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Abstract: Microbial pathogens evolved resistance over time to several classes of antibiotics. Microbial
drug resistance remains to be a major threat to humanity. Drug resistance-associated deaths are
increasing year by year. It poses a great challenge to researchers and healthcare workers worldwide to
tackle the problem. Developing novel drugs against drug-resistant superbugs from various sources
remains a major task for scientists and pharmaceutical companies. Drugs from natural sources are
exploited widely to fight against superbugs. Actinomycetes are considered a treasure trove for many
novel compounds, and nearly 80% of commercially available antibiotics are from Streptomyces species.
Actinomycetes from unexplored and under-explored regions were found to be more promising sources
for new chemical compounds and new chemical entities as natural compounds, which are often used as
antibiotics against Gram-positive and Gram-negative drug-resistant bacterial and drug-resistant fungal
pathogens. Novel strains are also subjected to metagenomic analysis to identify biosynthetic gene
clusters capable of producing secondary metabolites with profound antimicrobial activity against drug-
resistant pathogens. Streptomyces genera serve as a mother of antibiotics, which needs further
exploration of novel strains and their bioactive metabolites from different niches.
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1. Introduction

Drug resistance bacteria change or manipulate antimicrobial agents. Drug resistance is
passed to other strains of bacteria through horizontal gene transfer. Penicillin Binding Proteins
(PBP) normally prevent bacterial cell wall synthesis, whereas Methicillin-Resistant
Staphylococcus aureus (MRSA) bacterial multiplication is continued in the case of modified
PBP (PBP2A) [1]. The new penicillin-binding proteins (PBPs) make Staphylococcus aureus
resistant to several drugs [2]. MRSA is a Gram-positive, opportunistic pathogen found in
hospital settings. Staphylococcus aureus infects the skin and the nose of healthy people, and it
is more often ending with fatal to the individual concerned. Treatment of many MRSA
infections is challenging, and it is also known to cause severe illnesses, including endocarditis,
meningitis, and toxic shock syndrome. It is managed by draining out the infective fluid
followed by administration of a beta-lactam class of a drug.
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The exopolysaccharide capsule of S. aureus or slime layer protects the organism from
the body's immune system. It attaches to the mucosal surfaces through teichoic acids;
hyaluronidase and lipase enzymes degrade the intracellular matrix and digest the cell
membrane in the host, thereby easily spreading to multiple tissues. S. aureus also secretes
leucocidins, such as The Panton-Valentine Leukocidin (PVL) produced by S. aureus is
responsible for the lysis of white blood cells by making a hole in the membrane. Community-
associated MRSA is identified by the presence of PVL gene. S. aureus also releases toxic shock
syndrome toxin (TSST), which affects many cell signaling complexes leading to organ failure,
hypovolemic shock, or tissue hypoxia-mediated death. Vancomycin is the choice of treatment
for MRSA infections, often resulting in the development of vancomycin-resistant
Staphylococcus aureus.

S. aureus infection and increasing resistance rates by MDR strains pose a great
challenge to controlling and treating the infection. The most important aspects of endogenous
drug-resistant mechanisms are the outer membrane permeability, efflux systems, and excessive
production of B- lactamase, in the case of outer membrane permeability, when the. The
decreased cell membrane permeability lowered the energy metabolism in bacteria due to the
poor absorption of drugs resulting in the development of drug resistance [3]. Long-term
exposure to substrates from the environment induces an efflux system encoding genes, which
results in enhanced drug efflux leading to the development of drug resistance [4]. QacA, NorA,
and Smr are the multidrug pumping proteins present in S. aureus cell membranes, and QacA is
an important factor in MRSA. B-lactam antibiotics are hydrolyzed by p-lactamases, including
carbapenem [5]. Normally, B-lactam antibiotics work on two different mechanisms: binding
onto the PBP, leading to the repression of cell wall synthesis, resulting in bacterial explosion
and death. The other mechanism triggers the autolytic enzyme activity resulting in autolysis
and bacterial death [6]. Excessive secretion of B-lactamase by MRSA leads to a decline in
antibiotics' effect, leading to the onset of MRSA resistance. Hydrolyzing the B-lactamase leads
to the inactivation of B-lactam drugs and excess of f-lactamase binding with antibiotics present
outside the cell, which prevents the entry of antibiotics inside the cell results, thereby affecting
the drug binding with the target causing MRSA resistance [7]. The vancomycin resistance by
S. aureus in hospital settings is widely increasing. Vancomycin resistance is classified as
Vancomycin-resistant S. aureus (VRSA), Vancomycin-intermediate S. aureus (VISA), and
heterologous Vancomycin-resistant S. aureus (hetero-VRSA). Enterococci also developed
resistance to glycopeptide antibiotic vancomycin.

2. Antagonistic Potential of Actinomycetes on Drug-Resistant Strains

Actinomycetes are Gram-positive filamentous bacteria having high G+C content
present in both marine and terrestrial environments [8]. Streptomyces genera of the
actinomycetes group are the predominant producer of different secondary metabolites and
commercially available antibiotics [9]. The scheme followed for screening of actinomycetes
by -guided separation and identification of anti-MRSA compound and genome mining of
potential isolate for biosynthetic gene clusters to produce the novel anti-MRSA compound is
given in Fig 1. Few researchers report the anti-MRSA activity of actinomycetes isolated from
marine and terrestrial soil samples. Streptomyces isolated from the coastal region has also been
reported to inhibit MRSA pathogen [10]. Isolates Al, A6, A7, A8, and A9 from the Cholistan
desert, Pakistan, showed good antimicrobial activity against MRSA [11,12]. Marine
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actinomycetes from mangrove sediment in Segara Anakan Cilacap, Indonesia, reported having
high anti-MRSA activity [13]. Streptomyces isolates KB1 and KB3 from the air sample
collected at Aonang, Krabi Province, Southern Thailand, showed significant anti-MRSA
activity [14]. S. glauciniger NBRC 100913 and S. griseoplanus NRRL-ISP 5009 showed anti-
MRSA activity against MRSA 43300 and MRSA clinical isolate [15]. S. strain MUSC 125
isolated from mangrove soil showed anti-MRSA antibiofilm and antioxidant activities [16].
Actinomycetes isolated from marine mangrove soil samples are very effective against P.
aeruginosa and K. pneumoniae [17,18]. The anti-MRSA activity of different actinomycetes
species reported recently is given in Table 1.

3. Anti-MRSA Activity of Actinomycetes Mediated Biogenically Synthesised
Nanoparticles

AgNPs synthesized from the culture-free extract of Streptomyces sp. Al-Dhabi-87
isolated from the Gulf region of Saudi Arabia showed anti-MRSA activity against MRSA
strains (Multidrug Resistant S. aureus WC 25 V 880854 and V 552) as well as other drug-
resistant strains, E. coli (ESBL 4345), A. baumannii (MDR 4414), A. baumannii (MDR 4474),
P. aeroginosa (MDR 4406), A. baumannii (4414), A. baumannii (MDR 4273), A. baumannii
(MDR 7077), A. baumannii (MRO 3964), and Proteus mirabilis (DR 4753) E. faecium
(VRETC 773), E. faecium (VRE UR 83198), S. aureus (ATCC 43300), S. aureus (TC 7692),
E.coli (ATCC 35218) (Al-Dhabi et al., 2018). Ag NPs synthesized from culture-free extract of
S. sp. Al-Dhabi-89 isolated from the Gulf region of Dammam showed anti-MRSA activity
against drug-resistant clinical pathogens Acinetobacter baumannii, multidrug-resistant
Staphylococcus aureus and Proteus mirabilis [19].

Biosilver nanoparticles synthesized using an acidophilic actinobacterial strain
Streptacidiphilus durhamensis HGG16n showed antimicrobial activity against Pseudomonas
aeruginosa, Staphylococcus aureus, Proteus mirabilis, Escherichia coli, Klebsiella
pneumoniae, and Bacillus subtilis [20]. AgNPs synthesized using Streptomyces rochei
MHM13 showed activity against Vibrio fluvialis, Pseudomonas aeruginosa, Salmonella
typhimurium, Vibrio damsela, Escherichia coli, Bacillus subtilis, Staphylococcus aureus and
Bacillus cereus [21].

4. Antagonistic Potential of Actinomycetes Derived Compounds on Drug Resistant
Strains

The scheme for the extraction, screening and identification of antimicrobial bioactive
secondary metabolites from actinomycetes species is given in Figure 1. Three chlorinated
dihydroquinones from the culture of actinomycete strain CNQ-525 Anti- MRSA and anti-VRE
activity with the MIC of 1.95 and 3.90, 15.6, 15.6, 1.95, and 1.95ug/ml [28] S. species CNQ-
329 produced five halogenated napyradiomycins A and C-E showed activity against MRSA
with the MIC value 16 pg/ml [29]. Anti-MRSA compounds from actinomycetes isolated from
Manakuddy’s mangrove ecosystem, Arabian coast, India, were also reported [30].
Streptomyces sp. HKI0595 produced indolosesquiterpenes showing antimicrobial activities
against MRSA and VRE strains [29].

Table 1. The anti-MRSA activity of recently reported actinomycetes species.
Strain | Source | References
Streptomyces sp. strain MUSC 125 | Mangrove soil | [16]
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Strain Source References
Streptomyces sp. AS11 Marine [22]
Streptomyces glauciniger NBRC 100913 and | Terrestrial [23]
Streptomyces griseoplanus NRRL-ISP

Streptomyces poriferorum sp. Marine sponge [24]
Streptomyces olivaceus NRRL B-3009 Volcanic soil [25]
Streptomyces strain S32-63 Moss [26]
Streptomyces sp. isolate BR123 Rhizosphere soil [27]

Terrestrial/marine Soil or

sediment Sample collection

Screening for Anti-
MRSA activity by well
diffuzionmethod

Molecular taxonomic
characterization

Mass culturing &

Preparation of crude Genome mining of the

isolate- whole penome

extract from the izolate sequencing

Antibacterial activity of Annctation of genomic
crude extract sequences by
Bioinformatics tools

Purification and compound
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Creation of molecular network
using Global Natural Product
Clinical trial and efficacy testing Social networking (GNPS)

Combinatorial organic synthesis

Genetic engineering methods-
Gene expression and large
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Figure 1. Extraction and identification of Anti-MRSA compound from actinomycetes.

Streptomyces sp. MCO004 isolated from an acidic coral mine drainage was reported to
produce angucyclic quinones, including angumicynone B showing activity against MRSA
pathogens with a MIC of 12.5ug/ml [31,32]. Actinomycin D derived from Streptomyces sp.
HUSTO012 exhibited anti-MRSA activity against MRSA ATCC strain 25923, MRSE ATCC
strain 35984, E. coli ATCC strain 25922, and K. pneumoniae ATCC strain13883 (MIC values
ranging from 0.04 to 2.24pg/ml). A diterpenoid halimane micromonohalimane B (125) isolated
from the culture of Micromonospora sp.WMMC-218 exhibited Anti-MRSA activity (MIC of
40 pg/ml) [33]. Lipoglycopeptides have been approved for the treatment of several S. aureus
infections. Oritavancin and telavancin inhibit peptidoglycan synthesis and are bactericidal
towards Methicillin-susceptible Staphylococcus aureus (MSSA), MRSA, and VISA strain
[34]. Actinomycetes are reported to be a never-ending source of antibiotics [35]. Rifamycin W
derived from Salinispora sp. FS-0034 showed potent antibacterial activity against MRSA (MIC
of 15.62 pg/mL), wild-type S. aureus (WTSA) (MIC of 7.80 pg/mL), and vancomycin-resistant

https://nanobioletters.com/ 4 0of 11


https://doi.org/10.33263/LIANBS124.168
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS124.168

Enterococcus faecium (VREF) (MIC of 250.00 pug/mL) [36]. Saccharothrix sp. 16Sb2-4
(Taklamakan desert, China) derived compounds aldgamycin H, aldgamycin K, aldgamycin G,
and swalpamycin B showed antibacterial activity against drug-resistant bacterial pathogens
[37]. Some of the recently reported anti-MRSA compounds derived from actinomycetes are

given in Table 2.

Table 2. Recently reported Anti-MRSA compounds from actinomycetes/Streptomyces.

Strain Compound Reference
Streptomyces sp. SM01 Picolinamycin [38]
Nocardia sp. Neocitreamicins | and 11 [39]
Actinobacteria (1-400A, B1-T61, M10-77) Dichloromethane [39]
Streptomyces sp. 7,8-dideoxygriseorhodin C [40]
Streptomyces coelicolor LY001 Compound 4-6 [41]
Streptomyces sp. strain DSD011 Fridamycin A (1) and fridamycin D (2) [42]
Streptomyces sp. strain CA- 271078 Napyradiomycins [43]
Streptomyces sp. MBTI136 Chromomycin A9, Ap, A2 & A3 [43]
Streptomyces roseosporus NRRL 11379 Lantibiotic, roseocin [44]
Streptomyces sp. SBRK2 8-O-metyltetrangomycin [45]
Streptomyces smyrnaeus UKAQ 23 Actinomycin X2 and Actinomycin D [46]
Gordonia species Actinomycin X2 and Actinomycin D [47]
Streptomyces spectabilis CCTCC M2017417 Damavaricin H and protostreptovaricin VI [48]
Streptomyces olivaceus OUCLQ19-3 Dixiamycins [49]
Streptomyces sp. MS110128 Cyclic peptide [50]
Streptomyces bacillaris strain MBTC38 Lactoquinomycin A [51]
Streptomyces sp. JRG-02 Polyketide(JGP1) [52]
Nocardiopsis sp. SCA30 1-acetyl-4-4(hydroxyphenyl)piperazine [53]
Streptomyces sp., strain EG32 Chlororesistoflavins A and B [54]

Streptomyces sp.VITBRK3 produces compound 2, 4-dichloro-5-sulfamoylbenzoic acid
(DSBA) showed significant MRSA and VRE activity with the MIC value of 0.5 pg/ml (MRSA)
and 160 pg/ml (VRE) [55]. Compounds like polyketomycin, heliquinomycin, griseusin
citreamin @A, chaxamycin D, nosiheptide, nosokomycin and marinopyrrole A possess anti-
MRSA activity and exhibit less MIC when compared to vancomycin. Two-component
lantibiotic, roseocin, from actinomycetes Streptomyces roseosporus NRRL 11379 exhibited
synergistic anti-MRSA and anti-VRE activity [44].

Drug Resistant Gram-Positive
& Gram-Negative Bacterial

Pathogens

* MRSA
MSSA
VRE
VRSA
VISA

Drug Resistant Fungal
Pathogens

Actinomycetes/
Streptomyces
extracts/ Secondary
metabolites

Influenza Viruses
Drug Resistant Parasites i
* Plasmodium species

White spot syndrome virus
(Wssv)

Figure 2. Actinomycetes-derived secondary metabolites served as potential agents in targeting microbial
pathogens.
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Actinomycin X2 and Actinomycin D derived from Streptomyces smyrnaeus UKAQ_23
showed anti-MRSA activity. Actinomycin X2 showed a MIC value of 1.56-12.5 pg/ml for
non-MRSA organisms and 3.125-12.5 pg/ml against MRSA strains [46]. Actinomycins (D and
X2) are produced by Streptomyces parvulus (0.152 mg/ml), Streptomyces griseoruber (0.21
mg/ml), Streptomyces sindenensis (0.85 mg/ml), Streptomyces MITKK-103 (0.11 mg/ml X2),
Streptomyces sp. JAU4234 (0.62 mg/ml X2), Streptomyces nasri strain YG62 (0.15 mg/ml
X2), and Streptomyces strain MS449 (1.92 mg/ml X2, 1.77 mg/ml D). Streptomyces smyrnaeus
UKAQ 23 produces Actinomycin D significantly [46]. Apart from the antibacterial activity
against drug-resistant pathogens, actinomycetes extracts and various secondary metabolites
derived from different species were also explored for antifungal anti-parasitic and antiviral
activity (Figure 2). Many of the novel compounds extracted from different actinomycetes
genera are found to be very effective against microbial pathogens.

5. Genome Mining for Identification of Biosynthetic Gene Clusters Capable of Producing
Anti-MRSA Compounds

The large genome of Streptomyces usually contains many biosynthetic gene clusters
(BCG) and can produce various compounds with multiple biological activities [56].
Researchers were also working on molecular tools to identify new gene clusters of potential
compounds; once isolated, the biosynthetic gene cluster has been modified to improve the
compound's efficacy, yield, and better analogs [57]. BCGs contribute to the synthesis of
bioactive secondary metabolites. CRISPR-Cas9 gene cluster activation strategy was used to
discover a novel polyene macrolactam from a silent BCG in Streptomyces roseosporus [58].
This polyketide auroramycin, possess isobutyrylmalonyl (extender unit) and a pair of amino
sugars. The stereochemistry of many compounds was deduced using spectroscopic analysis,
chemical derivatization, and computational analysis. The gene cluster responsible for
auroramycin production was also checked by transcriptional analyses and gene deletion
methods. Auroramycin showed significant anti-MRSA activity toward drug-resistant isolates
[58].

6. Other Strategies for the Treatment of MRSA

MRSA is resistant to a broad spectrum of antibiotics ranging from normal -lactam
antibiotics to aminoglycosides, quinolones, and macrolides. The mortality rate of this infection
has become a huge worldwide problem threatening humanity. To overcome this problem,
newer antibiotics or other treatment methods need to be followed to control the spread of
infection. Some of the other methods and functions of this treatment are explained briefly in
Table 3.

Table 3. Methods used for MRSA treatment.

Therapeutic strategies Functions References

Iron chelation Inhibits the growth and metabolic activity of bacteria [59]

Nanoparticles Disrupts the formation of biofilm [60]

Phage therapy Inhibits the growth of bacteria [61]

Lectin inhibition It causes agglutination of bacterial cells and prevents the binding of [62]
microorganisms into the cell

Quorum sensing inhibition Inhibits the quorum sensing and the expression of bacterial virulence [63]
genes without affecting bacterial growth

Multifunctional SAPs-based | Antimicrobial materials that alleviate the drug-resistance problem [64]

nano-systems
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Therapeutic strategies | Functions | References
Bacteria-responsive Release their antibacterial load in response only to the specific [65]
nanosystems environment and factors produced endogenously by bacteria

Linezolid, daptomycin, and televancin are the current choice of drugs that have received
regulatory approval for treating the disease caused by drug-resistant Gram-positive pathogens.
These antibiotics showed a good broad spectrum of activity similar to vancomycin which
makes them significant to use for treating serious MRSA infections. Vancomycin or
daptomycin was used as the first-line choice of drug for treating invasive MRSA infections.
Televancin, vancomycin, and ceftaroline were used as the second-line therapy for treating
MRSA bacteremia [66,67].

7. Conclusions

Actinomycetes-derived compounds are very effective against drug-resistant pathogens,
including MRSA, MSSA, VRE, VRSA, and VISA strains. Biomining novel actinomycetes
isolate for the potential biosynthetic gene clusters and annotating the genome sequence for the
production of novel compounds pave the way for identifying new compounds against drug-
resistant pathogens. Molecular networking using the Global Natural Product Social Molecular
Networking (GNPS) server and metabolic profiling using SIRIUS platform would also be very
useful in identifying the bioactive metabolites from actinomycetes. Molecular docking studies
also help to find the possible mechanism of action of the anti-MRSA compounds. Animal
models need to be used to study the in vivo efficacy and toxicity of the isolated compounds
from Streptomyces species before moving to the next level in drug development.
Actinomycetes genera serve as an un-ending natural source for new chemical compounds, and
new chemical entities, hence continuous exploring of actinomycetes from various habitats and
deep sea samples would certainly yield us many more novel chemical compounds to test their
efficacy against multidrug-resistant microbial pathogens and to develop it successfully as
future drug candidates. This would also help us to go for large-scale combinatorial organic
synthesis of drugs to tackle the threat posed by multidrug-resistant microbial pathogens and to
protect humanity from dreadful microbial diseases.
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