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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are frequently detected in soil. Their biological
toxicity and carcinogenic, teratogenic, and mutagenic effects pose a great threat to the ecological
environment and human health. Firstly, the sources, physicochemical properties, and environmental
hazards of PAHs are reviewed in this paper, and then their pollution status and different methods for
their detection in soil are described in detail. The remediation technologies to treat pollution in the
field and farmland are compared, and the technical status and factors influencing phytomicrobial
remediation of PAHs in contaminated soil are evaluated in the most comprehensive way. The
mechanisms of phytomicrobial remediation of PAHs-contaminated soil under different conditions
are innovatively discussed. Additionally, the regulation mechanism of enzymes involved in plant
and microbial degradation of PAHs in soils is studied. This is the first study on the regulation
mechanism of degradation enzyme in a PAHs review. The aim of this paper is to review the
pollution status, remediation technologies, mechanisms, and biodegradation actions of PAHs in soil.
This review creatively provides reliable technical support for strengthening soil remediation and
environmental management.

Keywords: PAHs; soil pollution; microbial remediation; phytoremediation; plant-microbe combined
remediation; transformation mechanism

1. Introduction
1.1. Research Background and Purpose of PAHs

Petroleum is one of the most important energy sources for mankind. The global
annual output of oil is as high as 2.2 billion tons, of which 1.75 billion tons are produced
by terrestrial oil fields [1]. With the use of petroleum in the process of survey, production,
storage and transportation, refining and processing, a large volume of petroleum acciden-
tally flows into the soil due to accidental leakage, improper operation, etc., causing serious
petroleum soil pollution and worsening the originally fragile natural environment [2].
Petroleum pollutants in the soil include normal alkanes, branched chain alkanes, aromatic
hydrocarbons, alicyclic hydrocarbons, etc. Compared with other petroleum pollutants,
polycyclic aromatic hydrocarbons (PAHs) are a class of refractory organic matter [3]. As a
typical petroleum pollutant, PAHs have received extensive attention from governments
and the scientific community [4]. Since the US Environmental Protection Agency listed
16 PAHs as “priority control pollutants” in 1976, the European Union, China, and other
international organizations and countries have gradually listed PAHs as priority control
and reduction organic pollutants [5]. Therefore, research on the enhanced degradation of
PAHs is one of the key problems in solving petroleum soil pollution. Taking PAHSs as an
example, the purpose of this review is to conduct theoretical research on the combined
effects of enhanced degradation of microorganisms and absorption of plants. In addition,
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we developed a targeted, efficient, fast, and low-cost plant-microorganism joint-enhanced
soil-oil pollution remediation technology.

1.2. Sources, Properties, and Hazards of PAHs
1.2.1. Sources of PAHs

PAHs are organic compounds containing two or more benzene rings. There are various
types of aromatic hydrocarbons recognized as semivolatile organic contaminants and thus
have attracted attention. Due to not only carcinogenicity and teratogenicity effects, but
also genotoxicity and other harmful environmental characteristics [6,7], 16 PAHs were
listed as priority pollutants by the US Environmental Protection Agency (EPA) in 1976 [8,9],
indicating that the hazards of PAH still exist after many years of restriction. The presence
of PAHs originates from human and natural sources. The human sources mainly include
the incomplete combustion of coal [10], petroleum, other biomass fuels, and different kinds
of organic matter. In addition, PAHs are generated and exposed to humans through factory
coking and automobile exhaust emissions. PAHs are also formed during natural processes,
such as volcanic eruptions and through functions of aquatic and terrestrial plants and
microorganisms [11,12]. In contrast, the concentration of PAHs in the air in cities is much
higher than in the suburbs, which comes from the emissions from a variety of industrial
factories and power plants. Therefore, due to their widespread distribution in cities, the
removal of PAHs from the atmosphere and the remediation of the industrial site in cities
have become the main goals of environmental governance.

1.2.2. Properties of PAHs

PAHS can be divided into low molecular weight (LMW) and high molecular weight
(HMW) compounds. The number of rings in LMW is 2-3, while the number of rings in
HMW is 4-6. According to previous studies, the main sources of LMW PAHs include
diagenetic origin or petroleum pollution, while the main source of HMW PAHs is fossil
fuel combustion [13]. Studies have shown that when the ratio of LMW to HMW PAHs is
lower than 1, PAHs are derived mainly from combustion heat sources. If the content ratio is
higher than 1, the main source of PAHs is petroleum pollution [14]. The properties of PAHs
with different molecular weights are also different. LMW PAHs are volatile and easier
to be degraded in the environment than HMW PAHs, and their toxicity to organisms is
relatively low. Compared with LMW PAHs, HMW PAHs are more hydrophobic, not easily
volatilized, and exhibit lower water solubility [15]. HMW PAHs also have a relatively
large negative impact on the environment. Due to their long half-life, HMW PAHs exist
for a longer time in the environment and are more easily adsorbed to the soil [16]. The
properties of LMW PAHs and HMW PAHs are listed in Table 1.

Table 1. Properties comparison of LMW PAHs and HMW PAHs.

PAHs Number of Rings Main Source Physical Property Persistence
LMW 2-3 Diagenetic origin; petroleum pollution Volatile; easier to be degraded; low toxicity Low
HMW 4-6 Fossil fuel combustion Hydrophobic; not volatile; low water solubility High

1.2.3. Hazards of PAHs

PAHs are the most toxic components of petroleum, with high-fat solubility and easy
accumulation in the human body that can be entered and transferred into the body through
the respiratory pathway, hand-mouth exposure pathway, and food chain [17]. PAHs enter
the human body and interfere with the cell membrane and enzyme system, resulting in
toxicity to human organs and thereby organ damage; in addition, PAH metabolites may also
bind to DNA, damaging biological cells [18]. PAHs of HMW are more toxic to the human
body, and human exposure to PAHs of HMW adsorbed on environmental particles may
increase the risk of cancer and other diseases [19]. Since they also have a great impact on
fish health, PAHs have attracted much attention in recent years [20]. The main mechanisms
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of toxicity of PAHs in fish are the metabolic activation of contaminants, production of
active intermediates by PAHs, activation of aromatic receptors, and regulation of aromatic
receptor-dependent genes. In addition, damage to the highly developed DNA repair system
in fish, along with the presence of PAHs metabolic intermediates forming DNA adducts
with genotoxicity and carcinogenicity properties, can induce mutation or cancer [21].
Among the 16 PAHs listed as priority pollutants by US EPA, 7 PAHs are carcinogenic, all of
which are HMW PAHs [22]. PAHs with specific physical and environmental characteristics
have caused harm to humans, other organisms, and the ecological environment, and their
negative effects have increased through time. In recent years, PAHs pollution exists in the
atmosphere, water, and soil. Therefore, the policies for pollution control and environmental
protection of PAHs should be adopted.

1.3. Status of PAHs Pollution in the Soil Environment

The soil system is a major sink of PAHs deposition in the environment [23,24] and
stores more than 90% of the environmental mass of PAHs [25]. It is also the source of PAHs.
The exchange of PAHs in soil and other environmental media includes mainly gas—soil
exchange and water—soil exchange [26]. There are many sources of PAH soil pollution, for
example, in the processing of medical drugs, due to imperfect procedures and legislation
and high costs, a large number of pollutants enter the soil [27,28]. PAHs are commonly
present in soil and, therefore, difficult to degrade [29]. At present, farmland pollution and
site pollution have attracted much attention. PAHs pollution in farmland reduces farm
productivity. The surrounding industrial areas and the areas with municipal wastewater
treatment plants are relatively more at risk due to higher levels of PAHSs pollution, thus
requiring more attention and protection. According to the relevant research data, urban soil
has become the main sink of PAHs [30], characterized by much higher concentrations of
PAHs compared to suburban and rural soils, which is related to dense population, human
activities, and especially the presence of industrial areas in cities [31]. In addition, Qu
et al. [32] studied the potential sources of PAHs in the topsoil of urban parks in Beijing,
China, indicating that PAHs in urban soils are usually classified according to their ring num-
bers. Moreover, they found that PAHs with different rings caused different levels of con-
tamination in soil, with the contribution rates of 45.95% > 27.38% > 16.43%> 6.38% > 3.86%
for 4 rings, 5 rings, 3 rings, 6 rings, and 2 rings, respectively. Thus, HMW PAHs had greater
contribution rates. However, studies have shown that adding mineral fertilizers to organic
fertilizers can lead to a significant increase in soil biological activity. This is mainly due to
the increase in plant biomass production, which will stimulate soil biological activity after
incorporation. The soil quality enzyme index calculated according to the enzyme activity
value of different fertilizer types shows that valuable information about soil fertility status
can be obtained through the determination of enzyme activity. Therefore, the rational use
of organic fertilizers helps to keep the soil healthy [33,34]. Furthermore, Sarma et al. [35]
focus on the various case studies where plant-microbe association has been used to assist
the bioremediation process of PAHs and heavy metals in oil-contaminated soil. In contrast
to the research of Sarma et al., the novelty of this present study is that the mechanisms of
plant and microbial remediation of PAHS-contaminated soil under different conditions are
discussed further. At the same time, the regulation mechanism of enzymes involved in
plant and microbial degradation of PAHS in soils is studied.

1.4. Remediation Technology for PAHs-Contaminated Soil

The concentrations of PAHs in soil have increased worldwide during the last three
decades, especially in industrial areas; due to increased anthropogenic emissions, this
trend may continue in the next few years. However, PAHs have long been a threat to the
environment and human body, with known potential toxicity, and therefore the remediation
of PAHs-contaminated sites is particularly important [36]. The remediation methods for
PAHs-contaminated soil mainly include physical, chemical, and biological.

At present, more remediation methods have been developed with technology.
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1.4.1. In Situ Thermal Absorption Method

In the in situ thermal absorption method, PAHs are physically separated from the
soil by heating the contaminated soil. PAHs in the soil volatilize quickly under a heating
system to remove PAHs from the soil, thus completing the soil remediation. The heater will
raise the temperature above 800 degrees Celsius and it cannot be used in field conditions
if any plants are growing in the treated soils. Therefore, this is the limitation of the in
situ thermal absorption method. Using the carrier gas or vacuum system in the repair
process, volatile PAHs are swept into the gas treatment system for offsite or secondary
treatment, and thus few or almost no volatile PAHs are discharged into the atmosphere.
Therefore, this technology to perform soil remediation is considered relatively safe [37].
In addition, the efficiency of in situ thermal absorption technology is higher. The longer
the soil is heated, the stronger the restoration effect. The soil restoration rate can reach
90% for a period of three to six months [38]. However, this technology also has some
drawbacks. Due to different treatment conditions and sites, the soil may be contaminated
with other pollutants at high temperatures, resulting in soil remediation problems. For
example, different clay minerals in soil will release fluorine pollutants at high temperature,
causing secondary pollution [39].

1.4.2. Chemical Oxidation Method

Chemical oxidation is an in situ treatment technology in which chemical oxidants
are injected into the PAHs-contaminated soil and mixed with it to effectively degrade
HMW and LMW PAHs [40]. Chemical oxidation technology includes the permanganate
oxidation method, H,O, oxidation method, among others. To repair the soil, pollutants are
finally transformed into nontoxic substances such as CO, and H,O. The chemical oxidation
method used for the remediation of PAHs-contaminated sites has a good treatment effect,
complete repairability, short cycle time, and low economic costs. However, related studies
have shown that when chemical oxidation technology is used to repair PAHs-contaminated
sites, the ultimate treatment effect depends mostly on the availability of PAHs [41]. Specif-
ically, selective degradation of PAHs was observed by magnetite-activated persulfate
oxidation with lower degradation efficiency towards high molecular weight PAHs [41]. On
the other hand, PAH unavailability and soil matrix effect seem to be the most important
factors for the persulfate oxidation process. Selective degradation behavior was shown by
persulfate oxidation with less efficiency towards HMW PAHs [41].

1.4.3. The Status of Bioremediation Technology
Microbial Remediation

Bioremediation is a widely recognized soil clean-up remediation technology, which
uses the metabolic activities of microorganisms and plants to minimize or eliminate PAHs
in the soil, thereby completing soil remediation. In this technology, contaminants are not
transferred from one medium to another, and thus this repair technology is relatively safe,
environmentally friendly, and also economical [42].

Remediation of polluted sites using microbes is an early and widely used bioremedia-
tion method and therefore considered to be one of the main processes for PAHs removal
from soil and also the main natural removal pathway. In particular, fungal-based reme-
diation, which involves adding one or more PAHs-degrading fungal species to the soil,
can accelerate the natural degradation of PAHs [43]. One of the main reasons to perform
fungal-based remediation for the elimination of PAHs and purification of soil is that they
can produce lignin-degrading enzymes that use PAHs as substrates. Due to the low sub-
strate specificity of this enzyme, PAHs can be degraded [44]. In addition, the composition
and structure of microbial communities are also key factors influencing the degradation
of PAHs [45]. Bellino et al. [46] used a new soil microbial ecology method to evaluate the
role of different microbial groups in the degradation of PAHs and found that fungi and
actinomycetes played a major role in the degradation of these pollutants in soils treated
with composts and fungi.
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Microbial technology refers to a method that uses microorganisms to eliminate or
harmlessly treat PAHs in the soil or water under the influence of human intervention or
natural factors. The addition of exogenous microorganisms that can decompose organic
pollutants, which is the way to remediate contaminated soil, is called enhanced biological
treatment. Enhanced biological treatment refers to the use of microbial treatment technol-
ogy to treat contaminated soil. At the same time, adding trace elements and acid-base salts
that are beneficial to the growth and development of microorganisms in the contaminated
soil. This method can promote the reproduction and division of microorganisms and
enhance the governance level [47,48]. Tiwari et al. [49] found that microorganisms can
biodegrade hydrocarbon compounds and are often used to remediate oil-contaminated
soil [49]. The results also show that microorganisms such as fungi in the rhizosphere can
also remove soil pollutants such as pentachlorophenol and DDT to a certain extent [50].

The degradation of PAHs by microorganisms requires the cooperation of multiple
enzymes to provide energy for effective treatment and removal of pollutants. When
microorganisms are stimulated by PAHs in a contaminated site, the microorganisms can
release enzymes that have a certain degradation or conversion effect on PAHs. Such
enzymes undergo hydrogenation, dehydration and other reactions, so that the C-C bonds
on the benzene ring of PAHs are broken, and then decomposed into small molecular
monomers with less toxic effects [51]. When the bacteria in the soil are stimulated by
PAHs, the enzymes produced also increase the number of oxygen atoms on the benzene
ring of polycyclic aromatic hydrocarbons, forming a series of oxides, followed by further
oxidation reactions to promote the removal and conversion of PAHs. Partially oxidized and
decomposed polycyclic aromatic hydrocarbons can become a source of nutrients that are
directly used by microorganisms and finally oxidized into CO, and H,O, thus promoting
the growth and development of microorganisms.

The structural complexity of polycyclic aromatic hydrocarbons is directly proportional
to their stability in soil. The more complex the structure, the less likely it is to be natu-
rally degraded in the soil. There are a small number of microbial species in the soil that
can directly transform or decompose PAHs with complex structures. These are mostly
degraded through the common metabolic mechanism, which is conducive to the growth of
microorganisms and pollution, and also meets the needs of their growth and development
while degrading substances [52]. The study conducted by Zhao et al. [53] has shown
that soil pH, humidity, and temperature of the environment are important physical and
chemical factors that affect microbial activity and have far-reaching significance for the
remediation of polluted sites using microbes.

Phytoremediation

Phytoremediation of pollutants is a method that uses plants to eliminate organic pollu-
tants from the surface soil, atmosphere, and water in the natural environment. Compared
with other remediation technologies, the cost of phytoremediation is lower, it affects water,
soil, and atmospheric environments less, and it has a profound restoration effect without
causing recontamination [54,55]. Most previous phytoremediation technologies focused
on the removal of toxic heavy metals from the soil by plants. In recent years, studies have
shown that plants have a certain ability to remove organic pollutants such as polycyclic
aromatic hydrocarbons and polychlorinated biphenyls from the soil [56,57]. The selection
of an efficient remediation technology according to the type of pollution and the degree
of pollution is conducive to rapid and secondary pollution-free soil remediation. For
contaminated soils containing high concentrations of organic pollutants and with a high
environmental risk coefficient, chemical or physical remediation technology is used to
remediate the soil. For soils with a low number of pollutants and a low degree of pollu-
tion, treatment technologies using the combination of plant and microorganisms are often
used [58]. The main phytoremediation pathways are shown in Table 2, and the schematic
diagram of phytoremediation methods is shown in Figure 1 [59-62].
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Figure 1. Schematic diagram of PAHs in phytoremediation process.

Compared with physical and chemical remediation, phytoremediation has some
drawbacks. For example, the treatment cycle in phytoremediation is longer, and thus
the contaminated soil cannot be quickly repaired. When considering phytoremediation,
local natural conditions and climatic conditions should be taken into account. Plants
that are adapted to the local climate are selected for soil management and restoration,
and they also need to be protected from pests and diseases on a schedule; otherwise, the
restoration would be affected. Phytoremediation is not suitable for soils with high pollution
levels. Most plants exhibited growth inhibition and retardation in the environment with
high pollution levels [63,64]. At the same time, after the accumulation and enrichment of
pollutants by plants, the treatment of “contaminated plants” is also a problem that must be
addressed in the restoration process.

Phytoremediation is a safe, economical, and environmentally friendly soil remediation
method, which involves degradation, absorption, metabolism, and transformation and
uses related rhizosphere microorganisms to reduce the concentrations of PAHs in soil [65].
Previous studies have shown that the combination of some legumes and other plants
can accelerate the elimination of PAHs from soil [66]. Specifically, Benjamin et al. [57]
researched different levels of plant species richness (1, 2, 4, 8, 16, 60 species) and 14 plant
functional groups (grasses, small herbs, tall herbs, and legumes) in a randomized block
design. The concentrations (ng g ') of Y15 PAHs in the soils were 57-329. Concentrations
of 16 (out of 44) } 29 PAHs decreased significantly with increasing plant species richness,
after accounting for the effects of block and initial soil organic C concentration (ANCOVA,
p < 0.05). Moreover, in this soil remediation method, mostly grasses, such as ryegrass
were used. Using different plants to degrade PAHs can improve the population structure
of rhizosphere microorganisms, resulting in different effects on the elimination of PAHs.
However, the removal of PAHs by phytoremediation mainly involves degradation using
plants, and absorption plays a minor role [67].
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Table 2. The main pathways of phytoremediation of PAHs-contaminated soil.
Repair Methods Repair Process References
Through the absorption of plant rhizosphere, the organic pollutants in the soil are
Plant absorption method concentr'ated in the plant 'body, which can decompose the pollutag?s. When Fhe [68]
concentration of pollutants in the plant body exceeds the decomposition capacity of
the plant, the organic pollutants will accumulate in the plant body.
Plant roots exude a series of secretions, which can change the soil environment
Plant fixation around plant roots, such as soil moisture, soil hardness, pH, and other soil [69]

conditions. Plant root exudates can also interact with organic pollutants in the soil,
reducing the biological activity of pollutants.

Plant evaporation process

Through the absorption of plant rhizosphere, the organic pollutants in the soil are
concentrated in the plant body, and the organic pollutants are discharged into the [70]
plant body through transpiration.

Plant degradation

The organic pollutants in plants can be decomposed into nontoxic and harmless
substances through the physiological activities of plants, and the root exudates of [71]
plants also have a certain ability to degrade the organic pollutants in soil.

Rhizosphere action

Plant rhizosphere root exudates act on organic pollutants, and decomposed organic
pollutants can become carbon sources for microorganisms in the soil, which is
conducive to the reproduction of microorganisms in the soil and provide a good
living environment for microorganisms in the surrounding soil of the rhizosphere.

[72]

Comparing various restoration technologies, it is obvious that they all have their
strengths and weaknesses, but in the long term, phytoremediation is undoubtedly a
restoration technology with good developmental prospects. Using biological hybridization
techniques to change the adaptation of plants to the soil environment and natural climate,
plants with a tolerance to highly polluted soils should be selected and used in conjunc-
tion with microorganisms to repair the plants to ensure a promising approach for soil
remediation in the future. Plants can initially degrade and transform polycyclic aromatic
hydrocarbons and then use the decomposed products as nutrients to meet their growth and
developmental needs. Compared with traditional techniques, the remediation technologies
using plants have gained more attention in particular countries and regions [73].

Phytomicrobial Remediation

PAHs are chemically stable and easily affected by other elements in the environment,
which limits their bioavailability and bioremediation efficiency, thus increasing the diffi-
culty of pollution remediation [74]. At present, both microbial and plant remediation tech-
nologies have certain shortcomings, and the joint remediation technology between the two
has the characteristics of short processing time, high remediation efficiency, environmental
protection, and high efficiency. Therefore, this method has become the most promising re-
mediation method and research hotspot for remediation of PAHs-contaminated soil [75]. By
using nucleic acid extraction and cDNA synthesis, Song et al. [76] studied the degradation
and removal of PAHs from a coking plant soil by four natural herbaceous plants (Ambrosia
artemisiifolia L.; Herba Artimisiae Sieversianae.; Setariaviridis (L.) Beauv.; Kochia scoparia (L.)
Schrad.) and the effects of soil properties and bacterial community composition on the
potential of plant rhizosphere to repair PAHs-contaminated soil. This review provided
a theoretical basis for remediation of PAHs from the rhizosphere and helped clarify the
plant-microorganism interaction in the rhizosphere remediation of PAHs-contaminated
soil. Many studies have shown that biostimulation is more efficient than biofortification
in the remediation of PAHs-contaminated soils [77]. Biostimulation is a method of alter-
ing the activity and strength of microorganisms in biodegradation, including regularly
adding nutrients and carbon sources to contaminated soil, together with adding external
stimulus conditions. Biofortification is the process of increasing the rate of biodegradation
by adding bacteria or archaea. For example, adding an appropriate amount of biochar
can provide a favorable environment for microbial survival, while changing microbial
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community structure and activities [78]. Biochar can also contribute to the degradation of
target pollutants [79-81], promote plant growth, and reduce the concentrations of PAHs in
soils and plants [82], thus making it a promising remediation method [83]. Surfactants can
increase not only the poor water solubility of PAHs [84] but also improve their bioavailabil-
ity. In addition, since surfactants also can enhance the biodegradation of PAHs and speed
the bioremediation rate, surfactants can be added to the bioremediation process. Mixed
surfactants are more effective in enhancing the biodegradation of PAHs. Li et al. [85] found
that anionic—nonionic mixed surfactants can improve soil microbial community structure,
increase the biodegradation capacity of PAHs, and change the membrane permeability of
plant roots, thereby affecting their absorption behavior through roots.

Farmland soil remediation is different from site soil remediation. Although physical,
chemical, and biological methods can degrade PAHs, they have certain limitations in
farmland soil remediation [86]. These limitations include low remediation efficiency and
high economic costs for aged soil and HMW PAHs-contaminated soil. Therefore, joint
methods, such as physical-chemical, chemical-biological, and biological-biological, are
adopted for the remediation of most of the farmland PAHs-contaminated soils [87].

In recent years, people have paid more attention to the restoration of typical organic
soils abandoned by relocated companies. Among the existing methods and countermea-
sures used for the restoration of PAHs-polluted soil, land farming and bioremediation
have gained more popularity. However, due to the constraints associated with various
environmental factors such as the toxicity of pollutants and nutrients, these remediation
methods cannot effectively repair the soil [88]. The combined treatment using plants and
microorganisms deals with different types of soil pollution and can effectively treat the
contaminated soil. The secretions around plant roots can stimulate the activity of microor-
ganisms in the soil to oxidize PAHs. The combined action of plants and microorganisms
around the roots changes the characteristics of the soil in different ways, enhances microbial
degradation, and promotes the oxidative decomposition of pollutants by plants [89,90].
Different types of plants, especially grasses, have a huge rhizosphere system, which can
produce large amounts of organic matter in the soil. In the rhizosphere of plants, the
migration of PAHs in the soil and the spread of PAHs to surrounding sites can be slowed.
The transfer, with a certain stabilizing effect on PAHs, is conducive to the mineralization of
bacteria or fungi and leads to more soil organic matter consumption. The growth of plant
roots can help loosen the soil, enhance air permeability, and facilitate the entry of water
and air. The acidity and alkalinity of the soil can be altered to facilitate the adaptation of
microorganisms to survive. The decomposition and transformation of the fallen leaves and
branches of plants provide nutrients for plant growth and development, and the presence
of bacteria and fungi also stimulates the rhizosphere of plants. The existence of plants and
microorganisms that are conducive to the uptake of nutrients in the soil is a complementary
and synergistic way to promote the degradation of pollutants in the soil [91,92].

The synergistic treatment of soil by plants and microorganisms is a comprehensive
utilization of the ability of plants and microorganisms to degrade PAHs. The addition of
fungi and bacteria has certain effects on some specific PAHs with polyphenyl rings. The
high treatment capacity greatly improves the efficiency of soil remediation. Therefore,
the introduction of plants into the bioremediation system can overcome the limitations
associated with other bioremediation methods to repair the small biomass of soil and
improve the degradation of pollutants. In addition, soil microorganisms, as an indicator
for soil pollution, can be used to evaluate the toxicity, risk status, and remediation of
contaminated soil and also assess the risk of final metabolites of organic matter [90,91,93,94].

1.5. Concentrations of PAHs in Farmland Crops

The effect of polycyclic aromatic hydrocarbon pollution on crops is far-reaching.
The analysis of the concentrations of PAHs in some farmland vegetable crops showed
lower concentrations of high molecular weight PAHs in most vegetables compared to
those of low molecular weight PAHs. Fismes et al. [95] and others reported that carrots,
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potatoes, and lettuce can absorb polycyclic aromatic hydrocarbons from contaminated
soil. Camargo and Toledo [96] also observed that grapes, apples, pears, tomatoes, cabbage,
and lettuce, grown in rural areas near Brazilian urban centers, contain PAHs. In some
research areas, where wastewater containing polycyclic aromatic hydrocarbon mixtures
was used to irrigate vegetables, PAHs were also detected in cultivated vegetable crops.
Radishes, coriander, cauliflower, cabbage, etc., were cultivated in soil containing polycyclic
aromatic hydrocarbons. Carrots, turnips, peas, lettuce, garlic, onions, and other crops also
have different levels of polycyclic aromatic hydrocarbons. Two vegetables, cauliflower
and lettuce, are the most contaminated, with a maximum value of 276 ug/kg [97], while
in the Bannu district (lightly polluted region) cabbage was observed highly contaminated
vegetable with PAHSs of 177 ug/kg. In addition, in leafy vegetable, NA (2 ring PAH)
ranged from 35 to 55 ug/kg, while ACN, Fl, PHE, and AN (3 ring PAHs) ranged from
9 to 86 nug/kg. HMW-PAH, including FIA, BaP, CHR, and PY (4 ring PAHs) ranged from 2
to 70 ug/kg, while BaP, BbF, and BkF (5 ring PAHs) ranged from 2 to 42 pg/kg, and D(ah)A,
B(ghi)P and IP (6 ring PAHs) ranged from below detection limit to 7.2 ug/kg. The content
of PAHs in cabbage and leafy vegetable is far less than that in cauliflower and lettuce,
indicating that the pollution of cauliflower and lettuce is indeed the most serious. Using
the plant concentration factor (CF) to estimate the human risk of PAHs in vegetables, CF
values of all individual PAHs (both LMW and HMW) for selected vegetable were observed
less than one. It means that no vegetable was shown the hyperaccumulating capacity
towards PAH accumulation [97]. Studies have also recorded the PAHs concentrations in
soybeans, peanuts, rice, cowpea, and other crops at different distances along the road in
the same area and also in rural areas and found that the closer the distance to the road, the
higher the concentrations of polycyclic aromatic hydrocarbons in crops, with more crops
on the roadside. Specifically, the highest mean detection value (2887.73 ng/g) of £16 PAHs
occurred at the sampling point 10 m away from the road, while the lowest mean detection
value (172.78 ng/g) of 216 PAHs occurred at the sampling point 20 m away from the road,
and the highest mean value was 16.7 times of the lowest value. The average detection
value of 16 PAHs of farmland along the highway was 966.39 ng/g, while the average
detection value of 16 PAHs of farmland near urban road was 220.68 ng/g. The 16 PAHs
of highways were 4.39 times that of urban roads [98]. Through analysis, it can be seen that
crops can absorb PAHs through soil, water, air and other means, causing serious harm
to human health. Therefore, reducing the PAHs in soil and other media can indirectly
reduce the content of PAHs in the human body, thereby reducing the harm of PAHs to the
human body.

So far, many researchers have evaluated the residual amount and pollution degree
of PAHs in the soil by collecting samples, and used a single method to remediate the
contaminated soil. However, considering that previous studies were conducted on some
types of PAHs in individual areas, the overall research work is relatively scattered, and it
is impossible to fully and multidimensionally recognize the impact of PAHSs on the entire
society. Therefore, the significance and novelty of this review are to collect and sort the
more important earlier research results of PAHs, summarize the current research progress
of PAHs, and aim to reveal the mechanism of the plant-microbes to efficiently remediate
the soil contaminated by PAHs, and solve the problem from the source. The limitation of
phytomicrobial remediation of PAHs-contaminated soil provides theoretical guidance for
regulating the ecological risks caused by PAHs pollution in the soil.

2. Factors Affecting the Remediation of PAHs-Contaminated Soil by Plants
and Microorganisms

2.1. Influence of Structure and Physicochemical Properties of PAHs on the Phytomicrobial
Remediation of Contaminated Soil

The structure, physical, and chemical properties of PAHs also have a certain impact
on the remediation of contaminated soil by plants and microorganisms. Plants generally
have better degradation ability to PAHs with smaller molecular weight; on the contrary,
their degradation ability is poor, such as complex molecules containing more benzene
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ring structures. This is mainly because PAHs with larger molecular weight have strong
absorption capacity in soil, so they are not easily degraded by plants [99]. Different PAHs
have different degradability and absorption capacities, with different toxic effects on plants
due to their different chemical structures. Taking PCBs as an example, the greater the
number of chlorine substituents on the carbon skeleton, the greater the biotoxicity and
bioaccumulation. In addition, compared to the PCBs substituted by the meta position of
the chlorine group, the PCBs where the adjacent positions are simultaneously substituted
by the chlorine group are more toxic. The ability of plants to oxidize and decompose
PAHs in contaminated sites is related to PAHs structures, bioaccumulation, mobility, and
degradability [100,101].

2.2. How Characteristics of Plants and Microbes Influence Their Remediation of
PAHs-Contaminated Soil

Different plant species have different characteristics, and their ability to transform
and absorb PAHs also differ [102]. Studies have shown that PAHs containing chlorine
substituents are mainly accumulated on the roots of plants due to their great bioaccumu-
lation ability, but their content in other parts of the plant is very small. The transport
capacity of aromatic hydrocarbons in plants is limited, and pollutants cannot be transferred
from the roots of plants. Recent studies have found that cucumbers and zucchini that
belong to the genus Cucurbita have certain concentrations of organic pollutants such as
PAHs containing chlorine substituents, but the content of organic matter in zucchini is
significantly higher than in cucumber. Zucchini mainly relies on the root system to enrich
organic pollutants such as PAHs containing chlorine substituents, while cucumber mainly
relies on leaves [103]. Although the mechanism of phytoremediation of soil is not partic-
ularly clear at present, most published research findings have shown that different root
exudates and enzymes in different plants are the main reasons for the differences in the
degradation of PAHs by plants [104]. Studies on the ability of different species of plants to
remove PAHs have found that most plants with better removal capacity have developed
root tissues. The roots are the tissues and organs that directly contact PAHs. The large
specific surface area of the roots is beneficial, as it fixes and enriches pollutants, and the rhi-
zosphere is a favorable environment for the growth of bacteria and fungi that exist within
the rhizosphere. The capacity of grasses to remove PAHs is higher than that of herbaceous
plants. The different root exudates of plants also have different capacities to remove these
pollutants. Different polycyclic aromatic hydrocarbons also play different roles, and their
degradability with different molecular weights also differs. Only through the synergistic
effect of plants and microorganisms that promote each other can the remediation ability be
improved [105-107].

2.3. Influence of External Factors on Phytomicrobial Remediation of PAHs-Contaminated Soil

Moisture is an important factor influencing PAHs degradation and can directly affect
the oxygen content in the soil. For example, it is difficult for aerobic microorganisms to
degrade organic pollutants in the soil under flooding conditions. The water content can
hinder the circulation of air in the soil. Oxygen in the air helps improve the oxidative
decomposition of PAHs by aerobic microorganisms. The degradation of PAHs by bacteria
and fungi requires the participation of oxygen. Furthermore, the content of oxygen in
the soil is an important constraint that affects the activities of bacteria and fungi in soil
management. If the soil surface is too compacted, the oxygen in the air will not enter
the soil, with an inhibitive effect on the survival of aerobic microorganisms. Moreover, if
the soil overall is too compacted, the particles and organic pollutants in the soil are more
closely combined, which is not conducive to the oxidative decomposition and removal
of PAHs. The use of surfactants is also conducive to enhancing the removal of PAHs
and increasing soil repair and removal rate. Related studies have demonstrated that the
quantitative addition of surfactants to contaminated soil is beneficial to desorption and
conversion of PAHs by bacteria and fungi in the soil, and it improves the degradation
efficiency. Furthermore, compared with PAHs with polyphenyl rings, it is easier for those
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with a low number of benzene rings to be absorbed and degraded [108-111]. High water
content in the soil is conducive to the occurrence of aerobic degradation and its reactions.
The difference in soil quality would also affect the populations of microorganisms. Studies
have shown that the bacteria are cultivated in paddy soil and red sandy soil with lower
organic matter contents. Bacteria in red sand soil went through fewer changes, while the
population of bacteria isolated from the paddy soil in the medium rose rapidly after 14
days of culture, reached the peak at about 28 days, and then decreased [112]. Studies have
also compared the effects of adding mineral nutrients such as N and P to the soil, and found
that N and P nutrients can promote the oxidation and decomposition of PAHs by bacteria
and fungi in the soil. However, the addition of mineral nutrients has almost no effect on
the degradation of PAHs. When further adjusting the ratio of nutrients such as N and P
added to the soil, it is found that the ratio of adding N and P is different, and the effect of
the bacteria and fungi in the soil on the decomposition of PAHs will also be different [113].
Studies have shown certain differences in the amounts of nutrients needed to add to the
soil to treat PAHs of different molecular weights. When the same proportion and content
of nutrients are added to the soil, degradation of PAHs with different molecular weights
can also occur at different levels. Elements such as N and P are beneficial to oxidation and
decomposition of low molecular weight PAHs but have little effect on the removal of high
molecular weight PAHs [114,115].

3. Phytoremediation Mechanism of PAH Transformation in Contaminated Soil

Compared with other remediation methods, phytoremediation is more economical
and effective for the treatment of PAHs-contaminated soil. At present, the research focus is
on screening and cultivating plants with high accumulation and enrichment capacities [116]
to achieve the purpose of remediation of polluted soil by improving tillage practices [117].
Scientists have also tried to simulate the phytoremediation of contaminated soil with
the help of dynamic equilibrium models [118]. Plant variety [119], molecular physical
and chemical properties [120], soil type [121], and other factors are closely related to
phytoremediation efficiency. PAHs can be absorbed by plants from the soil and transferred
to root, stem, and leaf tissues, and the enzymes secreted by endophytic bacteria can be
used to degrade PAHs. Plants can absorb PAHs from contaminated soil and transfer them
to their tissue cells by glutathione S-transferase and ABC transporter [122]. Brassinolide
can not only significantly increase the content of reduced glutathione in plants but also
greatly enhance the biological activity of glutathione S-transferase [123]. The mineralization
degradation of PAHs through plant metabolism mainly involves PAHs hydrolysis, redox,
and other reactions [124]. Moreover, «/3-hydrolase plays a key role in the hydrolysis of
PAHSs [125]. In addition, cytochrome P450, peroxidase, polyphenol oxidase, and laccase
play key roles in the phytodegradation of PAHs [126].

Root exudates produced by plant metabolism also play a significant role in the degra-
dation and mineralization of PAHs in contaminated soil. Root exudates provide nutrients
and energy for microbial reproduction and act as a bridge link for the interaction between
plants and microorganisms. Since the composition of root exudates of different plant
species also differs, the metabolic activity and diversity of rhizosphere microorganisms
vary to different degrees [127]. Root exudates can be divided into low molecular weight
and high molecular weight [128]. Among them, low molecular weight (organic acids)
and high molecular weight (extracellular enzymes, and peroxidases) play a positive role
in improving the degradation of PAHs [129]. PAHs can induce the secretion of more
organic acids in plants, and organic acids can accelerate the separation of PAHs from
soil particles [130]. Plant extracellular enzymes can directly degrade and mineralize or-
ganic pollutants in soil media [131]. Research on the remediation of benzo [a] pyrene
contaminated soil with ryegrass by Ding et al. [132] found that the increase of the content
and activity of polyphenol oxidase in the soil medium had a significant positive effect
on the improvement of the degradation rate of benzo [a] pyrene. Bacteria can secrete
biosurfactants stimulated by water-soluble organic acids in the rhizosphere, which play
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an important role in improving the biochemical utilization efficiency and accelerating the
degradation of PAHs [133]. Kim et al. [134] found that within a certain limit, the absorption
rate of anthracene in contaminated soil would significantly increase with the increase of
the amount of water-soluble organic acids in alfalfa, and the variation range was 80%. The
interaction between root exudates and rhizosphere microorganisms is of great significance
in the phytoremediation of PAHs-contaminated soil.

4. Transformation Mechanism of Microbial Remediation of PAHs in
Contaminated Soil

Microbial activity has become one of the most important mechanisms for the remedia-
tion of PAHs-contaminated soil because microorganisms are ubiquitous in the environment.
When studying the mechanism of PAHs biodegradation, scientists mostly focus on naph-
thalene and phenanthrene with fewer than four rings [135-137]. Although PAHs can be
mineralized under both aerobic and anaerobic conditions, aerobic degradation is signifi-
cantly superior to anaerobic degradation in terms of degradation rate [138].

4.1. Transformation Mechanism of Anaerobic Bioremediation of PAHs in Contaminated Soil

The more complex the chemical structure of the target pollutant is, the more diffi-
cult the degradation by anaerobic microorganisms would be [139]. The most significant
factors affecting the degradation of PAHs by anaerobic microorganisms are the physical
and chemical properties of the molecule itself, the number of benzene rings, and the type,
number, and location of substituent groups [140]. In addition, the activity of degrading
enzymes secreted by anaerobic microorganisms and the mechanism of adaptation to target
pollutants are also key factors determining the anaerobic degradation rate [141]. Anaerobic
microorganisms can degrade low-cyclic PAHs such as naphthalene and phenanthrene,
while for the degradation and transformation of high-cyclic PAHs with more than four
rings, anaerobic microorganisms have the metabolism common with other types of mi-
croorganisms. Studies have shown that by changing the nutrient structure, carbon source,
and energy, cometabolic anaerobic bioremediation helped absorb more nutrients, which
can further exploit the potential of microorganisms to mineralize high molecular weight
PAHs [142]. In recent years, studies on the mechanism of degradation of low molecu-
lar weight PAHs such as naphthalene and phenanthrene have been conducted, and the
anaerobic degradation pathways are shown in Figure 2.
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Figure 2. Anaerobic degradation pathway of phenanthrene (a) and naphthalene (b).
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The initial reactant excitation of the degradation of naphthalene by anaerobic mi-
croorganisms is mainly divided into two phases, including the carboxylation reaction at
the C2 site and the methylation reaction after the introduction of fumaric acid [143]. The
first initiation pathway is based on the highest electronegativity of the benzene ring at
the C2 site; thus, electrophilic substitution reaction or carboxylation reaction can occur by
attacking the carbanion of naphthalene. Zhang et al. [144] used the 13€ labeling method
to trace the degradation of naphthalene and confirmed that the carboxylation reaction
was the initial step for the mineralization of naphthalene by anaerobic microorganisms.
After adding hydrogenation coenzyme to the system, the benzene ring can undergo sec-
ondary hydrogenation, and then ring opening occurs. Finally, the molecular structure of
the small-ring compound can be gradually transformed, making it easier to be degraded
by anaerobic microorganisms. Safinowski et al. [145] investigated the degradation pro-
cess of 2-methylnaphthalene by the anaerobic microorganism N47 and detected a variety
of intermediate products. The addition of fumaric acid has been proved to cause the
methylation reaction of naphthalene and generate the corresponding intermediate prod-
ucts. The experimental results are highly consistent with the hypothesis of the second
initial activation reaction, which proves the authenticity of the second initial activation
reaction. Based on the detected 2-methylnaphthalene, the metabolites were produced
by the reverse reaction of its degradation. The carboxylated metabolites of naphthalene
are produced through multiple reactions of 2-methylnaphthalene with dehydro coen-
zyme, and the resulting degradation products are highly similar to those produced by
the first initial reaction. Musat et al. [146] used naphthalene as the only carbon source
along with marine substrates to breed anaerobic bacteria NAPHS2 and conducted an
in-depth study on the metabolism and degradation of naphthalene. Based on the detected
2-methylnaphthalene, the metabolites were generated by the reverse reaction of degrada-
tion of 2-methylnaphthalene. 2-methylnaphthalene reacts with dehydro coenzyme multiple
times, is converted into carboxylated metabolites of naphthalene, and finally produces the
same degradation products as the first degradation method.

Most domestic and international scholars have studied the anaerobic degradation pro-
cess of phenanthrene using sulfate-reducing bacteria as the experimental object [147-149].
Tsai et al. [148] used GC-MS to isolate and detect the metabolites produced during the
microbial transformation of phenanthrene by sulfate-reducing bacteria and performed a
comparative analysis. They found that both cresol and phenol were detected at the same
time and speculated that phenol was synthesized after the occurrence of the hydroxylation
reaction of the methyl group of cresols. The general degradation pathway of phenanthrene
by anaerobic microorganisms follows: phenanthrene is degraded to cresol by sulfate-
reducing bacteria, and then the phenanthrene is converted into hydroxybenzene methanol
or p-hydroxybenzaldehyde by hydroxylation reaction. Para-hydroxybenzaldehyde can
be decomposed into hydroxybenzoic acid and phenol, and finally, the carboxyl group on
the degradation product is split off through hydration and hydrolysis to complete the
anaerobic degradation of phenanthrene [149].

4.2. Transformation Mechanism of Aerobic Bioremediation of PAHs in Contaminated Soil

Compared with the mechanism of anaerobic biodegradation, the research on the trans-
formation mechanism of aerobic biodegradation is more extensive and detailed. Oxygenase
plays a key role in the degradation of PAHs by aerobic microorganisms [150]. When stimu-
lated by PAHs in soil, aerobic microorganisms secrete monooxygenase and dioxygenase to
mineralize PAHs, thereby remediating the polluted soil [151]. Under the influence of these
degrading enzymes, the oxidation, hydrogenation, and dehydration reactions generally
occur in the benzene ring in PAHs, leading to its final breakage, thereby transforming it
into small-ring PAHs [152]. Studies have shown that fungi and bacteria play significantly
different roles in the degradation of PAHs during the process of aerobic degradation [153].
The monooxygenase produced by aerobic fungi can oxidize the C on the benzene ring and
further convert it into trans diol and phenol through hydration reaction [154]. Aerobic
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fungi mainly include Phellinus ribis and non-Phellinus ribis. Non-Phellinus ribis degrade
PAHs mainly with the help of P450 monooxygenase, while Phellinus ribis can mineralize
PAHs under the influence of synergistic action of P450 monooxygenase and a dual enzyme
system for lignin degradation [155]. The degrading enzyme system and the degradation
pathway are shown in Figure 3. Catalyzed by dioxygenase secreted by aerobic bacteria,
the benzene ring in PAHs reacted with two oxygen atoms to generate peroxides, which
were degraded into cis diol through oxidation reaction, and then converted to phenol after
dehydrogenation reaction [156]. Different degradation pathways may cause the production
of different types of intermediate products developed in the degradation process, and the
intermediate products developed through each degradation pathway include catechol,
2, 5-hydroxybenzoic acid, and 3, 4-dihydroxybenzoic acid. The products developed by
general degradation and transformation of PAHs by aerobic microorganisms can be gradu-
ally transformed into succinic acid, fumaric acid, pyruvate, and acetic acid/acetaldehyde
through lysis of the benzene ring, and finally absorbed as nutrients by microorganisms to
synthesize their cell proteins and generate carbon dioxide and water molecules [157]. Li
et al. [158] compared and analyzed the efficiency to degrade PAHs by bacteria, fungi, and
bacterial-fungal complex communities in the oil-contaminated soil. The results showed
that the efficiency in degrading PAHs in three communities was 45~56%, and the biochem-
ical availability and removal efficiency of PAHs in contaminated areas could be greatly
improved by pretreatment. In addition, the large specific surface area of fungi improves
the chance of contact with the substrate; thereby, the rate of the degradation of PAHs by
fungi is significantly higher than that of the other two biomes.
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Figure 3. Composition of the enzyme associated with aerobic bacterial and fungal degradation pathways of phenanthrene.

4.3. Synergistic Remediation of PAHs-Contaminated Soil by Fungi and Bacteria

Although fungi and bacteria have different mechanisms for the degradation of PAHs,
they can play synergistic and complementary roles in the degradation process. PAHs with
more benzene rings (above the fourth ring) are the main targets for fungal degradation,
while bacteria have the greatest ability to degrade middle- and small-ring PAHs. Studies
have shown that the synergistic degradation by bacteria and fungi can greatly increase
the degradation rate of large-ring PAHs [159]. Boonchan et al. [160] assessed the ability
of the coculture of bacteria and fungi to decompose large-cyclic PAHs such as benzo [a]
anthracene, dibenzo [a, h] anthracene, and benzo [a] pyrene, and the highest degradation
rate was for benzo [a] pyrene. Some scholars have concluded that fungi stimulate the initial
reaction of large-ring PAHs in the coculture system, and bacteria are mainly responsible for
the degradation of metabolites [108,146,147,161]. The fundamental reason for promoting
the synergistic degradation of PAHs by bacteria and fungi is to improve the bioavailability
of pollutants [162]. The synergistic degradation pathway for PAHs in bacteria and fungi is
their degradation by P450 monooxygenase and then the production of trans-dihydrodiol in
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fungi, which is further converted into diol products by catalysis of dehydrogenase. Fungi
can also mineralize PAHs to PAH-quinone products through lignin-degrading enzymes and
degrade quinone products into diol products under the action of O-quinone oxidoreductase
secreted by bacteria [163]. The diol products are eventually converted into CO, and H,O
catalyzed by other bacterial enzymes involved in degradation.

5. Conclusions and Future Prospect

As a class of organic pollutants, which are strictly controlled in terms of soil quality
standards, PAHs show strong “three causes and effects” (carcinogenesis, teratogenesis,
and mutation). PAHs exert unpredictable toxic effects on the balanced development of soil
ecological environment and normal human body functions. Phytomicrobial remediation
is environmentally friendly and economical, and provides a new feasible approach for
the treatment and control of field pollution and farmland pollution. The development of
remediation technologies for PAHs-contaminated soil should not only clarify the various
metabolic mechanisms of PAHs degradation and transformation, but also rely on the
understanding of ecological pollution under specific soil environmental conditions. The
following points are the conclusions, including technical bottlenecks and theoretical gaps
that need further consideration and exploration:

(1) A complete evaluation model for the potential risks of PAHs and their metabolites
in the soil environment was further developed to provide a theoretical basis for
additional management of the remediation of PAHs-contaminated soil.

(2) The metabolic mechanism of PAHs in plants was further explored and improved.

(3) The activity and PAH degradation potential of endophytic bacteria in the plant were
further studied to develop a method to enhance the degradation of PAHs.

(4) To provide the theoretical basis for the development of microbial remediation tech-
nologies to treat PAHs-contaminated soil, the effects of microbial synergism on PAH
degradation were theoretically determined in terms of the conversion pathways, key
degradation products, and the rate-limiting enzymes involved.

(5) Most existing remediation technologies are aimed at the remediation of the same PAHs-
contaminated soil, but, in reality, the pollutants in the contaminated site are more
complex and diverse. Therefore, a new research direction was provided to strengthen
the remediation effect of plants and microorganisms on PAHs- contaminated soil.

(6) The feasibility of the optimized phytomicrobial remediation technology was com-
pared with that of other remediation technologies to improve the remediation effi-
ciency for contaminated sites.
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