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Abstract
Throughout the ages the world has witnessed the outbreak of many infectious diseases. Emerging microbial diseases pose a 
serious threat to public health. Increasing resistance of microorganisms towards the existing drugs makes them ineffective. 
In fact, anti-microbial resistance is declared as one of the top public health threats by WHO. Hence, there is an urge for 
the discovery of novel antimicrobial drugs to combat with this challenge. Structural diversity and unique pharmacological 
effects make natural products a prime source of novel drugs. Staggeringly, in spite of its extensive biodiversity, a prominent 
portion of microorganism species remains unexplored for the identification of bioactives. Microorganisms are a predominant 
source of new chemical entities and there are remarkable number of antimicrobial drugs developed from it. In this review, we 
discuss the contributions of microorganism based natural products as effective antibacterial agents, studied during the period 
of 2010–2020. The review encompasses over 140 structures which are either natural products or semi-synthetic derivatives 
of microbial natural products. 65 of them are identified as newly discovered natural products. All the compounds discussed 
herein, have exhibited promising efficacy against various bacterial strains.
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Abbreviations
SA  Staphylococcus aureus
MRSA  Methicillin-resistant Staphylococcus 

aureus
EF  Enterococcus faecium
EFl  E. faecalis
SP  Streptococcus pyogenes

HI  Haemophilus influenzae
AB  Acinetobacter baumannii
PA  Pseudomonas aeruginosa
BS  Bacillus subtilis
PH  Proteus hauser
KR  Kocuria rhizophila
MA  Mycobacterium aurum
ML  Micrococcus luteus
ESBL-EC  Extended-spectrum β-lactamase-

producing Escherichia coli
KP  Klebsiella pneumoniae
SH  Schizosaccharomyces pombe
MH  Mucor hiemalis
SE  Staphylococcus epidermidis
PL  Paenibacillus larvae
LT  Leishmania infantum
MT  Mycobacterium tuberculosis
Xoo  Xanthomonas oryzae Pv. oryzae
MIC  Minimum inhibitory concentration
IC50  Half-maximal inhibitory concentration
ZOID  Zone of inhibition diameter

Sangeetha Mohan and M. S. Ajay Krishna have contributed 
equally.

 * Sasidhar B. Somappa 
 drsasidharbs@niist.res.in; drsasidharbs@gmail.com

1 Chemical Sciences and Technology Division, CSIR-National 
Institute for Interdisciplinary Science and Technology 
(CSIR-NIIST), Thiruvananthapuram 695 019, Kerala, India

2 Academy of Scientific and Innovative Research (AcSIR), 
Ghaziabad 201 002, India

3 Department of Chemistry, Vidyavardhaka College 
of Engineering, Visvesvaraya Technological University, 
Mysore 570 002, Karnataka, India

4 Centre for Nano and Material Sciences, Jain University, Jain 
Global Campus, Bangalore 562 112, Karnataka, India

http://orcid.org/0000-0003-1546-2083
http://crossmark.crossref.org/dialog/?doi=10.1007/s11030-022-10417-5&domain=pdf


518 Molecular Diversity (2023) 27:517–541

1 3

Binomial abbreviations
S. aureus  Staphylococcus aureus
M. scutellaris  Melipona scutellaris
E. coli  Escherichia coli
E. faecalis  Enterococcus faecalis
S. pneumoniae  Streptococcus pneumoniae
C. versicolor  Coriolus versicolor
G. applanatum  Ganoderma applanatum
L. sulphureus  Laetiporus sulphureus
P. aeruginosa  Pseudomonas aeruginosa
H. influenzae  Haemophilus influenzae
A. oryzae  Aspergillus oryzae
K. pneumoniae  Klebsiella pneumoniae
M. tuberculosis  Mycobacterium tuberculosis

Introduction

Infectious diseases continue to pose a major threat to public 
health, representing one of the major causes of death world-
wide. It is caused by pathogenic microorganisms such as 
bacteria, fungi, virus, protozoa etc. According to the World 
Health Organisation (WHO) 2019 report, two infectious dis-
eases, lower respiratory infections and diarrhoeal diseases, 
were among the top ten causes of death worldwide. A total 
of 2.6 million people had died in the year due to lower res-
piratory infections. Around 1.5 million people had lost their 
lives from diarrhoeal diseases alone. In low-income coun-
tries, among the top 10 leading causes of death, six were 
due to communicable diseases. Malaria, tuberculosis, HIV/
AIDS etc. are some among the contagious diseases that has 
caused increased death rate in those countries during 2019 
[1]. Apart from these bacterial and viral diseases, there is a 
stark rise in the number of invasive diseases caused by fungi 
too. Aspergillus, Candida and Cryptococcus are the species 
which are responsible for over 90% mycotic deaths [2].

Out of the total antimicrobial drugs approved between 
1981 and 2019, 27% are either natural products or natural 
product derivatives and 22% of it are of pure synthetic ori-
gin. Antibiotics make upto 60% of the novel antibacterial 
agents [3]. A number of significant anti-infective drugs of 
synthetic origin have been successfully introduced into the 
market. The sulfa drugs (eg. sulfamethoxazole 1), trimetho-
prim (2), quinolones (eg. levofloxacin 3), oxazolidinones 
(eg. linezolid 4) etc. are a few examples of such synthetic 
antibiotics [4]. Azoles are a predominant class of antifungal 
drugs of synthetic origin. Posaconazole (5), itraconazole 
(6) fluconazole (7), and voriconazole (8) are a few triazoles 
which are licensed for various fungal infections (Fig. 1) [5].

Natural products remain as the major mainstay as a source 
of novel drugs. Natural products are structurally diverse and 
possess unique pharmacological or biological activities due 
to natural selection and evolutionary processes [6–14]. This 

makes them interesting as a source for the identification of 
novel drug leads [15–18]. Microbial source is one of the ear-
liest natural product sources explored for the development of 
antimicrobial agents. Drug discovery from microbial source 
began with the serendipitous discovery of penicillin from 
Penicillium notatum by Alexander Fleming in 1929. The 
‘Golden Age of Antibiotics’ ushered in after the discovery 
of penicillin between 1940 and 1962, a period during which 
most of the significant antibiotics in market were discov-
ered [19, 20]. In fact, the first successful antibiotic class 
ever introduced was the β-lactam antibiotics, which includes 
penicillin, and acts by the inhibition of cell wall biosynthesis 
in bacteria. Penicillins, cephalosporins, tetracyclines, ami-
noglycosides, chloramphenicol, macrolides and glycopep-
tides include the major class of antibiotics originated from 
microorganisms. Omadacycline (9), eravacycline (10), and 
sarecycline (11) are a few representatives of natural product 
derivatives, tetracycline-based antibacterial agents, approved 
by FDA in the late 2018 [3] (Fig. 2).

Despite its large biodiversity, a major portion of micro-
organism species still remains uninvestigated [21] for its 
biological activities which paves the way for the isolation 
of new strains and its activity. It is also important to iden-
tify the source of microorganisms that were not previously 
explored for the potential secondary metabolites from it. 
The extensive diversity of microorganisms is a major factor 
that must be taken into consideration for future discovery of 
novel drugs and clinical lead candidates [22]. Drug resist-
ant microorganisms pose a serious challenge to humankind 
as it makes existing antimicrobials ineffective [23]. WHO 
has declared antimicrobial resistance as one of the top ten 
global public health threats to humankind [24]. Metabolic 
engineering, synthetic chemistry, and genomic or metagen-
omic approaches are the strategies that could be adopted to 
develop new antimicrobial agents in order to meet the urgent 
need of microbial resistance.

Discussion

Antibacterials from bacterial source

Gram‑positive bacteria

Out of the total microbial produced bioactive compounds, 
nearly three quarters are produced by actinomycetes alone. 
Streptomycetes are the most significant group producing a 
wide range of biologically relevant compounds. 3% of the 
total antibacterials are produced by streptomycetes alone 
[25].

Actinobacterial symbionts associated with social and 
solitary Hymenoptera are one theoretically rich source of 
novel natural products. Currie and colleagues studied two 
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species of solitary mud dauber wasps to see if this was the 
case. They identified eleven structurally diverse secondary 
metabolites (12–22) including a novel polyunsaturated and 
polyoxygenated macrocyclic lactam, named as sceliphrolac-
tam (12), from fifteen Streptomyces actinobacteria isolates. 
They tested the antifungal and antibacterial efficacy of the 
fifteen Streptomyces strains by pairing them with a number 
of fungi and bacteria. The proliferation of these bacteria and 
their antimicrobial properties point to their possible position 
as antibiotic-producing symbionts (Fig. 3) [26].

Bacillus, a Gram-positive bacteria genus, has been studied 
for antimicrobial activity for many decades. Antibiotic pol-
yketides such as macrolactins, difficidins, and oxidifficidin, 
as well as lipopeptides, have been found in several Bacillus 
spp. Li et al. conducted a bioassay-guided fractionation of 

the organic extracts of a Bacillus amyloliquefaciens strain 
(AP183) which contributed to the discovery of bacillusin A 
(23), a new macrocyclic polyene antibiotic. The structure 
was identified as a novel macrodiolide composed of dimeric 
4-hydroxy-2-methoxy-6-alkenylbenzoic acid lactones 
with conjugated pentaene-hexahydroxy polyketide chains by 
interpreting NMR and MS spectroscopic results. Compound 
23 exhibited potent antibacterial activity in vitro against a 
variety of drug-resistant and drug-sensitive S. aureus and 
Enterococcus spp., with MICs ranging from 0.6 to 1.2 μg/
mL. Its efficacy was tested against vancomycin, ciprofloxa-
cin, and methicillin, with a MIC of 0.6 μg/mL against E. 
faecium ATCC 700,221 that was resistant to all three antibi-
otics tested at 100 μg/mL. At 20 μg/mL, it had no antifungal 
action against Candida albicans ATCC 90,028 (Fig. 4) [27].

Fig. 1  Anti-infective drugs of synthetic origin
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The natural product actinomadurol (24) and the known 
compound JBIR-65 (25) were isolated together from the 
actinomycete Actinomadura strain KC 191. Compound 24 
has been identified as an unusual member of the bacterial 
C-19 norditerpenoid class. With MIC values ranging from 
0.39 to 0.78 g/mL, it showed potent antibacterial activity 
against pathogenic strains such as Staphylococcus aureus, 
Kocuria rhizophila and Proteus hauser. It was on par with, 
if not higher than, the positive regulation ampicillin (Fig. 5) 
[28].

Lanen et al. isolated four new Y-type actinomycin ana-
logues, Y6-Y9 (26–29) and actinomycin Zp (30), from the 
scale up fermentation of the Streptomyces sp. strain Go ̈-
GS12. They were isolated as a natural substance for the first 
time. NMR spectroscopy and HRMS were used to deter-
mine the structures of the new compounds. The 4-hydroxy-
threonine on the β-ring of 26 is the only one that undergoes 
a twofold acyl shift as well as an additional ring closure. 
Compounds 27–29 demonstrated potent antibacterial activ-
ity against Gram-positive bacteria, which was consistent 
with cytotoxicity against human cell lines. In comparison 
to the non-rearranged comparator actinomycin Y5 and other 
actinomycins, the combination of a -ring rearrangement and 
additional ring closure in 26 made this actinomycin sub-
stantially less potent. The antimicrobial studies revealed that 
among the isolated compounds, actinomycin Y9 (29) is the 
most promising antibacterial agent with MIC between 0.012 
to 0.96 μg/mL against various pathogenic bacterial strains 
(Fig. 6) [29].

Oh and colleagues isolated nicrophorusamides A and B 
(31 and 32) from an unusual actinomycete, Microbacterium 
sp., from the gut of the carrion beetle Nicrophorous con-
color. Based on 1D and 2D NMR spectroscopic analysis, 

the structures were identified as new chlorinated cyclic 
hexapeptides with unusual amino acid units. On evaluating 
the antimicrobial activity of the compounds, it was found 
that nicrophorusamides B which bears D-asparagine was 
eightfold less potent than the D-threo-β-hydroxyasparagine 
bearing nicrophorusamides A. Nicrophorusamide A showed 
antibacterial activity against Staphylococcus aureus ATCC 
25,923, Enterococcus faecalis ATCC 19,433, Enterococ-
cus faecium ATCC 19,434, and Salmonella enterica ATCC 
14,028 with minimum inhibitory concentration (MIC) val-
ues of 8 − 16 μg/mL. This suggests the significance of the 
D-threo-β-hydroxyasparagine in the antibacterial properties 
of the compound 31 (Fig. 7) [30].

Korean researchers discovered three cyclic lipopeptides 
with the unusual enamide linkage group from Streptomyces 
sp. KCB14A132, including one recognised (33) and two 
additional (34 and 35) compounds. The amino acid resi-
dues in the peptide backbone varied according to NMR and 
MS characterization. These three compounds were tested for 
antibacterial activity against a panel of pathogenic bacteria 
including MRSA, QRSA, Enterococcus faecalis and Bacil-
lus subtilis. The antibacterial activity of chemically prepared 
deacetonide derivatives of enamidonins was found to be 
inactive, showing that the dimethylimidazolidinone residue 
is needed for antibacterial activity. Enamidonin (33), with a 
MIC of 4 μg/mL, was active only against Bacillus subtilis. 
Enamidonin B and enamidonin C (34 and 35), with MICs of 
8–64 μg/mL, were active against MRSA, QRSA, Enterococ-
cus faecalis, and Bacillus subtilis (Fig. 8) [31].

Microorganisms, some of which play protective roles 
in colony defence, form complex relationships with social 
insects. Pupo et al. investigated the microbiota associated 
symbiotically to the nurse bees Melipona scutellaris in 

Fig. 2  Natural product-based drugs and clinical candidates
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order to explore it as a source of novel bioactives. New 
cyclic hexadepsipeptides namely meliponamycin A and 
meliponamycin B (36 and 37) isolated from Streptomyces 
sp. ICBG1318, present in M. scutellaris, demonstrated 
good activity against the entomopathogen Paenibacillus 
larvae and human pathogens Staphylococcus aureus and 
Leishmania infantum (Fig. 9) [32].

Gram‑negative bacteria

The myxobacteria-derived cystobactamids (38–40), which 
were isolated from Cystobacter sp. Cbv34, were found to 
be highly potent novel antibacterial compounds by Müller 
and colleagues. At concentrations as low as 1 μg/mL, all of 
the derivatives inhibited E. coli development. Hexapeptide 

Fig. 3  Secondary metabolites 
identified from isolates of Strep-
tomyces Actinobacteria
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(39) was effective against the Gram-negative bacteria Aci-
netobacter baumannii, a member of the ESKAPE panel. 
Hexapeptide (39) also inhibited Gram-positive bacteria 
which includes E. faecalis and S. pneumonia, at concen-
trations of approximately 0.1 μg/mL. This result was very 
much comparable or even more effective than the activity 
of ciprofloxacin. Bacterial type IIa topoisomerases were dis-
covered to be the molecular targets. The cystobactamids pro-
vide exciting alternatives to produce novel antibiotics using 
medicinal chemistry and biosynthetic engineering, considers 
the researchers, as quinolones are largely exhausted as a tem-
plate for new type II topoisomerase inhibitors (Fig. 10) [33].

Three new pyoluteorin analogues, mindapyrroles A − C 
(41–43) were purified by Concepcion et al. from Pseu-
domonas aeruginosa strain 1682U.R.0a.27, a gill-associated 
bacterium isolated from giant shipworm Kuphus polythala-
mius. Different pathogenic bacteria were inhibited by min-
dapyrroles B and C. Mindapyrrole B (42) has the best anti-
microbial activity, against Gram positive and Gram-negative 
bacteria with MIC values ranging from 2–8 μg/mL, and the 
broadest selectivity index among mammalian cells. The 
extra pyoluteorin (44) structure in compound 43 reduces 
activity against Gram-negative pathogens significantly. The 

addition of a hydroxyphenyl thiazole unit to the dimeric 
mindapyrrole position A's -CH2 bridge boosts antimicrobial 
activity and controls cytotoxicity. The compound showed 
low cytotoxicity in mammals, with an  IC50 of 67 μg/mL 
against MDCK cells (Fig. 11) [34].

Clark et al. looked at a Chinese strain of Pseudomonas 
aurantiaca that produced a new benzoquinone (48) and fura-
none (49) along with the known dialkyl resorcinols (45 and 
46). Degradation studies on treatment with acids, the major 
dialkyl resorcinol 45 led to the discovery of the furanone 
derivative (50), a hydroxyquinone (51), and an unusual res-
orcinol 52. The degradation of the dialkyl resorcinol (45) 
under basic condition also produced the same compounds 
(50–52), in addition to a new dimer (53). The antibacterial 
activity of compounds 45 and 46 was moderate against a 
panel of Gram-positive pathogens. However, the degraded 
products of the dialkyl resorcinol (45) could not show any 
effect on the tested pathogens. These studies show how arti-
facts can be used as a source of additional chemical diversity 
(Fig. 12) [35].

Antibacterials from fungal source

Fungi are proved to be a rich source of biologically active 
secondary metabolites. These eukaryotic, heterotrophic 
microorganisms often live symbiotically. In fact, fungi are 
most commonly observed as plant endophytes than bacteria 
[36].

Antioxidant and antibacterial function of organic extracts 
from eight fungal species were examined by Karaman et al. 
S. aureusan was the most susceptible bacterium, with a mini-
mum inhibition concentration (MIC) of 0.28 mg/mL in the 
G. applanatum extract. The extracts of C. versicolor and 
G. applanatum had the highest activity. The extract of L. 
sulphureus was the least active among the tested ones. The 
studies revealed that Gram-positive bacteria are inhibited 
by coriolin, a sesquiterpene derived from Coriolus spe-
cies. Triterpenoids and ganomycins present in Ganoderma 

Fig. 4  Bacillusin A

Fig. 5  Bio actives isolated form actinomycete Actinomadura strain 
KC 191
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species hinder the development of methicillin-resistant S. 
aureus and other bacteria such as E. coli and Pseudomonas 
aeruginosa. Animal bacteria strains were more suscepti-
ble than ATTC and human bacterial strains. These fungal 
extracts activity against S. aureus suggests that they may be 
used to treat animals, particularly because these bacterial 
strains are multi-resistant to traditional antibiotics [37].

Verrucamides A-D (54–57), novel cyclic tetradecapep-
tides, were isolated by Che and co-workers from the ascomy-
cete fungi Myrothecium verrucaria. The isolated compounds 
were tested for antibacterial activity against the Gram-posi-
tive bacteria Staphylococcus aureus Col (CGMCC 1.2465) 
and displayed  IC50 and MIC values of 3.59 to 9.09 and 10.0 
to 40.0 μg/mL respectively (Fig. 13) [38].

Fig. 6  Four new Y-type actinomycin analogues, Y6-Y9 isolated from 
Streptomyces sp. strain Gö-GS12. (Val: valine; MeVal: N-meth-
ylvaline; MeAla: N-methyl-L-alanine; Sar: sarcosine, MPro: cis-
5-methylproline; HMPro: trans-3-hydroxy-cis-5-methylproline, Hyp: 

trans-4-hydroxyproline; OPro: 4-oxoproline, MOPro: cis-5-methyl-
4-oxoproline; aHyp: cis-4-hydroxyproline; Thr: threonine; HThr: 
4-hydroxythreonine, ClThr: 4-chlorothreonine; crHThr: cyclic rear-
ranged hydroxythreonine)
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Fig. 7  Nicrophorusamides A and B

Fig. 8  Compounds iso-
lated from Streptomyces sp. 
KCB14A132. (Gly: Glycine; 
Phe: Phenylalanine; Dpr: 
2,3-diaminopropionic acid; Thr: 
Threonine; Leu: Leucine; Ile: 
Isoleucine)
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Watnick et  al. developed a sensitive and stable high 
throughput metabolic filter for novel antibiotics that is low-
tech and inexpensive. They tested over 39,000 crude extracts 
obtained from organisms that grow in the diverse ecosystems 
of Costa Rica and found forty-nine with consistent antibacte-
rial activity. One of the endophytic fungal extracts on further 

characterization led to the discovery of three new natural 
products (58–60). Among them a hydroquinone named as 
mirandamycin (58) has broad antibacterial activity against 
E. coli, Pseudomonas aeruginosa, Vibrio cholerae, methi-
cillin-resistant Staphylococcus aureus, and Mycobacterium 
tuberculosis (Fig. 14) [39].

Fig. 9  Meliponamycin A and B

Fig. 10  Chemical structures of cystobactamids 919–1 (38), 919–2 (39) and 507 (40)
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Fig. 11  Compound isolated 
from Pseudomonas aeruginosa 
strain 1682U.R.0a.27

Fig. 12  Compounds isolated 
from Pseudomonas aurantiaca 
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Urnucratins A-C (61–63) was isolated from Urnula cra-
terium, a North American cup fungus, by Zhang and his 
colleagues. Urnucratins possesses bisnaphthospiroether 
skeleton with one oxygen and one C–C bridge, which is odd. 
The absolute configuration of the steriogenic spirane carbons 
of the urnucratins was determined by quantum chemical CD 
calculations and assigned as R. The presence of the carbonyl 
group in the structure of urnucratins A and B is likely to be 
responsible for its significant higher potency than urnucratin 
C. Urnucratin A was found to be more active than urnucra-
tin B against Staphylococcus aureus, methicillin-resistant 
Staphylococcus aureus, vancomycin-resistant Enterococ-
cus faecium, E. faecalis, Streptococcus pyogenes with MIC 

values of 2, 2, 1, 0.5 and 0.5 μg/mL, respectively. None of 
the urnucratins showed activity against the Gram negative 
bacteria that were tested (E. coli and P. aeruginosa) (Fig. 15) 
[40].

A new tetramic acid, methiosetin (64), was discovered 
by Singh et al. in a tropical sooty mould, Capnodium sp. 
Epicorazine A (65), a well-known antibiotic, was also devel-
oped by the fungus. The antibacterial activity exhibited by 
both compounds against S. aureus and Haemophilus influ-
enzae was mild to moderate. The isolation, structure elu-
cidation and antibacterial activity of both the compounds 
were defined. Methiosetin had a higher MIC of 256 μg/mL 
against S. aureus EP167 and a marginally better MIC of 

Fig. 13  Verrucamides A-D (Ile: 
isoleucine; Ser: serine; gly: 
glycine; val: valine; N-MeAla: 
N-methylalanine; N-MeIle: 
Nmethylisoleucine; N-MePhe: 
N-methylphenyl alanine; 
N-MeSer: N-methylserine; 
N-MeThr: N-methylthreonine)

Fig. 14  Bio actives isolated 
from Costa Rican fungal species
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32 μg/mL against H. influenzae. Epicorazine A was eight 
times more effective against S. aureus (MIC 32 μg/mL) and 
evidently more effective against H. influenzae (MIC 0.5 μg/
mL) (Fig. 16) [41].

Purohit et al. tested thirty-five fungi for antimicrobial 
behaviour from extreme environment of effluent treat-
ment plants. Bikaverin (66), produced by one of the 
fungal isolates, HKF15 identified as Fusarium sp., sub-
stantially inhibited E. coli development, according to the 
researchers. According to the colony count, a 25 ppm 
concentration was able to slow down bacterial develop-
ment. In certain cells treated with 25 ppm bikaverin, the 
CFU count was reduced to zero after 6 h. After 1 h, there 

was a major inhibition of development in the presence 
of 50 ppm bikaverin. This showed that, in addition to its 
other bioactivities, bikaverin has antibacterial properties 
(Fig. 17) [42].

Mutagenesis in Aspergillus oryzae is believed to lead to 
the formation of antibacterial compounds. Hayman and his 
team used a screen to find individual mutated strains that 
inhibit Methicillin-resistant Staphylococcus aureus (MRSA). 
The mutated A. oryzae strains were created by treating the 
spores with ethyl methanesulfonate (EMS). On screening 
over 3000 EMS-treated A. oryzae cultures it was observed 
that the CAL220 isolate showed altered morphology and 
antibacterial activity. Mutations inhibited MRSA and Pseu-
domonas aeruginosa but not Klebsiella pneumoniae or 
Proteus vulgaris. A. Oryzae's genome has been sequenced, 
targeted and spontaneous mutations could be added to aid in 
the detection of novel antibacterial compounds [43].

Spiteller and colleagues isolated a new lanostanoid, 
19-nor-lanosta-5(10),6,8,24-tetraene-1α,3β,12β,22S-tetraol 
(67) from Diaporthe sp. LG23, an endophytic fungus that 
lives on the leaves of the Chinese medicinal plant Mahonia 
fortunei. In addition, six recognised biosynthetically based 
steroids (68–73) were isolated in parallel. According to the 
researchers, the findings show that endophytes have the abil-
ity to help conventional host plant therapies as well as confer 
host health. Compound 67 was shown to have significant 
antibacterial activity against Gram-positive and Gram-neg-
ative bacteria. Compounds 68 and 71 were both effective 
against B. subtilis, which is comparable to streptomycin, the 
gold standard (Fig. 18) [44].

From the endophytic fungus Lasiodiplodia theobromae 
ZJ-HQ1, She and colleagues identified the first chlorinated 
preussomerins, chloropreussomerins A and B (74 and 75), as 
well as their nine recognised analogues (76–84). Their com-
positions were elucidated using a variety of spectroscopic 
analyses. The evaluation of the absolute configurations of 74 
and 75 was done using single-crystal X-ray diffraction with 
Cu Kα radiation. The compounds 74, 75, 78–80 and 84 were 
discovered to be biologically active against Staphylococcus 

Fig. 15  Urnucratins A − C 
(61–63)

Fig. 16  Compounds isolated from Capnodium sp

Fig. 17  Bikaverin
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aureus (MIC values ranging from 1.6 to 13 μg/mL). With a 
MIC of 1.6 μg/mL, compound 78 was found to be the most 
promising amongst of all (Fig. 19) [45].

Bioassay-guided extraction of metabolites from cul-
tures of the plant-derived fungus Emericella sp. TJ29 by 
Zhang et al. developed three new terpene-polyketide hybrid 
meroterpenoids, emervaridones A − C (85 − 87), two new 
polyketides, varioxiranediols A and B (89 and 90), and three 
known analogues (88, 91, and 92). Compounds 85 and 89 
were shown to be effective against five drug-resistant bac-
teria, and displayed bacteriostatic and bactericidal activity, 
respectively. Both were of low toxicity to mammalian cells. 
These two compounds could be used to develop new chem-
ical scaffolds for the development of antibacterial agents 
against drug-resistant microbial pathogens. The inhibitory 
action of emervaridone A (85) against ESBL-producing E. 
coli was equivalent to that of amikacin, a commonly used 
antibiotic with a MIC of 2 μ/mL. These compounds may 

be used to produce new antibiotics for the treatment of 
antibiotic-resistant infections, according to the researchers 
(Fig. 20) [46].

Spiteller and colleagues isolated three new and seven 
recognised calopins from Caloboletus radicans (93–102). 
NMR and MS data are used to elucidate the properties of the 
new cyclocalopins, 8-deacetylcyclocalopin B (93), cyclo-
calopin A-15-ol (94), and 12,15-dimethoxycyclocalopin A 
(95). Though 93–102 were ineffective against two cancer 
cell lines, they showed anti-staphylococcal activity against 
MRSA strains with MIC values of 16–256 μg/mL. Com-
pound 93 was shown to be more active than norfloxacin, 
which served as a positive control with MIC value of 16 μg/
mL against strains ATCC 25,923 and SA-1199B. Some of 
the calopins were active against the fish pathogen Enterococ-
cus faecalis F1B1 too (Fig. 21) [47].

Bacterial biofilms play a role in 65 percent of bacterial 
infections in humans. Biofilms are linked to oral candidiasis 

Fig. 18  Compounds isolated 
from Diaporthe sp
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in 7% of children, 31% of AIDS patients, and 20% of cancer 
patients. Microporenic acids A-G (103–109) are seven previ-
ously unknown acyclic diterpenes connected to isocitric acid 
by an ether linkage, isolated from the cultures of a species of 
the genus Microporus, as stated by Stadler and colleagues. 
Microporenic acids D and E (106 and 107) displayed antimi-
crobial activity against a many pathogenic of gram-positive 
bacteria and a yeast, Candida tenuis. Compound 103 has had 
strong antifungal and antibacterial efficacy against Candida 
albicans and Staphylococcus aureus preformed biofilms. 
Antimicrobial resistance continues to be a global health con-
cern, necessitating the development of effective compounds 
(Fig. 22) [48].

Three novel cytochalasan alkaloids, termed armo-
chaetoglosins A–C (110–112), were isolated by feeding 
1-methyl-L-tryptophan into cultures of the arthropod-asso-
ciated fungus Chaetomium globosum TW1-1. With MIC 
values of 4.0 μg/mL and 16.0 μg/mL, compound 112 had 

the best antibacterial activity against K. pneumoniae and 
ESBL-E. coli, respectively. In fact, armochaetoglosin C had 
a greater inhibitory activity against K. pneumoniae than the 
commonly used antibiotic meropenem with MIC value of 
8 μg/mL. Zhang et al., put forward new chemical models 
for the production of new antibacterial agents against drug-
resistant microbial pathogens (Fig. 23) [49].

Stadler and colleagues studied the ex-type strain of Spar-
ticola junci to study the chemical diversity of metabolites 
from new Dothideomycetes species. From submerged cul-
tures of the fungus, seven highly oxygenated and function-
alized spirodioxynaphthalene natural products, sparticolins 
A − G (113–119) were isolated. Spectroscopic and X-ray 
crystallographic analyses were used to determine their 
chemical compositions, including relative and absolute con-
figurations. Using the broth microdilution process, antimi-
crobial activities of the compounds were evaluated in serial 
dilution assays against different fungal and bacterial strains. 

Fig. 19  Compounds isolated from endophytic fungus Lasiodiplodia theobromae ZJ-HQ1
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Fig. 20  Metabolites from cultures of the plant-derived fungus Emericella sp

Fig. 21  Calopins were isolated 
from Caloboletus radicans 
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Sparticolin B (114) was active against the Gram-positive 
bacteria Bacillus subtilis, Micrococcus luteus, and Staphy-
lococcus aureus with MIC values 4.2 μg/mL, 8.3 μg/mL 
and 4.2 μg/mL respectively. Sparticolin G (119) were active 
against the fungi Schizosaccharomyces pombe and Mucor 
hiemalis. Compounds 114 and 119 have had mild cytotoxic 
activity against seven mammalian cell lines (Fig. 24) [50].

A broad family of oxygenated heterocyclic compounds 
known as xanthones, are privileged enough to communicate 

with a wide range of biological targets. Penicillium pur-
purogenum SC0070 solid cultures yielded eight new poly-
hydroxanthones namely penicixanthones A − H (120 − 127). 
As measured against human carcinoma A549, HeLa, and 
HepG2 cells, penicixanthone F (125) demonstrated the high-
est cytotoxicity  (IC50 = 0.3–0.6 μM), while it was nontoxic 
to the normal Vero cells  (IC50 > 50 μM). It was also the most 
effective antibacterial against Staphylococcus aureus and the 

Fig. 22  Microporenic acids A − G

Fig. 23  Compound isolated from Chaetomium globosum 
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Fig. 24  Compounds isolated from Sparticola junci 

Fig. 25  Compounds isolated from Penicillium purpurogenum SC0070
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methicillin-resistant strain MRSA with MIC value 0.4 μg/
mL (Fig. 25) [51].

Antibacterials from semi‑synthetic modifications

Synthetic modification of the existing lead natural products 
is one of the simplest approach to optimise its therapeu-
tic properties. Simple functional group transformations or 
remodelling of the existing scaffold can in turn result in the 
overall improvement of its physico-chemical and pharma-
cokinetic properties. Here, we have discussed various cases 
of semi-synthetic modifications of microbial derived natural 
products, which has led to the improvement of its overall 
properties.

Evidente et al. studied the antibacterial efficacy of Dip-
lodia cupressi's major phytotoxin sphaeropsidin A (128), 
its two natural analogues sphaeropsidins B and C (129 and 
130) as well as fourteen other derivatives obtained by chemi-
cal modifications against Xanthomonas oryzae pv. oryzae 

(Xoo), Pseudomonas fuscovaginae, and Burkholderia glu-
mae. Sphaeropsidin A displayed strong activity against Xoo. 
Only the monoacetyl derivative (131) of sphaeropsidin A 
had the same high activity as compound 128, while the 
diacetyl (132) and dihydro (133) derivatives of sphaerop-
sidin A had a decreased activity. All the other natural and 
hemisynthesized compounds were essentially inactive. This 
antibacterial activity is believed to be due to the involvement 
of the C-7 carbonyl group and the hemiketalic lactone func-
tionality. This results may help in the production of novel 
compounds for agricultural applications (Fig. 26) [52].

Caprazamycins (CPZs) are a category of novel liponu-
cleoside antibiotics with a variety of alkyl side chains that 
are divided into seven components CPZ-A to CPZ-G (134 
a-g) based on the difference in the containing fatty acid. 
They were discovered by Takahashi and co-workers dur-
ing a search for new antimycobacterial drugs. Caprazene 
(135) was synthesised by the acidic treatment of a mixture 

Fig. 26  Pshytotoxin sphaerop-
sidins and their semi-synthetic 
derivatives
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of caprazamycins isolated from a screen of novel antimyco-
bacterial agents (Fig. 27).

Various derivatives were produced by chemical modifica-
tion of the resulting caprazene. Antibacterial activity was 
observed in derivatives against mycobacterial species and 
pathogenic Gram positive and negative bacteria. Compounds 
138 b (CPZEN-45), 138 d (CPZEN-48), 138 f, and 138 g 
(CPZEN-51) were found to have higher potency than CPZ-B 
(134 b) against Mycobacterium tuberculosis and Mycobac-
terium avium complex strains. The most powerful of the 
derivatives was discovered to be CPZEN-45 and could be 
created as a new potent anti-TB drug as well as an anti-
MAC agent. The presence of an NH proton adjacent to the 
carbonyl group at the 1"'-position could play a role in the 
antibacterial activity (Fig. 28) [53].

Salinomycin (SAL) (140), a natural polyether iono-
phores antibiotic, was extracted from Streptomyces albus. 
Huczyński and colleagues synthesised eleven new SAL 
amides, characterised them using X-ray and spectroscopic 
techniques, and tested them for antiproliferative and anti-
bacterial activity. The amides containing dopamine (141 d) 
and 4-fluorobenzyl (141 a) have a relatively strong antipro-
liferative function (e.g., against multidrug resistant and their 

parental cancer cell lines). The compounds are less toxic to 
normal murine fibroblasts than anticancer medications like 
cisplatin and doxorubicin. Amides 141 b, 141 e, 141 c and 
141 f have strong potency in inhibiting MRSE formation, 
with MICs ranging from 16 to 64 μ/ml, which are slightly 
less active than unmodified SAL (MIC = 8 to16 μg/mL). 
Amides with a saturated alkyl chain and an extra heteroatom 
have been shown to have antibacterial action against human 
pathogenic bacteria, including drug-resistant Staphylococcus 
epidermidis strains (Fig. 29) [54].

Nisin (142) is an antimicrobial produced by Lactococ-
cus lactis strains. The capacity of Nisin's N-terminal A/B 
ring system to bind lipid II, an integral cell-wall precur-
sor in bacteria, is responsible for its antibacterial action 
[55–57] Martin et al. identified the optimised chemoenzy-
matic degradation of nisin to produce the A/B ring frag-
ment, which was then modified at the C-terminus with a 
series of lipids. A subset of semisynthetic analogues with 
antibiotic activity comparable to nisin and improved sta-
bility was discovered among the semisynthetic analogues 
produced. By coupling compound 143 with a significant 
excess of the lipid-amine of choice in the presence of BOP/
DIPEA for a short time, the lipidated constructs 144–147 

Fig. 27  Preparation of caprazene from a mixture of CPZs A–G
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(Fig. 30) is easily synthesised. Click reaction was used 
to ligate compound 147 with a single equivalent of the 
required alkyne-modified lipid, yielding compound 148. 
(Fig. 31). Compounds 144, 145, 146, and 148 have the 
most active antibacterial activity among the analogues pre-
pared against drug-susceptible and drug-resistant Gram-
positive bacteria, including clinically important MRSA 
and VRE strains. The inclusion of five lanthionine rings 
(A-E) confers a predefined conformation, which is critical 
for nisin's mode of action and potency [58].

Wollamide B (149), a cyclic hexapeptide natural prod-
uct, has been known previously to show anti-Mycobacte-
rium bovis activity. 27 peptides, including wollamides A/B 
and desotamide B were synthesised by Sun et al. and tested 
against a panel of clinically important bacterial pathogens. 
Wollamide A (150), and B (149) along with their corre-
sponding II (L-Leu) analog (151) showed the best antitu-
berculosis efficacy, with the lowest minimum inhibitory 

concentration (MIC = 1.56 μg/mL) against virulent M. tuber-
culosis H37Rv. The antimicrobial properties of these pep-
tides are not due to destruction of the bacterial membrane, 
so further research into their mode of action is required 
(Fig. 32) [59].

Conclusion

Natural products play a pivotal role in drug discovery and 
are the basis of many of the early developed drugs. Emer-
gence of combinatorial chemistry has led to the abandon-
ment of the traditional method of drug discovery from 
natural sources, by various pharmaceutical industries. Com-
binatorial chemical techniques along with high throughput 
screening have paved a new way for the drug discovery pro-
cess in the identification of active lead compounds, against 
various biological targets. Though there are claims that 

Fig. 28  Synthesis of 1’’’-alkylamide (137), anilide (138a–h) and ester (139) derivatives of caprazene
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combinatorial chemistry produces large collection of novel 
drug leads, the stark decline in the number of novel chemi-
cal entities by this method proves that some of the libraries 
of compounds which were generated earlier were “poorly 
designed, impractically large and structurally simplistic” 
[60].

Increasing microbial infections and microbial resistance 
to existing drugs demand the discovery of new antimicro-
bial agents. Microorganisms are a prolific source for the 
development of novel drugs. A single microorganism can 
often produce nearly fifty different secondary metabolites 
[61]. But the fact is that only a very slight segment of 
microbes is harnessed for the identification of secondary 
metabolites. Hence, emphasis on in-depth exploration of 
the untapped microbial world can lead to the discovery 
of many significant anti-microbial drugs. In the current 

review, we summarise the advances made in the area of 
microbial based natural products as potent antimicrobials, 
during the period of 2010–2020. This review describes 
nearly 140 microbial natural products and natural products 
derived compounds as potential antimicrobial agents. 65 
of them are newly identified natural products. The com-
pounds discussed here belong to varied structural classes 
that include alkaloids, terpenoids, quinones, phenols, 
polypeptides, macrocyclic lactams, binaphthalenes, mac-
rocyclic polyenes, steroids, polyketides, lipopeptides, xan-
thones etc. All the compounds showed medium to high 
anti-microbial activity. We hope, this review may aid the 
scientific community in their quest for novel antimicrobial 
drugs on further investigating the structural classes from 
microorganisms, that has been discussed here.

Fig. 29  Synthesis of amide 
derivatives of salinomycin
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Fig. 30  Nisin digestion and syn-
thesis of lapidated analogues
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Fig. 31  Preparation of triazole-coupled analogues

Fig. 32  Wollamide B and 
analogues
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