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The results of a phylogenetic and chemotaxonomic analysis of the genus Micrococcus indicated that it is
significantly heterogeneous. Except for Micrococcus lylae, no species groups phylogenetically with the type
species of the genus, Micrococcus luteus. The other members of the genus form three separate phylogenetic lines
which on the basis of chemotaxonomic properties can be assigned to four genera. These genera are the genus
Kocuria gen. nov. for Micrococcus roseus, Micrococcus varians, and Micrococcus kristinae, described as Kocuria
rosea comb. nov., Kocuria varians comb. nov., and Kocuria kristinae comb. nov., respectively; the genus Nester-
enkonia gen. nov. for Micrococcus halobius, described as Nesterenkonia halobia comb. nov.; the genus Kytococcus
gen. nov. for Micrococcus nishinomiyaensis, described as Kytococcus nishinomiyaensis comb. nov.; and the genus
Dermacoccus gen. nov. for Micrococcus sedentarius, described as Dermacoccus sedentarius comb. nov. M. luteus
and M. lylae, which are closely related phylogenetically but differ in some chemotaxonomic properties, are the
only species that remain in the genus Micrococcus Cohn 1872. An emended description of the genus Micrococcus

is given.

The genus Micrococcus was first described more than 100
years ago, and since then the description has been revised
several times. Today it is clear that this genus, which pheno-
typically belongs to the broad group of gram-positive, catalase-
positive cocci, phylogenetically belongs to the actinomycete
group (47). However, the phylogenetically proper place for
these bacteria has still not been determined. Stackebrandt and
Woese (50) found on the basis of the results of 16S rRNA
cataloguing that the micrococci appeared to overlap with Ar-
throbacter species and that it was impossible by using this
method “to construct a reasonable, comprehensive cluster of
Micrococcus species that excludes all Arthrobacter species.”
This observation was based on the results of an analysis of
only a few species belonging to each genus. Therefore, the
phylogenetic depth and width of these two genera and of the
Arthrobacter line of descent within the subphylum of actino-
mycetes had not been fully explored. Early comparative che-
motaxonomic analyses (9, 11-13, 34, 53), a genetic analysis
(20), and determinations of levels of DNA-DNA similarity (35,
44) also did not include all of the valid species known today.
Although the previous phylogenetic studies included only mi-
crococci, these studies led to the following taxonomic rear-
rangements: certain radiation-resistant red micrococci were
transferred to the genus Deinococcus (2); Micrococcus muci-
laginosus was reclassified as Stomatococcus mucilaginosus (1);
and Micrococcus agilis was found to be a phylogenetic member
of the “Arthrobacter globiformis-Arthrobacter citreus group”
(sensu Keddie and Jones [19]), and as this species also had
chemotaxonomic properties in common with its nonmicrococ-
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cal relatives, Koch and Stackebrandt proposed that it should be
redescribed as Arthrobacter agilis (24).

The results of a recent analysis of almost complete 16S
ribosomal DNA (rDNA) sequences of all valid Arthrobacter
species (23) and the majority of the Micrococcus species (24)
fully supported the previous conclusion about the intermixing
of some of the Micrococcus and Arthrobacter species. The ex-
istence of two major clusters of Arthrobacter species was dem-
onstrated, and the compositions of these clusters correlated
well with chemotaxonomic properties (18). A few Arthrobacter
species branched as close phylogenetic neighbors, but their
position was not supported by high levels of statistical confi-
dence. As found previously, the type species of the genus
Micrococcus (Micrococcus luteus) and its closest relative, Mi-
crococcus lylae, grouped with the type species of the genus
Arthrobacter, A. globiformis, and its relatives.

In order to provide a basis for a thorough phylogenetic
analysis of the genera Arthrobacter and Micrococcus, the 16S
rDNA sequences of the type strains of all Micrococcus species
not previously investigated were determined in this study. In
addition, we reanalyzed in a single comparative study those
chemotaxonomic properties that, together with the amino acid
composition of peptidoglycan, have been found to be excellent
markers for delimitation of genera in the order Actinomycetales
(i.e., fatty acid, polar lipid, and menaquinone compositions).

MATERIALS AND METHODS

Bacterial strains and cultivation. The following strains were investigated to
determine their fatty acid and mycolic acid patterns: Micrococcus halobius DSM
205417 (T = type strain), Micrococcus kristinac DSM 200327, M. luteus DSM
200307, M. lylae DSM 203157, Micrococcus nishinomiyaensis DSM 204487, Mi-
crococcus roseus DSM 204477, Micrococcus sedentarius DSM 205477, Micrococ-
cus varians DSM 200337, S. mucilaginosus DSM 20746, and Rothia dentocariosa
DSM 46363". The 16S rDNA analysis was performed by using strains DSM
204487, DSM 204477, DSM 20547%, DSM 200337, and DSM 207467 To isolate
DNAs, strains were grown on medium 53 at 30°C as recommended in the
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TABLE 1. Dissimilarity matrix based on corrected 16S rDNA sequence similarity data®
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Micrococcus lylae 14
Micrococcus kristinae 6.9 6.6
Micrococcus roseus 44 45 43
Micrococcus varians 60 63 37 31
Micrococcus halobius 59 57 61 54 56
Micrococcus sedentarius 63 65 76 65 69 7.1
Micrococcus nishinomiyaensis 63 68 74 55 66 7.8 5.1
Stomatococcus mucilaginosus 54 57 58 40 52 62 71 67
Rothia dentocariosa 59 60 56 43 56 69 75 68 22
Cellulomonas flavigena 79 82 82 79 79 90 80 76 86 9.0
Cellulomonas cellulans 70 75 80 69 77 83 70 72 75 82 59
Terrabacter tumescens 71 74 76 68 7.1 89 53 52 76 7.7 68 63
Arthrobacter globiformis 36 38 55 37 49 52 65 62 52 55 80 71 70
Arthrobacter agilis 51 52 65 47 61 61 76 62 65 66 79 75 85 40
Arthrobacter sulfureus 40 44 70 51 64 66 77 73 66 71 90 80 7.6 26 59
Arthrobacter atrocyaneus 54 58 6.8 49 65 70 80 71 70 73 82 74 85 52 55 6.8
Dermatophilus congolensis 70 73 86 69 76 82 61 56 74 80 73 79 69 69 78 83 9.0
Brachybacterium faecium 70 72 81 65 7.1 75 68 80 80 87 90 74 65 62 80 68 77 80
Dermabacter hominis 67 74 79 70 74 69 74 77 80 85 89 72 73 66 80 68 82 75 5.1
Jonesia denitrificans 86 89 86 81 86 95 88 99 93101 95 83 91 86 92 87 90 98 88 8.1
Brevibacterium linens 103 101 90 89 83 90 96 101 95 97 11.0 95 9.7 101 107 99 108 100 9.4 102 109
Microbacterium lacticum 9.0 9.0 105 90 94 106 97 107 9.8 106 86 88 86 95 106 92 102 9.8 106 109 11.7 126

Nocardioides simplex

13.1 12.0 11.1 124 11.8 12.6 125 13.0 11.9 13.6 13.6 14.7 14.8 133

¢ Pairwise evolutionary distances were computed by using the correction of Jukes

* The type strains were used in this analysis.

DSM-Deutsche Sammlung von Mikroorganismen und Zelikulturen GmbH Cat-
alogue of strains (8). For fatty acid, menaquinone, and mycolic acid analyses
strains were grown under standardized conditions in tryptic soy broth (8) (fatty
acid analysis) or in medium 426 described in the DSM-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH Catalogue of Strains (menaquinone
analysis) for 24 hours at 28°C. For cultivation of M. halobius 6% NaCl was added
to the medium.

Analysis of cellular fatty acids. Cellular fatty acid methyl esters were obtained
by the method described by Stead et al. (51) and were separated by gas chro-
matography on a type OV-1 capillary column (25 m by 0.25 mm [inside diame-
ter]) by using He at a linear velocity of 200 mm/s at 190°C. The gas chromato-
graphic analyses were performed by using a model GC-14A gas chromatograph
fitted with a flame ionization detector and a model C-R4AX Chromatopac
integrator (Shimadzu Corp., Tokyo, Japan).

Analysis of isoprenoid quinones. Menaquinones were extracted as described
by Collins et al. (6) and were analyzed by high-performance liquid chromatog-
raphy (HPLC). The menaquinones were eluted from a type RP 18 column (250
by 4.6 mm [inside diameter]) by using acetonitrile—2-propanol (65:35, vol/vol} at
a flow rate of 1.3 ml/min at 30°C. The detection wavelength was 269 nm. The
HPLC system used consisted of a model LC-9A solvent delivery module, a model
DGU-3A online degasser, a model CTO-10AC column oven, a model SIL-OA
automatic sample injector, and a model SPD-6A UV spectrophotometric detec-
tor connected to the model C-R4AX integrator (Shimadzu Corp.).

Analysis of polar lipids and mycolic acids. Polar lipids extracted by the method
of Minnikin et al. (33) were identified by two-dimensional thin-layer chromatog-
raphy and were sprayed with specific reagents as described by Collins and Jones
(4). The presence of mycolic acids was investigated as described previously (33).

16S rDNA sequencing. The methods used to extract genomic DNA and am-
plify the 16S rDNA have been described previously (37). PCR products were
sequenced directly by using a Tag DyeDeoxy Terminator Cycle Sequencing Kit
(Applied Biosystems, Foster City, Calif.) and the manufacturer’s protocol. The
sequence reaction mixtures were electrophoresed by using an Applied Biosys-
tems model 373A DNA sequencer.

Phylogenetic analysis. The new sequences which we obtained were manually
aligned with sequences published previously for members of the genera Agro-

and Cantor (16).

myces, Aureobacterium, Curtobacterium, Clavibacter, and Rathayibacter (38), the
genera Arthrobacter and Micrococcus (23, 24), the genera Brevibacterium, Cellu-
lomonas, Oerskovia, Promicromonospora, and Jonesia (39), the genus Brachybac-
terium (3), and the genera Dermabacter, Dermatophilus, Renibacterium, Rothia,
and Terrabacter (31). Dissimilarity values were transformed into phylogenetic
distance values that compensated for multiple substitutions at any given site in
the sequence (16). Phylogenetic trees were reconstructed from the corrected
dissimilarity values by using distance matrix methods based on the algorithms of
Saitou and Nei (42) and De Soete (7). Neighbor-joining, maximum-likelihood,
and maximum-parsimony analyses were performed by using the programs com-
piled in the Phylogeny Inference Package (10). A bootstrap analysis was per-
formed by using the programs NJFIND and NJBOOT.

Nucleotide seq ion numbers. The 16S rDNA sequences of M.
nishinomiyaensis, M. roseus, M. sedentarius, M. varians, and S. mucilaginosus have
been deposited in the EMBL data library under accession numbers X87757,
X87756, X87755, X87754, and X87758, respectively.

RESULTS

Phylogenetic analysis. Almost complete 168 rDNA se-
quences were determined for the type strains of M. kristinae,
M. nishinomiyaensis, M. roseus, M. sedentarius, and M. varians.
In addition, the sequence of S. mucilaginosus was-analyzed
because the results of a previous phylogenetic study indicated
that this taxon may be related to members of the genus Micro-
coccus (49) on the basis of the presence of L-lysine in the
peptidoglycan (45) and morphology. The sequences were
aligned with the 16S rDNA database sequences of 51 members
of the Arthrobacter subline of descent. A subset of 40 type
strains was used to generate a matrix of dissimilarity values;
some of these values are shown in Table 1.
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FIG. 1. Distance matrix tree (7), showing the phylogenetic positions of Micrococcus species within the Arthrobacter lineage of the subphylum of Actinomycetales.

Nocardioides simplex was used as the root. The corrected dissimilarity values for selected representatives of the genera are shown in Table 1. Values for the other
reference organisms have been published previously (23, 24, 38, 39). The numbers indicate the percentages of occurrence in 300 bootstrapped trees; only values greater

than 20% are shown. Bar = 5 nucleotide substitutions per 100 nucleotides.

All of the algorithms used in this study resulted in the fol-
lowing conclusion with respect to the phylogenetic position of
Micrococcus species: the Micrococcus species do not cluster
together but form four separate sublines and the composition
of Micrococcus species in each of these sublines is constant.
However, bootstrap values less than 50% indicated that the
order of most of the deeper branches and the order of most of
the species-rich lines within the Arthrobacter lineage have no
statistical significance (Fig. 1). Nevertheless, the branching
points of the four sublines are almost identical in the trees
derived from distance matrix data (7, 10, 42). The 16S rDNA
dendrogram obtained by the method of De Soete (7) (Fig. 1)
is representative of the phylogenetic patterns obtained. Some
deviations were detected in the dendrogram obtained when the
maximum-parsimony analysis method was used; these devia-
tions were found especially with remotely related organisms,

such as M. halobius and Jonesia denitrificans, and in the for-
mation of two separate phylogenetic lines for the Rothia-Sto-
matococcus genus pair and the species M. roseus, M. varians,
and M. kristinae (data not shown).

When Nocardioides simplex was used as the root, the Ar-
throbacter lineage contained several main clusters, three of
which were species rich (Fig. 1); one of these clusters con-
tained Arthrobacter and Renibacterium species, a second cluster
contained the genera Cellulomonas, Oerskovia, Promicromono-
spora, and Terrabacter, and the third group contained organ-
isms with group B peptidoglycan, as classified by Schleifer and
Kandler (45). The following four lineages containing only a
few taxa were also detected (Fig. 1): (i) a lineage contain-
ing members of the genera Stomatococcus and Rothia, (ii) a
lineage containing Brevibacterium species, (iii) a lineage con-
taining members of the genera Brachybacterium, Dermato-
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TABLE 2. Menaquinone compositions and peptidoglycan types of type strains of species belonging to the genera Micrococcus,
Stomatococcus, and Rothia and of A. globiformis and A. nicotianae strains

Menaquinone composition®

Organism Peptidoglycan type”
MK-6 MK-7 MK-8 MK-9 MK-10 MK-11 MK-7(H,) MK-8(H,) MK-9(H,)
M. luteus +¢ +++ ++ L-Lys—peptide subunit
M. lylae + +++ + LLys-D-Asp
A. globiformis + + + +++ L-Lys-L-Ala,
A. nicotianae + +++ + L-Lys-L-Ala-D-Glu
M. varians +++ + LLys-1-Ala, ,
M. kristinae +++ ++ L-Lys-L-Ala, 4
M. roseus + +++ + L-Lys-L-Ala, ,
M. halobius + +++ ++ L-Lys-Gly-L-Glu
M. nishinomiyaensis + +++ + L-Lys—L-Ser, ,—(L-Ala)-D-Glu
M. sedentarius +++ ++ ++ L-Lys-D-Glu,
§. mucilaginosus + +++ o+ L-Lys-L-Ala
Rothia dentocariosa + +4++ 4+ L-Lys-L-Ala

“ The menaquinone composition data for the Arthrobacter strains were obtained from reference 5.

® Data from references 8 and 43.
¢4, <10%; ++, 10 to 50%; +++, >50%.

bacter, and Jonesia, and (iv) a lineage containing Dermatophilus
congolensis.

The eight Micrococcus species occur in four separate posi-
tions on the tree. Most obvious is the branching of the type
species of the genus Micrococcus, M. luteus, and its closest
relative, M. lylae, in the phylogenetic neighborhood of the type
species of the genus Arthrobacter, A. globiformis, and its rela-
tives (23). This group also contains 4. agilis, which has recently
been transferred from the genus Micrococcus (24), as well as
Renibacterium salmoninarum. A second Micrococcus group
consists of M. kristinae, M. varians, and M. roseus; these species
cluster next to the species pair S. mucilaginosus and Rothia
dentocariosa. A third group is defined by the single species M.
halobius, while the remotely related species pair M. sedentarius
and M. nishinomiyaensis appear to be the most distantly related
Micrococcus species.

Previous studies on chemotaxonomic properties of the mi-
crococci have revealed similar heterogeneity. However, previ-
ously determined data are not available for all validly described
species. In the light of the desirability of a polyphasic approach
in bacterial systematics, we felt that it was necessary to com-
pare the internal genus structure derived from the 16S rDNA
sequence analysis with data from chemotaxonomic studies. Ex-
cept for peptidoglycan composition, we reanalyzed and deter-
mined the chemotaxonomic properties which have been valu-
able previously in the taxonomy of this group of bacteria. Our
results are shown in Tables 2 and 3; Table 2 also contains
previously published data on the amino acid compositions of
peptidoglycans.

Menaquinone composition. The eight Micrococcus species
exhibited four different menaquinone patterns (Table 2). M.
luteus possesses a fully unsaturated menaquinone with eight
isoprene units as the major component and a fully unsaturated
menaquinone with seven isoprene units as a minor component.
In addition, it also contains substantial amounts (30%) of a
dihydrogenated menaquinone with eight isoprene units. The
phylogenetically closest relative of M. luteus, M. lylae, contains
dihydrogenated menaquinones with seven, eight, and nine iso-

prene units, and MK-8(H,) is the major menaquinone. Similar
patterns were also found for the type strains of M. varians, M.
kristinae, M. roseus, and M. nishinomiyaensis, although the ma-
jor component differed among these strains. The third pattern
was found for the type strain of M. halobius; this species con-
tains fully unsaturated menaquinones with seven and nine iso-
prene units, but predominant menaquinone is a fully unsatur-
ated menaquinone with eight isoprene units. M. sedentarius
represents the fourth type; this species contains fully unsatur-
ated menaquinones with between 8 and 11 isoprene units.

Our analysis of the type strains of S. mucilaginosus and
Rothia dentocariosa revealed very similar patterns that were
not found in any of the type strains of Micrococcus species.
Both of these taxa contain fully unsaturated menaquinones
with six, seven, and eight isoprene units, and MK-7 is the major
component.

Fatty acid composition. Only some of the groups defined by
menaquinone composition data could be identified on the ba-
sis of the fatty acid analysis results (Table 3). M. luteus and M.
lylae are similar in that they contain major amounts of iso and
anteiso methyl-branched-chain acids, including 13-methyltet-
radecanoic acid (iso-C,s,,) and 12-methyltetradecanoic acid
(anteiso-C,s.0). A similar composition, although with a lower
amount of is0-C, .y, has been found for the type strains of the
two Arthrobacter species that represent the two recognized
intrageneric clusters, A. globiformis and Arthrobacter nicotianae
(18).

The members of the cluster containing M. varians, M. roseus,
and M. kristinae have major amounts of 12-methyltetrade-
canoic acid (anteiso-C,s,,) and strain-dependent smaller
amounts of other fatty acids, including 14-methylpentade-
canoic acid (iso-C4.q) (M. varians, M. kristinae), hexadecanoic
acid (Cyg.9) (M. varians), 14-methylhexadecanoic acid (anteiso-
Ci7.0) (M. varians, M. kristinae), 13-methyltetradecanoic acid
(is0-C;5.0) (M. roseus), and hexadecenoic acid (C,4.,) (M. ro-
seus). A similar composition is found in M. halobius, in which
anteiso-C, . is present at a higher level (22.6%) than in the
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type strains of M. varians, M. roseus, and M. kristinae (4.3 to
12.1%).

M. sedentarius contains several fatty acids that are not found
in other Micrococcus species, such as the saturated acids pen-
tadecanoic acid (C,5.,) and heptadecanoic acid (C,-,o) and the
branched acid 15-methylhexadecanoic acid (iso-C,.). In ad-
dition, significant amounts of 15-methylhexadecenoic acid (iso-
C,7.1) and 14-methylhexadecanoic acid (anteiso-C,,,) are
present.

M. nishinomiyaensis contains predominantly branched acids,
such as 13-methyltetradecanoic acid (iso-C,s,), 15-methyl-
hexadecanoic acid (iso-C,,.), 15-methylhexadecenoic acid
(1s0-C,4.1), and 14-methylhexadecanoic acid (anteiso-C,,), in
addition to smaller amounts of hexadecenoic acid (C,.;) and
14-methylpentadecanoic acid (iso-C,)-

The fatty acid compositions of S. mucilaginosus and Rothia
dentocariosa are similar in that they include a broad range of
fatty acids from C,,. to C,5,,. These organisms differ from
each other in that the former species contains high levels of
14-methylpentadecanoic acid (iso-C,,.,), while the latter spe-
cies contains octadecadienoic acid (C,g.,).

The fatty acid composition of the type strain of S. mucilagi-
nosus is very similar to the fatty acid compositions determined
for several strains of this species (12). Therefore, we believe
that the compositions that have been determined for the type
strains of Micrococcus species are representative of the species.
However, we are aware that qualitative and quantitative fatty
acid compositions depend to some extent on the growth me-
dium and the growth stage and that small differences in pub-
lished data can be explained by these extrinsic factors.

Polar lipids. The polar lipids of the strains investigated in
this study are basically the same as the polar lipids found in
other members of the Arthrobacter line of descent, in addition
to unknown phospholipids and glycolipids. However, phospha-
tidylinositol mannosides were absent in all of the organisms
which we investigated. Also, phosphatidylinositol was not
present in some strains, although this phospholipid is usually
preseiit in members of the order Actinomycetales (32). Several
strains contained unknown ninhydrin-negative phospholipids
and/or glycolipids.

The same composition was found in M. luteus, M. halobius,
and M. kristinae; these organisms contain phosphatidylglycerol,
diphosphatidylglycerol, phosphatidylinositol, and the unknown
lipids. A similar pattern but without phosphatidylinositol was
found in M. lylae and S. mucilaginosus. M. sedentarius and M.
nishinomiyaensis had the same pattern, as did M. varians and
M. roseus. Rothia dentocariosa had a unique pattern.

Peptidoglycan composition. The amino acid compositions of
the peptidoglycans of several Micrococcus species (Table 2)
have been published previously by Schleifer and Kandler (45),
while other peptidoglycan amino acid compositions have been
described by Kocur (25) and in the DSM-Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH Catalogue of
strains (8). All of the strains possess group A peptidoglycan
(cross-linkage from the dicarboxylic acid at position 3 of the
peptide subunit, which is 1-Lys). However, the amino acid
compositions of the interpeptide subunits differ significantly.
While M. luteus exhibits the most unusual composition because
the interpeptide bridge has the same composition as the pep-
tide subunit (variation A2), strains of M. roseus, M. kristinae,
and M. varians contain either several monocarboxylic acids
(alanine; variation A3a), strains of M. lylae and M. sedentarius
contain one dicarboxylic amino acid (aspartic acid and glu-
tamic acid moities, respectively; variation Ade), and M. nishi-
nomiyaensis and M. halobius strains contain a monocarboxylic
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TABLE 3. Cellular fatty acid compositions of the type strains.of species belonging to the genera Micrococcus, Stomatococcus, and Rothia and of A. globiformis and A. nicotianae
CIZ:D

Organism
4 Values that were less than 1% are not shown. i, iso; ai, anteiso.

M. luteus

M. bylae

A. globiformis

A. nicotianae

M. varians

M. krnistinae

M. roseus

M. halobius

M. sedentarius

M. nishinomiyaensis
S. mucilaginosus
Rothia dentocariosa
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acid and a dicarboxylic acid (serine and glutamic acid and
glycine and glutamic acid, respectively; variation Ada).

DISCUSSION

The close relationship between Micrococcus and Ar-
throbacter species was noted before results of 16S rDNA se-
quence analyses became available. In 1974 Keddie (17)
pointed out that “Micrococcus species should be regarded as
degenerate forms, locked into the coccoid stage of the Ar-
throbacter life cycle. These molecular data suggest that micro-
cocci should be accommodated in one family with the genus
Arthrobacter” (25). What could not be determined at that time,
however, was the placement of the Micrococcus species in
relation to their phylogenetic neighbors and whether the genus
Micrococcus is a phylogenetically coherent genus.

Early DNA-DNA hybridization experiments performed with
the type strains of M. luteus, M. varians, and M. roseus revealed
complementarity values of less than 10% (35). These results
were confirmed by Schleifer et al. (44), who also included the
type strains of M. lylae and M. kristinae in their study. While the
DNAs of M. lylae and M. luteus exhibited a moderate level of
similarity (44%) under optimal hybridization conditions, M.
kristinae was as unrelated to M. luteus as the type strain of M.
varians was. The close relationship between M. luteus and M.
lylae and the lack of a relationship between these species and
the other members of the genus Micrococcus were also re-
vealed by other methods. The rates of transformation of an
auxotrophic strain of M. luteus with strains of M. lylae were
significantly higher (1 to 12% of the homologous transforma-
tion rate) than the transformation rates observed with DNAs
from other Micrococcus strains. The values ranged from 0.1 to
0.8% for strains of M. sedentarius to no transformation when
DNA: originating from M. varians, M. roseus, M. kristinae, and
M. nishinomiyaensis were used (20). Similar results were ob-
tained in a comparative immunological study of catalase activ-
ity (41). Double immunodiffusion tests were performed by
using antisera against M. luteus catalase and crude extracts of
strains of all Micrococcus species except M. halobius. While the
cell extract of M. lylae reacted strongly, weak reactions or no
reactions at all were observed with extracts from members of
the other species. A similar picture was obtained when immu-
nological distances were calculated; this study revealed that the
distance between M. luteus and the other micrococci (except
M. lylae) was as great as the distances between M. luteus and
members of distantly related genera (41). The relatedness of
M. luteus and M. llae was also demonstrated by using an
oligonucleotide probe directed against the 23S rDNA of M.
luteus. Only the DNA of M. lylae gave a positive hybridization
signal, whereas the DNAs of the four other Micrococcus spe-
cies studied were negative in this analysis (40).

When DNA hybridization, transformation, and immunology
studies were performed, there was no indication that the genus
Micrococcus might be phylogenetically heterogeneous. There-
fore, it is not surprising that members of other genera were not
included in these studies, which, at an early stage, might have
pointed toward the phylogenetic heterogeneity of the genus
Micrococcus. Even the first 16S rRNA cataloguing data did not
convincingly demonstrate the taxonomic incoherence of the
genus Micrococcus.

The results of this study, in which we included representa-
tives of all previously described species of the genera Micro-
coccus, Arthrobacter, Stomatococcus, Renibacterium, Rothia,
Cellulomonas, and Oerskovia, as well as the genera whose
members contain group B peptidoglycan (not all data are
shown), demonstrate the full degree of diversity among the
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Micrococcus species. The levels of unrelatedness, as deter-
mined by 16S rDNA analysis, were fully supported by the
results of chemotaxonomic property analyses, which have been
found to be extremely useful for delimitating genera within the
order Actinomycetales. A combination of these properties not
only permitted separation of five groups of phylogenetically
well-defined clusters of micrococci but also unambiguously
separated these clusters, especially in combination with spher-
ical morphology, from phylogenetically related neighboring
taxa (Table 4); hence, a combination of properties allowed us
to assign novel taxa to these clusters.

As the distinct phylogenetic positions of most Micrococcus
species correlate convincingly with distinct chemotaxonomic
character patterns, we propose descriptions of several new
genera below. We propose that M. kristinae, M. roseus, and M.
varians should be classified as species of the genus Kocuria gen.
nov. as Kocuria kristinae comb. nov., Kocuria rosea comb. nov.,
and Kocuria varians comb. nov., respectively; that M. halobius
should be classified as a species of the genus Nesterenkonia gen.
nov. as Nesterenkonia halobia comb. nov.; that M. sedentarius
should be classified as a species of the genus Kytococcus gen.
nov. as Kytococcus sedentarius comb. nov.; and that M. nishi-
nomiyaensis should be classified as a species of the genus Der-
macoccus gen. nov. as Dermacoccus nishinomiyaensis comb.
nov.

As pointed out above, the level of relatedness between M.
luteus and M. lylae is significantly higher than the levels of
relatedness among the other Micrococcus species and the levels
of relatedness among the majority of the neighboring Ar-
throbacter species (23, 24). Despite this remarkable level of
relatedness, M. Iuteus and M. lylae differ significantly in che-
motaxonomic properties which, as demonstrated here, are suit-
able for separating genera from each other. Nevertheless, be-
cause of the high level of genomic relatedness between these
two species, we refrain at this point from describing a novel
genus for M. lylae. Certainly, our restructuring of the genus
Micrococcus is only the beginning of a more extensive reclas-
sification of the genera belonging to the Arthrobacter subline,
which includes the genera Arthrobacter and Cellulomonas and
the genera with group B peptidoglycan.

Description of the genus Kytococcus. Kytococcus (Ky.to.
coc’cus. Gr. neut. n. kyfos, skin; Gr. masc. n. kokkos, a grain;
M.L. masc. n. Kytococcus, a coccus from skin). The description
of the genus Kytococcus below is based on data from references
9, 22, 25, 26, 43a, 45, and 46, and this study. Cells are coccoid.
Gram positive. Nonencapsulated. Endospores are not formed.
Nonmotile. Chemoorganotrophic; metabolism is strictly respi-
ratory. Aerobic. Catalase positive. Nonhalophilic. Mesophilic.
The peptidoglycan type is type L-Lys—Glu,, variation Ada. My-
colic acids and teichoic acids are absent. Menaquinones with 8,
9, and 10 completely unsaturated isoprene units (MK-8, MK-9,
and MK-10) predominate. The major cellular fatty acids are
iso-Cy5.;, anteiso-C,,.o, and the straight-chain saturated acids
Cis.0 and C,;.. The cytochromes are cytochromes aas, ¢,
Css0r Dss7s Dsey» and bsey. The polar lipids are diphosphatidyl-
glycerol, phosphatidylglycerol, and phosphatidylinositol. The
major aliphatic hydrocarbons (br-A-C) are C;, to Cs; hydro-
carbons.

The G+C content of the DNA is 68 to 69 mol% (as deter-
mined by the thermal denaturation [7,,,] method). The type
species is Kytococcus sedentarius.

Description of Kyfococcus sedentarius (ZoBell and Upham
1944) comb. nov. (Approved Lists 1980). Kytococcus seden-
tarius (se.den.ta’r.ius. L. v. sedere, to sit; L. adj. sedentarius,
sitting). In addition to the properties given above in the genus
description, the following properties are characteristic for this
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species. Cells are spherical (diameter, 0.8 to 1.1 um) and occur
predominantly in tetrads or in tetrads in cubical packets. In
smears cells are often surrounded by a slimy gram-negative
layer. Colonies are up to 3.5 mm in diameter, circular, entire,
convex to pulvinate, and usually smooth and develop rather
slowly. The colonies are cream white or deep buttercup yellow.
Colony morphology and color become more distinct with age;
cell morphology is not culture age or medium dependent.
Some strains produce a brownish exopigment. Grows well in
the presence of NaCl concentrations up to 10%. Growth does
not occur on inorganic nitrogen agar and Simmons citrate agar.
Positive in the benzidine test. Most strains are negative in the
oxidase test. Arginine dihydrolase positive. Urease, lecithinase,
B-galactosidase, and phosphatase negative. A few strains can
reduce nitrate to nitrite; nitrite reduction does not occur. Hy-
drolyzes gelatin, but does not hydrolyze esculin, starch, and
Tween 80. Acetoin is not produced. Metabolically inert for
acid production from carbohydrates. No acid is produced from
glucose, galactose, rhamnose, xylose, mannose, maltose, su-
crose, ribose, raffinose, melibiose, arabinose, galactose, ribitol,
glucitol, galactitol, mannitol, and glycerol. Most strains do not
utilize fructose and lactose. Methionine is required. Most
strains require tyrosine, arginine, valine, lysine, leucine, and
pantothenic acid. The optimum growth temperature range is
28 to 36°C. Nonhemolytic. All strains are resistant to methi-
cillin and penicillin G and susceptible to streptomycin, novo-
biocin, tetracycline, neomycin, vancomycin, and polymyxin B.
Most strains are susceptible to erythromycin, kanamycin, and
chloramphenicol. The type strain is DSM 20547 (= ATCC
14392 = CCM 314).

Description of the genus Nesterenkonia. Nesterenkonia (Ne.
ste.ren.ko’ni.a. L. fem. n. Nesterenkonia, honoring Olga Nest-
erenko, a Ukrainian microbiologist). The description of Nest-
erenkonia below is based on data from references 25, 26, 36, 45,
and 46 and this study. Cells are coccoid. Gram positive. Non-
encapsulated. Endospores are not formed. Chemoorganotro-
phic; metabolism is strictly respiratory. Aerobic. Catalase pos-
itive. Moderately halophilic. Mesophilic. The peptidoglycan
type is type L-Lys—-Gly-Glu, variation A4a. Mycolic acids are
absent. Menaquinones with eight and nine completely unsat-
urated isoprene units (MK-8 and MK-9) predominate. The
phospholipids are diphosphatidylglycerol, phosphatidylglyc-
erol, and phosphatidylinositol. The cellular fatty acids are iso-
and anteiso-branched fatty acids, with anteiso-C, 5., and an-
teiso-C,,., predominating. The G+ C content of the DNA is 70
to 72 mol%. The type species is Nesterenkonia halobia.

Description of Nesterenkonia halobia (Onishi and Kamekura
1973) comb. nov. (Approved Lists 1980). Nesterenkonia halobia
(ha.lo'bi.a. Gr. masc. n. hals, salt; Gr. masc. n. bios, life; M.L.
masc. adj. halobia, living on salt). In addition to the character-
istics given in the genus description above, this species has the
following properties. Spheres (diameter, 0.8 to 1.5 wm) occur
singly, in pairs, and sometimes in tetrads or irregular clusters.
Colonies on nutrient agar supplemented with 5% NaCl are
circular, smooth, opaque, and nonpigmented. During growth
in nutrient broth, the medium is turbid. Moderately halophilic.
Optimum growth occurs on media containing 1 to 2 M NaCl,
moderate growth occurs in the presence of 4 M NaCl, and no
growth occurs on media lacking NaCl or KCl. Oxidase test
positive. Urease, phosphatase, nitrate reductase, and arginine
dihydrolase negative. Does not grow on Simmons citrate agar.
Starch is hydrolyzed, while gelatin and Tween 80 are not hy-
drolyzed. Acetoin production positive and indole and hydro-
gen sulfide negative. Acid is produced aerobically from glu-
cose, maltose, sucrose, galactose (slowly), xylose, lactose,
raffinose, glycerol, mannitol, and starch. No acid is formed
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from mannose, trehalose, and insulin. Milk coagulation occurs
without acid formation. The growth temperature ranges from
20 to 40°C. Optimum growth occurs at pH 7.0, but strains grow
well at pH 6 to 10. Resistant to lysozyme. Thiamine is required
for growth; growth is stimulated by biotin. Nonhemolytic. The
type strain is DSM 20541 (= ATCC 21727 = CCM 2591).

Description of the genus Dermacoccus gen. nov. Dermacoc-
cus (Der.ma.coc’cus. N.L. n. derma, skin: Gr. n. coccus, a grain,
berry: M.L. masc. n. Dermacoccus, coccus living on skin). The
description of the genus Dermacoccus below is based on data
from references 9, 25, 26, 30, 43a, 45, and 46 and this study.
Cells are coccoid. Gram positive. Nonencapsulated. Endos-
pores are not formed. Chemoorganotrophic; metabolism is
strictly respiratory. Aerobic; rarely weak growth occurs under
microaerophilic conditions. Catalase positive. Nonhalophilic.
Mesophilic. The peptidoglycan type is type L-Lys-L-Ser,_,—b-
Glu or L-Lys—L-Ser,_,-L-Ala-b-Glu, variation Ad4a. Mycolic
acids and teichoic acids are absent. Galactosamine is the major
constituent of cell wall polysaccharide. The menaquinones are
hydrogenated; the predominant menaquinone is MK-8(H,).
The cytochromes are cytochromes ads, Cs4o, Csss, Dss9, Psear and
dese- The polar lipids include diphosphatidylglycerol, phos-
phatidylglycerol, and phosphatidylinositol. The major fatty ac-
ids are is0-C, 5.g, 180-C;.¢, is0- and anteiso-C, .., and iso-C,.,.
If present, the long-chain aliphatic hydrocarbons (br-A-C) are
C,, and C,; hydrocarbons, as well as minor amounts of C,s,
C,, and C,, hydrocarbons. The G+C content of the DNA
ranges from 66 to 71 mol% (as determined by the 7,,, method).
The type species is Dermacoccus nishinomiyaensis.

Description of Dermacoccus nishinomiyaensis (Oda 1935)
comb. nov. (Approved Lists 1980). Dermacoccus nishinomi-
yaensis (ni.shi.no.mi.ya.en’sis. M.L. adj. nishinomiyaensis, per-
taining to Nishinomiya, a city in Japan). In addition to the
properties given in the genus description above, this species
has the following properties. Cells are spherical (diameter, 0.9
to 1.6 wm) and occur in pairs, tetrads, or irregular clusters of
tetrads. Colonies are up to 2 mm in diameter, circular, entire,
slightly convex, smooth with glistening (rarely matt) surfaces,
and bright orange. Colony morphology and color become more
distinct with age; cell morphology is not culture age or medium
dependent. Some strains produce a water-soluble orange ex-
opigment. Slight turbidity and a deposit occur during growth in
nutrient broth. The final pH in glucose broth is 5.4 to 6.9.
Growth is weak or absent on inorganic nitrogen agar, and
growth does not occur on Simmons citrate agar. Oxidase and
benzidine test positive. Negative for free or bound coagulase,
phosphatase, lecithinase, arginine dihydrolase, ornithine and
lysine decarboxylases, phenylalanine deaminase, B-galactosi-
dase, and DNase. Most strains produce urease. Gelatin is hy-
drolyzed, but esculin is not hydrolyzed. Hydrolysis of starch
and Tween 80 is variable. Acetoin, indole, and hydrogen sul-
fide are not produced. Does not utilize sucrose, lactose, galac-
tose, rhamnose, xylose, glycerol, and mannitol. Most strains do
not utilize fructose and mannose. Ultilization of glucose and
galactose is variable. Reduction of nitrate to nitrite is variable;
nitrite reduction negative. Methyl red test negative. Cysteine
or methionine and niacin are required. Growth is stimulated
by tryptophan, valine, aspartic acid, glutamic acid, proline,
and lysine. Susceptible to novobiocin and neomycin. Most
strains are susceptible to erythromycin, penicillin, streptomy-
cin, and chloramphenicol, resistant to furazolidone, resistant
or slightly resistant to lysozyme, and weakly resistant to me-
thicillin. Grows well in the presence of up to 5% NaCl; no
growth occurs in the presence of 7% NaCl. Grows well at 25 to
37°C. Saprophytic. Nonhemolytic. The type strain is DSM
20448 (= ATCC 29093 = CCM 2140).
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Description of the genus Kocuria. Kocuria (Ko.cu'ri.a. M.L.
fem. n. Kocuria, named after Miroslav Kocur, a Slovakian
microbiologist). The description of the genus Kocuria below is
based on data from references 9, 22, 25-28, 43a, 45, and 46 and
this study. Cells are coccoid. Gram positive. Nonencapsulated.
Endospores are not formed. Chemoorganotrophic; metabo-
lism is strictly respiratory. Aerobic; strains of one species are
slightly facultatively anaerobic. Catalase positive. Nonhalo-
philic. Mesophilic. The peptidoglycan type is type L-Lys—Ala, ,,
variation A3a. Mycolic acids and teichoic acids are absent.
Galactosamine and glucosamine are the major amino sugars in
cell wall polysaccharide. Menaquinones are hydrogenated; the
predominant menaquinones are MK-7(H,) and MK-8(H,).
The polar lipids include diphosphatidylglycerol and phosphati-
dylglycerol; phosphatidylinositol is present in one species. The
major fatty acid is anteiso-C,s.. The long-chain aliphatic hy-
drocarbons (br-A-C) are C,, to C,¢ hydrocarbons. The G+C
content of the DNA ranges from 66 to 75 mol% (as deter-
mined by the 7,, method). The type species is Kocuria rosea.

Description of Kocuria rosea (Fliigge 1886) comb. nov. (Ap-
proved Lists 1980). Kocuria rosea (10’se.a. L. adj. rosea, rose
colored). In addition to the properties given in the genus de-
scription above, this species has the following characteristics.
Cells are spherical (diameter 1 to 1.5 wm) and occur in pairs,
tetrads, and clusters. Colonies are circular, slightly convex,
smooth (occasionally rough), and pink or red. No water-solu-
ble exopigment is formed. Colony morphology and color be-
come more distinct with age; cell morphology is not culture age
or medium dependent. Growth is stimulated by cysteine and
thiamine or cysteine, thiamine, and pantothenic acid. Growth
in nutrient broth is followed by moderate turbidity and a de-
posit; in some strains a surface ring and pellicle are formed.
Grows well in the presence of NaCl concentrations up to 7.5%
NaCl. Oxidase test negative (rarely weakly positive); benzidine
test positive. Nitrate reduction positive or weakly positive; ni-
trite reduction negative. Arginine dihydrolase, phenylalanine
deaminase, urease, lecithinase, phosphatase, B-galactosidase,
and bound human and rabbit coagulase negative. Most strains
do not grow on inorganic nitrogen agar and on Simmons ci-
trate agar. Hydrolysis of esculin and gelatin is negative; hydro-
lysis of Tween 80 and starch is variable. Production of acetoin
is negative or weak; indole and hydrogen sulfide are not pro-
duced. Most strains utilize rhamnose, xylose, and glucitol.
No acid is formed from mannose, galactose, lactose, and glyc-
erol; acid production from glucose is variable. The optimal
growth temperature is in the range from 25 to 37°C. All strains
are susceptible to tetracycline, erythromycin, oleandomycin,
novobiocin, methicillin, kanamycin, polymyxin, vancomycin,
penicillin G, streptomycin, chloramphenicol, and neomycin.
Slightly resistant or resistant to lysozyme. Saprophytic. Nonhe-
molytic. Isolated from soil and water. The major menaquinone
is MK-8(H,); MK-7(H,) and MK-9(H,) are present in minor
amounts. The cytochromes are cytochromes ads, €ssg, Css7
bses, and dg»s. The predominant fatty acid is anteiso-Cis.q;
is0-Cys.0 and Cy4. occur in smaller amounts. The major ali-
phatic hydrocarbons (br-A-C) are C,, and C,5 hydrocarbons.
The cell wall polysaccharide amino sugar is galactosamine. The
G+C content of the DNA is 66 to 75 mol% (as determined by
the T,, method). The type strain is DSM 20447 (= ATCC 186
= CCM 679).

Description of Kocuria varians (Migula 1900) comb. nov.
(Approved Lists 1980). Kocuria varians (va'ri.ans. L. part. adj.
varians, varying). In addition to the properties given above in
the genus description, this species has the following character-
istics. Cells are spherical (diameter, 0.9 to 1.5 pm) and occur in
tetrads and irregular clusters of tetrads or rarely in packets or
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as single cells. Colonies are up to 4 mm in diameter, circular,
slightly convex, smooth, and glistening. Some strains may form
rough, wrinkled, matt, dry colonies. Colonies are yellow. Does
not produce a water-soluble exopigment. Colony morphology
and color become more distinct with age; cell morphology is
not culture age or medium dependent. Slight turbidity and a
deposit occur in nutrient broth. The final pH in glucose-con-
taining medium is 4.3 to 5.9. Growth occurs on nutrient agar
containing up to 7.5% NaCl and sometimes occurs on nutrient
agar containing 10% NaCl. Growth is stimulated by methio-
nine or cysteine and thiamine. Oxidase test negative; benzidine
test positive. Usually positive for urease and nitrate and nitrite
reductases; arginine dihydrolase negative. Free and bound co-
agulase, B-galactosidase, phosphatase, lecithinase, phenylala-
nine deaminase, and DNase negative. Usually grows on Sim-
mons citrate agar but not on inorganic nitrogen agar. Negative
for hydrolysis of esculin and Tween 80. Hydrolysis of starch
and gelatin is variable. Production of acetoin is negative or
weak; indole and hydrogen sulfide negative. Acid is produced
from glucose, xylose, and fructose, but not from mannose,
maltose, arabinose, raffinose, galactose, rhamnose, ribitol, lac-
tose, mannitol, glycerol, glucitol, inositol, and salicin. Sucrose
utilization is variable. Grows well at 22 to 37°C. Resistant to
lysozyme. Susceptible to kanamycin, neomycin, polymyxin B,
and vancomycin; most strains are susceptible to tetracycline,
erythromycin, oleandomycin, penicillin G, streptomycin, chlor-
amphenicol, and novobiocin. Very susceptible to methicillin.
The major menaquinone is MK-7(H,). The cytochromes are
cytochromes aas, Cs4g, Css7, Dseq, aNd dg,r6. The major fatty acid
is anteiso-Cis.; Cig.0, 150-Cy4.p, and anteiso-C,,,, occur in
smaller amounts. The major aliphatic hydrocarbons (br-A-C)
are C,s, Cy, and C,, hydrocarbons. The major amino sugar
in the cell wall polysaccharide is galactosamine. The G+C
content of the DNA is 66 to 72 mol% (as determined by the
T,, method). Saprophytic. Nonhemolytic. Isolated from mam-
malian skin, soil, and water. The type strain is DSM 20033
(= ATCC 15306 = CCM 884).

Description of Kocuria kristinae (Kloos, Tornabene, and
Schleifer 1974) comb. nov. (Approved Lists 1980). Kocuria
kristinae (kris.ti'nae. M.L. gen. kristinae, of Kristin). In addi-
tion to the properties given in the genus description above, this
species has the following characteristics. Spheres (diameter,
0.7 to 1.1 pm) occur in tetrads which may form large adherent
clusters. Colonies are circular, entire or crenate, convex,
smooth or rough, up to 2 mm in diameter, and pale cream to
pale orange; with time the color in the colony center becomes
more intense. Colony morphology and color become more
distinct with age; cell morphology is not culture age or medium
dependent. Does not produce a water-soluble exopigment.
Slightly facultatively anaerobic. Grows well on nutrient agar
containing up to 10% NaCl; growth is very weak in the pres-
ence of 15% NaCl. Oxidase and benzidine test positive. Urease
variable; arginine dihydrolase, lecithinase, and phosphatase
negative; and B-galactosidase variable. Nitrate reduction is
negative in most strains. Nitrite reduction negative. No growth
occurs on Simmons citrate agar, and growth does not occur or
is weak on inorganic nitrogen agar. Positive for hydrolysis of
esculin but negative for hydrolysis of gelatin, Tween 80, and
starch. Produces acetoin. Acid is produced aerobically from
glucose, fructose, mannose, sucrose, and glycerol and usually
from maltose and glucitol. Does not utilize rhamnose, xylose,
ribose, arabinose, raffinose, melibiose, mannitol, ribitol, and
galactitol; usually does not utilize galactose and lactose. The
amino acid and vitamin requirements are complicated. Usually
growth is stimulated by leucine, lysine, valine, tyrosine, and
niacin. The optimal growth temperature is 25 to 37°C. Resis-
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tant to lysozyme. Susceptible to tetracycline, erythromycin, no-
vobiocin, methicillin, penicillin, kanamycin, chloramphenicol,
neomycin, vancomycin, polymyxin B, and streptomycin. The
major menaquinones are MK-7(H,) and MK-8(H,). The cyto-
chromes are cytochromes aas, ¢s45, €557, Psgr, and dgsq. The
major fatty acid is anteiso-C,5,q; Cyg.0, i80-C,4.9, and anteiso-
C,5.,0 occur in smaller amounts. The major aliphatic hydrocar-
bons (br-A-C) are C,g and C,4 hydrocarbons. In addition to the
genus-specific phospholipids ninhydrin-negative phospholipids
and glycolipids are present. The major amino sugar in the cell
wall polysaccharide is glucosamine. The G+C content of the
DNA is 67 mol% (as determined by the 7,, method). Nonhe-
molytic. The primary habitat is human skin. The type strain is
DSM 20032 (= ATCC 27570 = CCM 2690).

Description of the genus Micrococcus Cohn 1972, 15
emend. Stackebrandt et al. 1995. The description below is
based on characteristics given in references 9, 22, 25, 26, 29,
43a, 45, and 46 and this paper. Cells are spherical and nonmo-
tile. Endospores are not formed. Gram positive. Aerobic. Che-
moorganotrophic; metabolism is strictly respiratory. Catalase
and oxidase positive. Mesophilic. Nonhalophilic. The pepti-
doglycan contains L-lysine as the diagnostic amino acid. The
peptidoglyan variation is either A2, with the interpeptide
bridge consisting of a peptide subunit, or A4a. The predomi-
nant menaquinones are either MK-8 and MK-8(H,) or MK-
8(H,); MK-7 or MK-7(H,) and MK-9(H,) occur in minor
amounts. The cytochromes are cytochromes aas, bss4, bsg,, and
dae; Cytochromes cssg, €ss1, D563, Psgsr and bsq; may be present.
Mycolic acids and teichoic acids are absent; teichuronic acids
may be present. Mannosamine-uronic acid may be present as
an amino sugar in the cell wall polysaccharide. The cellular
fatty acids are iso- and anteiso-branched fatty acids, with an-
teiso-C,s.o and iso-C,s., predominating. The polar lipids are
phosphatidylglycerol, diphosphatidylglycerol, and unknown
ninhydrin-negative phospholipids and glycolipids; phosphati-
dylinositol may be present. The major aliphatic hydrocarbons
(br-A-C) are C,, to C, hydrocarbons. The G+C content of
the DNA is 69 to 76 mol% (as determined by the 7,, method).
The primary habitat is mammalian skin. The type species is
Micrococcus luteus (Schroeter) Cohn 1872, 1537
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