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Oil pollution is a common type of soil organic pollution that is harmful to the 
ecosystem. Bioremediation, particularly microbe-assisted phytoremediation of 
oil-contaminated soil, has become a research hotspot in recent years. In order to 
explore more appropriate bioremediation strategies for soil oil contamination and 
the mechanism of remediation, we compared the remediation effects of three plants 
when applied in combination with a microbial agent and biochar. The combined 
remediation approach of Tagetes erecta, microbial agent, and biochar exhibited 
the best plant growth and the highest total petroleum hydrocarbons degradation 
efficiency (76.60%). In addition, all of the remediation methods provided varying 
degrees of restoration of carbon and nitrogen contents of soils. High-throughput 
sequencing found that microbial community diversity and richness were enhanced 
in most restored soils. Some soil microorganisms associated with oil degradation 
and plant growth promotion such as Cavicella, C1_B045, Sphingomonas, MND1, 
Bacillus and Ramlibacter were identified in this study, among which Bacillus was 
the major component in the microbial agent. Bacillus was positively correlated 
with all soil remediation indicators tested and was substantially enriched in 
the rhizosphere of T. erecta. Functional gene prediction of the soil bacterial 
community based on the KEGG database revealed that pathways of carbohydrate 
metabolism and amino acid metabolism were up-regulated during remediation 
of oil-contaminated soils. This study provides a potential method for efficient 
remediation of oil-contaminated soils and thoroughly examines the biochar–
bacteria–plant combined remediation mechanisms of oil-contaminated soil, as 
well as the combined effects from the perspective of soil bacterial communities.
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Introduction

With the rapid progress of society and the development of scientific technology, 
environmental pollution is receiving increasing attention. Oil pollution caused by leakage 
during oil transportation and industrial production processes such as oil extraction and oil 
processing is a hot topic of research and concern. Crude oil contains various carcinogenic, 
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teratogenic, and mutagenic substances, including petroleum alkanes, 
cycloalkanes, and aromatic hydrocarbons, which can cause serious 
damage to the environment (Goveas et al., 2020; Sarfo et al., 2023). 
Spilled oil can swiftly seep into soil pores and be absorbed by soil 
grains, which markedly affects the carbon, nitrogen, and phosphorus 
contents, pH, aeration, and other physicochemical properties of the 
soil (Rhykerd et al., 1999; Li et al., 2015). Moreover, oil pollution has 
a significant impact on the establishment and succession of native 
plant communities, particularly in habitats with extreme 
environmental conditions such as salty soils (Liu et  al., 2021; 
Novakovskiy et al., 2021). Oil pollution may also endanger the health 
of animals and even humans through the food chain (Li H. S. et al., 
2022). Therefore, how to remediate oil pollution is a major focus of 
contemporary research.

Bioremediation is currently an important approach to remove oil 
pollution. Bioremediation measures commonly used to rectify oil 
pollution mainly include phytoremediation and microbial 
remediation. Phytoremediation utilizes a series of processes during 
growth such as biodegradation, extraction, and phytovolatilization of 
petroleum by plants, as well as the enrichment of soil microorganisms 
in rhizospheres, to remediate oil contamination in soil (Yeh et al., 
2015; Chen et al., 2017; Fahid et al., 2020). Phytoremediation is one of 
the most economical and environmentally friendly approaches for 
bioremediation. However, this approach has a long remediation cycle 
owing to its natural growth limitations and is less effective in 
remediating high concentrations of pollution (Iffis et al., 2017; He 
et  al., 2022). Microorganisms are promising degraders of organic 
pollutants (Bhatt et  al., 2020), and microbial remediation is a 
technique that utilizes microorganisms to mitigate, degrade, or reduce 
harmful contaminants to innocuous compounds (Varjani, 2017). The 
strategies for microbial remediation widely used to remediate oil 
pollution mainly include bioaugmentation, biostimulation, and other 
techniques such as remediation by enhanced natural attenuation. 
Bioaugmentation involves replenishing and remediating the microbial 
community by adding microorganisms capable of degrading oil 
pollutants; and biostimulation refers to stimulating the growth of 
oil-degrading microorganisms primarily through the addition of 
nutrients or other substrates necessary for microbial growth (Agarry 
et al., 2010; Nwankwegu and Onwosi, 2017; Zeneli et al., 2019). The 
degradation effect of different types of oil pollution by different 
microorganisms varies significantly, and environmental factors like 
moisture, temperature, and nutrition also affect the degradation ability 
of microorganisms (Varjani, 2017; Xu et al., 2018; Okoh et al., 2020).

Consequently, the combined plant–microbe remediation system 
has progressively gained in popularity and developed into a hotspot 
in the field of bioremediation research (Zhang et al., 2014; Cheng 
et al., 2019). Currently, numerous studies are being conducted to find 
combinations of plants and microorganisms that can efficiently 
degrade oil pollution and have better adaptability to the natural 
environment at the same time (Zhang et al., 2021; Zhao et al., 2021; 
Mfarrej et  al., 2023). In a combined plant–microbe remediation 
system, the rhizosphere is the main bioactive region. According to 
Gerhardt et al. (2009), rhizoremediation is a specific process in which 
plants and their associated rhizosphere microbes cooperate to 
remediate soil contamination. Root exudates can also be crucial in this 
process. In the hypothesis proposed by Heinonsalo et al. (2000), root 
and mycorrhizosphere development in lignin-rich forest humus and 
petroleum hydrocarbon-contaminated soils positively affect the way 

bacteria use carbon sources, and are crucial for bacterial community 
succession and degradation of petroleum pollution. In the co–
application of microorganisms and plants for the remediation of soil 
oil contamination, microorganisms can improve the tolerance of 
plants to oil pollution, whereas plants can reshape the structure of soil 
microbial communities, which can enhance the effect of oil 
degradation and provide the possibility for bioremediation in more 
complex environments (Jimoh et al., 2022; Wang et al., 2022).

At present, the combined plant–microbe remediation system has 
many challenges that deserve further exploration. For instance, some 
researchers have examined the effect of root exudates of plants on the 
activity and growth of microorganisms, with Chetverikov et  al. 
(2021) noting that bacterial activity could also influence the secretion 
of root exudates. Therefore, the selection of plant and bacterial 
species for bioremediation requires consideration of such 
information. Besides, in practical applications of the combined plant–
microbe remediation system, suitable soil amendments may still 
be  required. Biochar, which is produced by pyrolyzing natural 
biomass materials like plant and animal residues, is a soil amendment 
that is frequently used in pollution remediation. Biochar increases 
soil fertility and lessens the stress that oil pollution places on plants 
(Kim et al., 2018; Ren et al., 2020). In the combined application of 
biochar and microorganisms, biochar can provide a carbon source 
for microorganisms and can also adsorb pollutants to facilitate the 
contact between the microorganisms and the pollutants (Zhu et al., 
2017). Furthermore, adding biochar is more likely to produce 
dominant bacterial communities for degrading pollutants in 
contaminated soils, which has a good application prospect in the 
adsorption and degradation of soil pollution (Tomczyk et al., 2020; 
Dike et al., 2022). Based on the above information, the objectives of 
this study were: to select the more appropriate plant to work with 
microorganisms for efficient remediation of soil oil contamination, 
to explore the mechanism underlying the interaction between plant 
and microorganisms, and to determine whether the addition of 
biochar could enhance the remediation effect of combined plant–
microbe remediation.

Materials and methods

Experiment design and sample collection

Experiments were performed in Nankai University Horticultural 
Experimental Station (39°6′ N, 117°10′ E), Tianjin, China. Three 
plants were selected for the pot experiment for bioremediation of oil 
contamination: Hibiscus moscheutos, Mirabilis jalapa, and Tagetes 
erecta. These three plants are widely acknowledged as having some 
pollution remediation capacity and are also ornamental. Hairuike 
compound microbial agent produced by Yangzhou Hairuike Limited 
Company was selected as the source of microorganisms to degrade oil 
pollution, and was a lyophilized formulation mostly consisting of 
Bacillus, Micrococcus, enzymes, and nutrients. Biochar produced from 
corn stover was also utilized in the study. The experimental treatments 
of the three plant species, microbial agent, and biochar designed to 
remediate oil-contaminated soil by individual and combined 
applications are shown in Table 1.

Each treatment was designed with three pot replicates, with 
each pot containing 1.5 kg of culture soil. Culture soil was provided 
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by the Beijing Jiahui Landscaping and Flower Company (Beijing, 
China), constituted of garden soil, river sand, decompressed cow 
dung and peat in a ratio of 4:2:1:1(volume ratio). Culture soil was 
sterilized by autoclaving before use. Before planting, 5.5 g of crude 
oil was added to each pot and soil samples were taken to determine 
the total petroleum hydrocarbons (TPH) content to ensure that the 
soil TPH content was around 3.5 g/kg. The microbial agent was 
added at 5% of the dry weight of soil per pot, before which the 
microbial agent was diluted 1:10 with distilled water and was 
incubated with aeration and 10 mM glucose addition for 8 h. 
Biochar was added at 4% of the dry weight of soil per pot. Healthy 
seedlings of similar growth were transplanted into pots (three 
seedlings per pot) in June 2022. The experiment was conducted 
from June to September 2022 in Nankai University Horticultural 
Experimental Station under natural temperature and sunlight, with 
an average high temperature of 30.25°C, an average low 
temperature of 22.25°C, and an average sunshine duration of 
13.63 h. And watered each pot with equal amounts of water every 
day to maintain the soil moisture at around 50%. Plant growth 
parameters and physiological indicators were measured, and the 
plants were harvested after 90 d of growth. Soil samples for 
microbial analysis were collected at the same time as the plants 
were harvested. The entire plant root system was dug out and 
patted until all the loose soil clods fell off. Soil attached to the root 
surface was then collected as rhizosphere soils using sterile 
brushes. The non-rhizosphere soil was taken at a depth of 5–10 cm 
of the pot. Thereafter the soil samples were kept at −80°C for 
microbial analysis. Remaining soil in the pot was air-dried and 
sieved through a 2-mm mesh pending subsequent physical and 
chemical qualities determination.

Detection of soil physicochemical 
indicators and plant growth parameters

Total petroleum hydrocarbons (TPH) of the oil-contaminated 
soils were determined by ultrasonic extraction of soil samples with 
30 mL of dichloromethane for 15 min, centrifugation at 4000 rpm for 
10 min, and evaporation of the supernatant to dryness at 54°C for 
gravimetric determination. Total carbon (TC), total nitrogen (TN) 
and carbon-to-nitrogen ratio (C/N) were detected by the Vario 
MICRO cube element analyzer (Elementar, Germany). The height of 
the plants was measured on the day 90 after planting and the average 
of three plants in each pot was taken. All plants were then harvested 
and dried to measure biomass. Each indicator was determined 
in triplicate.

Bioinformatics analysis

Soil samples kept at −80°C were sent to Biomarker Technology 
Co., Ltd. (Beijing, China) for DNA isolation and sequencing. DNA in 
the soil samples was extracted with a TGuide S96 Magnetic Soil 
Genomic DNA Kit (Tiangen Biotech (Beijing) Co., Ltd.) according to 
the manufacturer’s instructions. The V3–V4 region of the 16S rRNA 
gene was amplified by primers 338F (5′-ACTCCTACGGGAGGCA 
GCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with 
barcodes. The PCR system contained 5–50 ng of DNA template, 
0.3 μg of aforementioned primers (10 μM each), 5 μL of KOD FX Neo 
Buffer, 2 μL of dNTPs (2 mM each), 0.2 μL of KOD FX Neo, and 
supplemental ddH2O to 10 mL. The PCR cycle comprised an initial 
denaturation at 95°C for 5 min, followed by 25 cycles of denaturation 
at 95°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 
40 s, then a final extension at 72°C for 7 min. Agencourt AMPure XP 
Beads (Beckman Coulter, Indianapolis, IN, USA) were used to purify 
all the PCR amplicons and a Qubit dsDNA HS Assay Kit and Qubit 
4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, OR, USA) was 
used to quantify the DNA. The constructed library was then 
sequenced using an Illumina NovaSeq6000 system (Illumina, 
Santiago, CA, USA) at Biomarker Technology Co., Ltd. (Beijing, 
China). Sequences with similarity >97% were clustered into the same 
operational taxonomic unit (OTU) using USEARCH (v10.0) and 
OTUs with abundance <0.005% were filtered and removed. Based on 
the SILVA database (version 132), the remaining OTUs were classified 
and annotated using Naive Bayes classifier in QIIME2 with a 
confidence threshold of 70%.

Statistical analysis

Microsoft Excel 2021 was used for data collation and SPSS 22.0 
was used for data processing and analysis. The significance of 
differences was tested using analysis of variance (ANOVA) and 
Duncan’s tests. Multivariate variance analysis was also performed in 
SPSS 22.0. Origin 2023 was used for graphing of TPH degradation 
efficiency, plant biomass, plant height, relative abundance of soil 
bacteria, and correlation analysis. Alpha diversity and beta diversity 
were calculated and displayed by the QIIME2 and R software, 
respectively. Linear discriminant analysis (LDA) effect size (LefSe) 
analysis was performed by LefSe tools on the platform BMKCloud 
and a logarithmic LDA score of 4.0 was set as the threshold for 
discriminative features. A functional gene prediction heatmap was 
also analyzed on the BMKCloud platform and graphed by 
Origin 2023.

TABLE 1 The design of experimental treatments.

Control Hibiscus moscheutos Mirabilis jalapa Tagetes erecta

Uncontaminated soil C HMC MJC TEC

Oil-contaminated soil P1 HMP1 MJP1 TEP1

Oil-contaminated soil containing microbial agent P2 HMP2 MJP2 TEP2

Oil-contaminated soil containing biochar P3 HMP3 MJP3 TEP3

Oil-contaminated soil containing microbial agent and biochar P4 HMP4 MJP4 TEP4

The abbreviations in the table represent the names of the treatments that combined the application of the remediation methods (plants, microbial agent, and biochar) shown in the table. No 
plants were planted in the control treatments.
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Results

TPH degradation efficiency

Soil total petroleum hydrocarbons (TPH) degradation efficiency 
after 90 days of treatment with different remediation methods is 
shown in Figure 1. The treatment without any remediation measures 
(P1) had the lowest TPH degradation efficiency of 37.53%, which 
could only degrade petroleum by natural degradation and 
decomposition by indigenous microorganisms. The addition of 
microbial agent, biochar, and the planting of plants all significantly 
increased TPH degradation efficiency (p < 0.05). In the treatments 
with plants, most of the plants showed a better oil degradation effect 
in co-application with microbial agent than in co-application with 
biochar. Overall, T. erecta was the best plant species in terms of the 
ability to degrade oil pollution. The highest TPH degradation was 
achieved by the combined application of T. erecta, microbial agent, 
and biochar, with a value of 76.60%.

To further clarify the interaction effects of plant, microbial 
agent, and biochar additions on TPH degradation efficiency, a 
multivariate variance analysis was conducted as shown in 
Supplementary Table S1. The analysis revealed that plants, microbial 
agent, and biochar all played an extremely significant role in the 
degradation of TPH in soil, with the addition of microbial agent 
being the most influential measure. In addition, the interaction 
effect between the microbial agent and biochar also significantly 
affected TPH degradation.

Soil stoichiometric characteristics

The soil total nitrogen content (TN), total carbon content (TC) and 
carbon to nitrogen ratio (C/N) after 90 d of restoration in each treatment 
are shown in Supplementary Table S2. The effect of adding microbial 
agent and biochar on soil TC and TN was more significant compared with 
planting plants. The oil-contaminated soil with no remediation treatment 
(P1), which had the lowest TPH degradation efficiency, had the lowest soil 
TC and TN contents. In contrast, TC and TN were significantly increased 
in most of the treatments with biochar addition. The oil-contaminated 
treatments with no plant had a higher C/N than the treatments planted 
with any plant, while the treatments planted with T. erecta, which had the 
highest rate of TPH degradation, had the lowest C/N.

Plant growth

Plants were harvested after 90 d of remediation of oil-contaminated 
soil by different methods and plant biomass and plant height were 
determined as shown in Figure 2 and Supplementary Figure S1. For 
control treatments, plants were grown in the same conditions but without 
oil-contaminated soil. Biomass and height of the plants in the 
oil-contaminated treatments were lower or significantly lower than those 
of the control. However, there was a significant rebound in plant biomass 
and plant height under combined restoration, especially with the addition 
of microbial agent or both microbial agent and biochar. In the combined 
biochar–microbial agent–phytoremediation treatment of H. moscheutos 

FIGURE 1

Total petroleum hydrocarbons (TPH) degradation efficiency of soil with different treatments. Different uppercase letters represent the significant 
differences (p  <  0.05) among the treatments with different plants or without plants and different lowercase letters represent the significant differences 
(p  <  0.05) in the treatments with the same plant but combined with different measures.
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FIGURE 2

Plant biomass and height of different treatments. Different lowercase letters represent the significant differences (p  <  0.05) in the treatments with the 
same plant but combined with different measures. (A) shows the plant biomass of different treatments and (B) shows the height.
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(HMP4) and T. erecta (TEP4), biomass was elevated to 151.50 and 
186.25%, respectively, compared to the phytoremediation alone treatment 
(HMP1 and TEP1), and plant height was elevated to 201.93 and 184.26%, 
respectively. However, the addition of biochar alone had little effect on the 
recovery of plant biomass and height.

Bacterial community diversity of soils

T. erecta, which exhibited the highest TPH degradation efficiency, 
was selected to collect samples of rhizosphere and non-rhizosphere soils 
for comparing with soils grown without plants and analyzing the 
differences in soil microbial communities. Four diversity indexes in 
Figure  3 showed the difference in alpha diversity of soil bacterial 
communities, including the community richness indexes ACE and 
Chao1, and the community diversity indexes Simpson and Shannon. 
The higher the indexes, the higher richness and diversity of a 
community. It was shown that the ACE and Chao1 indexes were lowest 
in the oil-contaminated soil without any restoration measures (P1), 

whereas the ACE and Chao1 indexes were higher in the T. erecta planted 
treatment especially in non-rhizosphere soil (TEP1–TEP4) compared 
with other treatments. For the Simpson and Shannon indexes, P1 was 
likewise very low. On the contrary, the soil with microbial agent (P2) 
and the non-rhizosphere soil remediated with T. erecta, microbial agent, 
and biochar (TEP4) had the highest Simpson and Shannon indexes.

To explore the difference in beta diversity of soil bacterial 
communities, principal coordinate analysis (PCoA) based on Bray–Curtis 
distance at the OTU level was performed (Figure  4). Significant 
differences in bacterial communities between the phytoremediation 
treatment (TEP1) and the other treatments (P1, P2, and P3) were detected 
(Figure 4A). There were also extremely significant differences in bacterial 
communities in the non-rhizosphere soils remediated by the combination 
of plants and the respective treatments (Figure  4B). In addition, the 
horizontal axis (PC1) separated samples with and without microbial 
agent, and the vertical axis (PC2) separated samples with or without 
biochar. Figure 4C indicates that bacterial communities in the rhizosphere 
(RP1) were not influenced by the addition of biochar (RP3), but were 
clearly influenced by the addition of microbial agents, either alone (RP2) 

FIGURE 3

Alpha diversity indexes of the soil microbial community: (A), ACE index; (B), Chao1 index; (C), Shannon index; (D), Simpson index. Horizontal 
coordinates represent the different experimental treatments. P1, P2, P3, and P4 represent the soils of the treatments without remediation, remediated 
with microbial agent only, remediated with biochar only, and remediated with microbial agent and biochar, respectively. TEP1, TEP2, TEP3, and TEP4 
represent the non-rhizosphere soils of the treatments remediated with T. erecta only, remediated with T. erecta and microbial agent, remediated with 
T. erecta and biochar, and remediated with T. erecta, microbial agent, and biochar combined, respectively. RP1, RP2, RP3, and RP4 represent the 
rhizosphere soils of the TEP1, TEP2, TEP3, and TEP4 treatments, respectively (the same below). The vertical coordinate is the value of the 
corresponding alpha diversity index.
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or in combination with biochar (RP4), as evidenced by the separation of 
samples along the vertical axis (PC2). As shown in Figure  4D, the 
separated treatments were P1, P2, and P3, which were not restored or 
were restored with a single restoration method and none of which had 
phytoremediation involved.

Taxonomic analysis of soil bacterial 
community composition

At the phylum level, the top 10 dominant taxa were Proteobacteria, 
Acidobacteriota, Gemmatimonadota, Firmicutes, Actinobacteriota, 
Bacteroidota, Chloroflexi, Patescibacteria, unclassified_Bacteria, and 
Myxococcota (Figure  5A). The abundance of the Firmicutes and 
Bacteroidota was significantly increased in the soil remediated with 
the addition of microbial agent and in the rhizosphere soil.

At the genus level, the top 10 classified dominant taxa in relative 
abundance were Cavicella, C1_B045, Sphingomonas, Subgroup_10, 

MND1, Bacillus, Ellin6067, Bryobacter, P3OB_42, and Ramlibacter 
(Figure 5B). Most of the restored treatments, regardless the methods 
of remediation (including P2–RP4), showed a decrease in the relative 
abundance of Cavicella and an increase in the relative abundance of 
Sphingomonas compared with the control treatment (P1). Most of the 
bacteria in the microbial agent used in this study were Bacillus and 
Micrococcus. Micrococcus was detected in low abundance in this study. 
However, the relative abundance of Bacillus significantly increased in 
the treatments with microbial agent, especially in the treatments 
where the microbial agent was applied in combination with plants.

Correlation analysis between relative 
abundance of soil bacteria and the effect 
of soil remediation

The correlation analysis of the top  10 soil bacteria in relative 
abundance at the genus level with the previously measured indicators 

FIGURE 4

Principal coordinate analysis (PCoA) of bacterial community structures. Each point in the figure represents a sample and different colors represent 
different treatments. The horizontal coordinate indicates the first principal component, while the percentage indicates the contribution of the first 
principal component to the sample variance. The vertical coordinate indicates the second principal component, while the percentage indicates the 
contribution of the second principal component to the sample variance. (A) shows the principal coordinate analysis (PCoA) of bacterial communities 
between each single treatment and the unremediated oil-contaminated soil. (B) shows the PCoA of bacterial communities in the nonrhizosphere soils 
remediated by the combination of plants and other treatments. (C) shows the PCoA of bacterial communities in the rhizosphere soils remediated by the 
combination of plants and other treatment. (D) shows the PCoA of bacterial communities in all the soil samples.
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related to soil remediation effectiveness is shown in Figure 6. Among 
these 10 bacteria, Bacillus was the only genus that was positively 
correlated with all soil remediation indicators tested and showed 
significant or extremely significant positive correlations with TPH 
degradation efficiency, plant height, and plant biomass. Sphingomonas 
and Ramlibacter also showed extremely significant positive 
correlations with TPH degradation efficiency and significant positive 
correlations with plant height. For soil physicochemical properties, 
MND1 and P3OB_42 demonstrated extremely significant positive 
correlations with soil TC and TN contents.

Difference analysis of soil bacterial 
community

The linear discriminant analysis (LDA) effect size (LEfSe) method 
was used to determine the taxa most likely to explain differences 
among the soil bacterial community in different treatments. A total of 
71 taxa were identified with significant differences (Figure 7). The 
oil-contaminated non-rhizosphere soils planted only with T. erecta 
(TEP1) differed from other treatments in being enriched with a high 
abundance of Proteobacteria, and the rhizosphere soil (RP1) had 

FIGURE 5

Relative abundance of soil bacteria. (A) shows the relative abundance of soil bacteria at phylum level and (B) shows the relative abundance of soil bacteria at 
genus level. Horizontal coordinates are experimental treatments and vertical coordinates are relative abundance percentages. Different colors indicate 
different phylum or genus and stacked columns are the top10 taxa in relative abundance at each taxonomic level.
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increased levels of Chloroflexi. Soils from the oil-contaminated 
treatment with biochar alone (P3) differed from the other treatments 
due to the presence of MND1 and Methylomirabilia. The biomarkers 
for the combined biochar–phytoremediation treatment were 
Alphaproteobacteria in non-rhizosphere soils (TEP3) and Firmicutes 
in the rhizosphere soils (RP3). For the combined remediation 
treatment with biochar, microbial agent, and T. erecta, the biomarkers 
that constituted the difference between that treatment and the other 
soils were predominantly Burkholderiales and Holophagae in 
non-rhizosphere soils (TEP4) as well as Bacillus and 
Sphingomonadaceae in rhizosphere soils (RP4).

Functional gene prediction

Based on the KEGG database, the secondary functions of soil 
bacteria were predicted and the top 10 major functional pathways in 
terms of relative abundance were obtained (Figure 8), with the highest 
percentage being for global and overview maps. In addition, genes of 
the carbohydrate metabolism pathway were up-regulated in most 
treatments except for the oil-contaminated soil without any 
remediation (P1) or with T. erecta remediation alone (TEP1). Genes 
of the amino acid metabolism pathway were down-regulated in the 
treatments without phytoremediation (P1, P2, and P3) as well as in the 
non-rhizosphere soil of the treatment co-remediated by T. erecta and 
biochar (TEP3). In contrast to the performance of the other pathways, 
genes of the energy metabolism pathway were down-regulated in the 

soils of the microbial agent remediation treatment (P2) and the 
combined biochar–bacteria–T. erecta treatment (TEP4), which had 
high efficiency of oil degradation, and were generally in low abundance 
in plant rhizosphere soils (RP2, RP3, and RP4).

Discussion

Oil pollution can seriously affect the physical and chemical 
properties of soil and plant growth. Bioremediation is a valuable 
approach for tackling oil pollution, but the effect of single 
bioremediation often fails to meet expectations owing to 
environmental factors and other issues like actual application methods 
and complexity of contaminants. In this study, multiple measures were 
applied in combination, and the most effective remediation method 
was the combination of biochar, microbial agent, and T. erecta, which 
resulted in an oil degradation rate of 76.60%. T. erecta performed 
better than the other two plants in our study, possibly due to its larger 
biomass and better recovery of biomass and plant height with the 
addition of microbial agent or biochar. Plants used for 
phytoremediation typically have the characteristics of high biomass 
and resistance to stress (Doroshenko et al., 2019). Ikeura et al. (2016) 
found that the roots of Zinnia profusion, which belongs to the same 
family (Compositae) as T. erecta, could serve as a nutritional source 
for soil microorganisms in oil-contaminated soils. In this study, 
T. erecta also exhibited better interaction effects with the microbial 
agent than other plants. Microorganisms are frequently believed to 

FIGURE 6

Correlation analysis between relative abundance of soil bacteria and the effect of soil remediation. The vertical coordinate represents the top 10 
classified dominant genus in relative abundance at the genus level and the horizontal coordinates are the indicators related to the soil 
remediation effects detected in this study. Red color indicates positive and blue color indicates negative correlations. p level is given: *p  < 0.05, 
**p  < 0.01.
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FIGURE 7

The linear discriminant analysis (LDA) value distribution. The vertical coordinates are the taxonomic units with significant differences between 
treatments, and the horizontal coordinates visualize the logarithmic scores of the LDA analysis for each taxonomic unit. The taxonomic units are sorted 
according to the size of their scores, with longer lengths indicating more significant differences of the taxonomic unit, and the color of the bars 
indicating the treatment corresponding to the higher abundance of that taxonomic unit.
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be the main players in co-bioremediation (Xu et al., 2018; Shirzadian 
Gilan et  al., 2023). Our multivariate variance analysis for oil 
degradation efficiency agrees with this view that the degreasing 
microbial agents have the highest contribution to the degradation of 
oil. Our multivariate variance analysis also demonstrated that in terms 
of the interaction effect, the combined effect of microbial agent and 
biochar contributed more to oil degradation in this experiment. This 
is consistent with the findings of other researchers that the combined 
application of bioaugmentation and biochar is superior to the 
combined application of biostimulation or phytoremediation with 
biochar (Dike et al., 2022). This was corroborated by the fact that the 
increase in TPH degradation efficiency and the recovery of plant 
growth under combined plant and biochar remediation in this 
experiment were not significant.

The various remediation techniques all contribute to degrading 
the pollution and simultaneously restoring the soil physicochemical 
properties. In this study, the effects of the three remediation measures 
on the improvement of soil nutrient content were, in descending 
order: biochar > microbial agent > plants. One possible explanation 
for this outcome is that the microbial agent itself contains a certain 
amount of nutrients and the biochar contains a large amount of 
carbon. On the other hand, biochar is also able to improve the nutrient 
status of the soil by sequestering carbon and increasing soil porosity 
and water-holding capacity (Galitskaya et al., 2016; Singh et al., 2022). 
Our study was conducted under oil-contaminated conditions and 
crude oil also contains a large amount of carbon, thus, it should not 
be generalized that a higher carbon content in the soil is preferable 
(Akachukwu et al., 2018; Mukome et al., 2020). The treatments planted 
with T. erecta—the plant with the highest rate of TPH degradation in 
this study—did not differ significantly from the other treatments in 
TC and TN contents, but had the lowest C/N ratio, which may 

be  attributed to maintaining soil nutrients while simultaneously 
degrading most of the oil.

Soil microbial communities, as sensitive indicators under stress, 
can be severely affected by oil contamination (Li Q. et al., 2022). The 
results of our study indicate that planting plants, adding microbial 
agents, and incorporating biochar all contributed to varying degrees 
of enhancement in soil microbial richness and diversity compared to 
oil-contaminated soil without any remediation methods. Wang et al. 
(2014) found that soil microbial abundance and diversity increased 
after 12 weeks of combined remediation of soil contamination by 
bacteria and plants, which is consistent with our study. Among the 
three measures tested in this study, planting was the most effective 
measure to increase soil microbial richness, and the combination of 
all three remediation measures was most effective for increasing the 
diversity of the soil microbial community. Increases in soil microbial 
community richness and diversity are conducive to the enhancement 
of plant resistance to oil pollution and the remediation of oil pollution 
(Li Q. et al., 2021; Li J. et al., 2021; Li S. et al., 2021). However, the 
changes in soil microbial communities also highlight the potential 
unforeseen ecological impacts of introducing exotic microorganisms, 
and this important issue must be considered in practical applications.

High-throughput sequencing is a valuable tool for investigating 
the structure and function of soil microbial communities and 
facilitates understanding of the biological processes involved in the 
degradation of petroleum hydrocarbons in soil (Wang Q. L. et al., 
2020; Gao et al., 2022). In this study, the soil bacterial community 
structure changed significantly between oil-contaminated and 
remediated soils. At the phylum level, the most abundant taxon in 
most of the soil samples was Proteobacteria. Sutton et al. (2013) 
similarly showed that Proteobacteria was the dominant phylum in 
oil-contaminated soils. In addition, we  found that the following 

FIGURE 8

Prediction of functional genes in soil bacteria based on KEGG pathway. Horizontal coordinates represent experimental treatments and vertical 
coordinates represent KEGG metabolic pathways. Blue to red indicates increasing abundance.
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phyla were relatively abundant: Acidobacteriota, which may 
be related to soil organic matter content (Shelyakin et al., 2022); 
Gemmatimonadota, which participates in the detoxification and 
degradation of organic pollutants and has a high tolerance to organic 
pollutants (Zhang et  al., 2022); and Actinobacteriota, which has 
been reported as one of the most common bacteria in 
oil-contaminated soils (Egorova et al., 2023).

At the genus level, Cavicella with the high relative abundance in 
this study, is a recently discovered genus that is more likely to 
be enriched in crude oil-contaminated soils or diesel-contaminated 
soils and may contain novel petroleum hydrocarbon-degrading 
bacteria (Xue et al., 2020; Assil et al., 2021). C1_B045 is still poorly 
documented although it has been detected in some oil pollution 
studies (Teske et al., 2022). Peng et al. (2020) found that the highest 
abundance of C1_B045 in oil-polluted seawater was accompanied by 
the highest oxidation rate of polycyclic aromatic hydrocarbons 
(PAHs). In this study, Cavicella and C1_B045 had the highest relative 
abundance at the genus level, but the correlation analysis showed 
negative correlation between their abundance at day 90 of growth 
and the remediation effects of oil-contaminated soil. However, 
because oil degradation in soil is not a static process, it cannot 
be generalized that the data collected at the end of the experiment 
fully accounts for the taxa involved in degradation. Cavicella and 
C1_B045 were likely to have made an important contribution toward 
degradation in the treatments with high degradation rates, but as the 
soil starts to recover, they were replaced by other taxa, and this could 
be  the reason for the negative correlation. Sphingomonas and 
Ramlibacter are well-known petroleum-degrading and plant-
beneficial bacteria, respectively, which is consistent with their 
positive correlation with TPH degradation and plant height in this 
study (Shen et al., 2016; Li P. F. et al., 2022). In addition, petroleum 
contamination may nourish MND1 in soil, but soil type and 
concentration of contaminated petroleum both affect the abundance 
of MND1 (Shen et al., 2018).

Bacillus belonging to the phylum Firmicutes is noteworthy in 
this study. Firmicutes is often considered as one of the most 
important phyla in the biodegradation of petroleum-contaminated 
soil and has a degrading effect on petroleum alkanes, some aromatic 
hydrocarbons, and other stubborn components (Gao et al., 2022; 
Hou et al., 2022). Most of the strains of degreasing bacteria in the 
microbial agent used in our study belong to the genus Bacillus, and 
there was a corresponding increase in the relative abundance of 
Bacillus at the genus level in the treatments where the microbial 
agent was applied, especially in the treatments where it was applied 
in combination with plants, or with plants and biochar. This likely 
represented a favorable colonization of the oil-degrading bacteria in 
the microbial agent, especially if plants and biochar assist in their 
growth. Yu et  al. (2019) also found that Firmicutes responded 
positively to nutrient amendments in oil contamination remediation, 
which may explain the higher abundance of Bacillus in the 
co-remediation treatment in this study. Correlation analysis showed 
that Bacillus was positively correlated with all soil remediation 
indicators tested in our study. In addition, LefSe analysis revealed 
that Bacillus was the dominant genus that constituted the difference 
in the structure of the bacterial community between the rhizosphere 
soil of T. erecta and other soils, which may indicate that Bacillus with 
the ability to degrade petroleum contamination congregated in large 
numbers in the rhizosphere of T. erecta. Other studies have also 
found that Bacillus aggregated more readily at the rhizosphere and 

could enhance the metabolic activity of the plant rhizosphere (Dhote 
et al., 2017; Hashmat et al., 2019).

In addition to the structure of the community, metabolic function 
is crucial in studies about microbial communities. Prediction of 
functional genes of soil bacteria based on KEGG data can better reveal 
the response of bacterial communities to environmental changes and 
explore possible degradation strategies of bacteria under oil pollution 
(Wang et al., 2016; Wang Y. G. et al., 2020). The main pathways that 
differed among treatments in this study were the carbohydrate 
metabolism pathway and the amino acid metabolism pathway, where 
gene abundance was positively correlated with the effect of oil 
degradation, whereas energy metabolism was negatively correlated. The 
carbohydrate metabolism pathway and the amino acid metabolism 
pathway are closely related to the maintenance of cellular functions and 
participate in defense strategies (Lou et al., 2019). Amino acid transport 
plays a crucial role in defense against stress, and amino acids are also 
key factors between plant root growth and microbial colonization (Meo, 
2013). In addition, genes of the carbohydrate metabolism pathway may 
be instrumental in plant–microbe interactions. Bhattacharyya and Jha 
(2012) found that rhizosphere bacteria can promote plant growth by 
promoting carbohydrate metabolism in plants. Energy metabolism can 
also help plants and microorganisms to adapt to environmental 
pressures under oil stress (Xu et  al., 2017). Changes in metabolic 
pathway abundance reflect adjustments in metabolic pathways made by 
microorganisms in response to environmental stresses to some extent 
(Zokaei et al., 2021). In this study, the metabolic pathways were adjusted 
more in favor of the carbohydrate metabolism pathway and the amino 
acid metabolism pathway in the case of multiple repair measures 
combined for remediation of oil pollution. However, the abundance of 
amino acid metabolism pathway genes was relatively low in the 
rhizosphere soil of the co-remediation treatment of plants and biochar. 
Thus, the effectiveness of combined plant and biochar remediation 
requires further exploration.

Conclusion

In this study, we compared the degradation effects of microbial 
agent, biochar, and three different plant species and their combined 
application on soil oil pollution. We selected T. erecta as the most 
appropriate plant to combine with the microbial agent owing to 
better plant growth and higher efficiency of TPH degradation 
compared with the other two plants. Addition of biochar enhanced 
the remediation effect of combined plant–microbe remediation and 
the remediation technique that combined biochar, microbial agent, 
and T. erecta performed best. High-throughput sequencing was 
applied to explore the mechanism underlying the interaction 
between the remediation components and it was found that 
microbial community diversity and richness were enhanced in the 
restored soil. Proteobacteria, Acidobacteriota, Gemmatimonadota, 
Firmicutes, and Actinobacteriota were the phyla with the highest 
relative abundance found in oil pollution remediation. Cavicella, 
C1_B045, Sphingomonas, MND1, Bacillus, Ramlibacter, and other 
genera found in high relative abundance were all associated with 
petroleum degradation and plant growth promotion. The 
abundance of Bacillus contained in the microbial agent was also 
significantly increased in the bacterial community of the soil with 
the addition of the microbial agent and was positively correlated 
with all soil remediation indicators tested in this study. Furthermore, 
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Bacillus was heavily enriched in the rhizosphere of T. erecta. 
Prediction of functional genes in soil bacteria based on KEGG data 
revealed that adjustments to metabolic pathways made by soil 
bacteria under the stress of oil contamination were more in favor of 
the carbohydrate metabolism pathway and the amino acid 
metabolism pathway. This study provides a potential method for 
efficient remediation of oil-contaminated soils, and explores the 
mechanism of the combined effects of plants and microorganisms 
in degrading soil oil contamination from the perspective of soil 
bacterial communities.

Data availability statement

The data presented in the study are deposited in the NCBI under 
the BioProject PRJNA1106199.

Author contributions

XF: Conceptualization, Data curation, Investigation, 
Methodology, Writing – original draft, Writing – review & editing. 
MZ: Conceptualization, Data curation, Methodology, Writing – 
review & editing. PZ: Data curation, Investigation, Writing – original 
draft, Writing – review & editing. HW: Data curation, Investigation, 
Writing – review & editing. KW: Data curation, Methodology, Writing 
– review & editing. JL: Methodology, Writing – review & editing. FS: 
Conceptualization, Data curation, Methodology, Writing – original 
draft, Writing – review & editing.

Funding

The author (s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
was financially supported by the project of Tianjin Municipal 
Education Commission, Tianjin, China (No. 2021YJSB097).

Conflict of interest

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

Publisher's note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1343366/
full#supplementary-material

References
Agarry, S. E., Owabor, C. N., and Yusuf, R. O. (2010). Studies on biodegradation of 

kerosene in soil under different bioremediation strategies. Biorem. J. 14, 135–141. doi: 
10.1080/10889868.2010.495364

Akachukwu, D., Gbadegesin, M. A., Ojimelukwe, P. C., and Atkinson, C. J. (2018). 
Biochar remediation improves the leaf mineral composition of Telfairia occidentalis 
grown on gas flared soil. Plants-Basel 7:57. doi: 10.3390/plants7030057

Assil, Z., Esegbue, O., Masek, O., Gutierrez, T., and Free, A. (2021). Specific 
enrichment of hydrocarbonclastic bacteria fromdiesel-amended soil on biochar 
particles. Sci. Total Environ. 762:143084. doi: 10.1016/j.scitotenv.2020.143084

Bhatt, P., Gangola, S., Bhandari, G., Zhang, W. P., Maithani, D., Mishra, S., et al. (2020). 
New insights into the degradation of synthetic pollutants in contaminated environments. 
Chemosphere 268:128827. doi: 10.1016/j.chemosphere.2020.128827

Bhattacharyya, P. N., and Jha, D. K. (2012). Plant growth-promoting rhizobacteria 
(PGPR): emergence in agriculture. World J. Microb. Biot. 28, 1327–1350. doi: 10.1007/
s11274-011-0979-9

Chen, Z. B., Reiche, N., Vymazal, J., and Kuschk, P. (2017). Treatment of water 
contaminated by volatile organic compounds in hydroponic root mats. Ecol. Eng. 98, 
339–345. doi: 10.1016/j.ecoleng.2016.08.012

Cheng, J. M., Sun, Z. H., Yu, Y. Q., Li, X. R., and Li, T. T. (2019). Effects of modified 
carbon black nanoparticles on plant-microbe remediation of petroleum and heavy metal 
co-contaminated soils. Int. J. Phytoremediation 21, 634–642. doi: 
10.1080/15226514.2018.1556581

Chetverikov, S., Vysotskaya, L., Kuzina, E., Arkhipova, T., Bakaeva, M., Rafikova, G., 
et al. (2021). Effects of Association of Barley Plants with hydrocarbon-degrading 
Bacteria on the content of soluble organic compounds in clean and oil-contaminated 
sand. Plant-Basel 10:975. doi: 10.3390/plants10050975

Dhote, M., Kumar, A., Jajoo, A., and Juwarkar, A. (2017). Assessment of hydrocarbon 
degradation potentials in a plant-microbe interaction system with oil sludge 
contamination: a sustainable solution. Int. J. Phytoremediation 19, 1085–1092. doi: 
10.1080/15226514.2017.1328388

Dike, C. C., Hakeem, I. G., Rani, A., Surapaneni, A., Khudur, L., Shah, K., et al. (2022). 
The co-application of biochar with bioremediation for the removal of petroleum 

hydrocarbons from contaminated soil. Sci. Total Environ. 849:157753. doi: 10.1016/j.
scitotenv.2022.157753

Doroshenko, A., Budarin, V., McElroy, R., Hunt, A. J., Rylott, E., Anderson, C., et al. 
(2019). Using in vivo nickel to direct the pyrolysis of hyperaccumulator plant biomass. 
Green Chem. 21, 1236–1240. doi: 10.1039/c8gc03015d

Egorova, D. O., Sannikov, P. Y., Khotyanovskaya, Y. V., and Buzmakov, S. A. (2023). 
Composition of bacterial communities in oil-contaminated bottom sediments of the 
Kamenka River. Mosc. Univ. Biol. Sci. Bull. 78, 14–20. doi: 10.3103/S0096392523010029

Fahid, M., Arslan, M., Shabir, G., Younus, S., Yasmeen, T., Rizwan, M., et al. (2020). 
Phragmites australis in combination with hydrocarbons degrading bacteria is a suitable 
option for remediation of diesel-contaminated water in floating wetlands. Chmosphere 
240:124890. doi: 10.1016/j.chemosphere.2019.124890

Galitskaya, P., Akhmetzyanova, L., and Selivanovskaya, S. (2016). Biochar-carrying 
hydrocarbon decomposers promote degradation during the early stage of 
bioremediation. Biogeosciences 13, 5739–5752. doi: 10.5194/bg-13-5739-2016

Gao, Y. C., Yuan, L. Y., Du, J. H., Wang, H., Yang, X. D., Duan, L. C., et al. (2022). 
Bacterial community profile of the crude oil-contaminated saline soil in the Yellow River 
Delta natural reserve. Chemosphere 289:133207. doi: 10.1016/j.chemosphere.2021.133207

Gerhardt, K. E., Huang, X. D., Glick, B. R., and Greenberg, B. M. (2009). 
Phytoremediation and rhizoremediation of organic soil contaminants: potential and 
challenges. Plant Sci. 176, 20–30. doi: 10.1016/j.plantsci.2008.09.014

Goveas, L. C., Krishna, A., Salian, A., Menezes, J., Alva, M., Basavapattan, B., et al. 
(2020). Isolation and characterization of Bacteria from refinery effluent for degradation 
of petroleum crude oil in seawater. J. Pure Appl. Microbio. 14, 473–484. doi: 10.22207/
JPAM.14.1.49

Hashmat, A. J., Afzal, M., Fatima, K., Anwar-ul-Haq, M., Khan, Q. M., Arias, C. A., 
et al. (2019). Characterization of hydrocarbon-degrading Bacteria in constructed 
wetland microcosms used to treat crude oil polluted water. B. Environ. Contam. Tox. 102, 
358–364. doi: 10.1007/s00128-018-2518-y

He, M. F., Li, Z. B., and Mei, P. (2022). Root exudate glycine synergistically promotes 
phytoremediation of petroleum-contaminated soil. Front. Env. Sci-Switz. 10:1033989. 
doi: 10.3389/fenvs.2022.1033989

https://doi.org/10.3389/fmicb.2024.1343366
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1343366/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1343366/full#supplementary-material
https://doi.org/10.1080/10889868.2010.495364
https://doi.org/10.3390/plants7030057
https://doi.org/10.1016/j.scitotenv.2020.143084
https://doi.org/10.1016/j.chemosphere.2020.128827
https://doi.org/10.1007/s11274-011-0979-9
https://doi.org/10.1007/s11274-011-0979-9
https://doi.org/10.1016/j.ecoleng.2016.08.012
https://doi.org/10.1080/15226514.2018.1556581
https://doi.org/10.3390/plants10050975
https://doi.org/10.1080/15226514.2017.1328388
https://doi.org/10.1016/j.scitotenv.2022.157753
https://doi.org/10.1016/j.scitotenv.2022.157753
https://doi.org/10.1039/c8gc03015d
https://doi.org/10.3103/S0096392523010029
https://doi.org/10.1016/j.chemosphere.2019.124890
https://doi.org/10.5194/bg-13-5739-2016
https://doi.org/10.1016/j.chemosphere.2021.133207
https://doi.org/10.1016/j.plantsci.2008.09.014
https://doi.org/10.22207/JPAM.14.1.49
https://doi.org/10.22207/JPAM.14.1.49
https://doi.org/10.1007/s00128-018-2518-y
https://doi.org/10.3389/fenvs.2022.1033989


Fang et al. 10.3389/fmicb.2024.1343366

Frontiers in Microbiology 14 frontiersin.org

Heinonsalo, J., Jorgensen, K. S., Haahtela, K., and Sen, R. (2000). Effects of Pinus 
sylvestris root growth and mycorrhizosphere development on bacterial carbon source 
utilization and hydrocarbon oxidation in forest and petroleum-contaminated soils. Can. 
J. Microbiol. 46, 451–464. doi: 10.1139/w00-011

Hou, X. R., Ji, L., Li, T., Qi, Z. C., Sun, X. X., Li, Q., et al. (2022). Effects of salt stress 
on the structure and function of oil-contaminated soil Bacteria. Water Air Soil Poll. 
233:349. doi: 10.1007/s11270-022-05797-1

Iffis, B., St-Arnaud, M., and Hijri, M. (2017). Petroleum contamination and plant 
identity influence soil and root microbial communities while AMF spores retrieved from 
the same plants possess markedly different communities. Front. Plant Sci. 8:1381. doi: 
10.3389/fpls.2017.01381

Ikeura, H., Kawasaki, Y., Kaimi, E., Nishiwaki, J., Noborio, K., and Tamaki, M. (2016). 
Screening of plants for phytoremediation of oil-contaminated soil. Int. J. 
Phytoremediation 18, 460–466. doi: 10.1080/15226514.2015.1115957

Jimoh, A. A., Ikhimiukor, O. O., and Adeleke, R. (2022). Prospects in the 
bioremediation of petroleum hydrocarbon contaminants from hypersaline 
environments: a review. Environ. Sci. Pollut. R. 29, 35615–35642. doi: 10.1007/
s11356-022-19299-4

Kim, H., Kim, J., Kim, M., Hyun, S., and Moon, D. H. (2018). Sorption of sulfathiazole 
in the soil treated with giant Miscanthus-derived biochar: effect of biochar pyrolysis 
temperature, soil pH, and aging period. Environ. Sci. Pollut. R. 25, 25681–25689. doi: 
10.1007/s11356-017-9049-7

Li, Y., Li, F. M., Li, F. X., Yuan, F. Q., and Wei, P. F. (2015). Effect of the ultrasound-
Fenton oxidation process with the addition of a chelating agent on the removal of 
petroleum-based contaminants from soil. Environ. Sci. Pollut. R. 22, 18446–18455. doi: 
10.1007/s11356-015-5137-8

Li, P. F., Liu, J., Saleem, M., Li, G. L., Luan, L., Wu, M., et al. (2022). Reduced 
chemodiversity suppresses rhizosphere microbiome functioning in the mono-cropped 
agroecosystems. Microbiome 10:108. doi: 10.1186/s40168-022-01287-y

Li, H. S., Sun, H., Wang, X. P., Li, F. J., Cao, L. X., Li, Y., et al. (2022). Temporal and 
spatial variation of petroleum hydrocarbons and microbial communities during static 
release of oil pollution sediments. Front. Mar. Sci. 9:1025612. doi: 10.3389/
fmars.2022.1025612

Li, Q., Xing, Y., Fu, X., Ji, L., and Zhang, Q. (2021). Biochemical mechanisms of 
rhizospheric Bacillus subtilis-facilitated phytoextraction by alfalfa under cadmium 
stress-microbial diversity and metabolomics analyses. Ecotoxicol. Environ. Saf. 
212:112016. doi: 10.1016/j.ecoenv.2021.112016

Li, Q., Xing, Y. N., Huang, B., Chen, X., Ji, L., Fu, X., et al. (2022). Rhizospheric 
mechanisms of Bacillus subtilis bioaugmentation-assisted phytostabilization of 
cadmium-contaminated soil. Sci. Total Environ. 825:154136. doi: 10.1016/j.
scitotenv.2022.154136

Li, J., Xu, Y., Song, Q. W., Yang, J., Xie, L., Yu, S. H., et al. (2021). Polycyclic aromatic 
hydrocarbon and n-alkane pollution characteristics and structural and functional 
perturbations to the microbial community: a case-study of historically petroleum-
contaminated soil. Environ. Sci. Pollut. R. 28, 10589–10602. doi: 10.1007/
s11356-020-11301-1

Liu, S., Zhu, L. M. L., Jiang, W. C., Qin, J. Z., and Lee, H. S. (2021). Research on the 
effects of soil petroleum pollution concentration on the diversity of natural plant 
communities along the coastline of Jiaozhou bay. Environ. Res. 197:111127. doi: 
10.1016/j.envres.2021.111127

Lou, J. L., Liu, M., Gu, J. L., Liu, Q. H., Zhao, L., Ma, Y. S., et al. (2019). Metagenomic 
sequencing reveals microbial gene catalogue of phosphinothricin-utilized soils in South 
China. Gene 711:143942. doi: 10.1016/j.gene.2019.143942

Meo, L. A. (2013). Amino acids in the rhizosphere: from plants to microbes. Am. J. 
Bot. 100, 1692–1705. doi: 10.3732/ajb.1300033

Mfarrej, M. F. B., Wang, X. K., Fahid, M., Saleem, M. H., Alatawi, A., Ali, S., et al. 
(2023). Floating treatment wetlands (FTWs) is an innovative approach for the 
remediation of petroleum hydrocarbons-contaminated water. J. Plant Growth Regul. 42, 
1402–1420. doi: 10.1007/s00344-022-10674-6

Mukome, F. N. D., Buelow, M. C., Shang, J. T., Peng, J., Rodriguez, M., Mackay, D. M., 
et al. (2020). Biochar amendment as a remediation strategy for surface soils impacted 
by crude oil. Environ. Pollut. 265:115006. doi: 10.1016/j.envpol.2020.115006

Novakovskiy, A. B., Kanev, V. A., and Markarova, M. Y. (2021). Long-term dynamics 
of plant communities after biological remediation of oil-contaminated soils in far north. 
Sci. Rep. UK 11:4888. doi: 10.1038/s41598-021-84226-5

Nwankwegu, A. S., and Onwosi, C. O. (2017). Bioremediation of gasoline 
contaminated agricultural soil by bioaugmentation. Environ. Technol. Innov. 7, 1–11. doi: 
10.1016/j.eti.2016.11.003

Okoh, E., Yelebe, Z. R., Oruabena, B., Nelson, E. S., and Indiamaowei, O. P. (2020). 
Clean-up of crude oil-contaminated soils: bioremediation option. Int. J. Environ. Sci. 
Technol. 17, 1185–1198. doi: 10.1007/s13762-019-02605-y

Peng, C., Tang, Y., Yang, H., He, Y., Liu, Y., Liu, D., et al. (2020). Time- and compound-
dependent microbial community compositions and oil hydrocarbon degrading activities 
in seawater near the Chinese Zhoushan archipelago. Mar. Pollut. Bull. 152:110907. doi: 
10.1016/j.marpolbul.2020.110907

Ren, H. Y., Wei, Z. J., Wang, Y., Deng, Y. P., Li, M. Y., and Wang, B. (2020). Effects of 
biochar properties on the bioremediation of the petroleum-contaminated soil from a 
shale-gas field. Environ. Sci. Pollut. R. 27, 36427–36438. doi: 10.1007/s11356-020-09715-y

Rhykerd, R., Crews, B., McInnes, K., and Weaver, R. W. (1999). Impact of bulking 
agents, forced aeration, and tillage on remediation of oil-contaminated soil. Bioresour. 
Technol. 67, 279–285. doi: 10.1016/S0960-8524(98)00114-X

Sarfo, M. K., Gyasi, S. F., Kabo-Bah, A. T., Adu, B., Mohktar, Q., Appiah, A. S., et al. (2023). 
Isolation and characterization of crude-oil-dependent bacteria from the coast of Ghana using 
oxford nanopore sequencing. Heliyon 9:e13075. doi: 10.1016/j.heliyon.2023.e13075

Shelyakin, P. V., Semenkov, I. N., Tutukina, M. N., Nikolaeva, D. D., Sharapova, A. V., 
Sarana, Y. V., et al. (2022). The influence of kerosene on microbiomes of diverse soils. 
Life-Basel 12:221. doi: 10.3390/life12020221

Shen, Y. Y., Ji, Y., Li, C. R., Luo, P. P., Wang, W. K., Zhang, Y., et al. (2018). Effects of 
phytoremediation treatment on bacterial community structure and diversity in different 
petroleum-contaminated soils. Int. J. Env. Res. Pub. He. 15:2168. doi: 10.3390/
ijerph15102168

Shen, W. H., Zhu, N. W., Cui, J. Y., Wang, H. J., Dang, Z., Wu, P. X., et al. (2016). 
Ecotoxicity monitoring and bioindicator screening of oil-contaminated soil during 
bioremediation. Ecotox. Environ. Safe. 124, 120–128. doi: 10.1016/j.ecoenv.2015.10.005

Shirzadian Gilan, R., Parvizi, Y., Pazira, E., and Rejali, F. (2023). Remediation capacity 
of drought-tolerant plants and bacteria in petroleum hydrocarbon-contaminated soil in 
Iran. S. Afr. J. Bot. 153, 1–10. doi: 10.1016/j.sajb.2022.12.014

Singh, H., Northup, B. K., Rice, C. W., and Prasad, P. V. V. (2022). Biochar applications 
influence soil physical and chemical properties, microbial diversity, and crop 
productivity: a meta-analysis. Biochar 4:8. doi: 10.1007/s42773-022-00138-1

Sutton, N. B., Maphosa, F., Morillo, J. A., Abu Al-Soud, W., Langenhoff, A. A. M., 
Grotenhuis, T., et al. (2013) Impact of Long-Term Diesel Contamination on Soil 
Microbial Community Structure. Appl. Environ. Microb. 79, 619–630. doi: 10.1128/
AEM.02747-12

Teske, A., Hinrichs, K. U., Edgcomb, V., Gomez, A. D., Kysela, D., Sylva, S. P., et al. 
(2022). Microbial diversity of hydrothermal sediments in the Guaymas Basin: evidence 
for anaerobic methanotrophic communities. Appl. Environ. Microb. 68, 1994–2007. doi: 
10.1128/AEM.68.4.1994-2007.2002

Tomczyk, A., Sokołowska, Z., and Boguta, P. (2020). Biochar physicochemical 
properties: pyrolysis temperature and feedstock kind effects. Rev. Environ. Sci. Biol. 19, 
191–215. doi: 10.1007/s11157-020-09523-3

Varjani, S. J. (2017). Microbial degradation of petroleum hydrocarbons. Bioresour. 
Technol. 223, 277–286. doi: 10.1016/j.biortech.2016.10.037

Wang, A., Fu, W. X., Feng, Y., Liu, Z. M., and Song, D. H. (2022). Synergetic effects of 
microbial-phytoremediation reshape microbial communities and improve degradation 
of petroleum contaminants. J. Hazrd. Mater. 429:128396. doi: 10.1016/j.
jhazmat.2022.128396

Wang, Q. L., Hou, J. Y., Yuan, J., Wu, Y. C., Liu, W. X., Luo, Y. M., et al. (2020). 
Evaluation of fatty acid derivatives in the remediation of aged PAH-contaminated soil 
and microbial community and degradation gene response. Chemosphere 248:125983. 
doi: 10.1016/j.chemosphere.2020.125983

Wang, T., Sun, H. W., Jiang, C. X., Mao, H. J., and Zhang, Y. F. (2014). Immobilization 
of cd in soil and changes of soil microbial community by bioaugmentation of UV-
mutated Bacillus subtilis 38 assisted by biostimulation. Eur. J. Soil Bio. 65, 62–69. doi: 
10.1016/j.ejsobi.2014.10.001

Wang, H., Wang, B., Dong, W. W., and Hu, X. K. (2016). Co-acclimation of bacterial 
communities under stresses of hydrocarbons with different structures. Sci. Rep-UK 
6:34588. doi: 10.1038/srep34588

Wang, Y. G., Wang, J. Q., Leng, F. F., and Chen, J. X. (2020). Effects of oil pollution on 
indigenous bacterial diversity and community structure of soil in Fushun, Liaoning 
Province. China. Geomicrobiol. J. 38, 115–126. doi: 10.1080/01490451.2020.1817196

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

Xu, J., Zhang, L., Hou, J. L., Wang, X. L., Liu, H., Zheng, D. N., et al. (2017). iTRAQ-
based quantitative proteomic analysis of the global response to 17β-estradiol in 
estrogen-degradation strain Pseudomonas putida SJTE-1. Sci. Rep-UK 7:41682. doi: 
10.1038/srep41682

Xue, S. W., Huang, C., Tian, Y. X., Li, Y. B., Li, J., and Ma, Y. L. (2020). Synergistic effect of 
Rhamnolipids and inoculation on the bioremediation of petroleum-contaminated soils by 
bacterial consortia. Curr. Microbiol. 77, 997–1005. doi: 10.1007/s00284-020-01899-3

Yeh, N., Yeh, P., and Chang, Y. H. (2015). Artificial floating islands for environmental 
improvement. Renew. Sust. Energ. Rev. 47, 616–622. doi: 10.1016/j.rser.2015.03.090

Yu, W. H., Zheng, J., Song, Q. W., Zhao, C. C., Chen, C. Z., Chen, H. K., et al. (2019). Bio-
char influenced indigenous microbial stimulation for oil contaminated soil remediation in 
Northwest China. Petrol. Sci. Technol. 37, 1338–1345. doi: 10.1080/10916466.2019.1581813

Zeneli, A., Kastanaki, E., Simantiraki, F., and Gidarakos, E. (2019). Monitoring 
the biodegradation of TPH and PAHs in refinery solid waste by biostimulation and 
bioaugmentation. J. Environ. Chem. Eng. 7:103054. doi: 10.1016/j.jece.2019.103054

https://doi.org/10.3389/fmicb.2024.1343366
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1139/w00-011
https://doi.org/10.1007/s11270-022-05797-1
https://doi.org/10.3389/fpls.2017.01381
https://doi.org/10.1080/15226514.2015.1115957
https://doi.org/10.1007/s11356-022-19299-4
https://doi.org/10.1007/s11356-022-19299-4
https://doi.org/10.1007/s11356-017-9049-7
https://doi.org/10.1007/s11356-015-5137-8
https://doi.org/10.1186/s40168-022-01287-y
https://doi.org/10.3389/fmars.2022.1025612
https://doi.org/10.3389/fmars.2022.1025612
https://doi.org/10.1016/j.ecoenv.2021.112016
https://doi.org/10.1016/j.scitotenv.2022.154136
https://doi.org/10.1016/j.scitotenv.2022.154136
https://doi.org/10.1007/s11356-020-11301-1
https://doi.org/10.1007/s11356-020-11301-1
https://doi.org/10.1016/j.envres.2021.111127
https://doi.org/10.1016/j.gene.2019.143942
https://doi.org/10.3732/ajb.1300033
https://doi.org/10.1007/s00344-022-10674-6
https://doi.org/10.1016/j.envpol.2020.115006
https://doi.org/10.1038/s41598-021-84226-5
https://doi.org/10.1016/j.eti.2016.11.003
https://doi.org/10.1007/s13762-019-02605-y
https://doi.org/10.1016/j.marpolbul.2020.110907
https://doi.org/10.1007/s11356-020-09715-y
https://doi.org/10.1016/S0960-8524(98)00114-X
https://doi.org/10.1016/j.heliyon.2023.e13075
https://doi.org/10.3390/life12020221
https://doi.org/10.3390/ijerph15102168
https://doi.org/10.3390/ijerph15102168
https://doi.org/10.1016/j.ecoenv.2015.10.005
https://doi.org/10.1016/j.sajb.2022.12.014
https://doi.org/10.1007/s42773-022-00138-1
https://doi.org/10.1128/AEM.02747-12
https://doi.org/10.1128/AEM.02747-12
https://doi.org/10.1128/AEM.68.4.1994-2007.2002
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.biortech.2016.10.037
https://doi.org/10.1016/j.jhazmat.2022.128396
https://doi.org/10.1016/j.jhazmat.2022.128396
https://doi.org/10.1016/j.chemosphere.2020.125983
https://doi.org/10.1016/j.ejsobi.2014.10.001
https://doi.org/10.1038/srep34588
https://doi.org/10.1080/01490451.2020.1817196
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.1038/srep41682
https://doi.org/10.1007/s00284-020-01899-3
https://doi.org/10.1016/j.rser.2015.03.090
https://doi.org/10.1080/10916466.2019.1581813
https://doi.org/10.1016/j.jece.2019.103054


Fang et al. 10.3389/fmicb.2024.1343366

Frontiers in Microbiology 15 frontiersin.org

Zhang, Y., Ge, S. J., Jiang, M. Y., Jiang, Z., Wang, Z. G., and Ma, B. B. (2014). Combined 
bioremediation of atrazine-contaminated soil by Pennisetum and Arthrobacter sp strain 
DNS10. Environ. Sci. Pollut. R. 21, 6234–6238. doi: 10.1007/s11356-013-2410-6

Zhang, X. L., Li, R. X., Song, J. T., Ren, Y. Y., Luo, X., Li, Y., et al. (2021). Combined 
phyto-microbial-electrochemical system enhanced the removal of petroleum 
hydrocarbons from soil: a profundity remediation strategy. J. Hazard. Mater. 420:126592. 
doi: 10.1016/j.jhazmat.2021.126592

Zhang, L. L., Yi, M. L., and Lu, P. L. (2022). Effects of pyrene on the structure and 
metabolic function of soil microbial communities. Environ. Pollut. 305:119301. doi: 
10.1016/j.envpol.2022.119301

Zhao, L., Lyu, C., and Li, Y. (2021). Analysis of factors influencing plant-microbe 
combined remediation of soil contaminated by polycyclic aromatic hydrocarbons. 
Sustainability-basel 13:10695. doi: 10.3390/su131910695

Zhu, X. M., Chen, B. L., Zhu, L. Z., and Xing, B. S. (2017). Effects and mechanisms of 
biochar-microbe interactions in soil improvement and pollution remediation: a review. 
Environ. Pollut. 227, 98–115. doi: 10.1016/j.envPol.2017.04.032

Zokaei, F. H., Gharavi, S., Asgarani, E., Zarrabi, M., and Soudi, M. R. (2021). A 
comparative taxonomic profile of microbial polyethylene and hydrocarbon-degrading 
communities in diverse environments. Iran. J. Biotechnol. 19, e2955–e2959. doi: 
10.30498/IJB.2021.2955

https://doi.org/10.3389/fmicb.2024.1343366
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s11356-013-2410-6
https://doi.org/10.1016/j.jhazmat.2021.126592
https://doi.org/10.1016/j.envpol.2022.119301
https://doi.org/10.3390/su131910695
https://doi.org/10.1016/j.envPol.2017.04.032
https://doi.org/10.30498/IJB.2021.2955

	Biochar-bacteria-plant combined potential for remediation of oil-contaminated soil
	Introduction
	Materials and methods
	Experiment design and sample collection
	Detection of soil physicochemical indicators and plant growth parameters
	Bioinformatics analysis
	Statistical analysis

	Results
	TPH degradation efficiency
	Soil stoichiometric characteristics
	Plant growth
	Bacterial community diversity of soils
	Taxonomic analysis of soil bacterial community composition
	Correlation analysis between relative abundance of soil bacteria and the effect of soil remediation
	Difference analysis of soil bacterial community
	Functional gene prediction

	Discussion
	Conclusion
	Data availability statement
	Author contributions

	References

