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Abstract
A novel actinobacterium, YIM  132087T, isolated from Lepraria sp. lichen collected from Yunnan province, south-west PR 
China. Cells are Gram-stain-positive, catalase-positive and oxidase-negative, aerobic, non-motile and short rod-shaped. 
Colonies are asporogenous, circular and white brown in colour. Optimal growth occured at 15−35 °C (optimum 28 °C), at 
pH 5.0−9.0 (optimum pH 6.0), and in the presence of 3% NaCl (w/v). The DNA G+C content of strain YIM  132087T based 
on the draft genome sequence was 71.3 mol%. Phylogenetic analysis based on 16S rRNA gene sequences suggested that 
strain YIM  132087T belonged to the genus Nakamurella and exhibited high levels of 16S rRNA gene sequence similarity 
with Nakamurella endophytica CGMCC 4.7038T (97.9%) and Nakamurella intestinalis NBRC  111844T (97.2%). The DNA–
DNA hybridization values between strain YIM  132087T and its closest relatives are lower than 26%. Strain YIM  132087T 
had meso-diaminopimelic acid as the diagnostic cell-wall diamino acid, and MK-8(H4) as the predominant menaquinone. 
Predominant cellular fatty acids (> 10%) were iso-C16:0, iso-C15:0,  C16:0 and anteiso-C15:0. The polar lipid profile were found 
to be diphosphatidylglycerol, phosphatidylmethylethanolamine, phosphatidylethanolamine, phosphatidylinositol, three 
unknown phospholipids, one unknown aminophospholipid and one unknown lipid. Based on phenotypic, phylogenetic and 
chemotaxonomic analysis, strain YIM  132087T belongs to the genus Nakamurella and represents a novel species of the genus 
Nakamurella, for which the name Nakamurella albus sp. nov., with type strain YIM  132087T (=CGMCC 4.7629T =NBRC 
 114017T), is proposed.

Introduction

The genus Nakamurella, the sole member and type genus of 
the family Nakamurellaceae, was proposed as a substitute 
for Microsphaera by Yoshimi and Tao et al. [1, 2]. At the 
time of writing, the genus comprises seven species with val-
idly published names (https ://www.bacte rio.net/nakam urell 
a.html). The members of the genus Nakamurella have been 
isolated from different environments, including activated 
sludge, rock, plant bark, faeces of insect and soil [1–8].

During a study of the diversity of actinobacteria present 
in lichen samples, a novel actinobacterium YIM  132087T 
was isolated from Lepraria sp. lichen collected from Yunnan 
province, south-west PR China. The aim of this study was 
to determine the taxonomic status of the novel isolate using 
a polyphasic approach.

The GenBank/EMBL/DDBJ accession number for the 16S rRNA 
gene sequence of strain YIM  132087T is MN317339 and the 
genome sequence is WLYK00000000.
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Materials and Methods

Isolation, Maintenance and Cultural Conditions

A lichen sample was collected from Yunnan province (99° 
39′ E, 22° 23′ N), south-west PR China, then immediately 
transferred to sterile paper bag and air-dried at 28 °C for 
7 days. Strain YIM  132087T was isolated using a standard 
dilution plate method on humic acid-vitamin agar media 
[9]. The isolation procedure was performed as described by 
Liu et al. [10]. The purified strain was maintained on ISP 
2 agar slants at 4 °C and as 20% (v/v) glycerol suspensions 
at − 80 °C, respectively.

Phylogenetic Analysis

Extraction of genomic DNA and amplification of 16S rRNA 
gene fragments were performed as described by Li et al. 
[11]. The 16S rRNA gene sequence obtained in this study 
was compared with sequences from EzBioCloud using blast 
(https ://www.ezbio cloud .net/) [12]. Phylogenetic trees were 
constructed with the neighbour-joining [13], maximum-like-
lihood [14] and maximum-parsimony [15], methods using 
the software package MEGA version 7.0 [16]. Bootstrap 
analysis with 1000 replications was conducted to estimate 
the topology of the phylogenetic tree [17].

Phenotypic Characteristics

Cell morphology was examined by phase-contrast micros-
copy (ECLIPSE Ni-U; Nikon) and transmission electron 
microscope (JEM-2100, JEOL) after cells grown on ISP 2 
medium at 28 °C for 3 days. Most physiological and bio-
chemical tests—including hydrolysis of starch and cellulose, 
Tweens (20, 40, 60 and 80), coagulation and peptonisa-
tion of milk,  H2S production and nitrate reduction—were 
observed using the methods described by Smibert and 
Krieg [18]. Gram staining, catalase and oxidase activities 
as well as motility were investigated using standard methods 
[19–21]. Anaerobic growth was determined after incuba-
tion on ISP 2 for 14 days at 28 °C using the GasPak EZ 
Anaerobe Pouch System (BD). Different temperatures (4, 8, 
10–45 °C at intervals of 5 °C and 37 °C), pH range (4.0–12.0 
at intervals of 1.0 pH unit) for strain growth were examined 
on ISP 2 medium using the buffer system from Xu et al. 
[22]. Tolerance to NaCl for growth was examined by cultiva-
tion in ISP2 agar containing 0−8% NaCl (w/v, at 1% inter-
vals). Other biochemical properties and enzyme activities 
were further tested using the API 20NE and API ZYM kits 
according to the manufacturer’s instructions. Carbon source 
utilization patterns were determined using Biolog GEN III 

MicroPlates (BioMérieux). For phenotypic comparisons, 
the reference strains Nakamurella endophytica CGMCC 
4.7038T and Nakamurella intestinalis NBRC  111844T were 
grown and tested under identical conditions.

Chemotaxonomic Characterisation

Cell mass of YIM  132087T and reference strains for chemi-
cal analysis were obtained from cultures grown on ISP 2 agar 
at 28 °C for 3 days. Polar lipids were extracted and analysed 
by two-dimensional TLC according to the method of Den-
ner et al. [23]. Fatty acids were extracted with the method 
of Kuykendall et al. [24] and analysed using the standard 
protocol of the MIDI System (Sherlock version 6.1; database 
TSBA6) [25]. The menaquinone was investigated by HPLC 
according to the method described by Tindall [26]. Cell wall 
amino acids were extracted, detected and analysed according 
to procedures described by Schleifer and Kandler [27] and 
Tang et al. [28]. DNA–DNA relatedness experiment was 
performed between strain YIM  132087T and its phylogeneti-
cally closely related strains N. endophytica CGMCC 4.7038T 
and N. intestinalis NBRC  111844T using the photobiotin-
labelled DNA probes and micro-well method [29, 30].

Genomic Analysis

The whole-genome sequencing of strain YIM  132087T was 
performed using paired-end sequencing method with Hiseq 
4000 platform. The draft genome was assembled using 
SOAP denovo version 2.04 [31] and the short oligonucleo-
tide of assembled results was further polished using SOAP 
aligner 2.21 [32]. Genes annotation were conducted through 
the NCBI prokaryotic genome annotation pipeline.

Results and Discussion

Phylogenetic and Genomic Analysis

The nearly full-length 16S rRNA gene sequence of strain 
YIM  132087T (1490  bp; GenBank accession number 
MN317339) was obtained. On the basis of 16S rRNA gene 
sequence comparisons, strain YIM  132087T is closely 
related to members of the genus Nakamurella, namely N. 
endophytica CGMCC 4.7038T (97.9%) and N. intestinalis 
NBRC  111844T (97.2%), less than 97.0% with other cur-
rently described type strains of Nakamurella. Moreover, 
phylogenetic trees showed that strain YIM  132087T formed 
a distinct lineage into the genus Nakamurella, with Naka-
murella intestinalis NBRC  111844T as the closely related 
neighbour in Fig. 1. Similar topologies were also observed 
in the maximum-likelihood tree (Fig. S1) and maximum-
parsimony tree (Fig. S2). The DNA–DNA hybridization 

https://www.ezbiocloud.net/
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values of strain YIM  132087T with N. endophytica CGMCC 
4.7038T and N. intestinalis NBRC  111844 T were 22.1% and 
25.3%, respectively, which are lower than the species-level 
threshold (70%).

The draft genome of strain YIM  132087T contained 
29 contigs, with a total length of 6,051,944  bp and an 
N50 length of 522,866 bp (GenBank accession number 
WLYK00000000). Strain YIM  132087T genome was anno-
tated with 5349 genes, including 5203 protein-coding genes, 
4 rRNA genes, 45 tRNA genes, 3 ncRNA genes and 94 pseu-
dogenes. The DNA G+C content of strain YIM  132087T was 
determined from the genome to be 71.3 mol%, a value in the 
range reported for species in the genus Nakamurella [8].

Phenotypic Characteristics

After three days of growth (28  °C, ISP 2), strain YIM 
 132087T was aerobic, Gram-stain-positive, asporogenous, 
non-motile and short rod-shaped (0.5−0.7 × 1.0−1.7 μm) 
(Fig. S3). Colonies of strain YIM  132087T were white, 
moist, smooth and round. Strain YIM  132087T is catalase-
positive and oxidase-negative. Showed good growth at 
28 °C, at pH 6.0 and in the presence of 1% NaCl. Alka-
line phosphatase, esterase (C4), esterase lipase (C8), leu-
cine arylamidase, valine arylamidase, cystine arylamidase, 
acid phosphatase, naphthol-AS-BI-phosphohydrolase, 
α-glucosidase, β-glucosidase and α-mannosidase were posi-
tive, but others in the API ZYM system (bioMe´rieux) were 
found to be negative. In the API 20NE strips, hydrolysis of 
l-arginine, urease, esculine, gelatin and PNPG, assimilation 
of d-glucose, l-arabinose, d-mannose, d-mannitol, d-malt-
ose, potassium gluconate and acide malique were positive, 
but other tests were negative. Detailed physiological and 
biological characteristics are shown in novel species descrip-
tion and Table 1.

Chemotaxonomic Characterisation

The polar lipids of strain YIM  132087T were found to be 
diphosphatidylglycerol (DPG), phosphatidylmethyletha-
nolamine (PME), phosphatidylethanolamine (PE), phos-
phatidylinositol (PI), three unknown phospholipids (PL), 
one unknown aminophospholipid (APL) and lipid (L) (Fig. 
S4), which was consistent with the genus Nakamurella. 
But the presence of phosphatidylmethylethanolamine 
and lipid differentiated it from N. endophytica CGMCC 
4.7038T, and phosphatidylmethylethanolamine and phos-
pholipid distinguished it from N. intestinalis NBRC 
 111844T. Predominant cellular fatty acids (> 10%) were 
identified as iso-C16:0 (33.7%), iso-C15:0 (12.8%),  C16:0 
(12.6%) and anteiso-C15:0 (11.7%). The fatty acid compo-
sition was found to be similar to that of the closely related 
strains N. endophytica CGMCC 4.7038T and N. intesti-
nalis NBRC  111844T, but the proportions of some fatty 
acids were different (Table 2). The predominant menaqui-
none was found to be MK-8(H4) (60.1%), which was uni-
form with the genus Nakamurella. MK-8(H2) and MK-8 
were also found to be considerable amount in strain YIM 
 132087T, accounting for 27.3% and 12.6%, respectively. 
The peptidoglycan of strain YIM  132087T contained ala-
nine (Ala), glutamic acid (Glu) and meso-diaminopimelic 
acid as cell-wall amino acids.

Taxonomic Conclusion

In summary, based on the results obtained from phenotypic 
and biochemical properties as well as from chemotaxonomic 
and phylogenetic analysis, we conclude that strain YIM 
 132087T should be assigned to the genus Nakamurella as 
a novel species, for which the name Nakamurella albus sp. 
nov. is proposed.

Fig. 1  Neighbour-joining phylo-
genetic tree based on 16S rRNA 
gene sequences, showing the 
position of strain YIM  132087T 
in relation to its nearest phylo-
genetical neighbours. Numbers 
at nodes indicate the level 
of bootstrap support (>50%) 
based on 1000 resamplings. 
Sediminihabitans luteus H97-3T 
(AB695376) was used as an 
outgroup. Bar, 0.01 substitu-
tions per nucleotide position

Nakamurella flavida DS-52T (DQ321750)

Nakamurella lactea DSM 19367T (AM778124)

Nakamurella panacisegetis KCTC 19426T (HE599560)

Nakamurella silvestris S20-107T (KP899234)

Nakamurella multipartita DSM 44233T (CP001737)

Nakamurella albus YIM 132087T (MN317339)

Nakamurella endophytica CGMCC 4.7038T (KT971019)

Nakamurella intestinalis NBRC 111844T (KU379671)

Sediminihabitans luteus H97-3T (AB695376)

97

69

64

0.01
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Description of Nakamurella albus sp. nov.

Nakamurella albus (al’bus. L. masc. adj. albus White)

Strain YIM  132087T is Gram-stain-positive, aerobic, 
catalase-positive and oxidase-negative, asporogenous, 
non-motile and short rod-shaped (0.5−0.7 × 1.0−1.7 μm). 
Colonies on ISP 2 medium are white, moist and circular. 

Grown well on ISP 2 and YIM 38 medium, weakly on 
R2A, TSA and NA medium, but not at all on LB agar. 
Growth occurs at 15−35  °C (optimum 28  °C), at pH 
5.0−9.0 (optimum pH 6.0) and in the presence of 3% 
NaCl. Hydrolysis of Tweens (20, 40, 60), gelatin and 
starch are positive, but nitrate reduction,  H2S production, 
milk coagulation and peptonisation, hydrolysis of cellulose 
are negative. In the Biolog GEN III system, the following 

Table 1  Phenotypic characteristics that differentiate strain YIM  132087T from closely related reference strains of the genus Nakamurella 

Strains: 1, YIM  132087T; 2, N. endophytica CGMCC 4.7038T; 3, N. intestinalis NBRC  111844T. All data were obtained from this study except 
where indicated. All strains were negative for hydrolysis of cellulose and Tween 80. In API 20NE tests, all strains were positive for hydrolysis of 
esculine and PNPG. In the API ZYM kits, all strains were positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylami-
dase, valine arylamidase, cystine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, α-glucosidase and β-glucosidase
 + , positive; − , negative, w, weak
a , *Data from Tuo et al. [6]
b , *Data from Kim et al. [8]

Characteristic 1 2 3

Isolation source Lichen Plant bark Faeces
Colony colour White Orange-yellow White
Cell shape Short rod Coccia, * Short  rodb, *
Growth at (°C) 15–35 15–40 4–35
pH range for growth 5.0–9.0 5.0–9.0 6.0–9.0
Tolerance of NaCl (%) 0–3 0–2 0–4
Nitrate reduction  −  − w
Hydrolysis of
 Tween (20, 40, 60)  +  −  − 
 Gelatin  +  −  + 
 Starch  +  −  − 
 Urease  +  +  − 

Enzyme activity of (API ZYM)
 α-chymotrypsin  −  +  − 
 β-galactosidase  −  +  − 
 α-mannosidase  +  −  − 

Assimilation of (API 20NE)
 d-Glucose  +  −  + 
 l-Arabinose  +  −  + 
 d-Mannose  +  −  + 
 d-Manniiol  +  −  + 
 N-Acetylglucosamine  −  −  + 
 d-Maltose  +  −  + 
 Potassium gluconate  +  −  + 
 Acide caprique  −  −  + 
 Acide malique  +  −  + 
 Trisodium citrate  −  −  + 
 Acide phenylacetique  −  −  + 

Fermentation of glucose  −  +  + 
Menaquinones (MK) MK-8(H4), MK-8(H2), MK-8 MK-8(H4) MK-8(H4)
Polar lipids (DPG, PME, PE, APL, PI,  PL1-3, L) (DPG, PE, APL, PI, PL)a, * (DPG, PE, APL, PI,  L1-2)b, *
Major fatty acids (10%) iso-C16:0, iso-C15:0,  C16:0, anteiso-C15:0 iso-C16:0, anteiso-C15:0, anteiso-

C17:0,  C16:0

C16:0, anteiso-C15:0, iso-C15:0

G+C content mol% 71.3 67.8a, * 64.6b, *
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substrates are used as a source of energy: dextrin, d-malt-
ose, d-trehalose, d-cellobiose, gentiobiose, d-fructose, 
d-arabitol, inositol, l-histidine, d-galacturonic acid, 
d-gluconic acid, mucic acid, d-malic acid, γ-amino-butyric 
acid, α-hydroxy-butyric acid, β-hydroxy-d,l-butyric acid, 
α-keto-butyric acid, acetoacetic acid and acetic acid. The 
cell-wall peptidoglycan contains meso-diaminopimelic 
acid as diamino acid. The polar lipid profile comprises 
diphosphatidylglycerol, phosphatidylmethylethanolamine, 
phosphatidylethanolamine, phosphatidylinositol, three 
unknown phospholipids, one unknown aminophospholipid 
and lipid. The major cellular fatty acids (>10%) are iso-
C16:0, iso-C15:0,  C16:0 and anteiso-C15:0. The predominant 
menaquinone is MK-8(H4).

The type strain,  YIM  132087T (=CGMCC 
4.7629T =NBRC  114017T) was isolated from Lepraria 
sp. lichen collected from Yunnan province, south-west PR 
China. The DNA G+C content based on the draft genome 
sequence is 71.3 mol%. The GenBank accession number for 
the 16S rRNA gene sequence and draft genome sequence of 
strain YIM  132087T are MN317339 and WLYK00000000, 
respectively.
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