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Abstract: Historically, bacteria of the phylum, Actinobacteria have been a very prominent source of bioactive compounds for drug 
discovery. Among the actinobacterial genera, Micrococcus has not generally been prioritized in the search for novel drugs. The bacte- 
ria in this genus are known to have very small genomes (generally < 3 Mb). Actinobacteria with small genomes seldom contain the 
well-characterized biosynthetic gene clusters such as those encoding polyketide synthases and nonribosomal peptide synthetases 
that current genome mining algorithms are optimized to detect. Nevertheless, there are many reports of substantial pharmaceuti- 
cally relevant bioactivity of Micrococcus extracts. On the other hand, there are remarkably few descriptions of fully characterized and 
structurally elucidated bioactive compounds from Micrococcus spp. This review provides a comprehensive summary of the bioactivity 
of Micrococcus spp. that encompasses antibacterial, antifungal, cytotoxic, antioxidant, and anti-inflammatory activities. This review 

uncovers the considerable biosynthetic potential of this genus and highlights the need for a re-examination of these bioactive strains, 
with a particular emphasis on marine isolates, because of their potent bioactivity and high potential for encoding unique molecular 
scaffolds. 
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Graphical abstract 

The prevalence of documented, pharmaceutically relevant bioactivity in Micrococcus strains, contrasting with a lack of their described 
compounds, strongly suggests that revisitation of this genus will be productive for the discovery of novel drugs. 

 

 

 

teus was originally isolated by Alexander Fleming as Micrococcus 
lysodeikticus in 1922 (Cohn, 1872 ; Fleming & Allison, 1922 ; Wieser 
et al., 2002 ). Micrococcus spp. are commonly associated with the hu- 
man skin microbiota as well as the microbiome of dairy products 
Introduction 

Micrococcus is a genus of non-spore forming actinomycetes (family
Micrococcaceae ) that are ubiquitous throughout terrestrial, aquatic,
and marine environments (Nuñez, 2014 ). This genus was first

described in the late 1800s, and the type strain Micrococcus lu- 

such as raw milk and cheese and have even been isolated from 
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mber (Lakshminarasim & Iya, 1955 ; Bhowmik & Marth, 1990 ;
hiller et al., 2001 ; Greenblatt et al., 2004 ; Nuñez, 2014 ). In the
arine environment, these bacteria have been isolated from sed-

ments as well as marine invertebrates, including sponges and
orals (Montalvo et al., 2005 ; Wilson et al., 2012 ; Wang et al.,
021 ). Micrococcus are generally considered nonpathogenic, al-
hough some species have been the culprit of several infections
nd can therefore be opportunistic pathogens (Albertson et al.,
978 ; Fosse et al., 1985 ; Nuñez, 2014 ). Isolates are often vividly pig-
ented with colonies reported to be yellow, orange, green, pink,

ed, and white (Kocur, 1986 ; Jagannadham et al., 1991 ). Despite
onsiderable investigation into the pigments produced by Micro-
occus spp., it was noted three quarters of a century ago, and again
n the past decade, that there is a paucity of research into their
iosynthetic potential (Su, 1948 ; Palomo et al., 2013 ). The first Mi-
rococcus genome was sequenced in 2009 (Young et al., 2010 ) and
as revealed to have a small genome of only 2.5 Mb. Extensive ge-
omic analysis has concluded that genomes less than 3 Mb rarely
ontain biosynthetic gene clusters (BGCs) (Donadio et al., 2007 ),
n observation that has likely discouraged investigations into Mi-
rococcus spp. for novel drugs. 

urrent State of Knowledge 

espite the general lack of readily detectable BGCs [mainly
onribosomal peptide synthetases (NRPSs), polyketide synthases
PKSs), and ribosomally synthesized and post-translationally
odified peptides (RiPPs)] in Micrococcus genomes, knowledge of

he antibacterial activity of Micrococcus strains has existed since
889, when the first photographic record of antibiosis was pre-
ared with “Micrococcus anthracotoxicus” (Doehle, 1889 ; Su, 1948 ).
everal other studies performed between 1902 and 1948 identified
ntibacterial activity of Micrococcus strains (Löde, 1902 ; Dujardin-
eaumetz, 1934 ; Hutchinson et al., 1943 ; Su, 1948 ). Although the
riginal work is absent from data records, Su ( 1948 ) noted that
öde isolated the active substance from a Micrococcus strain in
902 for animal studies that ultimately failed to demonstrate any
herapeutic results. This likely makes this unidentified compound
he first bioactive metabolite to ever be isolated from a Micrococcus
p . 
To date, there are only 28 studies documenting pharmaceu-

ically relevant bioactivity in terrestrial and marine Micrococcus
trains, with two additional sources mentioning growth stimula-
ion in plants (Lafi et al., 2017 ) and oil degradation ( https://www.
cbi.nlm.nih.gov/nuccore/JN709478.1 ). Interestingly, 50% of these 
tudies focus on marine isolates. Their activities range from gen-
ral to selective antibacterial activity, as well as antioxidant, anti-
ungal, anti-inflammatory, and cytotoxic activities. For a complete
ist of bioactivities described for published strains; see Table 1 .
Excluding pigments, only six bioactive compounds isolated

rom Micrococcus spp. have been characterized (Su, 1948 ; Bisku-
iak et al., 1988 ; Bultel-Poncé et al., 1998 ; Palomo et al., 2013 ;
ltamany et al., 2014 ; Shanthi Kumari et al., 2020 ). The first
ioactive compound to be fully characterized from a Micrococ-
us strain, micrococcin, was discovered in 1948 from a sewage
solate (Su, 1948 ). Though originally studied for its antibacte-
ial activity against Gram-positive bacteria, including Mycobac-
erium tuberculosis , micrococcin has since been shown to also have
ntimalarial, anticancer, and gene-modulating activities (Rogers 
t al., 1998 ; Ciufolini & Lefranc, 2010 ). The next bioactive com-
ound was not isolated until 40 years later, with the discov-
ry of the antibacterial neoberninamycin from a soil isolate
Biskupiak et al., 1988 ). A decade later, the previously synthe-
ized potent antimicrobial compound Triclosan (2,4,4 ′ -trichloro-
 

′ -hydroxydiphenylether), was isolated from a sponge-derived
train of M. luteus (Bultel-Poncé et al., 1998 ). A new member of the
hiazolyl peptide, family of antibiotics identified as kocurin, was
iscovered from Micrococcus yunnanensis F-256446 as well as from
wo strains of Kocuria (Palomo et al., 2013 ). Following the discovery
f kocurin in 2013 was the isolation of an antibacterial xanthone,
icroluside A, from another sponge-derived strain, Micrococcus sp.
G45 (Eltamany et al., 2014 ). Most recently, two wound-healing
ompounds, KLUF-10 (originally proposed to be 3-Hydroxy- β, ε-
aroten-3 ′ -one) and KLUF-13 (1-(1-(4-methoxphyenyl)-2-(methyl
mino) ethyl) cyclohexan-1-ol) were isolated from the marine iso-
ate Micrococcus sp. KLEF09 (originally published as strain OUS9)
Shanthi Kumari et al., 2020 ). However, KLUF-10 has since been
etermined by NMR analysis to in fact be zeaxanthin (Shanthi Ku-
ari et al., 2021 ). It is worth noting that four of the six compounds
ere isolated from marine strains. The chemical structures of se-
ected bioactive compounds isolated from Micrococcus strains are
rovided in Fig. 1 . 

ioactive Pigments 

side from characterization studies, the majority of the litera-
ure on Micrococcus spp. focuses on the pigments they produce,
ocumenting their antioxidant, antibiotic, antifungal, and anti-
ancer properties (Mohana et al., 2013 ; Umadevi & Krishnaveni,
013 ; Ushasri & Gods Will Shalomi, 2015 ; Rostami et al., 2016 ; Ma-
eed, 2017 ; Zehra et al., 2018 ; Nisha et al., 2019 ; Karbalaei-Heidari
t al., 2020 ; Shukla & Nadumane, 2021 ; Shahin et al., 2022 ). The
ajor carotenoid pigment of M. luteus , sarcinaxanthin, is a rare
 50 carotenoid that functions as an antioxidant and has been
atented for use in sunscreen, although this patent has since been
bandoned (Goksøyr, 2013 ; Netzer et al., 2010 ). Several deriva-
ives of this carotenoid also exist, including the glucosylated com-
ounds sarcinaxanthin monoglucoside and sarcinaxanthin diglu-
oside (Osawa et al., 2010 ). Several studies have documented
ioactivity in crude pigment extract prepared from M. luteus , in-
luding antibacterial activity against Staphylococcus sp., Klebsiella
p., Pseudomonas sp., and Escherichia sp. (Umadevi & Krishnaveni,
013 ; Majeed, 2017 ), weak antifungal activity against Alternaria
pp., Aspergillus niger, Cladosporium sp., and Penicillium certum (Ma-
eed, 2017 ), and cytotoxicity against the breast cancer MCF-7 cell
ine (Ushasri & Gods Will Shalomi, 2015 ). However, due to the
rude nature of these extracts tested, it remains unconfirmed
hether sarcinaxanthin or another compound is responsible for
he activity observed. In one study, carotenoids purified from M.
uteus , only identified as “yellow carotenoid pigment”, were ob-
erved to have antibacterial effects against Staphylococcus aureus
nd Streptococcus faecalis (now classified as Enterococcus faecalis )
Mohana et al., 2013 ). Another study found the crude pigment ex-
ract of M. luteus to be additionally active against Salmonella typhi
nd several drug-resistant bacteria, including multidrug-resistant
cinetobacter sp., multidrug-resistant Pseudomonas , methicillin-
esistant Staphylococcus sp., and Enterobacter carbopenum and con-
rmed antifungal activity (Nisha et al., 2019 ). Furthermore, the
rude pigment displayed antitumor activity against Dalton’s Lym-
homa ascites cells. Although this study confirmed the presence
f sarcinaxanthin in the pale orange pigment extract, phytoene
erivatives and sarcinaxanthin derivatives were also found. In ad-
ition, crude exopolysaccharides from M. luteus were found to be
ariably active against Escherichia coli, Klebsiella sp., S. typhi , Staphy-
ococcus sp., and Pseudomonas sp. (Nisha et al., 2019 ). 

https://www.ncbi.nlm.nih.gov/nuccore/JN709478.1
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Fig. 1. Chemical structures of selected compounds synthesized by Micrococcus isolates. 

 

 

 

 

 

 

 

 

In mesophilic M. roseus strains, canthaxanthin is the most
prominent carotenoid pigment (Cooney et al., 1966 ; Jagannad-
ham et al., 1991 ), although in a psychrotrophic strain, the ma-
jor carotenoid pigment isolated was bisdehydro-beta-carotene-2-
carboxylic acid (Jagannadham et al., 1991 ). In a psychrotrophic
M. roseus strain grown at temperatures close to freezing, produc-
tion of a more polar C 50 carotenoid pigment, bacterioruberin, in- 
creased (Chattopadhyay et al., 1997 ). Canthaxanthins have espe- 
cially strong antioxidant activity and are highly valued for their 
applications in nutraceuticals, cosmetics, and animal feed sup- 
plements (Palozza & Krinsky, 1992 ; Rebelo et al., 2020 ). Addi-
tionally, canthaxanthin can be used to synthesize astaxanthin,
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 highly marketable carotenoid often employed as a nutritional
upplement for its wide-ranging health benefits (Ambati et al.,
014 ; Rebelo et al., 2020 ). Aside from this major carotenoid,
even other pigments have been isolated in smaller quanti-
ies from M. roseus , including phoenicoxanthin, dihydroxy-3,4-
ehydro- α-carotene, a dihydroxy- α-carotene, a diketo- α-carotene,
 polyhydroxy- β-carotene, and two other uncharacterized pig-
ents (Ungers & Cooney, 1968 ). Crude pigment isolated from a M.

oseus strain (unspecified origin) was shown to have antibacterial
ctivity against S. aureus (Zehra et al., 2018 ). The aforementioned
tudy by Mohana et al. also described a purified red carotenoid
igment of M . roseus to be active against S. aureus and what is
ow classified as E. faecalis , though this pigment is never identi-
ed in the study (Mohana et al., 2013 ). A separate study isolating
nidentified pigments from M. roseus confirmed antimicrobial ac-
ivity against an extensive collection of bacteria and fungi, with
tronger inhibition observed against Gram-positive pathogens 
han Gram-negatives, as well as antitumor, anti-inflammatory,
nd antioxidant activities (Rostami et al., 2016 ). 
Less common Micrococcus strains have also been shown to pro-

uce bioactive pigments. A yellow pigment designated as MY3
as isolated from Micrococcus terreus and was found to have cyto-
oxic activity against cervical and liver cancer cell lines (Shukla
 Nadumane, 2021 ). The MY3 extract was further character-

zed by liquid chromatography-mass spectrometry and found
o putatively contain the compound bactobolin. Bactobolin iso-
ated from a strain of Pseudomonas has previously been shown to
ave antitumor and antibacterial activities (Kondo et al., 1979 ).
chinenone, a β-carotene pigment isolated from Micrococcus lylae ,
emonstrates antibacterial, antifungal, cytotoxic, and antioxidant
ctivity (Shahin et al., 2022 ). The crude yellow pigment extract
f the marine isolate Micrococcus sp. MP76 inhibits E. coli , Pseu-
omonas aeruginosa , and S. aureus (Karbalaei-Heidari et al., 2020 ).
icrococcus tetragenus is known to produce several carotenoids in-
luding a xanthophyll, lycopene, rhodoxanthin, rubixanthin, γ -
arotin, and several other unidentified pigments (Reimann & Ek-
und, 1941 ). Zeaxanthin and lycophyll and derivatives of at least
ne of these carotenoids were identified from Micrococcus radiodu-
ans (Lee, 1961 ). Aside from the inherent antioxidant properties of
hese carotenoids, no additional bioactivity was documented for
hese pigments in the cited studies. Zeaxanthin has been found
o have antiquorum sensing and antibiofilm activities (Gökalsın
t al., 2017 ; Karpi ́nski et al., 2022 ), and lycopene has been found
o be useful as an adjuvant for antimicrobial treatment by way
f its bactericidal activity (Lee & Lee, 2014 ). As previously men-
ioned, KLUF-10, studied for its wound-healing activity, has since
een identified as zeaxanthin (Shanthi Kumari et al., 2021 ). An-
ibacterial as well as promising anticancer activity of KLUF-10 is
lso suggested (Shanthi Kumari et al., 2020 ; Shanthi Kumari et al.,
021 ). 

aps in Understanding 

any studies have tested the secreted metabolites or crude Mi-
rococcus extracts for various pharmaceutically relevant activity,
ut failed to isolate or fully characterize the active component
Hentschel et al., 2001 ; El-Deeb et al., 2012 ; Li et al., 2012 ; Sharma
t al., 2012 ; Graça et al., 2013 ; Mohana et al., 2013 ; Umadevi & Kr-
shnaveni, 2013 ; Akbar et al., 2014 ; Ushasri & Gods Will Shalomi,
015 ; Rostami et al., 2016 ; Anteneh et al., 2021 ; Cita et al., 2017 ;
ajeed, 2017 ; Ranjan & Jadeja, 2017 ; Zehra et al., 2018 ; Nisha et al.,
019 ; Santos et al., 2019 ; Karbalaei-Heidari et al., 2020 ; Shukla &
adumane, 2021 ; Soldatou et al., 2021 ; Tizabi et al., 2022 ). In fact,
nly eight papers describe isolated bioactive compounds (includ-
ng pigments examined for bioactivity) from Micrococcus spp. (Su,
948 ; Biskupiak et al., 1988 ; Bultel-Poncé et al., 1998 ; Mohana et al.,
013 ; Palomo et al., 2013 ; Eltamany et al., 2014 ; Shanthi Kumari
t al., 2020 ; Shahin et al., 2022 ). It is notable that four of these find-
ngs pertain to marine isolates, three of which are derived from
ponges. Despite the fact that, historically, research has focused
n terrestrially derived strains, marine strains show great promise
nd merit further investigation. Several studies in which pigments
ere isolated that were later found to be bioactive through subse-
uent studies are excluded from this count, as the original study
oes not mention any pharmaceutical relevance, but these re-
orts are included in Table 1 . Excluded from this count is also
ne noteworthy study concluding that a marine Micrococcus sp. is
he true producer of diketopiperazines (Stierle et al., 1988 ) that
ere originally ascribed to the sponge host (Schmitz et al., 1983 ).
hough no bioactivity is described in the original publication, sub-
equent research has shown diketopiperazines to have anticancer
ctivity (van der Merwe et al., 2008 ; Mollica et al., 2014 ). 
Historically, bioprospecting efforts have focused on actino-
ycetes with large genomes, typically larger than 6 Mb and rang-

ng up to 13 Mb, as these strains tend to encode more of the
ommon BGCs, such as PKSs and NRPSs (Baltz, 2014 , 2017 , 2019 ;
atz & Baltz, 2016 ). Investigations into these BGCs take advan-
age of the fact that the genomic sequence of these multimod-
lar enzymes often provide a clear link between the biochemi-
al processes required for synthesis and the final structure of the
ompound (Donadio et al., 2007 ; Katz & Baltz, 2016 ). To better
nderstand the overall biosynthetic potential of Micrococcus spp.,
he genomes of Micrococcus strains with high quality assemblies
vailable from GenBank and the Natural Products Discovery Cen-
er (NPDC) Portal were analyzed for secondary metabolite clus-
ers using anti-SMASH version 7 beta (Fig. 2 ). In total, 52 Micrococ-
us spp. genomes ranging in size from 2.3 to 4.4 Mb were mined
or BGCs, with the total number of putative clusters detected per
enome ranging between 2 and 12 (Supplementary Fig. 1). Gener-
lly, the overall pattern described in the literature that genomes
ess than 3 Mb in size rarely contain BGCs was observed. However,
hile the majority of strains were detected to encode the same
ve or six putative clusters (betalactone, ectoine, NAPAA, terpene,
iderophore, and RRE-containing), several isolates contain signif-
cantly more BGCs belonging to a diverse array of cluster types.
nterestingly, Micrococcus sp. SL257 was isolated from the micro-
iome of the freshwater sponge Spongilla lacustris and assessed for
utative BGCs along with 32 other representative isolates. Despite
aintaining the smallest genome size out of all the bacteria stud-

ed (only 2.5 Mb), this genome was found to contain six putative
GCs, more than the number of BGCs detected in 13 of the other
enomes analyzed (Graffius et al., 2023 ). 
It is important to note that certain BGC types are associated
uch more frequently with drug-like activity than others (Baltz,
014 , 2017 , 2019 ). The most common BGCs detected in the Micro-
occus genomes analyzed are not commonly associated with drug-
ike activity. Unfortunately, only eight of the strains profiled for
GCs have been investigated for bioactivity. It should be noted
hat Micrococcus sp. strain R8502A1 has been observed to have very
otent antimycobacterial activity, including against Mycobacterium
uberculosis (Tizabi, 2022 ). This strain is closely related to Micrococ-
us sp. strains XM4230A and XM4230B, both of which also have
een shown to have potent inhibitory activity against several My-
obacterium spp. including M. tuberculosis (Tizabi et al., 2022 ). Nev-
rtheless, all three strains have identical, uninformative BGC pro-
les when analyzed with anti-SMASH. The five additional strains



Tizabi and Hill | 7 

Fig. 2. Heatmap showing abundance of various BGC types (as identified by anti-SMASH version 7 beta) in Micrococcus genomes. At least two isolates 
belonging to the same species were included when possible. Strains with confirmed bioactivity are denoted by “*”. Several BGC categories as identified 
by anti-SMASH were combined here to improve visualization. The BGC category “RiPP-like” includes any clusters identified as “RiPP-like”, “thiopeptide”, 
“lanthipeptide”, “linaridin”, or “bacteriocin”. The category ‘NRPS” includes any clusters identified as “NRPS” or “NRPS-like”. “T1/T2/T3PKS” refer to type 
I, type II, and type III PKSs, respectively. “HgIE-KS” refers to “heterocyst glycolipid synthase-like PKS”. The number of putative BGCs of any particular 
category detected in each strain is represented by a color code between gray and dark blue. 
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ere tested for bioactivity in a single study (Soldatou et al., 2021 ).
he paucity of BGCs detected by bioinformatic analysis supports
he notion that many Micrococcus -derived secondary metabolites
ffecting various inhibitory activities detected by bioassays are
ikely not synthesized by typical BGCs. Even though BGC profil-
ng has revealed few BGCs in these strains, their diverse and po-
ent bioactivity profiles indicate biosynthetic potential, perhaps of
ven more interest than activities from BGC-rich strains because
hese activities are not encoded by the genes routinely found by
GC analysis. 
In an attempt to establish a relationship between differ-

nt bioactive Micrococcus strains, a phylogenetic tree based on
6S rRNA gene sequence analysis was constructed from an
xhaustive literature search of bioactive terrestrial and marine-
erived strains (Fig. 3 ). Unfortunately, the majority of Micrococcus
trains discovered to produce bioactive compounds, including
ntibacterial pigments [ Micrococcus luteus strain MKVKUD 2013
AN: KF532949.1) and Micrococcus sp. MP76 (AN: KT804695.1)],
nticancer compounds [ Micrococcus sp. OUS9 (AN: MN108086.1)]
nd antibacterial metabolites [ Micrococcus sp. strain SB58 (AN:
F218240.1)] had to be excluded from this phylogenetic analysis
ither due to insufficient 16S rRNA gene sequence length for
nalysis or poor sequence quality. In fact, of the 28 studies that
dentify bioactivity in Micrococcus strains, only 11 provide 16S rRNA
ene sequence data, from which only eight strains were included
n the phylogenetic analysis (excluded from this tally is Micro-
occus yunnanensis F-256446, as in this case sequence data were
btained directly from the authors) (Palomo et al., 2013 ). Exclusion
f these strains from phylogenetic analysis precludes a com-
rehensive understanding of the chemotaxonomic relationship
mong Micrococcus isolates. As a result, additional strains lacking
ioactivity were included in the analysis to provide phylogenetic
obustness. M. yunnanensis F-256446 is the only strain included
n the phylogenetic tree from which a bioactive compound was
ctually isolated, rather than bioactivity being reported from an
xtract. This sponge-derived isolate produces kocurin, a thiopep-
ide antibiotic (RiPP) with anti-MRSA activity (Palomo et al.,
013 ). 
Despite the currently limited literature describing known Micro-

occus strains and the compounds they produce, the phylogenetic
nalysis is interesting in regard to the relationship (or lack thereof)
etween bioactivity and taxonomy. The three novel strains pre-
iously isolated from Xestospongia muta by Montalvo et al. ( 2005 )
strains R8502A1, XM4230A, and XM4230B) cluster together, which
s not surprising since they were isolated from a single sponge
pecies collected in a single region. Micrococcus yunnanensis F-
56446 was also isolated from a marine sponge in the Florida
eys and clusters with the aforementioned novel isolates, along
ith terrestrial strains isolated from a medicinal plant from Saudi
rabia (either Coleus forskohlii or Plectranthus tenuiflorus ) ( M. luteus
train TUB6), Indian soil ( M. luteus strain ODB36), the air in a sub-
erranean Spanish show cave ( M. luteus strain 0310ARD7G_6), and
everal strains isolated from Arctic marine sediment ( Micrococcus
pp. strain KRD153 and KRD096) (Fernandez-Cortes et al., 2011 ;
l-Deeb et al., 2012 ; Soldatou et al., 2021 ). Micrococcus sp. strain
RD153 yielded an extract with antibacterial activity against S.
ureus, E. coli and P. aeruginosa . Micrococcus sp. strain KRD093 is ac-
ive against E. coli (Soldatou et al., 2021 ) . M. luteus strain TUB6
roduces a crude extract with antimicrobial activity against the
uman pathogen Proteus mirabilis (El-Deeb et al., 2012 ). Within a
arger branch is M. yunnanensis strain rsk5, isolated from a plant
rom India ( Catharanthus roseus ) and shown to produce a crude ex-
ract with broad-spectrum antibacterial activity, as well as three
ore marine strains isolated from Polar regions (Ranjan & Jadeja,
017 ; Soldatou et al., 2021 ). An extract of Micrococcus sp. strain
RD026 inhibited S. aureus and E. coli , while no antibacterial activ-
ty was observed from the extracts of strains KRD128 or KRD012
Soldatou et al., 2021 ). 
The study analyzing M. yunnanensis F-256446, along with two

ocuria strains for their production of the anti-MRSA thiopep-
ide, kocurin, noted that although all three microbes were iso-
ated from the same region and found to produce the same com-
ound, they all exhibited different metabolic gene amplification
atterns (Palomo et al., 2013 ). Coupled with the fact that acti-
omycetes of distantly related genera isolated from Antarctica
ave also been found to produce kocurin, this observation sug-
ests that geographic proximity does not necessarily correlate
ith chemosimilarity (Palomo et al., 2013 ). Furthermore, stud-

es show that geographic location can have a dramatic effect on
he specialized metabolism of Micrococcus isolates of the same
enus sampled from distinct regions (Parra & Duncan, 2019 ). All
ix strains included in the phylogenetic analysis (terrestrial and
arine isolates) identified as having antibacterial properties clus-

er together. No definitive conclusions can be made from this re-
ationship until activity is confirmed or excluded from all other
trains included in the analysis. This highlights the lack of data
egarding the biosynthetic potential of Micrococcus sp. and em-
hasizes the need for continued research in this area. One final
nd critical note on the phylogenetic analysis is that the results
re entirely dependent on the accuracy of the sequence data pro-
ided. Several sequences were removed from this analysis based
n highly unlikely base diversions; we cannot be certain that the
6S rRNA gene sequences of the included strains are all 100%
ccurate. Nevertheless, the analysis performed here provides in-
ight into the taxonomic relationship of Micrococcus strains iso-
ated from widely disparate environments and emphasizes the
eed for additional study of the biosynthetic potential of this
enus. 
Taken together, the results from the genome mining analysis

nd phylogenetic analysis reveal a major disconnect in the cur-
ent state of Micrococcus research. The most significant obstacle to
ruly understanding the potential of Micrococcus spp. as a source
f novel drugs is the lack of overlapping bioactivity screening data
nd genomic data available for any given strain. Strains for only
 of the 52 Micrococcus genomes mined for BGCs have been as-
ayed for various bioactivities ( Micrococcus sp. strains XM4230A,
M4230B, R8502A1, KRD153, KRD128, KRD 096, KRD077, KRD026,
nd KRD012). Similarly, only 13 of the 41 Micrococcus strains in-
luded in the phylogenetic analysis (7 of which were detected to
ave pharmaceutically relevant bioactivity) provide correspond-
ng whole genome sequencing data, hindering assessment of the
iosynthetic potential of these remaining strains. That there are
nly eight Micrococcus strains in the literature for which both
enome assemblies and bioactivity screening data are provided
tarkly contrasts with the fact that there are nearly 30 separate
tudies documenting antibacterial, antifungal, antioxidant, anti-
nflammatory, and anticancer activities in Micrococcus isolates. As
altz recently noted, the availability of complete and high-quality
enomes encoding known secondary metabolites is critical for
ubsequent research in order to facilitate bioinformatics derepli-
ation and to avoid rediscovery ( 2019 , 2021 ). It is imperative that
uture investigations into bioactivity of Micrococcus spp. provide
orresponding genomic data for BGC analysis. However, because
t is unlikely that PKs or NRPs are responsible for the bioactivity
bserved in these bacteria, in-depth chemical analysis is still es-
ential to characterizing the novel compounds. Elucidation of the
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Fig. 3. Maximum-likelihood phylogenetic tree based on partial 16S rRNA gene sequences of Micrococcus strains from literature. Adapted from MegaX: 
The evolutionary history was inferred by using the Maximum Likelihood method and Tamura–Nei model (Tamura & Nei, 1993 ). The tree with the 
highest log likelihood ( −3425.14) is shown. Bootstrap values are calculated from 1 000 sampling replicates. The percentage of trees in which the 
associated taxa clustered together is shown next to the branches (only values > 50% shown). Initial tree(s) for the heuristic search were obtained 
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura–Nei model, and then 
selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per 
site. This analysis involved 42 nucleotide sequences. Micrococcus sp. SL257 16S rRNA sequence was extracted from WGS data and found to contain two 
distinct 16S rRNA genes (“copy 1” and “copy 2”), both of which are included in the tree. Codon positions included were 1st + 2nd + 3rd + Noncoding. 
There were a total of 1 325 positions in the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018 ; Stecher et al., 2020 ). 
Streptomyces lividans strain S19 (AN: KT958874.1) was used as the outgroup. 
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ovel chemical structures will better inform subsequent genomic
nalyses and help facilitate the discovery of novel biosynthetic
athways. 

oncluding Remarks 

 recent global assessment of antimicrobial resistance (AMR) es-
imated that bacterial AMR was responsible for approximately
.27 million deaths and associated with an additional 4.95 million
eaths in 2019 alone. The infamous ESKAPE pathogens ( Enterococ-
us faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter bauman-
ii, P. aeruginosa , and Enterobacter spp.), which are the main culprit
f nosocomial infections worldwide, and often drug-resistant, ac-
ounted for 1 million of these deaths and were associated with
n additional 3.57 million deaths (Murray et al., 2022 ). The rising
hreat of antibiotic resistance demands therapeutics with novel
echanisms of action to treat these infectious diseases. Research
as repeatedly shown that rare actinomycetes are highly diverse
nd maintain a high degree of novelty, as well as the ability to
ynthesize complex metabolites, often with low toxicity (Bérdy,
005 ; Kurtböke, 2012 ; Schorn et al., 2016 ). In fact, only approx-
mately 10% of biosynthetic compounds produced by rare acti-
omycetes are also found in Streptomyces (Bérdy, 2005 ). Much of
he literature reviewed here describes bioactivity of Micrococcus-
erived compounds that targets the infamous ESKAPE pathogens.
et, as recently as 2012, literary reviews documenting the biosyn-
hetic potential of rare actinomycete species exclude Micrococcus
pp., indicating that this genus has historically been overlooked
n drug discovery efforts (Bérdy, 2005 ; Kurtböke, 2012 ). 
Investigations into the bioactivity of Micrococcus strains are few

nd far between. To effectively identify novel compounds from
his genus with pharmaceutical relevance, analyses must priori-
ize strains in which bioactivity has already been observed or for
hich sequence data already exists. The Shen lab at the Univer-
ity of Florida Scripps Biomedical Research has recently launched
he (NPDC Portal ( https://npdc.rc.ufl.edu/home ), which offers an
xtensive actinobacterial genome database and provides evidence
hat Micrococcus genomes contain more BGCs than expected. There
re currently 50 M. luteus genomes in the NPDC Portal, most of
hich contain BGCs belonging to the same five clusters (betalac-
one, siderophore, terpene, ectoine, and NRPS-like cluster). Inter-
stingly, four M. luteus genomes (all > 3 Mb) encode at least 10
GCs, with varying similarities to known antitumor, antibiotic, an-
iparasitic, and antifungal compounds. This genomic data are in-
ufficient as a standalone tool for compound discovery, but pro-
ides valuable insight into the theoretical chemical arsenal of
hese Micrococcus isolates, which can be corroborated with bioas-
ays. Resources such as NPDC, which offer access to strains for ex-
erimental analysis, as well as free access to their genome assem-
lies, will facilitate efficient prioritization of Micrococcus strains for
rug discovery. 
The paucity of information regarding Micrococcus -derived com-

ounds in the literature is at once both frustrating and intrigu-
ng. The scarcity of sequence data, combined with the limited
uccess of genome mining strategies, severely limits the capacity
f genomic-based analyses and makes it difficult to speculate on
he bioactivity of novel strains. Genome mining tools are only as
trong as their databases, as they rely on the availability of known
iosynthetic pathways to make conjectures (Bachmann et al.,
014 ). Due to the absence or scarcity of BGCs in most Micrococcus
enomes, it is more probable that these smaller genomes encode
ore elusive compounds of a group with more scaffold versatil-

ty such as alkaloids, quinones, or xanthones, as opposed to an
RPS, PKS, or RiPP, the latter three of which are more readily de-
ectable by typical genome mining algorithms (Schorn et al., 2016 ).
xtensive chemical approaches are thus necessary to characterize
hese bioactive compounds responsible for the various antibacte-
ial, anticancer, and antifungal activities observed from bioassays.
urther research should revisit the bioactive strains discussed in
his review and use bioassay-guided fractionation to further iso-
ate the compound(s) of interest in these promising strains. Addi-
ionally, emphasis should be placed on elucidating the bioactivity
f marine Micrococcus isolates, as these have been shown to con-
istently retain pharmaceutical relevance. With at least 71% of
nown marine scaffolds being used exclusively by marine organ-
sms, and 53% of marine scaffolds detected from only one source
hus far (Kong et al., 2010 ), the probability of discovering novel
hemistry from the marine environment is all but guaranteed. 
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