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Abstract

To our knowledge, this is the first study to report the different biodegradation sequences of saturated hydrocarbon compounds
by two bacteria— XJ16 and XJ19—using semiquantitative analyses of the gas chromatography—mass spectrophotometry (GC—
MS) data of biodegraded oils over 90-day simulation, whcih demonstrating the effects of bacterial species on the biodegradation
sequences. The general biodegradation sequence of compounds for XJ16 was similar to that reported previously: -alkanes (most
easily to biodegrade) > -alkylcyclohexanes > dicyclic sesquiterpenes > steranes > hopanes. However, the general biodegradation
sequence of compounds for XJ19 was different: dicyclic sesquiterpenes (most easily to biodegrade) > steranes > hopanes >
-alkylcyclohexanes > -alkanes.

The total biodegradation ratios of -alkanes, -alkylcyclohexanes and dicyclic sesquiterpenes by XJ16 were 69.5%, 52.9%, and
48.3% higher than those by XJ19, respectively. The -alkane/-alkylcyclohexane biodegradation sequence for XJ16 and XJ19
were different, but the dicyclic sesquiterpene biodegradation sequences for these two bacteria were the same. However, the
total biodegradation ratios of the steranes and hopanes by XJ19 were 12.64% and 18.56% higher than those by XJ16, re-
spectively. For both strains, the biodegradation sequences of some biomarkers were as follows: Cdiastrane > Cdiastrane,
C-5a(H)-homopregnane > C-50(H)-pregnane, BaC20S > BaC20R, ofC20S > o3C20R, aoaC20R > acaC20R > aaaC20R, Tm
> Ts and CM > CH. Moreover, preferential biodegradation of the lower-molecular-weight homologues (C > C > C > C) was

observed, with R epimer over the S epimer.
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Abstract

To our knowledge, this is the first study to report the different biodegradation
sequences of saturated hydrocarbon compounds by two bacteria—Pseudomonas
aeruginosa XJ16 and Acinetobacter Iwoffii XJ19—using semiquantitative analyses of
the gas chromatography—mass spectrophotometry (GC-MS) data of biodegraded oils
over 90-day simulation, whcih demonstrating the effects of bacterial species on the
biodegradation sequences. The general biodegradation sequence of compounds for P.
aeruginosa XJ16 was similar to that reported previously: n-alkanes (most easily to
biodegrade) > n-alkylcyclohexanes > dicyclic sesquiterpenes > steranes > hopanes.
However, the general biodegradation sequence of compounds for A. Iwoffi XJ19 was
different: dicyclic sesquiterpenes (most easily to biodegrade) > steranes > hopanes >
n-alkylcyclohexanes > n-alkanes.

The total biodegradation ratios of n-alkanes, n-alkylcyclohexanes and dicyclic
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sesquiterpenes by P. aeruginosa XJ16 were 69.5%, 52.9%, and 48.3% higher than
those by A. Ilwoffi XJ19, respectively. The n-alkane/n-alkylcyclohexane
biodegradation sequence for P. aeruginosa XJ16 and A. lwoffi XJ19 were different,
but the dicyclic sesquiterpene biodegradation sequences for these two bacteria were
the same. However, the total biodegradation ratios of the steranes and hopanes by A.
Iwoffi XJ19 were 12.64% and 18.56% higher than those by P. aeruginosa XJ16,
respectively. For both strains, the biodegradation sequences of some biomarkers were
as follows: Cydiastrane >  Cydiastrane, Cyp-5a(H)-homopregnane >
Co1-5a(H)-pregnane, BaC2720S > BaC2720R, affCz720S > afC720R, aaaC2720R >
a0oC320R > a0aC920R, Tm > Ts and Cy,M > CyH. Moreover, preferential
biodegradation of the lower-molecular-weight homologues (Cs; > C3; > Cs3 > Cay)

was observed, with R epimer over the S epimer.

Key words

Biodegradation sequence; Saturated hydrocarbon compounds; Biodegradation ratio;

Bacterial species; Pseudomonas aeruginosa; Acinetobacter Iwoffii

1. Introduction

Biodegradation of crude oil in reservoir is an important process of biogeochemical
cycle in deep earth (Connan, 1984; Head et al., 2003; Andrew et al., 2010; Oldenburg
et al., 2017). The effects of biodegradation on the physical and chemical properties of

crude oil have always been a research hotspot in organic geochemistry and
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geomicrobiology (Peters and Moldowan, 1993; Roling et al., 2003; Pan., 2015;
Agyingi et al., 2019). Following biodegradation, the density and viscosity of crude oil
increase; hydrocarbon compounds are consumed; nonhydrocarbon, asphaltene, sulfur,
and metal ion concentrations increase; acidity increases; and APl (American
Petroleum Institute) gravity values decrease (Peters and Moldowan, 1993; Meredith et
al., 2000; Wenger et al., 2002). Biodegradation of crude oil is often explained as a
quasi-stepwise process, indicating that some compounds are less stable than others in
a given biomarker compound class, although these compounds may still be preserved
when more resistant compounds begin to be biodegraded (Peters and Moldowan,
2005). Bacteria do not biodegrade different compounds sequentially but instead
utilize different compounds at different rates simultaneously.

Except for biodegradation time and environmental conditions (temperature, salinity,
pH, and electron donors and acceptors), biodegradation primarily depends on
microorganisms and the chemical structure of hydrocarbons (Peters et al., 2005;
Larter et al., 2003, 2006; Varjani et al., 2017). Sequential and systematic variations in
crude oil biomarkers are commonly observed in reservoir biodegradations and
laboratory simulations (Koopmans et al., 2002; Jones et al., 2008; Liao et al., 2012;
Cheng et al., 2016; Pan et al., 2017; Huang et al., 2017; Oblasov et al., 2018).
Moreover, the general order of bioresistance of various biomarker compound classes
in saturated hydrocarbons may mostly follow the following sequence: n-alkanes (least
resistant) > acyclic isoprenoids > steranes > hopanes > diasteranes (most resistant)

(Seifert et al., 1979; Goodwin et al., 1983; Volkman et al., 1984; Connan, 1984, Peters
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et al., 1993; Alberdi et al., 2001; Peters et al., 2005; Du et al., 2011; Pan et al., 2017).
Normal alkanes are more easily biodegraded than branched alkanes, and the higher
the concentrations of branched alkanes, the more difficult the crude oil is to
biodegrade (Connan, 1984). Williams et al. (1986) suggested that
8B(H)-homodrimane is more easily biodegraded than 8B(H)-drimane. The
bioresistance of pregnane and diastrane is stronger than that of regular sterane (Lin et
al., 1989; Peters and Moldowan, 1993). Compared with Cyo-steranes and
Coo-diastranes, Cyr-steranes and Cy;-diastranes are preferentially used by
microorganisms (Seifert and Moldwan, 1979). The ratio of Cye-sterane Bp/(aa + Bf)
increases with an increasing degree of biodegradation (Peters and Moldowan, 1993).
Ts/Tm increases with an increasing biodegradation level. Cyg-17a, 21B-norhopane and
Cs235-17a,21B-homohopanes are  more  difficult to  biodegrade than
Cai-170,21B-hopane.  Moretane is  more  stable than  hopane. For
Csi1-34-17a,21B-homohopanes, the biodegradation ratios of R-configuration
homohopanes were higher than those of S-configuration homohopanes (Lin et al.,
1989). However, previous studies have not confirmed the effects of bacterial species
on the biodegradation sequence.

Semiquantitative evaluation of biodegradation is performed to measure the degree
of biodegradation, i.e., biodegradation ratio, by determining the concentrations of the
compounds in unaltered oil sources and biodegraded crude oil. The crude oil
concentration can be obtained by semiquantitative GC-MS using an internal standard.

It is impossible to know the exact concentrations of the compounds before
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biodegradation and clear biological information about biodegradation in geological
samples. However, laboratory simulations are not influenced by complex geological
factors; moreover, such simulations provide biodegradation information of the entire
process and not just the final biodegradation results. In simulated aerobic
biodegradation, crude oil can be used as the unique carbon source and bacteria as the
degrader under optimum growth conditions of temperature, pressure, and
microorganism cell/oil ratio (Essaid et al., 1995; Bicalho et al., 2004; Pan et al., 2017).
Pseudomonas aeruginosa and Acinetobacter Iwoffii can utilize hydrocarbons as
carbon sources and produce biosurfactants (Throne-Holst et al., 2007; Varjani et al.,
2016), which can greatly enhance the solubilization of petroleum hydrocarbons
(Aparnaetal., 2012; Mnif et al., 2013). In this study, we used P. aeruginosa XJ16 and
A. Iwoffii XJ19 (both isolated by our group from production wells in the Xinjiang
oilfield, China) for biodegradation simulations to calculate the biodegradation ratio
(%) from the concentrations (ug/g) of specific compounds in unaltered and
biodegraded oils using GC-MS data (Goswami and Singh, 1991; Mishra et al., 2017).
We further clarified the biodegradation characteristics and ultimately determined the
biodegradation sequences of compounds for these twobacteria. The target
hydrocarbons were saturated hydrocarbons, encompassing n-alkanes (m/z 85),
n-alkylcyclohexanes (m/z 82), bicyclic sesquiterpenes (m/z 123), the steranes (m/z

217), and the hopanes (m/z 191).
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2. Materials and methods

2.1 Crude oil

For the biodegradation simulation, a crude oil sample was collected from a
production well of Changging Oilfield, China, with a density of 0.82 g/cm® (28 °C)
and viscosity of 2.69 mPa-s (20 °C). Based on total ion chromatogram (TIC; Fig. 1a),
this oil was not biodegraded. The relative concentrations of saturates, aromatics,
resins, and asphaltenes in the sample were 77.4%, 14.9%, 5.26%, and 2.48%,
respectively. These analytical tests were conducted at the State Key Laboratory of

Petroleum Resources and Prospecting, China University of Petroleum (Beijing).

2.2 Bacterial isolation, screening, and identification

In this study, we isolated two strains from production wells of Xinjiang Oilfield,

China, designated XJ16 and XJ19.

2.2.1 Sample source and enrichment

The produced liquid from production wells in Xinjiang Oilfield were sampled using
aseptic sampling bottle. Upon collection, samples were immediately sealed, after
which they were returned to the laboratory and sealed in a 4°C refrigerator until
analysis. In the super-clean bench, the samples were inoculated into different liquid
media and incubated at 35°C for bacterial growth. After 5-7 days of incubation, an
aliquot of the cloudy sample was inoculated into a new medium, and repeat three

times.
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2.2.2 Bacterial isolation and screening

A small amount of bacterial liquid was inoculated into isolation medium with an
aseptic inoculation ring. A line was then drawn on the plate isolation medium, covered
and allowed to stand for 20-30 min so that the bacterial liquid fully infiltrated the
medium. The inoculated plates were subsequently incubated at 35°C under aerobic
conditions. Then, put the single colony using the aseptic gun head into the screening
medium in the super-clean bench, and put it in the incubator for cultivation. The
isolation/screening medium was as follows: yeast extract, 0.5 g/L; tryptone, 0.25 g/L;
peptone, 0.75 g/L; glucose, 0.5 g/L; soluble starch, 0.5 g/L; K;HPO,, 0.3 g/L;
MgSOQO,-7H,0, 0.024 g/L; and sodium pyruvate, 0.3 g/L (pH adjusted to 6.5). Medium
was autoclaved at 121°C for 30 min before use. Gram staining was used to observe

the growth of the strain under the microscope.

2.2.3 Bacterial identification bsaed on 16S rRNA gene

Bacterial strains in the logarithmic growth phase were extracted using a bacterial
deoxyribonucleic acid (DNA) extraction kit (Shanghai Biotechnicians) to extract total
DNA. Nucleotide sequence of conserved segment 8-1510 of 16Sr DNA Gene were
amplified using the 27F (AGAGTTTGATCMTGGCTCAG) and 1492R
(TACGYTACCTTGTTACGACTT) bacterial primers. The amplification results were
observed using a Sai Zhi gel imaging system. The retrieved sequences were utilized

for BLAST searches of the EzTaxon-e database (http://eztaxon-e.ezbiocloud.net/).

The cell morphology of the isolates was examined by scanning electron microscopy at
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the Institute of Microbiology, Chinese Academy of Sciences. The colonies of P.
aeruginosa XJ16 were ellipsoidal, greyish white with smooth edges, and the cells
were 0.9-1.3 pm long and 0.6-0.8 um wide (Fig. 1b). A. Iwoffii XJ19 colonies were
bacilliform with regular edges and smooth, slightly raised surfaces. The cells were

1.2-2.5 pm long and 0.4-0.6 um wide (Fig. 1c).

2.3 Aerobic biodegradation simulations

We used the isolated bacteria to conduct two biodegradation simulations. Briefly,
20 ml bacterial solution (ODggo 0f 0.8) was inoculated into 100 ml basal medium with
1 g crude oil from the Changging oilfield. The basal medium comprised KNO3 (3 g/L),
Na;HPO, (2 g/L), KH,PO4 (2 g/L), MgSO, (0.5 g/L), NaCl (0.5 g/L), NH4CI (1 g/L),
and trace elements (10 ml). The trace elements included Na,EDTA-2 H,O (12 g/L),
NaOH (2 g/L), CaCl, (1 g/L), MnSO4-4 H,O (0.4 g/L), ZnSO,4-7 H,O (0.4 g/L),
H,SO,4 (98%; 0.5 ml), Na;SO4 (10 g/L), Na,MoO4-2 H,O (0.1 g/L), FeSO4-7H,0 (2
g/L), and CuSO4-5 H,O (0.1 g/L). The samples were incubated at a constant
temperature (35 °C) while shaking at 120 rpm/min. Aerobic biodegradation
simulations were conducted for 90 days during which the samples were collected on
days 10, 20, 40, 60, and 90 (three replicates). An appropriate amount of
dichloromethane was added to the samples for sterilization and biodegraded oil

extraction.

2.4 GC-MS

2.4.1 Pretreatment and experimental condition
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After precipitating with 30 mL n-hexane for 12 h, crude oil (about 20-30 mg) was
deasphalted and then fractionated into saturated hydrocarbons, aromatic hydrocarbons,
and resins by column chromatography (Du et al., 2011). First, 3 g silica and 2 g
neutral alumina were placed into the chromatographic column, wetting with 5 mL
petroleum ether. Then, saturated hydrocarbons were eluted 30 times using 1 mL
petroleum ether, whereas aromatic hydrocarbons were eluted 25 times using a 1 mL
mixture of dichloromethane and petroleum ether (2:1). Finally, the non-hydrocarbon
fraction was eluted 15 times using a 1 mL mixture of dichloromethane and methanol
(9:1). The total weight of the eluted fractions and asphaltenes divided by the initial
loaded weight was designated as the recovery efficiency.

GC-MS analyses of saturated hydrocarbons were conducted using a Thermo
Finnigan Trace-DSQ mass spectrometer coupled to an HP 6890 GC equipped with an
HP-5MS column (30 m x 0.25 mm ID) with a 0.25-um coating. Helium was used as
the carrier gas. The GC oven temperature was initially set at 50 °C, after which it was
increased to 120 °C at a rate of 20 °C/min, 250 °C at a rate of 4 °C/min, and 310 °C at
a rate of 3°C/min and maintained at this temperature for 30 min. The mass
spectrometer was operated in the full-scan, electron impact mode with an electron

energy of 70 eV.

2.4.2 Semiquantitative calculation

D-nCys (10 pg) was added as the internal standard to the oil for the
semiquantification of the saturated hydrocarbon fraction. The peak area was used for

the calculation of concentration and molecular parameter. Response factors for the
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components of interest relative to the internal standard were assumed to be 1.0, and
calibration was not applied. To calculate concentration, the following formula was

used:

m
C_X:hS_X and CI:_I(l)
C S m,

where Cx is the concentration of the compounds in crude oil (ug/g); C, is the
concentration of the internal standard; m; and mg represent the internal standard
quality and oil quality used in fractionation, respectively; h is the response coefficient;
Sx Is the peak area of each compound in crude oil; and S, is the peak area of the

internal standard.
2.4.3 Biodegradation ratio

Using the GC-MS data, we compared fresh and biodegraded crude oil to obtain
information on biodegradation (Malik and Ahmed, 2012). Cx data were used to
calculate the biodegradation ratio (%) based on the concentration (pg/g) of fresh and

biodegraded crude oil:

Biodegrada tion ratio :Cfgﬁxm% 2)
0

where Cy is the concentration of compounds in fresh crude oil (ng/g) and Ca is the

concentration of compounds in biodegraded crude oil (ug/g).
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3. Results and discussion

3.1 Overall biodegradation characteristics

Initially, the crude oil floated on the transparent medium (Fig. la). As
biodegradation progressed, the crude oil dispersed in the basic medium as minute
particles and the medium became more turbid with an obvious emulsification
phenomenon (Fig. 1d-m, after another manuscript submitted for review). On day 90,
the biodegradation ratios of the crude oil for P. aeruginosa XJ16 and A. Iwoffii XJ19
were 69.3% and 33.2%, respectively. In addition, biodegraded oil fractions displayed
gradual changes such that the saturated fraction decreased rapidly and the aromatics,
resins, and asphaltenes increased progressively (Table 1). A total ion chromatogram
(TIC) of saturated hydrocarbons showed completely different biodegradation
characteristics for these two bacteria at days 10, 20, 40, 60, and 90 (Fig. 1). P.
aeruginosa XJ16 had biodegraded several compounds by day 10 and the baseline of
TIC uplifted (Fig. 1d, f, h, j, 1), whereas A. Iwoffii XJ19 had not biodegraded many

compounds even by day 90 (Fig. 1e, g, i, k, m).

3.2 P. aeruginosa XJ16 demonstrated higher biodegradation ratios of n-alkanes,

n-alkylcyclohexanes, and bicyclic sesquiterpenes

Biodegraded oils were monitored during the 90-day laboratory simulation to
determine the biodegradation ratios of compounds (Tables 2—4) and biodegradation

sequence of biomarker compound classes. Tables 2—4 list the numbers or/and
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abbreviations of the compounds identified in Figs 2—4.

3.2.1 n-alkanes

Typically, n-alkanes, particularly those with lower carbon numbers, are the most
susceptible to biodegradation. The results of the semiquantitative GC-MS analyses of
nC14—NnCgss are shown in Table 2 and Fig 2 (data are presented in another manuscript
submitted for review). The total concentration of n-alkanes in the presence of P.
aeruginosa XJ16 decreased from 93,062.3 ug/g to 1108.5 pg/g, equaling a total
biodegradation ratio of 98.8%. The biodegradation ratios of NnCy4, NC15, NC16—NCoys,
NCz7—NCag, NC29—NCs2, NCs3, and nCszs—nCss were 99.8%, 99.4%, 99.7%-99.0%,
99.7%-99.0%, 98.6%-96.3%, 81.7%, and 65.7%-60.2%, respectively. Therefore, the
n-alkane biodegradation sequence was nCis, NCis, NCi—NCy, NCy7—nNCos >
nNCy9—NCs, > NCs3 > nC34—NCgs. P. aeruginosa XJ16 could more easily biodegrade
n-alkanes with low carbon atoms than n-alkanes with high carbon atoms (Fig 2a). Liu
et al. (2012) characterized several n-alkane hydroxylases, including two alkB
monooxygenases (NCio—NnCy), two P450 monooxygenases (nCs—nCis), and one
almA-like monooxygenase (>nCsy), in P. aeruginosa SJTD 21 using whole-genome
DNA sequencing.

Acinetobacter Iwoffi can use medium- (nCs—nCis) and long-chain (>nCi7) alkanes
as carbon source (NC10—NnCy: Alon et al., 1993; nC1,—NnCys: Amund et al., 1985). The
total concentration of n-alkanes in the presence of A. Iwoffii XJ19 decreased from
93,063.3 pg/g to 65,811.1 ug/g, with a total biodegradation ratio of 29.3%; this ratio

was much lower than that in the presence of P. aeruginosa XJ16. The biodegradation
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ratios of nCis, NCis, NC16—NCo6, NC27—NCzs, NC29—NC31, NC32-NCs3, and NCzs—NnCss
were 81.5%, 55.8%, 9.1%—34.1%, 41.4%-49.2%, 56.8%—-64.9%, 73.0%—74.5%, and
62.6%—-67.7%, respectively. Therefore, the n-alkane biodegradation sequence was
NCis > NC32—NCs3 > NC34—NCs5 > NCys, NC2—NCs1 > NCy7—NCyg > NC16—NCoe. In this
study, the biodegradation ratios of long-chain alkanes in the presence of A. lwoffi
XJ19 (>nCys: 49.2%—74.5%) were higher than those of n-alkanes with 16-27 C atoms
(9.1%-41.4%) (Fig 2b). Throne-Holst et al. (2007) identified alkB monooxygenases
(nC10—nCy) and almA monooxygenase (>nCs,) in the Acinetobacter sp. strain DSM
17874. Moreover, genes encoding almA homologues were identified in other

long-chain n-alkane-degrading Acinetobacter strains (Throne-Holst et al., 2007).

3.2.2 n-alkylcyclohexanes

n-alkylcyclohexanes, one of the main components of crude oil, exhibited an m/z of
82 on mass chromatograms. These are more resistant to biodegradation than n-alkanes
(Kaplan et al., 1997). However, the published data on the mechanisms underlying the
alterations/modifications of these compounds in simulated aerobic degradation are
limited (Frances et al., 2002). The results of the semiquantitative GC-MS analyses of
Cs—C3; n-alkylcyclohexanes are shown in Table 3 and Fig 3. The total concentration
of n-alkylcyclohexanes in the presence of P. aeruginosa XJ16 decreased from 9178.0
ug/g to 262.9 pg/g, equaling a total biodegradation ratio of 97.1% (Fig 3a). The
biodegradation ratios of nCg-cHex, nCgo—nCy-cHex, nCy—nCyg-cHex, and

NCaye—nCsi-cHex were 72.7%, 85.7%-99.8%, 94.3%-99.7%, and 93.1%-99.8%,
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respectively. Therefore, the n-alkylcyclohexane biodegradation sequence was
NCo—nCos-CHeX, NCp—NCys-cHex, NCy—nC3i-cHex > NCg-cHex.

The total concentration of n-alkylcyclohexanes in the presence of A. lwoffi XJ19
decreased from 9178.0 pg/g to 5114.1 pg/g, equaling a total biodegradation ratio of
44.3%; this ratio was lower than that in the presence of P. aeruginosa XJ16. The
biodegradation ratios of nCg-cHex, nCyo—nCy-cHex, nCy—nCys-cHex, and
nCy9—NnCs1-cHex were 26.8%, 30.8%-50.4%, 47.0%-58.5%, and 68.6%—76.8%,
respectively. Therefore, the n-alkylcyclohexane biodegradation sequence was
NC31—NCyg-CHex > nCys—NCys-cHex > NCy5—nCo-cHex > NCg-cHex. In the presence of
A. lwoffi, the biodegradation ratios of long-chain n-alkylcyclohexanes were higher
than those of short-chain n-alkylcyclohexanes (Fig 3b). In general, n-alkanes are the
first components to be removed and are followed by n-alkylcyclohexanes (Frances et
al., 2002); however, the biodegradation ratios of n-alkylcyclohexanes (44.3%) were
higher than those of n-alkanes (29.8%) in the presence of A. lwoffi XJ19. The
Acinetobacter sp. ODDKZ71 strain degrades several n-alkylcyclohexanes (alkyl side
chain length of >12) by cometabolism with n-alkane and exhibits two pathways for
dodecylcyclohexane degradation (Koma et al., 2003). For A. Iwoffii,
n-dodecylbenzene was completely degraded via phenylacetic and homogentisic acids,
whereas n-tridecylbenzene was transformed via 3-phenylpropionic acid to

transcinnamic acid, which was the dead-end product (Amund et al., 1989).

3.2.3 Bicyclic sesquiterpenes
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Though bicyclic sesquiterpenes are a class of important biomarkers in crude oil and
source rocks, only few studies have reported on their biodegradation characteristics.
With the increase of degradation level, the relative percentage of bicyclic
sesquiterpenes decreases continuously, indicating that they are easily biodegraded.
The results of the semiquantitative GC-MS analyses of bicyclic sesquiterpenes are
shown in Table 4 and Fig 4. Williams et al. (1986) suggested that 83(H)-homodrimane
IS more easily biodegraded than 8B(H)-drimane. However, in this study, the
biodegradation ratio of 8f3(H)-drimane was higher than those of 83(H)-homodrimane,
and 8B(H)-drimane/8B(H)-homodrimane decreased with an increased biodegradation
degree for both P. aeruginosa XJ16 and A. lwoffi XJ19.

The total concentration of bicyclic sesquiterpenes in the presence of P. aeruginosa
XJ16 decreased from 1327.1 ug/g to 333.6 ng/g, equaling a total biodegradation rate
of 74.9%. The biodegradation ratios of Cis-bicyclic sesquiterpene, Cis-bicyclic
sesquiterpene, 8a(H)-drimane and 8P(H)-drimane, Cis-bicyclic and Cyg-bicyclic
sesquiterpene, and 8B(H)-homodrimane were 95.2%-97.4%, 81.5%-87.8%,
79.8%-78.5%, 63.4%-68.5%, and 60.0%, respectively. Therefore, the bicyclic
sesquiterpene biodegradation sequence was Ci4-bicyclic sesquiterpene > Cis-bicyclic
sesquiterpene > 8a(H)-drimane, 8B(H)-drimane > Cjs-bicyclic sesquiterpene,
Cie-bicyclic sesquiterpene > 83(H)-homodrimane (Fig 4a).

The total concentration of bicyclic sesquiterpenes in the presence of A. lwoffi XJ19
decreased from 1327.1 ng/g to 550.5 pg/g, equaling a total biodegradation ratio of

58.5%. The biodegradation ratios of Cis-bicyclic sesquiterpenes, Cis-bicyclic
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sesquiterpenes, 8a(H)-drimane and 8B(H)-drimane, Cis-bicyclic and Cie-bicyclic
sesquiterpene, and 8B(H)-homodrimane were 73.2%-74.9%, 61.4%66.8%,
60.0%-62.6%, 41.7%-60.3%, and 50.5%, respectively. Therefore, the bicyclic
sesquiterpene biodegradation sequence was Ci4-bicyclic sesquiterpene > Cjs-bicyclic
sesquiterpene > 8a(H)-drimane, 8B(H)-drimane > Cjs-bicyclic sesquiterpene,

Cie-bicyclic sesquiterpene, 8f3(H)-homodrimane (Fig 4b).

3.3 A. lwoffii XJ19 showed higher biodegradation ratios for steranes and hopanes

Tables 5-6 lists the numbers or/and abbreviation of the compounds identified in

Figs 5-6.

3.3.1 Steranes

The distribution of C,7—C.s—Cy9 Steranes can serve as an effective indicator to
differentiate crude oils from different source rocks or organic facies of the same
source rocks (Seifert and Moldowan, 1986; Peters et al., 2005). Biodegradation can
affect thermal maturity parameters. For example, the preferential removal of 20R
configurations results in an increased maturity index 20S/(20S + 20R). The results of
the semiquantitative GC—MS analyses of steranes are shown in Table 5 and Fig 5. The
total concentration of steranes in the presence of P. aeruginosa XJ16 decreased from
924.9 ng/g to 605.7 pg/g, equaling a total biodegradation ratio of 34.5%, and that in
the presence of A. Iwoffi XJ19 decreased from 924.9 ng/g to 479.4 ng/g, equaling a

total biodegradation ratio of 48.2%, which was higher than that in the presence of P.
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aeruginosa XJ16.

The diastrane biodegradation sequences were Cygdiastrane (63.5%-76.7%) >
Cordiastrane  (26.9%-34.2%) for P. aeruginosa XJ16 and Cyydiastrane
(48.3%-78.9%) > C,sdiastrane (-8.7%-42.5%) for A. lwoffi XJ19. Biodegradation
results in the loss of selective configurations of PaC2720S relative to BaCy720R
(Serfert and Moldowan, 1979). In this study, the biodegradation ratios of
S-configuration diastranes were higher than those of R-configuration diastranes, being
BaC27208(42.5%) > PuC220R(25.9%), aBC2720S(29.5%) > afC2720R(—8.7%), and
aBC2920S (78.9%) > BaC2e20R (48.3%) for A. Iwoffi XJ19 and BaC,720S (32.0%) >
BaC2720R (27.5%) and apC2920S (76.7%) > PaC2020R (63.5%) for P. aeruginosa
XJ16 [except for afC2720S (26.8%) < affC2720R (34.2%) for P. aeruginosa XJ16].
The biodegradation sequences of pregnane and homopregnane were
C2-5a(H)-homopregnane (46.9%) > C,;-5a(H)-pregnane (32.2%) for P. aeruginosa
XJ16 and Cy-5a(H)-homopregnane (45.4%) > Cyi-Sa(H)-pregnane (32.2%) for A.
Iwoffi XJ19.

In this study, the biodegradation sequence of aaaCy720R > aoaCs20R >
aaaC920R sterane was consistent with previous observations of removal in the order
of 00aC2720R > 000C2820R > a0aC2920R sterane (Peters et al., 1993; Chosson et al.,
1992), indicating that aaaC2920R sterane shows higher bioresistance than aoaCz720R
sterane (Peters et al., 2005). In general, sterane biodegradation occurs in the following
sequence: a0020R > aff20R > afP20S > aac20S (Volkman et al., 1983), similarly,

000C2720R (76.7%) > ofPC220R (49.5%) > aPBC2720S (48.8%) > a0C2720S
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(43.3%) occurs for A. Iwoffi XJ19. The selective degradation of the natural R
configurations over the geochemically formed S isomers has been confirmed by field
observations (RullkOtter and Wendisch, 1982; Serfert et al., 1984; Landeis and
Connan, 1986), environmental studies of oil spills (Mille et al., 1998; Wan et al.,
2001), and bacterial simulation experiments (Goodwin et al., 1983; Chosson et al.,
1991; Diez et al., 2010). For P. aeruginosa XJ16, similar experimental results
[00Co720R (63.6%) > aPBC220R (39.3%), a0wCz20S (39.3%) > aBPC,720S
(35.9%)] were obtained in this study, which was also consistent with previous
observations of removal in the order of aca20R > afB20R > aao20S > app20S for
the epimers according to their susceptibilities to biodegradation (Seifert and
Moldowan, 1979; McKirdy et al., 1983; Volkman et al., 1983; Connan, 1984; Peters et
al., 2005). Cyg steranes generally followed the order a.0aC2520R (48.0%) > a0aC2s20S
(39.5%) > apPC2820R (30.8%), apPC220S (28.1%) for P. aeruginosa XJ16 and
000C2820R (59.9%) > 00aC2520S (51.6%) > afPC2520S (44.5%), afPC2s20R (38.2%)
for A. Iwoffi XJ19. However, the S isomers of C,y Steranes were more easily
biodegraded in this study, being 0aaCz920S (40.1%) > afpC220R (21.5%) >
afPfC220S (13.0%) > aaaC2920R (6.2%) for P. aeruginosa XJ16 and aooC2920S
(53.5%) > aPBC2e20R (46.1%) > afPC2s20S (40.5%) > aa0oC2020R (36.4%) for A.

Iwoffi XJ19.
3.3.2 Hopanes

Hopanes, a series of pentacyclic triterpanes derived from bacterial lipid precursors,

are abundant in crude oil (Ourisson et al., 1979; Prince et al., 1993). Hopane
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degradation under laboratory conditions has often been unsuccessful possibly because
of the short time of incubation, use of pure cultures, absence of hopane-degrading
bacteria, or inadequate conditions for growth (Connan et al., 1984; Rubinstein et al.,
1977; Teschner et al., 1985; Prince et al., 1994). The results of the semiquantitative
GC-MS analyses of hopanes are shown in Table 6 and Fig 6. The total concentration
of the hopanes in the presence of P. aeruginosa XJ16 decreased from 2636.2 ug/g to
1997.1 ng/g, equaling a total biodegradation ratio of 24.2%, and that in the presence
of A. lwoffi XJ19 decreased from 2636.2 pg/g to 1507.7 ng/g, equaling a total
biodegradation ratio of 42.8%, which was higher than that in the presence of P.
aeruginosa XJ16.

The biodegradation ratio of 17a(H),21p(H)-hopane (CsH) was 21.9% for P.
aeruginosa XJ16 and 46.9% for A. lwoffi XJ19. Hopane biodegradation has been
associated with a proposed C-10 demethylation of the hopane A/B rings generating
the corresponding 25-norhopanes (Peters et al., 1993, 1996; Reed et al., 1977; Seifert
et al., 1979). In the present study, 25-norhopanes were not detected, which have been
reported in naturally biodegraded crude oils (Peters et al., 1993; Seifert et al., 1979,
1984), suggesting an alternative mechanism of hopane biodegradation. However, in
those cases, hopanes depletion was preceded by sterane biodegradation. Two separate
hopane biodegradation pathways have been proposed: (1) demethylation of hopanes
to 25-norhopanes prior to sterane degradation or (2) degradation of hopanes without
25-norhopane formation preceded by sterane degradation (Brooks et al., 1988).

The biodegradation of C3;—C35 homohopanes that occur as 22S and 22R epimers
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based on the asymmetric center at C-22 (Peters et al., 1996), with a preferential
biodegradation of higher-molecular-weight homologues (C3s > C34> C33> C3p> C31>
Cs0), has been reported (Goodwin et al., 1983; Chosson et al., 1992). In this
mechanism, bacteria attack the homohopane molecule by oxidizing the side chain,
thus favoring higher-molecular-weight homologues (Moldowan et al., 1995). Other
studies have reported the preferential biodegradation of lower-molecular-weight
homohopanes, in which bacteria attack the cyclic core, resulting in the preferential
biodegradation of lower-molecular-weight homohopanes (Bost et al., 2001;
Moldowan et al., 1995). The biodegradation ratios of Cs;, Cszp, Cs3, and Cgzq
homohopanes (22R) in the presence of P. aeruginosa XJ16 were 42.2%, 32.3%,
18.5%, and —16.1%, respectively, and the corresponding biodegradation ratios of Cs;,
Cs2, Cs3, and C34 homohopanes (22S) were 28.3%, 23.2%, —0.02%, and —11.4%,
respectively; therefore, the biodegradation sequence of Cs;—Css homohopanes was
Cs1> Cg> C33> Cgq, and the biodegradation ratios of R-configuration homohopanes
were higher than those of S-configuration homohopanes (except for Csq
homohopanes). In the presence of A. lwoffi XJ19, the biodegradation ratios of Cs;, Cay,
Cass, and C34 homohopanes (22R) were 48.0%, 48.5%, 30.5%, and 0.23%, respectively,
and the corresponding biodegradation ratios of Csi, Cs,, Cs3, and Cz4 homohopanes
(22S) were 43.7%, 36.3%, 25.4%, and 24.5%, respectively; therefore, the
biodegradation sequence of C3;—C34 homohopanes was Cg; > C3,> C33> Caq, and the
biodegradation ratios of R-configuration homohopanes were higher than those of

S-configuration homohopanes (except for C3, homohopanes).
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The Ts/(Ts + Tm) ratio has been used as a maturity index for source-related oils
because Tm is less thermally stable than Ts (Peters et al., 1993). The Ts/Tm ratio may
also change because of the relatively greater biodegradation ratio of Tm (Wang et al.,
1998; Peters et al., 1993). A Preferential biodegradation of Tm over Ts was observed,
being Tm (51.3%) > Ts (29.3%) for P. aeruginosa XJ16 and Tm (59.3%) > Ts (47.3%)
for A. lwoffi XJ19. The observed C,sM (57.8%) > C9H (22.1%) and C3M (30.0%) >
CsoH (21.9%) by P. aeruginosa XJ16 and CyM (54.1%) > CyoH (42.9%) by A. lwoffi
XJ19 possibly contradict the preferential removal of afi-hopanes relative to the
corresponding PBo-moretanes during biodegradation (Pan et al., 2017). Similar
biodegradation ratios of CzH (21.9%) and CyH (22.1%) in the presence of P.
aeruginosa XJ16 as well as of C3oH (46.9%) and CyoH (42.9%) in the presence of A.
Iwoffi XJ19 contradicted the preferential removal of the Csp af-hopane relative to its
Co9 homologue (Peters et al., 2005). The biodegradation ratios of Cz* (39.1%) and
CooTs (30.6%) in the presence of A. lwoffi XJ19 were higher than those in the
presence of P. aeruginosa XJ16 (Cso*: 23.0%; CygTs: 7.47%). Both P. aeruginosa
XJ16 (70.8%) and A. lwoffi XJ19 (63.3%) showed the highest biodegradation ratio for

18a(H)-oleanane of the hopane series.

3.4 Different biodegradation sequences of compounds

Although crude oil biodegradation is often explained as a quasi-stepwise process in
which various components are removed in a well-recognized sequence (n-alkanes >

n-alkylcyclohexanes > acyclic isoprenoids > bicyclic sesquiterpenes > steranes >
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hopanes) (George et al., 2002), bacteria do not biodegrade compounds in a stepwise
manner. Rather, they utilize different compounds simultaneously at different rates. For
P. aeruginosa XJ16 (Fig. 7), the general biodegradation sequence of compounds was
n-alkanes (most easily to biodegrade) > n-alkylcyclohexanes > dicyclic
sesquiterpenes > steranes > hopanes (most difficult to biodegrade). In general,
n-alkanes are among the first hydrocarbons to be removed (Greenwood et al., 2008).
However, for A. lwoffi XJ19 (Fig. 7), the general biodegradation sequence of
compounds was dicyclic sesquiterpenes (most easily to biodegrade) > steranes >
hopanes > n-alkylcyclohexanes > n-alkanes (most difficult to biodegrade). The
biodegradability of n-alkanes, n-alkylcyclohexanes, and dicyclic sesquiterpenes in the
presence of P. aeruginosa XJ16 was higher than that in the presence of A. lwoffi XJ19
(Fig. 7). However, the biodegradability of steranes and hopanes in the presence of A.
Iwoffi XJ19 was higher than that in the presence of P. aeruginosa XJ16 (Fig. 7). For A.
Iwoffi XJ19, whether it has only completed the initial biodegradation but not the

complete biodegradation needs further simulation experiments to study.

4. Conclusions

The saturated hydrocarbon biomarkers were actually destroyed simultaneously but
at different ratios:

(1) n-alkanes: although both the bacterial strains could biodegrade Ci4—Cgss
n-alkanes, their total biodegradation ratio was higher in the presence of P. aeruginosa

XJ16 (98.8%) than in the presence of A. Iwoffi XJ19 (29.3%). In the presence of P.
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aeruginosa XJ16, the biodegradation ratios of relatively short-chain n-alkanes were
higher than those of relatively long-chain n-alkanes (nCis, NCis, NCi6—NCo,
NC,7—nCsus > NCy—nCs; > NCs3 > nCs34—NnCss); however, in the presence of A. lwoffi
XJ19, the biodegradation ratios of relatively long-chain n-alkanes were higher than
those of relatively short-chain n-alkanes (nCis > nCs—nCs3 > nCszs—NnCss > nCys,
NC29—NCs1 > NCy;7—NnCsyg > NC16—NCy), indicating that the n-alkane biodegradation
sequences for P. aeruginosa XJ16 and A. lwoffi XJ19 were different.

(2) n-alkylcyclohexanes: although both the bacterial strains could biodegrade
Cs—Cs1 n-alkylcyclohexanes, their total biodegradation ratio was higher in the
presence of P. aeruginosa XJ16 (97.1%) than in the presence of A. lwoffi XJ19
(44.3%). In the presence of P. aeruginosa XJ16, the biodegradation ratios of
n-alkylcyclohexanes, except nCg-cHex, were greater than 85% (nCg—NnCys-CHex,
nCy6—NCsyg-cHeX, NC,—nCs;-cHex>nCg-cHex). However, in the presence of A. lwoffi
XJ19, the biodegradation ratios of relatively long-chain n-alkylcyclohexanes were
higher than those of relatively short-chain n-alkylcyclohexanes (nCs;;—nCoyg-cHex>
nC,s—nCys-cHex>nC,s—nCy-cHex>nCg-cHex), indicating that the n-alkylcyclohexane
biodegradation sequences for P. aeruginosa XJ16 and A. lwoffi XJ19 were different.

(3) Bicyclic sesquiterpenes: although the total biodegradation ratios were higher in
the presence of P. aeruginosa XJ16 (74.9%) than in the presence of A. lwoffi XJ19
(58.5%), the biodegradation sequences for P. aeruginosa and A. Iwoffi XJ19 were the
same (Cys-bicyclic sesquiterpene > Cjs-bicyclic sesquiterpene > 8a(H)-drimane,

8B(H)-drimane >  Cjs-bicyclic  sesquiterpene, Cig-bicyclic  sesquiterpene,
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8B(H)-homodrimane).

(4) Steranes: the total biodegradation ratios were higher in the presence of A. lwoffi
XJ19 (48.2%) than in the presence of P. aeruginosa XJ16 (34.5%). Except for the
similar biodegradation ratios of pregnane and homopregnane in the presence of these
bacteria, the biodegradation ratios of other steranes were slightly higher in the
presence of A. Iwoffi XJ19 than in the presence of P. aeruginosa XJ16. The sterane
biodegradation sequences for these bacteria were similar: Cygdiastrane > Cydiastrane,
C2-5a(H)-homopregnane > Cy1-5a(H)-pregnane, BaC2720S > BaC720R, apfCy720S >
afC2720R, and a0aC2720R > 000C2820R > a00C2920R.

(5) Hopanes: the total biodegradation ratio were higher in the presence of A. lwoffi
XJ19 (42.8%) than in the presence of P. aeruginosa XJ16 (24.2%). The
biodegradation ratios of hopanes were higher in the presence of A. lwoffi XJ19 than in
the presence of P. aeruginosa XJ16 [except for 17P(H),21a(H)-30 normoretane,
18a(H)-oleanane and 17B(H),21a(H)-30 homomoretane (22S + 22R)]. Depletion of
the C3:—Cs4 homohopanes was also observed, with a preferential biodegradation of
lower-molecular-weight homologues (C3; > Cs; > C33 > Cg4) and R epimer over S
epimer. The hopane biodegradation sequences for P. aeruginosa XJ16 and A. lwoffi
XJ19 were similar: Tm > Ts, C,oM > CygH, and CzgH = CygH.

Therefore, the general biodegradation sequences of compounds in saturated
hydrocarbons for P. aeruginosa XJ16 (n-alkanes > n-alkylcyclohexanes > dicyclic
sesquiterpenes > steranes > hopanes) and A. lwoffi XJ19 (dicyclic sesquiterpenes >

steranes > hopanes > n-alkylcyclohexanes > n-alkanes) are different, thus proving the
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effects of different bacterial species on crude oil biodegradation.
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