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Abstract

Microbial enhanced oil recovery (MEOR) is a cost effective and efficient method for recovering residual oil.
However, the presence of wax (paraffin) in residual oil can substantially reduce the efficiency of MEOR. Therefore,
microbial dewaxing is a critical process in MEOR. In this study, a bacterial dewaxing agent of three spore-forming
bacteria was developed. Among these bacteria, Bacillus subtilis GZ6 produced the biosurfactant surfactin. Replacing
the promoter of the surfactin synthase gene cluster (srfA), increased the titer of surfactin in this strain from

0.33 g/L to 2.32 g/L. The genetically modified strain produced oil spreading rings with diameters increasing from
3540.1 to 4.1+£0.2 cm. The LadA F10L/N133R mutant was created by engineering an alkane monooxygenase
(LadA) using site-directed mutagenesis in the Escherichia coli host. Compared to the wild-type enzyme, the
resulting mutant exhibited an 11.7-fold increase in catalytic efficiency toward the substrate octadecane. When

the mutant (pIMPpladA2mu) was expressed in Geobacillus stearothermophilus GZ178 cells, it exhibited a 2.0-fold
increase in octadecane-degrading activity. Cultures of the two modified strains (B. subtilis GZ6 (pg3srfA) and G.
stearothermophilus GZ178 (pIMPpladA2muy)) were mixed with the culture of Geobacillus thermodenitrificans GZ156
at a ratio of 5:80:15. The resulting composition increased the rate of wax removal by 35% compared to the
composition composed of three native strains. This study successfully developed a multi-strain bacterial agent with
enhanced oil wax removal capabilities by genetically engineering two bacterial strains.
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Background

Non-renewable fossil fuels currently account for approxi-
mately 80-90% of the global energy supply (Norouzi et
al. 2020). According to a report by the Organization of
Petroleum Exporting Countries, by the end of 2023, the
global total oil reserves reached 1.56 trillion barrels.
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Modern oil production processes can recover around
65% of crude oil by using primary and secondary extrac-
tion methods (Shibulal et al. 2014). However, approxi-
mately 35% of the original oil remains as residual oil (RO)
in depleted oil fields, which is difficult to recover because
of its high viscosity and low fluidity (Hall et al. 2003).
To recover RO, various techniques have been developed
over the years, which can be classified into enhanced oil
recovery and tertiary recovery methods. Currently, three
main methods of enhanced oil recovery are used in prac-
tical oilfield applications: chemical flooding, thermal
enhanced oil recovery, and microbial methods (Shibu-
lal et al. 2014). Although the first two methods achieve
high recovery efficiencies, they also have drawbacks
(Murungi and Sulaimon 2022). For example, the addition
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of chemicals often leads to secondary pollution, and the
application of heat over a large oilfield area substantially
increases costs (Zhao et al. 2023).

To overcome these limitations, scientists have devel-
oped a non-toxic and eco-friendly technique for oil
recovery using microbes. This method is known as
microbial enhanced oil recovery (MEOR) and it is partic-
ularly noteworthy because of its low operating costs and
high recovery rates (Shibulal et al. 2014). MEOR utilizes
the hydrocarbon metabolism of microbes to alter the
physical properties and composition of RO, thereby ren-
dering RO more readily recoverable (Astuti et al. 2019).
The primary target of the MEOR process is the heavy oil
fraction, which constitutes approximately 15% of total
RO (Zhang et al. 2020). Heavy oil is a complex mixture
composed mainly of alkanes (paraffins), cycloalkanes
(naphthenes), and aromatic hydrocarbons. The majority
of heavy oil components are saturated alkanes, of which
those with carbon chain lengths exceeding C18 are clas-
sified as waxes. At room temperature, this fraction of
saturated alkane is present in the solid state (Zhang et al.
2020). During the extraction of crude oil from high-tem-
perature underground oil wells, the decreasing tempera-
ture results in the precipitation of waxes. The result is
the formation of wax crystals that adhere to oil wells and
oil production equipment, thus considerably reducing
oil recovery efficiency. The MEOR process mainly deals
with waxes and is, therefore, actually a dewaxing pro-
cess. The microorganisms involved in MEOR also act as
dewaxing agents. Waxy crude oil is a common feedstock
problem encountered by the petroleum industry. Statisti-
cal data show that waxy crude oils account for up to 90%
of the total crude oil produced from Chinese oil fields.
Most of these crude oils have wax contents above 20%,
with certain samples containing up to 40% wax (Wang
et al. 2013). Currently, microbial dewaxing technologies
are used in about 65% of all oil fields in China (Bian et al.
2021).

The microbial dewaxing process enhances heavy oil
recovery through two mechanisms: increasing the solu-
bility of hydrophobic compounds and degrading complex
compositions (Wu et al. 2022). Bacteria are the primary
microorganisms used for microbial dewaxing and dur-
ing the process, they produce several bioactive mol-
ecules, the most important of which are biosurfactants.
These biosurfactants prevent wax crystals from aggre-
gating by creating polar surfaces that are not conducive
to crystal growth, thus keeping the wax in a highly dis-
persed state, and enabling its easy transport by oil flow
(Wang et al. 2022). In addition, dewaxing bacteria are
capable of degrading waxes, such as heavy hydrocarbons
with 22 to 40 carbon atoms, as demonstrated by Pseu-
domonas species (Etoumi et al. 2008). Chen et al. (2017)
reported that a bacterium belonging to the Dietzia genus
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can metabolize n-alkanes ranging from C14 to C31 and
achieve high degradation rates at neutral and slightly
alkaline pH levels. In conclusion, the production of bio-
surfactants and the degradation of hydrocarbons are
crucial capabilities of dewaxing strains. To optimize this
biotechnology, it is essential to isolate native microbes
with superior capabilities in both aspects. Alternatively,
microbial chassis cells can be modified through gene
editing to enhance the yield of biosurfactants, or protein
engineering can be employed to enhance the catalytic
efficiency of relevant metabolic enzymes within hydro-
carbon metabolic pathways.

This paper reports the development of a tri-strain
microbial dewaxing agent consisting of a genomically
modified Bacillus subtilis strain, an alkane monooxy-
genase-enhanced Geobacillus stearothermophilus strain,
and a native Geobacillus thermodenitrificans strain. The
dewaxing rate for this tri-strain compound was signifi-
cantly higher than the formulation containing the native
forms of these three strains. According to references,
the vast majority of microbial dewaxing agents that have
been developed so far are native microbial strains (Patel
et al. 2015). In this study, genetic editing and protein
engineering methods were employed to modify dewaxing
strains. The performances of the single modified strains
and the combined agent were greatly enhanced, indicat-
ing that these two approaches are effective tools in the
development of microbial dewaxing agents. The agent
developed is currently being field tested in several Chi-
nese oil wells.

Methods

Chemicals, bacterial strains, plasmids, and culture media
Flavin mononucleotide (FMN), octadecane and surfac-
tin were purchased from Acros (Beijing, China). Crude
oil samples (alkane content, 19.4% ) were provided by
the PetroChina Liaohe Petrochemical Refinery. Other
reagents used were analytical grade and commercially
available. Escherichia coli ) cultures were grown in Lysog-
eny Broth (LB) medium at 37 °C. E. coli TOP10 cells
(TransGen Biotech, Beijing, China) were used for plas-
mid construction. The pET30a plasmid (Invitrogen, Cali-
fornia, USA) was used for routine cloning and expression
in E. coli BL21(DE3). Bacterial clones carrying the desired
recombinant plasmids were selected by supplementing
growth media with specific antibiotics.

The enrichment medium consisted of 0.2% crude
oil, NaNO; 0.2%, (NH,),SO, 0.1%, NaCl 0.5%, MgSO,
0.025%, KH,PO, 0.5%, K,HPO, 1%.

Medium 1(for bio-surfactant producing bacteria):
sucrose 0.5%, NaNO; 1%, K,HPO, 0.3%, CaCl, 0.012%,
MgSO, 0.024%, FeSO, 0.012%, Na,MoO, 0.008%, yeast
extract 0.05%.
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Medium 2 (for crude oil degrading bacteria): sucrose
0.5%, NaCl 0.3%, (NH,),SO, 0.15%, MgSO, 0.02%,
NaNO; 0.3%, KH, PO, 0.01%, K,HPO, 0.05%, FeSO,
0.001%, yeast extract 0.05%.

Medium C18 (for pIMPpLad2Mu expression in Geoba-
cillus stearothermophilus): octadecane 0.3%, NaCl 0.5%,
(NH,),SO, 0.15%, MgSO,, 4.1%, KH, PO, 4.0%, K,HPO,
4.1%, (NH,)SO, 4.1%.

Soil sample collection

Crude oil contaminated soil samples were collected
from the Huaziping well at the Ansai Oilfield (Latitude
34°35'48"N, Longitude 108°95'35"E) located in North
Shaanxi, Shaanxi Province, China. These samples were
collected from a layer approximately 10 cm below the
soil surface and placed into sterilized bags. Debris was
removed from samples prior to screening experiments.

Bio-surfactant producing bacteria screening

A total of 50 mL of enrichment medium was inoculated
with 10 g of crude oil-contaminated soil and cultured
on a rotary shaker at 40 °C and 220 RPM for 48 h. After
enrichment, cultures were diluted 10-fold with ster-
ile water. Next, 0.1 mL aliquots were plated on Medium
1 plates and incubated for 48 h at 40 °C. Subsequently,
individual colonies from these plates were inoculated
into 5 mL of Medium 1 and grown on a rotary shaker at
40 °C and 220 RPM for 48 h. Finally, the culture superna-
tant was collected and used for oil spreading assays. Oil
spreading assays were conducted following the method
as described by Morikawa et al. (2000). Each experiment
was replicated three times.

Screening crude oil degrading bacteria

A total of 50 mL of enrichment medium was inoculated
with 10 g of crude oil-contaminated soil and cultured
on a rotary shaker at 60 °C and 220 RPM for 48 h. After
enrichment, cultures were diluted 10-fold with sterile
water, and 0.1 mL of the diluted culture was plated onto
Medium 2 plates. Plates were incubated at 60 °C for 48 h.
Single colonies on these plates were then inoculated into
5 mL of Medium 2, supplemented with 1% crude oil, and
grown on a rotary shaker for 48 h. The culture was then
extracted with ethyl acetate and subjected to GC analysis.

Strain identification

The TIANamp Bacteria Kit (Tiangen, Beijing, China) was
used to isolate bacterial chromosomal DNA following
the manufacturer’s protocols. The isolated genomic DNA
was then used as template to amplify the 16 S rRNA gene
via PCR, using the primers listed in Table S1 (see Sup-
plementary Materials). The resulting PCR products were
ligated into pGM-Simple-T Fast Vector (Tiangen, Beijing,
China), and the resulting plasmids were isolated using
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the TIANprep Mini Kit (Tiangen). The 16 S rRNA gene
fragment from the plasmid was sequenced and analyzed
using BLAST with the NCBI nucleotide database.

Preparation and analysis of surfactin using high-
performance liquid chromatography

Surfactin was extracted from the broth of B. subtilis GZ6
and B. subtilis GZ6 (pg3srfA) as previously described (Li
et al. 2015). High-performance liquid chromatography
(HPLC) analysis was performed using an LC-20 A system
(Shimadzu, Kyoto, Japan) equipped with a UV detector.
The analytical column was a GL C18 column (25 mm X
4.6 mm, 5 um; GL Sciences, Kyoto, Japan).

The mobile phase consisted of a mixture of acetonitrile,
water, and trifluoroacetic acid (85:15:0.1) at a flow rate
of 0.8 mL/min. Surfactin was detected at a wavelength
of 205 nm and its concentration was quantified using a
standard curve for surfactin.

Gas chromatography analysis and determination of the
alkane degradation rate

Analysis was performed on an Agilent 7890 gas chroma-
tography (GC) system with a flame ionization detector,
(Agilent, Santa Clara, CA, USA) equipped with an HP-5
column (30 m x 0.25 um; Agilent). GC conditions were as
follows: injection and detection temperatures were set to
280 °C, the initial oven temperature was set to 50 °C, and
increased to 300 °C at a rate of 9 °C/min. The hydrogen
and air flow rates were 35 and 400 mL/min, respectively,
and the split ratio was set to 10:1. The alkane degradation
rate (ADR) was calculated using the following formula:

Py— P,
ADR = —=2—"1 x 100%, (1)
o)

where P2 is the total peak area of the alkane control on
GC, and P1I is the total alkane peak area of the alkane-
degrading strain.

Gas chromatography-mass spectrometry analysis

Gas chromatography-mass spectrometry (GC-MS)
analyses were performed on an Agilent GC-MS system
(7890 A gas chromatograph and 5975 C mass-selective
detector; Agilent Technologies, Santa Clara, CA, USA)
equipped with a DB-WAX column (30 m % 0.25 pm, Agi-
lent Technologies). The GC conditions were as follows:
split injection (injector temperature 230 °C, split 1/5);
oven temperature, programmed from 35 °C (held for
3 min) to 47 °C at 5 °C/min, then to 100 °C at 25 °C/min,
then to 145 °C at 2.5 °C/min, and then to 200 °C (held for
5 min) at 25 °C/min; the post-injection dwell time was
0.04 min; carrier gas was He and the and flow rate was
1.0 mL/min; interface temperature was 160 °C; injection
volume was 0.2 pL. The mass spectrometry was used in
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electron impact ionization mode, with an electron energy
of 70 eV, an ion source temperature of 230 °C, and a
quadrupole temperature of 150 °C. Data were acquired
in full-scan (m/z 10-500) mode. Other GC-MS condi-
tions were the same as described in Ai et al. (2014). Data
were acquired and analyzed using Enhanced ChemSta-
tion (version E.02.00.493, Agilent Technologies). Peaks
were identified by comparing volatile sample mass spec-
tra with spectra in the NIST08 Mass Spectral Database of
the National Institute of Standards and Technology.

Routine PCR amplification

PCR amplification was performed using Tsingke PCR
Master Mix (Tsingke, China) according to specifications
(PCR amplification speed, 1 kb/10 sec). The PCR cycling
protocol included an initial denaturation step at 95 °C for
5 min, followed by 30 cycles at 95 °C for 1 min, 53 °C for
1 min, and 72 °C for a specified time (calculated via the
DNA fragment length). A final extension step at 72 °C
was then performed for 10 min.

Promoter replacement by single-cross homologous
recombination

PCR was used to amplify a 2 kb sequence upstream of the
srfA promoter region with primers P1 and P2 (provided
in Table S1, see Supplementary Materials). An artificial
PG3 promoter was introduced at the 5" end of the 2 kb
DNA fragment using primers P3—P6 (listed in Table S1,
see Supplementary Materials) via Gibson assembly (Gib-
son 2011). The resulting hybrid gene construct (2.1 kb)
was then ligated into the RepB site of the pMA5 plasmid
(Novogen). The final plasmid construct was designated
as pMA5cmPG3SrfA. B. subtilis GZ6 competent cells
were prepared following a previously described method
(Xue et al. 1999). The pMA5cmPG3SrfA recombinant
plasmids were then electroporated into B. subtilis GZ6
competent cells using a MicroPulser Plus electroporator
(Bio-Rad, Richmond, CA, USA) with settings of 2.5 kV
voltage, two pulses, and 2.5 ms time constant. The elec-
troporation was performed in 0.2 cm cuvettes. After
electroporation, cells were plated on LB agar containing
30 pg/mL kanamycin. Colony PCR and sequencing were
utilized to identify emerging clones. The confirmed strain
was named B. subtilis GZ6 (pg3srfA).

Plasmid constructions and expression of the LadA gene in
E. Coli or G. Stearothermophilus

The ladA gene (1.3 kb, GenBank: ABO68832) was syn-
thesized by Genscript Co (Nanjing, China). The gene
was ligated into the expression vector pET30a between
the Ndel and Xhol sites by DNA assembly. This ligation
resulted in the recombinant plasmid pETladA, which
was then transformed into chemically competent E. coli
BL21(DE3) cells. A colony of positive transformants was
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selected and inoculated into 5 mL of Luria-Bertani (LB)
medium supplemented with kanamycin. The culture was
incubated at 37 °C under shaking until the optical den-
sity at 600 nm (ODy,) reached 0.8. Protein expression
was induced by adding isopropyl-B-D-thiogalactoside to
a final concentration of 1 mM. After 12 h of induction,
cells were harvested by centrifugation at 8,000 RPM for
10 min.

The plasmid for expression in Geobacillus strains
was constructed by amplifying and inserting a 100 bp
PnppT12 constitutive promoter upstream of the lad-
A2mu gene (Xue et al. 1999). The resulting hybrid gene,
PpladA2mu (1.4 kb), was then cloned into the HindIll
site of the pIM1773 plasmid (Addgene, Cambridge, MA,
USA) using primers P9-P12 and Gibson assembly. The
final plasmid was designated as pIMPpladA2mu, which
was then transformed into G. stearothermophilus com-
petent cells as previously described (Xue et al. 1999).
The cells were cultured on Medium 2 plates at 60 °C
overnight. Single clones were then inoculated into C18
medium and incubated at 60 °C and 220 RPM for 36 h.

Molecular docking and in silico mutagenesis

The catalytic site of the LadA protein (PDB ID: 3B90)
was docked with an 18-carbon alkane molecule using
Discovery Studio 2019 software (Accelrys, San Diego,
CA, USA). The ligand was docked, and interaction ener-
gies were calculated using the CDOCKER docking algo-
rithm. Protein and ligand structures were parameterized
using the CHARMm force field. The ligand conforma-
tions that ranked highest were clustered using a 2.0 A
root-mean-square deviation cut-off and scored based on
the CDOCKER interaction energy. The global structure
with the lowest binding energy was chosen for further
analysis.

Computational site-directed mutagenesis was per-
formed using the Calculate Mutation Energy (Binding)
protocol in Discovery Studio 2019 to examine the role
of binding pocket residues in complex stabilization. The
final docked complexes were energy-minimized using
the CHARMm force field and the Smart Minimizer algo-
rithm. In silico mutagenesis was performed by calculating
the free binding energy of the docked complex. To esti-
mate the effect of individual mutations on complex bind-
ing, each residue in the binding pocket was mutated to
19 different amino acids. The mutation binding energy
was then calculated as AAG,,,,=AAG,; (mutant) -
AAGy; 4(wild-type), where AAG,, represents the muta-
tion energy and AAG,; 4 represents the difference in free
energy between bound and unbound states.
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Construction of NNK saturation mutant libraries and high-
throughput screening of mutants

NNK saturation mutant libraries were created through
NNK saturation mutagenesis (Kretz et al. 2004) using the
primers listed in Table S2 (P13-P34, see Supplementary
Materials). Mutations in clones were confirmed by DNA
sequencing.

The library clones were transferred to 96-well plates,
each containing 100 pL of LB medium supplemented
with 50 pg/mL kanamycin, and incubated at 37 °C for
12 h under shaking at 200xg. Protein expression was
induced by adding isopropyl-p-D-thiogalactoside to a
final concentration of 1.0 mM. After a 12-h induction
period, cells were harvested by centrifugation at 4,000xg
for 10 min. The cell pellets were then suspended in 100
pL of chilled 50 mM Tris-HCl buffer (pH 7.5) contain-
ing 10 mg/mL lysozyme. Following 30-min incubation
and subsequent centrifugation, the resulting superna-
tants were transferred to fresh 96-well plates for library
screening. The reaction plate was prepared with 120
pL of 50 mM Tris-HCI buffer (pH 7.5), 1.5 mM octo-
decane, 1.5 mM NADPH, 1.5 mM MgSO,, and 0.015%
(w/v) Triton X-100 in each well. Next, 30 pL of the LadA
mutant library supernatant was added to each well. The
plates were incubated at 60 °C for 10 min under shak-
ing. NADPH consumption was determined by measur-
ing the absorbance at 360 nm using a BioTek Synergy 2
Multi-Mode Microplate Reader (BioTek, Beijing, China).
A sample without octodecane was used as background
control.

Purification of his-tagged proteins on nickel-chelating
columns

Cells grown in a 500 mL expression culture were sus-
pended in 40 mL binding buffer (50 mM NaH,PO,, 300
mM NaCl, and 10 mM imidazole at pH 8.0) and lysed
by sonication in an ice bath for 20 min at 200 W. The
supernatant was then applied to a 1 mL Novagen His-
Bind gravity flow column equilibrated with 20 mL Ni-
NTA binding buffer. The column was washed with 20
mL wash buffer (50 mM NaH,PO,, 300 mM NacCl, and
20 mM imidazole at pH 8.0). The His-tagged protein was
eluted with 10 mL elution buffer (50 mM NaH,PO,, 300
mM NaCl, and 200 mM imidazole at pH 8.0). To remove
imidazole from the elution buffer, the eluate was applied
to a 5 mL HiTrap desalting column (GE Healthcare, USA)
and eluted with 50 mM Tris-HCI buffer.

Activity assays of purified and crude LadA and
determination of kinetic constants

The reaction mixture was composed of 1 mM octodec-
ane, 0.015% (w/v) Triton X-100, and 10 mM NADPH in
50 mM Tris-HCl buffer (pH 8.0) with a volume of 200 pL.
To ensure homogenization, the mixture was sonicated
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for 1 min. Subsequently, 100 pl of the same buffer con-
taining 0.1 ug of purified enzyme was added. Reactions
were initiated by incubation at 60 °C for 10-20 min and
terminated by extraction with an equal volume of chlo-
roform. NADPH consumption was determined follow-
ing the method as described (Dubbels et al. 2007). K,
and V,,,, values were calculated using Lineweaver-Burk
plotting plots. Reduced flavin mononucleotide (FMNH,)
consumption was calculated by measuring the increase
at A,5; during alkane oxidation (Uetz et al. 1992) using
a Shimadzu PharmaSpec UV-1700 UV-VIS spectropho-
tometer (Tokyo, Japan). A total of 10-30 pmol FMN was
added to the reaction mixture and the initial reaction
rate was measured spectrophotometrically. Michaelis-
Menten analyses for FMN were then performed with
initial velocities using GraphPad Prism v5.0 (GraphPad
Software, Boston, MA, USA) to calculate the Michaelis-
Menten constant (K,,).

Alkane consumption was analyzed using GC, as
described above. Enzyme activity was defined as the
amount that oxidizes 1 pmol of NADPH or 1 umol of
octodecane per min. To measure expressed alkane mono-
oxygenase activity in G. stearothermophilus GZ178, cells
from a 50 mL expression culture were suspended in 4
mL of Tris-HCI buffer (50 mM, pH 8.0) and disrupted by
sonication for 20 min at 200 W in an ice bath. The result-
ing supernatant (100 pL) was added to the same reaction

mixture under identical conditions as described for puri-
fied LadA.

Determining the dewaxing rate by crude oil weight loss
test

In a flask containing 40 g of crude oil (M1), 40 mL of
microbial dewaxing agent culture was added, while in
the control flask (M2), the culture was replaced by 40
mL of sterile water. The empty weights of the flasks were
measured and recorded as M1, and M2, respectively.
The two flasks were incubated at 60 °C and 120 RPM for
72 h. After incubation, they were placed in an incubator
at 35 °C for 90 min to allow the oil to solidify. The flasks
were then inverted and incubated at 40 °C for 60 min.
Finally, the total weights of flasks were measured again
and recorded as Ml,,, and M2, respectively. Each
experiment was replicated three times. The dewaxing
rate (DWR) was calculated using the following formula.

_AM, — AM, .
DWR = === x 100%, )

where A M1=Ml1,,, - Mly; A M2=M2,,, - M2,.
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Fig. 1 Positive strains in the oil spreading test. Average diameters of oil discharge rings: Kocuria carniphila GZ64, 1.7 +0.1 cm, Pseudomonas aeruginosa
GZ37,1.9+0.1 cm, and Bacillus subtilis GZ6, 3.5+0.2 cm; Each experiment was performed in triplicate

Table 1 Bacteria with crude oil degrading ability or
biosurfactant productivity

Strain name Medium Culture Strain
tempera- function
ture (°C)

Bacillus subtilis GZ6 1 40 Biosurfactant

producing

Pseudomonas aeruginosa 1 40 Biosurfactant

GZ37 producing

Kocuria carniphila GZ64 1 40 Biosurfactant

producing

Brevibacillus agri GZ143 2 60 Crude oil

degrading

Geobacillus thermodenitrifi- 2 60 Crude ol

cans GZ156 degrading

Geobacillus stearothermoph- 2 60 Crude ol

ilus GZ178 degrading

Geobacillus kaustophilus 2 60 Crude ol

degrading

Geobacillus subterraneus 2 60 Crude ol

degrading

Corynebacterium 2 60 Crude ol

thermophilum degrading

Optimizing the composition of the microbial dewaxing
agent

Individual colonies from strain-preserving plates were
inoculated into 5 mL of medium and grown on a rotary
shaker at 40—60 °C and 220 RPM for 24 h. The cultures
were then transferred into fresh 50 mL medium and fur-
ther grown under the same conditions for 48 h. B. subtilis
GZ6 (pg3srfA) was cultured in Medium 1 at 40 °C, while
G. thermodenitrificans GZ156 and G. stearothermophi-
lus GZ178 (pIMPpladA2mu) were cultured in Medium 2
at 60 °C. The resulting cultures were mixed at a specific
ratio and subjected to crude oil weight loss test (Yi 2015).

Results and discussion

Bacterial screening and strain identification

Oil wells are typically located at depths of around 2000 m,
resulting in temperatures of approximately 60-70 °C.
Therefore, initial screenings for bacteria capable of pro-
ducing biosurfactants and degrading crude oil were con-
ducted at 60 °C. However, no biosurfactant-producing
strains were identified through oil spreading tests at this
temperature. Subsequently, screening was conducted at
gradually decreasing temperatures, and biosurfactant
production was observed in three strains when cultured
at 40 °C. These three bacteria that produced biosurfac-
tants were identified as B. subtilis, Pseudomonas aeru-
ginosa, and Kocuria carniphila through 16 S rRNA gene
sequencing (Table 1). Among these three strains, B. sub-
tilis GZ6 exhibited the most effective performance in oil
spreading assays (Fig. 1). Currently, the most commonly
used microbial species for biosurfactant production in
microbial dewaxing agents is Pseudomonas aeruginosa
(Soares Dos Santos et al. 2016). This bacterium is known
for its high-yield production of rhamnolipids, and sev-
eral strategies have been proposed to further enhance
rhamnolipid production in this strain (She et al. 2011).
However, despite being obtained in the initial round of
screening, this strain was ultimately excluded from fur-
ther experimentation because of its potential risk to pub-
lic health and safety. The screening process in this study
did not yield any thermophilic microorganisms capable
of biosurfactant synthesis.

During the screening process for crude oil degrading
bacteria, six strains capable of degrading alkanes were
obtained and identified through sequencing of their 16 S
rRNA gene (Table 1). GC-MS analysis was used to deter-
mine the substrate specificities and degradation rates of
these strains, with G. thermodenitrificans GZ156 and G.
stearothermophilus GZ178 exhibiting the highest rates
at approximately 47.6% and 30.1%, respectively (Fig. 2
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Fig. 2 Gas chromatography-mass spectrometry (GC-MS) analysis of alkane degradation. The degradation experiment was performed in triplicate and
no significant differences were observed between the obtained GC-MS chromatograms. Blue line, G. thermodenitrificans GZ156 degradation, Red line, G.
stearothermophilus GZ178 degradation
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Fig. 3 Enhancing the B. subtilis GZ6 surfactin productivity by promoter replacement. A, PCR amplification of the srfA gene cluster from the B. subtilis GZ6
genome. B, Surfactin produced by B. subtilis GZ6 (blue); and B. subtilis GZ6 (pg3srfA) (green). Four peaks (1, 2, 3, and 4) were observed for the surfactin
standard (red) when analyzed by HPLC. C, Oil spreading tests for B. subtilis GZ6 and B. subtilis GZ6 (pg3srfA). Average diameters of oil spreading rings (each
experiment was performed with three replicates), B. subtilis GZ6,3.5+0.1 cm; B. subtilis GZ6 (pg3srfA), 4.1 +0.2 cm
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Fig.4 Molecular docking (A) and residues of the LadA binding pocket (B). A, The distance between the oxygen atom of flavin mononucleotide (FMNOO)
and the alkane terminal carbon is indicated by yellow dashed lines, while Pi-Alkyl interactions are indicated by orange dashed lines. B, Residues constitut-
ing the LadA binding pocket are represented by lines; C18 alkane and FMNOO are displayed as sticks

and Table S3). These two strains have different alkane
substrate specificities: G. thermodenitrificans GZ156
degrades alkanes with low boiling points, such as dodec-
ane, tetradecane, and pentadecane, while G. stearother-
mophilus GZ178 prefers alkanes with high boiling points,
such as heptacosane and octacosane (Fig. 2 and Table S3).

Enhancing B. subtilis biosurfactant productivity by
promoter replacement

HPLC analysis using purchased standards (Fig. 3B) iden-
tified the biosurfactant produced by B. subtilis GZ6 as
surfactin (Hsieh et al. 2008). Surfactin is typically com-
posed of four cyclic lipopeptides, with chain lengths
ranging from C13 to C16, that differ slightly in their
amino acid sequences. The proportion of these four
cyclic lipopeptides in the surfactin mixture varies among
different B. subtilis strains (Jiao et al. 2017).

Native B. subtilis strains typically have low surfactin
titers. To increase surfactin yield in these strains, several
strategies were employed, including promoter replace-
ment, which was identified as the most effective and sim-
ple approach (Li et al. 2015; Jiao et al. 2017). Surfactin is
produced by surfactin synthase (SrfA), which is encoded
by the seven-module non-ribosomal peptide synthetase
gene cluster (srfA). When using the native srfA promoter,
the transcription levels of srfA were low. However, the
transcription of srfA in B. subtilis THY-7 could be initi-
ated effectively by using a modified hybrid Pg3 promoter
(Jiao et al. 2017). The B. subtilis GZ6 srfA gene cluster
identified by PCR amplification and sequencing showed
99.8% homology to the B. subtilis THY-7 srfA gene
cluster (Fig. 3A). Subsequently, the srfA promoter was
replaced with the Pg3 promoter through the recombina-
tion of single-cross homologous (Jiao et al. 2017). The
genetically modified B. subtilis GZ6 strain was confirmed
through PCR and sequencing.

The production of surfactin by B. subtilis GZ6 (pg3srfA)
increased to 2.32 g/L, compared to the production of

0.33 g/L of the wild-type strain. The modified strain of
B. subtilis GZ6 (pg3srfA) produced significantly larger
spreading rings in oil spreading assays (Fig. 3C). Addi-
tionally, B. subtilis GZ6 (pg3srfA) exhibited a growth
curve comparable to that of B. subtilis GZ6, indicating
that the replacement of the promoter did not affect cell
growth (Fig. S2, A, Supplementary Materials).

LadA expression and engineering in E. Coli

The high viscosity of RO is mainly the result of long-
chain alkanes, also known as wax, with a carbon chain
length of 18 or longer. The microbial dewaxing process
targets these long-chain alkanes as they pose the primary
obstacle to heavy crude oil recovery (Adlan et al. 2020).
Based on preliminary screening results (Table S3), G.
thermodenitrificans GZ156 did not degrade octadecane,
while G. stearothermophilus GZ178 showed poor ADR
on the substrate. Therefore, octadecane was selected as
the target substrate for this research.

A previous study by Feng et al. (2007) illustrated the
metabolic pathway for long-chain alkanes in G. ther-
modenitrificans. The pathway involves the utilization
of an alkane monooxygenase (LadA), which activates
alkanes to corresponding primary alcohols. LadA can
degrade alkanes ranging from C15 to C36, with hexadec-
ane being the optimal substrate and octadecane being the
sub-optimal substrate. The first enzyme in a metabolic
cascade usually catalyzes the rate-limiting step (Chen et
al. 2008). It is worth noting that alkane monooxygenases
generally have lower catalytic efficiencies than enzymes
such as hydrolases. Increasing the copy number of the
ladA gene in G. thermodenitrificans GZ156, particu-
larly a version of LadA that was enhanced through pro-
tein engineering, may have the potential to improve the
alkane metabolic cascade of the strain, especially in octa-
decane degradation, and subsequently enhance the wax
removal rate.
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Initial PCR amplification of the ladA gene from the
total DNA of G. thermodenitrificans GZ156 or G. stea-
rothermophilus GZ178 was unsuccessful. As previously
reported, the ladA gene is located on a native plas-
mid (Feng et al. 2007), and it is likely that this plasmid
is absent in these two strains. Despite this absence, their
ability to degrade alkanes suggests the presence of an
additional, as yet unidentified alkane hydroxylase sys-
tem that also produces alcohol intermediates (Smits et al.
2002). To improve the alkane degrading capacity of these
strains, the introduction of an improved LadA enzyme is
a more promising option. However, protein engineering
of LadA requires efficient gene manipulation and effec-
tive expression systems, that are lacking in Geobacil-
lus species. The ladA gene was well expressed in E. coli
BL21(DE3) under the T7 promoter (Fig. S1). Therefore,
the initial engineering for LadA was conducted in the E.
coli host.

Although the structure of LadA has been resolved, its
catalytic mechanism has not yet been identified. How-
ever, LadA belongs to the SsuD subfamily within the
bacterial luciferase family (Chen et al. 2008), and the
catalytic mechanism of this subfamily has been well
elucidated (Armacost et al. 2014). Therefore, the SsuD
catalytic hypothesis was applied to propose a cata-
lytic initiation mechanism for LadA. According to this
hypothesis, the alkane terminal carbon is attacked by
the distal oxygen atom of the C4a-hydroperoxyflavin of
flavin mononucleotide. Protein-ligand docking was per-
formed based on this hypothesis. The analysis focused on
the lowest energy configuration among docking poses. In
this configuration, the flavin mononucleotide distal oxy-
gen atom was 2.8 A away from the alkane terminal car-
bon. The terminal carbon was stabilized by two pi-alkyl
interactions (Ozawa et al. 2008) with the imidazole rings
of His17 and His311 (Fig. 4A).

According to the protein-ligand docking mechanism,
the binding energy of the substrate ligand is typically
positively correlated with catalytic efficiency (Londhe et
al. 2019). To enhance substrate binding, virtual saturation
mutagenesis was conducted and 25 residues within 5 A
of the docked substrate were analyzed. The changes in
free energy (AG) were compared, showing that the Ala-
57His mutant presented the most pronounced reduction
in binding energy (-5.0 kJ/mol). Mutations at the Phel0,
Hisl7, Ala57, Asp58, Val59, Tyr63, GIn79, Asnl33,
Val135, Ala227, and His311 sites resulted in AG values

Table 2 Catalytic constants for LadA and mutants

EnZyme Km kcat kcat/Km KmFMN
[mM] [min™"1  [mM "min~"] [pM]
LadA 103616 1.78+02 0.7 3.3+0.2
LadAF10L 698+05 216+03 031 31403
LadAFTOL/N133R  2.04+02 442+06 217 3.9+03
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ranging from —5.0 to -2.3 kJ/mol (Fig. 4B, Table S2, Sup-
plementary Materials), suggesting that these mutations
were beneficial. Mutants of other sites showed AG values
ranging from —2.3 to 2.9 kJ/mol, indicating either neutral
or damaging effects (Spassov and Yan 2013).

The residues listed in Table S2 (Supplementary Mate-
rials) were applied for NNK saturation mutagenesis. The
resulting mutant libraries were screened using high-
throughput methods. A mutant with increased activ-
ity, namely PhelOLeu, was verified through GC analysis.
NNK saturation mutagenesis was then performed on
PhelOLeu at the other sites listed in Table S2. After
screening and verification, the double mutant PhelOLeu/
Asn133Arg (harboring pETladA2mu) was identified. The
catalytic efficiency of this mutant was 11.7 times higher
than that of the wild-type enzyme (Table 2). Table 2
shows that both single and double mutants had signifi-
cantly lower K, values for the substrate compared to the
wild-type strain, indicating an increased affinity between
enzyme and substrate. The affinity between the single
mutant and FMN remained unchanged, while the affinity
between the double mutant and FMN decreased slightly.
Overall, the mutation of the enzyme at these two sites has
a minimal effect on the binding of coenzyme FMN to the
enzyme. However, the mutation significantly increased
the affinity between substrate and enzyme, thereby
greatly improving the catalytic efficiency of the enzyme.

As previously reported, LadA was engineered through
random and site-directed mutagenesis with the goal to
enhance hexadecane oxidation (Dong et al. 2012). How-
ever, the best mutant obtained (F146N/N376I) differed
significantly from the PhelOLeu/Asn133Arg mutant.
This difference may be the result of the use of different
substrates (hexadecane versus octadecane) for screening
mutant libraries, resulting in variations in the binding of
active sites and substrates. The use of random mutagen-
esis or virtual mutagenesis may have led to two different
directed evolutionary pathways for LadA.

Expression of ladA2mu in G. Stearothermophilus GZ178 and
octodecane transformation

After obtaining the ladA2mu gene from the E. coli host,
attempts were made to express ladA2mu in G. thermode-
nitrificans GZ156 and G. stearothermophilus GZ178.
However, no plasmid could be employed to express this
gene in G. thermodenitrificans GZ156. The ladA2mu
gene was successfully expressed in G. stearothermophilus
GZ178, which was harboring plasmid pIMPpladA2mu.
The relevant protein band was not detected in the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analy-
sis, suggesting low expression levels (Fig. S1, Supplemen-
tary Materials). However, the cells expressing the plasmid
showed a significant increase in octodecane conversion
compared to cells carrying the empty plasmid (from 25.0
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to 75.3%, Fig. S3, Supplementary Materials). In addition,
G. stearothermophilus GZ178 (pIMPpladA2mu) cells
exhibited an expanded substrate spectrum toward short-
chain alkanes, such as pentadecane and hexadecane
(Table S3, Supplementary Materials). The growth curve
of G. stearothermophilus GZ178 (pIMPpladA2mu) was
comparable to that of G. stearothermophilus GZ178 (Fig.
S2, B, Supplementary Materials). These data suggest that
plasmid expression did not affect cell growth.

Optimization of the constitution of the microbial dewaxing
agent

This study initially used the two strains of B. subtilis
GZ6 (pg3srfA) and G. thermodenitrificans GZ156 in the
agents. As shown in Fig. 5A, the DWR of the single strain
agent (G. thermodenitrificans GZ156 alone) was only 50%
compared to that of the double strain agent; therefore,
the biosurfactant played a critical role in wax removal.
Previous reports have shown that G. thermodenitrificans
and G. stearothermophilus have different substrate pref-
erences for carbon chain length (Lin et al. 2019). While
G. thermodenitrificans prefers short-chain alkanes, such
as dodecane, G. stearothermophilus prefers long-chain
alkanes, such as octacosane (Fig. 2 and Table S3). It is
proposed that the dewaxing rate could be improved
by broadening the substrate spectrum of the microbial
dewaxing agent. Therefore, G. stearothermophilus GZ178
(pIMPpladA2mu) was also introduced into the dewax-
ing agent. Compared to the wild-type strain, G. stea-
rothermophilus GZ178 (pIMPpladA2mu) cells have an
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extended substrate spectrum (Table S3, Supplementary
Material). The optimal microbial agent had the high-
est DWR when all three strains were mixed at a ratio of
5:80:15 (Fig. 5A). Figure 5B shows that the increase in
surfactin production for B. subtilis GZ6 and the expres-
sion of ladA2mu in G. stearothermophilus GZ178 both
contributed to the increase in DWR. DWR decreased
when either modified strain was replaced by its wild-
type strain. The complex composed of the native strains
showed a DWR that was only 65% of that of the opti-
mized composition (Fig. 5B).

The microbial dewaxing agent operates through two
main mechanisms: inhibiting the growth of wax crystals
and degrading the existing wax. These dual function-
alities rely on the biosurfactant production and wax-
degrading activities of microbial strains. In this microbial
dewaxing agent, strain B. subtilis GZ6 (pg3srfA) functions
as biosurfactant producer while the other two strains
degrade wax. The biosurfactant produced by B. subtilis
GZ6 was surfactin, which remained stable even at a tem-
perature of ~ 140 °C (Jiao et al. 2017). It is proposed that,
during the sedimentation process following inoculation
into oil wells, B. subtilis in the microbial agent prolifer-
ates within the appropriate temperature range at certain
depths and continues to produce biosurfactants.

The introduction of G. stearothermophilus GZ178
(pIMPpladA2mu) into the agent significantly improved
DWR for two reasons: First, the substrate spectrum
of G. stearothermophilus GZ178 (pIMPpladA2mu) in
alkane degradation was significantly extended by the
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Fig. 5 Optimization of the constitution for microbial dewaxing agents. Each experiment was performed in triplicate. A, Bs, B. subtilis GZ6 (pg3srfA); Gt, G.
thermodenitrificans GZ156; Gs, G. stearothermophilus GZ178 (pIMPpladA2mu). The 100% relative wax removal rate is 60.3 £ 3.2%. The ODsg, of the cultures
are 8.0+0.1 for Bs, 3.0+£0.2 for Gt, and 6.0+ 0.1 for Gs. B, All strain ratios are the same as 5/80/15 (Bs/Gt/Gs). 1, Same strain constitution ratio as the 5/80/15
agentin A; 2, Gs wild type strain (ODsg,=6.0) in the agent; 3, Bs wild type strain (ODsg,=8.0) in the agent; 4, All strains are wild type strains (Bs, ODsg,=8.0,

Gt ODyg0=3.0, Gs ODyg,=6.0)



Guo et al. Bioresources and Bioprocessing (2024) 11:80

introduction of a heterologous ladA2mu gene. When
the strain was incorporated into the microbial agent, the
DWR was increased by approximately 35%. Furthermore,
although both Geobacillus species belong to the same
genus, they have different alkane metabolic pathways. G.
thermodenitrificans metabolizes long chain alkanes by
the primary oxidation pathway, in which the C atom at
the end of the alkane is first oxidized to alkanol by alkane
oxidase, then sequentially converted to aldehyde and fatty
acid, and finally enters p-oxidation (Feng et al. 2007).
However, G. stearothermophilus metabolizes alkanes
through secondary oxidation, in which long chain alkanes
are oxidized to secondary alcohols and acetic acid. These
secondary alcohols are further oxidized to ketones and
esters, which then enter the same pathway as in G. ther-
modenitrificans (Liu et al. 2008). This diversity of path-
ways can effectively mitigate inhibition by intermediate
metabolites during the alkane metabolism, resulting in
significantly improved wax removal efficiency.

Biosafety and ethical considerations of microbial dewaxing
agents in environmental applications

The use of genetically engineered microbes in envi-
ronmental applications presents a complex set of chal-
lenges and imposes ethical considerations. The microbial
dewaxing agent in this study has high biosafety. First, the
agent was applied in oil fields with relatively harsh envi-
ronments and relatively small microbial populations,
thus minimizing horizontal transfer of resistance genes.
Second, the genetically modified hyperthermophilic bac-
teria in this agent cannot multiply at room temperature,
thus limiting their gene spread to mesophilic microbes.
Third, Bacillus subtilis is considered a GRAS strain (i.e.,
Generally Recognized As Safe) and both native and gene
modified strains are widely used in food, pharmaceutical,
and other fermentation industries (Ejaz et al. 2022).

Research status and future research directions for
microbial dewaxing agents

Currently, most microbial dewaxing agents are composed
of multiple bacteria, while only few are composed of sin-
gle bacteria (Patel et al. 2015). Certain agents may contain
non-biological security microorganisms, such as Bacillus
anthracis (Liu et al. 2014) and Pseudomonas aeruginosa
(Camara et al. 2019). The DWRs of these agents vary
widely, ranging from 12.3 to 68.2%. Comparing the DWR
values of these agents alone does not provide meaningful
insight. Crude oil components have different geographic
characteristics, especially regarding the amounts of heavy
oil and wax contents. Therefore, it is necessary to verify
the effectiveness of dewaxing agents through field experi-
ments in oil wells. The microbial dewaxing agent devel-
oped in this study has a high dewaxing rate of 60.2%
and is environmentally safe. Field tests conducted in
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several oil wells have presented positive results in terms
of dewaxing and increased production (data not shown).

Spore-forming bacteria, such as Bacillus, Geobacillus,
and Clostridium, have been utilized as microbial dewax-
ing agents (Preeti et al. 2019; Zhou et al. 2016). These
bacteria are frequently found in deep oil reservoirs and
can withstand the prevalent harsh conditions, includ-
ing nutrient deprivation, extreme temperatures, and
high salt concentrations. The microbial dewaxing agent
in this study was also developed using spore-producing
microorganisms, which allows for a long-lasting effect
because of the spores’ resistance to adverse environ-
ments. Therefore, bacterial strains capable of forming
endospores and degrading petroleum or synthesizing
biosurfactants are potential targets for further screening
and isolation of microorganisms that remove wax. Simi-
larly, extremophilic microbes have also been examined
for microbial dewaxing applications because of their abil-
ity to withstand extreme environments. These microbes
are either thermophilic, halophilic, or barophilic (Varjani
and Upasani 2016; Lin et al. 2019). In addition, geneti-
cally engineered microbes have been used for microbial
engineered wax removal through techniques such as
protoplast fusion, gene knockout, and genome editing.
These technologies have the potential to improve the
temperature adaptability of microbes (Sun et al. 2017)
and increase their biosurfactant productivity (Jiao et al.
2017).

Microbial dewaxing technology reduces reliance on
conventional chemicals and lowers the risk of envi-
ronmental contamination. It uses naturally occurring
microorganisms to enhance the oil recovery process,
thus reducing the need for harmful chemicals and help-
ing to protect soil and water quality. The use of micro-
bial dewaxing agents in oil recovery can not only reduce
resource waste, but also extend the productive life stage
of oil fields. Research and practical applications of micro-
bial dewaxing agents have increased because of their
potential economic benefits for oil extraction companies
as well as for the green and sustainable development of
energy extraction technology.

In summary, the ideal microbial dewaxing agent should
possess thermophilic, halophilic, and barophilic prop-
erties. Such microbes can be isolated from the environ-
ment of deep-sea hydrothermal vents (Jin et al. 2019).
However, native microbes with superior dewaxing per-
formance are rarely obtained in such harsh reservoir con-
ditions. To overcome this challenge, several methods can
be employed. One such method is to customize microbial
strains by designing or assembling novel synthetic met-
abolic pathways for the production of biosurfactants or
wax-degrading pathways. Another method is to engineer
and express enzymes with strong wax-degrading capa-
bilities in a suitable host. The first step in achieving these
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goals is to create the appropriate genetic operating sys-
tem and gene editing tools. The application of synthetic
biology technology for microbial dewaxing, which is also
the scope of microbial engineered wax removal, has the
potential to significantly improve its efficiency.

Conclusion

In this study, three spore-forming bacterial strains were
obtained via screening crude oil-contaminated soil
samples. The surfactin titer of strain B. subtilis GZ6 was
increased by promoter replacement of the surfactin syn-
thase gene cluster (srfA). The enhanced alkane monooxy-
genase double mutant LadAF10L/N133R was generated
by site-directed mutagenesis and then expressed in G.
stearothermophilus GZ178. The final microbial dewax-
ing agent, consisting of two modified strains (B. subtilis
GZ6 (pg3SrfA) and G. stearothermophilus GZ178 (pIMP-
pladA2mu)) and the native strain G. thermodenitrificans
GZ156, achieved a 35% higher DWR compared to a com-
position consisting of three native strains.
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