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Abstract: The potential of biochar to mediate shifts in soil microbial communities caused by
polycyclic aromatic hydrocarbon (PAH) stress in farmland, thus assisting in the bioremedi-
ation of contaminated soil, remains uncertain. This study introduced wheat straw biochars
generated at 300 ◦C (W300) and 500 ◦C (W500) at varying levels (1% and 2% w/w) into
agricultural soil contaminated with phenanthrene at 2.5 and 25 mg/kg. The aim was to
investigate their effects on microbial community structure and phenanthrene degradation
by indigenous microbes. Biochar application in both slightly (PLS) and heavily (PHS) con-
taminated soils increased overall microbial/bacterial biomass, preserved bacterial diversity,
and selectively enriched certain bacterial genera, which were suppressed by phenanthrene
stress, through sorption enhancement and biotoxicity alleviation. The abundances of
PAH-degrading genera and nidA degradation gene were promoted by biochar, especially
W300, in PHS due to soil nutrient improvement, enhancing phenanthrene biodegradation.
However, in PLS, biochar, particularly W500, inhibited their abundance due to a reduc-
tion in phenanthrene bioavailability to specific degraders, thus hindering phenanthrene
biodegradation. These findings suggest that applying wheat straw biochar produced at
appropriate temperatures can benefit soil microbial ecology and facilitate PAH elimination,
offering a sustainable strategy for utilizing straw resources and safeguarding soil health
and agricultural product quality.

Keywords: wheat straw biochar; PAH toxicity stress; microbial community structure; soil
improvement; soil bioremediation

1. Introduction
Polycyclic aromatic hydrocarbons (PAHs), primarily originating from the incomplete

combustion of fossil fuels and biomass, have been identified as major organic pollutants
in Chinese soil according to the national soil pollution survey, with approximately 20% of
farmland soil being heavily polluted [1–3]. As a group of carcinogenic, teratogenic, and
mutagenic contaminants, PAHs are of great concern because of their toxicity, persistence,
and ubiquitous distribution, presenting severe threats to human health through the food
chain [4,5]. Therefore, it is of utmost importance and urgency to mitigate the substantial
environmental risks posed by PAHs in agricultural soil in order to ensure the safety of
agricultural products.
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Soil contamination with PAHs has been shown to diminish the diversity and activity
of soil microbial communities [6], which are essential for driving key functions in agroe-
cosystems, including soil fertility, crop productivity, and stress tolerance [7]. Maintaining a
diverse microbial community structure benefits soil ecological processes and stability, as
microbes play a pivotal role in energy metabolism, biogeochemical nutrient cycles, and the
degradation of organic contaminants in soil [8,9]. Therefore, the recovery of soil microbial
ecology is imperative for improving and remediating PAH-contaminated agricultural soil.

The production of biochar through straw pyrolysis and its application to agricultural
fields to enhance soil quality, providing benefits such as acidity regulation, carbon sequestra-
tion, water retention, and nutrient preservation, have received increasing attention [10–12].
The utilization of biochar technologies to process straw waste holds promise for recycling
these materials [13], which is of great importance for the air quality in China and world-
wide [14]. Biochar, a carbon-rich material, is regarded as a superior sorbent for reducing the
environmental risks presented by PAHs in agricultural soil [15]. Biochar can immobilize
PAHs, decreasing their bioavailability, transport, and bioaccumulation in soil, thereby
reducing their toxicity to soil organisms, particularly important microbial communities [16].
Previous studies demonstrated that the application of 1% w/w maize straw biochar py-
rolyzed at 500 ◦C resulted in the survival of specific bacterial taxa (especially Bacteroidetes,
Latescibacteria, Saccharibacteria, Parcubacteria, Ignavibacterium, Basidiomycota, and Zygomycota)
that had been significantly depleted under phenanthrene stress in soil [17]. A rich and
robust microbial community structure is indispensable for healthy soil. However, other
researchers reported that introducing 5% w/w corn straw biochar into PAH-contaminated
soil did not lead to significant changes in the proportions of bacterial genera, indicating no
notable impact on microbial community composition [18]. It remains unclear as to whether
the application of straw-derived biochar to PAH-contaminated agricultural soil can mediate
the shifts in soil microbial communities stressed by PAHs in order to enhance soil health,
potentially influenced by the biochar feedstock source, heat treatment temperature, and
dosage level. There is limited knowledge on the interactive effects of biochar application
and PAH stress on soil microbial communities, thus warranting further investigation.

As straw-based herbaceous materials yield biochar that is richer in nutrients and has
a more porous structure than wood materials [19,20], the application of straw-derived
biochar to contaminated stressed soil environments has the potential to modify soil physic-
ochemical attributes and provide appropriate pH levels, living spaces, and nutritional
substances for microbial growth [21–23]. This can enhance microbial biomass, diversity,
and activity, subsequently aiding in the metabolism and transformation of contaminants
and, in turn, reducing their hazards to soil microbes, resulting in a more sustainable micro-
bial community for safe agricultural practices [24,25]. Previous studies have highlighted an
increase in the microbial degradation of PAHs in soil through biostimulation by biochar
derived from wheat straw and rape straw, attributed to the enhancement of total bacterial
populations and the enrichment of specific bacterial species and functional genes related to
PAH degradation [26,27]. However, Bao et al. observed that the addition of both 1% and
4% w/w biochar significantly reduced phenanthrene biodegradation in soil, which could
be due to alterations in the composition of the phenanthrene-degrading microbial consor-
tium and the attenuated abundances of active phenanthrene degraders (e.g., Sphaerobacter,
unclassified Diplorickettsiaceae, Pseudonocardia, and Planctomyces) and PAH-RHDα genes
induced by biochar [28]. These divergent findings indicate that the way by which biochar
affects the responses of soil microbial communities subject to toxicity stress from PAHs and
the associated impact on the bioremediation of PAHs are not yet fully understood, and the
underlying mechanisms need to be further studied.
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The objective of this study was to evaluate the influence of wheat straw-derived
biochar on soil microbial communities under PAH stress and its impact on the degra-
dation of PAHs by indigenous microorganisms in soil. Agricultural soils with varying
phenanthrene pollution levels (2.5 and 25 mg/kg) were amended with wheat straw biochar
generated at 300 and 500 ◦C at different application levels (1% and 2% by weight on a dry
basis). The alterations in soil microbial communities (i.e., total microbial biomass, activities
of extracellular enzymes, abundances of bacterial 16S rRNA and PAH-degradative nidA
genes, and bacterial community structure and diversity) under phenanthrene stress and
the mediation of these changes by biochar were examined. This study also explored the
physiological mechanisms underlying the impact of microbial community responses to
biochar application in PAH-contaminated soil on PAH bioremediation.

2. Materials and Methods
2.1. Soil and Biochar

Pristine soil with a pH of 6.58 and a composition of 32.6% sand, 54.1% silt, and
13.3% clay was sampled from a non-contaminated agricultural field in Nanjing, Jiangsu
Province, China, in September 2023. The background concentrations of 16 priority PAHs
and phenanthrene in the soil were 1419.2 ± 14.5 and 169.3 ± 3.8 µg/kg, respectively. The
soil sample (depth of 0–20 cm) had a total organic carbon (TOC) content of 17.99 g/kg
and a dissolved organic carbon (DOC) content of 91.64 mg/kg. The total nitrogen (TN),
phosphorus (TP), and potassium contents in the soil were 1.15 g/kg, 0.77 g/kg, and
14.95 g/kg, respectively. The contents of available nitrogen (AN) and phosphorus (AP) in
the tested soil were 34.21 and 18.20 mg/kg, respectively. The collected soil was air-dried,
ground, and passed through a 10-mesh (2 mm) sieve prior to use.

Biochar was pyrolyzed from wheat straw, a typical agriculture residue, at 300 or
500 ◦C under anoxic conditions in a carbonization furnace and labeled as W300 or W500,
respectively. The biochars obtained at these two temperatures had similar phenanthrene
contents of 169.3 ± 6.8 and 188.1 ± 8.9 µg/kg, respectively. These concentrations were
significantly lower than the contamination levels (2.5 and 25 mg/kg) of phenanthrene in
the tested soils, making their impact negligible. The main physicochemical characteristics
of the biochars are detailed in Table S1 in the Supplementary Materials, as reported in our
recent study [29]. The isotherms of phenanthrene sorption by the studied soil, biochars,
and biochar–soil mixtures were examined using a batch equilibration technique, and the
fitting parameters with the Freundlich model are listed in Table S2.

2.2. Incubation Experiments

To obtain soil with different phenanthrene pollution levels, the soil was divided into
two portions. Each portion was spiked with phenanthrene dissolved in acetone and mixed
thoroughly after evaporating the solvent in a fume hood to yield low (2.5 mg/kg) and high
(25 mg/kg) initial concentrations, referred to as PLS and PHS, respectively. The spiked soil
was then amended and mixed evenly with 1% or 2% of W300 or W500 (w/w dry weight).
The ten treatments were denoted as PL, PL1%W3, PL1%W5, PL2%W3, PL2%W5, PH,
PH1%W3, PH1%W5, PH2%W3, and PH2%W5. Soil untreated with either phenanthrene or
biochar was used as the blank control (CK). For each treatment, 120 g (dry weight) of soil
was transferred into a 250 mL glass beaker and rehydrated with sterilized deionized water
in order to adjust the soil moisture content to 30%, corresponding to the field capacity. Each
treatment was performed in triplicate and incubated in a climate chamber in darkness at
25 ◦C with 60% relative humidity for 21 days. At the end of the incubation period, 2 g of
soil from each replicate sample of the various treatments was collected to determine the
phenanthrene concentration. Another 3 g of soil was sampled on day 21 to analyze the soil
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enzyme activity (i.e., polyphenol oxidase) and bacterial community structure. To evaluate
the effects of biochar alone on the microbial community structure in uncontaminated soil,
soil amended with biochar but without phenanthrene spiking (i.e., 1%W300, 1%W500,
2%W300, and 2%W500) was prepared and cultivated using the same procedure.

2.3. Phenanthrene Extraction and Determination

The accelerated solvent extraction (ASE) method was used to extract phenanthrene
from the soil [29,30]. In brief, 1 g of each freeze-dried soil sample was homogenized with
4 g of the ASE preparation of diatomaceous earth and subjected to extraction with hex-
ane/acetone (4:1, v/v) using a Dionex ASE 350 Accelerated Solvent Extractor (ThermoFisher
Scientific, Wilmington, NC, USA). The specific extraction parameters were a carrier gas
pressure of 0.8 MPa, an extractor pressure of 1500 psi, an extraction temperature of 100 ◦C,
a heating duration of 5 min, a static extraction time of 5 min, a solvent volume constituting
60% of the 34 mL extraction cell, a 60 s nitrogen purging interval, and 2 extraction cycles.
Subsequently, the resulting extracts were concentrated to an approximate volume of 1 mL
using a rotary vacuum evaporator (RE-52, Qingdao Mingbolm, Qingdao, China), followed
by purification on a silica gel solid-phase extraction column (CNWBOND, Shanghai Anpel
Laboratory Technologies Inc., Shanghai, China). Elution from the column was achieved
using a 12 mL hexane/dichloromethane (1:1, v/v) mixture. This eluate was then condensed
to near dryness under a gentle nitrogen flow, reconstituted in 1 mL of methanol as the
final volume, and spiked with 200 ng of phenanthrene-d10, priming it for a subsequent
high-performance liquid chromatography (HPLC) analysis.

Approximately 10 µL of the sample was used to investigate the phenanthrene concen-
tration in the extract using a Dionex UltiMate 3000 HPLC system (ThermoFisher Scientific,
Wilmington, NC, USA) fitted with an Agilent ZORBAX Eclipse Plus C18 reversed-phase an-
alytical column (5 µm, 4.6 mm × 250 mm) and a UV detector. The mobile phase comprised
a mixture of acetonitrile and deionized water (80:20, v/v), flowing at a rate of 1 mL/min.
Phenanthrene detection was conducted at a UV wavelength of 254 nm, and the quantifica-
tion of its concentration relied on an internal standard calibration. An analysis revealed an
average recovery rate of 96.0 ± 1.6% for phenanthrene in the soil and a limit of detection
(LOD) of 5.4 ng/g.

2.4. Soil Microbial Biomass C

After the 21-day incubation period, the microbial biomass C content in the soil was
assessed using the chloroform fumigation extraction technique [31,32]. Fresh soil sam-
ples weighing 10 g each were obtained from various treatment replicates, with a portion
(5 g) subjected to fumigation with ethanol-free chloroform under lightless conditions in
a vacuum desiccator for 24 h. Subsequently, both the fumigated and non-fumigated soils
underwent extraction via vigorous agitation with 20 mL of 0.5 M K2SO4 on a rotary shaker
for 0.5 h. The extracts were then filtrated through 0.45 µm syringe filters. The organic
carbon contents in these filtrates were quantified using a Multi N/C 3100 TOC analyzer
(Analytik Jena, Jena, Germany). The microbial biomass C content was deduced using the
following equation:

Biomass C =
EC

0.45
(1)

Here, Ec (mg·C/kg soil) is the mass difference of the TOC extracted from the fumigated
and non-fumigated soils.

2.5. Soil Enzyme Activity

Polyphenol oxidase (PPO), present in various bacteria, fungi, and plant tissues,
can catalyze the conversion of phenols derived from PAH oxidative metabolism into
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quinones [33,34]. The PPO activity in moist soil after 21 days of incubation was measured
using a Solid-PPO Activity Assay Kit (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) to reflect the microbial capability and potential to degrade PAHs [35,36].
An amount of 0.1 g of air-dried soil was combined with 500 µL of reaction substrate and
incubated at 30 ◦C for 1 h. Subsequently, 200 µL of buffer solution and 1750 µL of ether were
added for vortex extraction. After allowing the mixture to stand at room temperature for
0.5 h, 1 mL of the supernatant was analyzed using a UV–vis spectrophotometer (UV-2700,
Shimadzu, Kyoto, Japan) at a wavelength of 430 nm. The PPO activity was calculated using
the following formula:

PPO (mg/d/g dry soil) =
(0.1107 A+0.001) × V

W × T
(2)

Here, A represents the absorbance value, T is the reaction time (1 h = 1/24 d), V is the
total reaction volume (1.75 mL), and W is the weight of the soil sample (0.1 g).

2.6. High-Throughput Sequencing

Genomic DNA was extracted from 0.5 g of the moist soil sample using a FastDNA®

Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s
instructions. The DNA extract was analyzed using 1% agarose gel electrophoresis, and
its purity was measured using a NanoDrop 2000 UV–vis spectrophotometer (Thermo
Scientific, Wilmington, NC, USA). To analyze the bacterial community structure and di-
versity, the universal primer pair 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-
CCGTCAATTCMTTTRAGTTT-3′) was used to amplify the V4–V5 regions of the bacterial
16S rRNA gene with an ABI GeneAmp® 9700 PCR thermocycler (Applied Biosystems, Fos-
ter City, CA, USA). In comparison to the 338F/806R primers that target the V3–V4 regions,
the primers targeting the V4–V5 regions can minimize the overestimation of prokaryotic di-
versity caused by intragenomic heterogeneity in the 16S rRNA gene [37]. Additionally, they
effectively detect specific bacterial species, such as the important ammonia-oxidizing group
Thaumarchaeota, which may experience weaker amplification in the V3–V4 regions [38,39].
Sequencing libraries were established using a TruSeqTM DNA Sample Prep Kit (Illumina,
San Diego, CA, USA) following the manufacturer’s protocols. High-throughput sequencing
was conducted on an Illumina MiSeq PE300 platform (San Diego, CA, USA) provided by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Detailed procedures for
PCR amplification, purification, and sequencing data processing following the standard
protocols are summarized in the Supplementary Materials. All sequences targeted for
the 16S rRNA gene were clustered into operational taxonomic units (OTUs), with a 97%
similarity cutoff, using USEARCH-UPARSE (version 11) [40], and any chimeric sequences
were identified and subsequently excluded. The taxonomic classification of each OTU
representative sequence was conducted using the RDP Classifier (version 2.13) against the
latest Silva 16S rRNA database (version 138), with a confidence threshold of 70% [41,42].

Alpha diversity, expressed as the Shannon index, was analyzed using Mothur (version
1.30.2) to evaluate the species’ evenness and richness in the soil bacterial communities. The
Bray–Curtis distance, representing beta diversity, was calculated using QIIME 2 (version
2024.2) to determine the variation in the bacterial community structure of the different
treatment groups relative to that of the control. A principal coordinate analysis (PCoA),
employing the weighted UniFrac distance, was performed using the R vegan package
(v2.6-4) to visualize the similarities and differences among the soil bacterial communities.
A redundancy analysis (RDA) was performed using the vegan v2.6-4 package to intuitively
demonstrate the relative impact of environmental factors on the soil bacterial communities.
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2.7. Quantitative PCR

The abundances of the bacterial 16S rRNA gene and the key PAH degradation
gene (nidA) were measured using fluorescence quantitative PCR (qPCR). The ampli-
fication of the 16S rRNA gene was achieved using the Eub338F forward primer (5′-
ACTCCTACGGGAGGCAGCAG-3′) and the Eub518R reverse primer (5′-ATTACCGCGGC-
TGCTGG-3′). The amplification of the nidA gene was achieved using the nidAF for-
ward primer (5′-TTCCCGAGTACGAGGGATAC-3′) and the nidAR reverse primer (5′-
TCACGTTGATGAACGACAAA-3′). Serial 10-fold dilutions of a recombinant plas-
mid (pMD18-T) harboring an amplified fragment from either the 16S rRNA gene
(4.49 × 108 copies/µL) or the nidA gene (4.21 × 108 copies/µL) were prepared to generate
a standard curve for subsequent quantification. The qPCR reaction mixture comprised 5 µL
of 2× ChamQ SYBR Color qPCR Master Mix (Vazyme Biotech, Nanjing, China), 0.4 µL of
each primer (5 µM), 0.2 µL of 50× ROX Reference Dye, 1 µL of the DNA template, and
3 µL of ddH2O, yielding a final volume of 10 µL. qPCR was performed on an ABI 7300
Real-Time PCR system (Applied Biosystems, Foster City, CA, USA), with the following
thermal cycling profile: an initial hold at 95 ◦C for 10 min, followed by 40 cycles of melting
at 95 ◦C for 15 s, annealing at 58 ◦C for 30 s, and extension at 72 ◦C for 30 min.

2.8. Statistical Analysis

Statistical analyses were conducted using SPSS Statistics 20, with a significance thresh-
old of p < 0.05. Significant differences between groups were statistically analyzed using a
one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test. Significant
correlations were determined through a Spearman correlation analysis using the R psych
package (v2.1.3).

3. Results and Discussion
3.1. Biodegradation of Phenanthrene by Indigenous Soil Microorganisms

The biodegradation percentages of phenanthrene by indigenous microorganisms in
the soil amended with and without wheat straw-derived biochar after 21 days of incubation
are presented in Figure 1. The microbial degradation fraction of phenanthrene in the
heavily contaminated soil (PHS: 32.95–50.53%) was considerably lower than that in the
slightly contaminated soil (PLS: 54.39–77.75%). This discrepancy is presumably attributable
to the toxicity of high phenanthrene concentrations to microorganisms, which inhibits
their growth and activity, as evidenced by the decreased abundance and diversity of
the bacterial community (Figures 2b and 3a). There were no significant differences in
phenanthrene biodegradation between the soil amended with W500 and the control (PH)
(Figure 1). Amendment with W300 significantly promoted phenanthrene biodegradation
(p < 0.05). Relative to the control (PL), the 1%W300 treatment did not significantly impact
phenanthrene biodegradation. Phenanthrene biodegradation was evidently inhibited
following the application of 2%W300, 1%W500, and 2%W500 (p < 0.05). For a certain biochar,
higher application levels resulted in lower phenanthrene residues in the PHS; however, in
the PLS, increased application levels led to higher phenanthrene residues (Figure 1). This
variation can be attributed to the differing roles of wheat straw-derived biochar in soils with
distinct pollution levels. In the PLS, higher application levels of a specific biochar resulted
in a stronger sorption and immobilization of phenanthrene than lower application levels
(Table S2), decreasing the bioavailable fraction of phenanthrene for microbial degradation
and subsequently reducing its attenuation (Figure 1). This consistently suggests that the
significant suppression of phenanthrene biodegradation by W500 in the PLS was primarily
due to its enhanced sorption (p < 0.05, Figure 1). Conversely, as the PHS contained a higher
fraction of unbound phenanthrene than the PLS, biochar applied to the PHS would have
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exerted relatively weaker limitations on phenanthrene bioavailability. The tested biochar in
the PHS played a more significant role in supplying essential nutrients (Table S3), such as
total and available nitrogen and phosphorus, thus stimulating microbial growth rather than
enhancing sorption and inhibiting bioavailability [43]. As a result, applying a particular
biochar at higher levels may be more effective for phenanthrene biodegradation than
applying it at lower levels (Figure 1). Consistent with this, only W300, which contained
more nutrients and resulted in higher soil N and P contents than W500 after application
(Tables S1 and S3), significantly enhanced the microbial degradation of phenanthrene in
the PHS (p < 0.05, Figure 1).
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Figure 1. Biodegradation percentages of phenanthrene by indigenous microorganisms in soil with
various biochar applications after 21 days of incubation. PLS and PHS represent soils slightly and
highly contaminated with phenanthrene, respectively. Control: no biochar addition in soils. W300
and W500 indicate wheat straw biochars pyrolyzed at 300 and 500 ◦C, respectively, and 1% and 2%
are the biochar application levels. Different letters indicate significant differences between treatments
at p < 0.05.
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Figure 2. The microbial biomass C content (a) and total bacterial abundance (b) in uncontaminated
and slightly (PLS) and heavily (PHS) contaminated soils under various biochar treatments after
21 days of incubation. CK: original soil without any treatment; PL and PH: soils contaminated
with low (2.5 mg/kg) and high (25 mg/kg) concentrations of phenanthrene, respectively; 1%Wn00
and 2%Wn00: clean soils amended with 1% and 2% wheat straw biochar, respectively; PL/PH
+ 1%Wn and 2%Wn: slightly/highly contaminated soils amended with 1% and 2% wheat straw
biochar, respectively; “n”: heat treatment temperatures of 300 and 500 ◦C. Different letters represent
significant differences between treatments at p < 0.05.
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Figure 3. The polyphenol oxidase activity (a) and nidA gene abundance (b) in uncontaminated
and slightly (PLS) and heavily (PHS) contaminated soils under various biochar treatments after
21 days of incubation. CK: original soil without any treatment; PL and PH: soils contaminated
with low (2.5 mg/kg) and high (25 mg/kg) concentrations of phenanthrene, respectively; 1%Wn00
and 2%Wn00: clean soils amended with 1% and 2% wheat straw biochar, respectively; PL/PH
+ 1%Wn and 2%Wn: slightly/highly contaminated soils amended with 1% and 2% wheat straw
biochar, respectively; “n”: heat treatment temperatures of 300 and 500 ◦C. Different letters represent
significant differences between treatments at p < 0.05.

3.2. Soil Microbial Abundance and Activity

Biochar application to the uncontaminated soil caused a significant increase (13.51–55.09%)
in the microbial biomass C content (Figure 2a) because it acted as a refractory carbon
substrate and essential nutrient resource (N and P) for the growth of the overall microbial
community [44,45]. There was a notable increase in the soil contents of C, N, and P,
including both total and available fractions (e.g., TOC, DOC, TN, dissolved inorganic
NH4

+-N, TP, and AP), in response to biochar application (Table S3). Furthermore, nutrient
enhancement was more pronounced by W300 than by W500, resulting in a greater increase
in soil microbial biomass carbon in the W300-amended soil than in the W500-amended
soil (Figure 2a). However, other investigators found that biochar did not significantly
affect soil microbial/bacterial abundance or community composition in farmland [46–48].
These discrepant findings may stem from variations in the biochar type and dosage, soil
physicochemical characteristics, exposure durations, and experimental conditions in these
investigations. A previous study found that biochar obtained from wood gasification was
rather recalcitrant, and its application at a high dose of 60 t/ha to sub-alkaline soil in a
year-long field experiment significantly increased soil TOC content but had no effect on
the TN and AP contents, thereby failing to enhance microbial populations and enzyme
activities [19]. This proves the superior nutrient-stimulating properties of the straw-derived
biochar used in this study, probably attributed to the absorption and retention of key
nutrients such as N and P during the growth cycle of herbaceous plants [49]. This nutrient
enhancement effect is pivotal for fostering microbial growth in soil, compared with the
carbon-sequestering capacity of wood-based biochar with a higher carbon content [50].

The microbial biomass C content in the soil significantly decreased with increasing
phenanthrene stress (Figure 2a), indicating the toxic effects of phenanthrene on soil mi-
croorganisms. Notably, the toxicity stress induced by phenanthrene on the soil microbial
communities was alleviated by the application of the wheat straw-derived biochar, with
the microbial biomass C content in the biochar-amended soil increasing by 13.31–53.35%
and 10.62–47.56% relative to that in the control (PL and PH), respectively. Besides nu-
trient stimulation, this observation can be primarily ascribed to the exceptional sorption
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properties of straw-derived biochar, determined by the abundant lignin content in crop
straw, which contributes to the creation of a porous structure, the introduction of functional
groups (e.g., hydroxyl and aldehyde groups), and increased hydrophobicity [51–53], thus
reducing the biotoxicity of phenanthrene. Among the tested biochars, W500 performed
better than W300 in enhancing the biomass C of the total microbial community (Figure 2a),
likely due to its greater sorption strength and capacity (Table S2); this stems from its higher
aromaticity, surface area, and porosity, as well as both bulk and surface hydrophobic-
ity (Table S1), allowing it to more effectively reduce the bioavailability and toxicity of
phenanthrene in soil. The results of this study demonstrate that the immobilizing effect
of W500 on phenanthrene is more significant than that of W300, which may explain why
the phenanthrene biodegradation fraction in the W500 treatments was significantly lower
than that in the W300 treatments regardless of pollution level (Figure 1). Furthermore,
the microbial biomass C in the contaminated soil exhibited a positive correlation with
increasing application levels of a given straw biochar (Figure 2a) due to the increased
presence of recalcitrant (aromatic) carbon domains [54], enabling enhanced sorption of
aromatic compounds (i.e., phenanthrene) in the soil and diminishing their adverse effects
on microbial populations [55,56]. The alleviation of contaminant toxicity to soil micro-
bial communities by biochar has been reported in previous studies [57–59]. It was found
that biochar favored an increase in microbial abundance, diversity, and functionality in
hydrocarbon-contaminated soil, inclusive of bacterial and fungal communities affected by
substances such as petroleum and PAHs [17,60].

The copy number of the bacterial 16S rRNA gene in the uncontaminated soil also
significantly increased following biochar application (Figure 2b). Phenanthrene stress
caused a substantial reduction in the abundance of the 16S rRNA gene, and this effect
was particularly evident at the high contamination level (p < 0.05), in accordance with the
results observed for microbial biomass C (Figure 2a). In the slightly contaminated soil, the
bacterial gene abundance was notably increased in response to the biochar application, and
the stimulatory effect was more pronounced by W500 (p < 0.05); however, no significant
change was observed in the heavily contaminated soil (Figure 2b). The promotion of
microbial biomass C and total bacterial abundance induced by biochar application was
more significant in the PLS than in the PHS. This difference may be attributed to the fraction
of mobile phenanthrene being much lower in the PLS than in the PHS [29]. The application
of biochar to the PLS reduced phenanthrene bioavailability and mitigated its toxicity stress
to a greater extent via sorption and immobilization, which proved more advantageous for
the overall growth of microbial/bacterial communities than its impact on the PHS.

PPO serves as a critical indicator of the oxidation potential and biochemical trans-
formation activities in soil microbial communities. This enzyme can be used to evaluate
the microbial metabolic processes involved in the aerobic decomposition of recalcitrant
aromatic compounds, including PAHs. As shown in Figure 3a, biochar application did not
significantly impact PPO activity in the uncontaminated soil, whereas PPO activity was
significantly promoted by biochar application in both the slightly and heavily contaminated
soils. Moreover, soil PPO activity was notably higher in the W300 treatments than in the
W500 treatments. This trend is consistent with the phenanthrene biodegradation fraction
being greater in the W300-treated soil than in the W500-treated soil regardless of pollution
level (Figure 1), indicating that the activity of this enzyme correlates with the microbial
degradation efficiency of persistent organic compounds (e.g., PAHs).

3.3. Soil Bacterial Diversity and Community Structure

Phenanthrene stress significantly reduced the alpha diversity of the soil bacterial com-
munity, as expressed by the Shannon index (Figure 4a), which is in agreement with previous



Agriculture 2025, 15, 77 10 of 20

studies [61,62]. When the wheat straw-derived biochar was applied to both slightly and
heavily contaminated soils, the alpha diversity indices exhibited higher values than those
observed with phenanthrene alone (Figure 4a). This indicates that the application of biochar
mitigated the decline in soil bacterial community diversity resulting from phenanthrene
contamination. Similar results were also reported in another study where the addition
of wheat straw-derived biochar to PAH-contaminated soil helped to preserve bacterial
community diversity [43]. Notably, biochar applied alone in uncontaminated soil had no
significant effect on bacterial alpha diversity (Figure 4a). Therefore, the beneficial effect of
biochar on maintaining the diversity of the bacterial community in contaminated soil can be
primarily attributed to its ability to sorb toxic compounds, thereby alleviating the toxicity
stress on the soil bacterial community caused by contaminants (i.e., phenanthrene) rather
than providing nutrients or habitats for soil bacteria or modifying soil physicochemical
properties [63,64]. Additionally, owing to it having a superior sorption strength and capac-
ity to W300, W500 reduced the bioavailability and toxicity of phenanthrene more effectively,
consequently leading to a more pronounced enhancement of bacterial alpha diversity in
the contaminated soil than W300 (Figure 4a). This positive influence was further amplified
with a greater application level of the specific biochar. The increased Shannon index is
indicative of a more diverse bacterial community. However, Li et al. found that applying
1% w/w maize straw-derived biochar pyrolyzed at 500 ◦C to phenanthrene-contaminated
soil caused no significant change in the Shannon index but decreased the species richness
of the bacterial community, as described by the Chao index [17]. The results of the study
contradict the results of our study regarding the effects of biochar on soil bacterial diversity,
mainly due to the different biochar feedstock types. The aforementioned study utilized
maize straw, which has a lower lignin content than the wheat straw used in our study [65],
leading to the biochar produced showing higher recalcitrance [66]. This is evidenced by the
increased soil C/N ratio resulting from the application of maize straw biochar [67], which,
in turn, suppressed the growth of specific bacterial populations in the soil.
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Figure 4. Bacterial community diversity in uncontaminated and slightly (PLS) and heavily (PHS)
contaminated soils under various biochar treatments after 21 days of incubation. (a) Alpha diversity
measured using the Shannon index; (b) beta diversity measured using the Bray–Curtis distance
between each treatment and CK. CK: original soil without any treatment; PL and PH: soils contam-
inated with low (2.5 mg/kg) and high (25 mg/kg) concentrations of phenanthrene, respectively;
1%Wn00 and 2%Wn00: clean soils amended with 1% and 2% wheat straw biochar, respectively;
PL/PH + 1%Wn and 2%Wn: slightly/highly contaminated soils amended with 1% and 2% wheat
straw biochar, respectively; “n”: heat treatment temperatures of 300 and 500 ◦C. Different letters
represent significant differences between treatments at p < 0.05.
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Both biochars at the tested dosages in the slightly contaminated soil remarkably
increased the beta diversity of the soil bacterial community, as suggested by the greater
Bray–Curtis distance relative to that of the control (PL) (p < 0.05, Figure 4b), implying a shift
in the soil bacterial community structure due to biochar application. In addition, regarding
the differences between the soil bacterial communities after treatment with biochar and the
control (PL), those induced by W500 were greater than those induced by W300. However,
there were no significant differences in the bacterial community structure between the
various biochar treatments in the heavily contaminated soil and the control (PH) (Figure 4b),
which aligns with the existing literature [43,68]. These findings indicate that the net effect
of biochar on the bacterial community structure was significant in the PLS but minimal
in the PHS. This variance could also be ascribed to the greater reduction in phenanthrene
bioavailability and toxicity to soil bacteria induced by biochar application in the PLS, which
had a lower fraction of unbound phenanthrene than the PHS [29].

On the basis of the RDA analysis, the soil bacterial communities in the absence of
phenanthrene after various biochar treatments (i.e., 1%W300, 2%W300, 1%W500, and
2%W500) did not exhibit a distinct separation from the CK and were not distinguishable
from each other (Figure 5), revealing that the bacterial community structure in the uncon-
taminated soil was not significantly impacted by biochar application alone. Phenanthrene
stress greatly shifted the soil bacterial community structure, as reflected by the RDA results,
which showed that the bacterial communities with phenanthrene formed separate clusters
from those without phenanthrene regardless of the presence of biochar. This distinction was
particularly evident at high pollution levels (Figure 5). The RDA analysis further showed
that the drastic shifts in the bacterial community structure caused by phenanthrene stress
were mediated by biochar application to the soil, as evidenced by the obtuse angles between
these two attributes (i.e., PHE and BC), showing a negative correlation between the effects
of biochar and phenanthrene stress on the bacterial community structure [69]. In addition,
acute angles were observed between the effects of soil properties and biochar (Figure 5),
suggesting that the application of wheat straw-pyrolyzed biochar with a relatively low level
of recalcitrant carbon modified soil nutrient properties, specifically TOC, TN, and NO3

−-N,
thereby modulating the bacterial community structure in the phenanthrene-contaminated
soil. Similarly, previous studies demonstrated that the application of biochar derived
from rice straw pyrolysis positively influenced the microbial community structure in both
uncontaminated and PAH-polluted soils by providing available nutrients and suitable
habitats for microbes and modifying soil physicochemical properties [70,71]. In contrast
to a field study suggesting the positive effects of straw-derived gasification biochar (2.773
and 16.16 t/ha) on soil nutrient properties and bacterial populations [66], Baldoni et al.
reported no significant alterations in soil TN and AP contents following the application
of wood gasification biochar in field trials at a substantial high dose of 60 t/ha [19]. This
inconsistency in research findings can be attributed to the higher level of recalcitrance in
wood biochar than in straw biochar, which plays a greater role in increasing soil TOC con-
tent and carbon stock rather than in directly stimulating nutrients. The results of this study
suggest that phenanthrene stress, straw biochar amendment, and soil NO3

−-N content are
the top three factors that influence the bacterial community structure in agricultural soil.

Overall, high phenanthrene stress led to obviously more different and significantly less
diverse bacterial communities, suggesting that contamination is indeed critical in shaping
the soil bacterial community structure. Biochar application benefited the modulation
of the bacterial community structure in the phenanthrene-polluted soil by decreasing
phenanthrene biotoxicity and improving soil nutrient properties, which may be beneficial
to the biodegradation and dissipation of phenanthrene in soil.
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Figure 5. Redundancy analysis (RDA) of the bacterial communities and environmental variables,
i.e., phenanthrene concentration (PHE), biochar application (BC), total organic carbon (TOC), to-
tal nitrogen (TN), nitrate nitrogen (NO3

−-N), ammonium nitrogen (NH4
+-N), and total (TP) and

available phosphorus (AP) in soil treated with wheat straw-derived biochar after 21 days of in-
cubation. CK: original soil without any treatment; PL and PH: soils contaminated with low
(2.5 mg/kg) and high (25 mg/kg) concentrations of phenanthrene, respectively; 1%Wn00 and
2%Wn00: clean soils amended with 1% and 2% wheat straw biochar, respectively; PL/PH + 1%Wn
and 2%Wn: slightly/highly contaminated soils amended with 1% and 2% wheat straw biochar, re-
spectively; “n”: heat treatment temperatures of 300 and 500 ◦C. * indicates significant differences at
p < 0.05.

3.4. Abundances of Degrading Bacterial Genera and Functional Genes in Soil

A total of 456 bacterial genera were identified in each treated soil, with 20 of
them exhibiting relative abundances exceeding 1%, which accounted for approximately
49.62–60.28% of the entire bacterial population. Among the top 20 abundant bacterial
genera, a subset of heterotrophic bacteria (i.e., Arthrobacter) was mostly enriched in the
uncontaminated soil following the application of wheat straw-derived biochar (Figure S1),
which may have been driven by their better utilization of available carbon resources
(e.g., resilient lignin) obtained from the biochar [72]. The co-metabolism of native soil
carbon and biochar-derived carbon was observed to foster the enrichment of certain bac-
terial species [73]. Nine of these prevalent bacterial genera, such as Lysobacter, Massilia,
Bacillus, Reyranella, and Gaiellales, were dramatically enriched (15–65%) by phenanthrene
stress (Figure 6a,c). Concurrently, eight bacterial genera, such as Paenibacillus, Arthrobacter,
and Kribbella, were significantly inhibited (15–25%) by contamination stress (Figure 6a,c).
Several bacterial genera (e.g., Rhizobium, Arthrobacter, Nocardioides, Paenibacillus, and Gem-
matimonas) demonstrated a more pronounced decrease in the PH control than in the PL
control (Figure 6a,c), indicating toxicity stress; their abundances increased following biochar
application in the contaminated soil (highlighted in red in Figure 6b,d). This phenomenon
implies that the biochar contributed to the survival of these aforementioned bacterial gen-
era, which were stressed by phenanthrene, mainly through sorption enhancement and
biotoxicity alleviation. Conversely, some individual genera, including Bacillus, Lysobacter,
Massilia, Novosphingobium, and Vicinamibacter, were more enriched in the PH control than in
the PL control (Figure 6a,c), signifying a degree of stress tolerance. These toxicity-resistant
genera, reputed for their PAH degradation capability in soil systems [74–76], were found to
thrive in scenarios of heightened phenanthrene stress, as this compound served as a carbon
source supportive of their proliferation in bacterial communities.
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Figure 6. Percentage change in the relative abundance of the top 20 bacterial genera in soil after
contamination with low (a) and high (c) concentrations of phenanthrene for 21 days, and a heatmap
of the relative change rate of relative abundance of these genera as affected by biochar in slightly (b)
and heavily (d) contaminated soils after incubation for 21 days. The data were calculated using the
formula (RA-RAcontrol)/RAcontrol × 100%, where RA and RAcontrol are the relative abundances of a
certain genus in a given biochar treatment and in the control (CK or control (PL/PH)), respectively.
W300 and W500 indicate wheat straw biochars pyrolyzed at 300 and 500 ◦C, respectively, and 1% and
2% are the biochar application levels. The rose red bacterial genera are supposed to be potentially
degrading genera.

The responses of potential PAH degraders to biochar differed between the slightly
and heavily phenanthrene-contaminated soils. Specific degrading genera, which exhibited
great enrichment due to biochar application in the PHS (red in Figure 6d), were inhibited in
the PLS when biochar was applied (blue in Figure 6b). This disparity can be attributed to
the distinct functions that biochar fulfills in soils contaminated with various phenanthrene
concentrations. Although the five degrading bacterial genera were strongly enriched in
the PL control compared to in the CK, the biochar restrained their increase (Figure 6a,b).
Given that the PLS had noticeably lower levels of mobile phenanthrene than the PHS,
incorporating biochar into the PLS imposed more stringent constraints on the available
phenanthrene fraction accessible to degradative bacteria than its application in the PHS [29],
which proved detrimental to the proliferation of the five bacterial communities at the genus
level. Consequently, their abundances exhibited a clear decline after biochar application
(blue in Figure 6b), contributing to impeding the biodegradation of phenanthrene in the
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PLS (Figure 1), particularly with the application of W500. Similarly, Omoni et al. observed
a reduction in phenanthrene-degrading microbial populations with increasing biochar
additions to soil, primarily due to the decreased microbial availability of phenanthrene [77].
The introduction of biochar into the PHS further increased the relative abundances of the
five degrading genera (red in Figure 6d). Moreover, the responses of these five genera
significantly increased with the increase in soil nutrient contents (i.e., TOC, TN, dissolved
inorganic NO3

−, and AP) resulting from biochar application (Figure S2), indicating that
biochar stimulated the expansion of specific degrading bacterial populations by indirectly
improving soil nutrient properties [78,79]. Consistently, the RDA results showed that the
soil nutrient properties (i.e., the TOC, TN, and NO3

−-N contents) were obviously affected by
the tested wheat straw biochar with a relatively low level of recalcitrance [66], subsequently
influencing the bacterial community structure in the studied soil (Figure 5). Therefore, in the
PHS, where mobile phenanthrene levels were likely higher than in the PLS, biochar played a
more pivotal role in providing the necessary nutrients (Table S3), creating a favorable habitat
for bacteria, and amending soil physicochemical characteristics rather than diminishing
substrate bioavailability to bacteria [29,80]. The effective phenanthrene biodegradation
in the PHS with biochar application, especially the enhanced biodegradation observed
with W300 (Figure 1), may stem from its beneficial impact on these degrading genera.
W300 was more conducive to bacterial growth than W500, primarily due to its superior
provision of nutrients (e.g., N and P) and more neutral pH (Table S3), resulting in a more
pronounced amelioration in the relative abundances of the five bacterial genera (Figure 6d).
These more enriched degrading bacterial genera in the PHS with the application of W300
ultimately contributed to augmented phenanthrene biodegradation in the W300 treatments
when compared with the W500 treatments (Figure 1). Biochar application in the PLS had
negative effects on the bacterial genera involved in phenanthrene degradation (blue in
Figure 6b). Nevertheless, the biomass of the key PAH-degrading bacteria significantly
increased following biochar application to the PHS (red in Figure 6d), accounting for the
decreased disparities in phenanthrene biodegradation between the PLS and PHS post-
biochar application (Figure 1).

Increased phenanthrene stress also significantly stimulated the abundance of the
PAH-degrading nidA gene (Figure 3b); this encodes the α-subunit of PAH-ring hydroxy-
lating dioxygenase (PAH-RHDα), which initiates the aerobic metabolism of PAHs [81,82].
Similarly, previous studies have shown that the functional genes responsible for PAH
degradation can be enriched and overexpressed under contamination stress [83–85]. The
nidA gene abundance was further enhanced by applying wheat straw-derived biochar
to the contaminated soil (Figure 3b). Biochar applied to the PLS exhibited only slight
or negligible positive effects on the biomass of nidA-carrying communities. A possible
explanation for this is that the sorption of phenanthrene to biochar reduced its ability to
stimulate the communities carrying the nidA gene. This adverse effect was more profound
with the W500 application than with the W300 application, as evidenced by the consid-
erably lower abundance of the nidA gene in the PLS treated with W500 relative to that
treated with W300 (Figure 3b). This disparity is likely due to the lower bioavailability
of phenanthrene to potential nidA-carrying degraders in the W500-treated PLS than that
in the W300-treated PLS, resulting from the sorption affinity and capacity of W500 being
stronger than those of W300 (Table S2). These findings reveal that the abundances of PAH
degradation genes greatly depend on the microbial availability of PAHs. Similarly, Xia et al.
found a significant positive correlation between the copy number of the nahAc gene, which
acts as a universal biomarker for naphthalene-degrading bacteria, in sediment deposits
and the freely dissolved concentration of naphthalene in pore water [86].
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Compared with biochar application to the PLS, biochar application to the PHS was
found to be more beneficial for the positive response of the catabolic gene biomarker
nidA to phenanthrene stress (Figure 3b). This difference may also result from the distinct
functions of biochar in soils contaminated with various phenanthrene concentrations. In
the PHS, the tested biochar played a more crucial role in the nutrient stimulation and
microbial proliferation of potential nidA-carrying degraders than in sorption enhancement
and bioavailability inhibition, as observed in the PLS. The larger amount of nutrients
(e.g., N and P) provided by W300 than by W500 resulted in evidently higher nidA gene
abundances in the PHS treated with W300 than in the treatments with W500, all of which
were substantially greater than the control (PH) (Figure 3b and Table S3). In comparison
to the control (PH), the notable increase in the abundance of nidA-carrying degraders
contributed to significantly facilitating phenanthrene biodegradation in the PHS upon
the application of W300 (Figure 1). These findings align with those obtained in a study
by Ahmad et al., which demonstrated that the application of 1% biochar increased the
abundance of the nidA gene in pyrene-polluted sediment obtained from the Pearl River,
thereby contributing to enhanced pyrene metabolism [87].

4. Conclusions
In this study, applying wheat straw-derived biochar to contaminated agricultural

soil positively modulated shifts in soil microbial communities stressed by phenanthrene.
Specifically, biochar increased the overall biomass of the microbial/bacterial community,
maintained bacterial diversity, and selectively promoted the growth of certain bacterial
genera, which had been inhibited by phenanthrene stress. These enhancements can be
ascribed to the elevated sorption of phenanthrene in the soil amended with this type of
biochar, alleviating its toxicity stress on soil microbes. In addition, some bacterial genera
and functional genes involved in phenanthrene degradation were enriched by phenan-
threne stress and were further stimulated by biochar application in heavily contaminated
soil. This phenomenon was primarily due to the soil nutrient improvement (e.g., TOC, TN,
NO3

−-N, and AP) induced by biochar, especially pronounced with W300, which contained
a relatively low level of recalcitrant carbon, providing more nutrients and thus benefiting
the biodegradation and removal of phenanthrene from the soil. However, in slightly con-
taminated soil, the application of biochar, particularly the more sorptive W500, suppressed
the abundances of these potential degrading genera and the specific PAH-degrading nidA
gene by decreasing the bioavailability of phenanthrene to the degraders, consequently im-
peding phenanthrene biodegradation. These findings reveal that utilizing biochar derived
from straw resources at optimal temperatures to amend PAH-contaminated agricultural
soil presents a viable strategy for harmonizing soil microbial ecosystems and mitigating
the environmental risks of PAHs in agricultural production.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/agriculture15010077/s1, Text S1: PCR amplification and purification; Text S2:
processing of sequencing data [88,89]; Figure S1: a heatmap of the relative variation in the relative
abundance of 20 predominant bacterial genera as affected by biochar in uncontaminated soil after
21 days of incubation; Figure S2: a heatmap of the correlation between soil nutrient properties and
the top 20 bacterial genera in soil as affected by biochar application for 21 days; Table S1: selected
physicochemical characteristics of biochar; Table S2: fitting parameters and concentration-dependent
distribution coefficients for phenanthrene sorption by soil, biochar, and biochar–soil mixture based
on Freundlich isotherm model; Table S3: the contents of carbon, nitrogen, and phosphorus in soils
under various treatments.
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