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acid (C16:0), and summed feature (comprising C16:1ω7c 
and/or C16:1ω6c). The DNA G + C content of strain R160T 
was 44.9  mol%. On the basis of phenotypic, genotypic, 
chemotaxonomic, and phylogenetic characteristics, strain 
R160T represents a novel species of the genus Acineto-
bacter, for which the name Acinetobacter halotolerans sp. 
nov. is proposed. The type strain is R160T (= KEMB 9005-
333T = KACC 18453T = JCM 31009T).

Keywords  Acinetobacter halotolerans sp. nov. · 
Halotolerant · Alkalitolerant · Hydrocarbon degrading 
bacteria

Introduction

The increased consumption of oil and its products cause 
a serious health and environmental problem. For removal 
of oil contaminants, several conventional methods, such as 
excavation, land-filling, recycling, incineration, stabiliza-
tion, and vitrification, have been used. However, from the 
eco-friendly perspective, microbial oil pollutant removal 
method is most convenient, as it is a cost-effective and 
non-laborious technique (Fatajeva et  al. 2014; Chaudhary 
2016; Margesin and Schinner 2001). There are several 
reports on microbial degradation of oil from contaminated 
soil. Recently, a number of species of the genus Acineto-
bacter, such as ‘Acinetobacter oleivorans’, Acinetobacter 
calcoaceticus, Acinetobacter baumannii, and Acinetobacter 
venetianus, have been studied and characterized by their 
capacity to degrade and utilize oil and its products (Kang 
et  al. 2011; Mishra et  al. 2004; Wayne and Copper 1992; 
Yamahira et al. 2008; Vaneechoutte et al. 1999).

The genus Acinetobacter is a member of the family 
Moraxellaceae of the phylum Proteobacteria described in 
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the 1950s (Brisou and Prévot 1954). This genus was first 
described by Brisou and Prévot in 1954 (Brisou and Prévot 
1954). Members of the genus Acinetobacter have been iso-
lated from a wide variety of habitats, including activated 
sludge, plant, cotton, clinical samples, raw milk, horse 
dong, zinc ore, sewage, fresh water, sea water, and soil 
(http://www.bacterio.net/acinetobacter.html). Furthermore, 
several strains of Acinetobacter can thrive well in extreme 
environmental condition, such as high altitudes lakes, dry 
surface, cold, and alkaline environment, high temperature, 
hyper-saline environment, organic solvent, and oil-con-
taminated soil (Yamahira et al. 2008; Fatajeva et al. 2014; 
Jawad et  al. 1998; Vaneechoutte et  al. 1999; Albarracin 
et al. 2012).

This study reports the hydrocarbon degradation capac-
ity and growth properties in hyper-saline and high alkaline 
extreme environmental condition of strain R160T, which 
was isolated from reclaimed grassland.

Materials and methods

Sampling and cultivation

Bacteria were selected from soil sample obtained from 
reclaimed grassland, geographically located in Hwaseong, 
South Korea (37º16′10′′N and 126º45′42′′E), and a bac-
terial strain, named R160T, was isolated and subjected to 
polyphasic taxonomic characterization. Isolation, routine 
culture, and preservation of strain R160T were done as 
described previously by Dahal and Kim (2016a). ‘Acine-
tobacter oleivorans’ KCTC 23045T, Acinetobacter puyan-
gensis JCM 18011T, Acinetobacter brisouii KACC 11602T, 
Acinetobacter soli KACC 14192T, and Acinetobacter baylyi 
KCTC 12413T were selected for comparative analysis, and 
were used as reference strains. All reference strains were 
grown on R2A agar at 28 °C for 3–4 days.

Cell morphology

The morphologies of cells grown on R2A agar for 2 days 
at 28 °C were visualized by light microscopy (BX50 micro-
scope; Olympus, Japan), and scanning electron microscopy 
(S-4800 SEM; Hitachi, Japan). Colonial morphology was 
observed on R2A agar after incubation at 28 °C after 3 days 
using a Zoom Stereo Microscope (SZ61; Olympus, Japan). 
Gram-staining was performed according to the procedure 
described by Doetsch (1981).

Physiological and biochemical tests

Motility was tested in R2A medium containing 0.4% 
agar according to procedure described by Tittsler and 

Sandholzer (1936). Catalase activity was determined by 
production of bubbles after addition of 3% (v/v) hydrogen 
peroxide (H2O2). Oxidase activity was determined using 
1% (w/v) tetramethyl-p-phenylenediamine dihydrochlo-
ride. The presence of flexirubin-type pigments was investi-
gated using 20% (w/v) KOH solution (Reichenbach 1992). 
Growth on various bacteriological media was tested using 
R2A agar (MB Cell), nutrient agar (NA; Oxoid), tryptone 
soya agar (TSA; Oxoid), sorbitol MacConkey agar (Oxoid), 
Luria–Bertani agar (LBA; Oxoid), and marine agar (MA; 
Difco). Growth at various temperatures, ranging 4–45 °C 
(4, 10, 15, 20, 25, 28, 30, 32, 35, 37, 40, 41, 42, and 45 °C), 
was determined on TSA plates for 5  days. The pH range 
for the growth was determined in R2A broth at 28 °C. The 
pH of the medium was adjusted prior to sterilization to pH 
4–12 (at intervals of 0.5 pH unit) using citrate/NaH2PO4 
buffer (pH range, 4.0–5.5), phosphate buffer (pH range, 
6.0–7.5), and Tris buffer (pH range, 8.0–10.0) (Breznak 
and Costilow 2007), and pH 10.5–12.0 was adjusted 
with 5  M NaOH. Verification of the pH after autoclav-
ing revealed only minor changes. Growth with NaCl was 
examined in R2A broth containing 0–10% (w/v, at inter-
val of 1%). Tween 80 hydrolysis was carried out according 
to Smibert and Krieg (1994). Anaerobic growth on TSA 
agar was assessed at 28 °C for 10 days using BBL (Becton 
Dickinson) anaerobic jar with GasPak™ EZ Gas Gener-
ating Container System (Becton Dickinson). Hydrolysis 
of starch and casein were determined as described previ-
ously (Tindall et al. 2007). Production of hydrogen sulfide 
was checked using sulfide indole motility (SIM) medium 
(Oxoid) according to procedure described by Macfaddin 
(1980). The Methyl Red and Voges-Proskauer (MR-VP) 
test was done with MR-VP broth (Vaughn et  al. 1939). A 
DNase essay was performed with DNase agar (Oxoid). 
Haemolysis of sheep blood was determined on TSA con-
taining 5% defibrinated sheep blood for 5  days. Suscepti-
bilities of antibiotics were tested as described by Dahal 
and Kim (2016b). Endospore formation was investigated 
by staining with malachite green as described previously 
(Schaeffer and Fulton 1933). Other physiological and bio-
chemical tests were performed using API 20NE and API 
ID 32 GN (bioMérieux) to evaluate basic chemical test and 
carbon source utilization. Enzyme activities were tested 
using an API ZYM kit (bioMérieux) according to the man-
ufacturer’s instruction.

Phylogentic analysis

Genomic DNA of the strain R160T was extracted using an 
InstaGene Matrix kit (Bio-Rad, Hercules, CA, USA), and 
the 16S rRNA gene was amplified by PCR using univer-
sal bacterial primer 27F and 1492R (Frank et  al. 2008). 
PCR product was purified with multiscreen-filter plate 

http://www.bacterio.net/acinetobacter.html


703Arch Microbiol (2017) 199:701–710	

1 3

(Millipore Corp., Bedford, MA, USA), and was sequenced 
with an Applied Biosystems 3770XL DNA analyser using 
a BigDye Terminator cycle sequencing kit v.3.1 (Applied 
Biosystems, USA). A nearly complete sequence was com-
plied with the SeqMan software (DNASTAR Inc., USA). 
Nearly full-length 16S rRNA gene (1468, bp) sequence 
was obtained, and the closest phylogenetic neighbours 
were identified using the EzTaxon-e database (Kim et  al. 
2012). Related 16S rRNA sequences were obtained from 
GenBank. Phylogenetic analysis was accomplished using 
MEGA6 (Tamura et  al. 2013), after carrying a multiple 
alignment of the sequences using Clustal X 2.1 (Thomp-
son et  al. 1997) and analysis of the sequenced data with 
the software package BioEdit (Hall 1999). Evolutionary 
distances were calculated using the Kimura two-parameter 
model (Kimura 1980). Phylogenetic trees were constructed 
by the neighbour-joining method (Saitou and Nei 1987), 
maximum-parsimony (Fitch 1971), and maximum-likeli-
hood (Felsenstein 1981). Bootstrap values were calculated 
based on 1000 replications (Felsenstein 1985).

For the confirmation of the relatedness of strain R160T 
to the genus Acinetobacter, and its separation from all 
recognized members of this genus, comparative sequence 
analysis of the rpoB gene was performed according to the 
method of La Scola et al. (2006) and Nemec et al. (2009), 
using two sets of primers to amplify two variable regions 
of the rpoB gene. Region 1 spans nucleotide positions 
2916–3267 (primers Ac696F and Ac1093R), and region 2 
spans nucleotide positions 3263–3773 (primers Ac1055F 
and Ac1598R). PCR amplifications were performed in 50 
μL containing 14 μL Taq PCR Master Mix (Inclone bio-
tech), 0.2 μM each primer, and 1.5 μL DNA template, with 
the following cycling conditions: 94 °C for 2 min; 32 cycles 
of 30 s at 94 °C, 30 s at 55 °C and 2 min at 72 °C; and 5 min 
at 72 °C (La Scola et  al. 2006). Amplicons were purified 
for sequencing using Inclone Gel & PCR purification kit 
(Inclone biotech) following the manufacturers’ instruc-
tion. Sequencing analyses and phylogenetic trees were con-
structed as described earlier. The calculations were carried 

out for concatenated regions 1 and 2 using nucleotide posi-
tions 2917–3267 for region 1 and positions 3322–3723 for 
region 2. The positions numbers correspond to those of the 
rpoB encoding sequence of Acinetobacter baumannii (La 
Scola et al. 2006).

Comparative analysis of the partial sequence of the DNA 
gyrase subunit B (gyrB) gene was carried out to confirm 
the genotypic relationship between the strain R160T and 
the separation from the other members of the genus based 
on the rpoB sequences as described (Krizova et al. 2014). 
Nucleotide sequences of gyrB genes were determined from 
PCR fragments amplified using PCR primers M13R were 
appended at the 5′ end of the degenerated sequences of 
PCR primers UP-1E and APrU, respectively, as described 
by Yamamoto and Harayama (1995). Direct sequencing 
of the PCR fragments was performed using the universal 
sequencing primers M13R or M13(–21). PCR amplification 
of gyrB was performed in 50 μL containing 14 μL Taq PCR 
Master Mix (Inclone biotech), 0.2  μM each primer, and 
1.5  μL target DNA. A total of 35 cycles of amplification 
were performed with template DNA denaturation at 94 °C 
for 1 min, primer annealing at 57 °C for 1 min, and primer 
extension at 72 °C for 2 min (Yamamoto et al. 1999). Puri-
fied amplicons were sequenced and constructions of phylo-
genetic trees were done as described previously. Names of 
primers are given in Table 1.

Chemotaxonomic characterization

For cellular fatty acid analysis, biomass of strain R160T and 
reference strains were harvested in late logarithmic phase 
(48 h) from TSA plate after incubation at 28 °C. Fatty acids 
were saponified, methylated, and extracted using the stand-
ard MIDI protocol (Sherlock Microbial Identification Sys-
tem, version 6.0B). The fatty acids were analyzed by GC 
(HP 6890 Series GC System; Hewlett Packard, USA) and 
identified using TSBA6 database of the Microbial Identi-
fication System (Sasser 1990). Polar lipid was extracted 
according to procedure described by Minnikin et al. (1984) 

Table 1   Primers used for 
amplification and sequencing 
of rpoB and gyrB gene of 
Acinetobacter

Primer Target gene Sequence (5′–3′) Length (bases)

Ac696F rpoB TAYCGYAAAGAYTTG​AAA​GAAG 22
Ac1093R rpoB CMAACACYTTGTTMCCRTGA 20
Ac1055F rpoB GTG​ATA​ARATGGCBGGT​CGT​ 20
Ac1598R rpoB CGBGCRTGCATYTTGTCRT 19
UP-1E gyrB CAG​GAA​ACA​GCT​ATG​ACC​AYGSNGGNG-

GNAARTTYRA
37

M13R gyrB CAG​GAA​ACA​GCT​ATG​ACC​ 18
APrU gyrB TGT​AAA​ACG​ACG​GCC​AGT​GCNGGRT-

CYTTYTCYTGRCA
38

M13(–21) gyrB TGT​AAA​ACG​ACG​GCC​AGT​ 18
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and Card (1973). Isoprenoid quinone was extracted with 
chloroform:methanol (2:1), filtered through Whatman paper 
(No. 2), evaporated under vacuum at 50 °C, and extracted 
again with n-hexane. The crude n-hexane-quinone mixture 
was purified with a Sep-pak Vac silica cartride (Watters, 
Ireland). Purified n-hexane-quinone was evaporated, eluted 
with hexane:diethyl ether (98:2), re-extracted with acetone, 
and analyzed by HPLC (Hairaishi et  al. 1996). The polar 
lipids were analyzed by two-dimensional TLC using chlo-
roform/methanol/water (65:25:4; v/v/v) in the first direc-
tion, followed by chloroform/methanol/acetic acid/water 
(40:7.5:6:2, v/v/v/v) in the second. The appropriate detec-
tion reagents (Minnikin et al. 1984; Komagata and Suzuki 
1987) were used to identify the spots.

Genotypic characterization

Genomic DNA of the strain R160T and other reference 
strains were extracted according to the method of Moore 
and Dowhan (1995). The DNA G + C content was per-
formed and measured according to the procedure described 
by Mesbah et  al. (1989). DNA–DNA hybridization was 
measured flourometrically according to the method devel-
oped by Ezaki et  al. (1989), using photobiotin-labelled 
DNA probes and micro dilution plates.

Assessment of hydrocarbon degradation

Determination of hydrocarbon degradation capacity of 
strain R160T was done in a 50  mL capped bottle (each 
for hydrocarbons and oil) containing 10  mL of minimal 
salt medium (MSM; Pham et  al. 2014, 2015) and 0.1  g 
of wet cells at pH 7.0 in which 900 ppm of hydrocarbons 
(300 ppm each octadecane, C-18; eicosane, C-20; and doc-
osane, C-22) and 1500 ppm of oil (500 ppm each kerosene, 
diesel, and gasoline) were added. Control was adjusted 
without adding bacterial cells. All the bottles were incu-
bated at 28 °C for 14 days in a shaking incubator (130 rpm). 
After incubation, 10 mL of dichloromethane (HPLC grade; 
Duksan, South Korea) was added to the bottles and again 
incubated for 24 h in a shaker at room temperature. After 
24  h shaking, 2  mL of DCM extract was transferred into 
GC vials (Agilent). Residual concentrations of hydrocar-
bons were determined using gas chromatography (HP 5890 
Series II; Agilent, USA) equipped with a flame ionization 
detector (FID), using an Ultra 2 capillary column (cross-
linked 5% phenylmethylsilicone; length, 25  m; internal 
diameter, 0.32  mm; and film thickness, 0.17  m). Initially, 
oven temperature was set at 50 °C for 2  min and then 
increased by 8 °C/min to obtain final temperature of 320 °C. 
This temperature was maintained for 10  min. The carrier 
gas (N2) flow rate was set at 1.0 mL/min, and the tempera-
tures of the injector and detector were 300 and 320 °C, 

respectively. The total sample volume injected was 2  μL. 
The hydrocarbon degradation percentage was calculated 
based on the difference between the initial concentration 
and final concentration of hydrocarbons, determined by a 
standard curve (Pham et al. 2014; Vermeulen 2007). All the 
experiments were carried out in triplicate.

Growth curve determination in MSM

Growth curves were determined in MSM broth at pH 7.0. 
Strain R160T was inoculated in media containing 900 ppm 
of C-18, C-20, and C-22 hydrocarbons in total (each 
300  ppm) and 1500  ppm of oil (500  ppm each kerosene, 
diesel, and gasoline). The growth absorbance was meas-
ured at 600  nm in every 2 days after incubating at 28 °C 
(130 rpm) for 14 days.

Results and discussion

Morphological and physiological characteristics

Cells are 0.8–1.0 µm long and 0.5–0.7 µm wide (Supple-
mentary Fig. S1). Cells grow optimally in the (0–4) % of 
NaCl but are able to tolerate up to 7% NaCl. Cells are cat-
alase-positive and oxidase-negative. The KOH test results 
indicated that flexirubin-type pigment is absent. Casein and 
starch are hydrolysed. The DNase assay using the DNase 
agar test is negative. Hydrolysis of Tween 80, MR-VP tests, 
and haemolysis of sheep blood are negative. Strain R160T is 
sensitive to tetracycline, gentamycin, novobiocin, chloram-
phenicol, kanamycin, streptomycin, neomycin, rifampicin, 
and nalidixic acid, but resistant to cycloheximide, ampicil-
lin, penicillin, trimethoprim, and sulfamethoxazole. The 
differential phenotypic features of strain R160T are pre-
sented with other closest strains (Table 2).

Phylogenetic analysis

The nucleotide sequence of the 16S rRNA gene of strain 
R160T has been deposited in GenBank/EMBL/DDBJ 
under the accession number KT032155. Preliminary 
comparisons with 16S rRNA gene sequences deposited 
in the GenBank database indicated that strain R160T 
belongs to the genus Acinetobacter. The obtained 16S 
rRNA gene sequence analysis revealed that strain R160T 
was most closely related to ‘Acinetobacter oleivorans’ 
DR1T; Acinetobacter nosocomialis NIPH 2119T; and Aci-
netobacter seifertii NIPH 973T (97.47%, sequence simi-
larity), A. puyangensis BQ4-1T (97.45%, sequence simi-
larity), Acinetobacter pittii CIP70.29T (97.41%, sequence 
similarity), and A. baumannii ACTC 19606T (97.40%, 
sequence similarity). Neighbour–joining tree based on 
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16S rRNA gene sequences showed that strain R160T was 
clearly affiliated with the genus Acinetobacter and formed 
a phyletic line distinct from the clades of closely related 
species. The tree shows that the species with high simi-
larities are not necessarily the closest neighbour (Fig. 1). 
The partial rpoB gene sequence (861 bp) of strain R160T 
showed the highest similarity with Acinetobacter haemo-
lyticus NIPH 510T (88.07%) and lower than 88% simi-
larities to other members of the genus Acinetobacter. 
The neighbour–joining phylogenetic tree based on rpoB 
gene (Supplementary Fig. S2) formed a separate lineage 
between Acinetobacter haemolyticus and A. puyangen-
sis, and the neighbour–joining tree based on gyrB gene 
sequence (892 bp) (Supplementary Fig. S3) showed that 
strain R160T is different from recognized type strains of 
Acinetobacter.

Chemotaxonomic characteristics

Respiratory quinones of strain R160T are ubiquinone 9 
(Q-9; 90%) and ubiquinone 8 (Q-8; 10%), which are consist-
ence with the ubiquinone system of the genus Acinetobacter 
(Nishimura et al. 1988; Kim et al. 2008; Li et al. 2013). The 
total fatty acid compositions of strain R160T showed char-
acteristic differences from other reference strains (Table 3). 
Major polar lipids of strain R160T are DPG, PE, PG, and 
PC, in addition to one unidentified phospholipid. No gly-
colipids were detected (Supplementary Fig. S4).

DNA G + C content and DNA–DNA hybridization

The DNA G + C content of strain R160T was 44.9 mol%. 
DNA–DNA hybridization of strain R160T with that of 

Table 2   Phenotypic 
characteristics that differentiate 
strain R160T from its closely 
related reference strains

Strains: 1, R160T; 2, ‘Acinetobacter oleivorans’ KCTC 23045T; 3, Acinetobacter puyangensis JCM 18011T 
(data in parentheses are from Li et al. 2013); 4, Acinetobacter brisouii KACC 11602T; 5, Acinetobacter soli 
KACC 14192T; 6, Acinetobacter baylyi KCTC 12413T. All data are from this study. +, positive; –, nega-
tive; w, weakly positive, nd, no data available

Characteristic 1 2 3 4 5 6

Gelatin liquefacation + – – (–) – – –
Urea hydrolysis – – – (nd) – + +
Enzyme activity
 Alkaline phosphatase w + w (nd) + + +
 Lipase (C 14) + + + (nd) – + +
 Valine arylamidase – + + (nd) + + w
 Cystine arylamidase w w + (nd) + + +
 Napthol-AS-BI-phosphohydrolase + w + (nd) w w w
 α-galactosidase w – – (nd) – – –
 Assimilation of
  l-tryptophane – + – (nd) – – –
 d-glucose – – – (–) – + +
 l-arabinose w – – (w) w – –
 Potassium gluconate – – – (nd) – + +
 Adipic acid – + – (–) – + +
 Trisodium citrate + + – (nd) w + +
 Phenylacetic acid – + w (nd) + + –
 d-ribose – + – (–) – – –
 Suberic acid – + – (nd) – + +
 Sodium malonate – w – (–) w + +
 Lactic acid – + + (nd) + + +
 l-alanine + + – (nd) + + +
 3-hydroxybenzoic acid – + – (nd) – w –
 l-serine + – – (nd) w – –
 Trisodium citrate + + – (nd) – + +
 l-histidine + + – (–) – + –
 3-Hydroxybutyric acid – + – (nd) w + +
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reference strains showed DNA similarities of 28.6 ± 2.4% 
with ‘Acinetobacter oleivorans’, 27.1 ± 1.3% with A. 
puyangensis, 24.2 ± 2.6% with Acinetobacter brisouii, 
18.9 ± 2.2% with Acinetobacter soli, and 17.1 ± 3.1% 
with Acinetobacter baylyi. DNA–DNA relatedness 
between the species demonstrated that strain R160T dif-
fers sufficiently from other type strains of the genus Aci-
netobacter to warrant species status (Wayne et al. 1987).

Assessment of hydrocarbon degradation

In hydrocarbons degradation experiment, strain R160T 
degrades 51.7 ± 1.3% of hydrocarbon components (C-18, 

C-20, and C-22) and 45.8 ± 1.4% of the oil components 
(kerosene, diesel, and gasoline) after 14 days incubation 
under condition of pH 7.0 and cell density 0.1  g/10  ml 
media at 28 °C (Fig. 2). The growth absorbance measure-
ment at 600  nm shows that the strain grows well in both 
hydrocarbon mixture and oil mixture using hydrocarbons 
as an energy and carbon source (Fig. 3). There are several 
reports of Acinetobacter spp. that describes the degrada-
tion and utilization of hydrocarbons for energy and carbon 
source (Kang et al. 2011; Yamahira et al. 2008; Chaudhary 
2016; Ishige et al. 2000; Throne-Holst et al. 2006).

Strain R160T tolerates high salt concentration (7%) 
and alkali (pH 11.0). To the best of our knowledge, strain 

Fig. 1   Neighbour-joining tree 
based on nearly complete 16 S 
rRNA gene sequences show-
ing the phylogenetic position 
of strain R160T with closely 
related species from the genus 
Acinetobacter. Filled circles 
indicate nodes recovered by all 
three treeing methods (neigh-
bour–joining, maximum–likeli-
hood, and maximum–parsi-
mony). The numbers at the 
nodes indicate the percentage of 
1000 bootstrap replicates; only 
values >50% are shown. Morax-
ella lacunata ATCC 17967T 
was used as an outgroup. The 
scale bar represents 0.01 substi-
tutions per nucleotide position. 
GenBank accession number is 
given in the parentheses

Acinetobacter bouvetii DSM 14964T (AF509827)

Acinetobacter johnsonii ATCC 17909T (Z93440)

Acinetobacter gyllenbergii RUH 422T (AJ293694)

Acinetobacter beijerinckii LUH 4759T (AJ626712)

Acinetobacter haemolyticus DSM 6962T (X81662)

Acinetobacter kookii 11-0202T (JX137279)

Acinetobacter equi 114T (CP012808)

Acinetobacter albensis ANC 4874T (KR611798)

Acinetobacter harbinensis HITLi 7T (KC843488)

Acinetobacter lwoffii DSM 2403T (X81665)

Acinetobacter venetianus ATCC 31012T (AJ295007)

Acinetobacter ursingii DSM 16037T (AJ275038)

Acinetobacter bereziniae ATCC 17924T (Z93443)

Acinetobacter tandoii DSM 14970T (KE007359)

Acinetobacter disperses ANC 4105T (KB850049)

Acinetobacter tjernbergiae DSM 14917T (AF509825)

Acinetobacter junii LMG 998T (AM410704)

Acinetobacter courvalinii ANC 3623T (KT997472)

Acinetobacter vivianii NIPH 2168T (KB850133)

Acinetobacter brisouii CIP 110357T (KI530762)

Acinetobacter calcoaceticus DSM 30006T (AJ633632)

Acinetobacter dijkshoorniae JVAP01T (KX027435)

Acinetobacter nosocomialis RUH 2376T (HQ180192)

Acinetobacter seifertii NIPH 973T (KB851199)

‘Acinetobacter oleivorans’ DR1T (EF520734)

Acinetobacter pittii LMG 1035T (HQ180184)

Acinetobacter halotolerans R160T (KT032155)
Acinetobacter baumannii DSM 3007T (X81660)

Acinetobacter baylyi CCM 7195T (AM410709)

Acinetobacter soli B1T (EU290155)

Acinetobacter puyangensis BQ4-1T (JN664255)

Acinetobacter populi PBJ7T (KM518626)

Moraxella lacunata ATCC 17967T (AF005160)

100

100

95

99

92

88

82

78

70

58

64

51

57

0.01
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Table 3   Cellular fatty acid 
profiles (% of totals) of R160T 
and closely related reference 
strains

Strains: 1, R160T; 2, ‘Acinetobacter oleivorans’ KCTC 23045T; 3, Acinetobacter puyangensis JCM 18011T 
(data in parentheses are from Li et al. 2013); 4, Acinetobacter baylyi KCTC 12413T; 5, Acinetobacter soli 
KACC 14192T; 6, Acinetobacter brisouii KACC 11602T. All data were obtained from this study. –, not 
detected or < 0.1%
*Summed features represent groups of two or three fatty acids that could not be separated using the MIDI 
system. Summed feature 1 comprised iso-C15 : 1 H and/or C13 : 0 3 OH, summed feature 2 comprised iso-
C16 : 1 I and/or C14 : 0 3-OH, summed feature 3 comprised C16:1ω7c and/or C16 : 1ω6c, and summed feature 8 
comprised C18 : 1ω7c and/or C18 : 1ω6c

Fatty acid 1 2 3 4 5 6

Saturated
 C10 : 0 2.3 0.6 1.2 0.3 0.2 0.2
 C11 : 0 0.1 – – – – –
 C12 : 0 3.4 8.2 8.8 9.8 6.2 7.3
 C13 : 0 0.1 0.2 0.1 – 0.1 0.1
 C14 : 0 0.5 1.1 1.2 1.4 0.6 2.0
 C16 : 0 20.0 20.3 10.5 (11.3) 19.5 22.6 14.0
 C17 : 0 1.7 1.0 0.7 0.2 0.2 –
 C18 : 0 0.3 0.3 1.7 0.8 0.7 0.5
 C20 : 0 – – – – – 0.2

Unsaturated
 C15 : 1ω6c – – 0.3 – – –
 C16 : 1ω7c alcohol – – – – – 0.3
 C16 : 0 N alcohol – 0.1 – – 0.2 0.4
 C16 : 1ω9c – 0.7 1.0 1.1 0.8 2.6
 C16 : 1ω5c 0.2 – – – 0.3 –
 C17 : 1ω8c 2.1 3.0 2.1 0.4 0.2 0.9
 C17 : 0 10 methyl – – – – – 0.2
 C18 : 3ω6c (6,9,12) – – 0.1 – – 0.6
 C18 : 1ω9c 36.2 31.1 39.1 (39.9) 25.8 42.5 28.8
 C18 : 1ω5c – – – – 0.2 –

Hydroxy
 C10 : 0 2-OH 0.1 – – – – 0.1
 C12 : 0 2-OH 5.0 3.5 0.2 4.3 2.2 6.5
 C13 : 0 2-OH 0.1 – – – – –
 C14 : 0 2-OH 0.1 – – – – –
 C8 : 0 3-OH 0.2 0.1 0.1 0.2 0.1 –
 C10 : 0 3-OH – 0.1 – – – 0.2
 C11 : 0 3-OH 0.1 0.1 – – – –
 C12 : 0 3-OH 7.3 5.5 6.4 7.2 4.9 4.5
 C16 : 0 3-OH 0.1 0.5 – – – –
 C18 : 0 3-OH – 0.2 – – – –

Branched saturated
 Iso-C17 : 0 0.2 – 0.2 – – –
 Anteiso-C17 : 0 – 0.1 0.1 0.1 – 0.1
 Anteiso-C19 : 0 – – – – 0.1 –

Branched unsaturated
 Iso-C19 : 1 I – – – – – 0.2

Summed features*
 1 0.1 0.5 0.2 – – 0.1
 2 0.3 3.4 0.8 2.8 2.4 3.8
 3 18.9 19.0 23.8 (18.9) 25.7 14.4 25.6
 8 0.7 0.4 1.3 0.4 1.5 1.2
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R160T is the first described halotolerant and alkalitolerant 
strain of the genus Acinetobacter that degrades the mixture 
of octadecane, eicosane, and docosane; and mixture of ker-
osene, diesel, and gasoline. This property of strain R160T 
could have a potential role in removing oil and other hydro-
carbon pollutants from hyper-saline environments, such as 
marine, lakes, ponds, and rocky soils.

On the basis of physiological, chemotaxonomic, geno-
typic, and phylogenetic characteristics described here, 
strain R160T is clearly distinguished from the other spe-
cies within the genus Acinetobacter and represents a novel 
species, for which the name Acinetobacter halotolerans sp. 
nov. is proposed.

Description of Acinetobacter halotolerans sp. nov

Acinetobacter halotolerans (ha.lo.to’le.rans. Gr. n. hals 
halos salt; L. part. adj. tolerans tolerating; N.L. part. adj. 
halotolerans, salt-tolerating, referring to the ability of the 
organism to tolerate high concentrations of salt).

Cells are coccobacilli, Gram stain-negative, non-motile 
and aerobic. They grow well on R2A, TSA, NA, LBA, MA, 
and sorbitol MacConkey agar. Colonies on R2A are cir-
cular, convex with entire margin, smooth, slightly opaque 
and milk-white in colour. The size of the colony is 1–2 mm 
in diameter after incubation at 3  days at 28 °C on R2A 
agar. Cells grow at a temperature of 10–41 °C (optimum, 
20–32 °C) and pH 6.0–11.0 (optimum pH, 7.0–9.5). Hydro-
gen sulfide is not produced. Glucose fermentation is weak. 
Nitrate is not reduced. Gelatin is hydrolysed, but esculin 
and urea are not. For API ZYM kit, positive reactions were 
observed with esterase (C4), esterase lipase (C8), lipase 
(C14), leucine arylamidase, acid phosphatase, and napthol-
AS-BI-phosphohydrolase, whereas alkaline phosphatase, 
cystine arylamidase, and α-galactosidase are weakly posi-
tive. The following substrates were utilized as a sole carbon 
source: sodium acetate, l-alanine, propionic acid, capric 
acid, malic acid, valerate, trisodium citrate, l-histidine, 
4-hydroxy-butyrate, and l-proline. All the negative traits 
of commercial kits are given in Supplementary Table  1. 
The predominant respiratory lipoquinones of strain R160T 
were ubiquinone 9 (Q-9) and ubiquinone 8 (Q-8). The 
major polar lipids were phosphatidylethanolamine, diphos-
phatidylglycerol, phosphatidylglycerol, and phosphati-
dylcholine. The major cellular fatty acids were C18:1ω9c, 
C16:0, and summed feature 3 (comprising C16:1ω7c and/or 
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Fig. 2   Hydrocarbon degradation efficiency of strain R160T in MSM 
broth containing 900 ppm of hydrocarbons (C-18, C-20, and C-22), 
and 1500 ppm of oil (kerosene, diesel, and gasoline) incubated for 7 
and 14 days

Fig. 3   Growth curve of strain 
R160T in MSM broth contain-
ing 900 ppm of hydrocarbons 
(C-18, C-20, and C-22), and 
1500 ppm of oil (kerosene, die-
sel, and gasoline) incubated for 
14 days. The growth absorbance 
was measured for every 2 days 
incubation
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C16:1ω6c). The DNA G + C content of strain R160T was 
44.9 mol%.

The type strain, R160T (= KEMB 9005-333T = KACC 
18453T = JCM 31009T), was isolated from soil in Hwa-
seong, Gyeonggi-Do, South Korea.
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