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Differential degradation of
petroleum hydrocarbons by
Shewanella putrefaciens under
aerobic and anaerobic conditions
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Environmental Geology, China University of Geosciences, Beijing, China, ?School of Earth Sciences
and Resources, China University of Geosciences, Beijing, China

The complexity of crude oil composition, combined with the fluctuating oxygen
level in contaminated environments, poses challenges for the bioremediation of
oil pollutants, because of compound-specific microbialdegradation of petroleum
hydrocarbons under certain conditions. As a result, facultative bacteria capable
of breaking down petroleum hydrocarbons under both aerobic and anaerobic
conditions are presumably effective, however, this hypothesis has not been
directly tested. In the current investigation, Shewanella putrefaciens CN32, a
facultative anaerobic bacterium, was used to degrade petroleum hydrocarbons
aerobically (using O, as an electron acceptor) and anaerobically (using Fe(lll)
as an electron acceptor). Under aerobic conditions, CN32 degraded more
saturates (65.65+0.01%) than aromatics (43.86 + 0.03%), with the following
order of degradation: dibenzofurans > n-alkanes > biphenyls > fluorenes >
naphthalenes > alkylcyclohexanes > dibenzothiophenes > phenanthrenes. In
contrast, under anaerobic conditions, CN32 exhibited a higher degradation
of aromatics (53.94 + 0.02%) than saturates (23.36 + 0.01%), with the following
order of degradation: dibenzofurans > fluorenes > biphenyls > naphthalenes
> dibenzothiophenes > phenanthrenes > n-alkanes > alkylcyclohexanes. The
upregulation of 4-hydroxy-3-polyprenylbenzoate decarboxylase (ubiD), which
plays a crucial role in breaking down resistant aromatic compounds, was
correlated with the anaerobic degradation of aromatics. At the molecular level,
CN32 exhibited a higher efficiency in degrading n-alkanes with low and high
carbon numbers relative to those with medium carbon chain lengths. In addition,
the degradation of polycyclic aromatic hydrocarbons (PAHs) under both aerobic
and anaerobic conditions became increasingly difficult with increased numbers
of benzene rings and methyl groups. This study offers a potential solution for
the development of targeted remediation of pollutants under oscillating redox
conditions.
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Highlights

« CN32 has the ability to degrade crude oil using both O, and Fe(III) as electron acceptors.
« CN32 promoted the breakdown of saturates under aerobic conditions.
o CN32 degraded aromatics more efficiently under anaerobic conditions.
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1 Introduction

Petroleum hydrocarbons are complex mixtures consisting
predominantly of saturates and aromatics (Strausz and Lown, 2003;
Mbadinga et al., 2011; Liu et al., 2024). Over the last few decades, as
the demand for petroleum products continues to rise, global oil
production has surpassed 5 billion tons per year (BP, 2022). Every
year, approximately 8 million tons of petroleum hydrocarbons pollute
water and land as a result of exploration, production, storage, and
2016).
be teratogenic, carcinogenic, and mutagenic, thus posing harm to both

transportation (Varjani, Petroleum compounds can
the ecological environment and human health (Khudur et al., 2019).
For instance, 16 unbranched polycyclic aromatic hydrocarbons
(PAHs) are listed as priority pollutants by the Environmental
Protection Agency (EPA) of the United States (ATSDR, 2005).
Bioremediation has emerged as a technology for removing petroleum
pollutants from contaminated water, sediments, and soils because of
its simplicity, cost-effectiveness, and environmental friendliness
(Varjani, 2016; Khudur et al., 2019). Bacteria are more frequently and
extensively employed as degraders compared to algae, fungi, and
archaea (Brooijmans et al., 2009; Das and Chandran, 2011), because
they can use petroleum hydrocarbons as the sole carbon and energy
source (Mbadinga et al., 2011) when coupled with oxygen (Setti et al.,
1993; Diaz et al., 2013), sulfate (Aeckersberg et al., 1991; Rueter et al.,
1994), nitrate (Grishchenkov et al., 2000; Coates et al., 2001), and iron
(Lovley et al., 1989; Anderson and Lovley, 1999; Liu et al., 2023a) as
electron acceptors.

Compared with sulfate and nitrate, iron is more abundant in the
crust [35% of the total mass of the Earth (Coey, 1980)], because they
are present as both dissolved iron and solid forms in iron-bearing clay
minerals and iron oxides in oxidized (Fe(III)) or reduced (Fe(II))
states (Davison, 1993; Weber et al., 2006; Dong et al., 2022). Bacteria
play important roles in cycling iron between Fe(III) and Fe(II) (Dong
et al., 2023b). For example, Fe(III)-reducing bacteria are found in
oil-contaminated environments because of the presence of abundant
oil compounds as electron donors (Martin-Gil et al., 2004; Kleemann
and Meckenstock, 2011). Hence, Fe(III) can serve as the potential
electron acceptor to couple with petroleum biodegradation (Lovley
et al., 1989; Vodyanitskii, 2011; Liu et al, 2023a). Indeed,
oil-contaminated sites often contain dissolved iron, with concentration
levels ranging from 0.1 mM (Qian et al., 2018) to as high as I mM
(Bennett et al., 1993). These high levels of dissolved iron may be a
result of transformation of iron-bearing minerals through two
mechanisms: (1) organic acids produced from microbial metabolism
facilitate dissolution of iron-bearing minerals (Barth and Riis, 1992);
(2) bio-reduction of Fe(IIl)-bearing minerals leads to reductive
dissolution of iron-bearing minerals (Weber et al., 2006; Zeng et al.,
2016, 2020). Furthermore, it may be feasible to amend dissolved iron
for the purpose of degrading crude oil contamination (Yan et al., 2017;
Zhang et al.,, 2021). However, the role of dissolved Fe(III) in oil
degradation has not been fully studied, despite its higher bioavailability
compared to iron-bearing minerals (Takahashi et al., 2011).

Oil-contaminated field sites encompass various environments
with a range of oxygen levels, including aerobic surficial soil (Crowe
and Smith, 2007), transition zones between aerobic and anaerobic
settings such as water-bearing soil (Tong et al., 2016; Sheng et al.,
2021b), and anaerobic habitats such as deep sea (Ma et al., 2021) and
groundwater (Lovley and Lonergan, 1990; Sheng et al., 2016).
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Moreover, even in the same location, oxygen fugacity can change,
leading to transition between aerobic and anaerobic conditions
(Davison, 1993; Meckenstock and Mouttaki, 2011). However, previous
studies have focused on biodegradation of oil compounds by the
obligate bacteria under either aerobic or anaerobic conditions
(Haritash and Kaushik, 2009; Xu et al., 2018), which prevents their
applicability to oil-polluted environments with fluctuating
oxygen conditions.

Facultative anaerobic bacteria exhibit higher adaptability to
environmental changes compared to obligate bacteria (Cason et al.,
2019). Several studies have shown that facultative anaerobes have the
capability to biodegrade specific PAH compounds, such as
phenanthrene, pyrene, and benzo[a]pyrene (BaP), under both aerobic
and Fe(III) reduction conditions (Liang et al., 2014; Yan et al., 2017;
Zhang et al., 2021). However, crude oil is a complex mixture of many
different compounds with a wide range of solubilities. It has been
challenging to find a bacterium capable of degrading a range of
petroleum compounds under oscillating redox conditions. Shewanella
putrefaciens, a representative typical facultative anaerobe, has
demonstrated its capability to separately degrade dibenzothiophenes
under aerobic conditions (Ansari et al, 2007) and petroleum
hydrocarbons under anaerobic conditions (Liu et al., 2023a). Hence,
Shewanella putrefaciens has the potential to degrade complex organic
compounds of crude oil in both aerobic and anaerobic environments.
However, its ability to degrade the same petroleum hydrocarbons
both
been demonstrated.

under aerobic and anaerobic conditions has not

This study aimed to evaluate the biodegradation potential of
complex oil compounds by facultative anaerobes using either O, or
Fe(III) as the electron acceptor, employing Shewanella putrefaciens
CN32 isolated from an anaerobic core sample 250 feet below the
Morrison Formation in northwestern New Mexico (Zachara et al.,
1998) as a model organism. Gas chromatography-mass spectrometer
(GC-MS) was used to monitor changes in the concentration of oil
compounds under two conditions. To unravel the biodegradation
mechanism, quantitative reverse transcription polymerase chain
reaction (RT-qPCR) was employed to examine the differential
expression of specific genes responsible for biodegradation under both
conditions. The findings of this study provide theoretical support for
bioremediation of oil contamination. Moreover, this study sheds light
on the significant role of facultative anaerobes in biogeochemical

carbon and iron cycles under oxygen oscillating conditions.

2 Materials and methods

2.1 Preparation of crude oil, CN32 cells,
and ferric citrate stock solution

A crude oil sample collected from the Changging oilfield served
as the substrate for the biodegradation experiments under aerobic and
anaerobic conditions. CN32 cells were aerobically cultured in Luria-
Bertani (LB) broth at pH 7.0. The culture was incubated at 30°C and
agitated at 150 rpm in a constant temperature incubator (HZQ-X100,
Suzhou Peiying Experimental Equipment Co., LTD, Suzhou, China).
After reaching the logarithmic phase (approximately 16 h of growth),
CN32 cells were centrifuged at 5,000g for 5min. The cells were then
re-suspended in sterile bicarbonate buffer (consisting of 30 mM
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NaHCO;, 10mM KCl, pH=7.0) to remove residual LB medium. The
centrifugation-resuspension process was repeated three times under
either aerobic or anaerobic condition and the final cell pellet was
re-suspended in the same buffer for the subsequent experiments. The
aerobic experiment was conducted on a clean workbench (VS-
1300 L-U, Suzhou Antai Air Technology Co., LTD, Suzhou, China).
The anaerobic experiment was carried out inside an anaerobic
chamber (filled with 98% N, and 2% H,, Coy Laboratory Products,
Grass Lake, Michigan). To prepare anoxic soluble Fe(III) stock
solution, ferric citrate (>99%, Sigma) was dissolved in ddH,O
(18 MQcm) to achieve 100mM concentration. The solution was
sterilized by passing it through a 0.22 pm filter.

2.2 Biodegradation experiments

2.2.1 Aerobic experiment

Conical flasks (250 mL) were prepared, and 2 g of crude oil and
90mL of basic medium (pH=7.0) were added to the flasks. The
concentration of crude oil, at 20 grams per liter, was much higher than
those used in most studies (Wang et al., 2020; Liu et al., 2020a, 2023a).
This higher concentration was chosen to represent a heavily polluted
environment. The basic medium consisted of the following
components: 3g/L. KNO;, 2g/L Na,HPO,, 2g/L KH,PO,, 0.5g/L
MgSO,, 0.5g/L NaCl, 1g/L NH,C], and a 10mL trace elements
solution (Liu et al., 2020b). The trace element solution included the
following components: 12 g/L Na,EDTA-2H,0, 2g/L NaOH, 1g/L
CaCl,, 0.4g/L MnSO,-4H,0, 0.4g/L ZnSO,7H20, 0.5mL H,SO,
(98%), 10g/L Na,SO,, 0.1 g/L Na,MoO,-2H,0, 2 g/L FeSO,-7H,0, and
0.1g/L CuSO,-5H,0 (Liu et al., 2020b).

The prepared flasks containing the mixture of the crude oil and
the basic medium were autoclaved (121°C for 30min) (autoclave
model: PHCbi MLLS-3718L). After adding 10mL cells (final
concentration 10° CFU/mL), the flasks were aerobically incubated for
30days at a temperature of 30°C and a speed of 150rpm in an
HZQ-X100 incubator. On day 16, new CN32 cells were introduced
into flasks to maintain an adequate viable cell concentration. To
establish an abiotic control, CN32 cells were replaced with sterilized
distilled water (ddH,0). All experiments were conducted in triplicates.

2.2.2 Anaerobic experiment

In the experimental setup, 150 mL serum bottles were used for the
anaerobic degradation experiment. The serum bottles contained
20g/L crude oil and 85mL basic medium with a pH 6.9. The basic
medium consisted of the following components: NaHCO; (2.5g/L),
CaCl,-2H,0 (0.09¢g/L), NH,CI (1.0g/L), MgCL,-6H,0 (0.2g/L), NaCl
(10g/L), HEPES (7.2g/L), K,HPO, (36 mg/L), Na,SO, (0.71 mg/L),
and a trace mineral solution (10mL). The trace mineral solution
contained FeCl,-4H,0 (0.2g/L), Na,WO,2H,0 (0.02g/L),
MnClL-4H,0 (0.1g/L), CoCl,-6H,0O (0.1g/L), ZnCl, (0.05g/L),
CuClL,2H,0 (0.002g/L), H,BO, (0.005g/L), Na,MoO,2H,0
(0.01g/L), Na,SeO; (0.017g/L), NiCl,-6H,0O (0.024g/L), and
nitrilotriacetic acid (1.5g/L) (Saito et al.,, 2016).

To create an anaerobic environment, the serum bottles were purged
with anoxic N, to remove oxygen. After purging, the bottles were tightly
sealed using a butyl rubber septum and an aluminum crimp. To ensure
sterility, the sealed bottles were then autoclaved at a temperature of
121°C for 30 min. The serum bottles were prepared by combining 10mL
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washed cells (at a final cell concentration approximately 10° CFU/mL)
with 5mL of ferric citrate solution (at a final concentration of 5mM).
The serum bottles were anaerobically incubated in the dark at 30°C and
150 rpm in an HZQ-X100 incubator for 30 days. On day 16, new CN32
cells were introduced into the serum bottles to maintain an adequate
viable cell concentration. To establish an abiotic control, anoxic
sterilized ddH,O was used as a substitute for CN32 cells. All experiments
were conducted in triplicates.

2.3 Analytical methods

2.3.1 Total Fe(ll) and total Fe concentrations

Fe(II) concentration was measured to monitor Fe(III) reduction.
Periodically, sub-samples (0.2 mL) were aseptically withdrawn from
the serum bottles using sterile needles and syringes in an anaerobic
chamber. The collected samples were then analyzed using the
1,10-phenanthroline method to determine the concentrations of total
Fe(II) and total Fe (Amonette and Templeton, 1998). To determine the
total Fe(II) content, a 0.2 mL of suspension sample was combined with
0.48 mL H,SO, (3.6N) in an Eppendorf tube. This mixture was then
supplemented with 40pL  HF  (40%, 80uL
1,10-phenanthroline reagent (10%, w/v). The tubes were then exposed

w/v) and

to boiling at 100°C for 30 min and allowed to cool for 15 min at room
temperature. Following these steps, 0.4mL H,BO; (5%, w/v) was
added. Subsequently, 0.1 mL of the mixture was transferred to a
separate tube containing 1 mL Na-citrate (1%, w/v). After reaction for
20min, the total Fe(II) content was measured using a UV-Vis
spectrophotometer (SHIMADZU2550, Japan) at 510 nm wavelength.
To determine the total Fe concentration [Fe(III) and Fe(II)], the
Fe(IlI) was first reduced to Fe(II) by adding hydroxylamine
hydrochloride (10% in 1% Na-citrate, w/v). The extent of Fe(III)
reduction was calculated using the following equation:

(Fe(H)total B Fe(H)initial)
Fetotal

+100%

Fe(III) reduction extent (%) =

2.3.2 Changes in petroleum hydrocarbons
induced by O, and Fe(lll) reduction

GC-MS was used to identify and quantify the changes in the
composition of saturates and aromatics. The biodegraded oil samples
that underwent 30-day degradation under aerobic and anaerobic
conditions were labeled as A-30 and An-30, respectively. Following
the 30-day biodegradation period, 30 mL dichloromethane was added
to 10mL suspension to extract the crude oil. A detailed extraction
method was described previously (Liu et al., 2020b). The extracted oil
was fractionated by column chromatography to collect saturates,
aromatics, resins, and asphaltenes (Liu et al., 2020b). Saturates and
aromatics from both A-30 and An-30 were analyzed using a GC-MS
system (Agilent 6890/5975) (Supplementary material Text S1; Liu
et al., 2020b). To enable semi-quantification of the saturated and
aromatic fractions, deuterium nC,, (CAS: 16416-32-3; Chiron) and
deuterium dibenzothiophene (CAS: 33262-29-2; Chiron) were used,
respectively. For the m/z and abbreviations of the representative
compound series, please refer to Liu et al. (2023a). The concentration
(ng/g oil) and biodegradation ratio (%) of specific hydrocarbon
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compounds were calculated using the following equations outlined in
Liu et al. (2023a):

Cx oy Sx (e, _m)
Cr Sy my

Biodegradation ratio (%) = CO;iCX *100%
0

where Cy and C; are the concentrations (pg/g) of the compound
in crude oil and the internal standard, respectively; Sy and S; are the
peak areas of each compound in crude oil and the internal standard,
respectively; k is the response factor (assumed to be 1.0); m; and m;,
represent the masses of the internal standard and oil samples,
respectively; C, and Cy are the concentrations of the compounds in
fresh and biodegraded crude oils (pg/g), respectively.

2.3.3 Quantitative reverse transcription
polymerase chain reaction (RT-qPCT)

The 4-hydroxy-3-polyprenylbenzoate decarboxylase (ubiD) is
present in the genome of the strain CN32 (Data from the NCBI
database).! It is responsible for anaerobic carboxylation of benzene,
naphthalene, and phenanthrene (Atashgahi et al., 2018; Koelschbach
et al,, 2019; Zhang et al., 2021), and it is also expressed in aerobic
ubiquinone biosynthesis pathway in Escherichia coli (Arias-Cartin
etal,, 2023). Since the CN32 strain is facultative anaerobe, ubiD gene
might play an unknown role for aromatic degradation under aerobic
conditions. Therefore, ubiD was used to evaluate the degradation
characteristics of aromatics under different conditions. RT-qPCR was
employed to quantify the expression of the ubiD gene under aerobic
and anaerobic conditions.

Specifically, total RNA of strain CN32 was extracted using
UNIQ-10 column Trizol total RNA extraction kit (B511321, Shanghai
Sangon Biological Engineering Technology & Services, Co., Ltd.,
China). The purity (OD,¢/OD,g) and concentration (ng/pL) of the
extracted RNA were determined by a microvolume UV-Vis
spectrophotometer (SMA4000, Merinton Instrument Co., Ltd.,
Beijing, China) (Bezerra et al., 2019). The integrity of RNA was
verified by detecting the 16S and 23S bands of rRNA in 1.5% (w/v)
agarose gel stained with a nucleic acid dye (Bezerra et al., 2019).

Subsequently, RNA (~500ng) was reverse-transcribed to cDNA
using Random Primer p (dN)s (100 pmol) and Maxima Reverse
Transcriptase (200 U; EP0743, Thermo Scientific, Wilmington, DE,
United States). Primers of DNA amplification used for this study were
designed in Primer Premier 5.0 based on a gene sequence obtained
from the National Center for Biotechnology Information (NCBI)
GenBank database. The primer sequences for the 16S rRNA gene were
as follows: Forward - 5-TTCAGTAGGGAGGAAAGGGTAA-3" and
Reverse - 5’-CCAGGGCTTTCACATCTCG-3". For the ubiD gene, the
primer sequences were: Forward - 5’-CGCCTGAGGGTTGTTCGT-3’
and Reverse - 5-GCGGCAGTTCACATCTTCAT-3". The primers
were validated by q-PCR reactions using cDNA as the template.

1 https://www.ncbi.nlm.nih.gov/
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qPCR reactions were carried out on a QuantStudio™1 Plus qPCR
Detection System (Thermo Scientific, Wilmington, DE, USA). SYBR
Green qPCR Master Mix (High Rox, B639273, ABI, USA) was used.
The q-PCR program consisted of an initial denaturation step at 95°C
for 3 min, followed by 45 cycles of amplification with denaturation at
95°C for 15s and annealing/extension at 60°C for 30s. Three biological
replicates and three technical replicates were performed.

The 16S rRNA gene of the bacterial strain was utilized as a
reference to normalize the expression of the target gene, ubiD. In brief,
the threshold cycle (Ct) values for both the target (ubiD) and reference
genes (16S rRNA) were obtained via qPCR across different samples.
The expression of the target gene was then adjusted based on the Ct
value of the reference gene (Sheng et al., 2023). The fold change in
gene expression was determined using the 242 method, a well-
established technique for relative quantification (Livak and
Schmittgen, 2001; Vaishnav et al., 2022). Here, ACt refers to the Ct
difference between the target gene (ubiD) and the reference gene (16S
rRNA gene), while AACt calculates the ACt variation between the
anaerobic and aerobic experimental groups.

3 Results

3.1 Overall degradation characteristics of
petroleum hydrocarbons

The total ion chromatogram (TIC) of saturated hydrocarbons
clearly illustrates the degradation of crude oil under both aerobic and
anaerobic conditions (Figure 1). Notably, the TIC reveals a more
pronounced degradation under aerobic condition than under
anaerobic condition, based on a comparison of the peak height of the
internal standard relative to all petroleum hydrocarbon compounds
(Figure 1). Because pristane (Pr) and phytane (Ph) have been
demonstrated to exhibit bio-resistance (Cabrerizo et al., 2016; Meng
etal, 2021), the changes of nC,,/Pr and nC,s/Ph ratios should indicate
biodegradation (Kennicutt IT et al., 1987; Theonye et al., 2019). Under
aerobic condition, the nC,,/Pr and nC,s/Ph ratios decreased
significantly from 2.73+£0.07 and 2.50+0.05 to 0.60+0.10 and
0.61+0.10, respectively. However, under anaerobic condition, the
nCy,/Pr and nC/Ph ratios only decreased to 2.58+0.05 and
2.34+0.04, respectively.

Under anaerobic conditions, the reduction of Fe(III) was coupled
with biodegradation of petroleum compounds, reaching a reduction
extent of 59.75+0.05% by day 7 (Figure 2). The introduction of fresh
CN32 cells on Day 16 led to a subsequent increase in the extent of
bio-reduction to 82.82+0.04% by day 30 (Figure 2).

The GC-MS semi-quantitative data were employed to
characterize changes of concentrations (pug/g) and biodegradation
ratios (%) of saturates (i.e., n-alkanes and alkylcyclohexane) and
aromatics (i.e., PAHs with two and three benzene rings). Specifically,
CN32 exhibited differential degradation of eight series of saturated
and aromatic hydrocarbons under different conditions. Under
aerobic condition, the degradation sequence followed the following
order, based on the biodegradation ratio (in parentheses):
dibenzofurans (83.11 £0.02%) > n-alkanes (71.26 +0.01%) > biphenyls
(64.73 £ 0.02%) > fluorenes (64.48 +0.04%) > naphthalenes (63.36 £
0.01%) >alkylcyclohexanes (52.28+0.01%) > dibenzothiophenes
(40.44 £ 0.04%) > phenanthrenes (33.15+0.04%) (Figure 3). Under
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The total ion chromatograms (TICs) of saturates from control oil (A), biodegraded oil after 30 days under aerobic condition (B), and anaerobic
condition (C). Pr: pristane, Ph: phytane. Deuterium nC,, (D-nC,,) is used as an internal standard.
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FIGURE 2
Time-course changes of Fe(ll)/Fer by CN32 under anaerobic
condition. The arrow denotes the time of injection of fresh CN32
cells (16 days)

anaerobic condition, the degradation sequence followed a different
order: dibenzofurans (95.37+0.02%) > fluorenes (84.87 +0.03%) >
biphenyls (83.98+0.02%) > naphthalenes (83.52+0.01%) >
dibenzothiophenes (41.35+0.02%) > phenanthrenes (39.06 £0.02%) >
(25.16 £0.01%) > alkylcyclohexanes  (22.23+0.00%)
(Figure 3). These biodegradation patterns clearly indicate that

n-alkanes

saturates were more susceptible to degradation under aerobic
condition than under anaerobic condition. In contrast, aromatics
were more susceptible to degradation under anaerobic condition.

3.2 Degradation characteristics of
saturated hydrocarbons

Saturates, mainly comprised of n-alkanes and alkylcyclohexanes
(del Rio et al., 1994), were more effectively degraded under aerobic
condition than under anaerobic condition (Figures 4A,B), consistent
with the well-established understanding that aerobic degradation
tends to be more efficient for degrading n-alkanes (Grishchenkov
et al., 2000). The biodegradation ratios of alkylcyclohexanes (aerobic
52.28 £0.01%; anaerobic 22.23+0.00%) were lower than those of
n-alkanes (aerobic 71.26 +0.01%; anaerobic 25.16+0.01%) (Figure 3).
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This result aligns with previous findings that alkylcyclohexanes are
more resistant to biodegradation than n-alkanes (Kaplan et al., 1997).
Some biomarkers, i.e., steranes and hopanes in saturated hydrocarbons
(Fu and Sheng, 1989) were not degraded by CN32 (Figure S1 in
Supplementary material). Under aerobic condition, the total content
of n-alkanes decreased significantly from 85.02mg/g in the abiotic
control to 24.43mg/g in the biotic treatment, representing a total
degradation ratio of 71.26+0.01% (Figure 3). Similarly, the total
content of alkylcyclohexanes decreased from 7.79 mg/g in the abiotic
control to 3.72mg/g in the biotic treatment, indicating a total
degradation ratio of 52.28 +0.01% (Figure 3).

At the molecular level, CN32 cells also exhibited higher
biodegradation ratios of nC,-nC;; compounds under aerobic
condition than anaerobic condition (Figure 4C). Nevertheless, both
conditions exhibited the following similar degradation patterns. First,
nCy, nCis, and nCs;, showed degradation ratios close to 100%
(Figure 4C). Second, the biodegradation ratios of long- and short-chain
n-alkanes were consistently higher compared to the n-alkanes of
intermediate carbon chain length (Figures 4A,C). This trend was also
observed in the degradation of nCy-cHex-nC;,-cHex (Figures 4B,D).

3.3 Degradation characteristics of aromatic
hydrocarbons

In contrast to the saturates, aromatic hydrocarbons present a
significantly higher degradation efficiency by CN32 under anaerobic
condition (53.94+0.02%) compared to that in aerobic condition
(43.86+0.03%) (Table 1). The studied aromatics with two or three
benzene rings showed clear degradation (Figure 3). In general, the
concentration (pg/g) and biodegradation ratio (%) of PAHs
decreased with the increasing number of benzene rings (Figures 3,
5, 6). Under aerobic condition, three-ring PAHs, such as
phenanthrene, exhibited lower degradation ratios (33.15+0.04%)
than two-ring PAHs, including dibenzofurans (83.11+0.02%),
biphenyls (64.73 £0.02%), fluorenes (64.48 +0.04%), naphthalenes
(63.36 £0.01%), and dibenzothiophenes (40.44+0.04%) (Figure 3).
Similarly, under anaerobic condition, three-ring PAHs showed lower
degradation ratios (phenanthrene: 39.06 +0.02%) than two-ring
PAHs (dibenzofurans: 95.37+0.02%, fluorenes: 84.87+0.03%,
biphenyls: 83.98+0.02%, naphthalenes: 83.52+0.01%, and
dibenzothiophenes: 41.35+0.02%) (Figure 3). PAHs with more than
three rings were not degraded under both aerobic and anaerobic
conditions (Figure S2 in Supplementary material).

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal

10.3389/fmicb.2024.1389954

n-alkanes -

n-alkylcyclohexanes —|

Naphthalenes

Fluorenes

Dibenzothiophenes

Dibenzofurans-|

Biphenyls

Phenanthrenes -

71.26+0.01

52.28+0.01

63.36+0.01

83.52+0.01
84.87+0.03

64.48+0.04

83.11£0.02

64.73£0.02

95.37+0.02

83.98+0.02

FIGURE 3

dibenzofurans, and biphenyls) and three-

T T
A-30 An-30

Biodegradation ratios (%) of eight classes of compounds in crude oil by CN32 under aerobic and anaerobic conditions. The saturated hydrocarbons
include n-alkanes and n-alkylcyclohexanes. The aromatic hydrocarbons include two-ring PAHs (naphthalenes, fluorenes, dibenzothiophenes,

ring PAHs (phenanthrenes).

Biodegradation
ratio (%)
100.0

80.00

60.00

40.00

20.00

0.000

Concentration (mg/g oil)

I An-30[ %6
Los
0.4
03
k02
L 0.1

0.7
—=—BC

A-30

Concentration (mg/g oil)

;»

FIGURE 4

n-alkanes

T T T T T T T T T T T 0.0
100+
gSO-
2
8
£ ]
=
-]
£
go 40
B
2
/?
20
—e—A-30 —o—A-30
—A— An-30 —A— An-30
0 Ih l(\ Iq I\ IW> Ih I'\ I°§ I\ IA‘) I% Il\ IA( IA( IAV IAy I* I‘\' I*' I.\' I.\' I"r I‘\'
NTAT N T O T Sy T,y o,y sy R IR R IR AR ) (RN
5’ 1’9 é’ §’ é’ é) §J g) é’ & é’ g) m;b#&m&%’g(\’&o‘&\&% %,??I\,&q,??\&
O O A A N N oo o o o o 5

Concentration (mg/g) changes of saturated hydrocarbons due to aerobic (A-30) and anaerobic (An-30) biodegradation by CN32 for 30 days compared
to the control oil (BC), including n-alkanes (A) (left axis) and n-alkylcyclohexanes (B) (right axis). Biodegradation ratios (%) of n-alkanes (C) and n-
alkylcyclohexanes (D) under aerobic and anaerobic conditions.

n-alkylcyclohexanes ~— |

Frontiers in Microbiology

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

Frontiers in Microbiology

0 >
= (0] - | N
Kol o o | o
g - S| o
] (%)
©
c
©
2
S &
3]
a8 L=
[} M \o
b T 2 E-
© S o PR
- — B
o o=l | n
° U ©
c T -
S o
~ e
M [aa)]
4
O
2
9 >
3]
3 s BB
o + SIS
S (%]
S
Q
(%)
2 c
: K
£ o
= (=3
0 € R
c o NS
O ©~
N (9]
c C
3 (¢)
[} U
o
2
£
=]
°
c >
s s B
o © d
; :;, =R -]
=2
<
=
32
S
-]
8 =
- R
= b 1| O
s < o il
'g M=l © | <
< ge
2 o
) e
H o
X
o
S
o >
> [ v |
2 o (=2}
> ot - o
= (V2]
?
<
2
< (=
:
S o
= ) 8w
© C S~
) < | 3
£ gE I
b C
2 o
2 O
2
©
w
S
8 o
S o

— N o
® 2 S| s
= (%)
c
K]
-]
©
K c
& §

=}
°
2 o).
2 c S8
-g (9] & |
© O
g 3
o
©
i
=
c
o
Iv]
c
o ©
o c
o =)
£: B
- 9 o 8
w = S g =
RN S Z Z
25 K. S A
= o I R

10.3389/fmicb.2024.1389954

Naphthalenes, a common type of PAHs, consist of various
compounds  such  as  dimethylnaphthalenes =~ (DMNs),
trimethylnaphthalenes (TMNs), tetramethylnaphthalenes (TeMNs),
and pentamethylnaphthalenes (PMNs). While naphthalenes are
generally considered to be less toxic compared to other PAHs, their
high water solubility and volatility make them more available to
receptors (Edwards, 1983). In contrast to saturated hydrocarbons,
CN32 demonstrated a higher biodegradation ratio for naphthalenes
(83.52+0.01%) under anaerobic condition than under aerobic
condition (63.36+0.01%) (Figure 3). Furthermore, naphthalenes with
more methyl groups were more resistant to degradation under both
conditions (Figures 5A,E, 6). For example, the aerobic biodegradation
ratio followed the order: DMNs, TMNs (75.31+0.05% -
75.75+0.02%) > TeMNs  (59.28 £0.00%)>PMNs  (43.05+0.08%)
(Figure 6). Similarly, the anaerobic biodegradation ratio followed the
order: DMNs, TMNs (94.66+0.01% - 96.91+0.01%)>TeMNs
(81.35+0.02%) > PMNs (47.74+0.05%) (Figure 6).

Methyl substitutions occur at its a(1, 4, 5, and 8) and f positions
(2, 3, 6, and 7) of naphthalene structures (Liu et al., 2023b). The
degradation ratio of alkylnaphthalenes is significantly influenced by the
number of methyl substitutions in the ortho position. For instance,
TeMNs with a single ortho substitution exhibited higher biodegradation
ratios (aerobic: 57.49+0.01% - 60.87 +0.01%; anaerobic: 80.87 +0.05% -
84.09+0.06%) compared to those with two ortho substitutions
(aerobic: 55.48+0.01% - 58.52+0.02%; anaerobic: 75.43+0.02% -
79.48+0.05%) (Figure 5E). The biodegradation efficiencies of PMNs
with two ortho substitutions (aerobic: 41.76 +£0.10% - 49.21 +0.09%;
anaerobic: 50.84+0.08% - 53.12+0.07%) were higher than those of
PMNs with three ortho substitutions (aerobic: 32.45+0.15% -
42.79+0.12%; anaerobic: 43.89£0.07% - 46.23+0.07%) (Figure 5E).
Furthermore, the positions of methyl substitutions (i.e., a- or p-
positions) influenced the biodegradation ratio. The biodegradation
ratio of o,p,f-TMN (1,3,7-TMN; aerobic: 84.11+0.11%, anaerobic:
97.72+0.01%) > 0,00, 3-TMN (1,4,6 + 1,3,5-TMN; aerobic: 74.23 +£0.03%,
anaerobic: 97.16+0.02%) (Figure 5E). The biodegradation ratio of
o,0-DMN (1,8-DMN: aerobic: 71.61 +0.10%, anaerobic: 92.35+0.01%)
was the lowest among all other configurations (Figure 5E). These
results indicate that the biodegradability of alkylnaphthalenes with
methyl substitutions at the f position was higher than that with
a substituent.

Fluorenes are classified as one of the 16 priority-controlled
PAHs (Zhan et al,, 2018). The average biodegradation ratio of
fluorene series under anaerobic condition (84.87+0.03%) was
higher than that under aerobic condition (64.48 +0.04%) (Figures 3,
5B). The presence of methyl groups decreased the biodegradation
ratio, with fluorene (F aerobic 82.81+0.07%; anaerobic
93.38+0.01%) showing a higher biodegradation ratio than
methylated fluorenes (MFs, aerobic 63.30+0.02%; anaerobic
84.32+£0.03%) (Figures 5F, 6).

Thiophenes are a class of sulfur-containing heterocyclic aromatic
hydrocarbons (Mezcua et al., 2008; Li et al., 2014). The biodegradation
ratios of dibenzothiophenes (DBTs) by CN32 were slightly higher
under anaerobic (41.35+0.02%) condition than under aerobic
condition (40.44 +0.04%) (Figures 3, 5B). Under both conditions, the
biodegradation ratio of DBTs decreased as the number of methyl
groups increased (Figures 5F, 6).

Dibenzofurans are a class of oxygen-containing heterocyclic aromatic
hydrocarbons (Li et al., 2018). CN32 showed a higher degradation ratio

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

10.3389/fmicb.2024.1389954

FIGURE 5

Biodegradation ratios (%) of aromatic compounds under aerobic and anaerob

300
604 A —=—BC B —=—BC C —=—BC D —=—BC
—o—A-30 —o—A-30 ——A-30
—A— An-30 —A— An-30 —A— An-30[ 250
=50 g
< e
& 200 &
= =
S 150 2
£ 30f g
5 F
£ 20{ 100 ¢
H H
S S
104 50
o] e Adhdd o
L e e e e e e L L e e IR T e e e o i i e e i R R o e
—o—A-30 —e—A-30 —e—A-30 A-30
1004 —A— An-30 —a— AR-30 —A— An-30) —A— An-30
=804
g
=3
k-]
g
= 601
K]
3
=
£
404
2
[}
204
T T T T T T T T T T T T T L e e e e v
L Y N N NN T RA_/KKRR’RY QIR’RR’R
SRR SEENES
BRI SO T AN IRLN NN
T TN ITIINIIS AAASTIEY
2 W RN YA XSS
VWM N NN AR S
NCRE Py
f»;_\\ v '\?\"3\% o
N~ > w
N
Pl
l"FS“I ]—’ DBTs _—| |DBFs| I—’ Biphenyls ‘—' I—“ Phenanthrenes <—|

Concentration (pg/g) changes of aromatic hydrocarbons due to aerobic (A-30) and anaerobic (An-30) biodegradation by CN32 after 30 days relative to
the control oil (BC), including naphthalenes (A), fluorenes and dibenzothiophenes (B), dibenzofurans and biphenyls (C), and phenanthrenes (D).

ic conditions (E-H). (A-C) refers to the left axis, and (d) refers to the right

The relationship between the biodegradation ratio and the number of benzen

P>MPs >DMPs.

axis.
1 1 1 ! ® A-30
' ' ' ' A An-30
100 N 1 1 1 | M: methyl I
R | 1 « di "
- ] : - : /1\ ! ! DM: dl.methyl =
! ' A | : | | TM: trimethyl g
o ! ! N i : I . , TeM: trtramethyl | S
e LR | ~ A 1 PM: pentamethyl | =
< 80 Rl A : ‘9/, AN AR ‘ ’ Y12
=) ! 1 1 I F P! 1
o 1@ pol I LI I 1y \ 14 =
= ® yE | DMBPs; Loy ! IA\\ @
1 1
- DMNs TMNs| | i Lk T o =
= | oy el f T =
(=] V! I \ | LJ A | 1 ‘5
= 60 - 1@ 1 ® Iy \/ | \./ L Il ] E
] v/ : Y MFs ippr A, ey s
b= TeMNs / \ 1 TMBPs | i Lol + Nps S
S Al 1 ! \‘J 1 -
(7)) ! 1 I | ' RN o
5] @ I I MDBTs | 1 A =
T 4 o : : L4 g
B PMNs i
& : : : & e =
' 1 1 Lo ] ’ ‘ \ S
: ; i DMDBTs | NN AP ﬁ
20 i E*: S, " 6
' 820 OO
:: : :
Naphthalenes Biphenyls Fluorenes Dibenzothiophenes Phenanthrenes
™) (BP) (F) (DBT) P)
FIGURE 6

compounds with different number of substitutions is as follow: DMNs, TMNs > TeMNs > PMNs; DMBPs > TMBPs; F > MFs; DBT >MDBTs > DMDBTs;

e rings and methyl substitutions in PAHs. The biodegradation order of

of dibenzofurans (DBFs) under anaerobic condition (95.37+0.02%)
compared to aerobic condition (83.11+0.02%) (Figure 3).

Biphenyls (BPs) are bicyclic PAHs composed of two benzene
rings. Similar to other PAHs, CN32 showed a higher degradation ratio
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of BPs under anaerobic condition than under aerobic condition
(Figures 3, 5C). Similarly, BPs with a higher number of methyl
substitutions showed a lower biodegradation ratio. For example,
DMBPs (containing two methyl groups) exhibited higher degradation
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ratios compared to TMBPs (containing three methyl groups)
(Figures 5G, 6).

The phenanthrene series contains three benzene rings (Wei et al.,
2017), including phenanthrenes (Ps), methylphenanthrenes (MPs),
and dimethylphenanthrenes (DMPs). Similarly to other PAHs, the
degradation ratio of the phenanthrene series decreased as the number
of methyl groups increased under both aerobic and anaerobic
conditions (Figures 5D,H, 6), with P (aerobic 54.73 + 0.06%; anaerobic
74.28+0.05%) showing a higher biodegradation ratio than MPs
(aerobic 34.75+0.06%; anaerobic 42.60 +0.04%) and DMPs (aerobic
27.48 £0.06%; anaerobic 29.15+0.04%) (Figures 5H, 6).

3.4 RT-qPCR results

The ratio of OD,q, /OD,g, of the extracted RNA was about 2.0 +0.1
(Table 2). Agarose gel electrophoresis showed clear bands of 23S and
16S subunits, indicating that the RNA was of high quality and did not
degrade significantly. The samples exhibited Ct values below 35, and
the melting curves for both the internal standard and the target genes
showed a sole signal peak, providing clear evidence for a successful
primer design. A nearly threefold increase in the relative expression
levels of the ubiD gene was detected when CN32 was placed under
anaerobic condition, as compared to aerobic conditions (Figure 7).
The observed upregulation of the ubiD gene was consistent with the
higher capacity of CN32 cells to break down aromatic compounds
under anaerobic condition than under aerobic condition (Figure 3).

4 Discussion

4.1 Higher degradation of saturated
hydrocarbons under aerobic condition
than under anaerobic condition

The biodegradation ratio of n-alkanes by CN32 (71.26+0.01%)
under aerobic condition may be lower than those by obligately aerobic
bacteria such as Pseudomonas aeruginosa XJ16 and Bacillus cereus
XJ20 (98.2-98.8%) (Liu et al., 2020a). However, under anaerobic
condition, the anaerobic biodegradation ratio of 25.16£0.01% was
much higher than ~7.5% achieved by an anaerobic community using
Fe* as an electron acceptor over the same period (30 days) (Zhang
et al., 2019). These unique capabilities expand the potential of CN32
for effective biodegradation of n-alkanes under a wide range of
environmental conditions.

10.3389/fmicb.2024.1389954

Bacterial utilization of n-alkanes is generally biased towards short
carbon chain lengths under aerobic (Hasanuzzaman et al., 2007;
Pasumarthi et al., 2013) and anaerobic condition (Rueter et al., 1994;
Zhang et al., 2019). However, there are exceptions to this trend. For
instance, Acinetobacter Iwoffii XJ19 exhibited a higher capacity for
biodegrading long-chain n-alkanes (> Cyg, 56.8-74.5%) compared to
nCis - nCy (9.1-55.8%) under aerobic condition (Liu et al., 2020a).
Similarly, Cheng et al. (2019) reported the preferential degradation of
long-chain n-alkanes (>nC,y) in heavy oil under methanogenic
conditions. Therefore, the specific metabolic capability of bacteria
plays a pivotal role in determining the efficiency of n-alkane
degradation. CN32 demonstrated a remarkable ability of CN32 to
degrade n-alkanes and alkylcyclohexanes with both short and long
carbon chains under two conditions (Figure 3), which was first
proposed. The presence of the alkB gene in the CN32 gene bank, as
indicated by data from the NCBI database (see footnote 1), suggests
its potential role in degrading n-alkanes with carbon numbers below
20 (Sierra-Garcia and de Oliveira, 2013). However, the genes
responsible for biodegradation of long-chain n-alkanes, such as lutein-
binding monooxygenase (almA; >nCy,) (Wentzel et al., 2007) and
long-chain alkane monooxygenase (ladA; nC,s-nCss) (Feng et al.,
2007), are absent in the CN32 genome. Therefore, the specific genes
accountable for the aerobic biodegradation of #n-alkanes with carbon
numbers above 20 remain unidentified. Consequently, the molecular
mechanisms governing the biodegradation of n-alkanes with varying
carbon numbers cannot be elucidated. Further investigations are
imperative to pinpoint and characterize the specific genes and
enzymes involved in biodegradation of these longer-chain n-alkanes
by CN32.

4.2 Higher degradation of aromatic
hydrocarbons under anaerobic condition
than under aerobic condition

Anaerobic degradation of PAHs is generally considered slower
than aerobic degradation (Widdel et al., 2006). For example, when
using O, as an electron acceptor, a facultative bacterium completely
degraded phenanthrene within 3 days, whereas when Fe(III) was used,
it took 10days to achieve complete degradation (Zhang et al., 2021).
However, CN32 possesses a distinct ability to degrade PAHs more
effectively under anaerobic condition than under aerobic condition
(Figures 3, 5, 6). Grishchenkov et al. (2000) obtained similar
conclusions when facultative nitrate-reducing bacteria were used to
degrade PAHs with two rings (i.e., naphthalenes and fluorenes) under

TABLE 2 The concentration and OD value of RNA extracted from S. putrefaciens CN32.

Condition Sample SW (nm) SW Abs 260 Abs 280 Abs 260/280 Conc.
type (10 mm) (10 mm) (ng/pl)
1-1 RNA 260 2.555 2.555 1.239 2.062 102.2
Aerobic 1-2 RNA 260 2535 2535 1.23 2.062 101.4
1-3 RNA 260 2548 2548 1.255 2.03 101.92
2-1 RNA 260 5.462 5.462 2.85 1916 218.48
Anaerobic 2-2 RNA 260 5193 5.193 2.668 1.946 207.72
2-3 RNA 260 5.067 5.067 2638 1.921 202.68
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The expression of functional genes (ubiD) relevant to aromatic
degradation by CN32 under aerobic and anaerobic conditions. 16S
rRNA was used as a reference gene. p values from statistical analysis
are shown with asterisks: <0.05, denoted by *.

both anaerobic and aerobic conditions. However, the study reported
a significantly lower degradation ratio for two-ring PAHs, with the
highest level not exceeding 23%, which stands in stark contrast to the
remarkable ~84% degradation ratio observed in the current study (i.e.,
naphehalenes, fluorenes, Dibenzofurans, and biphenyls). In fact, the
anaerobic degradation ratio achieved by CN32 surpassed many of the
published degradation ratios for PAHs by anaerobic microorganisms
under nitrate-, ferric-, sulfate-reducing, and methanogenic conditions
(Grishchenkov et al., 2000; Rockne et al., 2000; Chang et al., 2006;
Zhang et al., 2019). This underscores the significant potential of CN32
for petroleum degradation in anaerobic environments. With the
ability to degrade PAHs using either O, or Fe(III) as electron acceptors,
CN32 demonstrates a superior capability in utilizing different electron
acceptors for PAH degradation.

The preferred degradation ability of CN32 under anaerobic
condition can be attributed to the unique enzyme systems of this
bacterium, because enzymes exhibit specificity for different
compounds (Tani et al., 2001; Haritash and Kaushik, 2009; Sierra-
Garcia and de Oliveira, 2013; Moreno and Rojo, 2017). Under
anaerobic condition, the initial activation mechanisms of petroleum
hydrocarbons include carboxylation (So et al., 2003), hydroxylation
(Zhang et al., 2013), and fumarate addition (Wilkes et al., 2002). In the
CN32 genome, there is a notable absence of conventional genes
typically associated with fumarate addition (see footnote 1). However,
our analysis reveals alternative mechanisms such as carboxylation, as
evidenced by a significantly elevated expression of the ubiD gene
(Figure 7). Indeed, a previous study by Zhang et al. (2021)
demonstrated that carboxylation serves as the initial activation
pathway for phenanthrene degradation under Fe(III)-reducing
condition. Moreover, Atashgahi et al. (2018) and Koelschbach et al.
(2019) reported the important role of ubiD-related carboxylases in the
initial activation of benzene and naphthalene under nitrate- and
sulfate-reducing conditions, respectively. These results suggest that
carboxylation is a common activation pathway in anaerobic
biodegradation of petroleum hydrocarbons. Furthermore, the CN32
genome harbors homologues of the benzoyl-CoA reductase (bamD)
gene (Wischgoll et al., 2005) and the oxoenoyl-CoA hydrolase (bamA)
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gene (DiDonato Jr et al,, 2010), suggesting their potential involvement
in the reduction and cleavage of benzene rings during anaerobic
degradation of PAHs. The synergy between the ubiD gene and the
Bam system in CN32 may have enhanced its ability to effectively
degrade PAHs under anaerobic conditions.

CN32 lacks genes encoding oxygenases for the hydroxylation and
oxygenolytic ring cleavage of aromatic compounds under aerobic
condition (Ghosal et al., 2016). Nevertheless, data from the KEGG
database of degradation of aromatic compounds - Shewanella
CN32
pathway?spc01220) suggest possible involvement of dioxygenases in

putrefaciens (https://www.kegg.jp/kegg-bin/show_
the degradation pathways of naphthalene, biphenyl, dibenzofuran,
and phenanthrene under aerobic condition. Dioxygenases are
recognized for their role in initiating the breakdown of aromatic rings
(Bugg and Winfield, 1998). Remarkably, the complete genome of
CN32 lacks typical genes associated with aerobic degradation of
aromatic compounds, including those for naphthalene dioxygenase
(NahAaAbAcAd) (Phale et al,, 2019) and catechol 2,3-dioxygenase
(C230) (Fuentes et al, 2014). This leads us to conjecture that
functionally analogous enzymes might be active within CN32,
enabling it to metabolize aromatic compounds through alternate
pathways. However, the specific genes and enzymes cannot
be confirmed. Additional research is required to uncover the precise
degradation genes and pathways utilized by CN32 for breaking down
aromatic hydrocarbons under aerobic condition.

Besides the intrinsic biodegradability of CN32, the structure of the
PAHs also exerts a significant influence on the degradation ratio.
PAHs with three benzene rings (phenanthrenes) were less degraded
compared to PAHs with two benzene rings under both conditions
(Figures 3, 5, 6), and PAHs with more than three aromatic rings did
not exhibit any significant biodegradation (Figure S2 in
Supplementary material). Indeed, a previous study showed that PAHs
with a higher number of aromatic rings exhibited increasing
bio-resistance (George et al., 2002). The reason for this trend is that
with the increasing number of benzene rings in PAHs, both the half-
life times for PAH biodegradation and the resonance energy of their
structures increase, which leads to their high thermodynamic stability
and low bioavailability (Aronstein et al, 1991; Cerniglia, 1992;
Morasch et al., 2011; Sharma et al., 2016). In addition, as the number
of benzene rings and molecular weight of PAHs increase, the solubility
of PAHs decreases, which leads to higher bio-resistance as well
(Cerniglia, 1992; Dhar et al., 2020).

When the number of benzene rings is kept constant, PAHs were
less degraded with the increased number of methyl groups (Figure 6).
This matches what previous studies found, although they mainly
focused on the specific compounds (Volkman et al., 1984; Chen et al.,
2013) or specific environmental conditions (Liu et al., 2023b). In
contrast, our study offers a comprehensive analysis of all series of
dicyclic and tricyclic PHAs present in petroleum hydrocarbons,
encompassing both aerobic and anaerobic conditions (Figure 6). The
increased methyl substitutions may reduce the available sites for
enzymatic activity, which in turn could diminish the biodegradation
potential (Leblond et al., 2001). When the number of methyl groups
remains constant, the position of these methyl becomes a crucial
determinant of biodegradation ratios (Figures 5E-H). The presence of
ortho substitutions introduces greater steric hindrance, consequently
diminishing the biodegradation ratio (Liu et al., 2023b). Additionally,
isomers featuring f-methyl substituents tend to undergo more rapid
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degradation compared to those with a-methyl substituents (Raymond
etal., 1967; Volkman et al., 1984). Our study aligns with these findings,
as illustrated in Figure 5E. Ifs important to note that prior
investigations exclusively focused on the aerobic degradation
characteristics of alkylnaphthalenes (Raymond et al., 1967; Volkman
etal, 1984; Liu et al., 2023b). In contrast, our study expands upon the
understanding of alkylnaphthalenes degradation by examining its
characteristics under anaerobic conditions.

4.3 Environmental implications

Facultative bacteria are commonly found and are prevalent in a
wide range of environments (Table S1 in Supplementary material),
because they adapt to diverse ecological niches (Tschech and Fuchs,
1987; Bae et al., 2006). These bacteria can thrive when oxygen is
available and shift their metabolic pathways when oxygen becomes
limited (Zhang et al., 2021). Thus, they contribute to the creation of
biogeochemical gradients, such as redox gradients in sediments and
water columns (Acosta-Gonzalez and Marqués, 2016). Facultative
bacteria are abundant in soil (Table S1 in Supplementary material),
playing a crucial role in organic matter decomposition, element
cycling, and the transformation of various compounds under
changing oxygen conditions (McNally et al., 1998; Grishchenkov
et al., 2000; Cason et al., 2019; Zuo et al.,, 2021; Sheng et al., 2021a;
Dong et al., 2023a). In anaerobic environments, such as wetlands
and sediments, facultative anaerobes can make up a substantial
proportion of the microbial community (Bai et al., 2000; Zhu et al.,
2011). In addition, ecosystems with fluctuating oxygen levels, like
the water column in lakes and oceans, may have a significant
presence of facultative bacteria (Haas et al., 2019). Some facultative
bacteria are even found in extreme environments, such as hot
springs, deep-sea hydrothermal vents, and acidic or alkaline
environments (Raguénes et al., 1997; Pankratov et al., 2012; He et al,,
2014; Mohr et al., 2018).

The versatility in adapting to changing conditions makes
facultative bacteria valuable for breaking down complex molecules
into simpler forms (McNally et al., 1998; Li et al., 2012; Zhang et al.,
2021). As oxygen level decreases from the surface to subsurface
environments, microorganisms can utilize iron-bearing minerals
present in sediments as alternative electron acceptors for respiration
(Favre et al.,, 2006; Han et al.,, 2020; Dong et al., 2022). Our results
demonstrated that CN32 could utilize both O, and Fe(III) as electron
acceptors for oil degradation, expanding its potential for remediating
oil-contaminated sites in aerobic and anaerobic zones. Similarly,
Pathiraja et al. (2019) revealed that the facultative bacterium
Lysinibacillus sp. NP05 exhibited a superior ability of polychlorinated
biphenyls (PCBs) degradation under two-stage anaerobic-aerobic
conditions compared to constant aerobic (using O, as an electron
acceptor) or anaerobic (using PCBs as an electron acceptor)
conditions. Therefore, facultative bacteria like CN32 and NP05 could
serve as effective alternatives to obligate bacteria for the degradation
of organic pollutants under oscillating redox conditions. These
findings highlight an advantage of facultative anaerobic bacteria in the
continuous remediation of organic pollutants across diverse
environments (Table S1 in Supplementary material).

We focused on the biodegradation of complex crude oil, in
contrast to previous researches that primarily investigated the
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degradation of specific classes of petroleum hydrocarbons, such as
phenanthrenes (Zhang et al., 2021), pyrene and benzo[a]pyrene
(Liang et al., 2014; Yan et al., 2017), n-alkanes, naphthalenes, and
fluorenes (Grishchenkov et al., 2000). Thus, this study provides
valuable insights for developing targeted pollution remediation
strategies by uncovering specific degradation capabilities of CN32
under different conditions. This bacterium can aerobically degrade
n-alkane pollutants at the surface where oxygen is abundant. In the
subsurface, where oxygen is limited but dissolved Fe(III), iron-
bearing minerals, or iron (oxyhydr)oxides may be abundant, this
bacterium switches to anaerobic degradation of aromatics. Thus,
CN32 is a valuable microorganism for remediating oil pollutants
in various environmental settings, including soil, groundwater,
seafloor, and transitional zones between terrestrial and marine. The
dual capabilities of CN32 to target both saturated and aromatic
hydrocarbons under aerobic and anaerobic conditions highlight its
versatility as a bioremediation agent for diverse hydrocarbon
pollutants. Furthermore, it is also noteworthy that facultative
bacteria have an advantage in pollutant degradation due to their
ability to generate hydroxyl radicals through microbial-driven
Fenton reaction, utilizing H,0, generated during aerobic
respiration or Fe(II) generated during anaerobic Fe(III) reduction
(Sekar and DiChristina, 2014; Han et al., 2020, 2022). Hydroxyl
radicals possess strong oxidizing capabilities and can chemically
oxidize petroleum hydrocarbons (Tsai and Kao, 2009; Cheng et al.,
2016). This approach not only offers a more cost-effective and
environmentally friendly alternative to chemical Fenton reactions
(Klecka and Gonsior, 1986; Stefan and Bolton, 1998), but also
achieves faster degradation rates compared to traditional
bioremediation methods (Shen et al., 2008; Kim et al., 2009).
Therefore, the application potential of CN32 in this field can
be further explored.

5 Conclusion

In this study, degradation of crude oil by a facultative anaerobic
iron-reducing bacterium S. putrefaciens CN32 was investigated under
aerobic and anaerobic conditions using O, and Fe(III) as electron
acceptors. The results unveiled intriguing patterns, revealing that
saturates were more susceptible to biodegradation under aerobic
conditions, exhibiting a remarkable average biodegradation ratio of
65.65%0.01%, higher than that of aromatics at 43.86 +0.03%. Notably,
the degradation of saturated hydrocarbons displayed a complex
pattern, with the biodegradation ratio initially decreasing and then
increasing as the carbon chain length increased. Conversely, aromatics
were more susceptible to biodegradation under anaerobic condition
than under aerobic condition, due to the higher ubiD gene expression
level under anaerobic condition. Furthermore, under anaerobic
condition, CN32 demonstrated a preference for degrading aromatics
(53.94+0.02%) over saturates (23.36+0.01%). Additionally, as the
number of aromatic rings and methyl groups in PAHs increased,
aromatic hydrocarbons became more resistant to biodegradation.
These profound findings not only illuminate the intricate degradation
pathways of crude oil by S. putrefaciens CN32, but also offer invaluable
insights for the selection of microorganisms with specific fingerprint
for targeted organic pollution remediation in both aerobic and
anaerobic environments.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

YaL: Data curation, Formal analysis, Investigation, Methodology,
Visualization, Writing - original draft. YuL: Conceptualization, Data
curation, Formal analysis, Funding acquisition, Methodology,
Visualization, Writing - review & editing. DG: Visualization, Writing
- review & editing. HD: Resources, Supervision, Writing - review &
editing, Funding acquisition.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
is financially supported by grants from the National Natural Science
Foundation of China (NSFC-42102041), and China Postdoctoral
Science Foundation (2021M692996).

Acknowledgments

The authors thank Lei Zhu and Shengbao Shi for their help on
separation and detection of crude oil composition. The authors are

References

Acosta-Gonzélez, A., and Marqués, S. (2016). Bacterial diversity in oil-polluted
marine coastal sediments. Curr. Opin. Biotechnol. 38, 24-32. doi: 10.1016/j.
copbio.2015.12.010

Aeckersberg, E, Bak, E, and Widdel, E (1991). Anaerobic oxidation of saturated
hydrobarbons to CO2 by a new type of sulfate-reducing bacterium. Arch. Microbiol. 156,
5-14. doi: 10.1007/BF00418180

Amonette, J. E., and Templeton, J. C. (1998). Improvements to the quantitative assay
of nonrefractory minerals for Fe(II) and Total Fe using 1,10-Phenanthroline. Clays Clay
Miner. 46, 51-62. doi: 10.1346/CCMN.1998.0460106

Anderson, R. T., and Lovley, D. R. (1999). Naphthalene and benzene degradation
under Fe(III)-reducing conditions in petroleum-contaminated aquifers. Biorem. J. 3,
121-135. doi: 10.1080/10889869991219271

Ansari, F, Prayuenyong, P, and Tothill, I. E. (2007). Biodesulfurization of
dibenzothiophene by Shewanella putrefaciens NCIMB 8768. J. Biol. Phys. Chem. 7,
75-78. doi: 10.4024/20708.jbpc.07.02

Arias-Cartin, R., Kazemzadeh Ferizhendi, K., Séchet, E., Pelosi, L., Loeuillet, C.,
Pierrel, E, et al. (2023). Role of the Escherichia coli ubiquinone-synthesizing UbiUVT
pathway in adaptation to changing respiratory conditions. MBio 14, €03298-¢03222. doi:
10.1128/mbio.03298-22

Aronstein, B. N., Calvillo, Y. M., and Alexander, M. (1991). Effect of surfactants at
low concentrations on the desorption and biodegradation of sorbed
aromatic compounds in soil. Environ. Sci. Technol. 25, 1728-1731. doi: 10.1021/es
000222008

Atashgahi, S., Hornung, B., Van Der Waals, M. J., Da Rocha, U. N., Hugenholtz, E,
Nijsse, B., et al. (2018). A benzene-degrading nitrate-reducing microbial consortium
displays aerobic and anaerobic benzene degradation pathways. Sci. Rep. 8, 4490-4412.
doi: 10.1038/541598-018-22617-x

ATSDR (2005). “Toxicology profile for polyaromatic hydrocarbons” in ATSDR's
toxicological profiles on CD-ROM (Boca Raton, FL: CRC Press)

Bae, H.-S., Moe, W. M., Yan, J,, Tiago, L., da Costa, M. S., and Rainey, E. A. (2006).
Propionicicella superfundia gen. Nov., sp. nov., a chlorosolvent-tolerant propionate-

Frontiers in Microbiology

10.3389/fmicb.2024.1389954

grateful to three reviewers whose comments improved the quality
of the manuscript. This work was supported by the High-
performance Computing Platform of China University of
Geosciences Beijing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at:https://www.frontiersin.org/articles/10.3389/fmicb.2024.1389954/
full#supplementary-material

forming, facultative anaerobic bacterium isolated from contaminated groundwater. Syst.
Appl. Microbiol. 29, 404-413. doi: 10.1016/j.syapm.2005.11.004

Bai, Q,, Gattinger, A., and Zelles, L. (2000). Characterization of microbial consortia in
Paddy Rice soil by phospholipid analysis. Microb. Ecol. 39, 273-281. doi: 10.1007/
5002480000020

Barth, T., and Riis, M. (1992). Interactions between organic acids anions in formation
waters and reservoir mineral phases. Org. Geochem. 19, 455-482. doi:
10.1016/0146-6380(92)90012-M

Bennett, P. C,, Siegel, D. E., Baedecker, M. J., and Hult, M. E (1993). Crude oil in a
shallow sand and gravel aquifer--1. hydrogeology and inorganic geochemistry. Appl.
Geochem. 8, 529-549. doi: 10.1016/0883-2927(93)90012-6

Bezerra, D. S., Neves, B. G., Guedes, S. E, Regis, W. E. M., Stipp, R. N, and
Rodrigues, L. K. A. (2019). Extraction and purification of RNA from human carious
dentine: an approach to enable bacterial gene expression studies. J. Health Biol. Sci. 7,
145-151. doi: 10.12662/2317-3076jhbs

BP (2022). "BP world energy statistical yearbook". (London, UK: BP).

Brooijmans, R. J., Pastink, M. I, and Siezen, R. J. (2009). Hydrocarbon-degrading
bacteria: the oil-spill clean-up crew. Microb. Biotechnol. 2, 587-594. doi: 10.1111/
j.1751-7915.2009.00151.x

Bugg, T. D. H.,, and Winfield, C. J. (1998). Enzymatic cleavage of aromatic rings:
mechanistic aspects of the catechol dioxygenases and later enzymes of bacterial oxidative
cleavage pathways. Nat. Prod. Rep. 15, 513-530. doi: 10.1039/a815513y

Cabrerizo, A., Tejedo, P, Dachs, J., and Benayas, J. (2016). Anthropogenic and
biogenic hydrocarbons in soils and vegetation from the South Shetland Islands
(Antarctica). Sci. Total Environ. 569-570, 1500-1509. doi: 10.1016/j.scitotenv.2016.06.240

Cason, E. D., Vermeulen, J.-G., Miiller, W. ]., van Heerden, E., and Valverde, A. (2019).
Aerobic and anaerobic enrichment cultures highlight the pivotal role of facultative
anaerobes in soil hydrocarbon degradation. J. Environ. Sci. Health 54, 408-415. doi:
10.1080/10934529.2018.1558902

Cerniglia, C. E. (1992). Biodegradation of polycyclic aromatic hydrocarbons.
Biodegradation 3, 351-368. doi: 10.1007/BF00129093

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1389954/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1389954/full#supplementary-material
https://doi.org/10.1016/j.copbio.2015.12.010
https://doi.org/10.1016/j.copbio.2015.12.010
https://doi.org/10.1007/BF00418180
https://doi.org/10.1346/CCMN.1998.0460106
https://doi.org/10.1080/10889869991219271
https://doi.org/10.4024/20708.jbpc.07.02
https://doi.org/10.1128/mbio.03298-22
https://doi.org/10.1021/es00022a008
https://doi.org/10.1021/es00022a008
https://doi.org/10.1038/s41598-018-22617-x
https://doi.org/10.1016/j.syapm.2005.11.004
https://doi.org/10.1007/s002480000020
https://doi.org/10.1007/s002480000020
https://doi.org/10.1016/0146-6380(92)90012-M
https://doi.org/10.1016/0883-2927(93)90012-6
https://doi.org/10.12662/2317-3076jhbs
https://doi.org/10.1111/j.1751-7915.2009.00151.x
https://doi.org/10.1111/j.1751-7915.2009.00151.x
https://doi.org/10.1039/a815513y
https://doi.org/10.1016/j.scitotenv.2016.06.240
https://doi.org/10.1080/10934529.2018.1558902
https://doi.org/10.1007/BF00129093

Lietal.

Chang, W., Um, Y., and Holoman, T. R. P. (2006). Polycyclic aromatic hydrocarbon
(PAH) degradation coupled to methanogenesis. Biotechnol. Lett. 28, 425-430. doi:
10.1007/s10529-005-6073-3

Chen, J., Zhang, H., Huang, H., Li, X., Shi, S., Liu, E, et al. (2013). Impact of anaerobic
biodegradation on alkylphenanthrenes in crude oil. Org. Geochem. 61, 6-14. doi:
10.1016/j.orggeochem.2013.05.003

Cheng, L., Shi, S., Yang, L., Zhang, Y., Dolfing, J., Sun, Y,, et al. (2019). Preferential
degradation of long-chain alkyl substituted hydrocarbons in heavy oil under
methanogenic conditions. Org. Geochem. 138:103927. doi: 10.1016/j.orggeochem.
2019.103927

Cheng, M., Zeng, G., Huang, D., Lai, C., Xu, P,, Zhang, C,, et al. (2016). Hydroxyl
radicals based advanced oxidation processes (AOPs) for remediation of soils
contaminated with organic compounds: a review. Chem. Eng. J. 284, 582-598. doi:
10.1016/j.cej.2015.09.001

Coates, J. D., Chakraborty, R., Lack, J. G., O'Connor, S. M., Cole, K. A, Bender, K. S.,
etal. (2001). Anaerobic benzene oxidation coupled to nitrate reduction in pure culture
by two strains of Dechloromonas. Nature 411, 1039-1043. doi: 10.1038/35082545

Coey, J. M. D. (1980). Clay minerals and their transformations studied with nuclear
techniques: the contribution of Mssbauer spectroscopy. At. Energy Rev. 18, 73-124.

Crowe, A. S., and Smith, J. E. (2007). Distribution and persistence of DDT in soil at a
sand dune-marsh environment: point Pelee, Ontario Canada. Canad. J. Soil Sci. 87,
315-327. doi: 10.4141/506-033

Das, N, and Chandran, P. (2011). Microbial degradation of petroleum hydrocarbon
contaminants: an overview. Biotechnol. Res. Int. 2011, 1-13. doi: 10.4061/2011/941810

Davison, W. (1993). Iron and manganese in lakes. Earth Sci. Rev. 34, 119-163. doi:
10.1016/0012-8252(93)90029-7

del Rio, J. C., Garcia-Molla, J., Gonzalez-Vila, E. J., and Martin, F. (1994). Composition
and origin of the aliphatic extractable hydrocarbons in the Puertollano (Spain) oil shale.
Org. Geochem. 21, 897-909. doi: 10.1016/0146-6380(94)90049-3

Dhar, K., Subashchandrabose, S. R., Venkateswarlu, K., Krishnan, K., and Megharaj, M.
(2020). Anaerobic microbial degradation of polycyclic aromatic hydrocarbons: a
comprehensive review. Rev. Environ. Contam. Toxicol. 251, 25-108. doi:
10.1007/398_2019_29

Diaz, E., Jiménez, J. L., and Nogales, J. (2013). Aerobic degradation of aromatic
compounds. Curr. Opin. Biotechnol. 24, 431-442. doi: 10.1016/j.copbio.2012.10.010

DiDonato, R. J. Jr., Young, N. D., Butler, J. E., Chin, K.-J., Hixson, K. K., Mouser, P.,
et al. (2010). Genome sequence of the deltaproteobacterial strain NaphS2 and analysis
of differential gene expression during anaerobic growth on naphthalene. PLoS One
5:¢14072. doi: 10.1371/journal.pone.0014072

Dong, H,, Coffin, E. S, Sheng, Y., Duley, M. L., and Khalifa, Y. M. (2023a). Microbial
reduction of Fe (III) in nontronite: role of biochar as a redox mediator. Geochim.
Cosmochim. Acta 345, 102-116. doi: 10.1016/j.gca.2023.01.027

Dong, H., Huang, L., Zhao, L., Zeng, Q,, Liu, X, Sheng, Y, et al. (2022). A critical
review of mineral-microbe interaction and co-evolution: mechanisms and applications.
Natl. Sci. Rev. 9:nwac128. doi: 10.1093/nsr/nwac128

Dong, H., Zeng, Q., Sheng, Y., Chen, C., Yu, G., and Kappler, A. (2023b). Coupled iron
cycling and organic matter transformation across redox interfaces. Nat. Rev. Earth
Environ. 4, 659-673. doi: 10.1038/s43017-023-00470-5

Edwards, N. T. (1983). Polycyclic aromatic hydrocarbons (PAH's) in the terrestrial
environment—a review. J. Environ. Qual. 12, 427-441. doi: 10.2134/jeq198
3.00472425001200040001x

Favre, E, Stucki, J. W, and Boivin, P. (2006). Redox properties of structural Fe in
ferruginous smectite. A discussion of the standard potential and its environmental
implications. Clay Clay Miner. 54, 466-472. doi: 10.1346/ccmn.2006.0540407

Feng, L., Wang, W, Cheng, J., Ren, Y., Zhao, G., Gao, C,, et al. (2007). Genome and
proteome of long-chain alkane degrading Geobacillus thermodenitrificans NG80-2
isolated from a deep-subsurface oil reservoir. Proc. Natl. Acad. Sci. US.A. 104,
5602-5607. doi: 10.1073/pnas.0609650104

Fu, J. M, and Sheng, G. Y. (1989). Biological marker composition of typical source
rocks and related crude oils of terrestrial origin in the People's Republic of China: a
review. Appl. Geochem. 4, 13-22. doi: 10.1016/0883-2927(89)90055-3

Fuentes, S., Méndez, V., Aguila, P,, and Seeger, M. (2014). Bioremediation of petroleum
hydrocarbons: catabolic genes, microbial communities, and applications. Appl.
Microbiol. Biotechnol. 98, 4781-4794. doi: 10.1007/s00253-014-5684-9

George, S. C., Boreham, C. J., Minifie, S. A., and Teerman, S. C. (2002). The effect of
minor to moderate biodegradation on C5 to C9 hydrocarbons in crude oils. Org.
Geochem. 33, 1293-1317. doi: 10.1016/S0146-6380(02)00117-1

Ghosal, D., Ghosh, S., Dutta, T. K., and Ahn, Y. (2016). Current state of knowledge in
microbial degradation of polycyclic aromatic hydrocarbons (PAHs): a review. Front.
Microbiol. 7:369. doi: 10.3389/fmicb.2016.01369

Grishchenkov, V., Townsend, R., McDonald, T., Autenrieth, R., Bonner, J., and
Boronin, A. (2000). Degradation of petroleum hydrocarbons by facultative anaerobic
bacteria under aerobic and anaerobic conditions. Process Biochem. 35, 889-896. doi:
10.1016/50032-9592(99)00145-4

Frontiers in Microbiology

10.3389/fmicb.2024.1389954

Haas, S., Desai, D. K., LaRoche, J., Pawlowicz, R., and Wallace, D. W. R. (2019).
Geomicrobiology of the carbon, nitrogen and Sulphur cycles in Powell Lake: a
permanently stratified water column containing ancient seawater. Environ. Microbiol.
21, 3927-3952. doi: 10.1111/1462-2920.14743

Han, R,, Lv, ], Huang, Z., Zhang, S., and Zhang, S. (2020). Pathway for the production
of hydroxyl radicals during the Microbially mediated redox transformation of Iron
(Oxyhydr)oxides. Environ. Sci. Technol. 54, 902-910. doi: 10.1021/acs.est.9b06220

Han, R,, Wang, Z., L, J., Zhu, Z., Yu, G.-H., Li, G, et al. (2022). Multiple effects of
humic components on Microbially mediated Iron redox processes and production of
hydroxyl radicals. Environ. Sci. Technol. 56, 16419-16427. doi: 10.1021/acs.est.2c03799

Haritash, A., and Kaushik, C. (2009). Biodegradation aspects of polycyclic aromatic
hydrocarbons (PAHs): a review. J. Hazard. Mater. 169, 1-15. doi: 10.1016/j.
jhazmat.2009.03.137

Hasanuzzaman, M., Ueno, A., Ito, H., Ito, Y., Yamamoto, Y., Yumoto, 1., et al. (2007).
Degradation of long-chain n-alkanes (C36 and C40) by Pseudomonas aeruginosa strain
WatG. Int. Biodeterior. Biodegrad. 59, 40-43. doi: 10.1016/j.ibiod.2006.07.010

He, Z., Li, S., Wang, L., and Zhong, H. (2014). Characterization of five chromium-
removing Bacteria isolated from chromium-contaminated soil. Water Air Soil Pollut.
225:1904. doi: 10.1007/s11270-014-1904-2

Theonye, C., Osuji, L. C., and Onyema, M. O. (2019). Petroleum contamination of
Sombreiro River in Akuku-Toru local government area Rivers state, Nigeria, revealed
by chemical fingerprinting of aliphatic hydrocarbons. J. Appl. Sci. Environ. Manag. 23,
805-809. doi: 10.4314/jasem.v23i5.5

Kaplan, L. R., Galperin, Y, Lu, S.-T., and Lee, R.-P. (1997). Forensic environmental
geochemistry: differentiation of fuel-types, their sources and release time. Org. Geochem.
27, 289-317. doi: 10.1016/S0146-6380(97)87941-7

Kennicutt, M. C. II, Barker, C., Brooks, J. M., DeFreitas, D. A., and Zhu, G. H. (1987).
Selected organic matter source indicators in the Orinoco Nile and Changjiang deltas.
Organ. Geochem. 11, 41-51. doi: 10.1016/0146-6380(87)90050-7

Khudur, L. S., Shahsavari, E., Webster, G. T., Nugegoda, D., and Ball, A. S. (2019). The
impact of lead co-contamination on ecotoxicity and the bacterial community during the
bioremediation of total petroleum hydrocarbon-contaminated soils. Environ. Pollut. 253,
939-948. doi: 10.1016/j.envpol.2019.07.107

Kim, Y.-M., Jeon, J.-R., Murugesan, K., Kim, E.-J, and Chang, Y.-S. (2009).
Biodegradation of 1, 4-dioxane and transformation of related cyclic compounds by a
newly isolated Mycobacterium sp. PH-06. Biodegradation 20, 511-519. doi: 10.1007/
510532-008-9240-0

Klecka, G., and Gonsior, S. (1986). Removal of 1, 4-dioxane from wastewater. J.
Hazard. Mater. 13, 161-168. doi: 10.1016/0304-3894(86)80016-4

Kleemann, R., and Meckenstock, R. U. (2011). Anaerobic naphthalene degradation by
gram-positive, iron-reducing bacteria. FEMS Microbiol. Ecol. 78, 488-496. doi: 10.1111/j.
1574-6941.2011.01193.x

Koelschbach, J., Mouttaki, H., Merl-Pham, J., Arnold, M., and Meckenstock, R. (2019).
Identification of naphthalene carboxylase subunits of the sulfate-reducing culture N47.
Biodegradation 30, 147-160. doi: 10.1007/s10532-019-09872-z

Leblond, J. D, Schultz, T. W,, and Sayler, G. S. (2001). Observations on the preferential
biodegradation of selected components of polyaromatic hydrocarbon mixtures.
Chemosphere 42, 333-343. doi: 10.1016/S0045-6535(00)00161-2

Li, M., Liu, X., Wang, T,, Jiang, W., Fang, R., Yang, L., et al. (2018). Fractionation of
dibenzofurans during subsurface petroleum migration: based on molecular dynamics
simulation and reservoir geochemistry. Org. Geochem. 115, 220-232. doi: 10.1016/j.
orggeochem.2017.10.006

Li, L., Zhao, C. C,, Liu, Q. Y., Zhang, Y. B., and Wang, L. (2014). Study on screening
and degradation characteristics of moderately halophilic Bacteria degrading PASHs.
Chem. Bioeng. 31, 44-47. doi: 10.3969/j.issn.1672-5425

Li, G., Zu, L., Wong, P.-K,, Hui, X,, Lu, Y,, Xiong, J., et al. (2012). Biodegradation and
detoxification of bisphenol a with one newly-isolated strain Bacillus sp. GZB: kinetics,
mechanism and estrogenic transition. Bioresour. Technol. 114, 224-230. doi: 10.1016/j.
biortech.2012.03.067

Liang, L., Song, X., Kong, J., Shen, C., Huang, T, and Hu, Z. (2014). Anaerobic
biodegradation of high-molecular-weight polycyclic aromatic hydrocarbons by a
facultative anaerobe Pseudomonas sp. JP1. Biodegradation 25, 825-833. doi: 10.1007/
510532-014-9702-5

Liu, Y., Shi, S., Zeng, Q,, Li, Y., Chen, Y., Guo, D,, et al. (2023a). Coupled reduction of
structural Fe (IIT) in nontronite and oxidation of petroleum hydrocarbons. Geochim.
Cosmochim. Acta 344, 103-121. doi: 10.1016/j.gca.2023.01.010

Liu, Y., Wan, Y. Y., Shi, S. B., and Zhang, Y. C. (2023b). Effect of methyl substituents
on the biodegradation of two-ring polycyclic aromatic hydrocarbons in crude oil
identified by aerobic biodegradation simulations. J. Hazard. Mater. Adv. 9:100239. doi:
10.10lG/j.haZadV42023.100239

Liu, Y., Wan, Y. Y,, Wang, C., Ma, Z., Liu, X,, and Li, S. (2020a). Biodegradation of
n-alkanes in crude oil by three identified bacterial strains. Fuel 275:117897. doi:
10.1016/j.fuel.2020.117897

Liu, Y., Wan, Y. Y,, Zhu, Y., Fei, C., Shen, Z., and Ying, Y. (2020b). Impact of
biodegradation on polar compounds in crude oil: comparative simulation of

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s10529-005-6073-3
https://doi.org/10.1016/j.orggeochem.2013.05.003
https://doi.org/10.1016/j.orggeochem.2019.103927
https://doi.org/10.1016/j.orggeochem.2019.103927
https://doi.org/10.1016/j.cej.2015.09.001
https://doi.org/10.1038/35082545
https://doi.org/10.4141/s06-033
https://doi.org/10.4061/2011/941810
https://doi.org/10.1016/0012-8252(93)90029-7
https://doi.org/10.1016/0146-6380(94)90049-3
https://doi.org/10.1007/398_2019_29
https://doi.org/10.1016/j.copbio.2012.10.010
https://doi.org/10.1371/journal.pone.0014072
https://doi.org/10.1016/j.gca.2023.01.027
https://doi.org/10.1093/nsr/nwac128
https://doi.org/10.1038/s43017-023-00470-5
https://doi.org/10.2134/jeq1983.00472425001200040001x
https://doi.org/10.2134/jeq1983.00472425001200040001x
https://doi.org/10.1346/ccmn.2006.0540407
https://doi.org/10.1073/pnas.0609650104
https://doi.org/10.1016/0883-2927(89)90055-3
https://doi.org/10.1007/s00253-014-5684-9
https://doi.org/10.1016/S0146-6380(02)00117-1
https://doi.org/10.3389/fmicb.2016.01369
https://doi.org/10.1016/s0032-9592(99)00145-4
https://doi.org/10.1111/1462-2920.14743
https://doi.org/10.1021/acs.est.9b06220
https://doi.org/10.1021/acs.est.2c03799
https://doi.org/10.1016/j.jhazmat.2009.03.137
https://doi.org/10.1016/j.jhazmat.2009.03.137
https://doi.org/10.1016/j.ibiod.2006.07.010
https://doi.org/10.1007/s11270-014-1904-2
https://doi.org/10.4314/jasem.v23i5.5
https://doi.org/10.1016/S0146-6380(97)87941-7
https://doi.org/10.1016/0146-6380(87)90050-7
https://doi.org/10.1016/j.envpol.2019.07.107
https://doi.org/10.1007/s10532-008-9240-0
https://doi.org/10.1007/s10532-008-9240-0
https://doi.org/10.1016/0304-3894(86)80016-4
https://doi.org/10.1111/j.1574-6941.2011.01193.x
https://doi.org/10.1111/j.1574-6941.2011.01193.x
https://doi.org/10.1007/s10532-019-09872-z
https://doi.org/10.1016/S0045-6535(00)00161-2
https://doi.org/10.1016/j.orggeochem.2017.10.006
https://doi.org/10.1016/j.orggeochem.2017.10.006
https://doi.org/10.3969/j.issn.1672-5425
https://doi.org/10.1016/j.biortech.2012.03.067
https://doi.org/10.1016/j.biortech.2012.03.067
https://doi.org/10.1007/s10532-014-9702-5
https://doi.org/10.1007/s10532-014-9702-5
https://doi.org/10.1016/j.gca.2023.01.010
https://doi.org/10.1016/j.hazadv.2023.100239
https://doi.org/10.1016/j.fuel.2020.117897

Lietal.

biodegradation from two aerobic bacteria using ultrahigh-resolution mass spectrometry.
Energy Fuel 34, 5553-5565. doi: 10.1021/acs.energyfuels.0c00030

Liu, Y., Zhang, Y., Chen, G., Li, Y,, Zeng, Q,, Hu, ], et al. (2024). Molecular
transformation of petroleum compounds by hydroxyl radicals produced upon oxidation
of reduced nontronite. Geochim. Cosmochim. Acta 371, 31-51. doi: 10.1016/j.
gca.2024.02.019

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2— AACT method. Methods 25, 402-408. doi:
10.1006/meth.2001.1262

Lovley, D. R, Baedecker, M. J., Lonergan, D. J., Cozzarelli, I. M., Phillips, E. J., and
Siegel, D. 1. (1989). Oxidation of aromatic contaminants coupled to microbial iron
reduction. Nature 339, 297-300. doi: 10.1038/339297a0

Lovley, D. R., and Lonergan, D. J. (1990). Anaerobic oxidation of toluene, phenol, and
p-cresol by the dissimilatory iron-reducing organism, GS-15. Appl. Environ. Microbiol.
56, 1858-1864. doi: 10.1128/aem.56.6.1858-1864.1990

Ma, M., Gao, W,, Li, Q, Han, B., Zhu, A,, Yang, H., et al. (2021). Biodiversity and oil
degradation capacity of oil-degrading bacteria isolated from deep-sea hydrothermal
sediments of the south mid-Atlantic ridge. Mar. Pollut. Bull. 171:112770. doi: 10.1016/j.
marpolbul.2021.112770

Martin-Gil, J., Ramos-Sanchez, M., and Martin-Gil, E. (2004). Shewanella putrefaciens
in a fuel-in-water emulsion from the prestige oil spill. Antonie Van Leeuwenhoek 86,
283-285. doi: 10.1023/B:ANT0.0000047939.49597.eb

Mbadinga, S. M., Wang, L.-Y,, Zhou, L., Liu, J.-E, Gu, J.-D., and Mu, B.-Z. (2011).
Microbial communities involved in anaerobic degradation of alkanes. Int. Biodeterior.
Biodegradation 65, 1-13. doi: 10.1016/j.ibiod.2010.11.009

McNally, D. L., Mihelcic, J. R, and Lueking, D. R. (1998). Biodegradation of three-and
four-ring polycyclic aromatic hydrocarbons under aerobic and denitrifying conditions.
Environ. Sci. Technol. 32, 2633-2639. doi: 10.1021/es980006¢

Meckenstock, R. U., and Mouttaki, H. (2011). Anaerobic degradation of non-
substituted aromatic hydrocarbons. Curr. Opin. Biotechnol. 22, 406-414. doi: 10.1016/j.
copbio.2011.02.009

Meng, Q., Wang, X,, Liao, Y., Lei, Y., Yin, J,, Liu, P, et al. (2021). The effect of slight to
moderate biodegradation on the shale soluble organic matter composition of the upper
triassic Yanchang formation, Ordos Basin China. Mar. Petrol. Geol. 128:105021. doi:
10.1016/j.marpetgeo.2021.105021

Mezcua, M., Fernandez-Alba, A. R., Boltes, K., Del Aguila, R. A, Leton, P,
Rodriguez, A., et al. (2008). Determination of PASHs by various analytical techniques
based on gas chromatography-mass spectrometry: application to a biodesulfurization
process. Talanta 75, 1158-1166. doi: 10.1016/j.talanta.2008.01.034

Mohr, T., Aliyu, H., Kiichlin, R., Polliack, S., Zwick, M., Neumann, A., et al. (2018).
CO-dependent hydrogen production by the facultative anaerobe Parageobacillus
thermoglucosidasius. Microb. Cell Factories 17:108. doi: 10.1186/s12934-018-0954-3

Morasch, B., Hunkeler, D., Zopfi, J., Temime, B., and Hohener, P. (2011). Intrinsic
biodegradation potential of aromatic hydrocarbons in an alluvial aquifer - potentials
and limits of signature metabolite analysis and two stable isotope-based techniques.
Water Res. 45, 4459-4469. doi: 10.1016/j.watres.2011.05.040

Moreno, R., and Rojo, E. (2017). Enzymes for aerobic degradation of alkanes in bacteria.
Berlin, Germany: Springer.

Pankratov, T. A., Kirsanova, L. A., Kaparullina, E. N., Kevbrin, V. V,, and Dedysh, S. N.
(2012). Telmatobacter bradus gen. Nov., sp. nov., a cellulolytic facultative anaerobe from
subdivision 1 of the Acidobacteria, and emended description of Acidobacterium
capsulatum Kishimoto et al. 1991. Int. J. Syst. Evol. Microbiol. 62, 430-437. doi: 10.1099/
ij5.0.029629-0

Pasumarthi, R., Chandrasekaran, S., and Mutnuri, S. (2013). Biodegradation of crude
oil by Pseudomonas aeruginosa and Escherichia fergusonii isolated from the Goan coast.
Mar. Pollut. Bull. 76, 276-282. doi: 10.1016/j.marpolbul.2013.08.026

Pathiraja, G., Egodawatta, P, Goonetilleke, A., and Te'o, V. S. J. (2019). Solubilization
and degradation of polychlorinated biphenyls (PCBs) by naturally occurring facultative
anaerobic bacteria. Sci. Total Environ. 651, 2197-2207. doi: 10.1016/j.
scitotenv.2018.10.127

Phale, P. S., Shah, B. A., and Malhotra, H. (2019). Variability in assembly of
degradation operons for naphthalene and its derivative, carbaryl, suggests mobilization
through horizontal gene transfer. Genes 10:569. doi: 10.3390/genes10080569

Qian, H., Zhang, Y. L., Wang, J. L., Si, C. Q,, and Chen, Z. X. (2018). Characteristics
of petroleum-contaminated groundwater during natural attenuation: a case study in
Northeast China. Environ. Monit. Assess. 190, 80-11. doi: 10.1007/s10661-017-6449-6

Raguénes, G., Christen, R., Guezennec, J., Pignet, P, and Barbier, G. (1997). Vibrio
diabolicus sp. nov., a new polysaccharide-secreting organism isolated from a deep-sea
hydrothermal vent Polychaete annelid, Alvinella pompejana. Int. J. Syst. Bacteriol. 47,
989-995. doi: 10.1099/00207713-47-4-989

Raymond, R. L., Jamison, V. M., and Hudson, J. O. (1967). Microbial hydrocarbon
co-oxidation: I. Oxidation of mono-and dicyclic hydrocarbons by soil isolates of the
genus Nocardia. Appl. Microbiol. 15, 857-865. doi: 10.1128/am.15.4.857-865.1967

Rockne, K. J., Chee-Sanford, J. C., Sanford, R. A., Hedlund, B. P, Staley, J. T., and
Strand, S. E. (2000). Anaerobic naphthalene degradation by microbial pure cultures

Frontiers in Microbiology

14

10.3389/fmicb.2024.1389954

under nitrate-reducing conditions. Appl. Environ. Microbiol. 66, 1595-1601. doi:
10.1128/AEM.66.4.1595-1601.2000

Rueter, P, Rabus, R., Wilkest, H., Aeckersberg, E, Rainey, E. A., Jannasch, H. W, et al.
(1994). Anaerobic oxidation of hydrocarbons in crude oil by new types of sulphate-
reducing bacteria. Nature 372, 455-458. doi: 10.1038/372455a0

Saito, J., Hashimoto, K., and Okamoto, A. (2016). Flavin as an indicator of the rate-
limiting factor for microbial current production in Shewanella oneidensis MR-1.
Electrochim. Acta 216, 261-265. doi: 10.1016/j.electacta.2016.09.002

Sekar, R., and DiChristina, T. J. (2014). Microbially driven Fenton reaction for
degradation of the widespread environmental contaminant 1,4-dioxane. Environ. Sci.
Technol. 48, 12858-12867. doi: 10.1021/es503454a

Setti, L., Lanzarini, G., Pifferi, P. G., and Spagna, G. (1993). Further research into the
aerobic degradation of n-alkanes in a heavy oil by a pure culture of a Pseudomonas sp.
Chemosphere 26, 1151-1157. doi: 10.1016/0045-6535(93)90202-G

Sharma, A., Singh, S. B., Sharma, R., Chaudhary, P, Pandey, A. K., Ansari, R., et al.
(2016). Enhanced biodegradation of PAHs by microbial consortium with different
amendment and their fate in in-situ condition. J. Environ. Manag. 181, 728-736. doi:
10.1016/j.jenvman.2016.08.024

Shen, W, Chen, H., and Pan, S. (2008). Anaerobic biodegradation of 1, 4-dioxane by
sludge enriched with iron-reducing microorganisms. Bioresour. Technol. 99, 2483-2487.
doi: 10.1016/j.biortech.2007.04.054

Sheng, Y., Baars, O., Guo, D., Whitham, J,, Srivastava, S., Dong, H. J. E. S, et al. (2023).
Mineral-bound trace metals as cofactors for anaerobic biological nitrogen fixation.
Environ. Sci. Technol. 57, 7206-7216. doi: 10.1021/acs.est.3c01371

Sheng, Y., Dong, H., Kukkadapu, R. K., Ni, S., Zeng, Q., Hu, J., et al. (2021a). Lignin-
enhanced reduction of structural Fe (III) in nontronite: dual roles of lignin as electron
shuttle and donor. Geochim. Cosmochim. Acta 307, 1-21. doi: 10.1016/j.gca.2021.05.037

Sheng, Y, Liu, Y., Yang, J., Dong, H., Liu, B., Zhang, H., et al. (2021b). History of
petroleum disturbance triggering the depth-resolved assembly process of microbial
communities in the vadose zone. . Hazard. Mater. 402:124060. doi: 10.1016/j.
jhazmat.2020.124060

Sheng, Y, Tian, X., Wang, G., Hao, C., and Liu, E. (2016). Bacterial diversity and
biogeochemical processes of oil-contaminated groundwater, Baoding North China.
Geomicrobiol. J. 33, 537-551. doi: 10.1080/01490451.2015.1062061

Sierra-Garcia, I. N., and de Oliveira, V. M. (2013). Microbial hydrocarbon degradation:
efforts to understand biodegradation in petroleum reservoirs. Biodegrad. Eng. Technol.
2011:810

So, C. M., Phelps, C. D., and Young, L. (2003). Anaerobic transformation of alkanes
to fatty acids by a sulfate-reducing bacterium, strain Hxd3. Appl. Environ. Microbiol. 69,
3892-3900. doi: 10.1128/AEM.69.7.3892-3900.2003

Stefan, M. I, and Bolton, J. R. (1998). Mechanism of the degradation of 1, 4-dioxane
in dilute aqueous solution using the UV/hydrogen peroxide process. Environ. Sci.
Technol. 32, 1588-1595. doi: 10.1021/es970633m

Strausz, O.P, and Lown, E.M. (2003). The chemistry of Alberta oil sands, bitumens and
heavy oils. Calgary: Alberta Energy Research Institute.

Takahashi, Y., Higashi, M., Furukawa, T., and Mitsunobu, S. (2011). Change of iron
species and iron solubility in Asian dust during the long-range transport from western
China to Japan. Atmos. Chem. Phys. 11, 11237-11252. doi: 10.5194/acp-11-11237-2011

Tani, A., Ishige, T,, Sakai, Y., and Kato, N. (2001). Gene structures and regulation of
the alkane hydroxylase complex in Acinetobacter sp. strain M-1. J. Bacteriol. 183,
1819-1823. doi: 10.1128/JB.183.5.1819-1823.2001

Tong, M., Yuan, S., Ma, S,, Jin, M., Liu, D., Cheng, D., et al. (2016). Production of
abundant hydroxyl radicals from oxygenation of subsurface sediments. Environ. Sci.
Technol. 50, 214-221. doi: 10.1021/acs.est.5b04323

Tsai, T., and Kao, C. (2009). Treatment of petroleum-hydrocarbon contaminated soils
using hydrogen peroxide oxidation catalyzed by waste basic oxygen furnace slag. J.
Hazard. Mater. 170, 466-472. doi: 10.1016/j.jhazmat.2009.04.073

Tschech, A., and Fuchs, G. (1987). Anaerobic degradation of phenol by pure cultures
of newly isolated denitrifying pseudomonads. Arch. Microbiol. 148, 213-217. doi:
10.1007/BF00414814

Vaishnav, E. D., de Boer, C. G., Molinet, J., Yassour, M., Fan, L., Adiconis, X., et al.
(2022). The evolution, evolvability and engineering of gene regulatory DNA. Nature 603,
455-463. doi: 10.1038/541586-022-04506-6

Varjani, S. J. (2016). Microbial degradation of petroleum hydrocarbons. Bioresour.
Technol. 223, 277-286. doi: 10.1016/j.biortech.2016.10.037

Vodyanitskii, Y. N. (2011). Iron compounds and oil biodegradation in overmoistened
contaminated soils: a review of publications. Eurasian Soil Sci. 44, 1250-1259. doi:
10.1134/S1064229311090171

Volkman, J. K., Alexander, R., Kagi, R. I, Rowland, S. J., and Sheppard, P. N. (1984).
Biodegradation of aromatic hydrocarbons in crude oils from the Barrow sub-basin of
Western Australia. Org. Geochem. 6, 619-632. doi: 10.1016/0146-6380(84)90084-6

Wang, X., Cai, T., Wen, W,, Ai, J., Ai, ], Zhang, Z., et al. (2020). Surfactin for enhanced
removal of aromatic hydrocarbons during biodegradation of crude oil. Fuel 267,
117272-117288. doi: 10.1016/j.fuel.2020.117272

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1021/acs.energyfuels.0c00030
https://doi.org/10.1016/j.gca.2024.02.019
https://doi.org/10.1016/j.gca.2024.02.019
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/339297a0
https://doi.org/10.1128/aem.56.6.1858-1864.1990
https://doi.org/10.1016/j.marpolbul.2021.112770
https://doi.org/10.1016/j.marpolbul.2021.112770
https://doi.org/10.1023/B:ANTO.0000047939.49597.eb
https://doi.org/10.1016/j.ibiod.2010.11.009
https://doi.org/10.1021/es980006c
https://doi.org/10.1016/j.copbio.2011.02.009
https://doi.org/10.1016/j.copbio.2011.02.009
https://doi.org/10.1016/j.marpetgeo.2021.105021
https://doi.org/10.1016/j.talanta.2008.01.034
https://doi.org/10.1186/s12934-018-0954-3
https://doi.org/10.1016/j.watres.2011.05.040
https://doi.org/10.1099/ijs.0.029629-0
https://doi.org/10.1099/ijs.0.029629-0
https://doi.org/10.1016/j.marpolbul.2013.08.026
https://doi.org/10.1016/j.scitotenv.2018.10.127
https://doi.org/10.1016/j.scitotenv.2018.10.127
https://doi.org/10.3390/genes10080569
https://doi.org/10.1007/s10661-017-6449-6
https://doi.org/10.1099/00207713-47-4-989
https://doi.org/10.1128/am.15.4.857-865.1967
https://doi.org/10.1128/AEM.66.4.1595-1601.2000
https://doi.org/10.1038/372455a0
https://doi.org/10.1016/j.electacta.2016.09.002
https://doi.org/10.1021/es503454a
https://doi.org/10.1016/0045-6535(93)90202-G
https://doi.org/10.1016/j.jenvman.2016.08.024
https://doi.org/10.1016/j.biortech.2007.04.054
https://doi.org/10.1021/acs.est.3c01371
https://doi.org/10.1016/j.gca.2021.05.037
https://doi.org/10.1016/j.jhazmat.2020.124060
https://doi.org/10.1016/j.jhazmat.2020.124060
https://doi.org/10.1080/01490451.2015.1062061
https://doi.org/10.1128/AEM.69.7.3892-3900.2003
https://doi.org/10.1021/es970633m
https://doi.org/10.5194/acp-11-11237-2011
https://doi.org/10.1128/JB.183.5.1819-1823.2001
https://doi.org/10.1021/acs.est.5b04323
https://doi.org/10.1016/j.jhazmat.2009.04.073
https://doi.org/10.1007/BF00414814
https://doi.org/10.1038/s41586-022-04506-6
https://doi.org/10.1016/j.biortech.2016.10.037
https://doi.org/10.1134/S1064229311090171
https://doi.org/10.1016/0146-6380(84)90084-6
https://doi.org/10.1016/j.fuel.2020.117272

Lietal.

Weber, K. A., Achenbach, L. A., and Coates, J. D. (2006). Microorganisms pumping
iron: anaerobic microbial iron oxidation and reduction. Nat. Rev. Microbiol. 4, 752-764.
doi: 10.1038/nrmicro1490

Wei, X., Hao, Y. Q, Li, G, Niu, S. L., Wang, S. H., and Zhao, H. X. (2017). Mechanism
of Phenanthrene polluted soil by microbial remediation. J. Microbiol. 37, 114-124. doi:
10.3969/j.issn.1005-7021

Wentzel, A., Ellingsen, T. E., Kotlar, H.-K., Zotchev, S. B., and Throne-Holst, M.
(2007). Bacterial metabolism of long-chain n-alkanes. Appl. Microbiol. Biotechnol. 76,
1209-1221. doi: 10.1007/s00253-007-1119-1

Widdel, E, Boetius, A., and Rabus, R. (2006). Anaerobic biodegradation of
hydrocarbons including methane. Prokaryotes 2, 1028-1049. doi: 10.1007/0-387-
30742-7_33

Wilkes, H., Rabus, R., Fischer, T., Armstroff, A., Behrends, A., and Widdel, E (2002).
Anaerobic degradation of n-hexane in a denitrifying bacterium: further degradation of
the initial intermediate (1-methylpentyl) succinate via C-skeleton rearrangement. Arch.
Microbiol. 177, 235-243. doi: 10.1007/s00203-001-0381-3

Wischgoll, S., Heintz, D., Peters, E, Erxleben, A., Sarnighausen, E., Reski, R., et al.
(2005). Gene clusters involved in anaerobic benzoate degradation of Geobacter
metallireducens. Mol. Microbiol. 58, 1238-1252. doi: 10.1111/§.1365-2958.2005.04909.x

Xu, X., Liu, W,, Tian, S., Wang, W,, Qi, Q, Jiang, P, et al. (2018). Petroleum
hydrocarbon-degrading bacteria for the remediation of oil pollution under aerobic
conditions: a perspective analysis. Front. Microbiol. 9:2885. doi: 10.3389/
fmicb.2018.02885

Yan, Z., Zhang, Y., Wu, H., Yang, M., Zhang, H., Hao, Z., et al. (2017). Isolation and
characterization of a bacterial strain Hydrogenophaga sp. PYRI for anaerobic pyrene
and benzo[a]pyrene biodegradation. RSC Adv. 7, 46690-46698. doi: 10.1039/c7ra09274a

Zachara, ]. M., Fredrickson, J. K., Li, S. M., Kennedy, D. W,, Smith, S. C., and Gassman, P. L.
(1998). Bacterial reduction of crystalline Fe3+ oxides in single phase suspensions and
subsurface materials. Am. Mineral. 83, 1426-1443. doi: 10.2138/am-1998-11-1232

Frontiers in Microbiology

15

10.3389/fmicb.2024.1389954

Zeng, Q., Dong, H., Zhao, L., and Huang, Q. (2016). Preservation of organic matter in
nontronite against iron redox cycling. Am. Mineral. 101, 120-133. doi: 10.2138/
am-2016-5410

Zeng, Q., Huang, L., Ma, J., Zhu, Z., He, C., Shi, Q,, et al. (2020). Bio-reduction of
ferrihydrite-montmorillonite-organic matter complexes: effect of montmorillonite and
fate of organic matter. Geochim. Cosmochim. Acta 276, 327-344. doi: 10.1016/j.
gca.2020.03.011

Zhan, ], Liu, Y., Cheng, W,, Zhang, A., Li, R., Li, X,, et al. (2018). Remediation of soil
contaminated by fluorene using needle-plate pulsed corona discharge plasma. Chem.
Eng. J. 334, 2124-2133. doi: 10.1016/j.cej.2017.11.093

Zhang, Z., Guo, H., Sun, J., Gong, X., Wang, C., and Wang, H. (2021). Exploration of
the biotransformation processes in the biodegradation of phenanthrene by a facultative
anaerobe, strain PheF2, with Fe (III) or O2 as an electron acceptor. Sci. Total Environ.
750:142245. doi: 10.1016/j.scitotenv.2020.142245

Zhang, K., Hu, Z., Zeng, F, Yang, X., Wang, ], Jing, R., et al. (2019). Biodegradation
of petroleum hydrocarbons and changes in microbial community structure in sediment
under nitrate-, ferric-, sulfate-reducing and methanogenic conditions. J. Environ.
Manag. 249:109425. doi: 10.1016/j.jenvman.2019.109425

Zhang, T., Tremblay, P. L., Chaurasia, A. K., Smith, J. A, Bain, T. S., and Lovley, D. R.
(2013). Anaerobic benzene oxidation via phenol in Geobacter metallireducens. Appl.
Environ. Microbiol. 79, 7800-7806. doi: 10.1128/AEM.03134-13

Zhu, Q. Ye, C., Li, C,, Ke, L., and Zhao, X. (2011). Isolation and degradation effect of
facultative anaerobic Flora with high efficiency organic matter biodegradation from
near-shore wetland in Taihu Lake. Res. Environ. Sci. 24, 1129-1135. doi: 10.13198/j.
res.2011.10.51.zhugf.007

Zuo, H., Huang, L., Chu, R. K., Tolic, N., Washton, N., Zhu, Z., et al. (2021). Reduction
of structural Fe(III) in nontronite by humic substances in the absence and presence of
Shewanella putrefaciens and accompanying secondary mineralization. Am. Mineral. 106,
1957-1970. doi: 10.2138/am-2021-7828

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1389954
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/nrmicro1490
https://doi.org/10.3969/j.issn.1005-7021
https://doi.org/10.1007/s00253-007-1119-1
https://doi.org/10.1007/0-387-30742-7_33
https://doi.org/10.1007/0-387-30742-7_33
https://doi.org/10.1007/s00203-001-0381-3
https://doi.org/10.1111/j.1365-2958.2005.04909.x
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.1039/c7ra09274a
https://doi.org/10.2138/am-1998-11-1232
https://doi.org/10.2138/am-2016-5410
https://doi.org/10.2138/am-2016-5410
https://doi.org/10.1016/j.gca.2020.03.011
https://doi.org/10.1016/j.gca.2020.03.011
https://doi.org/10.1016/j.cej.2017.11.093
https://doi.org/10.1016/j.scitotenv.2020.142245
https://doi.org/10.1016/j.jenvman.2019.109425
https://doi.org/10.1128/AEM.03134-13
https://doi.org/10.13198/j.res.2011.10.51.zhuqf.007
https://doi.org/10.13198/j.res.2011.10.51.zhuqf.007
https://doi.org/10.2138/am-2021-7828

	Differential degradation of petroleum hydrocarbons by Shewanella putrefaciens under aerobic and anaerobic conditions
	Highlights
	1 Introduction
	2 Materials and methods
	2.1 Preparation of crude oil, CN32 cells, and ferric citrate stock solution
	2.2 Biodegradation experiments
	2.2.1 Aerobic experiment
	2.2.2 Anaerobic experiment
	2.3 Analytical methods
	2.3.1 Total Fe(II) and total Fe concentrations
	2.3.2 Changes in petroleum hydrocarbons induced by O2 and Fe(III) reduction
	2.3.3 Quantitative reverse transcription polymerase chain reaction (RT-qPCT)

	3 Results
	3.1 Overall degradation characteristics of petroleum hydrocarbons
	3.2 Degradation characteristics of saturated hydrocarbons
	3.3 Degradation characteristics of aromatic hydrocarbons
	3.4 RT-qPCR results

	4 Discussion
	4.1 Higher degradation of saturated hydrocarbons under aerobic condition than under anaerobic condition
	4.2 Higher degradation of aromatic hydrocarbons under anaerobic condition than under aerobic condition
	4.3 Environmental implications

	5 Conclusion
	Data availability statement
	Author contributions

	References

