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Nocardioides aquaticus KCTC 9944T is an aerobic, non-motile, Gram-positive, psychrotolerant, non-spore-forming
bacterium isolated from the surface water of Ekho Lake in the Vestfold Hills, East Antarctica. This meromictic
lake separated from Antarctic seawater thousands of years ago exhibits steep gradients of salinity and temper
ature in the upper layer of the water column. The cells of N. aquaticus thriving in Ekho Lake are able to grow in
wide ranges of temperature (3 to 43.5 ◦ C) and salinity (0 to 15% NaCl). Here, we sequenced the complete
genome of N. aquaticus KCTC 9944T, aiming to better understand the adaptation of this bacterium to the strong
environmental gradients at the molecular level. The genome consists of 4,580,814 bp (G + C content of 73.2%)
with a single chromosome, 4432 protein-coding genes, 51 tRNAs and 2 rRNA operons. The genome possesses
genes for the Entner-Doudoroff pathway, photoheterotrophy, the conversion of acetate to acetyl-CoA, gluco
neogenesis, and energy storage that are all advantageous to oligotrophic bacteria. The presence of genes involved
in osmotic balance, fatty acid desaturation, cold and heat shock responses, and the oxygen affinities of respi
ratory oxidases are likely associated with high tolerance to strong gradients of salinity, temperature and oxygen
concentration.

1. Introduction
The Vestfold Hills are an ice-free area lying on the eastern edge of
Prydz Bay on the Ingrid Christiansen Coast, East Antarctica (Zwartz
et al., 1998). The contemporary landscape of this area formed approx
imately thousands of years ago by the retreat of the continental ice sheet
followed by isostatic rebound lifted up faster than sea level rise (Gibson,
1999). The Vestfold Hills are diverse in topography, consisting of pen
insulas, fjords and small hills (Labrenz et al., 1998), and they host ca.
300 lakes and ponds that vary in salinity (Rankin, 1998). Among these,
Ekho Lake is a meromictic, hypersaline lake with 42 m deep (Labrenz
et al., 1998; Lawson et al., 2000). The oxycline that separates top
(mixolimnion) and bottom (monimolimnion) layers formed at approxi
mately 24 m deep (Lawson et al., 2000). The following physical mech
anisms result in the steep gradients of salinity and temperature with
depth in the mixolimnion of this lake (Ferris et al., 1991). The surface
water increases in temperature by the absorption of solar energy during
summer and becomes more hypersaline by brine extrusion from the
forming ice in winter. The warm, dense water beneath the ice cap sinks
downwards, conveying salts and heat to the bottom of the mixolimnion.

As a result, both salinity and temperature of the water column (50 g L− 1
and 0 ◦ C or so) increase with depth, and finally reach a maximum (165 g
L− 1 and 16–18 ◦ C) in the vicinity of oxycline (Gibson, 1999).
A variety of bacterial groups including Alpha- and Gammaproteo
bacteria, Cytophagales, Firmicutes, Cyanobacteria, Spirochaetales, Verru
comicrobia, and Actinobacteria were discovered from Ekho Lake
(Bowman et al., 2000; Labrenz and Hirsch, 2001). Among them,
Nocardioides aquaticus EL-17KT (= KCTC 9944T = DSM 11439T) that
belongs to Actinobacteria was isolated from water samples at a depth of
1.0 m (temperature of 2.8 ◦ C and salinity of 9.5% NaCl) of Ekho Lake on
January 16, 1990 (Lawson et al., 2000). This bacterium is an aerobic,
non-motile, Gram-positive, psychrotolerant, and non-spore-forming
cocci or short rods (Lawson et al., 2000). A variety of carbon sources
including acetate and D-glucose can be utilized, and nitrate can be
assimilated under oxic conditions (Lawson et al., 2000). Cells grow at a
temperature range of 3–43.5 ◦ C (optimally 16–26 ◦ C) and at a NaCl
concentration range of 0–15% (optimally 1–6%) (Lawson et al., 2000),
revealing that this bacterium has been adapted to the strong gradients of
temperature and salinity. We here report the complete genome of
N. aquaticus KCTC 9944T, expecting that the genome will advance our
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understanding of microbial adaptation to those environmental gradients
at the molecular level.

and TMHMM v2.0 (Krogh et al., 2001), respectively. The circular
genome map was constructed using CGView server v1.0 (Grant and
Stothard, 2008).
The complete genome of N. aquaticus KCTC 9944T with the average
read concordance of 100% is composed of a circular chromosome of
4,580,814 bp with 73.2% G + C contents (Table 2). No plasmid was
detected. In total, 4432 protein coding genes, 2 rRNA operons, 51 tRNAs
and a tmRNA were found (Fig. 1; Table 2). 49 out of 4432 protein coding
genes (1.10%) were annotated as pseudogenes. Signal peptides and
transmembrane helices were found in 481 proteins (10.85%) and in
1057 proteins (23.85%), respectively.
Genes involved in oxidizing inorganic electron donors (e.g., reduced
sulfurs, hydrogen, ammonia and nitrite) were not found in the genome.
And, none of carbon fixation pathways were found. These results indi
cate that this bacterium is a chemoorganoheterotroph that oxidizes
organic matter to produce cellular energy. The presence of a gene
encoding beta-glucosidase (locus tag ENKNEFLB_04373) allows this
bacterium to obtain glucose from polysaccharides in surrounding envi
ronments. The genomic potential of glucose utilization is also supported
by the previous physiological characterization that the N. aquaticus EL17K feeds on glucose (Lawson et al., 2000). A glucose-specific PTS sys
tem was absent in the genome. Instead, a transporter belonging to so
dium/glucose transporter family (ENKNEFLB_04255) is thought to play
a role in importing glucose into a cell. The genome exhibits the complete
sets of genes for Embden-Meyerhof-Parnas (EMP), Entner-Doudoroff
(ED), and pentose phosphate pathways. The EMP pathway (e.g.,
ENKNEFLB_01540) produces two ATP per glucose while the ED pathway
(e.g., ENKNEFLB_00896) produces only one. On the other hand, ED re
quires less enzymatic protein than EMP, showing that there is a tradeoff
between ATP yield and protein costs (Flamholz et al., 2013). This im
plies that ED and EMP pathways are suitable for oligotrophic and
copiotrophic environments, respectively. In fact, N. aquaticus EL-17K
grows well on oligotrophic PYGV (peptone, yeast extract, glucose and
vitamins) agar (Lawson et al., 2000). Therefore, it is likely that this
bacterium is able to switch between EMP and ED pathways depending
on nutrient conditions.
The dull orange colony color of N. aquaticus EL-17K (Lawson et al.,
2000) hints at the possibility that this bacterium absorbs sunlight via
pigments and produces a proton motive force using rhodopsins when
organic matter is not available for ATP generation (Gómez-Consarnau
et al., 2019). As expected, a proteorhodopsin gene (ENKNEFLB_02146)
was found in the genome. And, the neighboring gene
(ENKNEFLB_02147) encodes a beta-carotene 15,15′ -dioxygenase (EC
1.13.11.63 detected by GhostKOALA) that produces a chromophore
retinal by cleaving beta-carotene. Therefore, N. aquaticus EL-17K may
utilize the retinal-rhodopsin complex to generate ATP during starvation.
The genome revealed that acetate can be taken up via a cation/ac
etate symporter (ENKNEFLB_00406) and be converted into acetyl-CoA
by an acetyl-CoA synthetase (ENKNEFLB_00225). Then, acetyl-CoA
initiates the TCA cycle to produce ATP and NADH. It was reported

2. Data description
General features of strain KCTC 9944T were summarized in Table 1.
Cells were grown for 10 days at 20 ◦ C on Marine agar (Difco, USA).
Genomic DNA was extracted using the i-genomic BYF mini kit (iNtRON
Biotechnology, Republic of Korea). Genome sequencing of the strain was
performed using PacBio RS II single-molecule real-time (SMRT)
sequencing technology (Pacific Biosciences, USA). A 20-kb insert
SMRTbell library was constructed and sequenced, yielding a 173-fold
average genome coverage. De novo assembly of 69,770 subreads with
14,428 nucleotides on average (1,006,704,220 bp in total) was con
ducted using the hierarchical genome-assembly process (HGAP) of the
SMRT Analysis v2.3.0 (Chin et al., 2013). Since a bacterial chromosome
is mostly circular, both ends of a genome produced by the HGAP pipe
line are overlapped in DNA sequence. This redundancy was manually
removed to generate a unique stretch on both ends. Then, a new version
for the genome was produced by bisecting the genome and switching the
first half with the second. Raw PacBio reads were mapped to the newly
generated genome using the resequencing module of the SMRT Analysis.
This allows us to correct possible sequencing errors especially at both
ends of the original version of the genome, where read mapping
coverage is relatively lower.
Gene annotation was performed using Prokka v1.13 with E-value <
0.001 (Seemann, 2014). All predicted CDSs were BLAST-searched
against COG and further analyzed using GhostKOALA (Kanehisa et al.,
2016; Tatusov et al., 2000), with the aim to gain more insights into their
molecular functions. Pseudogenes were determined by NCBI Microbial
Genome Submission Check. Signal peptides and transmembrane helices
were determined using SignalP v5 (Almagro Armenteros et al., 2019)
Table 1
General features of Nocardioides aquaticus KCTC 9944T and MIGS mandatory
information.
Item
General features
Classification

Type strain
Gram strain
Cell shape
Motility
Temperature range
Salinity range
pH range
MIGS data
Submitted to INSDC
Investigation type
Project name
Geographic location
Lat_lon
Depth
Collection date
Environment (biome)
Environment (feature)
Environment (material)
Environment (package)
Isolation and growth
conditions
Sequencing
Sequencing platform
Fold coverage
Assembler
Annotation source

Description
Domain Bacteria
Phylum Actinobacteria
Class Actinobacteria
Order Propionibacteriales
Family Nocardioidaceae
Genus Nocardioides
KCTC 9944T
Positive
Cocci or Rods
Non-motile
3–43.5 ◦ C, optimally at 16–26 ◦ C
NaCl, 0 to 15%
5.5 to 9.5
Accession number CP075371
Bacteria
Complete genome sequence of Nocardioides
aquaticus KCTC 9944
Ekho Lake, Antarctica
68.52 S, 78.27 E
1m
1990–01
Polar biome (ENVO:01000339)
Meromictic lake (ENVO:00000199)
Hypersaline water (ENVO:00002012)
Lake water (ENVO:04000007)
PMID: 10930074

Table 2
Genomic features of N. aquaticus KCTC 9944T.

PacBio RS II with P6-C4 chemistry
173.09×
SMRT Analysis v2.3.0
Prokka v1.13

2

Attribute

Value

Genome features
Genome size (bp)
Protein coding region (bp)
G + C content (%)
Chromosome
Total genes
Protein coding genes
rRNA operons
tRNA
Pseudogenes
Genes assigned to COGs
Genes with signal peptides
Genes with transmembrane helices

4,580,814
4,156,666
73.2
1
4489
4432
2 (16S–23S-5S)
51
49
3514
481
1057
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Fig. 1. Circular map of the N. aquaticus KCTC 9944T genome. From outside to the center: Genes on forward strand (color by COG categories), Genes on reverse
strand, RNA genes (rRNAs blue, tRNA pale green, tmRNA red), GC skew (green/violet), and GC content (black). RNA genes on forward and reverse strands were
labeled with clockwise and counterclockwise arrows, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

that N. aquaticus EL-17K is able to utilize acetate for cell growth (Lawson
et al., 2000). Therefore, both physiological and genomic data support
the possibility that this strain can generate cellular energy by metabo
lizing acetate as an alternative carbon source when glucose is depleted
in the habitat. Given that genes constituting the TCA cycle are
completely present in the genome, the presence of genes for C4dicarboxylic acid transporters (ENKNEFLB_00235 and _01451) sup
ports the ability that this strain can metabolizes succinate and malate, as
physiologically tested before (Lawson et al., 2000). All the genes for
gluconeogenesis were found in this genome (e.g., ENKNEFLB_03713).
Essential precursors of amino acids, nucleotides and lipids that should be
produced by glycolysis are thought to be synthesized by gluconeogen
esis, when cells grow on acetate in the absence of sugars.
The genome possesses genes for both cytochrome c oxidase (e.g.,
ENKNEFLB_01499) and cytochrome bd complex (ENKNEFLB_02185 and
_02186) that exhibit low and high affinity for O2, respectively (Gong
et al., 2018). This allows this bacterium to respire in both oxygenrepleted and -depleted environments. Although this strain is known to
assimilate nitrate under oxic conditions, the ability of nitrate dissimi
lation has not yet been reported (Lawson et al., 2000). In the genome, we
found a complete set of genes involved in dissimilatory nitrate reduction
to ammonia (DNRA; e.g., ENKNEFLB_00403), indicating that this bac
terium is likely able to respire anaerobically using nitrate as a terminal
electron acceptor. In addition, it seems that ammonia produced by
DNRA diffuses out of cells of this strain and serves as an electron donor
for microbial nitrification in Ekho Lake.
Among four major types of the Polyhydroxyalkanoate (PHA) syn
thase protein family, type II PHA synthases consist of two main subunits
named PhaC and PhaE. Although phaE was not found in the genome, it is
known that PhaC (ENKNEFLB_00936) is solely able to convert 3-hydrox
ybutyryl-CoA to polyhydroxybutyrate (PHB) and CoA (Müh et al.,
1999), indicating that this strain possessing phaC has a potential to store
excess carbon intracellularly at the nutrient-rich condition. However,
glycogen storage seems to be absent since genes for glycogen synthase,

NDP-glucose—starch glucosyltransferase, and starch synthase were not
found in the genome. Owing to the presence of a polyphosphate kinase
gene (ENKNEFLB_00731), this bacterium is likely capable of storing
excessive energy as a form of polyphosphate (Kornberg et al., 1956).
Genes encoding high-affinity choline transporter, oxygen-dependent
choline dehydrogenase, and betaine aldehyde dehydrogenase are orga
nized in an operon-like manner (ENKNEFLB_03344 to _03346) in the
genome. Among these enzymes, the two latter enzymes are responsible
for betaine biosynthesis from choline. The existence of genes encoding
trehalose import ATP-binding proteins, trehalose-binding lipoprotein,
trehalose transport system permease proteins (ENKNEFLB_03716 to
_03720), trehalose synthase/amylase (ENKNEFLB_01905) and betaine/
ectoine transporter (ENKNEFLB_02175) implies that this bacterium is
able to utilize the other major organic osmolytes (ectoine and trehalose)
to reinforce persistence against steep changes of salinity in Ekho lake. In
addition, transporters involved in sodium uptake (sodium/glucose
cotransporter [ENKNEFLB_04255] and sodium-dependent dicarboxylate
transporter [ENKNEFLB_02622]) and efflux (sodium, potassium,
lithium, rubidium/proton antiporter [ENKNEFLB_04136]) may play a
role in maintaining osmotic balance against varying salinity levels.
Regarding thermal adaptation, we found four copies of genes encoding
NADPH-dependent
stearoyl-CoA
∆9-desaturase
(e.g.,
ENKNEFLB_01824). Since this enzyme is known to produce unsaturated
fatty acids of the cell membrane (Chi et al., 2008), it would take part in
regulation of membrane fluidity that is necessary for microbial survival
against temperature changes. Additionally, it seems that cold and heat
shock proteins (e.g., ENKNEFLB_00553 and _00717) reinforce the
adaptation of this bacterium to a wide range of temperature changes.
The genome of N. aquaticus is equipped with a variety of genes
involving high tolerance to strong gradients of temperature, salinity and
oxygen concentration. Physiologically, this bacterium is known to be not
motile (Lawson et al., 2000). Accordantly, the genome lacks genes for
the biosynthesis of flagella and gas vesicle. These evidences imply that
this bacterium must be planktonic and move along the water flow in the
3
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mixolimnion of Ekho Lake. Genes present in this study is likely associ
ated with the adaptation to dynamic changes of nutrient condition,
temperature, salinity and oxygen concentration that are frequently
encountered by the planktonic bacterium N. aquaticus.
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3. Nucleotide sequence accession numbers
The complete genome sequence of Nocardioides aquaticus KCTC
9944T has been deposited in GenBank under the accession number
CP075371. This strain is available from the Korean Collection for Type
Cultures (Jeongeup, Republic of Korea).
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