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Abstract

Soil oil-pollution is one of the most severe environmental issues at present. Shifts of soil metallome and microbiome are
essential indicators for risk assessment and remediation of field soil pollutions, but not well studied undergoing the petroleum
contamination. In this research, soil samples were collected from a short-term and long-term petroleum-contaminated oil field.
The soil physicochemical properties, metallome, microbial community, and polluted and unpolluted soil network were testified.
Results showed that the contents of soil total petroleum hydrocarbon, total carbon, total nitrogen, total sulfur, total phosphorus,
calcium, copper, manganese, lead, and zinc were increased by petroleum contamination. In contrast, the soil pH was decreased
by petroleum contamination regardless of the pollution duration. Petroleum-contamination also reduced bacterial and fungal
α-diversity indices. In contrast, bacterial α-diversity was negatively correlated with soil TPH and EC, and fungal α-diversity

was negatively correlated with soil EC. Moreover, the relative abundances of Proteobacteria, Ascomycota, Oleibacter, and

Fusarium in soil were increased by petroleum contamination. Network analysis showed that number of links, modules and the

network invulnerability decreased in PS, followed by the OS group. These results demonstrate that short-term heavy petroleum

contamination can cause shifts in soil physicochemical properties, metallome, and microbiome and assemble a less complex

and vulnerable soil microbial network. Moreover, natural restoration can hardly amend soil properties and microbial network

structure. This research emphasizes that the uncommonly studied soil metallome may play a vital part in the reaction of soil

microbial communities to petroleum-contamination and potential application value of synthetic community in bioremediation.

1. Introduction

With the growth of the global population and the massive utilization of petroleum products, petrochemical
production continues to develop, resulting in marine and land environmental pollution. This can happen
during oil production, transportation, use and leakage (Ramadass et al., 2018; Baoune et al., 2019). Due to
the complex composition, high biological toxicity, and low bioavailability of petroleum hydrocarbons, they
are harmful to soil, groundwater, and the regional ecological environment (Dariush et al., 2007, Hassan
and AI-Jawhari 2014). Moreover, the oil site soil is often accompanied by salinization, which makes its
remediation extremely difficult.

The soil microbiota plays a vital role in the material cycles and energy flow in the soil system, such as
the biogeochemical cycle of nitrogen, carbon and phosphorus (Liu et al., 2020). Furthermore, when soil is
disturbed by pollutants, soil microorganisms react immediately to resist the invasion of pollutants. Many
studies have used DNA-based technology to study the microbiota in petroleum hydrocarbons or organic
pollutants polluted soil, water, and sediments (Sheng et al., 2016, Zhou et al., 2020, Hamdan and Salam
2020). As an oil-polluted lake in France, the profiles of the sedimentary bacterial community have been
associated with the oil-contaminated gradient (Paisse et al., 2018). The complex pollution composition
exerts selective pressure on these bacterial communities, and the oil degrading bacteria do not increase with
the increase of oil pollutants. On the contrary, the study on the microbial community of an oil contaminated

1



P
os

te
d

on
A

u
th

or
ea

16
N

ov
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

70
55

64
.4

03
29

68
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. site in China found that there were more oil-degrading microorganisms in polluted soils than in clean soils
(Liu et al., 2019). However, few studies concentrated on the effects of oil contamination on soil microbial
community in the long or short term, and few studies focused on culture-dependent microorganisms.

Microorganisms do not exist alone in the soil, but form a complex matrix of ecological interaction. With
the exception of the environmental factors, community interactions also affect microbial behavior, including
the interaction between prokaryotes and eukaryotes. The coexistence of bacteria and fungi in the same
environment inevitably leads to material and energy exchange among them (De Boer et al., 2005; Benoit
et al., 2015; Warmink et al., 2009). Further studies have been carried out in natural samples describing
the coexistence between bacterial and fungal communities recently. The network study for limited-length
polymorphism endpoint data showed that bacterial and fungal communities and soil properties were linked,
as shown by a typical correlation module (De Menezes et al., 2015). The network study provides richer
insights into microbial assemblages compared to simple indices of heterogeneity and structure. In addition,
they supplement an important facet to our knowledge of the interactions among microbiota or between
a known community and environmental parameters such as soil contamination. Up to now, though, few
networks was assembled for soil microbial communities under petroleum contamination, especially under
differing pollution duration.

Metals and metalloids are indispensable for agricultural products and land. In a previous study, Haraguchi
(2004) described for the first time the “metallomic” as an “integrated biometal science,” trying to supply
a systematic perception of the absorption, change, function, and excretion of the metal within biological
systems. Metallomics concentrates on a systematic investigation of metallomes and the interactions and
functional associations of metals or metalloid species with gene, protein, metabolite, and other biomolecule
in cells (Ge and Sun 2009). The examination of metals obtained from soil—the metallomes—can be detected
through inductively coupled plasma–mass spectrometry (ICP–MS). Meanwhile, a previous work has shown
that the shift of the soil ionome resulting from different fertilization can drive the assembly of the soil
microbiome and alter microbial interaction and function (Liu et al., 2020). However, to date, little is known
about how the soil metallome reacts to oil contamination in the long- or short-term.

To explore the short-term and long-term impacts of petroleum pollution on soil, the physicochemical proper-
ties, the contents of 18 metals, the diversity, composition, and structure of soil microbial communities were
determined. In addition, three strains of bacteria with high petroleum degradation efficiency were isolated
from long-term petroleum-contaminated soil, and the degradation efficiency of their synthetic community
on petroleum hydrocarbons and the growth of maize seedlings under oil pollution stress were explored. We
hypothesized that: 1) Petroleum pollution in different years caused significant differences in the diversity
and composition of soil microbial community. 2) Petroleum pollution with different years will significantly
change the topological parameters of the soil microbial network.

2. Methods and materials

2.1 Soil sampling and site description

Soil samples were collected from two oil production plants (Site I: 37°59’20”N, 118deg36’57”E and Site
II: 37deg55’45”N, 118deg35’53”E) located in Shengli Oilfield, Hekou District, Dongying City, Shandong
Province (Fig. S1a ). In each site, three groups of soil samples were collected (0˜20 cm): short-term
contaminated soil (PS) within a one-meter radius near the working oil pumping machine (Fig. S1b ),
long-term contaminated soil (OS) within a one-meter radius near the abandoned oil pumping machine (Site
I for eight years, site II for six years), and uncontaminated control soil (Control) nearby. There were five
replicates for each sampling group, and ten soil cores thoroughly homogenized each replicate. Thus 30 soil
samples were collected in total (two sites x three groups x five replicates). Soil samples were transported to
the laboratory in sterilized plastic bags on drikold as soon as possible. After passing a 4-mm strainer, part
of the soil samples was air-dried for physicochemical properties determination. The remaining soil samples
were stored at -80 for DNA analyses.

2.2 Soil physicochemical properties analysis
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. Total petroleum hydrocarbon (TPH) concentrations in soil were detected using the Ultrasonic-Soxhlet gravi-
metric extraction method (Huesemann, 1995). Use a pH meter (PHS-3E; Shanghai) to measure soil pH at a
soil-water ratio of 2:5. Soil total carbon (TC), total nitrogen (TN), and total sulfur (TS) were determined
using an elemental analyzer (Elementar Vario EL III, Germany). Soil total phosphorus (TP) was digested
with an H2SO4-HClO4 solution at 250 and evaluated by the molybdenum-blue colorimetric method (Walker
and Adams, 1958). An electrical conductivity meter (DDSJ-318, Shanghai) was used to explore soil electrical
conductivity (EC).

2.3 Soil metallomics analysis

In this study, the concentrations of Mg, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Kr, and
Pb in soil samples were detected by Inductively coupled plasma-mass spectrometry (ICP-MS). Shortly, 0.5
g of the soil samples were digested with 1 mL HCl, 1 mL HF, and 3 mL HNO3 at 150 for 8 hours, then
raise the temperature to 200 to remove the acid. The remaining ash was resuspend using 10 mL 2% diluted
HNO3 before using ICP-MS to detect metals concentrations.

2.4 Soil microbial community analysis

The whole genome DNA of soil was extracted using CTAB method. The concentration and purity of DNA
were detected on 1% agarose gel. DNA was diluted to 1ng/μL using double distilled water according to the
concentration.

16S rRNA genes from V4-V5 hypervariable region has been amplified with a primary (515F/806R) with
barcode for bacteria. The internal transcribed spacer two regions (ITS2) were amplified using the primer set
ITS7/ITS4. All PCR reactions have been carried out with 15 μL of Phusion® High-Fidelity PCR Master
Mix, two μM of forward and reverse primers, and about ten ng template DNA. The program consisted of
initial denaturation at 95 for one minute, followed by 27 cycles of 95 for ten seconds, 57 for 30 seconds, and
elongation at 72 for 30 seconds, final 72 for 10 minutes.

The same quantity of 1XTAE buffer was mixed with PCR products, and electrophoresis detection was
operated on 2% agarose gel. PCR products were mixed in EU density ratios. Then, mixture PCR prod-
ucts were purified using DNA Purification Kit (Novo, Beijing). The methods for Illumina sequencing and
Bioinformatics analysis see supplementary materials X1 .

2.5 Microbial and plant growth assay

This study determined the degradation efficiency of petroleum hydrocarbons by three bacterial strains iso-
lated from long-term petroleum-contaminated soil. In addition, the effects of three bacteria strains and their
synthetic communities on the growth of maize seedlings under petroleum hydrocarbon stress were investi-
gated. Briefly, the crude oil was evenly mixed with sterilized oilfield control soil at a proportion of 0.5%
and stored for four weeks. Maize seeds were surface-sterilized with 70% ethanol and 50% bleach before
germination in the hydroponics platform. All SynCom strains were grown to saturation in quarter-strength
tryptic soy broth and washed using phosphate-buffered saline before root inoculation.

2.6 Statistical analysis

The normality and homogeneity of variances of the dataset in this study had been verified. The differences
between three groups regarding soil physical, chemical properties and microbial α-diversity indices had been
obtained by one-way analysis of variance (ANOVA). While group means had been subjected to Duncan’s
test at p <0.05 using a DPS (Data Processing System) v.7.05. The concentrations of 18 soil metals among
three sampling groups were shown by heatmap, generated by R software v.3.5.1 through the heatmap pack-
age. Principal Co-ordinates Analysis (PCoA) of soil microbial community based on ASVs level, analysis
of similarities (ANOSIM), and variance partitioning analysis (VPA) for microbial community composition
among groups were all using the vegan package in R software v.3.5.1.

A network analysis was conducted to reveal the relationship between bacterial and fungal taxa (relative
abundance > 0.1%), soil metals, and physicochemical properties. We calculated the pairwise Spearman’s
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. correlation coefficients (p <0.05) using psych package in R software v.3.5.1 and visualized the network using
Gephi software v.0.9.2. Each node represented one microbial taxon or soil parameter. Red lines and blue
lines represented strong positive and negative correlations, respectively. The destruction resistance of the
network was generated using R software v.3.5.1 through randomly removing the nodes and calculating the
natural connectivity and network degree values.

The direct or indirect effects of total petroleum hydrocarbons on soil parameters, bacterial and fungal
diversity, and community compositions were generated through conducting the Spearman correlation or
Mantel test between matrices (p <0.05).

3. Results

3.1 Soil physicochemical properties

The physical and chemical properties of soil with different oil pollution duration showed significant differences
(Fig. 1 ). The results showed that compared with the control, the contents of TPH, TC, TN, TS, and
TP in soil were increased by oil pollution (one-way ANOVA, p <0.05), and the soil pH was significantly
reduced. For soil electric conductivity, short-term contaminated soil is significantly lower than long-term
oil-contaminated soil. In addition, the soil scanning electron microscope photos show that (Fig. S2 ) after
the soil is polluted by oil, the soil is more likely to form a large block structure. At the same time, the
uncontaminated soil is not only looser but also has a porous surface.

3.2 Soil metallomes

ICP-MS determined the contents of 18 metal elements in soil samples. At the site I (Fig. 2a ), compared
with the control, short-term oil pollution increased the contents of Ca, Co, Cu, Fe, Mn, Ni, Pb, and Zn (p
<0.05), and significantly reduced the contents of As, GA, Kr, SC, Ti and V. With the extension of pollution
duration, soil Ca, Cu, Mn, Pb and Zn accumulated significantly. At site II (Fig.2b ), compared with the
control, short-term oil pollution increased the contents of Ca, Co, Cu, Mg, Mn, Ni, and Zn (p <0.05), and
significantly reduced the contents of As, Cr, Fe, GA, SC, Ti and V. With the extension of pollution years,
soil Ca, Co, Cu, Kr, Mn, Pb and Zn accumulated significantly.

PCoA analysis and Spearman correlation analysis were based on soil physicochemical properties and metal
datasets (Fig. 3 ). The results showed that soil samples from different sites and groups were significantly
separated. Correlation analysis showed a strong positive correlation between the contents of Cu, Zn, Mn,
Co, TS, and Pb (p <0.05), and there was a significant positive correlation between the contents of V, Cr,
TP, Mg, and Ca. In addition, soil pH showed the most correlation with other indicators, followed by TPH.

3.3 Soil microbial diversity

The soil bacterial and fungal α-diversity index were differed among the three groups (Fig. 4a, b, f, g
). Compared with Control, petroleum pollution led to a significant reduction in soil bacterial diversity (p
<0.05). For fungi, soil fungal diversity had been significantly reduced by petroleum pollution regardless of the
contamination duration. Moreover, correlations between microbial diversity index and soil physicochemical
properties had been calculated (Fig. S3 ). The results showed that the Chao1 index was negatively
correlated with soil TPH and EC (p <0.05) for bacteria. For fungi, the Chao1 index was negatively correlated
with soil EC (p <0.001). The PCoA analysis of microbial community profiles proved that groups could
separate soil bacterial and fungal communities (Fig. 4c, d, h, i ). In addition, the results of ANOSIM
uncovered that the total discrepancy among groups was more significant than within groups.

Through VPA analysis, the relative contributions of soil sampling points and soil groups, soil physical and
chemical properties and metals to the composition of soil microbial community were revealed. The effects
of soil sampling sites and groups, soil physical and chemical properties, metallomes and their interactions
on the composition of soil microbial community were analyzed. For bacterial community (Fig. 4e ),
these variables collectively explained 53% of observed discrepancies, leaving 43% unexplained. Among those
separate variables, soil physical and chemical properties explained the most significant part of the difference
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. in bacterial community profiles (12%, p <0.05), followed by soil metallome (8%, p <0.05), sampling location
and sampling group (7%, p <0.05). Their interactions interpreted 36 percent of the total discrepancy in
bacterial community composition (p <0.05).

For fungal communities (Fig. 4j ), the same variable explained 60% of the observed discrepancies, and 40% of
it was unexplained. Among these independent variables, sampling sites and sampling groups contributed the
most to the change of fungal community composition (11%, p <0.05), while soil physicochemical properties
only accounted for 6% of total variation (p <0.05). Interactions between soil physicochemical properties
and soil metallomes explained 13% of the discrepancies in fungal community profiles, while the interactions
between all variables explained 54% of the variation (p <0.05).

3.4 Soil Microbial community composition

In the whole data set, 1947305 bacterial sequences and 2631038 fungal sequences obtained from 30 soil
samples were classified as 17295 and 1681 ASVs, respectively. On average, 98.11% of the sequences in each
sample were classified as bacteria and only 1.89% were classified as archaea. For bacteria, Proteobacteria
accounted for the highest proportion among the 30 samples, accounting for 77.79% of the total on average.
Other dominant bacteria include Bacteroidetes (5.02%), Actinobacteria (3.95%), Firmicutes (3.04%), and
Gemmatimonadetes (2.15%). Among the fungal sequence, the average is 100% fungi. Ascomycota predomi-
nated these samples, accounting for an average of 82.58% of the total sequence. The other prevalent phyla
were Mortierellomycota (10.61%) and Basidiomycota (1.88%).

At the phylum level (Fig. 5 ), compared with the control, the relative abundance of Proteobacteria were
increased, and that of Gemmatimonadetes and Bacteroidetes were decreased. In the fungal community,
the relative abundance of Ascomycota and Chytridiomycota increased. In contrast, the relative abundances
of Basidiomycota, Mortierellomycota, and Zoopagomycota decreased after short-term petroleum contami-
nation (p <0.05) compared with Control. After long-term petroleum pollution, the relative abundance of
Ascomycota was raised, while that of Chytridiomycota and Zoopagomycota were decreased (p <0.05).

Among the top 20 identified bacterial genera (Fig. 5 ),Ralstonia , Pseudomonas , Sulfurimonas ,Oleibac-
ter , and Marinobacter were most bounteous. Compared with Control, relative abundances of Ralstonia
,Acinetobacter , Lysobacter , Kaistobacter ,Stenotrophomonas , Bacillus , Lactobacillus , andSphingomonas
were significantly decreased in PS samples. Conversely, relative abundances of Pseudomonas ,Sulfurimonas
, Oleibacter , Marinobacter ,Marinobacterium , Arcobacter , Halomonas ,Pseudidiomarina , and Shewanella
were increased (p <0.05); Relative abundances of Ralstonia ,Marinobacter , Acinetobacter , Lysinibacillus
, andLactobacillus were significantly decreased in OS samples, conversely, relative abundances of Oleibacter
,Alcanivorax , Sediminibacter , Thiobacillus ,Nitrosopumilus , and Candidatus Portiera were increased (p
<0.05). For fungi, Fusarium ,Mortierella , Pseudallescheria , Alternaria andOchroconis were most abun-
dant. Compared with Control, relative abundances of Mortierella , Alternaria ,Cladosporium , Syncephalis
were decreased in PS samples. Conversely, relative abundances of Fusarium , Ochroconis , and Nigrospora
were increased (p <0.05); Relative abundances of Mortierella , Alternaria ,Cladosporium , Syncephalis ,
and Aspergillus were decreased in OS samples, whereas that of Fusarium andOchroconis were increased (p
<0.05).

3.5 Multiple drivers accounting for microbiome

A driving model is constructed based on the Spearman and Mantel test to explore how petroleum affects
and drives the diversity and composition of soil physicochemical properties, metallome, and microbiome in
the complex soil environment (Fig. 6 ). The results showed that after TPH entered the soil, the contents
of TC and TN increased significantly, and the bacteria decreased α diversity (p < 0.05) significantly. In
addition, petroleum hydrocarbons could directly change the soil metal group, bacterial and fungal community
composition (p < 0.05). In addition, it also indirectly affected the soil metal group through TC and TN (p
< 0.05), and the soil metal group indirectly affected the composition of bacterial community and fungi α
diversity was affected (p < 0.05).
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. 3.6 Microbial networks and topological properties

Based on the Spearman correlation (p <0.05) between soil physical and chemical properties, metal groups,
bacteria, and fungi ASVs levels (relative abundance >0.1%), microbial networks in three types of soils were
constructed (Fig. 7 ). The results show that compared with control, the number of points, connections,
average degree, modularity, and module books in PS and OS networks are gradually reduced. Interestingly,
in the PS network, the proportion of positive connections decreased significantly to 55.4%, and in the OS
network, the number of positive connections rebounded to 60.8%. In addition, the network survivability test
results show that the stability of the three networks from high to low is Control, PS, and OS.

3.7 Microbiological and plant experiments

Three bacterial strains B1, B2, and B3 were isolated from OS soil samples and identified as Pseudomonas
stutzeri , Bacillus pumilus , and Pseudomonas anguilliseptica (Fig. 8a, b, c ), respectively. Simultaneously,
Pseudomonas and Bacillus belong to keystone taxa in OS microbial network. A one-week petroleum hydro-
carbon degradation experiment shows that the degradation efficiency for strain B1, B2, B3, and SynCom
reached 32.4%, 37.1%, 40.2%, and 45.6%, respectively (Fig. 8d ). Then SynCom was used to identify the
effects of co-cultured bacterial strains B1, B2, and B3 on the growth of maize seedlings under petroleum
pollution. The results showed that SynCom treatment significantly improves the seedlings’ dry weight, shoot
length, and root length (Fig. 8e ).

4. Discussion

Soil pollution from petroleum is currently considered to be one of the most severe environmental problems.
This type of pollution reduces or destroys soil fertility, modifies the elemental composition of soil and water
cycles, results in losses in the aesthetic value of ecosystems, leads to secondary pollution of air and ground-
water, and inhibits or eradicates soil organisms (Koshlaf and Ball 2017, Margesin et al., 2003, Haritash and
Kaushik 2009, Mishra et al., 2001, Hu et al., 2013).

The content of soil carbon, nitrogen, and sulfur increased significantly. At the same time, the pH decreased
significantly (Fig. 1 ) after petroleum pollution, which corresponds with former researches (Wang et al.,
2010, Anikwe et al., 2017). This is mainly due to a large amount of carbon, nitrogen, and sulfur in petroleum,
and when sulfur enters the soil, it forms sulfur oxides and reduces the soil pH. Scanning electron microscope
photos visually describes oil pollution’s adverse effects on soil particle structure (Fig. S2 ). The determined
results of metallomics content in different soil samples show that petroleum pollution leads to the accumu-
lation of soil Ca, Cu, Mn, Pb, and Zn (Fig. 2 ). In addition, the cluster analysis based on the data sets
of physical and chemical properties and metal group content can well distinguish different samples (Fig.
3 ), which shows that the oil pollution of different years has a different degree of impact on the soil. The
correlation analysis results show a positive coupling relationship between a large number of metal elements
carried by petroleum.

Previous studies have found that petroleum pollution will lead to shifts in the soil microbial community.
In this study, the microbiome of oil-contaminated soil in different years was studied. Results showed that
petroleum pollution significantly reduced the soil bacterial and fungal diversity and shaped the microbial
community (Fig. 4 ). Cheema et al. (2015) found that bacterial diversity in agricultural soil was significantly
higher than in hydrocarbon-contaminated soil. Moreover, Wang et al. (2018) found that the toxicological
effect of oil pollutants significantly decreased the soil fungal diversity.

In this study, the relative abundance of Proteobacteria and Ascomycota was increased by petroleum contam-
ination (Fig. 5 ). A previous study (Zhang et al., 2012) had reported that Proteobacteria was proved to be
the most easily cultivated bacteria in petroleum contaminated soils. Previous researches (Wu et al., 2019,
Zhang et al., 2012) showed that part of the Proteobacteria can degrade petroleum hydrocarbons or PAHs
in petroleum polluted soil. Kim et al. (2019) enriched microorganisms producing biosurfactants, which
have the potential to degrade hydrocarbons in oil contaminated soil, and found that Proteobacteria has the
highest relative abundance. Moreover, a previous study proved that Ascomycota was the most dominant
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. known petroleum-degrading fungal phyla (Ezekoye et al., 2018, de la Cruz-Izquierdo et al., 2021). In addi-
tion, results also showed that the relative abundance of Oleibacter and Fusarium was significantly increased
in both PS and OS samples. Oleibacter was previously proved to be a high performance of HC-degrading
bacteria species (Catania et al., 2015), while Fusarium (Hidayat and Tachibana 2012, Azin et al., 2018) was
also used in petroleum degradation.

After petroleum hydrocarbon leakage into the soil, it will cause a series of changes in soil physicochemical
properties, microbial diversity, and composition (Fig. 6 ). This study found that petroleum hydrocarbons
can directly lead to the increase of soil carbon and nitrogen content, the decrease of bacterial diversity, and
the change of metal group, bacterial and fungal community. The diversity of the soil fungal community was
indirectly reduced by soil metallome. Carbon and nitrogen were vital factors limiting microbial populations
in petroleum polluted soils. Previous research has proved that soil total petroleum hydrocarbon, total carbon,
and total nitrogen were the most essential factors influencing the bacterial communities in oil polluted soils
but varied at different contaminating levels (Feng et al., 2020). It was found that the best optimal Carbon:
Nitrogen was between 20:1 and 50:1 for microorganism growth in petroleum polluted soil (Kaufmann et al.,
2004).

The analysis of co-occurrence network may explain the structure and function of microbial community (Ma
et al., 2020; Wagg et al., 2019). With the change of soil microbial community composition, microbial co-
occurrence network consequentially changes. Our study showed that the number of nodes, links, and modules
decreased in PS and OS samples compared to Control (Fig. 7 ). Functional cooperative behaviors have been
reported to exists commonly in soil microbial communities (Cremer et al., 2019). The symbiotic network
analysis identifies microbial taxa that have cooperative or co-dependent relationships, often representing
a population., which usually indicate a mutual function (Deshpande et al., 2013). The modules have the
function of minimizing the impact of environmental disorder (Kitano, 2004); hence, the fewer modules in the
OS and PS network, the slower communication speed between modules, and the lower response efficiency to
environmental stimulus.

Otherwise, fewer connections in petroleum-polluted soil samples represented inhibition in the interactions
between soil microorganisms. This may be due to the decrease of microbial activity in soil caused by oil
pollution (Guo et al., 2012, Labud et al., 2007). What’s more, the proportion of positive links in PS
was lower than that of OS samples. This indicates that the interaction between soil microorganisms is
more competitive or antagonistic after receiving oil pollution quickly. After long-term natural recovery,
the interaction mode between soil microorganisms becomes synergy or symbiosis. Meanwhile, the network
invulnerability of Control was highest among all groups, followed by PS and OS, which means that the soil
microbial network becomes less complex and vulnerable after petroleum contamination.

After long-term oil pollution, more petroleum hydrocarbon-degrading bacteria may be enriched in the soil.
Thus, three bacterial strains with significant petroleum hydrocarbon degradation efficiency were isolated from
OS samples (Fig. 8 ). Pseudomonas stutzeri (Li et al., 2020, Ga lazka et al., 2012) and Bacillus pumilus
(Sheeba et al., 2017, Patowary et al., 2015) are reported to be potential bacteria strains in petroleum and
polyaromatic hydrocarbons degradation applications before. Niu et al. (2017) used an agar system and a
SynCom composed of 7 bacterial strains cultured from corn roots to showed that the absence of Enterobac-
ter cloacae will lead to the whole collapse of microbial community profiles in the corn seedlings rhizosphere,
proving the significance of microbial interactions and the presence of crucial taxa in the rhizosphere micro-
biota. Our study also found that the SynCom consisting of three bacterial strains could significantly improve
the performance of maize seedlings under petroleum-pollution stress. This may provide a new strategy for
petroleum-contaminated soil reuse.
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