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Abstract
Background: Micrococcus luteus is a group of actinobacteria that is widely used in biotechnology and is
being thought as an emerging nosocomial pathogen. With one of the smallest genomes of free-living
actinobacteria, it is found in a wide range of environments, but intraspecies genetic diversity and
adaptation strategies to various environments remain unclear. Here, comparative genomics,
phylogenomics, and genome-wide association studies (GWAS) were used to investigate the genomic
diversity, evolutionary history, and the potential ecological differentiation of the species.

Results: High-quality genomes of 66 M. luteus strains were downloaded from the NCBI GenBank
database and core and pangenome analysis revealed a considerable intraspecies heterogeneity.
Phylogenomic analysis, gene content comparison, and average nucleotide identity calculation
consistently indicated that the species has diverged into three well-differentiated clades. Population
structure analysis revealed four admixed ancestral subpopulations, with three of them corresponding to
the three clades, respectively, and the fourth corresponding to an unknown ancestor or the fourth, yet
unsampled, clade. Reconstruction of gene gain/loss events along the evolutionary history revealed both
early events that contributed to the inter-clade divergence and recent events leading to the intra-clade
diversity. We also found convincing evidence that recombination has played a key role of the evolutionary
process of the species, with upto two-thirds of the core genes have been affected by recombination.
Furthermore, distribution of mammal-associated strains (including pathogens) on the phylogenetic tree
strongly suggested that the last common ancestor had a free-living lifestyle, and a few recently diverged
lineages have developed a mammal-associated lifestyle separately. Consistently, genome-wide
association studies revealed that mammal-associated strains from different lineages shared genes
functionally relevant to the host-associated lifestyle, indicating a recent ecological adaption to the new
host-associated habitats.

Conclusions: These results revealed high intraspecies genomic diversity of M. luteus and highlighted that
gene gain/loss events and extensive recombination events played key roles in the genome evolution. Our
study also indicated that, as a free-living species, some lineages have recently developed or are
developing a mammal-associated lifestyle. This study provides insights into the mechanisms that drive
the genome evolution and adaption to various environments of a bacterial species.

Background
Micrococcus luteus, the type species of the genus Micrococcus (family Micrococcaceae, order
Micrococcales), is a high G + C Gram-positive cocci of actinobacterium [1]. M. luteus is ubiquitously
distributed in variety of habitats, including soil, air, marine, plant and the human body [2, 3]. The history of
knowledge of M. luteus could date back to 1922, when Fleming used it to prove the lytic activity of
lysozyme found in body secretions and tissues [4, 5]. Since then, M. luteus was gradually used in a
variety of scienti�c �elds [6–10]. One of the most famous application is resuscitating and stimulating the
‘viable but non-culturable (VBNC)’ or uncultured bacteria [11–13], whereas M. luteus could secrete a small
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protein called resuscitation-promoting factor (Rpf), which could promote the resuscitation and growth of
some bacteria by autocrine and paracrine signalling functions (e.g., Mycobacterium, Arthrobacter,
Bacillus, Streptomyces, etc) [14]. This feature has already been used in many biotechnological �elds,
such as effective treatment of phenol-containing wastewater [15], enhancing polychlorinated biphenyl
(PCB)-bioremediation process [16, 17], promoting the phytoremediation of fuel oil [18], and so on. On the
other hand, M. luteus has also been shown to be a conditional pathogen for nosocomial infections [2, 19].
The �rst documented disease caused by M. luteus was septic shock in 1978 [20]. In fact, M. luteus was
once considered to be a non-pathogenic saprophyte or pure contaminant from skin and mucous
membranes, but it is now proved to cause bacteremia, pneumonia, endocarditis, lymphoma, septic
arthritis and any other diseases [21–24]. Therefore, as an important material of biotechnological interest
and an emerging nosocomial pathogen, M. luteus has received increasing attention in recent years.

Comparative and population genomics has emerged as a valuable tool to delimit species features and to
explore mechanisms of environmental adaptation or even speciation. With the ever-increasing whole-
genome sequencing of closely related populations of microorganisms, combined with simulations and
modelling, it has been widely accepted that microbial speciation is usually driven by natural selection for
adaptation to distinct ecological niches, and species distinctness is further maintained by barriers to gene
�ow [25, 26]. During this process, pan-genome variation, which caused by horizontal transfer (gene gain),
gene loss, and duplication, has played a signi�cant role, and also enable for all possible lifestyles and an
increasing biodiversity [27–29]. For example, a population genomics study of the vibrios showed a
tremendous pan-genome with substantial gene gain and loss events in the evolutionary history, enabling
vibrios occupy various niches [30]; similar phenomena were also shown in streptomycetes, where genome
�uctuation guarantees the species a quick and economical response to diverse niches of lifestyles [31,
32]; a recent study has also shown a rapidly evolved gene repertoire that could enhance the ecological
adaptability of Escherichia coli in different environments [33]. The �rst complete genome sequence of M.
luteus revealed a circular chromosome with one of the smallest genomes of free-living actinobacteria and
an abnormally high number of transposable elements [3]. Given this, Yang et al. had further speculated
that its primary adaptation is to mammalian skin, and that its occasional presence elsewhere might
possibly arise from contamination by skin �akes; and the transposable elements could have played a
part in the contraction of the M. luteus genome [3]. Now genome sequences of more than 70 M. luteus
strains have been published and/or are available at the NCBI GenBank database [34–39], providing rich
resources for the study of the genetic diversity, evolutionary history, and the potential ecological
differentiation of the species.

Here, we use a suite of comparative genomics and pangenome measures to deliver the �rst
comprehensive genome-scale analysis on 66 M. luteus strains. Our results reveal an open pan-genome
and a considerable intraspecies heterogeneity. Three well-differentiated phylogenetic clades and four
admixed subpopulations were found within the species, with high levels of recombination and extensive
gene gain/loss events. GWAS revealed gene sets that are associated with host-associated and free-living
habitats, respectively, although there was no strict phylogenetic separation between ecological-different
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members. Insights gained will expand our knowledge of the genetic diversity and evolutionary
mechanisms of a bacterial species, and also the genetic basis of bacterial environmental adaptation.

Results And Discussion

Genomic features of M. luteus
A total of 76 high-quality and non-redundant Micrococcus genomes were downloaded from the NCBI
GenBank database and analyzed (Table S1). Based on the average nucleotide identities (ANI) (Figure 1A)
and the type strain genomes, 72 genomes (94.7% of the total 76 genomes) could be assigned to three
published species with the inner ANI > 97.4%: M.luteus (n=66), M. lylae (n=5), and M. terreus (n=1). The
remaining four strains (‘Micrococcus luteus’ AS2, ‘Micrococcus luteus’ DE0384, ‘Micrococcus �avus’
BCRC 80069, and ‘Micrococcus luteus’ DE0113) probably represented three another species which
showed ANI values < 89.7% to others. Based on the near full-length 16S rRNA gene sequences of type
strains, strains AS2 and DE0384 should be reclassi�ed into M. endophyticus (type strain: YIM 56238,
identity > 99.5%, 1432 nt) [40], strain DE0113 should be reclassi�ed into M. cohnii (type strain: WS4601T,
identity = 100%, 1109 nt) [41], and strain BCRC 80069 was of M. �avus (type strain: LW4, identity = 99.9%,
1402 nt) [42]. Strains of M. luteus shared < 89.4% ANI with the other Micrococcus strains whereas, within
the species, ANI increased up to 97.8%, averagely, suggesting the higher similarity within but a clear
separation between species. The phylogenomic relationship of Micrococcus further con�rmed the
species classi�cation (Figure 1B).

Within M. luteus, the 66 M. luteus genomes showed > 96.8% ANI values with one another, despite the fact
that they were derived from strains inhabiting distinct habitats, including marine, soil, food, plant- and
human-associated, and any other common sources (Table S1). The average genome size for all M. luteus
strains is 2.52 Mb with a minimum of 2.41 Mb (strain OG2) and a maximum of 2.74 Mb (strain DE0230)
(Figure S1A). The average genome size was obvious smaller than M. lylae, M. endophyticus (2.68 and
2.78 Mb, respectively, p < 0.01, Student's t-test), and M. terreus (3.09 Mb), but larger than M. cohnii (2.24
Mb). In addition, the percent G + C content of M. luteus was 72.9% (ranged from 72.3% to 73.3%), larger
than M. lylae (71.3%, p < 0.01, Student's t-test), M. cohnii (70.8%) and M. terreus (68.9%), but smaller than
M. endophyticus (mean 73.4%, p < 0.01, Student's t-test) and M. �avus (73.5%) (Figure S1B). Taken
together, the differences in ANI values, genome size, and G + C content, suggest an apparent divergence
between M. luteus and the other species of Micrococcus.

The average number of coding sequences (CDSs) was about 2,287, ranging from 2,148 (strain OG2) to
2,501 (strain SGAir0127). On average, 94.6% of which could be annotated and functionally categorized
using the eggNOG database [43]. ISFinder analysis [44] revealed a large number of insertion sequence
(IS) elements in the genomes (7.22%~13.4% of the predicted CDSs, mean 8.51%), indicating strains in
this species had undergone frequent genomic exchanges, and had a high genomic plasticity to adapt to
the various environments [45, 46]. There was also a weak correlation between genome size and the
number of ISs among M. luteus strains (r = 0.31, p = 0.01). In addition, 57 strains (86.4%) encoded Rpf, a
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secreted protein with an N-terminal transglycosylase-like domain (PF06737) and a C-terminal LysM
domain (PF01476), which can be used to resuscitate bacteria from a profoundly dormant state [12].

Potential virulence factors and antibiotic resistance genes
of M. luteus
To evaluate the potential of M. luteus as pathogens, virulence factors (VFs) and antibiotic resistance (AR)
genes were annotated using the Virulence Factors Database (VFDB) [47] and Comprehensive Antibiotic
Resistance Database (CARD) [48], respectively. As a result, a total of 30 different putative VF genes were
found within the M. luteus genomes (Figure S2). Among these, 12 (40%) were shared by all strains,
forming a core set of VF genes, of which three (clpC, clpP, katA) involved in stress response, three (ideR,
phoP, relA) in regulation, two (lirB, CBU_1566) in secretion system, and the remaining four (htpB, gnd,
bauE, icl) in adherence, immune evasion, iron uptake and metabolic adaptation, respectively. Other VF
genes (n=18) belonged to the accessory genome, of which �ve (cps4l, yhxB/manB, galE, rffG, hasC) were
highly conserved in at least 85% M. luteus strains, and the rest skewedly distributed within the species,
including three (msbA, bplG, mbtA) strain-speci�c genes (singletons, 10%). On average, each genome
contains 22 VF genes, ranging from 19 (strains RIT608 and 1058_MLUT) to 31 (strain SK58).
Furthermore, extensive copy number variation of the VF genes was also found. For example, genes
ureABG, which are involved in bacteria urea hydrolysis and have been reported to be crucial to pathogenic
bacteria virulence and defense against host immunity [49, 50], have shown an obvious gene expansion
(three to six copies) in strain SK58 (isolated from human skin); and genes msrA/B(pilB), the protein of
which can promote the successful infection of humans and also respond to adverse conditions [51], has
also shown a gene expansion (n=3) in �ve widely distributed strains (strains DE0459, UMB0038,
UMB0189, DE0566 and J28).

In addition, a total of 22 distinctive putative AR genes were identi�ed (Figure S3). Overall, three pervasive
AR genes were identi�ed in all strains, including genes associated with macrolide- and penam-resistance
(mtrA, with two copies), fosfomycin-resistance (murA) and rifamycin-resistance (rbpA). Additionally, an
aminoglycoside phosphotransferase encoded by strA, which acted as aminoglycoside-resistance, was
found in 59.1% (n=39) of the strains. The remaining genes (n=18, 81.8%, including 8 strain-speci�c
genes) only presented in certain strains. These genes included 13 antibiotic e�ux pump-encoding genes
(abaF, baeR, cmx, efrA, efrB, emrB, golS, macB, msbA, qacA, qepA2, tet(A), tet(C)), three antibiotic
inactivation enzymes encoding genes (aac(3)-IIb, CTX-M-141, blmS), and the other two for antibiotic
target alteration (rmtF) and protection (msrE).

The widespread occurrence, and also high variability in terms of copy number and composition of the
potential VF and AR genes among M. luteus strains, emphasized their importance in the pathogenic
features. It has been reported that M. luteus could cause severe infections in immunocompromised
populations, including peritonitis, brain abscesses, pneumonia, septic arthritis and so on [21-24]. The
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presence of several virulence determinants and antibiotic-resistance genes in M. luteus should be paid
attention to, the pro�les of which will provide guidance for the future treatment of M. luteus infections.

Core- and pan-genome of M. luteus
To explore the entire genomic repertoire of the M. luteus population, estimates of the cloud, shell, and
(soft-) core pangenome components were generated using GET_HOMOLOGUES [52]. The 66 M. luteus
strains had a pan-genome of 8,077 genes and a core genome of 1,134 (14.0%) genes, including 991
single-copy core genes (Figure 2). The core genome represented 45.3% to 52.8% of the gene content of
each strain, illustrating a relatively high degree of genomic diversity. This core gene ratio was much lower
than that of the actinobacterial species Streptomyces albido�avus (65.3% to 73.0%, recalculated with the
same clustering algorithm and parameters, intraspecies ANI > 98.1%) [31]. Furthermore, the cloud genes
(rare genes presented only in one or two strains) contained more than half of the pan-genome (4,210
genes, 52.1%; 3.36% for each strain, averagely), of which 3,301 were strain-speci�c genes (singletons,
40.9%; 2.14% for each strain, averagely), indicating an exceptionally �exible genome of M. luteus.
Correspondingly, the pan-genome for M. luteus still increased with approximately 50 new genes after
addition of a 66th genome (Figure 2C). Analysis of the pan-genome curve using a power-law regression
model con�rmed that the pan-genome was open (Bpan = 0.5), as the curve did not approach a constant as
more genomes were selected. This ‘open’ pan-genome is considered as indicator of high horizontal gene
transfer rates, especially for strains living in multiple niches [53, 54], suggesting that M. luteus has high
capacity to absorb and integrate external genetic elements from environments. All these results above
showed a considerable intraspecies heterogeneity of M. luteus, which has been preliminarily proposed
based on the macro-restriction analysis using pulsed-�eld gel electrophoresis [55]. This high genome
variability may contribute to the functional diversity of M. luteus species thriving in various habitat.

We next performed a Clusters of Orthologous Groups (COG) functional classi�cation for each
orthologous group (OG) to de�ne possible differences in the functions encoded by the soft-core
(including genes contained in at least 62 genomes), cloud (including rare genes presented only in one or
two strains) and shell (the remaining genes presented in 3~61 genomes) genomes of M. luteus (Figure
3). As a result, a number of functional categories were enriched in the soft-core genome, including Energy
production and conversion (COG C), Amino acid transport and metabolism (COG E), Nucleotide transport
and metabolism (COG F), Coenzyme transport and metabolism (COG H) and Translation, ribosomal
structure and biogenesis (COG J) categories (p < 0.01, Fisher’s exact test). On the other hand, genes of
Replication, recombination and repair (COG L) and Defense mechanisms (COG V) categories were more
represented within the cloud and shell genomes (p < 0.01, Figure 3B). The enrichment of COG L genes in
cloud and shell genomes may be responsible, at least in part, for the intraspecies heterogeneity of the
species, as these genes have been proved to play important roles in the successful acquisition of foreign
DNA [56]. This will be useful for M. luteus to acquire new physiological traits to adapt to new niches.
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Phylogenomic relationship and Population structure of M.
luteus
To uncover the evolutionary process that led to the genomic diversity, we constructed a highly robust
phylogenomic maximum-likelihood (ML) tree of the 66 M. luteus strains based on concatenated 922
single-copy core genes, using the two M. endophyticus strains (‘Micrococcus luteus’ AS2 and
‘Micrococcus luteus’ DE0384) as outgroups (Figure 4). Based on the phylogenomic tree, M. luteus could
be divided into three basal clades: Clade I, II, and III. Further analyses revealed clear inter-clade genomic
boundaries. Firstly, the ANI heatmap and clustering results (Figure 1A) suggested that the species could
be further divided into three groups, with high intra-group ANI and relatively low inter-group ANI.
Comparison of this clustering result with the phylogenomic tree indicated that the three clades
corresponded nicely with the three ANI groups, indicating the existence of inter-clade ANI boundaries.
Secondly, in order to investigate whether there are gene content differences among the three clades, a
hierarchical clustering tree based on the content of dispensable genes was constructed (Figure S4). This
tree clearly showed three clades, which were the same as those in the core genome tree, indicating the
existence of inter-clade gene content boundaries. These results suggested that the separation of the three
clades has emerged, both in the core and accessory genes.

The intraspecies difference was also studied using methods, which are widely used in the population
structure analyses. By using Fastbaps [57], the entire M. luteus population can be partitioned into three
subpopulations at Level 2, based on core genome single nucleotide polymorphisms (SNPs) (Figure S5).
These three subpopulations corresponded to the three major clades on the phylogenomic tree. At Level 3
or higher, one additional subpopulation emerged, which corresponded to only strain NCTC 7563 in Clade
II. Furthermore, an admixture model implemented in STRUCTURE [58] software was applied, which
showed maximal posterior probability at K = 4, indicating the existence of four ancestral subpopulations
(Figure 4 and Figure S5). Among them, three ancestral subpopulations (POP1, POP2, and POP3) were
mainly represented by the three major clades. It was noted that, the fourth ancestral subpopulation
(POP4, yellow) existed in high proportions in all the three clades, with the highest proportion in the fourth
subpopulation uncovered by the above Fastbaps analysis (i.e., strain NCTC 7563 in Clade II). However,
since POP4 accounted for only 47.5% of the genome of NCTC 7563, it is unclear whether POP4 can be
represented by the branch of strain NCTC 7563. It is possible that POP4 corresponded to an unsampled
clade. In summary, while the population structure analysis supported the inter-clade differences, it
suggested the existence of an unknown ancestor that contributed to the diversity of the species or the
existence of the fourth, yet unsampled, clade.

Gain and loss of genes during the evolution of M. luteus
To unravel the evolutionary events that contributed to the intraspecies gene content differences, gene
contents of all ancestral nodes on the phylogenomic tree were predicted and the numbers of gene gain
and loss events occurred on all branches were calculated using a parsimony method (Figure S6). As a
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result, the last common ancestor of M. luteus was inferred to possess 2,028 gene families. The gene
family numbers had only slightly increased during evolution, as the gene gain events were a bit more
numerous than the gene loss events in most stages during the evolutionary process. Also, a relative high
number of gene content variances occurred at the divergence of the three major clades (77, 64 and 55 for
Clades I to III, respectively), consistent with inter-clade gene content differences mentioned above (Figure
S4). Interestingly, 88.3% of total gene gain events and 82.8% of total gene loss events occurred at
terminal nodes, suggesting that the pan-genome diversity of M. luteus is largely due to frequent but
recent strain-speci�c gene gain/loss events.

High level of homologous recombination in M. luteus
species
Recombination, especially homologous recombination, is one of the main forces shaping bacterial
evolution [59, 60]. By recombination, bacteria can receive DNA fragments from both same and other
species and integrate them into their chromosomes. Here, a series of analyses were used to evaluate the
extent of homologous recombination in core genome of M. luteus. Firstly, NeighborNet network [61]
based on the concatenated single-copy core genes showed a reticulate structure, indicating a high-level
non-vertical inheritance in phylogenies (Figure 5A). Meanwhile, the pairwise homoplasy index (PHI) [62]
statistic provided highly signi�cant evidence for recombination within M. luteus species (p = 0.00).

We also used mcorr [63] to calculate the probability that a pair of genomes differs at one locus
conditional on having differences at the other locus. The resulting correlation pro�le exhibited a
monotonic decay (Figure 5B), indicating the presence of recombination. Similar decaying correlation
pro�les have also been shown in other recombining bacteria, such as Helicobacter pylori, Pseudomonas
aeruginosa, Salmonella enterica and Cronobacter sakazakii [63-65]. Meanwhile, the mcorr showed the
mean fragment size (f̅) of a recombination event in M. luteus species was 874.45 bp; the recombination
coverage (c), which indicates the proportion of sites in the genome whose diversity has come from
recombination events since its last common ancestor, was 0.46; and the ratio γ/μ, the relative rate of
recombination to mutation, was 10.87 (Figure 5C). All these recombination parameters above further
con�rmed a high recombination rate within M. luteus. A summary of the parameters of M. luteus and
other typical species reported was shown in Table 1.
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Table 1
Recombination parameters of different species inferred by mcorr.

Species f̅ c γ/μ References

Acinetobacter baumannii 860 0.40 1.30 [63]

Campylobacter jejuni 1,000 0.32 3.40 [63]

Cronobacter sakazakii 816 0.53 1.61 [65]

Klebsiella pneumoniae 5,800 0.27 4.20 [63]

Micrococcus luteus 874 0.46 10.87 This study

Micrococcus luteus (NHA only) 903 0.45 10.41 This study

Micrococcus luteus (HA only) 849 0.49 10.93 This study

Mycobacterium abscessus 1,200 0.21 13.00 [63]

Pseudomonas aeruginosa 590 0.52 11.00 [63]

Salmonella enterica - 0.46 6.16 [64]

Staphylococcus aureus 550 0.36 1.00 [63]

Staphylococcus pseudintermedius 407 0.24 3.97 [108]

Yersinia pestis 530 0.03 3.00 [63]

-, information unavailable.

We further detected the recombination events happened in individual genes. Among the 991 single-copy
core genes, more than three-�fths (628 genes, 63.37%) of the genes showed signi�cant evidence of
genetic recombination, with P-values (computed from 1,000 permutations) lower than 0.05 in at least two
of the three methods implemented in PhiPack [62]. This result was further con�rmed by fastGEAR [66], by
which a total of 708 genes (71.44%) were detected having suffered recent or ancestral recombination
events (Figure 5D). The most frequently recombining genes included pabB, cstA, betT, and comEC: pabB
encodes an enzyme that catalyzes the two-step biosynthesis of anthranilate and has experienced trans-
kingdom gene fusions [67]; cstA is involved in peptide utilization during carbon starvation [68]; betT
encodes a choline-glycine betaine transporter, which could help to overcome osmotic stress by the
accumulation of compatible solutes [69, 70]; and comEC encodes a transformation protein and has been
shown to be absolutely required for DNA uptake and recognition [71].

The results above are consistent with the high proportion of admixture inferred from population
assignment and numerous insertion sequences and transposases detected in the genomes, which could
allow frequent gene exchange between M. luteus strains and other organisms. Recombination has been
proved as an important driver of the evolution of most prokaryotes, and acquisition of novel alleles of
existing genes will also accelerate ecological adaptation of bacterial populations [72-74].
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Habitat-associated accessory OGs underlying putative
differential adaptation
M. luteus is widely distributed in various environments and a few strains were isolated as human
pathogens or from the mammalian skin or other tissues. In order to investigate whether the genomic
differences among clades are relevant to the habitat, the isolation resources of all strains were mapped to
the phylogenomic tree (Figure 4). Strains from habitats related to mammals were not clustered on the tree
but rather widely distributed in all clades, indicating the inter-clade genetic difference is irrelevant to the
habitat transition. It was noted that strains from habitats related to mammals located on the lately
diverged branches, and that strains on the early diverged branches as well as the closest characterized
relatives of M. luteus (M. endophyticus and M. �avus) were all isolated from NHA habitats. These results
suggested that the last common ancestor of M. luteus was more likely to be genuine dwellers in free-
living niches, and a few descendants transited to a mammal-associated lifestyle recently. This
proposition is different from an early speculation that M. luteus was primarily adapted to (mammalian)
skin, and its presence in water or soil might come from contamination by skin �akes [3].

Lifestyle changes are drastic events followed by gene gain and loss [31, 75, 76]. We seek to �nd whether
strains from different habitats enrich different sets of genes. All genomes whose isolation sources were
clear were classi�ed into two groups: 18 from mammal hosts (host-associated, HA) and 47 from free-
living and plant (non-host-associated, NHA) sources. Pan-genome-wide association study (pan-GWAS)
revealed 101 accessory genes that were present in at least half of the strains from one habitat but no
more than half from the other. Among the 13 genes whose associations were statistically signi�cant
(Table S2 and Figure 6, Benjamini-Hochberg P-value < 0.1 and Empirical P-value < 0.05), eleven were
enriched in NHA strains and two were enriched in HA strains. It was noted that the two HA genes
(OG_2452 and OG_2453) and one of the NHA genes (OG_1888) were located at the same genomic locus
(Figure 7A). Genes of OG_2452 and OG_2453 encoded a sortase and an excalibur calcium-binding
domain-containing protein, respectively. Sortases are enzymes responsible for covalent anchoring of
speci�c proteins to the peptidoglycan of the cell wall of Gram-positive bacteria, performing critical
biological functions that are required for the colonization and invasion of host tissues [77, 78]. Sortases
have been considered as important virulence factors, as many of the proteins that they display have key
roles in the infection process [79]. Thus, consistent with their association with HA habitats, genes of
OG_2452 and OG_2453 probably enabled HA strains a better colonization on mammalian hosts. On the
other hand, the genes of OG_1888 encoded a protein that was a member of COG0739 of membrane
proteins related to metallo-endopeptidases. However, the function of OG_1888 in the adaption to the NHA
habitats is unknown. Considering the �anking genes of these genes were relatively conserved (Figure 7A),
it is possible that the integration of the HA genes was a result of (homologous) recombination. However,
the presence of a transposase gene inside the region suggested that the transposase may play a role in
the horizontal gene transfer (HGT). Furthermore, the OG_2452-OG_2453 gene cluster existed in HA strains
located on different clades, indicating that different HA lineages obtained this gene cluster separately and
that there may be horizontal gene transfer (HGT) between different HA lineages.
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Most NHA genes were clustered within two regions. One such region contained six NHA genes (OG_1971
to OG_1976) (Figure 7B). In this region, three genes, fadA, fadB, and fadE, responsible for the degradation
and recycling of fatty acids via β-oxidation, were identi�ed. Fatty acids are essential components of
membranes and are important sources of metabolic energy in all organisms [80]. The other region
contained genes encoding a type IV toxin-antitoxin 'innate immunity' bacterial abortive infection (Abi)
system, consisted of a bicistronic operon encoding an AbiEi antitoxin and an AbiEii toxin (OG_1985 and
OG_1986, Figure 7C). The Abi system, abbreviated for the phage abotive infection system, provides a
post-infection resistance mechanism that could block phage multiplication and result in the death of the
infected bacterial cell upon phage infection [81-83], and also might act as stress-response elements that
help cells survive unfavorable growth conditions [84]. Beside these two genomic regions, there were also
two genes (OG_1915 and OG_2057) showing a signi�cant association with NHA habitat. One of these
(OG_2057) encoded a lactoylglutathione lyase (COG0346 / PF18029), which has been reported to play a
role in the detoxi�cation of methylglyoxal in bacterial cell metabolism when suffering environmental
stresses [85]. Thus, these NHA genes probably enhanced the adaptation to the complex environments.

As shown in Figure 4, the HA strains emerged from different clades, suggesting that different strains may
have different HA genes. Consistently, we further detected a total of 23 genes that could strictly separate
the two lifestyles when limiting the comparison in subclades (each containing almost equal number of
HA or NHA strains, Figure 6 and Table S3). It was noted that, among these, nine genes also showed a
weak habitat association (p < 0.05, Fisher’s exact test) at the species level. Functional annotation
revealed a gene (OG_1965) coding for an ABC transporter permease protein (COG0577). Consistent with
its distribution in HA strains in subclade III-b, it has been reported that it is associated with isolates from
human gut compared with free-living environments in Oceanobacillus species [86]. However, the potential
functions of most genes detected in the association with HA/NHA habitats remain unclear.

The above habitat-associated genes suggested that the nascent ecological differential has already been
initiated and pathogenic strains and lineages in this species are merging. However, it is unclear whether
the differentiation has been completed. It has been proposed that microbial speciation is usually driven
by natural selection for adaptation to distinct ecological niches, and the distinctness is further
maintained by barriers to gene �ow. This process is not necessarily continuous and complete, and may
be terminated at any time [25, 26, 87]. In fact, we did not detect any clues that recombination barriers
have emerged between habitats, as there was no obvious difference in recombination parameters
between datasets of HA, NHA, and all strains (Table 1). Here, using M. luteus, we have shown another
case to depict the process of bacterial ecological differentiation, whether or not it proceeds to completion:
niche-specifying (adaptive) variant has already emerged, but probably because of the high-level
recombination and the strong diffusibility between different niches of the species, the separation process
seems to be suppressed.

Conclusions
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By phylogenetic and pangenome analyses, we provided a comprehensive comparative genomic analysis
of 66 M. luteus genomes. Although the genome was relatively small compared to those of other free-
living actinobacteria, extensive gene gain/loss was detected within the species, resulting an open pan-
genome and a considerable intraspecies heterogeneity, which further support its ability to response to
diverse environments. Furthermore, whole genome phylogenetic analysis demonstrated that the strains
clustered into three highly differentiated clades, but with four putative ancestral populations and a high
proportion of admixture. This admixture was also illustrated by high level of homologous recombination.
Although our analysis did not �nd strict phylogenetic separation between ecological-different members at
the species level, we did detect a set of genes that associated with host- and non-host-habitats, which
had annotated functions that could probably contribute to facilitate differential adaptation of the species.
Overall, these �nding highlight a considerable inter-individual difference, a high-frequency recombination
and gene gain/loss within species, and also indicate a nascent ecological differentiation. This study
allows for a greater understanding of the Micrococcus luteus species, and also the process that how
evolution drives the species to be diversity and adaptive in various environments.

Methods

Genome data set
All genomes of the members of the genus Micrococcus (n=106, April 2020) that derived from different
projects and habitats were downloaded from the NCBI (National Center for Biotechnology Information)
genomes FTP site (https://www.ncbi.nlm.nih.gov/genomes). In order to ensure the reliability of the
results, we used CheckM [88] to assess isolate genome completeness and contamination. Only genomes
that had at least 95% complete and no more than 5% contaminated were used. In addition, we computed
whole genome average nucleotide identity (ANI) for each pair of genomes by pyani
(https://github.com/widdowquinn/pyani) in ANIm mode. When ANI was higher than 99.9%, we
considered the genome pair redundant. In such cases, one genome with the most completeness and the
largest N50 was selected, and the others were marked as “redundant” and were �ltered out. Through this,
a total of 76 high-quality and non-redundant Micrococcus genomes were retained. The information of
isolation source of each strain was obtained from NCBI BioSample database.

Genome annotation and determination of orthologous
groups
To maintain consistency in gene annotations and to reduce the system errors caused by different
programs or parameters, all genomes were reannotated in local and analyzed under the same strategies.
De novo gene predictions for coding sequences (CDSs) were performed with PRODIGAL [89]. Function
annotation and classi�cation of proteins were performed by sequence comparison against the eggNOG
database [43], using the eggNOG-Mapper [90] with diamond method [91]. If a gene was assigned to more
than one COG category, each COG category was calculated separately. Pfam domains were further

https://www.ncbi.nlm.nih.gov/genomes
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identi�ed by hmmscan in HMMER [92] against the PFAM-A database [93] with E-value ≤ 1e-05. Insertion
sequences and transposases were identi�ed by BLASTp against the ISFinder database [44] with manual
inspection of search hits (E-value ≤ 1e-05). Potential antibiotic resistance (AR) genes and putative
virulence factors (VFs) encoded in M. luteus genomes were identi�ed through BLASTp searches of the
Comprehensive Antibiotic Resistance Database (CARD) [48] and the Virulence Factors Database (VFDB)
[47], respectively, with E-values ≤ 1e-05 and Ha-value > 0.42 [94]. Heatmaps were created by pheatmap
package in R (http://cran.r-project.org/web/packages/pheatmap/index.html).

All proteins were clustered using GET_HOMOLOGUES [52] to identify orthologous groups (OGs) with
OrthoMCL clustering algorithm. In order to record more variants within the species, we used a relative
rigorous standard with 70% sequence identity and 70% coverage as minimum BLASTp homology cutoff
[95, 96]. Cloud, shell, and (soft-) core pangenome components were derived according to
GET_HOMOLOGUES. Pan-genome statistics were visualized using PanGP [97].

Phylogenomics and population structure analyses
For phylogenomic analyses, only single-copy core genes were used. Codon-based alignments for each
OGs were obtained by aligning the translated protein with MAFFT [98] and back-translating with
PAL2NAL [99]. Poorly aligned regions were �ltered by Gblocks [100], with default parameters except for -
t=c. The aligned sequences were concatenated as a single data set using homemade Python scripts. The
approximately-maximum-likelihood phylogenetic tree was built using the generalized time-reversible
model implemented in FastTree [101] and visualized using the Interactive Tree of Life [102]. In addition,
we used R function pvclust [103] to perform a hierarchical cluster analysis, based on an
absence/presence (0/1) matrix of dispensable genes according to GET_HOMOLOGUES results. To further
elucidate the population structure of M. luteus, we used Fastbaps [57] with default parameters based on
the core genome alignment. We also used the model-based Bayesian method implemented in Structure
2.3.4 [58], in which the admixture model was used with a varying K from 2 to 10, and the most optimal
value for K was obtained by STRUCTURE HARVESTER [104]. The pangenome matrix and the rooted
species tree were used as inputs for COUNT [105] to calculate posterior probabilities for gain and loss of
each OG across all nodes during the evolution of M. luteus.

Estimation of genetic recombination
Four approaches were used to detect recombination in M. luteus. Based on the concatenated single-copy
core genes, we �rstly used SplitsTree [61] to construct a network with the NeighborNet algorithm, and also
to calculate the pairwise homoplasy index [62]. Then, we ran fastGEAR [66] to detect recent and ancestral
recombination events happened in each single-copy core gene with default parameters. In addition,
PhiPack [62] was also used, by which potential recombination events were identi�ed as having P-values
lower than 0.05 in at least two of the three methods (neighbor similarity score, maximum chi, and phi),
computed from 1,000 permutations. Finally, we used mcorr [63] with default parameters to calculate

http://cran.r-project.org/web/packages/pheatmap/index.html
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correlation pro�le and the recombination parameters, including the mean fragment size of a
recombination event (f̅), the fraction of the sample diversity derived from recombination (c), and the
relative rate of recombination to mutation (γ/μ).

Identi�cation of the habitat-associated genes
Firstly, two 0/1 matrix were created, based on the presence/absence of candidate habitat-associated
genes, that presented in at least half of the strains of one habitat but no more than half of the other, and
the habitat information of each strain, respectively. Then, a pangenome wide association study (pan-
GWAS) using SCOARY [106] was carried out with 1,000 permutation replicates to identify genes that
signi�cantly associated with host (only mammal associated) or non-host (including free-living and plant-
associated) lifestyle. Genes associated with different lifestyles were identi�ed by odds ratio, and were
considered as signi�cant only when they attained a naive P-value less than 0.05, an empirical P-value
less than 0.05, and a Benjamini-Hochberg corrected P-value less than 0.1. Pairwise comparisons of
speci�c genomic regions within typical M. luteus strains were visualized using EasyFig [107].
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Figure 1
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Pairwise genome-wide ANI values and maximum-likelihood phylogeny of the genus Micrococcus. (A)
Heatmap of average nucleotide identities between Micrococcus strains used in this study. ANI values
calculated by the pyani are color-coded according to the provided scale bar. (B) Maximum-likelihood
phylogeny generated from concatenated 174 single-copy core genes with no evidence of recombination
from PhiPack of the 76 Micrococcus strains, including three outgroup strains. Bootstrap values less than
90% are shown by gray dots at the nodes. The scale bar indicates 20% sequence divergence.

Figure 2

The pan-genome, core genome, and accessory genome pro�les of M. luteus. (A) The sizes of pan- and
core-genomes in relation to numbers of genomes added into the gene pool. (B) Distribution of genes
across strains. Cloud, shell, and (soft-) core pangenome components were derived according to
GET_HOMOLOGUES. (C) Number of new genes for each additional genome analyzed.

Figure 3
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Comparison of the soft-core, shell and cloud genomes of M. luteus based on COG categories. Soft-core,
shell and cloud genes were derived from GET_HOMOLOGUES. (A) Distribution of OGs in the soft-core,
shell and cloud genomes. Asterisks indicate signi�cant differences in proportions based on Fisher’s exact
test (*, P < 0.05; **, P < 0.01). (B) Partitioning of soft-core, shell and cloud genes for each COG category.

Figure 4

Phylogenetic tree and the population structure of the M. luteus strains. Maximum-likelihood phylogeny
was generated from concatenated 922 single-copy core genes of 68 strains, including the two outgroup
strains. Three major clades were presented by different background colors. All nodes have at least 90%
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bootstrap support, except where indicated. Different habitats are represented by inner circles in different
colors (red, HA; green, NHA; blank, uncertain). The output from Structure analysis was indicated in the pie
charts with colors indicating the proportion of ancestry estimated from each of four hypothetical
ancestral populations (red, POP1; green, POP2; blue, POP3; yellow, POP4). The scale bar indicates 5%
sequence divergence.

Figure 5

Recombination in M. luteus. (A) Phylogenetic network inferred with the concatenation of single-copy core
genes. Lines between splits show where recombination has occurred. Three major clades are presented
by different colored arcs. The scale bar indicates 1% sequence divergence. (B) Correlation pro�le (circles)
calculated by mcorr. Model �t is shown as a solid line. (C) Distributions of the three recombination
parameters for all pairs of genomes. Red vertical lines indicate the means calculated with 1,000
bootstrapped replicates. (D) Core genes that have undergone recent and ancestral recombination.
Horizontal and vertical axes show the estimated number of ancestral and recent recombinations,
respectively. Names of some of the most frequently recombined genes are shown.
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Figure 6

Distribution of the habitat-associated OGs. Details of these genes are shown in Table S2 and S3.
Heatmaps represent the distribution of 13 accessory OGs that signi�cantly associated with HA and NHA
habitats (upper), and OGs that only presented in HA strains (middle) and NHA strains (lower) within each
typical clade or subclade. Dark and light gray boxes indicate presence and absence, respectively. The tree
topology is derived from FIG 4, and the typical clades or subclades are marked with different colors.
Strains from different habitats are represented by circles in different colors (red, HA; green, NHA; blank,
uncertain). Asterisks indicate the naive P-value for the null hypothesis that the presence/absence of this
OG is unrelated to the habitat at the species level (*, P < 0.05; **, P < 0.01).
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Figure 7

Genetic organizations of the regions containing habitat-associated genes. Details of these genes are
shown in Table S2. The �gure was obtained by EasyFig, where gray-scale bars represent regions of
shared similarity according to BLASTn. Colored arrows indicate habitat-associated genes. Grey arrows
indicate �anking and unrelated genes. Blank arrows indicate habitat unassociated genes. Slim rectangle
and slash indicate tRNA and insertion sequence, respectively.
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