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Abstract: Soil pollution is one of the most serious environmental problems globally due to the weak
self-purification ability, long degradation time, and high cost of cleaning soil pollution. The pollutants
in the soil can be transported into the human body through water or dust, causing adverse effects on
human health. The latest research has shown that the clean-up of soil pollutants through microbial
consortium is a very promising method. This review provides an in-depth discussion on the efficient
removal, bio-adsorption, or carbonated precipitation of organic and inorganic pollutants by the
microbial consortium, including PAHs, BPS, BPF, crude oil, pyrene, DBP, DOP, TPHP, PHs, butane,
DON, TC, Mn, and Cd. In view of the good degradation ability of the consortium compared to single
strains, six different synergistic mechanisms and corresponding microorganisms are summarized.
The microbial consortium obtains such activities through enhancing synergistic degradation, reducing
the accumulation of intermediate products, generating the crude enzyme, and self-regulating, etc.
Furthermore, the degradation efficiency of pollutants can be greatly improved by adding chemical
materials such as the surfactants Tween 20, Tween 80, and SDS. This review provides insightful
information regarding the application of microbial consortia for soil pollutant removal.
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1. Introduction

The migration of organic pollutants, such as polycyclic aromatic hydrocarbons (PAHs),
degrade dibutyl phthalate (DBP), di-n-octyl phthalate (DOP), and volatile organic com-
pounds (VOCs), can cause soil pollution [1]. Pollutants can be transferred to the soil
indirectly from various wastes, including antibiotics for hospital medical waste, industrial
wastewater, waste treatment plants, and various point sources such as landfills, container
leaks, waste slag pits, and mine tailings [2,3]. Every country has thousands of sites that
have been contaminated by pollutants [2]. However, due to many applications of these
chemicals, developing countries such as China, India, Vietnam, Nigeria, Ethiopia, Pak-
istan, Indonesia, and South Africa may have more contaminated sites than developed
countries [2,3]. Pollutant concentration and mutual dependence vary from country to
country [2,4]. The dissolution of heavy metals can also pollute the soil. For example, Cd
is a well-known heavy metal [5]. These pollutants, even at low concentrations, can cause
cancer and deformities [2,6,7]. Inhalation, ingestion, or direct contact with these pollutants
will adversely affect the human body, leading to human physical and mental diseases,
such as respiratory diseases, cardiovascular diseases, cancers, etc. [2,7]. Humans and
other creatures, including birds and amphibians, have also been negatively affected [2,4].
Pollutants in the soil, once absorbed by earthworms and then eaten by birds, accumulate in
bird populations, which has been reported to be the main reason for the decline in bird pop-
ulations [2]. The mortality, metabolic and reproductive damage, extinction, acute mortality,
and reduced fertility of various birds have also been reported due to long-term exposure to
toxic pollutants [2]. Soil pollution by organic and inorganic matter is one of the most severe
environmental challenges globally, and it requires immediate, effective, and sustainable
solutions [2,4]. Therefore, there is an urgent need to reduce soil pollution caused by heavy
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metals and organic pollutants. Technologies to remove heavy metals and organic pollutants
in the soil are essential to prevent environmental and health problems [5,8].

Purifying soil contaminated by toxic pollutants is a critical task [2]. In the natural
environment, harmful pollutants can be removed through biological, chemical, and photo-
chemical degradation [3,4,9-14]. The degradation of pollutants depends on the stability of
the pollutants, degradation kinetics, and physical/chemical environment [2]. Physical and
chemical methods of removing pollutants include coagulation, precipitation, centrifuga-
tion, adsorption and desorption, hydrolysis, and photodegradation [2,15]. However, these
processes are costly and have limited effects [2,15]. On the other hand, the biological de-
composition of pollutants is a cheap and environmentally friendly method that can be used
to purify contaminated soil [2,16]. Biodegradation is the catalytic reduction of pollutants
mediated by microbial enzymes. Microorganisms have degrading enzymes, which cleave
the original bonds of toxic pollutants and convert them into inorganic forms through min-
eralization [2,15]. This is a practice that uses microorganisms to convert harmful pollutants
into less toxic or non-toxic forms [2]. It is generally believed that microorganism biodegra-
dation is the primary mechanism of dissipating organic pollutants [3,4,9-14]. Moreover,
compared to other methods, biodegradation is a practical and eco-friendly method, so it
has been widely used [2,15]. To make full use of microbial resources, the degradation ability
of microorganisms should be studied. The success of bioremediation in contaminated sites
depends on the survival rate of microorganisms and their high cell density, stability, and
reusability [17].

Many studies have shown that it is difficult to achieve the complete degradation of
pollutants by a single strain. As different strains have different metabolic pathways, the bac-
teria with different removal abilities are mixed, and the microbial consortium can integrate
each strain’s advantages to achieve the efficient degradation of pollutants. Mixed microbial
consortia exhibited good performance in substrate tolerance and enhanced pollutant degra-
dation [2,8,9,13,14,18,19]. Compared to the culture of a single strain, the performance of
the consortium of microorganisms is better. The microbial consortium showed apparent
effects in the degradation of pollutants [2]. Some existing microbial strains isolated from
the intestinal flora and natural flora have the inherent ability to degrade pollutants [2,16].
Lactobacilli, Actinobacteria, Pseudomonas, Clostridium, Salmonella, and Escherichia coli have
been found to have the inherent ability to degrade pollutants [2]. These strains are suitable
for the bioremediation of pollutants [2,15]. The microbial consortium has become an impor-
tant technology because it degrades pollutants more effectively than a single strain [2,16].
Bioremediation is usually carried out by the microbial consortium rather than by individual
species in the natural environment, and different strains or species play different functional
roles [17]. The co-cultivation of the microbial consortium is more effective than single
bacteria, degrades pollutants faster, and can significantly enhance the biodegradation of
pollutants in the soil [8,17].

The bacterial consortium can effectively bioremediate contaminated sites. The mech-
anism can be summarized as follows: First, the synergistic metabolic degradation of the
bacterial consortium increases. The bacterial consortium members can degrade the essen-
tial intermediate compounds produced by other members in degrading pollutants and
reducing the accumulation of intermediate products, thereby increasing the metabolic path-
ways for the biodegradation of organic pollution (Mechanism 1). Second, some bacterial
consortium strains produce many high-efficiency biosurfactants, thereby increasing the
solubility and content of pollutants, improving their bioavailability and biodegradabil-
ity (Mechanism 2). Third, the microbial consortium can self-regulate and adapt during
degradation. Microbial consortia show better performance than individual cultures in
degrading contaminants (Mechanism 3). Fourth, the microbial consortium can promote the
growth of strains by using metabolites after pollutant degradation (Mechanism 4). Fifth,
the crude enzyme produced in the microbial consortium’s intracellular space can be used
as a degradation factor in degradation, showing high degradation activity (Mechanism 5).
Sixth, there is a biochemical synergistic effect between bacterial consortium strains, which
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enhances bacterial activity and the degradation of pollutants (Mechanism 6). Therefore, the
microbial consortia show a high ability to degrade soil pollutants.

In addition, the strains and the microalgal consortium can significantly improve the
degradation and adaptability of microbial cells. The addition of surfactants to a bacterial
consortium has demonstrated a better ability to remove pollutants than the bacterial consor-
tium alone. Moreover, the biochar or immobilized laccase added to the bacterial consortium
may also improve the bacterial consortium’s biodegradation. Therefore, these substances
can supplement the bacterial consortium to improve the ability of microorganisms to
degrade pollutants.

This review describes the effective biodegradation of pollutants by a microbial con-
sortium composed of bacteria or fungi as exemplified by the biodegradation of different
pollutants (as shown in Figure 1). Furthermore, the specific microorganisms and detailed
mechanisms are summarized. The microbial consortium is a feasible technology for the
remediation of contaminated soil, which inspires the biodegradation and bioremediation
of pollutants.
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Figure 1. Degradation of contaminants by microbial consortia. The combination of bacteria or fungi
strains efficiently removes contaminants such as PAHs, BPs, BPF, and crude oil. The co-cultivation of
microbial strains can effectively clear contaminants such as pyrene, DBP, DOP, TPHP, PHs, butane,
DON, and TC. The consortia can also convert Cd to carbonate precipitation and can bio-adsorb Mn.
The addition of the surfactants Tween 20, Tween 80, and SDS to microbial consortia can enhance
crude oil degradation.

2. The Essential Roles of Consortia Composed of All Bacterial Strains in the
Degradation of Contaminants
2.1. Efficient Removal of Pyrene by Bacterial Consortia

Pyrene is a kind of PAH with four aromatic rings [20]. The degradation of pyrene
is initiated by hydrogen peroxide, and complete catabolism occurs through the cycles of
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phthalates, protocatechins, and tricarboxylic acids [20]. The pyrene-degrading microbial
consortium can be used to clean up pyrene-contaminated sites [21].

It has been reported that a pyrene-degrading microbial consortium has been obtained
from mangroves in Thailand. This consortium is composed of five cultivable bacteria
(Mycobacterium spp. PO1 and PO2, Novosphingobium pentaromativorans PY1, Ochrobactrum
sp. PW1, and Bacillus sp. FW1) [21]. Compared to a single bacterium, this microbial
consortium has a higher pyrene degradation rate. The enhanced biodegradation of pyrene
in this microbial consortium is due to the synergistic interaction of the bacterial mixture [21].
The main reason for this is that the members of the bacterial consortium can degrade the
essential intermediate compounds produced during pyrene degradation by other members;
that is, they can degrade phthalates or protocatechuates [21]. At the same time, Bacillus
sp. FW1 produces a large amount of high-efficiency biosurfactant, thereby increasing
the solubility of the pyrene content, improving its bioavailability and biodegradability.
Therefore, this bacterial consortium shows a high ability to degrade pyrene [21]. Research
has shown that the synergistic degradation of pyrene by pyrene-degrading microbial
consortia can complete the bioremediation of pyrene-contaminated sites, which promotes
the application of bacterial consortia in bioremediation [21]. Other studies have shown
that bacterial consortia are effective at removing pyrene from the soil through natural and
assisted dissipation, which provided a breakthrough for the sustainable application of
bacterial consortia in the ecosystem [22-29].

2.2. Enhanced Degradation of DBP by Bacterial Consortia

DBP is a member of phthalic acid esters (PAEs) family and can be used as plasticizers
for architectural decoration [30]. DBP is widely used as a plasticizer and is quickly released
into various environments [31]. DBP cannot be easily removed by environmental hydrolysis
and photolysis. Biodegradation is a vital method for PAE removal [32].

One study determined that a stable bacterial consortium (B1) could be obtained from
activated sludge of a municipal sewage treatment plant. This bacterial consortium was
composed of Pandoraea sp. and Microbacterium sp. and could efficiently degrade DBP.
The degradation rate was able to exceed 92% over the course of three days. The optimal
temperature for DBP degradation was 30 °C, and the bacterial consortium B1 was able to
adapt to a wide range of pH values (5.5-8.5). In addition to DBP, the bacterial consortium B1
was also able to degrade dimethyl phthalate (DMP), di-2-ethylhexyl phthalate (DEHP), and
phthalic acid (PA) [31]. It has been reported that the high diversity of bacterial consortia
can improve the environmental adaptability and biodegradation efficiency against organic
pollutants. In mixed culture, one strain of bacteria can use the intermediates produced
by another strain [32]. A bacterial consortium has various metabolic capabilities, thereby
increasing the metabolic pathways for the biodegradation of organic pollution [32]. Acidic
intermediate PA is produced during the degradation of DBP. The accumulation of PA in
the medium causes the pH to decrease, thereby inhibiting DBP degradation. The bacterial
consortium B1 can degrade PA and prevent the accumulation of acidic substances [32].
The bacterial consortium B1 can degrade DBP well under acidic conditions and has the
advantage of reducing the accumulation of intermediate products during the degradation
of DBP, which is beneficial to the environment [32]. Compared to a single strain, adding
bacterial consortium B1 to soil contaminated with DBP can significantly increase the DBP
removal rate, which indicates that this bacterial consortium has great potential for the
bioremediation of DBP-contaminated environments [32]. The use of a bacterial consortium
is an effective way to remove DBP from the soil, providing a good framework for the
bioremediation of DBP-contaminated soil [30-32].

2.3. Reinforced Degradation of DOP by Bacterial Consortia

DOP belongs to the phthalic acid ester (PAE) family and is one of the most commonly
used plasticizers [33-35]. DOP can easily leak from products into the surrounding envi-
ronment, resulting in soil contamination [35]. DOP is the endocrine-disrupting chemical
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(EDC), which is closely related to the progression of certain metabolic diseases, including
obesity and diabetes [34]. Studies have shown that compared to photolysis and chemical
methods, the metabolic decomposition of DOP by microorganisms is the primary method
and has many advantages [35].

It has been reported that two strains of Arthrobacter have been isolated from activated
sludge, Arthrobacter sp. SLG-4 and Rhodococcus sp. SLG-6, which use DOP as their only
carbon. Both energy sources can degrade DOP. An analysis of DOP degradation interme-
diates showed that Arthrobacter sp. SLG-4 can completely degrade DOP. DOP cannot be
mineralized by Rhodococcus sp. SLG-6, and the final metabolite is phthalic acid (PA) [35].
Arthrobacter sp. SLG-4 degrades DOP to convert DOP to PA through the de-esterification
pathway, which is metabolized to protocatechuate acid and finally to tricarboxylic acid
(TCA) through the meta-cleavage pathway. Additionally, the phthalate 3,4-dioxygenase
genes (phtA) responsible for PA degradation in Arthrobacter sp. SLG-4 were successfully
detected by real-time quantitative PCR (q-PCR) [35]. The co-culture of SLG-4 and SLG-6
significantly improved the degradation efficiency of DOP. By inoculating the bacterial
consortium that degrades DOP, more than 91% of the DOP can be removed, effectively
enhancing DOP degradation [35]. This study showed that inoculation with a bacterial
consortium degrades DOP effectively, and this thus represents a feasible technology for
DOP bioremediation in actual engineering [35]. Studies have shown that the bacterial
consortium composed of Ochrobactrum sp. VA1. (which degrades PAHs), Penicillium chryso-
genum (which degrades phenol), Bacillus sp. (which degrades hydrocarbons), Sphingobium
sp. (which degrades di-n-butyl phthalate), Lipomyces tetrasporus, and Paecilomyces variotii
(which degrades crude petroleum in sea water) can efficiently degrade the DOP in soil [34].
This is possible because the bacterial consortium is more resilient to adverse environments
or environmental changes than single strain cultures [34]. The bacterial consortium de-
grades DOP over a wide range of temperatures and pH levels, and it is also able to degrade
the intermediates produced during DOP degradation(a total of six major intermediates,
hexyl octyl phthalate (HOP), di-hexyl phthalate (DHP), butyl octyl phthalate (BOP), butyl
hexyl phthalate (BHP), di-butyl phthalate (DBP) and mono-butyl phthalate (MBP)) [34]. It
has also been reported that this bacterial consortium can effectively degrade DOP in soil,
indicating its potential to be used to remediate DOP-polluted sites [34].

2.4. Efficient Degradation of Triphenyl Phosphate (TPHP) by Bacterial Consortia

TPHP, which is often detected in various environments, such as in the air, water, and
soil, has attracted widespread attention due to its adverse effects on organisms [36-38].
TPHP has a damaging effect on the respiratory tract [36-38]. TPHP induces cell apoptosis
by inhibiting cell viability and has a toxic effect [36-38]. The microbial degradation of this
chemical is an effective and environmentally compatible method that provides a viable
option for remedying TPHP pollution [36].

Studies have shown that a novel microbial consortium GYY with the ability to degrade
TPHP efficiently has been isolated and is composed of Pseudarthrobacter, Sphingopyxis,
Methylobacterium, and Pseudomonas [36]. Under optimal conditions, 92.2% of TPHP can
be degraded within 4 h [36]. Additionally, it was shown that TPHP was metabolized by
hydrolysis, methoxylation after hydrolysis, and methoxylation after the activation of the
hydroxylation pathways [36]. This was mainly due to the synergy between the different
strains of microbial consortium GYY. Due to the synergy, the degradation rate of microbial
consortium GYY was much higher than that of individual bacteria [36]. Among them, the
methyltransferase produced by Methylobacterium promoted the production of methylated
products. Moreover, the microbial consortium GYY can self-regulate and adapt during
the degradation of TPHP [36]. The study showed that this microbial consortium can
efficiently degrade TPHP, providing new ideas for the metabolic transformation of TPHP
and providing a bioremediation technology for TPHP pollution [36,37,39].
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2.5. Intensified Degradation of Phenylurea Herbicides (PHs) by Bacterial Consortia

PHs are usually detected as major water pollutants in areas where they are widely
used [40-43]. Studies have shown that the Diaphorobacter sp. strain LR2014-1 and the Achro-
mobacter sp. strain ANB-1 were isolated from a linuron (a selective herbicide)-mineralizing
consortium [43]. The former first hydrolyzed linuron to 3,4-dichloroanaline, while the
latter further mineralized the aniline derivative that was produced [41,42]. The syner-
gistic catabolism of linuron by the consortium containing these two strains led to the
more effective catabolism of linuron and, at the same time, promoted the growth of these
two strains [43]. Strain LR2014-1 contains two evolutionarily different hydrolases, the
amide hydrolase superfamily Phh and the amidase superfamily TccA2, which have com-
plementary roles in the hydrolysis of different types of PHs, including N-methoxy-N-
methyl-substituted, diuron, chlorotoluron, fluomethuron, N,N-dimethyl-substituted, and
siduron [43]. This bacterial consortium can contain synergistic catabolic species for PH
mineralization, and the strains can have functionally complementary hydrolases, thereby
expanding the range of substrates [43]. The bacterial consortium can contain metaboli-
cally synergistic species for PH mineralization, which is a highly effective strategy for PH
degradation [43-45].

2.6. Efficient Degradation of Butane by Bacterial Consortia

Hydrocarbon-degrading bacteria play an important role in eliminating the hydrocar-
bon pollution caused by leaking in the oil extraction process [46—48]. Therefore, discovering
the syntrophic relationships between alkane and alcohol-oxidizing bacteria is of great sig-
nificance for improving the bioremediation efficiency of hydrocarbon contamination [47].

The oxidation of butane by hydrocarbon-degrading bacteria has been described for
a long time, but little is known about the microbial interactions in this process [46]. In a
recent study on this interaction, the efficiency of butane oxidation was evaluated in a single
culture and co-culture of six butane-oxidizing bacteria (BOB, PG-3-1, PG-3-6, PG-3-2, PG-3-
10, PG-3-7, and PG-3-12) and the butanol-oxidizing strain Mycobacterium sp. PG-3-5 [47].
The results of this study show that in a co-culture of seven strains, the degradation rate
of butane was at least 26 times that of the six single cultures [47]. The chromatographic
analysis of the gas in the metabolites showed that butanol accumulated in a single culture
of the BOB strain but not in a co-culture with a butanol-oxidizing strain [47]. These results
prove a new homeotropic relationship between BOB and butanol-oxidizing bacteria during
butane oxidation [47]. The BOB strain oxidized butane to butanol, but this activity was
inhibited by the butanol accumulated in the single culture. The butanol-oxidizing strain
removed butanol in the co-culture to eliminate the inhibition, which improved the butane
degradation efficiency [47]. During co-cultivation, both the BOB and butanol-oxidizing
bacteria could grow, and the time required to remove butane altogether was shortened
from more than 192 h to less than 4 h [47]. The synergistic effect of the co-culture was
also consistent with the reverse transcription-quantitative real-time PCR (RT-qPCR) results
of the bmoX gene because compared to the monoculture, the expression of this gene was
detected to increase during the vegetative growth period, which indicates that the nutrient
interaction up-regulated bmoX [47]. The bacterial consortium was able to greatly improve
the butane degradation efficiency and showed the great potential of this new consortium
in the degradation of refractory industrial pollutants [47,49].

2.7. Degradation of Deoxynivalenol (DON) by Bacterial Consortia

DON is a widely distributed mycotoxin that is often found in various agricultural raw
materials and feeds [50-52]. DON is a pathogenic factor that can accelerate the spread of
plant diseases [50]. In addition, its accumulation in grains can lead to a decline in yield and
can cause serious health problems for humans and livestock [50,52]. The use of naturally
occurring microorganisms to biodegrade DON into less toxic or non-toxic substances is
considered the best way to detoxify DON [50-52]. Studies have isolated the bacteria that are
able to degrade DON from soil samples [52]. Using a mineral medium containing 50 pug/mL
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DON as the sole carbon source under aerobic conditions, 85 soil samples from different
provinces in China were enriched. The bacterial consortium LZ-N1 exhibits efficient and
stable DON-transforming activity [51,52]. Using high-throughput sequencing technology
to analyze the bacterial colony composition, 165 rRNA sequence analysis showed that the
LZ-N1 bacterial consortium was composed of at least 11 bacterial genera, among which
Pseudomonas accounted for nearly half of the relative abundance [51,52]. Two new strains
from the LZ-N1 bacterial consortium, Pseudomonas sp. Y1 and Lysobacter sp. S1, were
mixed and incubated [51,52]. The results show that DON was continuously converted into
metabolite 3-epi-deoxynivalenol (3-epi-DON), and no degradation products were found
after 72 h [51,52]. The mixed culture of cell-free supernatant, lysate, and cell debris were
all able to degrade DON. Under the action of 50 pg/mL DON, the degradation rate of
DON in the supernatant was able to reach 100% within 48 h [51,52]. The primary mecha-
nism was the bacterial consortium composed of Y1 and S1 and was able to convert DON
into non-toxic 3-epi-DON. DON degradation is the process of DON epimerization. DON
epimerization is a two-step enzymatic detoxification pathway of DON that is ubiquitous
in soil microorganisms, including in the oxidation of DON to 3-keto-deoxynivalenol (3-
keto-DON) and then the selective reduction of 3-keto-DON to 3-epi-DON. The compound
3-keto-DON is the main intermediate accumulated by 3-epi-DON in other normal strains.
However, this bacterial consortium’s epimerization mechanism on DON is a two-step
continuous enzymatic reaction that first converts DON to 3-keto-DON and then continu-
ously converts 3-keto-DON to 3-epi-DON. There is no accumulation of 3-keto-DON. The
synergistic metabolism of the bacterial consortium promoted DON epimerization [51,52].
The study reported that using a mixed culture method with a bacterial consortium that de-
grades DON is better able to degrade DON, which provides news idea for how to detoxify
DON-contaminated grains and feeds in the future [50-54].

2.8. Efficient Removal of Tetracycline (TC) by Bacterial Consortia

TC, an environmental pollutant, can stay in the soil for many years and can destroy
the ecosystem [55]. So far, there have been many methods that have been developed to
deal with TC pollution. Microbial remediation is a method that uses microorganisms to
biodegrade pollutants [55,56]. It is considered to be a cost-effective and more suitable
method for soil remediation [56].

One study reported a TC-degrading bacterial consortium composed of Raoultella
sp. XY-1 and Pandoraea sp. XY-2 strains that was isolated and constructed from TC-
contaminated soil [56]. Compared to a single strain, this TC-degrading bacterial consortium
grew better and was able to degrade TC more efficiently [56]. This is due to the presence of
a biochemical synergistic effect between the bacteria, which enhanced the bacteria’s activity
and the TC degradation. As the logarithmic growth phase began, the TC concentration
decreased faster, which indicated that once the bacteria reached a specific number, the
TC biodegradation would increase. The biochemical synergy of the bacterial combination
can enhance TC biodegradation to a certain extent [56]. This bacterial consortium is able
to degrade the TC in the soil environment with high efficiency and has sound ecological
effects [56]. The bacterial consortium degradation method can be used to treat TC pollution,
and this method is beneficial to the remediation of contaminated soil and the promotion of
plant growth, providing a new way through which the bioremediation of TC pollution can
be explored [55-58].

2.9. Efficient Carbonated Precipitation of Cadmium (Cd) by Bacterial Consortia

Compared to other heavy metals, Cd is one of the most common and dangerous envi-
ronmental pollutants [59,60]. A large amount of Cd is released into the environment [60,61].
Cd contamination in grains (such as rice) has also been found in many Asian countries [5,59].
Many methods to remedy Cd-contaminated water and soil have been proposed, including
adsorption, chemical precipitation, electrodeposition, membrane separation, and biological
methods [59]. Among the proposed methods, biological treatments such as bioremediation
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or microbial-mediated remediation have received extensive attention [59]. They are rela-
tively sustainable, environmentally friendly, and low-cost and can efficiently degrade the
pollutant Cd [59].

Researchers have constructed a stable urease-producing consortium (UPC) to effi-
ciently induce the precipitation of Cd carbonate and induce heavy metals to transform
from their ionic state to their stable form, thereby reducing the mobility and toxicity of
these harmful metals [59]. The bacterial consortium consisted of three bacteria belonging
to the phylum Firmicutes. It constitutes UPC (70.22-75.41% of Sporosarcina, 13.83-20.66%
of norank_f_Bacillaceae, and 5.91-13.69% of unclassified_f_Bacillaceae) [59]. UPC has an
excellent ability to convert Cd?* into carbonate precipitation under various environmental
conditions (pH range of 4.0-11.0, and a temperature range of 1045 °C) [59]. The main
mechanism consists of UPC containing a bacterial consortium with high urease activity
and carbonate formation ability [59]. In the urease hydrolysis process of urea, bacterial
cells adsorb Cd?* cations through their negative charges, and the combination of Cd** and
carbonate finally forms a precipitate [59]. Cd ions are converted into a carbonate-bound
form, which has stronger stability and lower toxicity than Cd ions. Calcite-CdCO3 can
stably precipitate Cd. UPC also has stronger environmental adaptability [59]. Since Cd
carbonate can be re-dissolved under acidic conditions, in order to maintain the stability
of the carbonate precipitation formed by the Cd ions, microorganisms with stable activity
and that are capable of living in the alkaline environment are required. Under different
environmental conditions, the final pH value is maintained in the range of 9.0-10.0, which
is an alkaline environment that is suitable for heavy metal precipitation. These bacterial
consortia secrete different compounds, and the microenvironment is adjusted to maintain
the alkaline environment. The steady state of the pH and growth and reproduction can
still achieve the best function, and structural integrity and efficiently induce Cd carbonate
precipitation [59,62]. Compared to single strains, UPC shows a great improvement, and
Cd’s carbonated precipitation efficiency remains stable [59]. Other studies have shown that
bacterial consortia can reduce the Cd content in the soil and can enhance the Cd tolerance
of peas [60]. This research obtained promising microbial resources for the carbonated
precipitation of Cd or other harmful heavy metal pollutants in the bacterial consortium [59].
Other studies have shown that the application of bacterial consortia is more effective than
the application of individual strains [28,60,63-66]. The use of bacterial consortium is a
sustainable and effective strategy for soil Cd precipitation that promotes the bioremediation
of Cd-contaminated farmland [28,60,63—-66].

2.10. Efficient Bio-Adsorption of Manganese (Mn) by Bacterial Consortia

The excessive release of Mn from various industrial wastewater sources into drinking
water and groundwater is considered a common environmental problem [67]. Excessive
Mn intake has been shown to be related to neurotoxic effects in humans [68]. At the
same time, soil contaminated with heavy metals such as Mn has become a major global
environmental problem, and remediating soil contaminated with heavy metals such as
Mn is an urgent social, environmental, and economic problem to be solved [69,70]. Heavy
metal bioremediation plays an important role in biological systems and can effectively
alleviate the harm caused by heavy metals and organic pollutants [68]. Mn usually exists
in the environment in the form of reduced Mn (II) [67,68]. As a microbial filter, manganese-
oxidizing bacteria (MOB) adsorb biological Mn from water and play an essential role in the
bioremediation of heavy metals and organic pollution [68]. It has been reported that the
Sphingobacterium and Bacillus obtained from Mn-contaminated rivulet sediment were mixed
and cultured to form the MOB consortium AS [68]. The MOB consortium AS showed
good Mn (II) bio-adsorption performance [68]. Additionally, the MOB consortium AS
can use various carbon sources to bio-adsorb Mn (IT) [68]. Without Mn (II), the surface
of the MOB consortium AS appeared smooth, while with Mn (1), its surface appeared
rough, and it was possible for the Mn (II) in the medium to assume an insoluble form
and adsorb onto the surface of bacteria [68]. There was natural Mn oxide on the surface
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of the MOB, and it had the potential to adsorb Mn (II). The MOB consortium AS can use
various organic compounds to bio-adsorb Mn (II) and bio-adsorb Mn in the coexistence
system [68]. Using the MOB consortium was more efficient in bio-adsorbing Mn (II) [68]
compared to simply using MOB bacteria. Research has reported that the MOB consortium
AS has great potential in remediating heavy metals and organic pollutants polluting the
environment [68]. Bacterial consortium contributed to removing Mn in soil and was
beneficial to bioremediation, representing a new strategy for the efficient remediation of
Mn-contaminated soil [67,71,72].

The compositions and mechanisms of all-bacteria consortia discussed in this section
are shown in Table 1.

Table 1. Composition and mechanism of all-bacteria consortia.

Contaminant

The Microorganisms

Detailed Mechanism of Synergy

Mechanism Type

References

Involved
Five cultivable bacteri Degrade the essential intermediate compounds
M Sozlalc ter?umes ac eP(;l produced during the degradation of pyrene by
an dyPOZ Nowos h?rf)'obium other members. Degrade phthalates or
Pyrene on tarc;ma tivof uns%’Yl protocatechuates. Produce a large amount of 1,2 [21]
(%chrobac frum s PWl, high-efficiency biosurfactant, thereby increasing the
nd Bacillus p.FW1), soluble pyrene content, improving its
a Sp- bioavailability and biodegradability.
Degrade dimethyl phthalate (DMP),
DBP Pandoraea sp. and di-2-ethylhexyl phthalate (DEHP), and phthalic 1 [32]
Microbacterium sp. acid (PA); one strain of bacteria uses the -
intermediates produced by another strain.
Metabolize DOP as phthalic acid (PA). Degrade
DOP Arthrobacter sp. SLG-4 and DOP to PA and then metabolize it to 1 [35]
Rhodococcus sp. SLG-6 protocatechuate acid and finally to tricarboxylic N
acid (TCA) through the meta-cleavage pathway.
Ps;ur}il?;tlz)robzfster, Synergy between the different strains of the
TPHP Meth ;laobaftez?um’ and microbial consortium GYY. Self-regulate and adapt 13 [36]
lzseu domonas/ during the degradation of TPHP.
Synergistic catabolism of linuron leads to a more
Diavhorobacter sp. strain effective catabolism of linuron and promotes
P LR2014-1 aP; d growth. It contains two evolutionarily different
PHs Achromobacter sp. strain hydrolases, the amide hydrolase superfamily Phh, 15 [43]
ANB—lp. and the amidase superfamily TecA2, which have
complementary roles in the hydrolysis of different
types of PHs.
Six butane-oxidizing The BOB strain oxidized butane to butanol. The
bacteria (BOB, PG-3-1, butanol oxidizing strain removed butanol,
Butan PG-3-6, PG-3-2, PG-3-10, promoting the growth of both BOB and 14 [47]
utane PG-3-7, and PG-3-12) and butanol-oxidizing bacteria. The co-cultivation of ’
butanol oxidizing strain BOB strains and butanol-oxidizing strains has a
Mycobacterium sp. PG-3-5 synergistic effect.
Convert DON into non-toxic 3-epi-DON. DON
Pseudomonas sp. Y1 and degradation was the DON epimerization process.
DON TLusobacter E s1 DON epimerization is a two-step enzymatic 1 [51]
Y p- detoxification pathway of DON. The synergistic
metabolism promoted DON epimerization.
The presence of a biochemical synergistic effect
TC Rag:i%i;jfg X\;—é{znd between the bacteria, which enhanced the bacteria’s 6 [56]
P- activity and the degradation of TC.
o Contained a bacterial consortium with high urease
S upc (7.0 22-75:41% Ofo activity and carbonate formation ability. In the
porosarcina, 13.83-20.66% urease hvdrolvsi ¢ Cd2* cati
. ydrolysis process of urea, cations are
Cd of norank_f_Bacillaceae, h h thei ive ch h 3 [59]
and 5.91-13.69% of adsorbed through their negative charges, and the
ndl ifi df Bacillaceae) combination of Cd?* and carbonate finally formed
unciassiiedL a precipitate. Stronger environmental adaptability.
Mn Sphingobacterium and Use various organic compounds to bio-adsorb Mn 3 [68]

Bacillus

(II) and bio-adsorb Mn in the coexistence system.
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3. The Essential Roles of Consortia Composed of Bacteria and Fungi Strains in the
Degradation of Pollutants

3.1. Efficient Degradation of PAHs by Microbial Consortia

Due to the potentially toxic effects of hydrocarbons on animals, humans, plants, and
microorganisms, the pollution caused by hydrocarbons has become an environmental
problem worldwide. The continuous pollution of crude oil and its derivatives has accel-
erated the deposition and accumulation of foreign organisms and toxic compounds in
soil [1,73-75]. PAHs are considered priority environmental pollutants due to their high
toxicity and persistence [1,76]. PAHs are toxic, mutagenic, and teratogenic in soil. In the
past century, the number of PAHs discharged into the environment by human activities
has been increasing, and microbial degradation is considered the main method through
which hydrocarbons degrade naturally in soil [77]. Bioremediation technology based on
the use of microorganisms use to degrade pollutants is highly efficient and cost-effective.
Studies have reported that microorganisms (such as bacteria, fungi, and algae) have spe-
cific catabolic activities and that they can be used to repair soil and water affected by
low-molecular-weight and high-molecular-weight PAHSs [78].

Studies have shown that a consortium comprising four fungal (Aspergillus flavus He,
Aspergillus nomius H7, Rhizomucor variabilis H9, and Trichoderma asperellum H15) and five
native bacterial strains (Klebsiella pneumoniae B1, Bacillus cereus B4, Pseudomonas aeruginosa
B6, Klebsiella sp. B10, Stenotrophomonas maltophilia B14) in the soil degrade PAHs faster
compared to when a single microorganism is used and has a higher degradation value
(degradation value = (beginning PAH — remaining PAH)/beginning PAH x 100) [79,80].
Moreover, the degradation of low-molecular-weight (LMW) PAHs can promote the degra-
dation of high-molecular-weight (HMW)-PAHs and can increase the metabolic degradation
of LMW PAHs and their mixtures, such as pyrene (Pyr) and benzo[a]pyrene (BaP) [78].
This is due to the increased synergistic metabolic degradation of this bacterial consortium.
This bacterial consortium was inoculated to degrade the PAHs and produced noticeable
microbial diversity changes in soil that had been contaminated by PAHs, which caused the
microbial community to shift in the direction of aromatic hydrocarbons and intermediate
degradation pathways, which greatly facilitated PAH mineralization and the removal of
PAHs [78]. The mixed microbial community was able to effectively degrade a large number
of PAHs in the soil, which could have been due to increased co-metabolic degradation [78].
Other studies have shown that for individual bacterial strains that can only metabolize
PAHs in a limited range, heterogeneous populations with a high enzyme capacity are
needed to accelerate and expand the biodegradation of PAHs. Compared to the use of
a single bacterial culture, a bacterial consortium composed of four different strains of P.
aeruginosa (PA-OBP1, PA-OBP2, PA-OBP3, and PA-OBP4) can secrete a wider range of
enzymes to catalyze a degradation process that involves various reactions. The main mech-
anism involved the co-metabolic behavior and synergistic interaction between bacterial
consortium members, promoting the degradation of PAHs. The metabolic intermediate
produced by a bacterial strain can be used by other members of the bacterial consortium as
a substrate for its growth and biosurfactant production [81]. Other studies have also shown
that BioTiger, a patented microbial consortium of twelve natural environmental isolates,
can adhere to PAHs through co-metabolism such as through the produced biosurfactant
and can enhance the degradation of PAHs. This natural microbial consortium has good
potential for the in situ bioremediation of tailings [82].

3.2. Enhanced Removal of Bisphenol S (BPS) by Microbial Consortia

In recent years, the BPS production and emissions have increased substantially [83-85].
BPS has shown increasing cytotoxicity in humans, including immunotoxicity, reproductive
and developmental toxicity, and neurotoxicity [83,84]. BPS can significantly inhibit the
immune regulation of genes [84]. Studies have shown that BPS is also common in the
environment [83]. BPS has a toxic effect on soil biochemical activity [84]. Degrading BPS
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can eliminate ecological system pollution and can restore the balance of the global soil
environment [84].

According to the European Patent Office and the global International Patent Classifi-
cation (IPC) databases, the substances that are the most effective in the bioremediation of
organic pollutants mainly include bacteria (57%), enzymes (19%), fungi (13%), algae (6%),
and plants (4%) [84]. Among them, the enzymes that are used in enzyme bioremediation
are derived from various species such as bacteria, fungi, algae, and plants. They are directly
dissolved in the pore water or are immobilized with 2D and 3D super-large molecular
structures and are then used for the bioremediation of pollutants. The most commonly used
are proteases, cellulases, lipases, laccases, and peroxidases [86], such as carbamate pesticide
degrading enzymes and the 2,4-dinitroanisole hydrolase [84,86,87]. Simultaneously, the
use of bacterial and fungal consortia is a novel technology that can effectively improve the
degradation of pollutants [84]. Research has shown that by combining a bacterial consor-
tium consisting of Pseudomonas umsongensis, Bacillus mycoides, Bacillus weihenstephanensis,
and Bacillus subtilis and a fungal consortium consisting of Mucor circinelloides, Penicillium
daleae, Penicillium chrysogenum, and Aspergillus niger, the potential adverse effects of BPS
degradation can be eliminated [84]. At the same time, studies have found that BPS can
significantly inhibit soil enzyme activity and soil fertility [84]. Among these enzymes, BPS
inhibits dehydrogenases and acid phosphatase the most obviously. Studies have shown
that the bacterial consortium counteracts the harmful effects of BPS on the soil by enhancing
catalase, urease, acid phosphatase, and alkaline phosphatase activity. Additionally, the
fungal consortium can enhance the dehydrogenase, arylsulfatase, S-glucosidase, and acid
phosphatase activity [84].

Another study reported on a bacterial consortium that was enriched from river sedi-
ment and that was mainly composed of four bacterial genera, Hyphomicrobium, Pandoraea,
Rhodococcus, and Cupriavidus, which were present at relative abundances of 5.1%—-52.8%.
This bacterial consortium was highly efficient in degrading BPS (at pH 7 and at a temper-
ature 30 °C, 99% of BPS with an initial concentration of 50 mg/L can be removed within
10 days) [83]. The main mechanism through was this was possible was due to the bacterial
consortium being resistant to BPS and being able use BPS as a substrate. When the BPS
degradation rate increased, the growth rate of the bacteria in the bacterial consortium
increased, which further enhanced BPS degradation [83]. In addition, the optimal pH
(7) and temperature (30 °C) for the growth of the bacterial consortium using BPS as the
sole substrate are feasible in the common environment, allowing this bacterial consortium
to be used in multiple applications, such as in the restoration of soil contaminated by
BPS [83]. Compared to this bacterial consortium, the BPS degradation rate in a single
culture was lower [83]. For example, compared to the bacterial consortium, the two degra-
dation strains Terrimonas pekingensis and Pseudomonas sp. had much lower BPS degradation
efficiencies [83].

3.3. Enhanced Degradation of Bisphenol F (BPF) by Microbial Consortia

BPF is a dihydroxydiphenylmethane of the diphenylalkene family [88,89]. It is widely
used to produce sewage pipes, adhesives, dental sealants, and acetonitrile [89]. It has
become a major pollutant due to leaking from the industrial products containing it [88].

BPF is a toxic soil pollutant that inhibits the biochemical activity of soil [88]. It
is necessary to effectively degrade BPF to eliminate the impact of BPF on the environ-
ment [89]. Studies have shown that a bacterial consortium composed of four bacterial
genera, Salmonella enterica (46.4%), Enterobacter (28.6%), Citrobacter (21.4%), and Pseudomonas
(3.6%) has good BPF removal ability [89]. Under certain conditions (35 °C, 150 rpm, C/N
ratio over 10, 300 mg/L BPF), this consortium can completely degrade BPF [89]. The main
mechanism for this is that this bacterial consortium can synergistically degrade BPF [89].
BPF degrades into bis(4-hydroxyphenyl)methanol and DHBP (BPF degradation intermedi-
ates), which then degrade into 4-hydroxyphenyl-4-hydroxybenzoate and 1,4-hydroquinone,
which finally degrade into CO, [90]. In addition, this bacterial consortium can use BPF and
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its metabolites as a carbon source to remove BPF, effectively biodegrading BPF [89]. The
bacterial consortium mentioned above has a better BPF degradation performance than that
observed for a single culture and is a potentially good method for treating sites that have
been contaminated by BPF [89].

Other research reported a bacterial consortium composed of four kinds of bacteria
(Pseudomonas umsongensis, Bacillus mycoides, Bacillus weihenstephanensis, and Bacillus subtilis)
and a fungal consortium consisting of four fungi (Mucor circinelloides, Penicillium daleae,
Penicillium chrysongogenum, and Aspergillus niger), which can efficiently degrade BPF and
eliminate the damage that BPF can cause to the environment [88]. The main mechanism
of this is the bacterial consortium increases the activity of urease, 3-glucosidase, catalase,
and alkaline phosphatase. In addition, this fungal consortium increases the activity of
dehydrogenases, catalase, 3-glucosidase, alkaline phosphatase, and urease. Thus, the
bacterial and fungal consortia reduced the inhibitory effect of BPF on enzyme activity [88].
Compared to the fungal consortium, the bacterial consortium had a better effect on BPF-
contaminated soil remediation [88]. Compared to a single culture, the bacterial and fungal
consortia had higher stability and stronger metabolic potential, indicating that they had
more advantages in repairing soil contaminated with BPF [88,91]]. Therefore, these bacterial
and fungal consortia can efficiently biodegrade BPF, reducing the toxic effect of BPF on the
biochemical activity in soil. This is a potentially effective bioremediation method for soil
contaminated by BSF [88], eliminating BPF pollution in the ecosystem and restoring the
balance of the global soil environment [84,88].

3.4. Effecient Degradation of Crude Oil by Microbial Consortia

Due to the continuous growth of energy demands and the innovation of oil recovery
technology, the extraction, refining, and use of crude oil worldwide is proliferating [92].
Due to the complex composition of crude oil, its poor fluidity, and its biological toxicity,
environmental petroleum pollution has become a continuous threat to human society and
to the natural environment [73,75,77]. Due to its low cost, environmental friendliness, and
ability to fully degrade pollutants, bioremediation is considered to be one of the most
promising methods to treat crude oil contamination [8,93].

The co-cultivation of indigenous microorganisms and exogenous microorganisms is
an effective biological method to improve the metabolic ability of microorganisms and
the synergistic degradation ability of crude oil [18]. Scedosporium boydii has been used to
degrade various petroleum pollutants and has been proven to be an exogenous strain that
can enhance the degradation ability of environmental microorganisms [93]. This study
showed that the co-culture of a microbial consortium composed of indigenous bacteria,
the main members of which were Paraburkholderia sp. and Paraburkholderia tropica and the
exogenous fungus Scedosporium boydii, was able to significantly enhance the biodegradation
of crude oil [93]. Co-cultivation can simultaneously increase the degradation rate of
n-alkanes, aromatic fractions, and crude oil [93]. In particular, the inoculation ratio of
bacteria to fungi was 3:1, and the degradation rate of crude oil increased from 61.06%
to 81.45% under certain co-cultivation conditions [93]. After inoculating the microbial
consortium composed of indigenous bacteria and an exogenous fungus, Scedosporium boydii,
the microbial activity was significantly enhanced, and the uniformity and diversity of
bacteria in the prescribed co-culture increased [93]. The co-degradation of crude oil in
the bacterial and fungal consortium was beneficial to the bioremediation of petroleum-
contaminated soil [93]. The study showed that the microbial consortium degraded crude
oil well and that it had good potential for applications related to the remediation of crude
oil-contaminated environments [94-101]. The composition and mechanisms of the bacterial
and fungal consortia are shown in Table 2.
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Table 2. Composition and mechanisms of bacterial and fungal consortia.

Contaminant Microorganisms Involved Detailed Mechanism of Synergy Mechanism Type References
Four fungal (Aspergillus flavus H6, Increase synergistic metabolic
Aspergillus nomius H7, Rhizomucor degradation. Produced noticeable
variabilis H9, Trichoderma asperellum microbial diversity changes in the soil
H15) and five native bacterial strains contaminated by PAHs, which caused 1 78]
(Klebsiella pneumoniae B1, Bacillus cereus ~ the microbial community to shift in the
PAHs B4, Pseudomonas aeruginosa B6, direction of aromatic hydrocarbons
Klebsiella sp. B10, Stenotrophomonas and intermediate degradation
maltophilia B14) pathways.
Four different strains of P. aeruginosa Secrete a wider range of enzymes to
(PA-OBP1, PA-OBP2, PA-OBP3, and catalyze the degradation process 5 [81]
PA-OBP4) through various reactions.
A bacterial consortium consisting of Counteract the harmful effects of BPS
Pseudomonas umsongensis, Bacillus . . .
. ; ¢ . on the soil by enhancing the activity of
mycoides, Bacillus weihenstephanensis, X
. o catalase, urease, acid phosphatase, and
and Bacillus subtilis and a fungal -
. L alkaline phosphatase. Enhance the 5 [84]
consortium consisting of Mucor .
L . RN activity of dehydrogenase,
circinelloides, Penicillium daleae, . .
BPS ey . arylsulfatase, 3-glucosidase, and acid
Penicillium chrysogenum, and Aspergillus
. phosphatase.
niger
Resistant to BPS and can use BPS as a
Four bacterial genera Hyphomicrobium, substrate. When the degradation rate 4 183]
Pandoraea, Rhodococcus, and Cupriavidus  of BPS increased, the growth rate of the -
bacteria increased.
Four bacterial genera, Salmonella -
enterica (46.4%), Enterobacter (28.6%), Syngrgmtlcally Flegrade BPF. Use BPF
. N and its metabolites as a carbon source 14 [89]
Citrobacter (21.4%), and Pseudomonas
o to remove BPE.
(3.6%)
BPF Four kinds of bacteria (Pseudomonas Increased the activity of urease,
umsongensis, Bacillus mycoides, Bacillus -glucosidase, catalase, and alkaline
weihenstephanensis, and Bacillus subtilis) ~ phosphatase. Increased the activity of 5 58]
and four fungi (Mucor circinelloides, dehydrogenases, catalase,
Penicillium daleae, Penicillium f3-glucosidase, alkaline phosphatase,
chrysongogenum, and Aspergillus niger) and urease.
Indigenous bacterial Paraburkholderia Significantly enhanced microbial
Crude oil sp. and Paraburkholderia tropica and activity and increased the uniformity 6 [93]

exogenous fungus Scedosporium boydii

and diversity.

4. Enhancement of Degradation Efficiency by Adding Chemicals to
Microbial Consortia

Soil pollution caused by crude oil is a severe environmental problem that is mainly
caused by accidental spillage and the discharge of petroleum or oily waste and poses a
potential risk to human health [102]. Therefore, many studies have been conducted to ex-
plore practical techniques for removing crude oil from contaminated soil [98]. Among these
technologies, bioremediation has broad development prospects due to its non-invasive and
cost-effective characteristics [97].

Studies have shown that the addition of two surfactants, nonionic surfactant poly-
oxyethylene sorbitan monooleate (Tween 80) and anionic surfactant sodium dodecyl sulfate
(SDS), can enhance the biodegradation of crude oil by means of a mixed bacterial consor-
tium in the soil-water system [97,103—-105]. A mixed bacterial consortium was obtained
from the activated sludge of a cooking plant and was composed of Alphaproteobacteria (42%)
and Gammaproteobacteria (35%), Mycobacterium sp. (12%), and unclassified rhizobiales (11%),
of which Rhodanobacter sp. was the dominant species, accounting for 34% [97]. Both Tween
80 and SDS can be used as carbon sources and can promote mixed bacterial consortium
growth [97]. Crude oil degradation can be enhanced by adding Tween 80 and SDS [97]. The
crude oil degradation performance of Tween 80 was generally better than that of SDS [97].
Studies have shown that adding Tween 80 and inoculating it with a mixed bacterial consor-
tium has a better purification effect on crude oil-contaminated soil [97]. Simultaneously, the
biodegradation effect of the mixed bacterial consortium was better than that of pure bacte-
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ria [97]. Additionally, studies have also shown that the degradation efficiency of the crude
oil treated with the Tween 20 surfactant was higher than that of the bacterial consortium
not treated with Tween 20 [106]. The addition of biosurfactants to crude oil-contaminated
soils, on the one hand, improves the desorption and subsequent dissolution of pollutants
from solid substrates to aqueous solutions. On the other hand, biosurfactants also act as
carbon sources, helping to stimulate cell growth and the microbial activity of a bacterial
consortium, accelerating the biodegradation process through co-metabolism [107]. The
combination of mixed bacterial consortium and surfactants can significantly improve the
degradation efficiency of crude oil, providing a more practical choice for environmental en-
gineers in crude oil-contaminated soil remediation [97]. Other studies also have also shown
that the addition of surfactants in the bacterial consortium can enhance biodegradation and
can effectively reduce the crude oil content on the sea surface, which can help to develop
the bioremediation strategy of crude oil in the marine ecosystem [106,108-110]. This is a
new method of using the bacterial consortium for ecological restoration [97,106,108-110].
Studies have also shown that Sapindus saponins (natural surfactants) can modify bacterial
cell properties and reduce cells hydrophobicity, and changing the electrokinetic behavior of
cells may thus be advantageous to support the treatment of recently crude oil-contaminated
soils [111].

Other amendment methods have also been developed to enhance bacterial consor-
tium activity. It has been reported that the addition of biochar to bacterial consortia can
stimulate microbial activity and can enhance the bacterial consortium’s ability to degrade
pollutants [112]. The inoculation of biochar may change the soil structure and increase the
biodegradation rate of organic matter [112]. In addition, adding immobilized laccase to
the bacterial consortium can also effectively enhance the bacterial consortium’s bioremedi-
ation ability, which is due to the fact that immobilized laccase is beneficial to the growth
and metabolism of the bacterial consortium [113]. Additionally, adding washing agents
consisting of a lipopeptide biosurfactant (in foamate or cell-free broth), Dehydol LS7TH
(fatty alcohol ethoxylate 7EQO, oleochemical surfactant), butanol (as a lipophilic linker), and
biochar to the bacterial consortium can enhance the bioactivity of the bacterial consortium,
which can also promote crude oil degradation [114]. Moreover, the degradation of pollu-
tants can also be enhanced using natural raw materials [115]. Furthermore, the application
of digestate and fly ash can greatly enhance microbial activity and diversity, which can
be successfully used to remediate contaminated soils [116]. Therefore, by adding biochar
or immobilized laccase or washing agents, as well as digestate and fly ash to the bacterial
consortium, the biodegradation of soil pollutants via the bacterial consortium could be
significantly improved.

5. Discussion and Conclusions

Although the amounts of these pollutants in the soil varies from place to place, the
increase in synthetic, chemical, industrial, agricultural, and residential uses has led to the
release of large amounts of organic and inorganic pollutants into the soil. Among them, the
most important organic pollutants are PAHs, DBP, and DOP in petroleum, and the most
important inorganic pollutants are heavy metals such as Cd and Mn. Therefore, reducing
the soil pollution caused by heavy metals and organic pollutants and promoting the use
of sustainable methods to repair these contaminated soils are very important measures to
prevent environmental and health problems. Compared to other methods, biodegradation
is an effective, eco-friendly method with many advantages.

Many studies have shown that it is difficult for a single strain to completely degrade
pollutants and that microbial consortia have different removal abilities. A microbial con-
sortium can integrate the advantages of each strain to achieve the effective degradation
of pollutants. Compared to a single culture of microorganisms, mixed microbial consortia
exhibit good substrate tolerance, and microbial consortia have better pollutant adsorption
or degradation performance and are suitable for use as a promising soil pollutant bioreme-
diation technology. The main mechanism of this technology can be summarized as the key
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intermediate compounds that synergistically degrade pollutants; produce large amounts of
high-efficiency biosurfactants; are able to self-regulate and adapt; promote bacterial growth;
produce key degrading enzymes; and enhance enhancement bacterial activity. Among
them, the most common mechanism is the synergistic degradation of the key intermediate
compounds of pollutants, reducing the accumulation of intermediate products, thereby
increasing the metabolic pathways for the biodegradation of organic pollutants. Moreover,
direct interspecific electron transfer (DIET) between homogeneous nutritional partners
can be established by directly adding surfactants to promote the growth of a microbial
consortium; adding biochar to stimulate microbial activity; and adding immobilized laccase
to enhance the microbial growth, etc., to significantly improve the degradation efficiency of
soil pollutants. By reviewing and summarizing the ability of microbial consortia to show
high bio-adsorption or biodegradation or the conversion of soil pollutants into carbonate
precipitation, research can provide inspiration for the construction of suitable microbial
consortia for the treatment of specific soil pollutants in the future.

Bacterial consortia are effective in improving the ability of microorganisms to de-
grade and synthesize organic and inorganic pollutants. Further research on the metabolic
pathways of pollutants in consortia will increase our scientific understanding of effective
methods for removing pollutants. Microbial metabolism reduces the content of these pollu-
tants and creates a sustainable way to reduce soil pollution. It is necessary to conduct more
high-throughput research on microbial technology to develop management strategies for
the bioremediation of contaminated soil. The addition of a bacterial consortium to the soil
will have a good impact on environmental sustainability, and it will be of great importance
for the restoration of contaminated land in an environmentally friendly way and will open
up a new way for sustainable development.
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