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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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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.

Introduction teus was originally isolated by Alexander Fleming as Micrococcus
lysodeikticus in 1922 (Cohn, 1872; Fleming & Allison, 1922; Wieser
etal., 2002). Micrococcus spp. are commonly associated with the hu-
man skin microbiota as well as the microbiome of dairy products
such as raw milk and cheese and have even been isolated from

Micrococcus is a genus of non-spore forming actinomycetes (family
Micrococcaceae) that are ubiquitous throughout terrestrial, aquatic,
and marine environments (Nufiez, 2014). This genus was first
described in the late 1800s, and the type strain Micrococcus lu-
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amber (Lakshminarasim & Iya, 1955; Bhowmik & Marth, 1990;
Chiller et al., 2001; Greenblatt et al., 2004; Nufiez, 2014). In the
marine environment, these bacteria have been isolated from sed-
iments as well as marine invertebrates, including sponges and
corals (Montalvo et al., 2005; Wilson et al., 2012; Wang et al,,
2021). Micrococcus are generally considered nonpathogenic, al-
though some species have been the culprit of several infections
and can therefore be opportunistic pathogens (Albertson et al.,
1978; Fosse et al., 1985; Nufiez, 2014). Isolates are often vividly pig-
mented with colonies reported to be yellow, orange, green, pink,
red, and white (Kocur, 1986; Jagannadham et al., 1991). Despite
considerable investigation into the pigments produced by Micro-
coccus spp., it was noted three quarters of a century ago, and again
in the past decade, that there is a paucity of research into their
biosynthetic potential (Su, 1948; Palomo et al., 2013). The first Mi-
crococcus genome was sequenced in 2009 (Young et al., 2010) and
was revealed to have a small genome of only 2.5 Mb. Extensive ge-
nomic analysis has concluded that genomes less than 3 Mb rarely
contain biosynthetic gene clusters (BGCs) (Donadio et al., 2007),
an observation that has likely discouraged investigations into Mi-
crococcus spp. for novel drugs.

Current State of Knowledge

Despite the general lack of readily detectable BGCs [mainly
nonribosomal peptide synthetases (NRPSs), polyketide synthases
(PKSs), and ribosomally synthesized and post-translationally
modified peptides (RiPPs)] in Micrococcus genomes, knowledge of
the antibacterial activity of Micrococcus strains has existed since
1889, when the first photographic record of antibiosis was pre-
pared with “Micrococcus anthracotoxicus” (Doehle, 1889; Su, 1948).
Several other studies performed between 1902 and 1948 identified
antibacterial activity of Micrococcus strains (Lode, 1902; Dujardin-
Beaumetz, 1934; Hutchinson et al., 1943; Su, 1948). Although the
original work is absent from data records, Su (1948) noted that
Lode isolated the active substance from a Micrococcus strain in
1902 for animal studies that ultimately failed to demonstrate any
therapeutic results. This likely makes this unidentified compound
the first bioactive metabolite to ever be isolated from a Micrococcus
sp.

To date, there are only 28 studies documenting pharmaceu-
tically relevant bioactivity in terrestrial and marine Micrococcus
strains, with two additional sources mentioning growth stimula-
tion in plants (Lafl et al., 2017) and oil degradation (https://www.
ncbi.nlm.nih.gov/nuccore/JN709478.1). Interestingly, 50% of these
studies focus on marine isolates. Their activities range from gen-
eral to selective antibacterial activity, as well as antioxidant, anti-
fungal, anti-inflammatory, and cytotoxic activities. For a complete
list of bioactivities described for published strains; see Table 1.

Excluding pigments, only six bioactive compounds isolated
from Micrococcus spp. have been characterized (Su, 1948; Bisku-
piak et al, 1988; Bultel-Poncé et al., 1998; Palomo et al., 2013;
Eltamany et al., 2014; Shanthi Kumari et al., 2020). The first
bioactive compound to be fully characterized from a Micrococ-
cus strain, micrococcin, was discovered in 1948 from a sewage
isolate (Su, 1948). Though originally studied for its antibacte-
rial activity against Gram-positive bacteria, including Mycobac-
terium tuberculosis, micrococcin has since been shown to also have
antimalarial, anticancer, and gene-modulating activities (Rogers
et al.,, 1998; Ciufolini & Lefranc, 2010). The next bioactive com-
pound was not isolated until 40 years later, with the discov-
ery of the antibacterial neoberninamycin from a soil isolate
(Biskupiak et al., 1988). A decade later, the previously synthe-

sized potent antimicrobial compound Triclosan (2,4,4'-trichloro-
2'-hydroxydiphenylether), was isolated from a sponge-derived
strain of M. luteus (Bultel-Poncé et al., 1998). A new member of the
thiazolyl peptide, family of antibiotics identified as kocurin, was
discovered from Micrococcus yunnanensis F-256446 as well as from
two strains of Kocuria (Palomo et al., 2013). Following the discovery
of kocurin in 2013 was the isolation of an antibacterial xanthone,
microluside A, from another sponge-derived strain, Micrococcus sp.
EG45 (Eltamany et al., 2014). Most recently, two wound-healing
compounds, KLUF-10 (originally proposed to be 3-Hydroxy-8, -
caroten-3’-one) and KLUF-13 (1-(1-(4-methoxphyenyl)-2-(methyl
amino) ethyl) cyclohexan-1-ol) were isolated from the marine iso-
late Micrococcus sp. KLEFO9 (originally published as strain OUS9)
(Shanthi Kumari et al., 2020). However, KLUF-10 has since been
determined by NMR analysis to in fact be zeaxanthin (Shanthi Ku-
mari et al,, 2021). It is worth noting that four of the six compounds
were isolated from marine strains. The chemical structures of se-
lected bioactive compounds isolated from Micrococcus strains are
provided in Fig. 1.

Bioactive Pigments

Aside from characterization studies, the majority of the litera-
ture on Micrococcus spp. focuses on the pigments they produce,
documenting their antioxidant, antibiotic, antifungal, and anti-
cancer properties (Mohana et al., 2013; Umadevi & Krishnaveni,
2013; Ushasri & Gods Will Shalomi, 2015; Rostami et al., 2016; Ma-
jeed, 2017; Zehra et al., 2018; Nisha et al., 2019; Karbalaei-Heidari
et al,, 2020; Shukla & Nadumane, 2021; Shahin et al., 2022). The
major carotenoid pigment of M. luteus, sarcinaxanthin, is a rare
Cso carotenoid that functions as an antioxidant and has been
patented for use in sunscreen, although this patent has since been
abandoned (Goksgyr, 2013; Netzer et al., 2010). Several deriva-
tives of this carotenoid also exist, including the glucosylated com-
pounds sarcinaxanthin monoglucoside and sarcinaxanthin diglu-
coside (Osawa et al., 2010). Several studies have documented
bioactivity in crude pigment extract prepared from M. luteus, in-
cluding antibacterial activity against Staphylococcus sp., Klebsiella
sp., Pseudomonas sp., and Escherichia sp. (Umadevi & Krishnaveni,
2013; Majeed, 2017), weak antifungal activity against Alternaria
spp., Aspergillus niger, Cladosporium sp., and Penicillium certum (Ma-
jeed, 2017), and cytotoxicity against the breast cancer MCF-7 cell
line (Ushasri & Gods Will Shalomi, 2015). However, due to the
crude nature of these extracts tested, it remains unconfirmed
whether sarcinaxanthin or another compound is responsible for
the activity observed. In one study, carotenoids purified from M.
luteus, only identified as “yellow carotenoid pigment”, were ob-
served to have antibacterial effects against Staphylococcus aureus
and Streptococcus faecalis (now classified as Enterococcus faecalis)
(Mohana et al., 2013). Another study found the crude pigment ex-
tract of M. luteus to be additionally active against Salmonella typhi
and several drug-resistant bacteria, including multidrug-resistant
Acinetobacter sp., multidrug-resistant Pseudomonas, methicillin-
resistant Staphylococcus sp., and Enterobacter carbopenum and con-
firmed antifungal activity (Nisha et al., 2019). Furthermore, the
crude pigment displayed antitumor activity against Dalton’s Lym-
phoma ascites cells. Although this study confirmed the presence
of sarcinaxanthin in the pale orange pigment extract, phytoene
derivatives and sarcinaxanthin derivatives were also found. In ad-
dition, crude exopolysaccharides from M. luteus were found to be
variably active against Escherichia coli, Klebsiella sp., S. typhi, Staphy-
lococcus sp., and Pseudomonas sp. (Nisha et al., 2019).
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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 Cs, 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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a highly marketable carotenoid often employed as a nutritional
supplement for its wide-ranging health benefits (Ambati et al.,
2014; Rebelo et al, 2020). Aside from this major carotenoid,
seven other pigments have been isolated in smaller quanti-
ties from M. roseus, including phoenicoxanthin, dihydroxy-3,4-
dehydro-a-carotene, a dihydroxy-a-carotene, a diketo-a-carotene,
a polyhydroxy-g-carotene, and two other uncharacterized pig-
ments (Ungers & Cooney, 1968). Crude pigment isolated from a M.
roseus strain (unspecified origin) was shown to have antibacterial
activity against S. aureus (Zehra et al., 2018). The aforementioned
study by Mohana et al. also described a purified red carotenoid
pigment of M. roseus to be active against S. aureus and what is
now classified as E. faecalis, though this pigment is never identi-
fied in the study (Mohana et al., 2013). A separate study isolating
unidentified pigments from M. roseus confirmed antimicrobial ac-
tivity against an extensive collection of bacteria and fungi, with
stronger inhibition observed against Gram-positive pathogens
than Gram-negatives, as well as antitumor, anti-inflammatory,
and antioxidant activities (Rostami et al., 2016).

Less common Micrococcus strains have also been shown to pro-
duce bioactive pigments. A yellow pigment designated as MY3
was isolated from Micrococcus terreus and was found to have cyto-
toxic activity against cervical and liver cancer cell lines (Shukla
& Nadumane, 2021). The MY3 extract was further character-
ized by liquid chromatography-mass spectrometry and found
to putatively contain the compound bactobolin. Bactobolin iso-
lated from a strain of Pseudomonas has previously been shown to
have antitumor and antibacterial activities (Kondo et al., 1979).
Echinenone, a B-carotene pigment isolated from Micrococcus lylae,
demonstrates antibacterial, antifungal, cytotoxic, and antioxidant
activity (Shahin et al., 2022). The crude yellow pigment extract
of the marine isolate Micrococcus sp. MP76 inhibits E. coli, Pseu-
domonas aeruginosa, and S. aureus (Karbalaei-Heidari et al., 2020).
Micrococcus tetragenus is known to produce several carotenoids in-
cluding a xanthophyll, lycopene, rhodoxanthin, rubixanthin, y-
carotin, and several other unidentified pigments (Reimann & Ek-
lund, 1941). Zeaxanthin and lycophyll and derivatives of at least
one of these carotenoids were identified from Micrococcus radiodu-
rans (Lee, 1961). Aside from the inherent antioxidant properties of
these carotenoids, no additional bioactivity was documented for
these pigments in the cited studies. Zeaxanthin has been found
to have antiquorum sensing and antibiofilm activities (Gékalsin
et al,, 2017; Karpinski et al., 2022), and lycopene has been found
to be useful as an adjuvant for antimicrobial treatment by way
of its bactericidal activity (Lee & Lee, 2014). As previously men-
tioned, KLUF-10, studied for its wound-healing activity, has since
been identified as zeaxanthin (Shanthi Kumari et al., 2021). An-
tibacterial as well as promising anticancer activity of KLUF-10 is
also suggested (Shanthi Kumari et al., 2020; Shanthi Kumari et al.,
2021).

Gaps in Understanding

Many studies have tested the secreted metabolites or crude Mi-
crococcus extracts for various pharmaceutically relevant activity,
but failed to isolate or fully characterize the active component
(Hentschel et al., 2001; El-Deeb et al., 2012; Li et al., 2012; Sharma
et al., 2012; Graga et al., 2013; Mohana et al., 2013; Umadevi & Kr-
ishnaveni, 2013; Akbar et al., 2014; Ushasri & Gods Will Shalomi,
2015; Rostami et al., 2016; Anteneh et al., 2021; Cita et al., 2017;
Majeed, 2017; Ranjan & Jadeja, 2017; Zehra et al., 2018; Nisha et al,,
2019; Santos et al., 2019; Karbalaei-Heidari et al., 2020; Shukla &
Nadumane, 2021; Soldatou et al., 2021; Tizabi et al., 2022 ). In fact,

only eight papers describe isolated bioactive compounds (includ-
ing pigments examined for bioactivity) from Micrococcus spp. (Su,
1948; Biskupiak et al., 1988; Bultel-Poncé et al., 1998; Mohana et al.,
2013; Palomo et al., 2013; Eltamany et al., 2014; Shanthi Kumari
etal,, 2020; Shahin et al., 2022). It is notable that four of these find-
ings pertain to marine isolates, three of which are derived from
sponges. Despite the fact that, historically, research has focused
on terrestrially derived strains, marine strains show great promise
and merit further investigation. Several studies in which pigments
were isolated that were later found to be bioactive through subse-
quent studies are excluded from this count, as the original study
does not mention any pharmaceutical relevance, but these re-
ports are included in Table 1. Excluded from this count is also
one noteworthy study concluding that a marine Micrococcus sp. is
the true producer of diketopiperazines (Stierle et al., 1988) that
were originally ascribed to the sponge host (Schmitz et al., 1983).
Though no bioactivity is described in the original publication, sub-
sequent research has shown diketopiperazines to have anticancer
activity (van der Merwe et al., 2008; Mollica et al., 2014).

Historically, bioprospecting efforts have focused on actino-
mycetes with large genomes, typically larger than 6 Mb and rang-
ing up to 13 Mb, as these strains tend to encode more of the
common BGCs, such as PKSs and NRPSs (Baltz, 2014, 2017, 2019;
Katz & Baltz, 2016). Investigations into these BGCs take advan-
tage of the fact that the genomic sequence of these multimod-
ular enzymes often provide a clear link between the biochemi-
cal processes required for synthesis and the final structure of the
compound (Donadio et al., 2007; Katz & Baltz, 2016). To better
understand the overall biosynthetic potential of Micrococcus spp.,
the genomes of Micrococcus strains with high quality assemblies
available from GenBank and the Natural Products Discovery Cen-
ter (NPDC) Portal were analyzed for secondary metabolite clus-
ters using anti-SMASH version 7 beta (Fig. 2). In total, 52 Micrococ-
cus spp. genomes ranging in size from 2.3 to 4.4 Mb were mined
for BGCs, with the total number of putative clusters detected per
genome ranging between 2 and 12 (Supplementary Fig. 1). Gener-
ally, the overall pattern described in the literature that genomes
less than 3 Mb in size rarely contain BGCs was observed. However,
while the majority of strains were detected to encode the same
five or six putative clusters (betalactone, ectoine, NAPAA, terpene,
siderophore, and RRE-containing), several isolates contain signif-
icantly more BGCs belonging to a diverse array of cluster types.
Interestingly, Micrococcus sp. SL257 was isolated from the micro-
biome of the freshwater sponge Spongilla lacustris and assessed for
putative BGCs along with 32 other representative isolates. Despite
maintaining the smallest genome size out of all the bacteria stud-
ied (only 2.5 Mb), this genome was found to contain six putative
BGCs, more than the number of BGCs detected in 13 of the other
genomes analyzed (Graffius et al., 2023).

It is important to note that certain BGC types are associated
much more frequently with drug-like activity than others (Baltz,
2014, 2017, 2019). The most common BGCs detected in the Micro-
coccus genomes analyzed are not commonly associated with drug-
like activity. Unfortunately, only eight of the strains profiled for
BGCs have been investigated for bioactivity. It should be noted
that Micrococcus sp. strain R8502A1 has been observed to have very
potent antimycobacterial activity, including against Mycobacterium
tuberculosis (Tizabi, 2022). This strain is closely related to Micrococ-
cus sp. strains XM4230A and XM4230B, both of which also have
been shown to have potent inhibitory activity against several My-
cobacterium spp. including M. tuberculosis (Tizabi et al., 2022). Nev-
ertheless, all three strains have identical, uninformative BGC pro-
files when analyzed with anti-SMASH. The five additional strains
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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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were tested for bioactivity in a single study (Soldatou et al., 2021).
The paucity of BGCs detected by bioinformatic analysis supports
the notion that many Micrococcus-derived secondary metabolites
effecting various inhibitory activities detected by bioassays are
likely not synthesized by typical BGCs. Even though BGC profil-
ing has revealed few BGCs in these strains, their diverse and po-
tent bioactivity profiles indicate biosynthetic potential, perhaps of
even more interest than activities from BGC-rich strains because
these activities are not encoded by the genes routinely found by
BGC analysis.

In an attempt to establish a relationship between differ-
ent bioactive Micrococcus strains, a phylogenetic tree based on
16S rRNA gene sequence analysis was constructed from an
exhaustive literature search of bioactive terrestrial and marine-
derived strains (Fig. 3). Unfortunately, the majority of Micrococcus
strains discovered to produce bioactive compounds, including
antibacterial pigments [Micrococcus luteus strain MKVKUD 2013
(AN: KF532949.1) and Micrococcus sp. MP76 (AN: KT804695.1)],
anticancer compounds [Micrococcus sp. OUS9 (AN: MN108086.1)]
and antibacterial metabolites [Micrococcus sp. strain SBS58 (AN:
AF218240.1)] had to be excluded from this phylogenetic analysis
either due to insufficient 16S rRNA gene sequence length for
analysis or poor sequence quality. In fact, of the 28 studies that
identify bioactivity in Micrococcus strains, only 11 provide 165 rRNA
gene sequence data, from which only eight strains were included
in the phylogenetic analysis (excluded from this tally is Micro-
coccus yunnanensis F-256446, as in this case sequence data were
obtained directly from the authors) (Palomo et al., 2013). Exclusion
of these strains from phylogenetic analysis precludes a com-
prehensive understanding of the chemotaxonomic relationship
among Micrococcus isolates. As a result, additional strains lacking
bioactivity were included in the analysis to provide phylogenetic
robustness. M. yunnanensis F-256446 is the only strain included
in the phylogenetic tree from which a bioactive compound was
actually isolated, rather than bioactivity being reported from an
extract. This sponge-derived isolate produces kocurin, a thiopep-
tide antibiotic (RiPP) with anti-MRSA activity (Palomo et al.,
2013).

Despite the currently limited literature describing known Micro-
coccus strains and the compounds they produce, the phylogenetic
analysisisinterestingin regard to the relationship (or lack thereof)
between bioactivity and taxonomy. The three novel strains pre-
viously isolated from Xestospongia muta by Montalvo et al. (2005)
(strains R8502A1, XM4230A, and XM4230B) cluster together, which
is not surprising since they were isolated from a single sponge
species collected in a single region. Micrococcus yunnanensis F-
256446 was also isolated from a marine sponge in the Florida
Keys and clusters with the aforementioned novel isolates, along
with terrestrial strains isolated from a medicinal plant from Saudi
Arabia (either Coleus forskohlii or Plectranthus tenuiflorus) (M. luteus
strain TUB6), Indian soil (M. luteus strain ODB36), the air in a sub-
terranean Spanish show cave (M. luteus strain 0310ARD7G_6), and
several strains isolated from Arctic marine sediment (Micrococcus
spp. strain KRD153 and KRD096) (Fernandez-Cortes et al., 2011;
El-Deeb et al., 2012; Soldatou et al., 2021). Micrococcus sp. strain
KRD153 yielded an extract with antibacterial activity against S.
aureus, E. coli and P. aeruginosa. Micrococcus sp. strain KRD093 is ac-
tive against E. coli (Soldatou et al., 2021). M. luteus strain TUB6
produces a crude extract with antimicrobial activity against the
human pathogen Proteus mirabilis (El-Deeb et al., 2012). Within a
larger branch is M. yunnanensis strain rsk5, isolated from a plant
from India (Catharanthus roseus) and shown to produce a crude ex-
tract with broad-spectrum antibacterial activity, as well as three

more marine strains isolated from Polar regions (Ranjan & Jadeja,
2017; Soldatou et al., 2021). An extract of Micrococcus sp. strain
KRDO026 inhibited S. aureus and E. coli, while no antibacterial activ-
ity was observed from the extracts of strains KRD128 or KRD012
(Soldatou et al., 2021).

The study analyzing M. yunnanensis F-256446, along with two
Kocuria strains for their production of the anti-MRSA thiopep-
tide, kocurin, noted that although all three microbes were iso-
lated from the same region and found to produce the same com-
pound, they all exhibited different metabolic gene amplification
patterns (Palomo et al., 2013). Coupled with the fact that acti-
nomycetes of distantly related genera isolated from Antarctica
have also been found to produce kocurin, this observation sug-
gests that geographic proximity does not necessarily correlate
with chemosimilarity (Palomo et al., 2013). Furthermore, stud-
ies show that geographic location can have a dramatic effect on
the specialized metabolism of Micrococcus isolates of the same
genus sampled from distinct regions (Parra & Duncan, 2019). All
six strains included in the phylogenetic analysis (terrestrial and
marine isolates) identified as having antibacterial properties clus-
ter together. No definitive conclusions can be made from this re-
lationship until activity is confirmed or excluded from all other
strains included in the analysis. This highlights the lack of data
regarding the biosynthetic potential of Micrococcus sp. and em-
phasizes the need for continued research in this area. One final
and critical note on the phylogenetic analysis is that the results
are entirely dependent on the accuracy of the sequence data pro-
vided. Several sequences were removed from this analysis based
on highly unlikely base diversions; we cannot be certain that the
16S rRNA gene sequences of the included strains are all 100%
accurate. Nevertheless, the analysis performed here provides in-
sight into the taxonomic relationship of Micrococcus strains iso-
lated from widely disparate environments and emphasizes the
need for additional study of the biosynthetic potential of this
genus.

Taken together, the results from the genome mining analysis
and phylogenetic analysis reveal a major disconnect in the cur-
rent state of Micrococcus research. The most significant obstacle to
truly understanding the potential of Micrococcus spp. as a source
of novel drugs is the lack of overlapping bioactivity screening data
and genomic data available for any given strain. Strains for only
8 of the 52 Micrococcus genomes mined for BGCs have been as-
sayed for various bioactivities (Micrococcus sp. strains XM4230A,
XM4230B, R8502A1, KRD153, KRD128, KRD 096, KRD077, KRD026,
and KRDO012). Similarly, only 13 of the 41 Micrococcus strains in-
cluded in the phylogenetic analysis (7 of which were detected to
have pharmaceutically relevant bioactivity) provide correspond-
ing whole genome sequencing data, hindering assessment of the
biosynthetic potential of these remaining strains. That there are
only eight Micrococcus strains in the literature for which both
genome assemblies and bioactivity screening data are provided
starkly contrasts with the fact that there are nearly 30 separate
studies documenting antibacterial, antifungal, antioxidant, anti-
inflammatory, and anticancer activities in Micrococcus isolates. As
Baltz recently noted, the availability of complete and high-quality
genomes encoding known secondary metabolites is critical for
subsequent research in order to facilitate bioinformatics derepli-
cation and to avoid rediscovery (2019, 2021). It is imperative that
future investigations into bioactivity of Micrococcus spp. provide
corresponding genomic data for BGC analysis. However, because
it is unlikely that PKs or NRPs are responsible for the bioactivity
observed in these bacteria, in-depth chemical analysis is still es-
sential 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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novel chemical structures will better inform subsequent genomic
analyses and help facilitate the discovery of novel biosynthetic
pathways.

Concluding Remarks

A recent global assessment of antimicrobial resistance (AMR) es-
timated that bacterial AMR was responsible for approximately
1.27 million deaths and associated with an additional 4.95 million
deaths in 2019 alone. The infamous ESKAPE pathogens (Enterococ-
cus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter bauman-
nii, P. aeruginosa, and Enterobacter spp.), which are the main culprit
of nosocomial infections worldwide, and often drug-resistant, ac-
counted for 1 million of these deaths and were associated with
an additional 3.57 million deaths (Murray et al., 2022). The rising
threat of antibiotic resistance demands therapeutics with novel
mechanisms of action to treat these infectious diseases. Research
has repeatedly shown that rare actinomycetes are highly diverse
and maintain a high degree of novelty, as well as the ability to
synthesize complex metabolites, often with low toxicity (Bérdy,
2005; Kurtboke, 2012; Schorn et al.,, 2016). In fact, only approx-
imately 10% of biosynthetic compounds produced by rare acti-
nomycetes are also found in Streptomyces (Bérdy, 2005). Much of
the literature reviewed here describes bioactivity of Micrococcus-
derived compounds that targets the infamous ESKAPE pathogens.
Yet, as recently as 2012, literary reviews documenting the biosyn-
thetic potential of rare actinomycete species exclude Micrococcus
spp., indicating that this genus has historically been overlooked
in drug discovery efforts (Bérdy, 2005; Kurtboke, 2012).

Investigations into the bioactivity of Micrococcus strains are few
and far between. To effectively identify novel compounds from
this genus with pharmaceutical relevance, analyses must priori-
tize strains in which bioactivity has already been observed or for
which sequence data already exists. The Shen lab at the Univer-
sity of Florida Scripps Biomedical Research has recently launched
the (NPDC Portal (https://npdc.rc.ufl.edu/home), which offers an
extensive actinobacterial genome database and provides evidence
that Micrococcus genomes contain more BGCs than expected. There
are currently 50 M. luteus genomes in the NPDC Portal, most of
which contain BGCs belonging to the same five clusters (betalac-
tone, siderophore, terpene, ectoine, and NRPS-like cluster). Inter-
estingly, four M. luteus genomes (all > 3 Mb) encode at least 10
BGCs, with varying similarities to known antitumor, antibiotic, an-
tiparasitic, and antifungal compounds. This genomic data are in-
sufficient as a standalone tool for compound discovery, but pro-
vides valuable insight into the theoretical chemical arsenal of
these Micrococcus isolates, which can be corroborated with bioas-
says. Resources such as NPDC, which offer access to strains for ex-
perimental analysis, as well as free access to their genome assem-
blies, will facilitate efficient prioritization of Micrococcus strains for
drug discovery.

The paucity of information regarding Micrococcus-derived com-
pounds in the literature is at once both frustrating and intrigu-
ing. The scarcity of sequence data, combined with the limited
success of genome mining strategies, severely limits the capacity
of genomic-based analyses and makes it difficult to speculate on
the bioactivity of novel strains. Genome mining tools are only as
strong as their databases, as they rely on the availability of known
biosynthetic pathways to make conjectures (Bachmann et al,,
2014). Due to the absence or scarcity of BGCs in most Micrococcus
genomes, it is more probable that these smaller genomes encode
more elusive compounds of a group with more scaffold versatil-
ity such as alkaloids, quinones, or xanthones, as opposed to an

NRPS, PKS, or RiPP, the latter three of which are more readily de-
tectable by typical genome mining algorithms (Schorn et al., 2016).
Extensive chemical approaches are thus necessary to characterize
these bioactive compounds responsible for the various antibacte-
rial, anticancer, and antifungal activities observed from bioassays.
Further research should revisit the bioactive strains discussed in
this review and use bioassay-guided fractionation to further iso-
late the compound(s) of interest in these promising strains. Addi-
tionally, emphasis should be placed on elucidating the bioactivity
of marine Micrococcus isolates, as these have been shown to con-
sistently retain pharmaceutical relevance. With at least 71% of
known marine scaffolds being used exclusively by marine organ-
isms, and 53% of marine scaffolds detected from only one source
thus far (Kong et al., 2010), the probability of discovering novel
chemistry from the marine environment is all but guaranteed.
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