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Abstract: The remediation of polycyclic aromatic hydrocarbon (PAH)-contaminated soils has received
much attention in recent years, and most of the contaminated sites are in anaerobic environments,
such as deep soils and flooded soils. We simulated the natural flooded soil environment, selected
phenanthrene (PHE) as a model PAH contaminant, and designed batch experiments run for 63 days
to comprehensively investigate the effects of the combined addition of anaerobic sludge and granular
biochar on microbial community and function and the anaerobic biodegradation of PHE. Firstly,
the residue, distribution, and removal of PHE in the flooded soil environment were quantified for
each group. Secondly, the effects of bioaugmentation of soil indigenous microorganisms by the
addition of anaerobic activated sludge and biostimulation of biochar on the removal of PHE from
the soil were analyzed against each other. Lastly, the changes in the structure of the microbial
community under the effect of bioaugmentation and biostimulation were illustrated by sequencing
analyses. The results of this study showed that the removal efficiency of PHE reached 72.0% after
the addition of anaerobic activated sludge. The incorporation of anaerobic activated sludge and
biochar resulted in a 25.3% increase in PHE removal compared to a single soil, suggesting that the
combination of bioaugmentation and biostimulation can have a synergistic effect on the anaerobic
biodegradation of PHE in contaminated soils. The results of sequencing analysis further indicated that
the introduction of an exogenous microbial community changed the dominant genera associated with
PHE degradation and introduced methanogenic archaea, which enriched the metabolic pathways of
the carbon cycle in the system. On this basis, the addition of biochar resulted in higher anaerobic
microbial community diversity, functional dominant species were enriched, and the direct interspecies
electron transfer (DIET) process between electroactive bacteria (Bacteroides, f_Geobacteraceae) and
Methanosaeta was facilitated, which accelerated the degradation of PHE by anaerobic microbial
communities. The results of this study provide regulatory tools and basic data support for enhanced
bioremediation of PAHs in flooded soils.

Keywords: PAH-contaminated soil; anaerobic biotransformation; bioaugmentation; biostimulation;
phenanthrene degradation; microbial community

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are hydrocarbons with more than two
benzene rings in their molecules and are a class of harmful organic pollutants widely
distributed in nature [1]. PAHs can enter the ecosystem through combustion, volcanic
eruptions, accidental spills, volatilization, exhaust emissions, etc., and can be classified as
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either natural or anthropogenic sources [2]. Among them, accidental spills and emissions
from petroleum extraction, smelting, transport, and the production and use of petroleum
products are important sources of PAHs in the environment [3,4]. Globally, more than
1 billion petroleum pollutants are reported to be produced annually [5]. These PAHs
generated by natural and anthropogenic activities enter the atmosphere, water bodies,
soil, and other circles. Due to their unique hydrophobicity, persistence, bioaccumulation,
and other characteristics, the PAHs from the atmosphere, as well as the water body, even-
tually converge into the sediment and soil through migration and transformation [6–8].
The soils are loaded with about 90% of the PAHs in the environment [9], so the current
situation of PAH soil contamination cannot be ignored [10]. According to the survey, the
concentration of PAHs in surface soils in China ranged from 0 to 261 mg/kg, with an
average value of 0.63 mg/kg [11]. In some heavily polluted areas, the concentration of
PAHs was higher. Fu et al. collected 138 soil samples from the junction of an oil field and a
suburban area in the Yellow River Delta. After analyzing the samples, it was found that the
total concentration of 16 kinds of PAHs in the samples ranged from 278.7 to 733.5 mg/kg
(mean value 382.5 ± 128.4 mg/kg). Moreover, the concentration of 16 PAHs increased with
the duration of exploitation of the nearby oil wells [12,13]. The accumulation of PAHs in
soil can be further transmitted through the food chain and ultimately pose carcinogenic,
teratogenic, and mutagenic risks to human beings [14,15]. The problem of PAHs contami-
nated soil is receiving more and more attention, and there is an urgent need for an efficient
remediation strategy.

Most of the actual contaminated sites, such as flooded soils and deep soils, are anoxic
or anaerobic environments, and the microbial communities are mainly dominated by facul-
tative and anaerobic microorganisms. Therefore, how to improve the efficiency of anaerobic
biodegradation of PAHs has gradually become a focal issue in the soil remediation process.
Currently, bioaugmentation and biostimulation are the two main ways to enhance the
remediation effect of PAH-contaminated soil. Bioaugmentation refers to the addition of
pre-selected or domesticated cultured microorganisms to a microbial community to en-
hance the ability of that microbial community to degrade pollutants [16]. The introduction
of functional exogenous microorganisms into the contaminated environment will enhance
the rate of pollutant degradation. This technique has been developed for the remediation
of PAH-contaminated soils [5]. Li et al. used functional microbial colonies cultured from
oil-contaminated soils to enhance the biodegradation of 16 PAHs (initial concentration:
15.72 mg/kg) in soils, and the treatment efficiency was increased from about 30% to more
than 50% [17]. Biostimulation is a method to promote the degradation of PAHs by indige-
nous microorganisms through the addition of nutrients, surfactants, functional materials,
and the provision of electron acceptors [18]. Among them, the addition of functional mate-
rials applied in the remediation of contaminated soil is an emerging category of pathways.
Biochar, as a common carbon material, is a product obtained by pyrolysis of organic matter
at high temperatures under anoxic or adiabatic conditions [19,20]. Biochar has been widely
used for the removal of pollutants such as heavy metals, dyes, nitrobenzene, and polycyclic
aromatic hydrocarbons due to its porous nature, high specific surface area, abundance of
organic functional groups, and environmental friendliness [21,22]. Biochar has also shown
good performance in a number of areas, such as fertility improvement, nutrient retention,
enhancement in microbial activity, and pollutant immobilization. It has been shown that
biochar can inhibit the uptake of toxic metals and increase the activity of antioxidant en-
zymes to effectively improve soil quality and plant physiological properties [23]. Biochar
is also able to promote the growth of native microorganisms by neutralizing pH and pro-
viding nutrient support [24]. Although many previous investigations have been reported
on the remediation of PAH-contaminated soils using bioaugmentation or biostimulation,
relatively few studies have been conducted on the application of a combination of the
two methods to PAH-contaminated soils. It was hypothesized that anaerobic activated
sludge and biochar would be synergistic for the anaerobic biodegradation of PAHs in
contaminated soils.
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Thus, this study selected PHE as a PAH model pollutant and designed a long-
term (63-day) batch experiment to simulate a flooded soil environment. To investigate
whether the anaerobic microbial community and granular biochar domesticated by PHE
can promote the anaerobic biodegradation of PHE in soil, whether biochar can strengthen
the anaerobic microbial community to repair PHE-contaminated soil, and whether the
combination of biostimulation and bioaugmentation could have a synergistic effect on
the anaerobic biological removal of PHE, which would provide technical and theoretical
support for the microbial regulation and remediation of actual PAH-contaminated soil.

2. Materials and Methods
2.1. Feedstock, Inoculum, and Operating Procedure

The soil used in this study was collected from paddy fields in the Yellow River Delta
region (N: 37.8◦; E: 118.8◦). The physical and chemical properties of the soil used for the
experiment are presented in Table S2. The inoculated anaerobic sludge (TS = 11.03 ± 0.30%;
VS = 5.41 ± 0.13%) was obtained from a UASB reactor that was continuously operated
(no PHE was added to the influent water, and the PHE in the sludge was tested to be
sufficiently degraded after 6 months). The granular biochar for the experiments was sieved
by a sieve with a particle size range of 2–5 mm. The biochar was the commercial biochar,
whose characteristics are presented in Table S1 and Figure S1. PHE (97%) was procured
from Sigma-Aldrich (Shanghai, China). Prior to the experiment, the soil was air-dried in
an indoor environment, then ground and passed through a 0.5 mm diameter sieve. The
soil was uniformly contaminated with a concentrated solution of PHE dissolved in acetone
for 4 h at room temperature until the acetone evaporated completely, and then sealed in
glass vials and aged for 7 days. Sterilized soil and sludge were obtained by means of
autoclaving (121 ◦C, 0.103 MPa). The contamination of sterilized soil was carried out in
sterile containers and treated as above. The content of PHE in the aged and sterile soil
was 46.74 ± 1.40 mg/kg soil and 48.79 ± 3.46 mg/kg soil, respectively. The nutrient salt
buffers (g/L in distilled water) used in the experiments mainly included MgCl2-6H2O (1.0),
KH2PO4 (2.0), K2HPO4-3H2O (2.0), CaCl2 (1.0), KCl (5.0), and NaHCO3 was used to adjust
initial pH to 7.5 ± 0.05 [25].

2.2. Experimental Design

A serum bottle with a volume of 120 mL and a working volume set at 90 mL was used
for this experiment. The experiment was carried out at 35 ± 1 ◦C and 120 rpm. Sterilized
soil, sterilized sludge, soil, or anaerobic activated sludge were dropped in different vials.
sterilized soil or sludge was used in order to form the control group. The microbial
community in the sterilized soil or sludge was inactivated; thus, it could be used to
investigate the PHE removal in the soil without microbes. The specific experimental
protocol is shown in Table 1. The mass of soil added in the batch experiment was 10.0 g, the
weight of inoculated anaerobic activated sludge was 3.0 g, and the concentration of biochar
injected was 10 g/L. Soil, inoculated sludge, 80 mL of nutrient salt buffer, and granular
biochar were added to the serum vials according to the experimental design, and then the
vials were purged with pure nitrogen for 10 min to remove the oxygen and ensure anaerobic
conditions and sealed with rubber gaskets and aluminum caps [25]. The vials were placed
in a set water bath for 5 min to equilibrate the air pressure. Liquid samples and soil samples
were removed from the vials at 7 d, 21 d, 35 d, 49 d, and 63 d of the experimental run for
analysis, and PHE adsorbed on the biochar and microbial communities were analyzed at
the end of the batch test. In this experiment, S1, S2, S3, and S4 were control groups, and
S5–S10 were experimental groups.

2.3. Analytical Methods
2.3.1. Chemical Analysis

Total solids (TS) and volatile solids (VS) of anaerobic sludge were measured according
to the standard methods [26]. Chemical oxygen demand (COD) was quantified by applying
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ultraviolet–visible spectrophotometry (Shimadzu, Japan, UV-2600) and using potassium
dichromate as an oxidant to quantify soluble COD (SCOD), the aqueous samples were
filtered by 0.45 µm hydrophilic polyethersulfone filters [27]. High-performance liquid
chromatography (HPLC) (Shimadzu, Japan, LC-2030) equipped with a UV detector was
used to test the concentration of VFAs, mainly including formate, acetate, propionate, and
butyrate [28].

Table 1. The experimental design of batch test.

Classification Groups Sterilization
Soil (g)

Sterilized
Sludge (g) Soil (g) Nutritive Salt

Buffer (mL)
Anaerobic
Sludge (g) Biochar (g)

Control
group

S1 10.0 / / 80.0 / /
S2 10.0 3.0 / 80.0 / /
S3 10.0 / / 80.0 / 1.0
S4 10.0 3.0 / 80.0 / 1.0

Experimental
group

S5 / / 10.0 80.0 / /
S6 / 3.0 10.0 80.0 / /
S7 / 3.0 10.0 80.0 / 1.0
S8 / / 10.0 80.0 / 1.0
S9 / / 10.0 80.0 3.0 /
S10 / / 10.0 80.0 3.0 1.0

Note: Sterilization soil and soil in the table were PHE-contaminated and aged.

2.3.2. PHE Detection

Extraction and determination of PAHs in soil, liquid, and granular biochar in vials
were carried out with reference to the literature [29–31]. For soil and biochar samples,
approximately 0.1 g of PHE in freeze-dried soil or biochar was extracted using accelerated
solvent extraction (Thermo, America, ASE 350) with hexane as the solvent. The ASE condi-
tions were 10 mL extraction tank (soil or biochar samples, 5 mL of hexane), temperature
100 ◦C, and pressure 11.03 MPa. Each sample was extracted three times. Afterward, the
samples were evaporated to near dryness under a stream of nitrogen. Then, the extracts
were diluted to 2 mL of hexane. The mixture was filtered through a nylon 66 filter for
subsequent analysis. For water samples, 2 mL of sample and 6 mL of hexane were added
to a glass separatory funnel, shaken vigorously for 20 min, and then allowed to stand
for 15 min. Each sample was extracted three times. The post-extraction treatment was
similar to that for soil samples. The content of PHE was monitored by high-performance
liquid chromatography (HPLC, Shimadzu, Japan, LC-2030) equipped with a UV detector
and a reversed-phase C18 column (Shimadzu, 5 µm, 4.6 × 250 mm). The mobile phases
were acetonitrile (70%) and Milli-Q water (30%) at a flow rate of 1.0 mL/min, and the
column temperature was 40 ◦C. The detection wavelength of PHE was 253 nm. The recov-
eries of PHE in soil samples, biochar samples, and water samples by these methods were
95.5 ± 2.5%, 91.8 ± 3.1%, and 94.4 ± 1.7%, respectively.

2.3.3. Sequencing

At the end of the experiment, S5, S8, S9, and S10, as well as the original soil and
inoculated sludge samples, were collected and then stored at −20 ◦C. The DNA was
extracted by washing the samples three times with PBS buffer. All samples were washed
three times with PBS buffer pH 7.2–7.4 before DNA extraction. Whole genomic DNA from
samples was extracted using the Magen Hipure Soil DNA Kit (Magen, Guangzhou, China)
according to the manufacturer’s protocols, and the DNA concentration was determined
by the Qubit® dsDNA HS Assay Kit (Thermo, America). DNA libraries were prepared
by GENEWIZ® multiplexed and loaded onto an Illumina MiSeq instrument according to
the manufacturer’s instructions (Illumina, San Diego, CA, USA) [29]. We used Tax4Fun2
(v1.1.6) [32] software to make functional predictions of communities from sequencing
results and combined them with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
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database (https://www.genome.jp/kegg/pathway.html accessed on 29 November 2023)
to reveal potential metabolic responses at the microbial community level.

2.3.4. Data Analysis

Concentrations of PHE on soil, liquid, and biochar are expressed as mean ± standard
deviation. Correlations of performance indicators were analyzed using the R program
(version 4.2.1) with 95% confidence intervals. p-values less than 0.05 indicate statistically
significant results (* p < 0.05, ** p < 0.01, *** p < 0.001). The graphs of chemical indicators, as
well as microbial communities, were plotted using Origin 2018.

3. Results and Discussion
3.1. Changes in Dissolved Organic Matter in Flooded Soil

In this experiment, soil and inoculated sludge provided the main carbon source, while
microorganisms preferred to use the organic carbon sources in the liquid environment [33].
So, it was necessary to analyze the changes in the concentration of soluble organics in the
aqueous environment, and the results of the experiment are shown in Figure 1. At day 7, the
SCOD concentration in S6 and S7 of supplemented sterilized sludge was higher than those
of the control (S5) and experimental (S9, S10) groups, suggesting that anaerobic sludge
can provide a source of dissolved organic carbon and that the bio-microbial community
in the anaerobic activated sludge is able to accelerate the depletion of the bioavailable
carbon source. The same phenomenon was reported in the study of Shi et al. [34]. This
was mainly due to the fact that a large number of organic components (lipids, proteins,
carbohydrates, etc.) were released from sludge through the process of hydrolysis, and the
high-temperature and high-pressure pre-treatment can destroy the structure of organic
matter and improve its bioavailability. It is evident that the SCOD concentration was the
lowest in all groups at day 35, which may be due to the faster microbial metabolism that
promotes the consumption of organic matter at this stage [35]. The addition of biochar
stimulated microbial community metabolism, resulting in faster release of organic matter
from the soil and faster consumption of organic matter by microorganisms (days 7–35) in
group S8 than in group S5. This observation was also confirmed by group S7 compared to
S6. In addition, the SCOD concentration in S10 was higher than that in S9 on day 7 and
lower on day 35, indicating that biochar enhanced the metabolic activity of the microbial
community and enhanced the hydrolytic release of organic matter from the solid-phase
environment as well as the bioavailability of dissolved organic matter. After the 35th
day, the concentration of SCOD increased significantly in all groups, probably due to the
reduced metabolic activity of some of the functional microorganisms and the slower rate of
utilization of organic matter.

VFAs are metabolites produced by the hydrolytic fermentation process of anaerobic
microorganisms and carbon sources necessary for some microbial metabolism [36]. The
experimental results showed that formate and acetate were the main VFA components
in this experimental system in the time series, while propionate and butyrate had lower
concentrations (Figure 1b). Formate concentration was higher in S5 and S8, whereas acetate
concentration was higher in the other groups supplemented with anaerobic sludge. A
high acetate concentration in bioaugmentation experiments can be indicative of microbial
activity in metabolizing PAHs, as reported in a previous study [37]. It is commonly
assumed that higher concentrations of acetate favored PHE degradation by anaerobic
microorganisms via the co-metabolic pathway. And this assumption was confirmed by
Wang et al., who showed that sodium acetate as a co-metabolized carbon source enhanced
the anaerobic biodegradation of PAHs in sediments [38]. The concentration of acetate was
lower in S7 and S10 supplemented with both biochar and anaerobic sludge compared to S6
and S9 supplemented with only anaerobic sludge. This suggests that biochar stimulated
the utilization of acetate by the anaerobic microbial community, which may enhance
the biodegradation efficiency of PHE. From the change in tVFA concentration in each
system, the tVFA concentration decreased after the addition of biochar compared with the

https://www.genome.jp/kegg/pathway.html
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experimental groups without biochar (group S8 compared to S5, group S7 compared to S6,
group S10 compared to S9). It indicates that biochar promoted the metabolic activity of
the anaerobic microbial community, accelerated the consumption of VFAs, and improved
the efficiency of anaerobic digestion [39]. At the same time, the experimental group
to which anaerobic activated sludge was added had a lower concentration of tVFA by
35 days. The utilization of VFAs, as well as COD by anaerobic microorganisms, showed a
consistent trendiness in terms of rate, corroborating the changes in metabolic activity of
some functional microorganisms.
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Figure 1. The variations in soluble organics, including SCOD (a) and VFAs (b), in experimental groups.

The anaerobic digestion process can be divided into four stages: hydrolysis, acidogen-
esis, acetogenesis, and methanogenesis. Among them, the acetogenesis stage is shown in
Figure 2; the acetogenesis pathways mainly include homoacetogenesis (HOM), syntrophic
butyrate oxidation (SBO), and syntrophic propionate oxidation (SPO) [40]. From Figure 2a,
it can be seen that both bioaugmentation and biostimulation strategies favor HOM. The
relative abundance of enzymes of the HOM in S9 with the addition of anaerobic activated
sludge was 1.78 times higher than that in S5. The addition of biochar also stimulated the
HOM with a 19.51% increase in the relative abundance of functional enzymes. Figure 2b
shows the relative abundance of enzymes common to these three pathways, and their abun-
dance variations follow a similar pattern to that of HOM. In the VFAs of each experimental
system, the concentration of propionate was low, and the abundance of enzymes related to
SPO did not differ much. In SBO, on the other hand, the addition of biochar did not cause
changes in the abundance of functional enzymes, but rather, the introduction of anaerobic
activated sludge weakened the syntrophic butyrate oxidation pathway.

3.2. The Removal, Residues, and Distribution of PHE in Flooded Soil

The removal, residues, and distribution of PHE in every group are shown in Figure 3.
After 63 days of experiment, the concentration of PHE in the soil of S1 changed very little,
and the removal rate was only 7.11%; the results of this experiment reflect the persistence
as well as the difficult degradation of PAHs. In S3 and S4, where biochar was added,
the concentration of PHE in the soil decreased significantly after the 7th day, and the
concentration of PHE in the soil of S1 at the end of the experiment was 3.7 times higher than
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that in S3, and the adsorption of biochar played a great influence on the distribution of PHE.
In the control group, adsorption of biochar resulted in a decrease in PHE concentration in
S3 and S4 soils from 48.79 ± 3.46 mg/kg soil (starting concentration) to 12.36 ± 2.58 mg/kg
soil and 12.36 ± 2.58 mg/kg soil (after 63 days), respectively, whereas the final PHE
concentrations in the S3 and S4 biochar were 0.32 ± 0.02 mg/g BC and 0.30 ± 0.02 mg/g
BC, respectively. S1, S2, S3, and S4 were controls that were sterilized, and the removal of
PHE was less than 10%, suggesting that human factors such as sampling operations had a
low impact on the experiment.
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Figure 2. The relative abundances of modules involved in acetogenesis in anaerobic digestion
(AD) system based on KEGG database. (Homoacetogenesis (HOM) (a), the relative abundance
of enzymes common to these three pathways (b), synthonous butyric acid oxidation (SBO) (c),
synthonous propionic acid oxidation (SPO) (d)) (Note: ST: original soil samples; SN: inoculated
sludge samples; S5, S8, S9, and S10 are microbial samples taken from the corresponding groups at the
end of the experiment).

In S5 without any enhancement measures, the final PHE concentrations in soil and
water were 20.40 ± 1.54 mg/kg soil and 0.035 ± 0.006 mg/L, and the removal efficiency
of PHE by indigenous microorganisms in soil was 55.7%. Sterilized sludge can be used
as an additional carbon source to stimulate the metabolism of the microbial community,
and the removal efficiency of PHE was elevated to 62.1% in S6. Bianco et al. also reported
that anaerobic digestion products as an organic amendment could effectively stimulate the
anaerobic biodegradation of PAHs in marine sediments in a methanogenic environment [41].
Granular biochar was added in S8. As shown in Figure S1, the C content of the biochar used
in the experiment reached 84.86%. Granular biochar presents a remarkable porous structure,
which facilitates microbial attachment. Organic functional groups on the surface of carbon
materials can act as an ability to transfer electrons. FTIR analysis showed (Figure S1b) that
phenol-OH (3415 cm−1) as well as ketone group C=O (1590 cm−1) on the surface of biochar
can give redox activity to the biochar by means of electron conversion [42]. In addition,
lower O:C (0.14) and H:C (0.014) ratios can indicate that biochar is highly aromatic and
chemically stable [43]. The removal efficiency of PHE in S8 supplemented with biochar only
(57.3%) was slightly higher than that of S5, suggesting that the addition of a single biochar
did not have a significant enhancing effect on the biodegradation of PHE in soil. Previous
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studies have shown [44] that the adsorption and immobilization of biochar reduces the
bioavailability of PAHs and is detrimental to the removal of PAHs from soil. It has also
been noted [45,46] that low molecular weight organic acids can promote the desorption of
PAHs from biochar and that biochar addition can enrich PAHs-degrading bacteria as well
as enhance the cooperation between functional flora, which is beneficial for the anaerobic
biodegradation of PAHs. Therefore, the removal efficiency of PHE increased to 66.3% after
biochar and sterilized sludge addition in S7. The addition of anaerobic sludge not only
provided an exogenous carbon source but also introduced exogenous anaerobic microbial
communities, and the removal efficiency of PHE in S9 increased significantly to more
than 70%. Similar to the findings of Sigmund et al., the addition of compost products
introduced exogenous microbial strains to the indigenous microbial community of the
soil and accelerated the degradation of PAHs in the soil [47]. The highest PHE removal
efficiency (81.0%) was achieved in S10, indicating that biochar enhanced the metabolism of
PHE by the anaerobic microbial community consisting of anaerobic activated sludge and
soil. The results in Figure 3d also showed that the final PHE concentration in the biochar of
S10 (0.021 ± 0.005 mg/g BC) was significantly lower than that of S8 (0.067 ± 0.005 mg/g
BC) and S7 (0.033 ± 0.009 mg/g BC).
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As shown in Figure 3c, comparing S1 with S2, S3 with S4, and S5 with S6, respectively,
it can be seen that the addition of sterilized sludge promotes the distribution of PHE in
the water while decreasing the amount of residue in the soil [48], and we speculated that
the large amount of organic matter (such as polysaccharide) contained in sterilized sludge
contributed to the solubility of PHE in water. In Figure 3d, the amount of PHE adsorbed on
the biochar of S3 (only sterilized soil in the system) was the highest among all the groups
to which biochar was added. The presence of native microorganisms in the soil reduced
the amount of FHE adsorbed on the biochar in S7 compared to S4, and the anaerobic
functional microorganisms enriched on the biochar utilized the PHE more completely. The
negative correlation between biochar and the concentration of PHE in soil can be seen in
Figure 3e, which highlights the enhanced effect of biochar on the removal of pollutants
in soil [49]. Meanwhile, the concentration of PHE in soil showed a correlation with VFAs,
especially formate and propionate in VFAs, which showed a significant positive correlation.
We speculate that formate and propionate favor the distribution of PHE in the system to
the soil, which echoes the previously mentioned low molecular weight organic acids that
promote the desorption of PAHs from biochar.

3.3. Microbial Community Analysis
3.3.1. Evaluation of Microbial Diversity

The microbial community α-diversity indexes (Ace, Chao1, Shannon, Simpson) were
calculated based on the 16S rRNA high-throughput sequencing; the results are presented
in Table 2. Ace and Chao1 were used to estimate the index of the number of OUTs in
the microbial community, and the larger value of the two indicated the total number of
strains in the community. Shannon and Simpson were used to estimate the diversity of
microorganisms in the samples, and the values of both can reflect the diversity of the
microbial community. As shown in Table 2, the number of strains in the inoculated sludge
(SN) was more than in the soil (ST), but the diversity of the microbial community was lower.
At the end of the experiment, compared with ST, the values of Ace and Chao1 in the soil
of S5 were elevated, while the values of Shannon and Simpson were almost unchanged,
indicating that the indigenous microorganisms in the soil could adapt to the experimental
environment for amplification and reproduction. The addition of biochar in S8 resulted in a
significant decrease in all four indicators of α-diversity, suggesting that the biochar in this
experiment has biostimulatory properties and may support the growth of some dominant
functional bacterial species in the soil [21]. In S9, inoculated sludge and soil together form
an anaerobic microbial community. All four indicators of α-diversity were significantly
higher in S9 with the addition of anaerobic sludge compared to SN. This indicates that
the introduction of anaerobic sludge both increased the diversity of the community and
promoted the growth of microbial strains. There was no increase in community diversity
in S9 compared to ST and S5, but the number of microbial strains increased significantly,
suggesting that the growth of certain functional strains was favored. After the introduction
of biochar, the diversity of the microbial community in S10 was slightly elevated compared
with S9, while the values of Ace and Chao1 were reduced, probably because some dominant
microbial strains were enriched.

Table 2. The changes in α-diversity of microbial community.

Sample Ace Chao1 Shannon Simpson Goods Coverage

ST 322.071 330.882 5.867 0.961 0.999
SN 391.730 387.786 5.657 0.911 0.999
S5 335.706 352.750 5.865 0.967 0.999
S8 325.510 330.000 4.725 0.849 0.999
S9 476.796 492.500 5.812 0.946 0.999
S10 476.128 472.692 5.893 0.949 0.999

Note: ST: original soil samples; SN: inoculated sludge samples; S5, S8, S9, and S10 are microbial samples taken
from the corresponding groups at the end of the experiment.
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3.3.2. The Variations in Microbial Community Structure

Figure 4 shows the structure of microbial communities at the phylum level (a–c)
and at the genus level (d–e). The dominant phyla (top 3) were different in ST and SN
samples: In ST, the dominant phyla were Firmicutes (53.4%), Proteobacteria (16.8%), and
Acidobacteriota (14.5%). Some studies have reported the prevalence of Firmicutes, Pro-
teobacteria, and Acidobacteriota in untreated soil samples [50]. In SN, the dominant phyla
were Thermotogota (28.8%), Chloroflexi (19.1%), and Desulfobacterota (7.8%). The first
dominant phylum in the S5 evolved to be Proteobacteria (45.0%), indicating that Proteobac-
teria played a dominant role in the anaerobic biodegradation of PHE in soil. Previous
studies have demonstrated that strains of Proteobacteria are resistant to toxic PAHs, are
enriched by PAHs in soil environments, and that the majority of PAH-degrading bacteria
are attributed to Proteobacteria [51]. Biochar addition increased the relative abundance
of Firmicutes (55.3%) and Proteobacteria (24.8%) in S8 soil compared to ST. Many articles
have also reported that functional genes for PAH degradation are also present in strains
of Firmicutes and that Firmicutes are better adapted to harsh environmental conditions,
such as high temperatures, than Proteobacteria. And that PAH-degrading bacteria are
mainly composed of Firmicutes and Proteobacteria under anoxic conditions [52,53]. This
can also indicate that biochar stimulated the growth of dominant functional bacteria species
with PAHs degradation function. In S9, the relative abundances of the top 3 dominant
phyla were similar: Chloroflexi (18.9%), Thermotogota (18.3%), and Proteobacteria (16.84%).
The introduction of an exogenous anaerobic microbial community changed the microbial
community structure of PHE-contaminated soil, and Chloroflexi and Thermotogota had the
function of hydrolytic fermentation, which promoted the carbon cycle metabolism among
microbial communities. Lin et al. also found [31] that Chloroflexi was enriched in anaerobic
digestion reactors with additional electrodes for the treatment of PHE-containing contam-
inated sludge. The addition of biochar in S10 did not result in very significant changes
in microbial community structure (compared to S9), and of interest was the increase in
the relative abundance of Bacteroidota and Euryarchaeota, which may have facilitated the
process of DIET between microbial communities [35].

The changes in relative abundance of the major genera (abundance > 1%) were further
analyzed at the genus level. As can be seen from Figure 4d–e, the major genera in SN
were completely different from those in ST. SN was introduced as an exogenous microbial
community into the PHE-contaminated soil environment, and the community structure in
S9 was very different from that in S5, and the dominant genera were almost all derived from
SN, which indicated that the anaerobic microbial community in SN could be adapted to the
simulated inundated soil environment. Among them, the dominant genera (top 5), includ-
ing Mesotoga, f_Rhodocyclaceae, SBR1031, Zixibacteria, and f_Anaerolineaceae, favored
the process of hydrolytic fermentation of organic carbon sources with PHE biodegradation.
In addition, methanogens (Methanolinea, Methanosaeta) were introduced by SN in S9
with a relative abundance of bacteria greater than 1%, expanding the metabolic pathway
of organic carbon sources. CO2, as an electron acceptor in methanogenic environments,
can promote PHE degradation [41]. The addition of biochar did not alter the species of
the major genera in the anaerobic microbial community composed of sludge and soil, but
the abundance of the bacterial genera Bacteroides, f_Geobacteraceae, and the methanogenic
genera Methanolinea and Methanosaeta were elevated compared to S9. Analysis of the
results of this study revealed that Bacteroides and Methanolinea enrichment favors PHE
biodegradation. Moreover, Bacteroides and f_Geobacteraceae can release intracellular
electrons to form reciprocal metabolism with Methanosaeta to enhance the methanogenesis
process through the DIET pathway. Therefore, biochar in S10 may enhance the degradation
of PHE by anaerobic microbial communities by promoting the DIET process.
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Figure 4. The effects of biochar and anaerobic sludge on microbial community in batch experiments.
(Microbial community structure at the phylum level of ST and SN (a), microbial community structure
at the phylum level of S5 and S8 (b), microbial community structure at the phylum level of S9 and
S10 (c). Microbial community structure at the genus level of ST and SN (d), microbial community
structure at the genus level of S5 and S8 (e), microbial community structure at the genus level of S9
and S10 (f)).

3.3.3. Predicted Potential Functions of Microbial Community

In order to further investigate the effects of adding biochar and anaerobic activated
sludge on soil microbial metabolic pathways, the potential functions of microbial com-
munities were predicted and analyzed in conjunction with the KEGG database, and the
results are shown in Figure 5. Six functional subgroups were included at level 1, which
in order of abundance were metabolism (69.19–73.55%), environmental information pro-
cessing (10.93–14.40%), cellular processes (6.71–8.28%), genetic information processing
(3.18–5.09%), human diseases (2.33–3.51%), and organismal systems (0.69–1.56%). At level
1, metabolism was the highest abundance in all samples, and at level 2, it can be seen
that metabolism was refined into 11 pathways, with carbohydrate metabolism, amino acid
metabolism, and energy metabolism being the main three pathways. In Figure 5b, it can
be seen that the addition or absence of biochar had little effect on the metabolism path-
way; rather, the addition of anaerobic sludge played an important role. The carbohydrate
metabolism abundance in the experimental group with the addition of anaerobic sludge
was relatively high, increasing from 8.60% in S5 to 9.82% in S9 and from 8.71% in S8 to 9.82%
in S10. Meanwhile, the addition of anaerobic sludge also increased the abundance of energy
metabolism, suggesting that the introduction of the anaerobic sludge microbial community
stimulated the metabolism of the carbon source in the system and also facilitated the energy
conversion and transfer capacity [54]. However, the abundance of genes in the functions of
amino acid metabolism, lipid metabolism, and xenobiotics biodegradation and metabolism
showed a trend of decreasing in the experimental group with biostimulation. The cellular
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processes pathway showed that cellular community function was enhanced, but cell motil-
ity function was weakened after the addition of anaerobic sludge. At level 3, it can be seen
that anaerobic sludge addition mainly enhances glycolysis/gluconeogenesis in carbohy-
drate metabolism, amino sugar and nucleotide sugar metabolism, starch, and sucrose. The
anaerobic sludge itself can also provide an organic carbon source with a high SCOD de-
tected (Figure 1a). Moreover, it could also stimulate the expression of corresponding genes
and enhance the metabolism of the microbial community, making the PHE-contaminated
system more stable and further promoting the degradation and utilization of pollutants
(Figure 5c).
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Figure 5. Changes in potential functions of microbial community during AD: the RA of metabolic
pathways on KEGG categories at level 1 (a); the RA of metabolic pathways on KEGG categories at
level 2 (b); the RA of KO metabolic pathways in carbohydrate metabolism on KEGG categories at
level 3 (c).

3.4. The Removal, Residues, and Distribution of PHE in Flooded Soil

Bioremediation of PAHs in contaminated soils still faces numerous bottlenecks, and the
remediation efficiency is affected by a variety of factors, so there is an urgent need to explore
methods to enhance the biodegradation of PAHs. For example, the ability to degrade PAHs
is strengthened by adding functional microorganisms enriched by domesticated bacterial
colonies, or the biodegradation of PAHs is stimulated by adding functional materials
(carbon materials). This study combined bioaugmentation and biostimulation to explore
the distribution of PHE accumulation and the regulation of biodegradation in anaerobic
environments. The addition of enriched and domesticated anaerobic sludge enhanced the
removal of PHE in soil from 55.7% to 72.0%. The removal of PHE was not significantly
enhanced when biochar was singly dosed. However, when anaerobic sludge and biochar
were jointly dosed, the highest degradation efficiency of PHE in soil was 81.0%. Through a
systematic experimental design, the study of key factors that can promote the anaerobic
biodegradation of PHE is of theoretical and practical significance for the remediation of
PHE pollution in polluted sites.
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4. Conclusions

In this study, batch experiments were used to investigate the effect of combined bioaug-
mentation and biostimulation on anaerobic biodegradation of PHE in contaminated soil.
Enriched and domesticated anaerobic sludge was used as a means of bioaugmentation
for inoculation into PHE-contaminated flooded soil, and the removal efficiency of PHE
from the soil was increased by 16.3%. Although the addition of a single biochar did not
have a significant promoting effect on the removal of PHE, when the biochar and anaer-
obic sludge were jointly added, the biochar played an enhancing effect on the anaerobic
microbial community co-constituted by the sludge and the soil, and the PHE removal effect
reached 81.0%. In addition, the dominant microbial communities associated with PHE
degradation evolved into Chloroflexi and Proteobacteria after the addition of anaerobic
sludge, changing the microbial community structure. The addition of biochar not only
increased the diversity of anaerobic microorganisms but also promoted the DIET pro-
cess between electroactive bacteria (Bacteroides, f_Geobacteraceae) and Methanosaeta, which
accelerated the degradation of PHE by the microbial community. This study provides
ideas and references for enhancing the bioremediation of PAH-contaminated soils. Further
work should focus on direct evidence of functional changes in microbial communities after
biostimulation and bioaugmentation, as well as synergistic cooperation between different
functional microorganisms.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/su16010366/s1, Table S1: Physicochemical characteristics of biochar. Table
S2: Physicochemical characteristics of soil used in this work. Figure S1: Physiochemical properties of
biochar: scanning electron microscope (SEM) images (a), the organic functional groups on the surface
of biochar (b), elemental analysis (c).
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