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diagnostic diamino acid. Based on the results of phy-
logenetic, phenotypic and chemotaxonomic features, 
strain Z1-20  T represents a novel species of a novel 
taxon of genus Arthrobacter, for which the name 
Arthrobacter terrae gen. nov., sp. nov. is proposed.

Keywords Antarctic · Arthrobacter · Polyphasic 
taxonomy · New species

Introduction

Members of the genus Arthrobacter are aerobic, 
Gram-stain positive, catalase-positive actinobac-
teria with a high DNA G + C content (Keddie et  al. 
1986; Stackebrandt et al. 1983), contain MK-9(H2) or 
MK-8/MK-9 as the major menaquinones. Two major 
cell-wall peptidoglycan structural types in Arthro-
bacter species are A3α and A4α (Busse 2016). The 
genus Arthrobacter strains currently comprises 69 
species with validly names, frequently isolated from 
various environments including soils (Gupta et  al. 
2004; Ganzert et  al. 2011), marine environments 
(Pindi et  al. 2010; Cobet et  al. 1970), lake water 
(Dubinina and Zhdanov 1975), marsh (Zhang et  al. 
2018) and sewage (Kim et al. 2008). It has also been 
found in the filtration substrate (Ding et  al. 2009), 
the surface of smear-ripened cheeses (Irlinger et  al. 
2005) and mural paintings (Heyrmanl et  al. 2005). 
Psychrophilic members of the genus Arthrobacter 
including A. psychrochitiniphilus (Wang et al. 2009), 
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A. alpinus (Zhang et  al. 2010), A. cryoconiti (Mar-
gesin et al. 2012) and Arthrobacter ruber (Liu et al. 
2018) were obtained from Antarctica and other cold 
environments. The wide distribution of Arthrobac-
ter members is probably due to their nutritional ver-
satility and their resistance to environmental stress 
factors. Recently, cold-active enzymes such as β-D-
galactosidase and α-Amylase have been isolated from 
Arthrobacter species (Kim et  al. 2017; Rutkiewicz 
et  al. 2019), which indicated that psychrophilic spe-
cies of the genus Arthrobacter have important poten-
tial sources of cold-active enzymes.

During an exploration of Antarctic microbial 
resources, a Gram-staining-positive, aerobic bacte-
rium, designated strain Z1-20 T was isolated from a 
soil sample collected in Zhongshan station, Antarctic. 
In this study, strain Z1-20  T was characterized taxo-
nomically using a polyphasic approach, and a novel 
species of the genus Arthrobacter is proposed.

Materials and methods

Isolation of microorganism

The strain Z1-20  T was isolated from a soil sample 
collected from the Zhongshan station, Antarctic. The 
soil sample was serially diluted in 1% (w/v) NaCl 
solution and inoculated onto R2A agar plates (0.5 g 
yeast extract, 0.5  g peptone, 0.5  g casamino acids, 
0.5  g glucose, 0.5  g soluble starch, 0.3  g  K2HPO4, 
0.024  g  MgSO4, 0.3  g sodium pyruvate, pH7.0, 
15  g agar in 1L) and then incubated at 15  °C for 
7–10 days. The isolated strain was routinely cultured 
on R2A agar plates at 20 °C and maintained at 4 °C. 
It was also stored as glycerol suspensions (20%, v/v) 
at − 80 °C.

Phenotypic characterization

Strain Z1-20 T was grown for 4 days in R2A broth at 
20 °C and 180 rpm. An aliquot of culture was stained 
with crystal violet and Gram’s iodine. The morpho-
logical characteristics of strain Z1-20 T were observed 
using transmission electron microscope (model JEM-
1200EX) after 4 days of growth on R2A agar plates. 
Growth at different temperatures (4, 10, 15, 20, 25, 
28 and 37 °C) and different pH (pH 4.0–12.0 at inter-
vals of 1.0 pH unit) were tested on R2A agar plates 

for 7–10 days. Media with different pH values were 
prepared using the buffer system described by Xu 
et  al. (2005). The tolerance to different NaCl con-
centrations (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 15 
and 20%, w/v) was tested on R2A agar plates as the 
basal plates by incubating the cultures for 7–10 days 
at 20 °C. Oxidase production was tested as described 
by McCarthy and Cross (1984). Catalase activity was 
detected by the production of bubbles following addi-
tion of a drop of 3% (v/v)  H2O2. Hydrolysis of casein, 
gelatin, starch and tween 80 and nitrate reduction 
were determined as described by Cowan and Steel 
(1965). Carbon source utilization was determined 
using the API 50CH tests (BioMérieux, Marcy-
l’Étoile, France) according to the manufacturer’s 
instructions.

Phylogenetic and genome analyses

PCR amplification of the 16S rRNA gene fragment of 
the novel strain was performed. The 16S rRNA gene 
sequence of strain Z1-20  T was compared against a 
database of cultured species via the EzBio-Cloud 
Database (http:// www. ezbio cloud. net/) (Yoon et  al. 
2017a, b) and multiple sequence alignment was 
programed via CLUSTAL W (MEGA 7.0) (Larkin 
et al. 2007). Neighbor-joining phylogenetic and max-
imum-likelihood phylogenetic trees were constructed 
using MEGA 7.0 (Kumar 2016;  Felsenstein 1985; 
Saitou and Nei 1987), and PHYML phylogenetic tree 
was generated using the web (http:// www. atgc- montp 
ellier. fr/ phyml/) after multiple alignment of data by 
CLUSTAL W (Larkin et  al.  2007). Distances (dis-
tance options according to the Kimura two-parame-
ter model) and clustering were determined using the 
neighbor-joining method. Bootstrap analysis was used 
to evaluate the tree topology of the neighbor-joining 
data by performing 1000 resamplings (Fitch 1970).

Genomic DNA for the genome sequencing was 
extracted via the Genomic DNA Rapid Isolation 
Kit for Bacterial Cell (TIANGEN). The genomic 
DNA G + C content was determined from whole 
genome sequence data of the strain Z1-20 T. Digi-
tal DNA-DNA hybridization (dDDH) analysis to 
establish the precise taxonomic position of strain 
Z1-20  T was performed using the GGDC web 
(http:// ggdc. dsmz. de) (Meier-Kolthoff et al. 2013). 
Average nucleotide identity (ANI) was calculated 
using the web services available at EzBio-cloud 

http://www.ezbiocloud.net/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://ggdc.dsmz.de
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(https:// www. ezbio cloud. net/ tools/ ani) (Yoon et al. 
2017a, b). A maximum-likelihood phylogenetic 
tree was constructed based on the alignment of 900 
single-copy core genes with 26 Arthrobacter spe-
cies, constructed by RAxML-NG (https:// github. 
com/ amkoz lov/ raxml- ng/) with an inferred model 
by ModelTest (https:// github. com/ ddarriba/model-
test/), with 100 bootstrap replicates (Croucher et al. 
2015).

Online tool antiSMAH (https:// antis mash. secon 
darym etabo lites. org/# !/ start) was used to pre-
dict the gene clusters of secondary metabolites in 
strains Z1-20  T, A. glacialis HLT2-12-2  T and A. 
psychrochitiniphilus  GP3T. For comparative analy-
ses, Z1-20 T, A. glacialis HLT2-12-2 T and A. psy-
chrochitiniphilus  GP3T were selected based on 
neighbor-joining phylogenetic tree and integrity 
and similarity of their genomes. GeneMarkS soft-
ware (Besemer et al. 2001) was used to predict the 
protein-coding genes of bacterial genome. Com-
paring the protein sequence of the predicted gene 
with NR, eggNOG and KEGG databases were 
performed by diamond blastp. For this analysis, 
the comparison result with the highest score was 
selected for annotation and the following cutoff 
values were applied (e-value < 1e-6 and amino acid 
sequence identity of at least 40%).

Chemotaxonomic characterization

Biomass for chemotaxonomic analysis was 
obtained by cultivation in shake flasks (with shak-
ing at about 180  rpm) using R2A liquid medium 
(1% (w/v) NaCl, pH 7.0) at 20 °C for 4 days. The 
analysis of peptidoglycan structure was carried out 
as described by Schumann (Schumann 2011) in 
DSMZ. Polar lipids were extracted, examined by 
two-dimensional TLC and identified using pub-
lished procedures (Minnikin et  al. 1984a, b; Min-
nikin et al. 1984a, b). Menaquinones were isolated 
using the methods of Minnikin et  al. (Minnikin 
et al. 1984a, b; Minnikin et al. 1984a, b) and sepa-
rated by HPLC (Kroppenstedt 2004). The cellular 
fatty acid compositions were determined accord-
ing to the instructions of the Sherlock Microbial 
Identification System (MIDI Sherlock version 4.5, 
MIDI database TSBA40 4.10) (Kroppenstedt 2004; 
Sasser 1990).

Results and discussion

Morphological and phenotypic characteristic

Bacterial cells of strain Z1-20 T are ellipsoidal, non-
spore-forming, approximately 0.43–0.79  μm wide 
and 0.71–1.4 μm long (Fig. S1). When tested on R2A 
agar plates, growth of strain Z1-20 T was observed at 
temperatures between 10 and 28 °C, with an optimum 
growth temperature of 20 °C and within the pH range 
pH 6.0–9.0, with an optimum of pH 8.0. The strain 
grew on R2A agar with NaCl concentrations range 
from 0 to 7% (w/v), with an optimum of 1%. Posi-
tive for oxidase, catalase, nitrate reduction, but nega-
tive for hydrolysis of casein, gelatin, starch, Tween80. 
The following substrates in the API 50CH tests were 
utilized: mannitol, D-mannose, D-glucose, D-fruc-
tose, aesculin, iron citrate, potassium gluconate and 
2 potassium ketogluconate. Z1-20 T and the reference 
strains are shown in Table 1 and Table S1.

Phylogenetic characteristics

The almost-complete 16S rRNA gene sequence 
(1497 bp) of strain Z1-20 T was determined and com-
pared against the EzBio-cloud Database (Kim et  al. 
2012) to retrieve most similar sequences of recog-
nized bacteria. Strain Z1-20 T showed high sequence 
similarities to Arthrobacter species. The most closed 
16S rRNA gene sequence similarity was found to A. 
glacialis HLT2-12-2  T (97.05%) (Liu et  al. 2019), 
followed by A. psychrochitiniphilus  GP3T (96.92%) 
(Wang et  al. 2009), Pseudarthrobacter siccitolerans 
 4J27T and P. phenanthrenivorans  Sphe3T. Neighbor-
joining and maximum-likelihood phylogenetic trees 
showed that the novel strain Z1-20 T formed a sepa-
rate branch from the two closely related Arthrobac-
ter type strains and Pseudarthrobacter clusters (for-
merly ‘Arthrobacter oxydans’ group) (Fig. 1 and Fig. 
S3). The high consistency of phylogenetic position 
of strain Z1-20 T was also supported by the phylog-
enomic tree (Fig. 2) and other algorithms tested (Fig.
S4). Based on the 16S rRNA gene sequence similarity 
and phylogenetic clustering, the closely related type 
strains A. glacialis, A. psychrochitiniphilus and the 
relative P. siccitolerans and P. phenanthrenivorans, 
as well as the type strain P. polychromogenes of the 
genus Pseudarthrobacter were chosen as reference 

https://www.ezbiocloud.net/tools/ani
https://github.com/amkozlov/raxml-ng/
https://github.com/amkozlov/raxml-ng/
https://github.com/
https://antismash.secondarymetabolites.org/#!/start
https://antismash.secondarymetabolites.org/#!/start
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Table 1  Characteristic s useful for differentiating strain Z1-20 T from the most closely related species of the genus Arthrobacter and 
Pseudarthrobacter 

Strains: 1, Z1-20 T; 2, A. glacialis HLT2-12-2 T; 3, A. psychrochitiniphilus  GP3T; 4, P. siccitolerans  4J27T; 5, P. phenanthrenivorans 
 Sphe3T; 6, P. polychromogenes WS  1989 T

PG phosphatidylglycerol; DPG diphosphatidylglycerol; PI phosphatidylinositol; GL unidentified glycolipid; L unidentified lipid
Data for reference species were taken from Busse (2016); Busse and Schumann (2019); Kallimanis et al. (2013); Liu et al. (2019); 
SantaCruz-Calvo et al. (2013); Schippers-Lammertse et al. (1963); Wang et al. (2009) and *the present study. + positive, – negative, 
NA, no data available

Characteristic 1 2 3 4 5 6

Colony color Yellow Creamy yellow Yellow Cream Yellow Blue-green
Growth tempera-

ture range (°C), 
optimum

10 − 28,
20

4 − 25,
20 − 25

0 − 25,
20

15 − 35,
30

4 − 37,
30 − 37

10 − 37,
25

Growth pH range, 
optimum

6 − 9,
8

7 − 8,
7

6 − 8,
7

5 − 9,
7

6.5 − 8.5,
7.0 − 7.5

6 − 11,
9 − 10

NaCl range for 
growth (%), 
optimum

0 − 7,
1

0 − 4,
0.5 − 2

0 − 3,
1

0 − 4,
1

NA NA

Hydrolysis of:
Starch
Tween 80

 − 
 − 

 − 
 − 

 + 
 + 

 − 
 − 

NA
NA

NA
NA

Nitrate reduction  +  +  −  +  +  + 
Oxidase produc-

tion
 +  −  −  −  − NA

Assimilation of
D-Glucose  +  −  +  +  − NA
D-Mannose  +  −  −  +  − NA
D-Maltose  −  +  −  +  −  + 
D-Sucrose  −  +  +  +  +  + 
D-Trehalose  −  +  −  +  −  − 
D-Cellobiose  −  +  −  +  − NA
D-Gentiobiose  +  +  −  +  − NA
D-Turanose  −  +  −  +  − NA
Polar lipid PG, DPG, PI and 

GL
PG, DPG, PI, 

DMG and L
PG, DPG, PI, 

GL, APL, PL 
and L*

NA PG, DPG, PI, 
MGDG, DMG, 
TDG and L

PG, DPG, 
PI, MGDG, 
DMDG, 
TMDG and L

Peptidoglycan 
type

A3α (L-Lys-Thr-
Ala2, A11.27)

A3α (L-Lys-L-
Thr-L-Ala3; 
A11.28)a

A3α (L-Lys-Thr-
Ala, A11.25)

A3α (L-Lys-
L-Ser-L-
Thr-L-Ala; 
A11.23)

NA A3α (L-Lys-L-
Ser-L-Thr-L-
Ala; A11.23)

Major menaqui-
nones

MK-9(H2) MK-9(H2) MK-9(H2) MK-9(H2) MK-9(H2) MK-9(H2)

Major fatty acids anteiso-C15:0,
anteiso-C17:0, 

iso-C15:0

anteiso-C15:0,
anteiso-C17:0, 

iso-C16:0

anteiso-C15:0,
anteiso-C17:0, 

iso-C16:0

anteiso-C15:0, 
 C17:0,  C16:0 
and iso-
C16:0

iso-C15:0, anteiso-
C15:0, iso-C16:0, 
 C16:0 and 
anteiso-C17:0

anteiso-C15:0 and 
anteiso-C17:0

G + C content 
(mol%)*

63.0 61.4 58.5 65.3 67.5 62.9

ANI (%) – 72.45 72.1 72.9 72.45 72.9
dDDH (%) - 20.3 13.8 20.1 20.8 20.1
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strains for further comparative study to determine the 
taxonomic position of the novel strain Z1-20 T.

Genomic characteristics

The genome size of strain Z1-20 T was about 4.43 Mb 
with 4351 genes and 69 tRNA genes and a single 16S 
rRNA gene. The DNA G + C content of the strain 
Z1-20  T was calculated to be 63.0% from genome 
data. Digital DNA-DNA hybridizations (dDDH) 
values between strain Z1-20  T against the reference 
strains were 13.8–20.8%, which were clearly below 
the 70% threshold generally accepted for species 
delineation (Wayne et  al. 1987). Average nucleotide 
identity (ANI) score between strain Z1-20  T against 
the reference strains ranged from 72.1 to 72.9%. The 
ANI values lower than 95% (Kim et al. 2014) found 
between the new strain and its closest related spe-
cies could also support strain Z1-20 T representing a 

novel species. In addition, maximum-likelihood phy-
logenomic tree based on the alignment of 900 single-
copy core genes showed high consistency of the phy-
logenetic position of strain Z1-20  T, which support 
the designation of strain Z1-20  T as a novel species 
(Fig. 2). The above genomic analysis results confirm 
that the strain Z1-20 T represents a new taxon.

AntiSMASH analysis of the genome of Z1-20  T 
found six type biosynthesis gene clusters: bacteri-
ocin, butyrolactone, terpene, betalactone, T3PKS 
and NRPS, showing a slight difference with the two 
reference strains (Table  S2). Genes associated with 
cold adaptation in the genome of strain Z1-20 T have 
been revealed (Table  2 and Supplementary file 1) 
which include cold shock response, osmoprotection 
protection, oxidative stress risistance and membrane 
adaptations. Z1-20 T has an uptake system for organic 
osmoprotectants, as suggested by the identification of 
several genes coding for ABC-type glycine betaine/

Pseudarthrobacter defluvii 4C1-aT (AM409361)
Pseudarthrobacter niigatensis LC4T (AB248526)

Pseudarthrobacter equi IMMIB L-1606T (LT629779) 
Pseudarthrobacter phenanthrenivorans Sphe3T (CP002379)

Pseudarthrobacter siccitolerans 4J27T (CAQI01000001) 
Pseudarthrobacter polychromogenes DSM 20136T (X80741)
Pseudarthrobacter oxydans DSM 20119T (X83408) 

Pseudarthrobacter scleromae YH-2001T (AF330692) 
Pseudarthrobacter sulfonivorans ALLT (AF235091)

Strain Z1-20T (MN334158)
Arthrobacter alpinus DSM 22274T (FNTV01000001)

Arthrobacter psychrochitiniphilus GP3T (AJ810896)
Arthrobacter glacialis HLT2-12-2T (JX949500)

Arthrobacter psychrolactophilus B7T (AF134179) 
Arthrobacter stackebrandtii CCM 2783T (AJ640198)

Arthrobacter cryoconiti Cr6-08T (GU784867) 
Arthrobacter silviterrae KIS14-16T (KY608092)

Paenarthrobacter nicotinovorans DSM 420T (X80743) 
Paenarthrobacter histidinolovorans DSM 20115T (X83406)  

Arthrobacter ulcerisalmonis T11bT (MK211245) 
Arthrobacter alkaliphilus LC6T (AB248527)

Arthrobacter methylotrophus TGAT (AF235090) 
Arthrobacter pascens DSM 20545T (X80740) 

Micrococcus terreus CGMCC 1.7054T (jgi.1058018)

100

94

54
92
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0.0050

.

.

.

.
..

.

.
.

Fig. 1  Neighbor-joining phylogenetic tree based on 16S rRNA 
gene sequences (1408  bp) showing the phylogenetic position 
of strain Z1-20 T within the family Micrococcaceae. Dots (•) 
indicates the clades that were conserved in the maximum-like-

lihood phylogenetic tree and PHYML phylogenetic tree. Boot-
strap values are shown on nodes in percentages of 1,000 repli-
cates, when greater than 50%. Bar, 5 substitutions per 1000 nt
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proline transporters, as well as a putative betAB path-
ways for the formation of glycine betaine/proline. 
It is well known that glycine betaine often acts as a 
cryoprotectant to protect bacteria from cold environ-
ments by preventing cold-induced aggregation of 
cellular proteins and maintaining membrane fluidity 
at low temperature (Ko et  al. 1994; Chattopadhyay 
2002). Besides accumulating osmoprotectants from 
the environment, strain Z1-20  T is also capable of 
synthesizing compatible solutes. Two putative path-
ways are present for the formation of trehalose. Genes 

predicted to code for trehalose-6-phosphate synthase 
and trehalose-6-phosphate phosphatase, compris-
ing the OtsAB pathway for trehalose synthesis from 
UDP-D-glucose and α-D-glucose-6-phosphate, as 
well as the genes for the alternative TreYZ pathway 
(Table  2 and Supplementary file 1). Interestingly, 
there are a higher number of tRNA and copies of gene 
encoding cold shock protein CapA compared with 
strain A. glacialis HLT2-12-2  T and A. psychrochi-
tiniphilus  GP3T. CapA can be induced following the 
cold shock and remain overexpressed several hours 

Arthrobacter ruber CGMCC 1.9772T (PPTH00000000)

Arthrobacter agilis UMCV2T (NZCP024915)

Arthrobacter agilis CGMCC 1.15723T (PRKX00000000)

Arthrobacter agilis DSM 20550T (VHIM00000000)

Arthrobacter bussei KR32T (VJXX00000000)

Arthrobacter mobilis E918T (JAAZSQ000000000)

Arthrobacter silviterrae DSM 27180T (JAAKZI000000000)

Arthrobacter dokdonellae DCT-5T (CP029642)

Arthrobacter livingstonensis LI2T (QJVD00000000)

Arthrobacter glacialis CGMCC 1.10025T (PPXC00000000)

Arthrobacter psychrochitiniphilus DSM 23143T (JACBZZ000000000)

Arthrobacter psychrochitiniphilus CGMCC 1.6355T (QHLZ00000000)

Arthrobacter psychrolactophilus B7T (QJVC00000000)

Arthrobacter alpinus DSM 22274T (FNTV00000000)

Arthrobacter terrae Z1-20T (JADNYM000000000)

Pseudarthrobacter scleromae CGMCC 1.3601T (BMKV00000000)

Pseudarthrobacter polychromogenes CGMCC 1.1927T (BMKU00000000)

Pseudarthrobacter phenanthrenivorans Sphe3T (NC015145)

Pseudarthrobacter siccitolerans 4J27T (CAQI00000000)

Pseudarthrobacter enclensis NIO-1008T (FMAZ00000000)

Pseudarthrobacter equi DSM 23395T (LT629779)

Arthrobacter liuii CGMCC1.12778T (BMFW00000000)

Paenarthrobacter nicotinovorans JCM 3874T (BMRR00000000)

Paenarthrobacter histidinolovorans JCM 2520T (BMPM00000000)

Arthrobacter gandavensis JCM 13316T (VTFU00000000)

Arthrobacter echini AM23T (SSWH00000000)

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

0.050

Fig. 2  A maximum-likelihood phylogenetic tree was generated from the alignment of 900 single-copy core genes, with bootstrap 
support values from 100 replicates. Bold font indicates the position of strain Z1-20 T
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after the temperature downshift which could be the 
key factors contributing to the survival ability in cold 
Antarctic environments (Phadtare et al. 1999). Suffi-
cient number of tRNA in the genome also explains its 
translational efficiency and survival in the unfavora-
ble conditions in Antarctic.

Chemotaxonomic characterization

The purified amino acids in total hydrolysates (4  N 
HCl, 100  °C, 16  h) of peptidoglycan were alanine, 
glutamic, threonine and lysine in a molar ratio of 
2.7:1.0:0.4:0.3. The peptidoglycan type was A3α 
(L-Lys-Thr-Ala2, A11.27) and lysine was the diag-
nostic diamino acid. The menaquinones of strain 
Z1-20 T were MK-9(H2) (55.5%), MK-8(H2) (37.7%) 
and MK-7(H2) (6.8%), while the polar lipids were 
phosphatidylglycerol (PG), diphosphatidylglycerol 
(DPG), phosphatidylinositol (PI) and one unidentified 
glycolipid (GL) (Fig. S2). There is a distinct differ-
ence in the peptidoglycan structures between Z1-20 T 
and Pseudarthrobacter strains. The peptidoglycan 
interpeptide chain of Z1-20  T detected in DSMZ is 
Lys-Thr-Ala2, corresponding to peptidoglycan struc-
ture A11.27, while Pseudarthrobacter sp. strains have 
A3α peptidoglycan type with Lys-Ser-Thr-Ala in the 
interpeptide corresponding to A11.23 which distin-
guished distinctly from Arthrobacter sp. Strain ZS1-
20 T was composed of the major lipids PG, DPG, PI 
and one GL, which was also found in the most closed 

A. glacialis HLT2-12-2 T and A. psychrochitiniphilus 
 GP3T. While the relative Pseudarthrobacter strains 
contained the major compounds DPG, PI, PG and 
three GL. The almost identical polar lipids profiles 
and peptidoglycan variations supported that strain 
Z1-20 T belongs to the genus Arthrobacter. The cel-
lular fatty acids (> 10% of the total fatty acids) were 
anteiso-C15:0 (45.4%), anteiso-C17:0 (20.7%) and 
iso-C15:0 (16.6%) (Table 3). The composition profile 
with anteiso-C15:0 as the main fatty acid is typical of 
species of Arthrobacter genus (Lee et  al. 2003) that 
confirmed strain Z1-20 T belongs to the genus Arthro-
bacter. The above chemotaxonomic characteristics 
of strain Z1-20 T, such as peptidoglycan type, major 
fatty acids, major menaquinone and phospholip-
ids were consistent with its assignment to the genus 
Arthrobacter.

Strain Z1-20  T differed greatly from the closely 
related Arthrobacter type strains in terms of some of 
its phylogenetic, biochemical, chemotaxonomic and 
physiological data (Tables  1, 3 and Table  S1). The 
NaCl tolerance range of Z1-20 T was slightly higher 
than A. glacialis HLT2-12-2  T and A. psychrochitin-
iphilus  GP3T. The growth under 10  °C was nonvis-
ible. The ability to oxidase production was different 
from A. glacialis HLT2-12-2 T and A. psychrochitin-
iphilus  GP3T. Meanwhile, the content of iso-C15:0 of 

Table 2  Genes linked to environmental stress response in 
strain Z1-20 T and the reference strains

Strains: 1, Z1-20 T; 2, A. glacialis HLT2-12-2 T; 3, A. psychro-
chitiniphilus  GP3T

Product name Strains

1 2 3

Sigma factors 7 8 9
Oxidative stress resistance 10 13 14
Osmoprotection
Glycogen metabolism 5 5 9
Trehalose metabolism 5 3 5
Biosynthesis of glycine betaine/proline 2 1 1
Glycine betaine/proline ABC transporter 6 5 5
Cold shock response 11 9 9
Membrane adaptations 2 2 1
Carotenoid biosynthesis 5 5 7

Table 3  Cellular fatty acid compositions (%) of strain Z1-20 T 
and the two most closely related type strains of the genus 
Arthrobacter 

Strains: 1, Z1-20 T; 2, A. glacialis HLT2-12-2 T; 3, A. psychro-
chitiniphilus  GP3T

Data are expressed as percentages of total fatty acids. Major 
components (> 5.0%) are highlighted in bold. Fatty acids 
amounting to less than 0.5% in all strains are not shown. TR, 
trace amount (< 1%); –, not detected

Fatty acid 1 2 3

Saturated fatty acid:
C14:0 TR – –
C16:0 1.7 3.6 TR
Branched:
iso-C14:0 TR TR 1
iso-C15:0 16.6 2.6 TR
iso-C16:0 6.6 6.6 TR
Iso-C17:0 3.4 – –
anteiso-C15:0 45.4 71.9 75.6
anteiso-C17:0 20.7 12.6 13.9
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the fatty acids of strain Z1-20Tdiffered distinctly from 
the two reference strains, although a relative high pro-
portion of iso-C15:0 is common on Arthrobacter mem-
bers such as A. koreensis and A. globiformis (Lee 
et  al. 2003; Hahne et  al. 2019). Furthermore, digi-
tal DNA-DNA hybridizations values between strain 
Z1-20 T against the type strains of A. glacialis HLT2-
12-2 T and A. psychrochitiniphilus  GP3T were 20.3% 
and 13.8%, respectively and average nucleotide iden-
tity score between strain Z1-20 T against A. glacialis 
HLT2-12-2 T and A. psychrochitiniphilus  GP3T were 
72.5% and 72.1%, respectively. Based on the pheno-
typic and genotypic results obtained in this study, it is 
concluded that strain Z1-20 T represents a novel spe-
cies of the genus Arthrobacter, for which the name 
Arthrobacter terrae sp. nov. is proposed.

Description of Arthrobacter terrae sp. nov

Arthrobacter terrae (ter’rae L. gen. fem. n. ter-
rae, of the earth), Z1-20  T (= CCTCC AA 
 2019079  T =  KCTC49361T), was isolated from a 
soil sample collected at Zhongshan station, Antarc-
tic. Cells are Gram-staining-positive, non-spore-
forming, non-flagellated, ellipsoidal, approximately 
0.43–0.79 μm wide and 0.71–1.4 μm long (Fig. S1). 
Colonies of the novel strain Z1-20 T are yellow, con-
vex, dry and opaque, with smooth and entire mar-
gins and the diameter is 1.0–1.5  mm after incuba-
tion on R2A agar for 72 h at 20  °C. Growth occurs 
at 10–28  °C (optimum 20  °C), at pH 6.0–9.0 (opti-
mum pH 8.0) and in the presence of 0–7% (w/v) NaCl 
(optimum, 1%). Major polar lipids are phosphatidyl-
glycerol (PG), diphosphatidylglycerol (DPG), phos-
phatidylinositol (PI) and one unidentified glycolipid 
(GL). The major fatty acids are anteiso-C15:0, anteiso-
C17:0 and iso-C15:0 and the predominant menaquinone 
is MK-9(H2). The peptidoglycan type is A3α. The 
DNA G + C content of the genomic DNA of the type 
strain is 63.0%.

Acknowledgements This work was supported by the National 
Key R&D Program of China (grants 2018YFC1406705).

Author contributions PJ, XR, WW and GN equally contrib-
uted to this work.

Funding The National Key R&amp; D Program of China, 
2018YFC1406705, Jing Li.

Data availability The genome sequence of Arthrobacter ter-
rae Z1-20 T has been deposited in the GenBank database under 
the accession number JADNYM000000000. The GenBank 
accession number of the 16S rRNA gene sequence of strain 
Z1-20 T is MN334158.

Declarations 

Conflict of interest The authors declare that there are no con-
flicts of interest.

Ethical approval This article does not contain any studies 
with human participants and/or animals performed by any of 
the authors. Moreover, all authors read and approved the final 
manuscript.

References

Besemer J, Lomsadze A, Borodovsky M (2001) GeneMarkS: 
a self-training method for prediction of gene starts in 
microbial genomes. Implications for finding sequence 
motifs in regulatory regions. Nucleic Acids Res 
29:2607–2618

Busse HJ (2016) Review of the taxonomy of the genus Arthro-
bacter, emendation of the genus Arthrobacter sensu 
lato, proposal to reclassify selected species of the genus 
Arthrobacter in the novel genera Glutamicibacter gen. 
nov., Paeniglutamicibacter gen. nov., Pseudoglutamici-
bacter gen. nov., Paenarthrobacter gen. nov. and Pseudar-
throbacter gen. nov., and emended description of Arthro-
bacter roseus. Int J Syst Evol Microbiol 66:9–37

Busse HJ, Schumann P (2019) Reclassification of Arthrobacter 
enclensis as Pseudarthrobacter enclensis comb. nov., and 
emended descriptions of the genus Pseudarthrobacter, 
and the species Pseudarthrobacter phenanthrenivorans 
and Pseudarthrobacter scleromae. Int J Syst Evol Micro-
biol 69:3508–3511

Chattopadhyay MK (2002) The cryoprotective effects of gly-
cine betaine on bacteria. Trends Microbiol 10:311–311

Cobet AB, Wirsen C, Jones GE (1970) The Effect of Nickel on 
a Marine Bacterium, Arthrobacter marinus sp.nov. J Gen 
Microbiol 62:159–169

Cowan ST, Steel KJ (1965) Manual for the identification of 
medical bacteria. Cambridge University Press, London

Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA 
et al (2015) Rapid phylogenetic analysis of large samples 
of recombinant bacterial whole genome sequences using 
Gubbins. Nucleic Acids Res 43:15

Ding LX, Taketo H, Akira Y (2009) Four novel Arthrobacter 
species isolated from filtration substrate. Int J Syst Evol 
Microbiol 59:856–862

Dubinina G, Zhdanov AV (1975) Recognition of the iron bac-
teria “Siderocapsa” as arthrobacters and description of 
Arthrobacter siderocapsulatus sp.nov. Int J Syst Bacteriol 
340–350

Felsenstein J (1985) Confidence limits on phylogenies: an 
approach using the bootstrap. Evolution 39:783–791



643Antonie van Leeuwenhoek (2022) 115:635–644 

1 3
Vol.: (0123456789)

Fitch WM (1970) Toward defining the course of evolution: 
minimum change for a specific tree topology. Syst Zool 
20:406–416

Ganzert L, Bajerski F, Mangelsdorf K, Lipski A, Wagner D 
(2011) Arthrobacter livingstonensis sp. nov. and Arthro-
bacter cryotolerans sp. nov., salt-tolerant and psychro-
tolerant species from Antarctic soil. Int J Syst Evol 
Microbiol 61:979–984

Gupta P, Reddy GS, Delille D, Shivaji S (2004) Arthrobac-
ter gangotriensis sp. nov. and Arthrobacter kerguelen-
sis sp. nov. from Antarctica. Int J Syst Evol Microbiol 
54:2375–2378

Hahne J, Isele D, Heidler von Heilborn D, Czaja-Hasse L, 
Hüttel B et al (2019) Galactobacter caseinivorans gen. 
nov., sp. nov. and Galactobacter valiniphilus sp. nov., 
two novel species of the family Micrococcaceae, iso-
lated from high bacterial count raw cow’s milk. Int J 
Syst Evol Microbiol 69:2862–2869

Heyrmanl J, Verbeerenl J, Schumann P, Swings J, Paul DV 
(2005) Six novel Arthrobacter species isolated from 
deteriorated mural paintings. Int J Syst Evol Microbiol 
55:1457–1464

Irlinger F, Bimet F, Delettre J, Martine L, Patrick ADG 
(2005) Arthrobacter bergerei sp. nov. and Arthrobacter 
arilaitensis sp. nov., novel coryneform species isolated 
from the surfaces of cheeses. Int J Syst Evol Microbiol 
55:457–462

Kallimanis A, Kavakiotis K, Perisynakis A, Spröer C, Pukall 
R et  al (2013) Arthrobacter phenanthrenivorans sp. 
nov., to accommodate the phenanthrene-degrading bac-
terium Arthrobacter sp. strain Sphe3. Int J Syst Evol 
Microbiol 59:275–279

Keddie RM, Collins MD, Jones D (1986) Genus Arthrobac-
ter Conn and Dimmick 1947,  300AL. In: Sneath PHA, 
Mair NS, Sharpe ME, Holt JG (eds) Bergey’s manual 
of systematic bacteriology, vol 2. Williams & Wilkins, 
Baltimore, pp 1288–1301

Kim KK, Lee KC, Oh HM, Kim MJ, Eom MK et al (2008) 
Arthrobacter defluvii sp. nov., 4-chlorophenol-degrading 
bacteria isolated from sewage. Int J Syst Evol Microbiol 
58:1916–1921

Kim OS, Cho YJ, Lee K, Yoon SH, Kin M et al (2012) Intro-
ducing EzBio-Cloud: a prokaryotic 16S rRNA gene 
sequence database with phylotypes that represent uncul-
tured species. Int J Syst Evol Microbiol 62:716–721

Kim M, Oh HS, Park S-C, Chun J (2014) Towards a taxo-
nomic coherence between average nucleotide identity 
and 16S rRNA gene sequence similarity for species 
demarcation of prokaryotes. Int J Syst Evol Microbiol 
64:346–351

Kim SM, Park H, Choi JI (2017) Cloning and characterization 
of cold-adapted α-amylase from antarctic Arthrobacter 
agilis. Appl Biochem Biotechnol 181:1048–1059

Ko R, Smith LT, Smith GM (1994) Glycine betaine confers 
enhanced osmotolerance and cryotolerance on Listeria 
monocytogenes. J Bacteriol 176:426–431

Kroppenstedt RM (2004) Nocardiopsis aegyptia sp. nov., iso-
lated from marine sediment. Int J Syst Evol Microbiol 
54:453–456

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular 
evolutionary genetics analysis version 7.0 for bigger data-
sets. Mol Biol Evol 33:1870–1874

Larkin MA, Blackshields G, Brown NP, Chenna R, McGetti-
gan PA et al (2007) Clustal W and Clustal X version 2.0. 
Bioinformatics 23:2947–2948

Lee JS, Lee KC, Pyun YR, Bae KS (2003) Arthrobacter kore-
ensis sp. nov., a novel alkalitolerant bacterium from soil. 
Int J Syst Evol Microbiol 53:1277–1280

Liu Q, Xin YH, Chen XL, Liu HC, Zhou YG et  al (2018) 
Arthrobacter ruber sp. nov., isolated from glacier ice. Int J 
Syst Evol Microbiol 68:1616–1621

Liu Q, Liu HC, Zhou YG, Xin YH (2019) Genetic diversity 
of glacier-inhabiting Cryobacterium bacteria in China 
and description of Cryobacterium zongtaii sp. nov. and 
Arthrobacter glacialis sp. nov. Syst Appl Microbiol 
42:168–177

Margesin R, Schumann P, Zhang DC, Redzic M, Zhou YG et al 
(2012) Arthrobacter cryoconiti sp. nov., a psychrophilic 
bacterium isolated from alpine glacier cryoconite. Int J 
Syst Evol Microbiol 62:397–402

McCarthy AJ, Cross T (1984) A taxonomic study of Thermo-
monospora and other monosporic actinomycetes. Micro-
biology 130:5–25

Meier-Kolthoff JP, Auch AF, Klenk HP, Göker M (2013) 
Genome sequence-based species delimitation with con-
fidence intervals and improved distance functions. BMC 
Bioinformatics 14:60

Minnikin DE, Dobson G, Draper P (1984a) Characterization 
of Mycobacterium leprae by lipid analysis. Acta Leprol 
2:113–120

Minnikin DE, O’Donnell AG, Goodfellow M, Alderson G, 
Athalye M (1984b) An integrated procedure for the 
extraction of bacterial isoprenoid quinones and polar 
lipids. J Microbiol Methods 2:233–241

Phadtare S, Alsina J, Inouye M (1999) Cold-shock response 
and cold-shock proteins. Curr Opin Microbiol 2:175–180

Pindi PK, Manorama R, Begum Z, Shivaji S (2010) Arthrobac-
ter antarcticus sp. nov., isolated from an Antarctic marine 
sediment. Int J Syst Evol Microbiol 60:2263–2266

Rutkiewicz M, Bujacz A, Bujacz G (2019) Structural features 
of cold-adapted dimeric GH2 β-D-galactosidase from 
Arthrobacter sp. 32cB. Biochim Biophys Acta Proteins 
Proteom 1867:776–786

Saitou N, Nei M (1987) The neighbor-joining method: a new 
method for reconstructing phylogenetic trees. Mol Biol 
Evol 4:406–425

SantaCruz-Calvo L, González-López J, Manzanera M (2013) 
Arthrobacter siccitolerans sp. nov., a highly desiccation-
tolerant, xeroprotectant-producing strain isolated from dry 
soil. Int J Syst Evol Microbiol 63:4174–4180

Sasser M (1990) Identification of bacteria by gas chromatogra-
phy of cellular fatty acids. midi technical note

Schippers-Lammertse AF, Muijsers AO, Klatser-Oedekerk KB 
(1963) Arthrobacter polychromogenes nov.spec., its pig-
ments, and a bacteriophage of this species. Antonie Van 
Leeuwenhoek 29:1–15

Schumann P (2011) 5-Peptidoglycan Structure. Method Micro-
biol 38:101–129

Stackebrandt E, Fowler VJ, Fiedler F, Seiler H (1983) Taxo-
nomic studies on Arthrobacter nicotianae and related 



644 Antonie van Leeuwenhoek (2022) 115:635–644

1 3
Vol:. (1234567890)

taxa: description of Arthrobacter uratoxydans sp. nov. 
and Arthrobacter sulfureus sp. nov. and reclassification 
of Brevibacterium protophormiae as Arthrobacter proto-
phormiae comb. nov. Syst Appl Microbiol 4:470–486

Wang FP, Gai YB, Chen MX, Xiang X (2009) Arthrobacter 
psychrochitiniphilus sp. nov., a psychrotrophic bacte-
rium isolated from Antarctica. Int J Syst Evol Microbiol 
59:2759–2762

Wayne LG, Moore WEC, Stackebrandt E, Kandler O, Colwell 
RR et al (1987) Report of the ad hoc committee on recon-
ciliation of approaches to bacterial systematics. Int J Syst 
Evol Microbiol 37:463–464

Xu P, Li WJ, Tang SK, Zhang YQ, Chen GZ et al (2005) Nax-
ibacter alkalitolerans gen. nov., sp. nov., a novel member 
of the family ‘Oxalobacteraceae’ isolated from China. Int 
J Syst Evol Microbiol 55:1149–1153

Yoon SH, Ha SM, Lim J, Kwon S, Chun J (2017a) A large-
scale evaluation of algorithms to calculate average nucleo-
tide identity. Antonie Van Leeuwenhoek 110:1281–1286

Yoon SH, Ha SM, Kwon S, Lim J, Kim Y et al (2017b) Intro-
ducing EzBioCloud: a taxonomically united database of 
16S rRNA gene sequences and whole-genome assemblies. 
Int J Syst Evol Microbiol 67:1613–1617

Zhang DC, Schumann P, Liu HC, Xin YH, Zhou YG et  al 
(2010) Arthrobacter alpinus sp. nov., a psychrophilic bac-
terium isolated from alpine soil. Int J Syst Evol Microbiol 
60:2149–2153

Zhang Q, Oh M, Kim JH, Kanjanasuntree R, Konkit M et  al 
(2018) Arthrobacter paludis sp. nov., isolated from a 
marsh. Int J Syst Evol Microbiol 68:47–51

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Arthrobacter terrae sp. nov., a psychrophilic actinobacterium with multi copies of capA gene isolated from Antarctic soil
	Abstract 
	Introduction
	Materials and methods
	Isolation of microorganism
	Phenotypic characterization
	Phylogenetic and genome analyses
	Chemotaxonomic characterization

	Results and discussion
	Morphological and phenotypic characteristic
	Phylogenetic characteristics
	Genomic characteristics
	Chemotaxonomic characterization
	Description of Arthrobacter terrae sp. nov

	Acknowledgements 
	References




