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With the increasing demand for diesel in various countries, the ecological pollution
caused by the improper use, storage, and accidental leakage of diesel needs to be
addressed urgently. As an environmentally friendly and cost-effective method,
bioremediation generally uses various microorganisms to remove pollutants from
the environment. Here, the strain KJ-1, obtained through an enrichment culture
using n-dodecane from oil-contaminated soil near a gas station as the substrate,
was identified as Acinetobacter vivianii according to its morphology, biochemistry,
and molecular biology. The isolate KJ-1 was able to use diesel as a sole carbon
source and more than 40% of diesel was degraded after 12 days of incubation with
strain KJ-1 in mineral salts medium. The most suitable diesel concentration and
nitrogen source concentrations were 4,140 mg/L and 350-700 mg/L, respectively,
for diesel degradation and bacterial growth. The optimal initial pH and temperature
for strain KJ-1 growth and diesel degradation were 6.5-8.0 and 20-37°C,
respectively. To investigate the diesel-degrading mechanisms of this strain, the
complete genome was sequenced and annotated. The complete genome consists
of one chromosome with a total length of 3,927,757 base pairs and a G + C content
of 41.5%. The genes related to the two-component regulatory system and alkane
degradation were analyzed. In addition, two putative alkane monooxygenases were
analyzed, and the protein sequences were characterized and compared with other
AlkBs in Acinetobacter spp. using sequences downloaded from NCBI. The results
demonstrated that A. vivianii KJ-1 may be particularly useful for future
bioremediation of diesel-polluted soil.
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Introduction

As an important energy and fuel for the development of
countries around the world, and due to rapid social economic
development, the demand for such petroleum-derived products
as diesel and gasoline is increasing. However, soil and
groundwater contamination due to improper usage, storage,
and disposal of petroleum-derived products, in particular
diesel oil, as well as accidental leakage, is a major
environmental problem that has attracted the attention of
experts in various countries (Bunger et al, 2012; Xu et al,
2019). Diesel is a complex group of compounds consisting
mainly of alkanes, cycloalkanes, olefins, and mono- to
polycyclic aromatic hydrocarbons, which have caused great
damage to the natural environment and even to human
health, and are currently classified as hazardous wastes (Atlas
and Hazen, 2011; Steiner et al, 2016). Fortunately, there are
many indigenous microorganisms in the natural environment
that can respond to environmental changes rapidly and use
hydrocarbons as the sole source of carbon and energy, which
plays an important role in pollutant degradation and
environmental bioremediation (Xu et al., 2018; Keramea et al,,
2021). At present, more than 90 genera and 200 species of
bacteria have been reported to possess the ability to degrade
diesel, including Bacillus (Gao et al., 2021; Khandelwal et al,
2022), Pseudomonas (Phulpoto et al., 2021), Alcanivorax (Kadri
etal,, 2018b), and Acinetobacter (Akinde and Obire, 2008; Zhang
et al,, 2014; Ho et al,, 2020). Ultimately, diesel degradation by
microorganisms varies and depends highly on the microbe’s
ability to utilize the hydrocarbon components or byproducts
of diesel degradation (Palanisamy et al., 2014; Liu et al., 2016). It
is an effective way to find novel and efficient diesel-degrading
microorganism to tackle the current severe pattern of diesel
pollution.

The Acinetobacter spp. are aerobic gram-negative bacteria,
which are rod-shaped and belong to g-proteobacteria in the
family Moraxellaceae (Kostka et al, 2011). This Genus is
widely distributed in a variety of environments and can
survive on different types of surfaces, indicating that it is well
adapted to different environments and shows considerable
metabolic diversity (Jiao et al,, 2016). It has been shown that
the degradation of diesel compounds with Acinetobacter bacteria
usually takes place under aerobic conditions, with three possible
n-alkane degradation pathways involving different hydroxylases,
commonly encoded by the genes alkB, almA, p450, and ladA
(Varjani and Upasani, 2017). Among these hydroxylases, alkane-
1 monooxygenase (AlkB) is the most common and most widely
distributed of the alkane hydroxylases, acting mainly on medium
and long chain alkanes (Park et al., 2017). It is engaged in the first
step of the alkane terminal oxidative degradation pathway, and
catalyzes the degradation of alkanes by oxidation of their
terminal methylated carbons to 1-alkanols under aerobic
conditions (Pal and Sengupta, 2020).
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According to the latest database (July of 2022) on NCBI
(http://www.ncbinlm.nih.gov), 86 Acinetobacter species have
their genomes sequenced and about 70 of them carry genes
involved in alkane degradation. However, there is little
information about the genome of Acinetobacter vivianii. In
this study, an Acinetobacter vivianii strain was isolated from
diesel-contaminated soil from a gas station in Jinan, Shandong
Province, China, and identified and characterized. To further
understand its genetic traits for alkane degradation, the complete
genome was sequenced and reported, and genes related to alkane
degradation were analyzed.

Material and methods
Chemicals and media

The 0# diesel was purchased from a gas station owned by
Shandong Kexin Oil Products Co., Ltd. in Jinan, China. Its cetane
index was 56, and the density was 827.9 g/cm® (20°C). The total
pollutant content and the total sulfur content were 4.5 mg/kg and
4.0 mg/kg, respectively. n-Hexane, anhydrous sodium sulfate,
and other chemicals and solvents were obtained from Sinopharm
Chemical Reagent Co., Ltd. and Tianjin Guangfu Technology
Development Co., Ltd., at the high est analytical reagent grade.

NB medium contained 10.0 g of tryptone, 3.0 g of beef
extract, and 5.0 g of NaCl in 1 L of water at pH 7.0-7.2.

Mineral salts medium (MSM) contained 1 g of NH,NO;, 1 g
of NaCl, 1.5g of K,HPO,, 0.5g of KH,PO,, and 0.2g of
MgSO,4-7H,0 in 1 L of water, with the pH adjusted to 7.2.

To prepare the diesel mineral medium, diesel was syringe
filtered for sterilization with a 0.2-pum organic filter membrane
(Tianjin Branch Billion Lung Experimental Equipment Co.,
Ltd.), and according to the experiment, some diesel was added
to the sterile mineral medium as the sole carbon source.

Isolation, screening and identification of
alkane-degrading bacteria

Samples used for bacterial isolation were obtained from the
oil-contaminated soil around the gas station of Shandong Kexin
Qil Products Co., Ltd. (Jinan, China), which has been in business
for 30 years. First, 10 g of contaminated soil was added to a 500-
ml flask containing mineral media with n-dodecane (3,765 mg/L)
as the sole carbon source. The flasks were incubated at 30°C and
160 rpm for 7 days, and then 2 ml of culture was transferred to
another flask with fresh media for another 7 days of cultivation.
After five sequential rounds were conducted, 1 ml of culture was
used to isolate the alkane-degrading bacteria by a standard
dilution plating technique. Alkane degradation was assessed
by culturing in MSM broth supplemented with n-dodecane as
the sole carbon source at 30°C and 160 rpm. The alkane-
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degrading bacteria were identified based on morphological,
physiological, and biochemical characterizations according to
Bergey’s Manual of Systematic Bacteriology. Molecular
taxonomy was based on PCR amplification and sequencing of
16S rDNA with the universal primers 7F (5'-CAGAGTTTGATC
CTGGCT-3') and 1540R (5-AGGAGGTGATCCAGCCGC

A-3).

Growth of KJ-1 in media supplemented
with diesel

For analyzing the diesel degradation ability, strain KJ-1 was
cultured and quantified by monitoring the concentration of the
diesel in mineral salts media with diesel as the sole carbon source.
Strain KJ-1 was grown in NB broth on a rotary shaker (160 rpm)
for 12h at 30°C, then cells were collected by centrifugation
(5,000 rpm for 5 min), washed twice, and re-suspended to an
ODgpp = 0.7 (Lambda Bio Spectrophotometer, Perkin Elmer,
United States) in The
(approximately 1x10* cell/mL) was used to inoculate (2% v/v)

sterile  water. cell suspension
100 ml-flasks of MSM containing diesel as the sole carbon source
and incubated at 30°C on a rotary shaker at 160 rpm. The cultures
were taken out at different time points to measure the cell
concentrations and the diesel residues. To confirm the
individual effects of temperature (20°C, 25°C, 30°C, 31°C, 33°C,
35°C,37°C, 39°C, and 40°C), pH (4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5,
8.0, 8.5, and 9.0), initial concentration of diesel (2.07 g/L, 4.14 g/
L,8.28 g/L, 12.42 g/L, and 16.56 g/L), and initial concentration of
nitrogen (200 mg/L, 350 mg/L, 700 mg/L, 1,000 mg/L, and
1,400 mg/L) on the degradation of diesel with strain KJ-1,
four experiments were established. A non-inoculated control
was set and each treatment was replicated three times.

The diesel in the liquid was extracted with n-hexane as a
volume ratio of 1:1. The flasks were subjected to oscillation
extraction in a shaker (25°C, 150 rpm) for 30 min, and then
liquid-liquid extraction using a separating funnel. All steps were
repeated three times. The concentration of the diesel fuel in the
liquid was measured by gas chromatography using the method
described in “Soil and Sediment—Determination of Petroleum
Hydrocarbons (C19-Cy9)—Gas Chromatography (HJ
1021-2019)” and bacterial growth was monitored by UV
spectrophotometer using an absorbance of 600 nm (Ho et al,
2020).

The degradation rate of diesel according to the following
formula:

C -G

1

x 100%

'1 =
where: n-diesel degradation rate; C;-residual amount of diesel

fuel in the blank control; C,-remaining amount of diesel fuel in
the sample.
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In this study, the diesel concentration was determined
through a gas chromatography-flame ionization detection
equipped with an Agilent HP-5 capillary column (30 m x
032 mm x 0.25um). The analytical procedures were as
follows: carrier gas (N,) flow rate of 1.5 ml/min, air flow rate
of 300 ml/min, H, flow rate of 30 ml/min, makeup gas flow rate
of 28 ml/min, and injection volume of 1pL. The oven
temperature program was as follows: start at 40°C, held for
2 min, increase to 350°C at 10°C/min, and hold for 10 min.
The inlet temperature and the detector temperature were both
300°C.

Genome sequencing analysis

A whole-genome shotgun strategy was adopted to construct
the genome library, and sequencing was carried out using
Mumina Hiseq and PacBio technology (Caporaso et al., 2012;
Rhoads and Au, 2015). Data generated from the PacBio and
Mumina platforms were used for bioinformatics analysis, all of
which were performed using the free online platform Majorbio
Cloud Platform (www.majorbio.com) from Shanghai Majorbio
Bio-pharm Technology Co., Ltd. (Ren et al., 2022). The software
SOAPdenovo v2.04 was used for the assembly and the results
were optimized using GapCloser v1.12. The coding sequences
(CDS) in the genome were predicted using Glimmer (http://ccb.
GeneMarks,
Prodigal. The tRNA and rRNA sequences were predicted
using tRNA-scan-SE and Barrnap, respectively. The nucleic

jhu.edu/software/glimmer/index.shtml), and

acid and amino acid sequences of the functional genes were
obtained by prediction. Using BLAST software, the amino acid
sequences of the strains were compared using databases such as
COG, GO, KEGG, NR and Swiss-Prot to obtain the
corresponding functional annotation information (Sayers et al.
, 2011). Genomic annotation circles were mapped using the
software Proksee (formerly CGView, https://proksee.ca/) and
the secondary metabolite synthesis gene clusters were
predicted using antiSMASH v6.1.0 (antiSMASH bacterial

version (secondarymetabolites.org)).

Homology comparison of alkane
monooxygenase

The sequences of alkane monooxygenase in different
Acinetobacter spp. were obtained from NCBI database (http://
www.ncbinlm.nih.gov). And phylogenetic tree of kinds of alkane
monooxygenases was constructed by maximum likelihood
method using MEGA 7.0 software. The sequences of alkane-1
monooxygenase in KJ-1 were aligned with other AlkB1 sequences
downloaded from NCBI database by ClustalW online alignment
tool then

(https://www.genome.jp/tools-bin/clustalw) and
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Transmission electron micrograph of strain KJ-1 (A) and physiological and biochemical morphology of strain KJ-1 on MSM agar medium (B)

plotted using ESPript3.0 online tool (https://espript.ibcp.fr/
ESPript/ESPript/index.php).

Results and discussion

Isolation and identification of alkane-
degrading strain

Seven bacterial strains (KJ-1, KJ-2, KJ-3, KJ-4, KJ-5, KJ-6 and
KJ-7) were isolated from oil-contaminated soil with enrichment
cultures. These strains showed good degradation ability on
n-dodecane, and the degradation rate of n-dodecane was more
than 60%. Among them, strain KJ-1 was the best degrader and
was selected for further study.

Strain KJ-1 was a gram-negative, aerobic, asporous, short-rod
shaped bacterium with a size of 0.8 um X 2.2 um observed by
scanning electron microscope (HITACHI SUB8011, Japan)
(Figure 1A). The single colony of strain KJ-1 on NB agar
plates was round, with smooth edge, light yellow and white,
opaque and wet surface (Figure 1B). The strain KJ-1 showed
negative oxidase, nitrate reductase, and positive for catalase and
starch hydrolysis in biochemical test.

A 16S rRNA fragment was amplified from strain KJ-1 and
sequenced. Then, a phylogenetic tree was constructed based on
the 16S rRNA gene sequence (GenBank accession: MZ994727).
The 16S rRNA gene sequence of strain KJ-1 showed that strain
KJ-1 was very similar to Acinetobacter vivianii NIPH 2168, and
the corresponding phylogenetic tree analysis supported a strong
relationship between KJ-1 and members of Acinetobacter
spp. (Figure 2). According to the morphological, physiological,
and biochemical characterization, and the 16S rRNA sequence
analysis, strain KJ-1 was identified as Acinetobacter vivianii.
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Acinetobacter bacteria are widely found in nature and can
survive on wet and dry surfaces, and it is the most common
genera that can degrade hydrocarbons. Many strains of this
genus were reported to be involved in alkane degradation in
previous studies, such as A. junii (Ohadi et al, 2017), A.
mesopotamicus (Acer et al., 2020), A. venetianus (Fondi et al,
2016), A. calcoaceticus (Singkham-In and Chatsuwan, 2022), and
A. baumannii (Hossain et al., 2022). In this study, we isolated a
strain, KJ-1, from a gas station from Shandong Kexin Oil
Products Co., Ltd., Jinan, China. This strain was able to grow
in MSM with n-dodecane as the sole carbon source and degrade
n-dodecane very efficiently. It is closely homologous to
Acinetobacter vivianii NIPH 2168.

Diesel degradation by KJ-1

Alkanes are the main components of diesel oil. To detect
the degradation ability of strain KJ-1 on diesel oil, the cells were
cultured in mineral salts media with diesel as the sole carbon
source at 30°C. According to the growth curve in MSM with
diesel as the carbon source, 4-6 days were required to reach the
maximum value of the specific growth rate, after which time the
culture grew slowly (Figure 3). More than 45% of the diesel in
the media (12,418.5 mg/L) was degraded, which suggests the
strong diesel degradation ability of strain KJ-1 under the
culture conditions compared to A. calcoaceticus CA16 and
A. haemolyticus strain 2SA (Ho et al, 2020; Diallo et al.,
2021). As shown in Figure 3, the growth of strain KJ-1 was
positively correlated with the degradation of diesel during days
2-20. From days 22-28, the ODg(, tended to a steady state, and
although its value decreased from days 26-28, there was no
significant difference, and a balance may have been struck
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FIGURE 2
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Phylogenetic tree of Acinetobacter sp. KJ-1 and its closest related species based on 16S rRNA gene sequence similarity using maximum
likelihood method. Data for all 16S rRNA genes were downloaded from NCBI (http://www.ncbi.nlm.nih.gov). The outgroup used was Alkanindiges
sp. 5-0-11. Bootstrap value represents 1,000 replicates and random seeding. Tree was built using Mega 7.0.26.

Frontiers in Environmental Science

05

frontiersin.org


http://www.ncbi.nlm.nih.gov
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1044754

10.3389/fenvs.2022.1044754

between bacterial growth and cell autolysis. According to the
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initial concentration of nitrogen source (mg/L); (C), incubation temperature; (D), the initial pH in MSM media.
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TABLE 1 General genome features of Acinetobacter sp. KJ-1.

Features Value

Raw reads size (bp) 1,050,739,238

Clean reads size (bp) 1,038,760,330

Sequencing depth 418.0
Genome size (bp) 3,927,757
GC content (%) 41.5
Gene length (bp) 3,412,368
Gene length/genome (%) 86.88
Gene number 3,740
Gene average length (bp) 935.41
Gene Region GC Content (%) 42.69
Gene internal length (bp) 515,389
Gene internal GC content (%) 33.65
Gene internal length/Genome (%) 13.12
tRNA genes 74

5S rRNA genes 6

16S rRNA genes 6

23S rRNA genes 6

With diesel as the sole carbon source, its concentration has an

important effect on the growth and metabolism of
microorganisms. If the concentration is too low, the strain
cannot obtain enough carbon and its growth and

reproduction are affected; if the concentration is too high, the
requirements for sufficient oxygen and nutrients are increased,
thus affecting normal growth. Here, the effect of different initial
diesel concentrations on the degradation ability of strain KJ-1
was analyzed (Figure 4A). When the initial concentration of
diesel was 2,070 mg/L to 12,418.5 mg/L, there was no significant
difference in the growth or degradation of diesel of strain KJ-1.
The ODyy value increased slowly when the initial concentration
was between 24,837 mg/L to 33,116 mg/L. At 28,976.5 mg/L, the
ODgoo was the highest; however, the degradation rate decreased
compared to 24,837 mg/L. Therefore, there is a point between
24,837 mg/L to 33,116 mg/L at which the growth rate of the
strain decreased, while the initial concentration increased. When
the concentration was 37,273.5 mg/L, the degradation rate was
the lowest, at only 22.89%, suggesting that high concentrations of
diesel had a certain toxicity to cells.

Nitrogen, as an essential element of proteins, nucleic acids,
and other nitrogen compounds of living organisms, plays a vital
role in microbial growth and product synthesis (Kahraman et al.,
2017). Ammonium nitrate (NH4,NO3) includes two forms of
nitrogen, ammonium and nitric acid, which can supply two
different nitrogen sources at the same time. Here, different
concentrations of ammonium nitrate (NH4,NO3) were chosen
as the inorganic nitrogen source to analyze the degradation of
diesel by A. vivianii KJ-1 (Figure 4B). Under the influence of
different concentrations of ammonium nitrate, the degradation
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rate of diesel was above 50% in all cultures of strain KJ-1.
Moreover, there was no difference in the diesel degradation
rate when the concentration of the nitrogen source was
350-700 mg/L. However, when the concentration of the
nitrogen source exceeded 700 mg/L, the growth of strain KJ-1
increased and the degradation rate of diesel decreased.

The culture temperature affects the growth, reproduction,
and metabolic activity of microorganisms. In this experiment,
temperature had a significant effect on growth and diesel
growth
degradation temperature was analyzed in the 20°C-37°C

degradation of strain KJ-1. The optimal and
range. In this range, 35°C was the best incubation temperature
for both the growth of strain KJ-1 and the degradation of diesel
oil. Strain KJ-1 grew and degraded diesel in a wide range of
temperatures. However, when the culture temperature was
higher than 39°C, the growth of strain KJ-1 and the
degradation of diesel were inhibited (Figure 4C).

The pH value is closely related to the essential activities and
metabolism of microorganisms. The effect of the initial
pH (pH range 4.0-9.0) was investigated in MSM with 0.5%
diesel as the sole carbon source. As indicated in Figure 4D, strain
KJ-1 grew well on MSM with diesel at an initial pH in the range of
4.0-9.0. The pH had a significant effect on biodegradation of
diesel by strain KJ-1 (one-way ANOVA, Fyy 5, = 5986, p <
0.0001). With an initial pH value of 6.5-8.0, the diesel
degradation rate was above 60%. According to the results, A.
vivianii. KJ-1 could grow and use diesel as a carbon source in a
wide pH range.

Genomic characteristics of the isolate
KJ-1

The genomic properties of strain KJ-1 are shown in Table 1
and Figure 5. The complete genome consists of one chromosome
with a total length of 3,927,757 base pairs (bp) and a G + C
content of 41.5%. The genome contained 3,740 predicted coding
sequences, with 3,648 coding for protein sequences and
92 coding for RNAs. Of the entire 3,648 CDSs, 1,899
(52.56%) of the CDSs were identified as participating in
212 pathways, according to the KEGG database (http://www.
genome.jp/kegg/) (Supplementary Figure S2). A total of
635 genes were found to focus on biosynthesis of secondary
metabolites, fatty acids, amino acids, antibiotics, and similar
pathways. Among these, the synthesis of various antibiotics,
including streptomycin, penicillin, cephalosporin, novobiocin,
prodigiosin, and vancomycin, indicated that the strain has a
certain advantage in competition with other microorganisms in
the environment. There were 235 CDSs involved in the
degradation of various substances, particularly in the pathway
of xenobiotics, such as aromatic compounds, benzoates,
alkanes, atrazine,

naphthalenes, and polycyclic aromatic

hydrocarbons, indicating that this strain could be used as a
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The figure was produced using Proksee (https://proksee.ca/).

degrader for various organic pollutants. In addition, according to
the clusters of orthologous genes (Huerta-Cepas et al., 2019),
503 genes are responsible for cellular processes and signaling,
499 genes for information storage and processing, and
1,132 genes for metabolism, while the remaining 916 (30.61%)
sequences were found to have unknown functions designated as
hypothetical proteins (Supplementary Figure S3).

The genes associated with the two-component regulatory
system were environmental stress factors, which are of great
significance for enabling bacterial strains to respond to changes
in environmental conditions (Bhagirath et al, 2019). When
specific changes in the extracellular environment are detected,
histidine kinases perform autophosphorylation, transferring the
phosphate groups from adenosine triphosphate to specific
histidine residues. The corresponding reaction regulator then
catalyzes the transfer of the phosphate group to aspartic acid
residues in the reception domain of the reaction regulator,
resulting in a series of regulatory reactions (Bhagirath et al,
2019). Here, 59 genes in strain KJ-1 genome were involved in
two-component regulatory systems, including 34 genes as
regulators, 19 genes for sensors, and 6 genes for hybrid types.
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The genes encoding parts of histidine kinases and response
regulatory proteins are shown in Supplementary Table SI.
These systems include EnzC/OmpR to maintain osmotic
pressure of cells, Pho/PhoB to regulate the phosphate levels
and quorum sensing systems, CusS/CusR to respond to heavy
metal ions (Cu**), KdpE/KdpD for potassium transport, GlnG/
GInL for nitrogen regulation, PilS/PilR to regulate the production
of antibacterial substance, and EvgA/EvgS and RstA/RstB for
drug resistance. Therefore, the strain KJ-1 adapted to the
changing environment by using the two-component signal
transduction system as a degrader to move alkane and other
organic substance into different environments.

Homology comparison of alkane
monooxygenase

Because of the presence of multiple alkane degradable related
enzymes, the hydrocarbon-consuming bacteria are capable to
utilize kinds of alkanes (Nie et al., 2014; Williams et al., 2022).
The genome of A. vivianii KJ-1 contains multiple hydrocarbon

frontiersin.org


https://proksee.ca/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1044754

Zhang et al. 10.3389/fenvs.2022.1044754

- Acinetobacter sp. YK3 | WP 069578407.1
o7 | AA. vivianii KJ-1| AIkB1_2
Acinetobacter sp. NIPH 758 | WP 004772680.1
A. vivianii | WP 200045401.1
18 [ A. baumannii | WP 150952559.1
- Acinetobacter sp. NIPH 1847 | WP 005231006.1

36

93 1 Acinetobacter sp. WC-323 | WP 009509501.1
70

A. proteolyticus | WP 101236413.1
901 Acinetobacter sp. $BE | WP 159724903.1
Acinetobacter sp. M-1 | BAB33287.1
A A. vivianii KJ-1 | AlkB1_1
o3 | Acinetobacter | WP 047427165.1
Acinetobacter sp. NIPH 758 | WP 004772015.1
Acinetobacter sp. YK3 | WP 069579682.1
Acinetobacter sp. Ac 5812 | WP 171552977.1
97 | Acinetobacter sp. ANC 3882 | WP 241319068.1
Acinetobacter sp. TUM15071 | WP 151716469.1
- A. dispersus | WP 159883931.1
37 A. gyllenbergii | WP 016540263.1
A. colistiniresistens | WP 005270737.1

Alkanindiges illinoisensis | WP 134243320.1

0.50

FIGURE 6
Phylogenetic relationship of Alkane monooxygenase of A. vivianii KJ-1 with other closely related species using maximum likelihood method.

The outgroup used was AlkB protein from Alkanindiges illinoisensis (WP 134243320.1). The bootstrap value represents 1,000 replicates, and tree was
built using Mega 7.0.26.
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degrading genes, therefore it can grow on MSM media with
n-dodecane or diesel as the sole carbon source (Supplementary
Table S2 and Figure 5). Here, the genome of A. vivianii KJ-1
encodes 25 enzymes that may be involved in alkane degradation.
Among these putative enzymes, two AlkB sequences, named
AlkB1_1 (encoded with genel663) and AlkB1_2 (encoded with
gene2103), were found based on genome-wide annotation
analysis. Here, genel663 (alkB1_1) and gene2103 (alkB1_2)
encode the putative AIkB monooxygenases, comprising
414 and 397 amino acids with the estimated molecular weight
of 47.1 kDa and 45.3 kDa, separately. The clustering analysis of
alkane monooxygenases in KJ-1 with other same class of enzymes
downloaded from NCBI (http://www.ncbinlm.nih.gov) were
performed (Figure 6). According to the phylogenetic tree of
amino acid sequence, AlkB1_1 was most homologous to
alkane monooxygenase from Acinetobacter sp. (GeneBank No.
WP_047427165.1), while AlkB1_2, was close to sequence from
Acinetobacter sp. YK3 (GeneBank No. WP_069578407.1).

The sequences of alkane-1 monooxygenase in KJ-1 were
aligned with other AlkB1 sequences downloaded from NCBI
database by ClustalW online alignment tool (https://www.
genome.jp/tools-bin/clustalw) and then plotted using ESPript3.
0 online tool (https://espript.ibep.fr/ESPript/ESPript/index.php)
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(Figure 7). The alignment results showed that the overall
similarity of the 10 AIkB protein sequences was 76.67%, and
the region, located at 57-371aa and 52-365aa of the two AlkB
sequences of KJ-1, has relatively high consistency, suggesting a
feature that is relatively evolutionarily conserved. This region is
consistent with the cl00615 (PSSMID 294412) superfamily
domain described in a previous report (Lu et al., 2020). This
conserved domain encodes an alkane hydroxylase responsible for
the initial oxidation of inactivated alkanes, using the oxygen
rebound mechanism to hydroxylate alkanes (Kadri et al., 2022).
This mechanism involves the homolytic cleavage of the C-H
bond by an electrophilic metal-oxo intermediate to generate a
substrate-based radical (Naing et al., 2013). This domain family
has a broad hydrophobic region, and is therefore able to span the
membrane bilayer at least twice, which enables bacteria to make
efficient use of petroleum hydrocarbons (Kadri et al., 2018a).
The amino acid identity of the more closely related genus
Acinetobacter is higher than that of the other bacteria, suggesting
that the more closely related proteins are also more functionally
conserved (Guo et al, 2021). The sequence alignments of
AlkB1_1 and AlkB1_2 with other AIkB sequences indicated
that all of these alkane monooxygenase share one conserved
HYG motif (N[Y/F][I/LJEHYG) and three highly conserved
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regions of the Hist boxes (Hist-A: HEL[S/G]HK; Hist-B: EH[P/
N][Y/R] GHH; Hist-C: LQRHSDHHA), which were similar to
alkane hydroxylase from other strains, such as Alcanivorax
sp. 2B5(Liu et al., 2010), Pseudomonas putida GPol (Van-
Beilen et al., 2005), Dietzia sp. DQ12-45-1b (Nie et al., 2011).
The order and position of motifs are roughly the same, indicating
that these four motifs and their functions are relatively conserved
in the evolution process. However, in addition to these four
motifs, AlkB1_1 also contains two other conserved motifs at the
front and end of the amino acid sequence, which are the same as
AlkB1 sequences in Acinetobacter sp. NIPH 758 and YK3. About
HYG-motif, its histidine sequence is also conservative in related
hydrocarbon monooxygenase. It is of great significance to study
these conserved sequences because they can be one of the
important identification marks of alkB. It can be used as
probes to detect the activities of related degradation enzymes
in the process of alkane degradation and has been reported (Bagi
et al., 2022)

Conclusion

In this study, an n-dodecane-degrading bacterium strain
KJ-1 was isolated from oil-contaminated soil around a gas
station and identified as Acinetobacter vivianii based on
morphological, physiological, biochemical, and molecular
biology analyses. A. vivianii grew well in MSM with diesel as
the sole carbon source, and the diesel degradation rate reached
more than 40% after incubation for 12 days. Diesel degradation
by this isolate was not significantly affected by the initial
concentration of diesel (2070 mg/L to 33,116 mg/L). There
was no difference in the degradation rate and bacterial
growth when the concentration of ammonium nitrate
(NH4NO;) was between 350 and 700 mg/L. The optimal
growth and degradation was found to be in the range of
20°C-37°C and at pH 6.5-8.0, respectively. Through these
experiments, it was demonstrated that A. vivianii KJ-1 was
capable of utilizing diesel as a sole carbon source.

The genomic analysis of the isolate KJ-1 (NCBI GenBank
No. CP085083.1) verified its genetic basis for these properties.
The gene annotation analysis revealed potential clusters of
and

orthologous genes

reductases, including alkane monooxygenases, NAD(P)/

encoding putative oxygenases

FAD-dependent oxidoreductases, alcohol dehydrogenases,
other
hydrocarbon degradation. Based on the annotation results,

catechol dioxygenases, and genes related to

the genes associated with the two-component regulatory

system related to environmental stress factors were

analyzed, and there were 59 genes in the strain KJ-1
genome involved in two-component regulatory systems
responsible for such functions as potassium transport,
nitrogen regulation responses, and drug resistance. In
addition, two putative alkane

monooxygenases were
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analyzed, and the amino acid sequences were characterized
and aligned with other published AlkB sequences. Since A.
vivianii KJ-1 was isolated from soil near a gas station in Jinan,
China, it may be particularly useful for future bioremediation
for diesel-polluted soil.
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