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ABSTRACT: The microbial enhanced oil recovery (MEOR) process has been identified as a promising alternative to conventional
enhanced oil recovery methods because it is eco-friendly and economically advantageous. However, the knowledge about the
composition and diversity of microbial communities in artificially regulated reservoirs, especially after activating petroleum
hydrocarbon-degrading bacteria (PHDB) by injecting exogenous nutrients, is still insufficient. This study utilized a combination of
high-throughput sequencing and metagenomics technology to reveal the structural evolution characteristics of the indigenous
microbial community in the reservoir during the PHDB activated for enhanced oil recovery, as well as the response relationship
between the expression of its oil production functional genes and crude oil biodegradation. Results showed that Pseudomonas
(>75%) gradually evolves into a stable dominant microbial community in the reservoir during the activation of PHDB. Besides, the
gene expression and KEGG pathways after crude oil undergoes biodegradation by PHDB show that the number of genes related to
petroleum hydrocarbon metabolism dominates the metabolism (21.98%). Meanwhile, a preliminary schematic diagram was drawn to
illustrate the evolution mechanism of the EOR metabolic pathway after the targeted activation of PHDB. Additionally, it was found
that the abundance of hydrocarbon-degrading enzymes increased significantly, and the activity of alcohol dehydrogenase was higher
than that of aldehyde dehydrogenase and monooxygenase after PHDB activation. These research results not only filled in and
expanded the theoretical knowledge of MEOR based on artificial interference or regulation of reservoir oil-recovery functional
microbial community structure but also provided guidance for the future application of MEOR technology in oil field operations.

1. INTRODUCTION
Microbial enhanced oil recovery (MEOR) technology is a
major topic in the areas of oil field exploration, characterized
by its strong adaptability to reservoir environments, environ-
mentally friendly nature, and cost-effectiveness, as a green and
low-carbon technique for enhancing oil recovery.1,2 Compared
with traditional tertiary oil recovery technologies (such as
conventional water flooding, air injection flooding, and
chemical agent flooding, etc.),3−5 MEOR activates functional
bacteria for oil recovery by injecting specific nutrients into the
oil reservoir or selects oil-producing functional microorganisms
from the in situ environment of the reservoir to produce
specific metabolites through ground fermentation and then

injects them into the oil reservoir, ultimately achieving the
purpose of improving oil recovery.6−8 However, although
MEOR has the potential to be an economically attractive
application, the processes involved in MEOR are complicated
and the understanding of all of the oil-displacement
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mechanisms is still vague. The knowledge about the
composition and diversity of microbial communities in
artificially regulated reservoirs, especially after activating oil-
producing bacteria by injecting exogenous nutrients, is still
insufficient. This knowledge is crucial for understanding the
ecological evolution characteristics and metabolic processes of
reservoir microbes during microbial flooding, as well as for
selecting strategies for MEOR applications in reservoirs.
During the process of MEOR, indigenous activation

microbial enhanced oil recovery technology has been
recognized to have the advantages of strong adaptability,
good compatibility with the reservoir, and low cost.9,10 In this
process, crude oil is degraded by synergistic effects of microbes
and metabolites, leading to improved swept volume and
enhanced oil recovery.11−14 Various mechanisms for enhancing
oil recovery, such as viscosity reduction, improved fluidity, and
increased oil displacement, have been summarized in
numerous previous research reports on MEOR processes.15−18

However, a slight drawback is that these mechanisms only
broadly elucidate the enhanced oil recovery process of oil-
producing functional microorganisms in reservoir environ-
ments from a macroscopic perspective. They did not reveal
from a microscopic perspective how the enhanced oil-recovery
genes of these functional microorganisms are expressed due to
changes in microbial community structure and how the
corresponding metabolic pathways are affected.
Noteworthily, biological viscosity reduction of crude oil is

one of the most attractive mechanisms in MEOR. In this
process, heavy components are converted into light compo-
nents, which fundamentally change the properties of crude oil,
reduce the viscosity of crude oil, improve the fluidity of crude
oil, and thus improve oil recovery.19 For example, some
microorganisms in reservoirs can grow and reproduce directly
with petroleum hydrocarbon as a carbon source, which is
called petroleum hydrocarbon-degrading bacteria (PHDB).
The oil recovery mechanisms of PHDB in reservoirs have been
summarized and described in our previous reports.16,19

Besides, the diversity and evolutionary characteristics of
reservoir microorganisms exhibit a myriad of changes with
different oil recovery methods and production cycles in the
reservoir.20,21 Alkan et al. reported that the diversity of bacteria
in reservoir brine could affect the MEOR flooding performance
since each microbe has different metabolic pathways and
produces different end-products.22 However, there are still few
research reports on microbial metabolic pathways that activate
oil-enhancing microbes by injecting nutrients. Thus, studying
the response characteristics of the structure of other oil-
producing bacterial communities and their metabolic gene
expression after targeted activation of PHDB in reservoirs is of
great significance. It can provide further theoretical guidance
for the future on-site application of MEOR technology.
Compared to 16S rRNA gene profiling, metagenomic

analysis provides information about the potential metabolism
of microorganisms.23 Metagenomic approaches are to conduct
statistical analysis on the gene information on microorganisms,
predict the function of microorganisms by using their gene
composition, and fundamentally analyze the mechanism of
microbial action.24,25 Sierra-Garcia et al. revealed through
metagenomics-based approaches that high proportions of
hydrocarbon-degrading genes are found in several hydrocarbon
environments.26 It can help provide evidence for MEOR while
also providing insight into rich genetic reserves. To evaluate
the application potential of microorganisms at the molecular

level, there are mainly three functional databases in common
use at present,27−29 Kyoto Encyclopedia of Genes and
Genomes (KEGG) database, evolutionary genealogy of
genes: nonsupervised orthologous groups (eggNOG) database,
and carbohydrate-active enzymes database. Therefore, it is
crucial to comprehensively elucidate the genomic spectrum of
hydrocarbon biodegradation in crude oil under the symbiotic
or mutually beneficial interactions of in situ activated oil-
producing functional microorganisms and other microbes in
the reservoir environment.
Previous studies have shown that the activation time scale

and metabolic characteristics of oilfield oil-recovery functional
bacteria in response to different nutrient activation agent
components and concentrations also vary.16,19 Therefore, a
combination of the high-throughput sequencing technology
and metagenomics methods in this study is needed to carry out
sequencing on the genes of targeted activated oil production
functional microbial flora in produced fluids from oil wells. To
analyze the intermediate products and transformation path-
ways of petroleum hydrocarbon biodegradation after PHDB
activation, bioinformatics analyses are used to specifically
investigate the association of community gene functions and
their relationship to petroleum hydrocarbon degradation
mechanisms during the transformation of petroleum hydro-
carbons into metabolic products and/or during energy transfer.
Here, we describe evidence for a new relationship between
crude oil biodegradation and oil-enhancing gene characteristics
of PHDB activation based on the response characteristics of
the community structure and metabolic genes of oil-producing
bacteria that are unnaturally regulated in low-permeability oil
reservoirs. The research results further expand the potential of
activating indigenous PHDB in reservoirs to improve oil
recovery in low-permeability reservoirs.

2. MATERIALS AND METHODS
2.1. Enrichment Culture for PHDB. The production

water samples used for PHDB activation were collected from
the Yanchang oilfield located in Northwest China. Character-
istics of production water samples are shown in Table S1.
PHDB enrichment medium was made based on the
modification of the medium in the literature19 as follows:
crude oil 2.0 (wt %), KH2PO4 2.0 g/L, Na2HPO4 1.5 g/L,
NH4Cl 2.0 g/L, MgSO4·7H2O 0.5 g/L, NaNO3 4.0 g/L, and
1.0 mL trace element solution. The temperature and pH of the
reservoir were 30 ± 2 °C and 7.5−8.5, respectively. In this
study, 300 mL of production water sample was injected into
facultative anaerobic bottles of 500 mL in total volume with an
enrichment medium to activate the PHDB. The bottles were
incubated at 30 °C while shaking at 150 rpm for 5−7 days. To
obtain reliable data, all treatments were performed in duplicate.
2.2. Metagenomic DNA Extraction. One hundred and

fifty milliliters of PHDB enrichment experiment water sample
was filtered through a 2.5 μm glass filter with a 50 mm glass
chimney filter unit to remove impurities. Then, the filtrate was
filtered through a 0.22 μm cellulose acetate filter to collect the
microbes. The total DNA of the sample was extracted using
the power water DNA Isolation Kit (supplied by Beijing
Tiangen Biochemical Technology Co., Ltd.) according to the
manufacturer’s instructions, and DNA contents above 1 μg
were used to construct the library.
2.3. Metagenomic Sequencing and Polymerase

Chain Reaction (PCR) Amplification. First, a total amount
of 1 μg of DNA sample was used as an input material for the
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DNA. Purified DNA was subjected to metagenomic sequenc-
ing on the Illumina Miseq platform. Second, the DNA sample
was fragmented by sonication to a size of 350 bp, and then
DNA fragments were end-polished, A-tailed, and ligated with
the full-length adaptor for Illumina sequencing with further
PCR amplification. The PCR program is described in our
previous study.16,19 The mixed PCR products were then sent
to the Beijing Institute of Genomics, Chinese Academy of
Sciences, for sequencing conducted on a Miseq platform.
2.4. Date Analysis of Metagenomic Sequencing. The

DNA sample was lyophilized and shipped to the Beijing
Institute of Genomics, Chinese Academy of Sciences, for
metagenomic analysis. The testing methods and primer usage
for metagenomic techniques can be found in our previous
reports.19 First, species composition and function could be
annotated according to the gene prediction results, and a series
of data mining analyses could be conducted based on the
annotation results.30 Second, according to the results of gene
comparison, the metabolic pathway of the mixed bacteria
degrading petroleum hydrocarbons was constructed. The
degradation mechanism of petroleum hydrocarbon crude oil
was analyzed fundamentally. Finally, the cluster profiler31 and
path-view28 functions (the R computing package) were used to
analyze the distribution of the KEGG-Orthology functions
within pathways that may be related to the degradation of

petroleum hydrocarbons.32 Details of additional operational
methods can be found in a previous publication.19

3. RESULTS AND DISCUSSION
3.1. PHDB Community Evolution after Activation.

Based on our previous research,16,19 the primary factor
hindering the abundant proliferation of indigenous oil-recovery
functional microbes in reservoirs is a lack of sufficient
nutrients. Sequencing of 16S rRNA gene amplicons revealed
that with the activation of the oil-producing functional
bacterial community in the oil reservoir, Proteobacteria
(>75%) gradually evolved into the dominant microbial
community (Figure 1). The facultative anaerobic metabolism
of Proteobacteria phylum reportedly leads to the degradation of
alkanes and aromatic hydrocarbons and the synchronous
production of metabolites to facilitate crude oil biodegrada-
tion.33,34 Besides, Gammaproteobacteria (58.5%), Xanthomona-
dales (25.4%), Xanthomonadaceae (26.6%), Stenotrophomonas
sp. (20.5%), and Ochrobactrum (5.1%) were the main
dominant bacteria at class, order, family, genus, and species
level under nutrient stimulation conditions, respectively. Many
references demonstrated that the phylum Proteobacteria
(accounted for more than 60% of the total clones), mainly
Pseudomonas and Acinetobacter, performs the bulk of the
activity of hydrocarbon degradation, including alkanes, aerobic

Figure 1. Statistical results of bacterial community composition at phylum (a), class (b), order (c), family (d), genus (e), and species (f) levels.
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hydrocarbons, asphaltenes, and resins.35−37 The results showed
that the nutrient injection had a profound effect on the
diversity, composition, and relative number of the indigenous
oil-recovery functional microorganisms.
It is worth mentioning that the genus Stenotrophomonas sp.

(20.5%) gradually evolved into a dominant oil-recovery
bacterium after the nutrient injection in this study, with its
relative abundance increasing by approximately 10%. On the
contrary, other conventional oil-recovery functional bacterial
species in oil production ecosystems, such as the genera
Marinobacter, Acinetobacter, and Halomonas, decreased gradu-
ally or were not detected. Overall, these results demonstrated
that injecting specifically tailored nutrients into the reservoir
can selectively activate beneficial oil-recovery functional
bacteria (such as PHDB), enhancing or inducing their gradual
evolution into a microbial community with oil-recovery
capabilities adapted to low-permeability reservoir environ-
ments, thus promoting MEOR.
3.2. Activation Characteristics of Oil-Recovery Func-

tional Genes after PHDB Stimulation. To further evaluate
the gene expression and KEGG metabolic pathways specifically
involved in PHDB crude oil degradation, we conducted
separate statistical analyses for the single assembly gene
catalogue length (Figure S1), mixed assembly gene catalogue
length (Figure S2), and the number of CAZy unigenes genes
(Figure S3), respectively. The specific data for the single

assembly gene catalogue length, mixed assembly gene
catalogue length, and the number of cAZy unigenes genes
can be found in the Supporting Information. Based on this,
using the comparative data on the number of functional gene
and combining it with the corresponding expression levels of
oil-recovery functional genes, the metabolic pathways of crude
oil biodegradation after activating PHDB were constructed.
In Figure 2, the KEGG pathway was annotated to obtain

information on various biological pathways, such as various
metabolic pathways, synthetic pathways, signaling pathways,
etc. The research results found that the number of genes
dominated metabolism, followed by environmental informa-
tion processing and then cellular processes. Among them, the
number of metabolic genes of hydrocarbons in metabolism was
as high as 5625, accounting for 21.98% of metabolism. The
number of amino acid metabolism genes was 4897, accounting
for 19.13% of the total metabolism. The proportion and order
of the above gene expression indicate that the stimulating
effect of nutrients during the activation of PHDB is greater
than environmental factors, thereby demonstrating the close
relationship between nutrients and community development.
According to the eggNOG cluster diagram (Figure 3), the

protein of the PHDB was mainly concentrated in energy
production and conversion of the C (energy production and
conversion) taxon, which accounted for 5.03%. The existence
of this taxon could convert nutrients into the energy required

Figure 2. Number of KEGG annotated genes in the PHDB metabolic pathway and their corresponding functional expression characteristics for
EOR.
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by the growth, reproduction, and metabolism of PHDB. There
was 7.52% of the amino acid transport and metabolism of
taxon E (amino acid transport and metabolism). The presence
of this gene contributed to the synthesis of surface-activated
substances produced by PHDB and the emulsification and
degradation of crude oil. There was 5.78% of G (carbon
hydrate transport and metabolism) taxon transport and
metabolism of carbohydrates; the presence of this gene was
conducive to the degradation of hydrocarbons in crude oil by
PHDB. And it provided carbon sources and energy for the
growth of microorganisms. The inorganic ion transport and
metabolism of taxon P (inorganic ion transport and
metabolism) accounted for 6.33%. The presence of this gene
was helpful for PHDB in absorbing inorganic salt ions in
nutrients and optimizing the activation effect of endogenous
microorganisms. They also included the transcription of 6.23%
of the K (transcription) taxon and the functional location of
25.5% of the S (function unknown) taxon. Furthermore, based
on the expression characteristics of functional genes, we
speculate that metabolites produced by the PHDB also
promoted the degradation of other members in the
consortium. The above phenomenon further confirmed that
PHDB showed the ability to degrade metabolites accumulated
by other members, alleviating the inhibitory effect of
metabolites on the degradation ability of such bacteria during

the biodegradation of petroleum hydrocarbons, which
consequently improved the degradation efficiency.
3.3. Evolutionary of Hydrocarbon Biodegradation

Pathways after PHDB Activation. According to the results
of gene comparison, we found that the enzyme-encoding genes
involved in hydrocarbon metabolism and its related metabolic
pathways are key to the microbial degradation of petroleum.
Understanding the biodegradation pathway of alkane hydro-
carbons by PHDB was important from the standpoint of
biotransformation that the existence of an abundance of
hydrocarbon-degrading enzymes was proved after PHDB
activation. These petroleum microbes contained oxygenase
enzymes that could introduce oxygen into the terminal,
nonactivated position of different alkane hydrocarbons in
crude oil.38,39 Medium and long-chain alkanes were oxidized
by integral-membrane nonheme diiron monooxygenases
(alkB) or alternatively by heme iron-containing cytochrome
P450 monooxygenases, and P450 of terminal monooxygenase
was mainly responsible for the degradation of medium alkanes.
alkB and P450 could complement each other.
Figure 4a shows that the first enzyme of the alkane-

biodegradation pathway was an integral-membrane alkane 1-
monooxygenase (alkB, EC: 1.14.15.3) that hydroxylates
alkanes at the terminal position. The terminal oxidation of
alkanes by alkB generated primary fatty alcohols, which were
further oxidized to aldehydes by alcohol dehydrogenase (ADH,

Figure 3. Number of eggNOG annotated genes in the PHDB metabolic pathway and their corresponding functional expression characteristics for
EOR.
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EC: 1.1.1.1). Then, the aldehydes were further oxidized to fatty
acids by aldehyde dehydrogenase (ALDH, EC: 1.2.1.3), and
the fatty acids continued to generate ω-hydroxyl fatty acids
under the action of integral-membrane alkane 1-monooxyge-
nase (alkB, EC: 1.14.15.3). According to this metabolic
pathway, it could be prematurely judged that the degradation
of alkanes by PHDB belonged to the double-terminal
monooxygenation pathway. AlkB required two soluble electron
transfer proteins named rubredoxin (alkG) and rubredoxin
reductase (alkT). Rubredoxin reductase could transfer
electrons from NADH to Rubredoxin via its cofactor FAD,
which transfers electrons from NADH to the rubredoxin,

which was then transferred to alkane hydroxylase to further
promote oxidative degradation of alkanes. In the aerobic
metabolism of alkanes, monooxygenase, alcohol dehydrogen-
ase, and aldehyde dehydrogenase were very important, and the
corresponding gene codes in the PHDB were 3, 56, and 35,
respectively. Studies have shown that there was a positive
correlation between the number of coding genes and the
enzyme activity corresponding to the gene. Therefore, it could
be inferred that the intracellular alcohol dehydrogenase activity
after PHDB activation was significantly higher than that of
aldehyde dehydrogenase and monooxygenase.

Figure 4. Evolutionary characteristics of biodegradation metabolic pathways of alkanes (a) and fatty acids (b) in crude oil after activating PHDB.
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Figure 5. Evolutionary of biodegradation metabolic pathways of iconic aromatic hydrocarbon components in crude oil after activating PHDB. (a)
Toluene biodegradation pathways, (b) xylene biodegradation pathways, (c) benzoate biodegradation pathways, and (d) tyrosine biodegradation
pathways.
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In Figure 4b, fatty acids (the main components of the
bioacids produced by PHDB) were eventually produced by
either single-terminal or double-terminal biodegradation path-
ways of alkanes. Thus, the biodegradation pathway of fatty
acids and related genes was further analyzed. Long-chain acyl-
CoA synthetase (fadD, EC 6.2.1.3) was the key enzyme in the
fatty acid degradation pathway, and the number of its genes in
the PHDB was 35. There were 3 acyl-CoA oxidase (EC:
1.3.3.6) and 55 acyl-CoA dehydrogenase (EC: 1.3.3.6, 1.3.99)
genes, respectively. The gene quantity of enoyl-CoA hydratase
(echA, EC 4.2.1.17), 3-hydroxyacyl-CoA dehydrogenase
(HADH, EC: 1.1.1.35), acetyl-CoA acyltransferase (fadA, EC
2.3.1.16), and acetyl-CoA C-acetyltransferase (atoB,
EC:2.3.1.9) were 68, 46, 25, and 66, respectively. Under the
catalysis of these enzymes, fatty acids generated acetyl-CoA,
entered the tricarboxylic acid cycle (TCA cycle), and finally
oxidized to CO2 and water. By clarifying the expression
characteristics of the genes and enzymes involved in crude oil
biodegradation after activation of PHDB, we can better explain

why there is a linear relationship between the high biomass of
oil-recovery functional bacteria and the increased oil recovery.
3.4. Evolutionary of Aromatic Biodegradation Path-

ways after PHDB Activation. The evolution of the
biodegradation metabolic pathways of the iconic aromatic
hydrocarbon components in crude oil after activation of PHDB
was further analyzed (Figure 5). In Figure 5a, the degradation
of toluene was initiated with ring hydroxylation by
monooxygenase (EC 1.14.13) via adding one oxygen to the
carbon on aromatic rings or of methyl substituent groups; the
hydroxylation reaction generates several intermediates (such as
catechol and benzoate, etc.), which were further fed into the
central pathways of benzoate degradation or xylene degrada-
tion and the intermediate catechol was subsequently oxidized
by catechol 2,3-dioxygenase (dmpB, xylE, EC 1.13.11.2); the
cleavage products were further transformed into pyruvate or
acetyl-CoA, which entered the TCA cycle for energy
metabolism (Figure 5b). The intermediate benzoate was
subsequently oxidized by 3-hydroxybenzoate 6-monooxyge-
nase (nagX, EC:1.14.13.24) or benzoate/toluate 1,2-dioxyge-

Figure 6. Evolutionary of the metabolic pathway mechanism for EOR after targeted activation of PHDB. (a) The EOR pathway for driving residual
crude oil after activating PHDB, (b) Gene expression pathways for EOR in PHDB cells.
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nase subunit α (benA-xylX, EC: 1.14.12.10) (Figure 5c). The
cleavage products were further fed into the central pathways of
tyrosine degradation or transformed into pyruvate, acetyl-CoA,
or succinyl-CoA, which later entered the TCA cycle for energy
metabolism.
In Figure 5d, the former was further transformed into

pyruvate by tyrosine degradation and entered the TCA cycle
for energy metabolism. The evolutionary characteristics of
aromatic hydrocarbon biodegradation pathways after the
activation of PHDB show that in the mechanism of PHDB
utilizing the degradation of crude oil components (i.e.,
viscosity reduction) to enhance oil recovery, the degradation
of aromatic hydrocarbons by PHDB exhibits a preference
order, namely, toluene > xylene > benzoate > tyrosine. This
order also indirectly reflects the close correlation between the
microbial degradation sequence of crude oil components and
the expression of their functional genes, which is consistent
with the strength of oil-recovery functional gene expression
after PHDB activation.
3.5. Metabolic Pathways for EOR after Targeted

Activation of PHDB. Based on the above research results, we
have preliminarily depicted a schematic diagram illustrating the
evolution of EOR metabolic pathways following targeted
activation of PHDB (Figure 6). Figure 6a depicts from a macro
level how PHDB degraded and dispersed the residual crude oil
in the reservoir after nutrient activation, further promoting the
formation of small oil droplets in the crude oil, resulting in
increased recovery. As can be seen from Figure 6b, the alkanes
in crude oil enter the cell through the microbial double
membrane, generate alcohol and aldehyde through the action
of enzymes, and finally oxidize to fatty acid, which enters the
tricarboxylic acid cycle through acetic acid-CoA. Phosphate is
partially converted into H2PO4 through microbial metabolism,
which is used in the synthesis of lecithin, nucleic acid, and
ATP, and promotes the degradation of fatty acids.40 It can also
degrade other hydrocarbons such as aromatic hydrocarbons,
naphthalene, polycyclic aromatic hydrocarbons, etc.41 Aro-
matic hydrocarbons are finally degraded to generate ketone
propionate and then enter the tricarboxylic acid cycle through
acetic acid-CoA; part of naphthalene is degraded into tyrosine
and directly enters the tricarboxylic acid cycle, a part of it
generates phenylpropanoid, and polycyclic aromatic hydro-
carbons also generate phenylpropanoid through degradation
metabolism and then generate propionate ketone, which enters
the tricarboxylic acid cycle through acetic acid-CoA.
The same nitrogen-containing substance enters the cell

through the microbial double membrane, and through a series
of redox reactions, part of it is converted into N2, and the other
part is used for the biosynthesis of amino acids, proteins, etc.,
and then enters the tricarboxylic acid cycle through acetate-
CoA. The utilization of all substances by microorganisms will
eventually enter the tricarboxylic acid cycle, in which part of
oxalate acetate is transferred to sugar degradation, gluconeo-
genesis, and synthesis of glycolipid surfactants, and part of it is
transferred to amino acid metabolism to synthesize lipopeptide
surfactants.
Based on the above-mentioned metabolic pathway of

PHDB, a complete and systematic closed-circuit circulation
system for biodegrading crude oil is formed, especially
biosurfactants, which help to reduce the interfacial tension of
oil and water and accelerate the stripping of crude oil from
rock surfaces.42 Simultaneously, crude oil would be further
split into smaller oil droplets under the action of microbial cells

(Figure 6a), which was more conducive to the utilization of
microorganisms. In conclusion, the activation of PHDB can
effectively drive the synergistic combination of other reservoir
microbial communities, leveraging the characteristics of each
bacterial member to increase oil recovery. This growth
metabolic feature and its cooperative win mode give petroleum
hydrocarbon-degrading microbial communities an advantage
over local competitors in the field of water-flooded reservoirs.
This research provides insight into the mechanisms of MEOR
after artificial interference or regulation of MEOR mechanisms
that will contribute to future site operations.

4. CONCLUSIONS
Microbial enhanced oil recovery (MEOR) is considered an
economical and environmentally friendly tertiary oil recovery
technology and has become a hot topic in the development of
green and low-carbon oil recovery technologies. Investigating
the response characteristics of PHDB to the community
structure and metabolic genes of oil-producing bacteria after
targeted activation in low-permeability reservoirs is of great
significance and can provide a further theoretical basis and
framework for MEOR. Results showed that petroleum
hydrocarbon biodegradation occurred gradually through the
action of various metabolic enzymes in a specific metabolic
sequence, and there was a positive correlation between the
number of coding genes and the enzyme activity correspond-
ing to the gene. In the future, a more comprehensive study
should be carried out to verify that the targeted activation of
oil-enhancing functional microorganisms that produce different
metabolites will be more conducive to enhanced oil recovery.
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