
carriage is of greater concern because it is the most common 
source of MRSA for disease spread [2, 3]. It is estimated that 
approximately 15% of the population persistently carry S. 
aureus in the anterior nares; some populations have higher 
rates of S. aureus colonization including health care workers 
and hospitalized patients [4]. People harboring this bacte-
rium are at greater risk of developing S. aureus infections 

[1, 5]. In humans, S. aureus can infect most organs and is 
a leading cause of death by infection [6]. It is one of the 
major causes of morbidity and mortality in hospitals in part 
because it can produce biofilms on indwelling devices such 
as catheters and medical implants, from which bacterial cells 
may detach resulting in secondary and disseminated infec-
tions [5]. S. aureus is one of the most successful pathogens 
due to the vast arsenal of virulence factors, including anchor 
proteins, secreted toxins and enzymes, polysaccharides, 
and immune system modulators. These are often located on 
mobile genetic elements (MGEs), which help diversify the 
virulence and resistance genes via horizontal gene trans-
fer. Methicillin, a semi-synthetic β-lactam antibiotic, was 
first applied to treat S. aureus infections, but the bacterium 
soon developed resistance and became known as methicillin-
resistant S. aureus (MRSA). Several reports have described 
vancomycin-resistant S. aureus (VRSA) and vancomycin-
intermediate S. aureus (VISA); however, vancomycin 
remains in the list of first choice antibiotics for treating S. 
aureus severe infections [7]. The World Health Organization 
(WHO) has identified several bacterial pathogens, including 
MRSA, as leading causes of nosocomial infections; these 
infections are mainly caused by inappropriate and irrational 
use of antimicrobials/antibiotics in the healthcare facili-
ties and food industries. In 2015, the WHO introduced an 
action plan against antimicrobial resistance, wherein one of 
the important focal points was the development of novel 
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antimicrobial products to combat multidrug-resistant strains 
[8]. A study has demonstrated that fluoroquinolone antibi-
otics, such as ciprofloxacin, can induce an SOS response, 
which causes mobilization of several pathogenic islands 
(PIs), such as SaPIbov1, a prophage-encoded Shiga toxin, 
which induces production of phages and toxins [9]. Anti-
biotics not only cause selective pressure and propagation 
of resistance genes, but they may also be harmful to the 
health because most antibiotics are broad spectrum, and thus 
disrupt the normal microbiota and may cause gut dysbiosis 
[10]. Antibiotics that target protein synthesis can severely 
disrupt mitochondria and therefore affect normal physiologic 
functions [11].

S. aureus has the ability to rapidly develop resistance 
to nearly any antibiotic drug coming into clinical use [12]. 
Studies on S. aureus have intrigued researchers worldwide, 
especially with regard to its evolution, as some types and 
subtypes of MRSA emerged and spread globally. MRSA 
is a major threat both in healthcare and outside healthcare 
settings (i.e., in communities). According to the reports 
of Centers for Disease Control and Prevention (CDC), 
USA, and SENTRY Antimicrobial Surveillance Program, 
there has been a decrease in MRSA infections [13, 14]. 
Still infections due to MRSA and methicillin-susceptible 
S. aureus (MSSA) are of major concern because people 
with MRSA infections are 64% more likely to die than 
people with MSSA infections [15]; also, CDC reported 
a slight increase in the MSSA infections and suggested 
that any kind of S. aureus infection is a serious concern. 

Bacteria can be resistant to current antibiotics, and with 
the slow progression in discovering new antimicrobials, 
among important candidates for treating MRSA infections 
include bacteriophages (i.e., phage viruses that kill bacte-
ria). Phages were discovered earlier than antibiotics, and 
although their antibacterial effects were known, they were 
not used as antibacterial treatments because of the popu-
larity gained by penicillin as a broad-spectrum antibiotic 
during World War II. However, in some parts of the world, 
such as in the former Soviet Union, the use of phages as 
therapeutics has continued as a common practice inte-
grated into their healthcare system [16]. Western countries 
and other parts of the world only recognized the potential 
of phages as an alternative to antibacterial therapy several 
decades after their discovery with the description of more 
accurate studies involving phage efficacy, pharmacody-
namics, and genomics [17]. Figure 1 presents a timeline 
of the major events in the history of S. aureus and the 
applications of its phages as antimicrobials.

In this review, we highlight the health problems associ-
ated with MRSA, and describe the effectiveness of phages 
and phage proteins against this important nosocomial 
pathogen.

1880-
1882 1915 and 

1918 1928 1944 1961

Alexander Ogston first 
iden�fied and described S. 
aureus [1].

F.W. Twort and 
D’Herelle 
independently 
discovered phages
[73]. 

Alexander Fleming-
discovered first an�bio�c,
penicillin [74].

Kirby and Bauer 
first reported
penicillinase-
producing strains of 
S. aureus [75].

First case of MRSA in the 
UK. Since then, several 
clones have been iden�fied 
globally [31].

2009

First report of 
phase I clinical 
trial published 
in the USA [76].

1980-
1981

Outbreak of CA-
MRSA in Detroit, 
MI, USA. In the 
1990s, CA-MRSA 
become 
prominent [31].

1921

First successful use 
of phage against S. 
aureus causing a skin 
infec�on in the 
former Soviet Union 
[73]. 

2016 and 
2017

First clinical 
trials of 
endolysins, 
SAL200 and 
Staphefekt [76].

?

Even a�er several 
decades, no phage or 
endolysins have 
reached clinical phase 
III trials.

Fig. 1  Timeline of important events in the history of S. aureus, bac-
teriophages, and antibiotics. For several decades, bacteriophages 
received no attention from scientific communities in many countries, 
and their applications were confined to Eastern Europe. However, 

they have slowly gained momentum, especially regarding S. aureus. 
However, much work remains to be done as no phase III trials have 
been reported thus far
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What makes S. aureus a successful 
pathogen?

The presence of a plethora of virulence factors that help 
the bacteria to invade host tissues, and of several MGEs 
carrying resistance determinants rendered the S. aureus 
versatile as a hospital pathogen. All S. aureus isolates 
have at least one prophage, but most have four [18]. The 
increase in drug-resistant S. aureus results from the inevi-
table genetic response to selective pressure by antimicro-
bial therapy [19]. Horizontal gene transfer is responsible 
for the resistance to most antibiotics, including methicillin 
and vancomycin [12]. Other resistance mechanisms, such 
as random mutations, confer resistance to fluoroquinolo-
nes, daptomycin, and linezolid [12].

S. aureus is not naturally competent for transformation 
(a genetic exchange mechanism), but the recently discov-
ered cryptic sigma factor H makes it competent for trans-
formation under certain conditions [20]. Interestingly, the 
activation of this factor was linked to the transfer of MGEs 
and may play important role in the evolution of antimicro-
bial resistance in S. aureus [20].

S. aureus is a clonal species, but it exhibits high genetic 
recombination within its core genome, especially in 
regions involving MGEs including a conjugative transpo-
son, ICE6013; the staphylococcal cassette chromosome 
(SCC); and the genomic island, vSAα. This core genome 
transfer enables the bacterium to adapt through homolo-
gous recombination at the species level [21].

Virulence factors

Virulence factors can be grouped according their func-
tions. The host tissue colonization proteins (A) comprise 
surface-associated proteins such as fibrinogen-binding 
proteins, fibronectin-binding proteins and collagen-bind-
ing proteins [5]. The host immune system evasion fac-
tors (B) include capsular polysaccharides, protein A, and 
leukocidins [5]. The toxins that damage host tissues (C) 
include α-toxins, β-toxins, δ-toxins, γ-toxins and Panton-
Valentine leukocidin (PVL) [5] and, the superantigens (D) 
comprise enterotoxins (staphylococcal enterotoxins; SEs), 
toxic shock syndrome toxin (TSST-1), and staphylococcus 
like-superantigen proteins (SSL). Superantigens nonspe-
cifically activate T-cells without normal antigen presenta-
tion and trigger a downstream immune response [5]. Supe-
rantigen enterotoxins are important to the food industry 
because they cause poisoning and severe emetic responses. 
The two types of enterotoxins are the classical and newly 
discovered enterotoxins [22]. The classical enterotoxins 
include SEA–SEE, which are the causative agents of 95% 

of food poisoning cases [22]. The newly identified entero-
toxins (e.g., SEG) account for the other 5% of these cases 
[22]. SEs are usually found in MGEs, which potentially 
facilitate their disseminated [20]. Additional virulence fac-
tors include coagulase, proteases, lipases, DNases, fatty 
acid-metabolizing enzymes, among others [5].

Regulation of the virulence and toxin genes in S. aureus 
determines the course of disease development. The acces-
sory gene regulator (agr) is a peptide quorum-sensing 
regulator, which is considered the main S. aureus global 
virulence regulator [23]. Four agr gene-polymorphisms 
were identified thus far [24]. A recent study on the hos-
pital-associated (HA)-MRSA strain, USA100, implicated 
the agr-II gene in the regulation of a number of virulence-
associated genes, and the expression of toxins involved in 
skin disease [23]. Additionally, the Agr-II system of USA 
100 MRSA was also associated with the optimal bacterium 
surviving in sublethal antibiotic doses [23]. Besides Agr, 
other regulators can globally affect the bacterial virulence 
and biofilm development, including the two-component 
system SaeRS, the transcriptional regulator SarA, and a 
number of SarA homologs (e.g., MgrA, SarT, SarU and 
SarZ) [25]. More recently, a number of non-coding RNAs 
has been recognized as important virulence regulators, and 
many of them named Spr (small pathogenicity island RNA 
rNAs) are expressed from genes located in pathogenicity 
or resistance island [26]. The virulence regulatory systems 
of S. aureus form a complex network of regulators, com-
monly acting in synchrony with Agr and other regulatory 
systems [27].

Resistance genes

S. aureus strains that are resistant to methicillin or oxacillin 
are resilient to all beta-lactam antibiotics. Frequently, these 
strains are also resistant to other antibiotic classes such as 
macrolides, aminoglycosides, and fluoroquinolones [19]. 
The core genome of S. aureus is highly clonal, thereby few 
clonal lineages of MRSA predominate in different regions. 
However, approximately 15–20% of the S. aureus genome 
is composed of MGEs, which include plasmids, bacte-
riophages, transposons, PIs, and SCCs [28]. Haaber et al. 
(2017) presented a detailed account of the role of these 
MGEs in spreading resistance in S. aureus. These MGEs can 
house several toxins, superantigen and resistance determi-
nants. The transfer usually occurs via conjugation and trans-
duction during colonization of the host tissue. S. aureus also 
forms biofilms that promote the transfer of resistance genes 
[28]. Extensive literature is available on the mechanisms of 
transfer of resistance genes in laboratory settings, but little 
is known about the process associated with the actual condi-
tions that may promote the increase of these transfers.
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Molecular basis of MRSA

Methicillin-susceptible S. aureus (MSSA) contains peni-
cillin-binding proteins (PBPs) which are membrane-bound 
proteins characterized by their affinity to penicillin. When 
beta-lactam antibiotics bind to PBPs, the peptidoglycan is 
disrupted, killing the S. aureus cells. However, in MRSA, 
an alternative form of PBP called PBP2a or PBP2′, 
encoded by the mecA gene, is present in the SCCmec ele-
ment. The alternative protein has low affinity for β-lactam 
antibiotics such as methicillin or oxacillin. Therefore, the 
peptidoglycan remains undisturbed, and the MRSA sur-
vives [12, 19]. The earliest report of MRSA appeared in 
the year 1961 and since then it has spread across the globe 
[4, 19]. Regarding the evolution of healthcare-associated 
MRSA (HA-MRSA), it is now clear from the genomic 
studies that the SCCmec have entered in many independ-
ent events in the great majority of MRSA lineages [29].

The International Working Group on the Classifica-
tion of Staphylococcal Cassette Chromosome Elements 
(IWG-SCC) is dedicated to classifying MRSA. There are 
several types and allotypes of SCCmec. Currently, the 
IWG-SCC recognizes 13 SCCmec types [30]. Essentially, 
all SSCmec elements carry either mecA or mecC genes 
and have two complexes: the mec gene complex and the 
cassette chromosome recombinase (ccr) gene complex 
[30]. MRSA can be classified as hospital-associated (HA), 
community-associated (CA), or livestock-associated (LA) 
according to the strain’s origin and the molecular typing 
(multilocus sequence typing-MLST and SCCmec typing). 
HA-MRSA is most frequently associated with patients pre-
viously admitted to hospitals, who are older and have one 
or more comorbidity [1]. HA-MRSA may cause severe 
infections including pneumonia, invasive infections and 
bacteremia, being often resistant to non-beta-lactam anti-
biotics [31]. Community-acquired MRSA (CA-MRSA) can 
affect healthy individuals (i.e., populations not previously 
admitted to hospitals), is more susceptible to non-beta-
lactam antibiotics, commonly produces Panton-Valentine 
leucocidin (PVL), and causes distinct clinical manifesta-
tions [31, 32]. Strains of CA-MRSA are predominantly 
associated with skin and soft tissue infections, but may be 
also involved in necrotizing pneumonia and severe sepsis 
[31, 32].

MRSA has a complex epidemiology, and the demar-
cation between HA-MRSA and CA-MRSA sometimes is 
not an easy task [1, 31]. Some reports have confirmed 
that CA-MRSA has shifted from communities to hospi-
tals and has acquired more resistance determinants [31, 
32]. For example, MRSA clones carrying SCCmec type 
IV, especially USA300, have caused nosocomial MRSA 
outbreaks in the USA [31, 32]. In addition, community 

onset infections caused by HA-MRSA had been reported 
[31]. Regarding the origin and spread of CA-MRSA, it is 
postulated that CA-MRSA clones have arisen in the com-
munity by the horizontal transfer of SCCmec elements and 
PVL genes to the genomes of MSSA strains prevalent in 
a population [31].

MRSA strains associated with livestock animals (i.e., LA-
MRSA) are additional threats. The sequence type (ST) 398 
is the most studied MRSA strain in primarily domesticated 
animals. Humans in contact with these animals may become 
colonized, and severe LA-MRSA infections in humans have 
been reported [33, 34]. House companion animals with 
infections caused by MRSA lineages similar to those of 
human origin have also been reported. These observations 
suggest that domestic animals may serve as reservoirs for 
MRSA infections in humans and vice-versa [33].

Most common MRSA types worldwide

A MRSA lineage is generally defined as a group of strains 
with an identical sequence type and SCCmec type [19]. The 
most common lineages of HA-MRSA are ST239(CC8)-SCC-
mecIII (Brazilian clone), ST22-SCCmecIV (EMRSA15) and 
ST5(CC5)-SCCmecII (USA100) [35]. Among CA-MRSA 
the main linages are ST8(CC8)-SCCmecIV (USA300), 
ST30(CC30)-SCCmecIV, ST59(CC59)-SCCmecIV and 
ST1(CC1)-SCCmecIV (USA400) [35]. Finally, the most 
common LA-MRSA belongs to the lineage ST398(ST398)-
SCCmecV [35]. These clonal types differ in their origins, 
genotypes, virulence and resistance genes, and clinical mani-
festations. For example, the most frequent CA-MRSA strains 
carry the lukSF-genes for PVL, and USA100 has more 
resistance profiles but is less toxic and less virulent than 
is USA300 [31, 32]. Similarly, USA300 was more virulent 
than USA400 in a rat model of necrotizing pneumonia. This 
increased virulence was associated with the upregulation of 
major virulence factors including PVL and α-toxins [36].

The most common molecular techniques used to identify 
MRSA strains and understand their spread and molecular 
evolution are PCR-based tests (SCCmec typing), pulsed-field 
gel electrophoresis (PFGE)-banding patterns and DNA-
sequencing (MLST, spa typing and whole genome sequenc-
ing approaches [29, 35].

S. aureus phages

Similar to all bacterial viruses, S. aureus phages are either 
lysogenic or lytic based on their life cycles. A temper-
ate phage integrates its genome into its host (known as a 
prophage) and can propagate along with its host until unsuit-
able conditions occur, such as application of mitomycin-C or 
ultraviolet rays. Conversely, a lytic phage never integrates its 
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genome into the host genome; it replicates and synthesizes 
its components, assembles all the components, and exits by 
disrupting its host. With the advent of transmission electron 
microscopy and whole-genome sequencing, the classifica-
tion of bacterial and archaeal viruses has evolved, and the 
International Committee on Taxonomy of Viruses has devel-
oped a better classification system for phages.

Staphylococcal phages were previously used only to type 
S. aureus strains (phage typing), and most literature related 
to these phages is based on the phage’s properties that ren-
der S. aureus pathogenic (that is, evolution as a pathogen). 
S. aureus phages were previously classified according 
to their reaction with a polyclonal antibody, and 11 sero-
logical groups were identified [18, 37]. Kwan et al. (2005) 
studied the genomes of 27 S. aureus phages and identified 
three classes. Most class I phages contain small genomes 
of ~ 20 kbp, with short noncontractile tails. Class II phages 
contain genomes of ~ 40 kbp with long noncontractile tails, 
and class III phages contain genomes of ~ 125 kbp with long 
contractile tails [38]. All S. aureus phages belong to the 
order Caudovirales [18, 37, 38]. S. aureus phages have lin-
ear double-stranded DNA, and, based on their tail morphol-
ogy, can be grouped into three families: Myoviridae, with 
long contractile double sheath tails, Siphoviridae, with long 
noncontractile tails, and Podoviridae, with small contractile 
tails [18]. Most temperate phages of S. aureus belong to the 
Siphoviridae family and are considered less important for 
application-based purposes. S. aureus phages in the Myo-
viridae and Podoviridae families are mostly lytic. These 
families are important for downstream applications because 
a highly potent lytic phage is desirable as it subverts the 
essential metabolic pathways of the host [38]. An updated 
and comprehensive study on the diversity and evolution of 
205 staphylococcal phages has been done by Oliveira et al. 
2019; they grouped the staphylococcal phages into four 
major clusters (A-D clusters) and several sub-clusters and 
one singleton [39].

Myoviridae phages of S. aureus

Myoviridae phages are thought to be the most promis-
ing candidates for phage therapy because the phages of 
this group have broad host ranges (i.e., they are infec-
tive against several pathogenic S. aureus strains). Fur-
ther, these phages are considered safe because most of 
them lack virulence- or resistance-associated genes [18, 
38]. The Myoviridae family includes the historical phage, 
Twort, which was first discovered by Twort in 1915 [38]. 
Phage K is the best representative of Myoviridae. Phages 
K, G1, Twort Au2 and 812 are highly similar [38]. Phage 
K can infect both coagulase-negative and coagulase-
positive staphylococci [40]. It has a large genome of 

127,395 bp and contains introns, a notable feature in bac-
teriophages with large genomes [40]. Because they are 
safe and have a broad host range, these phages are present 
in many commercial phage preparations. Several commer-
cial phages belong to Myoviridae, including Fersis, BFC-1 
and Pyophage, which are made by the Eliava Institute, 
Tbilisi, Georgia, which is indicated for otolaryngological 
diseases and skin infections caused by staphylococci and 
streptococci. These commercial phage preparations are 
often cocktail of phages that act against several pathogens.

Siphoviridae phages of S. aureus

Staphylococcus phages in Siphoviridae display a temperate 
lifestyle and exist in the S. aureus genome as prophages. 
They are involved in the evolution of pathogenic S. aureus 
[41]. Goerke et al. (2009) designed a classification scheme 
for S. aureus Siphoviridae phages according to the inte-
grase gene sequences. Most prophages are clustered under 
seven major groups: Sa1int to Sa7int. The most prevalent 
prophage belongs to Sa3int [41]. Sa3int prophages insert 
into the hlb gene; hence, they are called HIL-converting 
phages. Sa3int genome carries the immune evasion cluster 
(IEC) encoding the immunomodulatory proteins Sea, Sak, 
Scin and Chips, thereby helping S. aureus evade innate 
immunity and colonize the host tissue [41].

A few lytic Siphoviridae phages also exist; for example, 
phage SA97 is a Siphoviridae phage that carries a lysogeny 
module but lacks the important repressor gene, cI, which 
is involved in lysogenization. Thus, a Siphoviridae phage 
may also be considered in clinical applications [42].

Podoviridae phages of S. aureus

A few phages are known from this family, including 
44AHJD, P-68, SAP-2, S24-1, S-13′, and phiAGO1.3. 
A recent study by Glowacka-Rutkowska et al. (2019) on 
phage phiAGO1.3 from the Podoviridae family demon-
strated that phiAGO1.3 was not only active against most 
clinical S. aureus isolates, but it was related to the attenu-
ation of bacterial virulence in the phiAGO1.3-infect cells 
that became resistant to this phage. The effect was asso-
ciated with a truncated and inactive ArlS protein, which 
is part of the ArlRS two-component system [43]. The 
resistant bacteria could also become infected by another 
broad-range phage of the genus Kayvirus [43]. Moreover, 
phiAGO1.3, after being in equilibrium with its host (i.e., 
emergence of phage resistance), could still infect S. aureus 
in an in vivo model [43].

2035Brazilian Journal of Microbiology (2021) 52:2031–2042



1 3

Phage receptors binding on S. aureus

Initially, phages interact with specific receptors located 
in the bacterial cell wall. Upon successful phage-receptor 
recognition device interaction, the phage can enter the 
bacterium for subsequent infection events. S. aureus has a 
thick peptidoglycan cell wall composed of repeating units 
of disaccharide N-acetyl-muramic acid (MurNAc) and 
N-acetyl-glucosamine (GlcNAc); the layers of these poly-
mers are linked by tetrapeptides. The Gram-positive bac-
terial cell wall is interspersed with anionic polymers: wall 
teichoic acids (WTA) and lipoteichoic acid [44]. These poly-
mers are also water-soluble, comprising glycerol or ribitol 
moieties [44]. The S. aureus cell wall is involved in cell 
division, biofilm formation, nasal colonization, and invasive 
infections [45]. It is also the primary site for phage attach-
ment [44, 45]. Mutational studies on cell wall biosynthetic 
enzymes have revealed the actual site of phage attachment. 
WTA is the attachment site for staphylococcal phages [46]. 
The level of glycosylation also plays a crucial role in phage 
attachment; for example, TarM and TarS gene products play 
roles in WTA glycosylation. S. aureus lacking either α-o-
GlcNAc or β-o-GlcNAc remains susceptible to the phages 
of serogroup B (i.e., staphylococcal phages of Siphoviridae), 
but because both types of WTA glycosylation are lacking, 
the phages are not adsorbed [46]. Staphylococcal phages 
of the family Podoviridae bind to β-o-GlcNAc of the WTA 
[47]. Myoviridae S. aureus phages utilizes backbone of 
WTA, but ɸSA039 (a member of the group) requires the 
β-GlcNAc residue [46].

Regarding phage receptor-binding proteins (RBPs), a 
detailed study was conducted on the Siphoviridae phage ϕ11 
in which the ϕ11 phage baseplate protein Gp45, codified by 
the gp45 gene, was identified as the RBPs. The ϕ11 phage 
binds to GlcNAc on the cell wall [47]. Gp45 then forms a 
trimer; hence, six trimers assemble along the baseplate core 
and attach to the glycan moiety [47]. This assembly is con-
served among most glycan-recognizing Siphoviridae phages 
[47]. Another notable example, the Twort-like ϕSA012 
phage, has two RBPs that enable its wide host range [48], 
which are encoded by the open-reading frame (ORF)105 
and ORF103. The ORFs products are bound to the WTA 
backbone and α-GlcNAc, respectively [48].

Disadvantages of whole bacteriophages 
as antimicrobial agents

The application of whole phages may have some dis-
advantages including a possible transfer of virulence- 
or resistance-associated genes via transduction. Most 

phage genomes are not fully annotated; for example, Cui 
et al. (2017) assessed the safety of the Myoviridae fam-
ily, and ~ 70% of the ORFs had unknown functions that 
may be involved in disseminating resistance or virulence 
genes [49]. Thus, applications of whole phages should be 
avoided. Further, phages and bacteria are constantly evolv-
ing, and several historically important phages may become 
ineffective as the pathogenic bacteria evolve. For example, 
phage K is effective against many coagulase-positive and 
coagulase-negative staphylococci but ineffective against 
several MRSA strains [50]. Moreover, purification of the 
bacteriophages from lysate is a crucial step; if improp-
erly purified, the chances of contamination with bacte-
rial toxins can worsen an infection [51]. Another point of 
concern is that phages could be cleared from the blood-
stream rapidly, since phage-neutralizing antibodies would 
hinder phage therapy [52]. However, some studies suggest 
that phages remain in circulation for a longer period of 
time [52]. Phage basically is a nucleoprotein particle and 
can induce immune responses. But in fact, phage induces 
anti-inflammatory effects that increase the capacity of the 
phage to suppress bacterial numbers and thus infection 
[53].

Phage‑encoded products as antimicrobials

Phages with double-stranded DNA genomes encode special 
bacterial cell wall-degrading enzymes, which are endolysins 
and phage tail-associated murein lytic enzymes (TAMEs) or 
virion-associated peptidoglycan hydrolases (VAPGHs) [54, 
55]. TAMEs or VAPGHs are part of the structural compo-
nents of the phage tail; they hydrolyze the cell wall from the 
outside after being adsorbed by the host and slightly degrade 
the bacterial cell wall to access the inside of the cell [55]. 
Endolysins are phage-encoded peptidoglycan hydrolases that 
degrade the host at the end of the host’s life cycle. Holins are 
proteins that help endolysins access the bacterial cytoplas-
mic membrane [54, 56]. Endolysins and VAPGHs/TAMEs 
are useful in exogenous therapeutic applications.

Recombinant endolysins are more useful for exogenous 
application against Gram-positive bacteria than against 
Gram-negative bacteria because Gram-positive bacteria lack 
an outer protective layer, whereas Gram-negative bacteria 
have a thick extra outer membrane layer [56, 57]. Gram-
negative bacterial phages have spanins that are essential to 
degrade both internal (IM) and outer (OT) membranes [54]. 
Phage endolysins of Gram-positive bacteria are reported to 
have modular organization, whereas those of Gram-negative 
bacteria have globular organization. Most bioengineering 
strategies exploit the modular organization [57]. Therefore, 
the prospects of creating various recombinant endolysins by 
shuffling these modules may lead to better antimicrobials. 
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Endolysins have two important domains: The N-terminal 
domain (i.e., the catalytic domain) and the C-terminal 
domain (i.e., the cell wall-binding domain [CBD] with a 
linker region) [54, 58]. VAPGHs lack a CBD [55]. Recom-
binant catalytic domains are determined based on the cleav-
age site of the peptidoglycan [54, 56]. The most common 
catalytic domains of S. aureus phage endolysins are cysteine, 
histidine-dependent amidohydrolase peptidase (CHAP), and 
N-acetylmuramoyl-L-alanine amidase. SH3b domains is the 
common CBD [54, 56]. LysK, Twort, ϕH5, and ϕ11 are 
the best characterized S. aureus phage endolysins and all 
have CHAP-amidase-SH3b domains [59]. Recombinant 
endolysins have shown strong staphylolytic activity both 
in vitro and in vivo, and have biofilm-disrupting capabilities 
[56]. A report showed that a truncated version of endolysin 
was sufficient for staphylolytic activity; for example, Twort 
endolysin required the CHAP domain, although the presence 
of the SH3b domain was unnecessary but could enhance 
the overall activity [59]. Importantly, phage lysins are better 
than antibiotics in disrupting biofilms because some antibi-
otics can have limited penetration through biofilm, which 
can lead to bacterial adaptation resulting in increased bacte-
rial survival and biofilm accumulation [60].

Phage proteins can become more effective when applied 
with other antimicrobial substances. For example, a study 
revealed that the combination of LysSA97 with carvacrol, 
a chemical component in the essential oils of oregano (Ori-
ganum vulgaris) and thyme (Thymus vulgaris), acted syn-
ergistically to inactivate S. aureus in food products for food 
preservation [61]. Refer to Table 1 for more recently studied 
phage encoded lytic proteins.

Apart from the cell wall lytic enzymes, phage genome 
encodes a plethora of proteins that can inhibit bacterial 
growth. For example, in a genomic study involving 26 S. 
aureus phages, 31 proteins were identified with the ability of 
inhibiting bacterial growth. The interaction of these proteins 
with their host targets may open prospects for new antibac-
terials inspired in these phage products [68].

Advantages of phage‑encoded proteins 
over whole phages

The disadvantages related to applications of whole phages 
lead to exploring phage-encoded enzymes. These enzymes 
have several advantages; for example, lytic enzymes elimi-
nate any chances of transferring resistance genes. Improperly 
purified phages may be toxic, but phage lytic proteins that 
are synthesized through recombinant DNA technologies are 
highly purified. Resistance to recombinant endolysins has 
not widely been reported [54, 56–58]. Moreover, recom-
binant multi-domain enzymes with different targets on the 
peptidoglycan reduce the chances of resistance development 

[58]. For example, triple-acting lytic enzymes are a better 
option because, first, it is effective against intracellular S. 
aureus infections, and second, the bacteria will have diffi-
culty to develop resistance against the lytic domains simul-
taneously [58]. Further, these enzymes cause lowly immuno-
genic reactions [56, 58], and commonly display species-level 
specificity, which helps prevent selective pressure on the 
commensal bacteria [69]. Thus, these enzymes seem to be 
safer than are antibiotics for therapeutic practices.

Limitations of recombinant phage lysins

First, although there is no evidence of severe immunogenic 
response to phage lysins, it may evoke a mild immune 
response. Second, numerous labs report different lytic activ-
ity for the same protein depending on the enzyme assay used 
[59], but there should not be inconsistency.

Phages and their products currently in use 
and regulatory issues

Several phages are in clinical use but restricted to Eastern 
Europe. However, they are now slowly gaining recognition 
in the West. In the USA, the Food and Drug Administration 
has approved some phages. In food industries, these com-
mercialized phage preparations usually combine two or more 
phages. For example, the combination of P68 (Podoviridae 
family) and K*710 (Myoviridae family), developed by 
Novolytics Ltd., UK, in its gel form for human applications 
[34]. It is effective against several MRSA strains as well as 
LA-MRSA [34]. Another important commercial phage is 
Stafal, manufactured by Bohemia Pharmaceuticals, Czech 
Republic. Stafal comprises a broad range of phages from 
the Myoviridae family, genus Kayvirus [70]. It is effective 
against several biofilm-producing MRSA and MSSA strains. 
However, despite its ability to eliminate sessile cells, tenfold 
greater concentration of the phage preparation was required 
to kill cells embedded in the biofilm matrix in comparison 
with the killing rate observed for platonic cells [70]. Mul-
tiple pathogenic bacteria may cause disease symptoms; 
therefore, phage preparations with phages targeting several 
pathogenic bacteria in a single preparation are commercially 
available through Brimrose Technology Corporation, Sparks 
Glencoe, MD, USA and Eliava Pharmacy, Tbilisi, GA, 
USA. Regarding phage-encoded products, a lysin of note is 
CF-301, which is directed against MRSA and has completed 
phase 1 human trials [71]. It is the first lysin to enter phase 2 
clinical trials for treating patients with bacteremia or endo-
carditis [71]. Phages have been recognized as antimicrobi-
als for over a century, but their applications in clinics are 
less accepted as legitimate treatments, primarily because of 
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regulatory issues. These issues include whether the phages 
are regulated like antibiotic drugs, which is difficult because 
phages can replicate inside bacterial cells, although using 
phage-encoded products prevents such issues. Addition-
ally, antimicrobial-producing companies have little inter-
est in phages because of patent issues. However, in some 
areas, they are now being considered alternatives for treating 
untreatable infections. For example, in the USA, a provision 
called the Compassionate Use Program allows unauthor-
ized medicine when all other treatment options fail, and the 
use of phage-based therapies have been recommended for 
those patients facing antimicrobial failures [72]. Moreover, 
in most compassionate cases, the synergistic application of 
phages and antibiotics is encouraged, and the sequence of 
their administration also matters. For example, to combat S. 
aureus infections, the best results are obtained when phage 
therapy precedes antibiotic therapy [72]. Some diseases, 
such as osteoarticular infections, are deep-seated and dif-
ficult to treat with antibiotics. In these cases, phage therapy 
may be the best option [72].

Concluding remarks

Antibiotics are still considered effective against some 
MRSA-related infections, and vancomycin and daptomycin 
are among the first chosen antibiotics. However, with the 
emergence of VISA and VRSA, alternative antimicrobials 
are urgently needed. The irrational use of antibiotics has 
affected not only humans but also the environment as we 
constantly interact with our surroundings. Phages serve as 
natural tools to lessen the deleterious impact of antibiotics 
and make up for the paucity of new effective antibiotics. 
Unlike antibiotics, phages are narrow and specific in action, 
are self-replicative, and are abundant in nature; hence, they 
can be easily isolated as and when required. However, care 
must be taken when using phages; for example, the prepa-
ration must be ultrapure, and the phages must contain no 
resistance/virulence genes or integrase genes because these 
genes could be transferred to commensal bacteria through 
transduction. Additionally, phage-encoded products are 
attractive tools for fighting and treating pathogenic S. aureus. 
A famous English proverb states that “An enemy’s enemy 
is a friend”. This is apt for bacterial viruses that can serve 
as weapons against pathogenic bacteria. The prospects for 
phages and phage-encoded products are very encouraging 
in using phages as therapeutics with respect to S. aureus-
related infections.
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