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Abstract Bioremediation in hypersaline environments
is particularly challenging since the microbes that tolerate
such harsh environments and degrade pollutants are quite
scarce. Haloarchaea, however, due to their inherent ability
to grow at high salt concentrations, hold great promise for
remediating the contaminated hypersaline sites. This study
aimed to isolate and characterize novel haloarchaeal strains
with potentials in hydrocarbon degradation. A haloarchaeal
strain IM1011 was isolated from Changlu Tanggu saltern
near Da Gang Oilfield in Tianjin (China) by enrichment
culture in hypersaline medium containing hexadecane. It
could degrade 57 + 5.2% hexadecane (5 g/L) in the pres-
ence of 3.6 M NaCl at 37 °C within 24 days. To get further
insights into the mechanisms of petroleum hydrocarbon deg-
radation in haloarchaea, complete genome (3,778,989 bp)
of IM1011 was sequenced. Phylogenetic analysis of 16S
rRNA gene, RNA polymerase beta-subunit (rpoB’) gene
and of the complete genome suggested IM1011 to be a new
species in Halorientalis genus, and the name Halorientalis
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hydrocarbonoclasticus sp. nov., is proposed. Notably, with
insights from the IM1011 genome sequence, the involve-
ment of diverse alkane hydroxylase enzymes and an intact
p-oxidation pathway in hexadecane biodegradation was pre-
dicted. This is the first hexadecane-degrading strain from
Halorientalis genus, of which the genome sequence infor-
mation would be helpful for further dissecting the hydro-
carbon degradation by haloarchaea and for their application
in bioremediation of oil-polluted hypersaline environments.

Keywords Halophiles - Haloarchaea - Halorientalis -
Genome sequencing - Hexadecane - Hydrocarbon
bioremediation

Introduction

Petroleum hydrocarbon pollution in saline/hypersaline
ecosystem is prevalent due to industrial activities and acci-
dental spill out. Crude oil production and refining indus-
tries are major contributor to such pollution (Lefebvre and
Moletta 2006; Castillo-Carvajal et al. 2014). Approximately
ten barrels of saline water (containing salt in the range of
1-250 g/L) are generated for every barrel of oil produced
(Cuadros-Orellana et al. 2006). The salinity of waste water
produced by oil industry vary to a great extent from fresh
water up to three times the salinity of seawater (Diaz et al.
2002). Salinity imposes a barrier in bioremediation of pol-
lutants as non-halophilic microorganisms cannot effectively
carry out normal metabolic activities under such harsh con-
ditions. In addition, physicochemical techniques to remove
salt are costly and cumbersome. Therefore, an effective alter-
native means is to use halophiles that are attuned to grow
under high salt conditions (Margesin and Schinner 2001; Le
Borgne et al. 2008; Fathepure 2014).
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Among halophiles, eubacteria once were considered
better suited for pollution mitigation for their versatile
metabolic capability and tolerance to fluctuating salt con-
centrations as compared to archaea (Oren et al. 1992).
However, halophilic archaea on account of their inherent
requirement of high salt concentrations for growth are bet-
ter equipped for the treatment of effluents of hyper-salin-
ity (= 20%). Notably, hydrocarbon degradation at higher
salinities is much difficult to achieve, as high salt concen-
tration inhibits solubilization of hydrocarbons as well as
oxygen availability. Ward and Brock (1978) have found
that at high salinities, hexadecane degradation is impaired
possibly due to decreased metabolic rate of microorgan-
isms. Recent literature has found that the optimum NaCl
concentration of 2 M for hydrocarbon biodegradation was
lower than that of 3.5-4.5 M for growth of two Haloferax
strains on n-octadecane as substrate, and a probable expla-
nation for this may be due to lower oxygen solubility at
high salt concentration (Al-Mailem et al. 2010).

Alkanes are main component of petroleum hydrocarbons
(Wang and Shao 2013). Among initial studies, a halophilic
hydrocarbon-degrading archaeon EH4 was found to degrade
tetradecane, hexadecane, eicosane, and pristane at relatively
high rates in the presence of 3.5 M NaCl (Bertrand et al.
1990). Al-Mailem et al. (2010) reported Haloferax spp.,
Halobacterium sp. and Halococcus sp. competent of crude
oil and octadecane degradation under 3 M NaCl. Heptade-
cane degradation has been demonstrated by Haloarcula sp.
and Haloferax spp. in the presence of 22.5% NaCl (Tapilatu
et al. 2010). In a study on sabkhas in Kuwait, the haloar-
chaeal species isolated by the culture-dependent method
belonged to the genera Haloferax and Halobacterium, while
the denaturing gradient gel electrophoresis (DGGE) finger-
printing of the 16S rDNA amplicons from the same sam-
ples showed that the haloarchaeal phylotypes were affiliated
with the genera Halorussus, Halomicrobium, and Halorien-
talis (Al-Mailem et al. 2014). Amongst few description of
archaea able to degrade alkane, information on enzymatic
machinery and pathways involved is not available.

In the present study, a halophilic archaeon Halorienta-
lis hydrocarbonoclasticus was isolated from the mix of salt
crystal and sediment of saltern in Tianjin, China. The strain
was able to grow and utilize hexadecane as carbon source.
This is the first report on member of Halorientalis genus
capable of alkane degradation. In addition, considering the
potential of this strain, we sequenced the whole genome and
this is the first complete genome of hexadecane-degrading
haloarchaea. Analysis of genome revealed genes of alkane
hydroxylase enzymes possibly involved in alkane degrada-
tion. Availability of first genome of hexadecane-degrading
haloarchaeon is important since it will provide an opportu-
nity to better understand the alkane degradation mechanism
under hypersaline conditions.

@ Springer

Materials and methods
Microorganism and culture conditions

For isolation of halophilic archaea capable of degrading ali-
phatic hydrocarbons, samples including saline water, salt
crystals, sediments, and the mix of salt and sediment were
collected from Changlu Tanggu saltern near Da Gang Oil-
field in Tianjin (China). The basic medium used for isola-
tion was mineral salt basal medium (MSM) (per liter, 160
or 210 g NaCl, 20 g MgCl,-6H,0, 24 g MgSO,-7TH,0, 0.5 g
CaCl,, 5 g KCl, 0.2 g NaHCO;, 0.6 g NaBr, 2 g NH,CI,
0.2 g KH,PO,, 0.008 g NH,*-Fe(III) citrate, 1 mL trace ele-
ment solution SL-6, 3 mL vitamin 10 stock solution, 8 g
piperazine-N, N'-bis[2-ethanesulfonic acid] (PIPES), pH
7.0. The compositions of trace element solution SL-6 and
vitamin 10 stock solutions are described in halohandbook
(http://www.haloarchaea.com/resources/halohandbook).
When preparing the solid MSM, 1.5% purified agar (BBI
Life Sciences Corporation, Shanghai, China) was added.

To isolate and culture hydrocarbon-degrading haloar-
chaea, 5 g/L hexadecane (GC purity 99.0%, Haltermann,
Germany) was added into liquid MSM or spread using a
spreader onto solid MSM plate. The samples were inocu-
lated into liquid MSM with hexadecane as almost sole car-
bon source (additionally only 0.008 g/L citrate in MSM), and
cultured for 3 weeks at 37 °C with shaking of 180 rpm. After
enrichment the cultures were diluted and plated on the solid
medium with hexadecane as carbon source. The strains were
purified by plate streaking twice. One strain named IM1011
growing faster on solid medium was selected for further
study. The single colonies of IM1011 could be visualized by
the eye after being cultured for about 610 days. For prepa-
ration of mother culture for hexadecane degradation, two
loopful of IM1011 culture grown on plate was inoculated
in liquid enriched MSM medium supplemented with 10 g/L
yeast extract (Oxoid, Hampshire, UK) and 7.5 g/L casamino
acids (BD Difco, New Jersey, USA). Beside hexadecane,
other aliphatic hydrocarbons such as dodecane (C,,) and
eicosane (C,;) were also used as carbon source to culture
the strain IM1011, which was later named Halorientalis
hydrocarbonoclasticus strain IM1011 (= CGMCC 13754)
for further study in this article.

Hexadecane biodegradation

Potential of H. hydrocarbonoclasticus IM1011 for hexade-
cane degradation was carried out by growing it in 50 mL
MSM medium supplemented with hexadecane (5 g/L).
Medium was seeded with 4% inoculums from mother cul-
ture prepared in enriched MSM medium (supplemented with
yeast extract and casamino acids). Degradation experiment
was set in triplicate flasks and incubated on orbital shaker,
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180 rpm at 37 °C for 24 days. Control (without cells) was
prepared using same method and incubated under similar
conditions. After 24 days of incubation, hexadecane was
extracted thrice with 10 mL each of hexane. Extracts were
combined and after suitable dilution with hexane, 1 pL
sample was analyzed using Agilent Technology 6820 Gas
Chromatograph (Agilent Technologies, California, USA)
equipped with a flame ionization detector (FID) and a
DB-1 capillary column (15 m X 0.53 mm i.d. X 0.5 pm film
thickness; J & W Scientific). Oven temperature was pro-
grammed at 40 °C for 1 min and increased 5 °C/min from
40 to 140 °C, temperature was further increased from 140 to
280 °C at 10 °C/min. Injector and detector temperature was
set at 280 °C. Quantitative estimation of hexadecane degra-
dation was done by comparing the peak area of test samples
with that of control and calculating the decrease percentage.

DNA extraction, genome sequencing and annotation

The H. hydrocarbonoclasticus IM1011 was cultured for
7 days on the solid medium with hexadecane as carbon
source. For genomic DNA extraction, cells collected from
the plates were resuspended in MSM, transferred to a clean
Eppendorf tube, and washed twice with MSM. The total
DNA was extracted using QIAGEN Blood & Cell Culture
DNA Kit (catalog no. 13343) (QIAGEN, Duesseldorf, Ger-
many). The quality and quantity of genomic DNA were
ascertained by running 0.75% agarose gel, as well as by
NanoDrop 1000 spectrophotometer and Qubit fluorometer.

Genome sequencing, assembling, annotation and basic
analysis were performed by Nextomics Biosciences, Wuhan,
China. Briefly, after quality control, shearing, library con-
struction and library size selection, genome DNA was
sequenced using single molecule real-time (SMRT) tech-
nology on a PacBio RS II sequencer (Pacific Biosciences,
Nextomics Biosciences Co., Ltd., Wuhan). Sequencing
generated an overall of 586,042,960 bp, and 55,180 post-
filter reads with a mean length of 10,620 bp. After removing
adapter, error and low-quality nucleotides, the clean data
were used for the following assembling. The Hierarchical
Genome Assembly Processing 2.3.0 was used to assemble
the genome (Miller et al. 2008; Chin et al. 2013). The reads
were preassembled and corrected by BLASTR (Chaisson
and Tesler 2012). Celera Assembler program was used for
full assembly, which was corrected using Quiver software.
Finally, a total of 3,778,989 bp clean data with 122X genome
coverage was obtained.

Gene Locator and Interpolated Markov ModelER (Glim-
mer) version 3.02 software was used to predict coding
sequences (CDSs) (Delcher et al. 1999). tRNAs and rRNA
genes were recognized by tRNAscan-SE (Lowe and Eddy
1997) and RNAmmer databases (Lagesen et al. 2007).
The gene ontology (GO) (Ashburner et al. 2000), Kyoto

encyclopedia of genes and genomes (KEGG) (Kanehisa
et al. 2004), non-redundant protein (NR) (Pruitt et al. 2012),
InterPro (Jones et al. 2014), Swiss-Prot (Magrane and Con-
sortium 2011), and cluster of orthologous groups (COG)
(Tatusov et al. 2001) databases were exercised to annotate
the predicted genes.

Bioinformatics analysis

The taxonomic relationship was analyzed by 16S rRNA
gene sequence similarity in the EzTaxon database (http://
www.ezbiocloud.net/) (Yoon et al. 2016). The phylogenetic
tree was constructed using the software MEGA 6.0 (Tamura
et al. 2013) with the neighbor-joining method (Saitou and
Nei 1987). The topologies of the phylogenetic tree were
assessed by bootstrap analysis (Felsenstein 1985) based on
1000 replications. Evolutionary relationship at the genomic
level was analyzed based on average nucleotide identity
(ANI) algorithm that mimics DNA-DNA hybridization
using OrthoANI software (Lee et al. 2016).

Nucleotide sequence accession number

The complete genome sequence of Halorientalis hydrocar-
bonoclasticus IM1011 (= CGMCC 13754) was deposited
in GenBank with accession number CP019067. The acces-
sion numbers of pHOS300 and pHOS100 plasmid sequences
were CP019068 and CP019069, respectively.

Results and discussion

Isolation of a haloarchaeal strain growing
on hexadecane

Bioremediation of saline/hypersaline samples are intricate
because of the constraint of salinity. Halophiles are suit-
able microbes to overcome this constraint since they grow
and carry out normal metabolism under saline conditions
(Edbeib et al. 2016). Haloarchaea among halophiles are bet-
ter suited for remediation of hypersaline environments for
the reason that they endure and thrive at high salt concen-
trations. The present study was undertaken to isolate hydro-
carbon-degrading haloarchaea for cleaning up oil pollution
in hypersaline environments. A haloarchaeal strain IM1011
was isolated by hexadecane and salt enrichment culture from
saline samples collected near Da Gang Oilfield in Tianjin.
Strain IM1011 grew well on MSM plate with hexadecane
as carbon source (Fig. 1a). Colonies on MSM plate were
circular, red, opaque, smooth and convex (Fig. 1b). Scan-
ning electron microscope was used to decipher the cell mor-
phology of IM1011 cells grown in the presence of hexa-
decane. Cells were spherical in shape and occurred either

@ Springer


http://www.ezbiocloud.net/
http://www.ezbiocloud.net/

1084

Extremophiles (2017) 21:1081-1090

Fig. 1 The growth, colony and cellular morphology of H. hydrocar-
bonoclasticus IM1011. The growth (a) and colony morphology (b)
of H. hydrocarbonoclasticus IM1011 cultured on hexadecane plate.

singly or in cluster (Fig. 1c, d). Strain IM1011 was also able
to grow on MSM plates supplemented with dodecane and
eicosane, however, cell growth was much weaker than with
hexadecane.

Determination of hexadecane degradation

To identify whether strain IM1011 could degrade hexade-
cane, it was cultured in liquid medium with hexadecane as
carbon source. Liquid medium culture of strain IM1011 was
established in MSM containing 21% (w/v) NaCl and hexa-
decane (5 g/L) as carbon source. It was found to degrade
hexadecane while growing on it as carbon source. Gas chro-
matography profile of hexadecane extracted from control

@ Springer

The scanning electron microscope photograph of cluster of cells (c)
or a single cell (d) using field emission scanning electron microscopy
(Hitachi SU8010, Japan). Scale bar 1 pm

and test samples demonstrated hydrocarbon biodegrada-
tion potential of IM1011 (Fig. 2). Hexadecane degradation
estimation by gas chromatography revealed that 57 + 5.2%
hexadecane degradation was achieved after 24 days. In one
of the earliest studies, strain EH4 (later classified as Halo-
arcula vallismortis) was found to degrade 66% hexadecane
(0.5 g/L) in 30 days under 3.5 M NaCl milieu (Bertrand
et al. 1990). Haloarcula sp. and Haloferax spp. have been
found to degrade 32-95% heptadecane (0.5 g/L) in 30 days
(Tapilatu et al. 2010). Hexadecane degradation of 57% in
the present study is quite comparable to previous studies and
is noteworthy considering that the degradation efficiency
could be increased after optimization (Table 1). Indeed,
the strain IM1011 stands out in the higher concentration of
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Fig. 2 Comparison of residual hexadecane by gas chromatogra-
phy. Hexadecane (the peak at 15.8 min) was extracted by hexane
from medium with (IM1011) and without (control) inoculation of H.
hydrocarbonoclasticus IM1011. Dodecane (the peak at 6.2 min) was
used as internal standard. The medium used was MSM with hexade-
cane as carbon source. The cultures were incubated at 180 rpm, 37 °C
for 24 days. The peaks time were confirmed by pure hexadecane and
dodecane (data not shown)

hydrocarbon used and relatively shorter time period required
for degradation.

Genome properties of strain IM1011

Strain IM1011 was selected for genome sequencing consid-
ering its ability to degrade hexadecane, as the availability of
total genome is desirable to analyze the metabolic pathway
of hexadecane degradation in haloarchaea. The complete
genome sequence of IM1011 was of 3,778,989 bp with a
GC content of 65.58%. The genome consists of one main
chromosome (3,381,613 bp; GC content, 65.96%) and two
megaplasmids pHOS300 (276,813 bp; GC content 61.19%)
and pHOS100 (120,563 bp; GC content 65.17%) (Fig. 3).
The genome information is summarized in Table 2. The

Table 1 Alkane degradation by haloarchaea

genome encodes 3720 putative proteins, 75 tRNAs and
two 16S-23S-5S rRNA operons. The genome information
indicates that IM1011 belongs to Halorientalis genus (see
below), and so far this is the first complete genome sequence
determined for this genus, as previously only draft genome
sequences are available for Halorientalis persicus strain
IBRC-M 10043 and Halorientalis regularis strain IBRC-
M 10760 in NCBI database. Draft genome sequence of H.
persicus (4.87 Mb) has 4684 protein coding sequences with
GC content of 63.5%, while that of H. regularis (4.03 Mb)
has 3893 protein coding sequences with GC content of 65%.
The genome size and the number of protein coding sequence
of IM1011 and H. regularis are comparable, but the genome
size of H. persicus is larger, and the number of protein cod-
ing sequence of H. persicus is higher. The annotation of
protein coding sequence was predicted by NCBI Reference
Sequence Database (RefSeq) in which redundant genes and
pseudogenes have been removed. The average lengths of
per protein coding sequence in IM1011, H. regularis and H.
persicus were 1015, 1035 and 1039 bp (genome size divided
by the number of protein coding sequence). The average
length per protein coding sequence in IM1011 was a little
lower than the other two species, H. regularis and H. persi-
cus, of which the genomes were draft. The availability of the
complete genome sequence of Halorientalis strain IM1011
is not only important for basic research of the Halorientalis
genus, but also important for understanding the molecular
mechanism of hydrocarbon degradation by haloarchaea.

Phylogenetic analysis of strain IM1011

The phylogenetic classification of strain IM1011 was ana-
lyzed based on the evolutionary trees of conserved genes
and ANI at the genomic level to mimic DNA-DNA hybridi-
zation. Two 16S rRNA gene sequences were found in the
IM1011 genome and were named rrnA and rrnB. In the
phylogenetic tree of 16S rRNA gene sequence, the evolu-
tionary distance between two 16S rRNA genes was long,

Organisms Condition Pollutant Conc (g/L) Degradation (%) References
Haloarcula vallismortis EH4 3.5 M NaCl; 30 days Tetradecane 0.5 88 Bertrand et al. (1990)
Hexadecane 0.5 66
Pristane 0.5 48
Eicosane 0.5 64
Heneicosane 0.5 51
Haloferax spp., Halobacterium sp., 3 M NaCl; 40-45 °C; 3 weeks Crude oil 2 13-47 Al-Mailem et al. (2010)
Halococcus sp. n-Octadecane 2 28-67
Haloarcula sp., Haloferax spp. 225 g/LL NaCl; 40 °C; 30 days Heptadecane 0.5 32-95 Tapilatu et al. (2010)
Halorientalis hydrocarbonoclasticus 3.6 M NaCl; 37 °C; 24 days ~ Hexadecane 5 57 Present study

strain IM1011
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Fig. 3 Schematic circular illustration of complete genome of H.
hydrocarbonoclasticus IM1011. From inner to outer: (1) GC skew
(GC skew is calculated using a sliding window, as (G — C)/(G + C).
The value is plotted as the deviation from the average GC skew of
the entire sequence, (2) GC content (the GC content is plotted using
a sliding window, as the deviation from the average GC content of

Table 2 General features of H. hydrocarbonoclasticus strain IM1011
genome

Feature® Chromosome pHOS300 pHOS100 Total

Size (bp) 3,381,613 276,813 120,563 3,778,989
GC content (%) 65.96 61.19 65.17 65.58
Gene 3507 245 122 3874
Protein 3383 223 114 3720
rRNA operon 2 0 0 2

tRNA 74 0 1 75

Other RNA 2 0 0 2
Pseudogene 42 22 7 71

“Gene, protein, rRNA operon, tRNA, other RNA and pseudogene rep-
resent the numbers of the different genes

but both clustered in the branches closed to H. persicus and
H. regularis (Fig. 4a). The rrnA gene was closed to H. per-
sicus D108 (98.40%) and H. regularis TNN28 (98.12%),
while rrnB gene was closed to H. persicus IBRC-M 10043
(= D108T) (98.43%) and H. regularis IBRC-M 107607
(= TNN28T) (96.93%). To confirm further, the phylo-
genetic tree based on the RNA polymerase beta-subunit
(rpoB’) gene with one copy located in the chromosome was
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the entire sequence), (3) tRNA and rRNA, (4 and 5) CDS (colored
according to COG function categories, 4 is backward strand, 5 is for-
ward strand), (6 and 7) m4C and m6A sites in CDS/rRNA/tRNA (6
is backward strand, 7 is forward strand), (8) m4C and m6A sites in
intergenic regions

constructed (Fig. 4b). In this tree, strain IM1011 clustered in
the Halorientalis clade. The phylogenetically closest strains
were also H. persicus (94%) and H. regularis (93%).

Finally, the phylogenetic classification of IM1011 at the
genomic level was deduced based on output from OrthoANI
software, which includes phylogenetic tree and heatmap with
OrthoANI values (Fig. 5). In the phylogenetic tree, strain
IM1011 also clustered in one clade with other two Halorien-
talis species. In the heatmap, the OrthoANI values between
species of Halorientalis were more than 80.0, while it was
less than 80.0 between different genuses. It was concluded
that IM1011 belongs to Halorientalis genus. The OrthoANI
value between IM1011 and H. regularis was 86.0, while
that between IM1011 and H. persicus was 86.2. Compar-
ing it with the OrthoANI value of 89.1 between two dif-
ferent classified species, H. regularis and H. persicus;
strain IM1011 could be considered as a new species. Tak-
ing into account IM1011 capability to devour and degrade
aliphatic hydrocarbon hexadecane, we proposed to name it
as Halorientalis hydrocarbonoclasticus sp. nov. (type strain
IM1011 = CGMCC 13754).

Currently, only eight cultivable isolates (including
IM1011) of the Halorientalis genus are available in the
NCBI database, of which the three previously identified
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Fig. 4 Phylogenetic tree a 97 Halorientalis regularis TNN28T (GQ282621)
analysis of conserved genes. ﬂEHa/oﬁenmﬁs persicus D108" (KF313134)
The phylogeneic tree was con- 7] Halorientalis sp. IM1011 rmA (Gene ID: 30960060)
of 163 RNA gone (s) o 34 Halorientalis brevis YCB9" (JQ237120)
rpoB’ gene (b). Each organ- 9% _|:Halapncum salinum CBA1105T (KF314042)
ism is preceded by its NCBI 98 Halorhabdus utahensis DSM 12940" (AF071880)
accession number. Bootstrap _|j Halomicroarcula limicola YGHS32T (KF582944)
values are shown as percentages 99 Halomicrobium zhouii TBN51T (HM063952)
of 1000 replicates. Horizontal Halosimplex carisbadense JCM11222T (HQ263561)
Zﬁi};ft’j;é‘:fs’rer‘:ljc‘l“elggzg of . Halovenus aranensis CGMCC 1.11001T (KJ534548)
P a4 —— Halorientalis regularis IBRC-M 107607 (jgi.1084694)
29 _E Halorientalis sp. IM1011 rmB (Gene ID: 30961489)
98 Halorientalis persicus IBRC-M 10043 (jgi.1084692)
Halorubrum pallidum PJ61T (KJ644242)
—
0.02
b 9 Halorientalis persicus IBRC-M 10043 (KM520758)
oo Halorientalis regularis TNN28T (KF434758)
33 %0 Halorientalis sp. IM1011 (GenelD: 30959365)
Halorientalis brevis YC89T (KJ913076)
71 Halomicrobium zhouii TBN51T (JN120804)
100 Halapricum salinum CBA1105" (KJ364599)
Halorhabdus utahensis DSM12940" (AB477175)
55 Halomicroarcula limicola YGHS32T (KF582946)
41 Halosimplex carisbadense JCM11222" (AB477192)
Halovenus aranensis CGMCC 1.11001T (KJ534550)
Halorubrum pallidum PJ61T (KT803863)
—
0.02
Halorientalis persicus species are, H. regularis isolated from marine solar salt-

Halorientalis regularis
Halorientalis sp. IM1011
Halomicrobium mukohataei

Halosimplex carlsbadense

Halorhabdus tiamatea

Halovenus araenesis

Fig. 5 Average nucleotide identity matrix analysis at the genome
level. The ANI phylogenetic tree was constructed based on
OrthoANI values. GenBank no.: H. persicus IBRC-M 10043,
FOCX00000000.1; H. regularis IBRC-M 10760, FNBK00000000.1;
Halorientalis sp. IM1011, NZ_CP019067.1, NZ_CP019068.1 (plas-
mid pHOS300), NZ_CP019069.1 (plasmid pHOS100); Halomicro-
bium mukohataei DSM 12286, CP001688.1, CP001689.1 (plasmid
pHmukO1); Halosimplex carlsbadense 2-9-1, NZ_AOIU00000000.1;
Halorhabdus tiamatea SARL4B, NC_021921.1, NC_021913.1
(plasmid  pHTIA); Halovenus araenesis IBRC-M 10015,
FNFC00000000.1

erns in eastern China (Cui et al. 2011), H. persicus isolated
from Aran—Bidgol salt lake in Iran (Amoozegar et al. 2014)
and Halorientalis brevis isolated from Yuncheng salt lake
in Shanxi, China (Yuan et al. 2015). Amongst this genus,
none of the isolates have been documented for future bio-
technological application. H. hydrocarbonoclasticus stands
out from the perspective of its intended biotechnological
relevance in hydrocarbon bioremediation in hypersaline
environments.

Putative pathway involved in the hexadecane
degradation

To understand the molecular basis of hexadecane deg-
radation, insights from IM1011 genome sequence was
explored (Table 3). Pathway for aerobic degradation of
aliphatic alkanes is elucidated in bacteria only wherein the
first step involves conversion of alkanes to corresponding
alcohols by addition of oxygen. A set of enzymes called
alkane hydroxylase catalyzes the addition of oxygen for
initial activation of alkane molecules. Among the various
types of this set of enzymes, soluble cytochrome P450 and
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Table 3 The putative enzymes and pathways for hexadecane metabolism

Pathway Enzyme Protein accession number
Alkane hydroxylase Luciferase-like monooxygenase/LLM class oxidore- WP_077205603, WP_077206220, WP_077206227,
ductase WP_077206521, WP_077206683, WP_077207739,
WP_077207748
Cytochrome P450 WP_077205493, WP_077207994, WP_077206225,
WP_077207279
Linkage to f-oxidation pathway Alcohol dehydrogenase WP_077205541% WP_077206378, WP_077206518,

Aldehyde dehydrogenase/aldehyde ferredoxin oxi-

doreductase

Long-chain fatty acid-CoA ligase/acyl-CoA syn-
thetase/ AMP-dependent synthetase

B-Oxidation pathway Acyl-CoA dehydrogenase

Enoyl-CoA hydratase

3-Hydroxyacyl-CoA dehydrogenase/3-hydroxybu-

tyryl-CoA dehydrogenase

WP_077207452

WP_077205457, WP_077206740, WP_077206938,
WP_077207327, WP_077207895, WP_077206682,
WP_077206864, WP_077206761

WP_077207940, WP_077206191, WP_077206775,
WP_077208314¢, WP_077205058,
WP_077205074, WP_077205337, WP_077205769,
WP_077207380, WP_077207743, WP_077207850%,
WP_077208264°, WP_077206075, WP_077207529,
WP_077207726

WP_077207924, WP_077204969, WP_077205071,
WP_077205408, WP_077205410, WP_077205897,
WP_077206202, WP_077206465, WP_077207527,
WP_077207736, WP_077207799, WP_077207853*,
WP_077207854, WP_077204844, WP_077206190,
WP_077206419, WP_077204754, WP_077206558%,
WP_077208313°¢

WP_077204755, WP_077205346, WP_077205491,
WP_077206047, WP_077206918%, WP_077207375,
WP_077204813%, WP_077206215

WP_077205013°, WP_077207528°, WP_077204915,
WP_077207788

Acetyl-CoA acetyltransferase/3-ketoacyl-CoA thiolase WP_077204917, WP_077205016% WP_077207790,

WP_077207807, WP_077207886, WP_077205976,
WP_077206074, WP_077207855

The protein accession numbers were summarized in this table
*The annotations in NCBI database were ambiguous

®The proteins fused to enoyl-CoA hydratase

“The proteins whose genes were located in plasmid pHOS300

integral membrane non-heme alkane hydroxylases (AlkB)
are involved in oxidation of medium-chain length alkanes
(Cs—C,,). Flavin-binding monooxygenase (AlmA) and lucif-
erase-like monooxygenase (LadA) are involved in oxidation
of long-chain length alkanes (C,s—C5;4) (Rojo 2009; Wang
and Shao 2013). Among these group of alkane hydroxylase
enzymes, four and seven gene copies of cytochrome P450
and luciferase-like monooxygenase/LLM class oxidoreduc-
tase (LadA), respectively, were found in IM1011 genome
(Table 3). Interestingly, a cyclohexanone monooxygenase
(WP_077205775) was found, but the ability of cyclohex-
anone degradation need to be identified. The alkB gene was
not found in IM1011 genome. A study on alkane hydroxy-
lases genes has reported that alkB gene was not found in
archaeal genomes (Nie et al. 2014).

Terminal oxidation of alkane involves additional three
steps before alkane is completely metabolized by p-oxidation

@ Springer

pathway (Fig. 6). Genes for these three steps enzymes, alco-
hol dehydrogenase (4 copies), aldehyde dehydrogenase/alde-
hyde ferredoxin oxidoreductase (8 copies) and acyl-CoA
synthetase/long-chain fatty acid-CoA ligase/ AMP-dependent
synthetase (15 copies) are also present in IM1011 genome
(Table 3). Factually, many copies of putative short-chain
alcohol dehydrogenase were annotated (not shown); how-
ever, considering that alkanes in hypersaline environments
were usually long-chain or medium-chain, only four copies
which might be related with alkane degradation are sum-
marized in Table 3. For the similar reason, long-chain fatty
acid-CoA ligase was the most possible enzyme catalyzing
the biosynthesis of acyl-CoA, but some proteins named acyl-
CoA synthetase or AMP-dependent synthetase catalyzes the
same reaction were also listed, in case of the omission of
some enzymes that could bind and catalyze both short-chain
and long-chain or medium-chain fatty acids.
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Alkane
AH

1-Alcohol
AD

Aldehyde
ALD/ALFO

Fatty acid
ACSL

Acyl- COA(C ) Acetyl-CoA

Acyl- CoA(C )
HS-CoA
: ACAT

Acyl-2- enoyl -CoA Acetoacyl -CoA

N

3-hyd roxyacyl -CoA

n

Fig. 6 Putative aerobic metabolism pathway of alkane degradation in
H. hydrocarbonoclasticus IM1011. AH alkane hydroxylase (includ-
ing luciferase-like monooxygenase/LLM class oxidoreductase and
cytochrome P450), AD alcohol dehydrogenase, ALD/ALFO aldehyde
dehydrogenase/aldehyde ferredoxin oxidoreductase, ACSL long-chain
fatty acid-CoA ligase/acyl-CoA synthetase/AMP-dependent syn-
thetase, ACD acyl-CoA dehydrogenase, ECH enoyl-CoA hydratase,
HAD  3-hydroxyacyl-CoA  dehydrogenase/3-hydroxybutyryl-CoA
dehydrogenase, ACAT acetyl-CoA acetyltransferase/3-ketoacyl-CoA
thiolase

Aerobic degradation of aliphatic alkanes by terminal or
subterminal oxidation as well as degradation under anaer-
obic condition essentially involves pB-oxidation pathway
(Rojo 2009). Complete p-oxidation pathway with genes for
enzymes acyl-CoA dehydrogenase (19 copies), enoyl-CoA
hydratase (8 copies), 3-hydroxyacyl-CoA dehydrogenase/3-
hydroxybutyryl-CoA dehydrogenase (4 copies), and 3-ketoa-
cyl-CoA thiolase/acetyl-CoA acetyltransferase (8 copies) are
present in IM1011 genome (Table 3). Remarkably, two of
the 3-hydroxyacyl-CoA dehydrogenases/3-hydroxybutyryl-
CoA dehydrogenases were fused to enoyl-CoA hydratase
and also have enoyl-CoA hydratase activity. Information
from IM1011 genome suggests possible involvement of
alkane hydroxylase enzymes and f-oxidation pathway in
hexadecane biodegradation.

The isolate H. hydrocarbonoclasticus IM1011 is the first
halophilic hydrocarbon degrader from genus Halorientalis;
this coincides with the finding of Halorientalis genus by
culture-independent study of hydrocarbonoclastic micro-
flora in hypersaline soil and water samples from sabkhas

in Kuwait (Al-Mailem et al. 2014). Strain IM1011 capabil-
ity of biodegradation of hydrocarbons under high salt con-
centration suggested the potential use in bioremediation of
petroleum pollution. Moreover, the sequencing and analy-
sis of first complete genome of haloarchaeal hydrocarbon
degrader has yielded key information about hydrocarbon
degradation by haloarchaea. This study provides leads for
further investigation to decipher mechanism of hydrocarbon
degradation under hypersaline condition by haloarchaea. H.
hydrocarbonoclasticus strain IM1011 and its genome is vital
resource for applications in industrial biotechnology and sci-
entific research.
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