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Abstract: In the current work, the effects of biochar, vermicompost, as well as their combined ap-
plication on ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) in soils
contaminated with potentially toxic elements (PTEs) were investigated. In this regard, four treat-
ments were performed; among them, treatment A served as a control without additive, treatment B
with vermicompost (2%), treatment C with biochar (2%), and treatment D with biochar (2%) plus
vermicompost (2%). In addition, the abundance and structure of the AOA and AOB amoA gene were
measured using quantitative PCR and high-throughput sequencing. The relationships between the
microbial community, physicochemical parameters, and CaCl,-extractable PTEs were analyzed using
the Pearson correlation method. We found that adding biochar and vermicompost promoted the
immobilization of PTEs and nitrogen biotransformation. The rational use of biochar and vermicom-
post is beneficial for the growth of bacterial and fungal communities in soils polluted by PTEs. AOA
and AOB amoA genes were stimulated by biochar, vermicompost, and their combination, but their
structure was hardly affected.
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1. Introduction

Soils with potentially toxic elements (PTEs) have become a leading global concern ow-
ing to their non-biodegradability and persistent toxicity under environmental conditions [1].
Anthropogenic activities, including mining, agricultural fertilizers, and sewage irrigation,
generate the accumulation of PTEs, mainly in cultivated lands [2]. These hazardous metals
in soils may affect soil biodiversity, threaten plants, and decrease agricultural productiv-
ity [3]. In addition, they can probably influence human health via bioaccumulation in
the food chain. According to Kou et al. [4], about 10% of China’s cultivated land faces
PTEs contamination of various types at varying levels, and the area is prone to expansion
owing to the intensification of industrial and economic development. As a result, it is
essential to take adequate measures to rehabilitate soils contaminated with PTEs and restore
their functionality.

Currently, numerous remediation strategies, such as physical, chemical, phytoreme-
diation, and biological remediation [3,5-8], are applied to resolve PTEs contamination.
However, each approach has some disadvantages. In situ remediation techniques applying
new chemical agents could cause secondary pollution in soils, while the ex situ remedi-
ation method is generally expensive and potentially hazardous for the diversity of soil
bio-communities [9]. Phytoremediation is commonly effective against specific PTEs in
a long removal cycle and is not suitable for limited cultivable land [10]. At this point,
selecting low-cost, environment-friendly, and novel materials is imperative.

Biochar refers to the carbonaceous product generated by the slow pyrolysis of carbon-
rich biomass based on hypoxic situations [11]. The physicochemical properties of this
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carbonaceous material (such as high porosity, high organic carbon content, or large surface
area) make it suitable for various environmental applications, including stimulating soil
fertility and quality [12], lowering greenhouse gas emissions of soil [13], and repairing
contaminated soil [14,15]. In addition, it was discovered that vermicompost is the product
of vermicomposting generated (from municipal waste, livestock and poultry manure,
crop straw, waste residue, and organic sludge) after earthworms metabolize and excrete
soil and organic matter (OM) [16]. Vermicompost is a finely divided, peat-like material
characterized by high porosity, air permeability, water retention, high nutrient content,
and reduced toxins [17,18]. Vermicompost can passivate PTEs based on two mechanisms.
One is to directly use earthworms’ adsorption and enrichment of PTEs to remove them
in compost raw materials [19], and another is to use OM and humus components in
vermicompost to adsorb PTEs for immobilizing them in soils [20]. Moreover, previous
research results demonstrated that vermicompost is an outstanding organic fertilizer, and
its rational application significantly promotes soil fertility and crop growth [21].

As essential participants in soil biochemical reactions, soil microorganisms have a
significant impact on soil nutrient cycling and conversion [22] and are considered indi-
cators of PTE-contaminated soil as they are highly sensitive to metal-caused stress [23].
Adding biochar and vermicompost affects the physicochemical properties in soils, fur-
ther modifying the functions of microbial communities. Numerous studies have been
performed to determine how biochar and vermicompost addition affects soil’s bacterial
and fungal communities [24,25]. However, until now, the impacts on functional microbial
communities, such as AOA and AOB, and important factors influencing the behaviors in
PTE-contaminated soils remain unknown. The same functional amoA gene is used by AOA
and AOB to encode a subunit of ammonia monooxygenase (AMO) enzyme in charge of the
first step of nitrification. Additionally, it can be demonstrated that nitrification’s initial and
rate-limiting step is the microbial oxidation of ammonia. Thus, we determined the balance
of nitrogen transformation between the oxidized and lowered states.

Thus, the present study investigates the functional genes of the nitrogen cycle and
the shaping factors in soils with potentially toxic element (PTEs) contamination (arsenic,
copper, cadmium, and zinc) with biochar remediation and vermicomposting. Of note, the
physicochemical parameters and transformation of nitrogen were detected. The functional
gene abundance and structure in AOA and AOB were investigated using quantitative
PCR and high-throughput sequencing, respectively. Further, the correlation of gene abun-
dance and structure with physicochemical parameters was measured through regression
analysis and multivariate analysis, respectively. We speculate that the combined addition
of vermicompost and biochar contributes to the growth of soil microorganisms and the
maintenance of soil fertility. Whereby this study is expected to offer theoretical guidance to
soil management and promote the understanding of microbial mechanistic pathways for
nitrogen loss control, it provides a reference for soil improvement and soil sustainability.

2. Materials and Methods
2.1. Soil, Biochar, and Vermicompost Preparation

The soil samples were acquired in a field contaminated with PTEs in Hunan’s Shimen.
In the 100 m x 100 m sampling field, each 10 kg of soil (0-20 cm) was sampled uniformly
from each of 4 experimental plots (1 m x 1 m) where the residual plants and visible stones
were discarded. After being placed in a PE barrel, the soil samples were dried in the air at
ambient temperature until their weights were constant. In the meantime, Pinus halepensis
was used to prepare the biochar. Following a 2 d drying at 105 °C, the P. halepensis feedstock
was subjected to 1 h pyrolysis at 450 °C using an LT 9/11/SKM muffle furnace (Nabertherm,
Lilienthal, Germany) in a closed 10 cm diameter steel container with a height of 12 cm,
whose top was perforated for discharging gases. Apart from the exhaust air outlet, the
furnace was also provided with an adjustable door-mounted working air inlet. As for the
charred material, it was subjected to fast quenching in water and subsequent drying for an
entire day at 105 °C. Table 1 details the physicochemical performance indicators for the soil
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and biochar. After preparing the soil samples plus biochar, we prepared the vermicompost
samples. The online-procured cow-manure-derived vermicompost of Eisenia fetida was
dried in the air, pulverized, sieved through a sieve (2 mm), and subsequently stored.

Table 1. Physicochemical characteristics of experimental soil and biochar.

Properties Soil Biochar Vermicompost
EC (ds'm™) 0.18 £0.01 0.16 £ 0.01 0.13 £0.01
pH (H,0O) 516 £0.14 9.10 £ 0.02 8.10 £ 0.02
OM (g-kg™) 70.8 £0.8 816.20 +4.23 316.60 + 5.63
NH4*-N (mg-kg™) 3432 +£22 42.20 £1.39 64.20 +£2.23
NO;™-N (mg-kg™) 21.67 £0.23 6.98 £ 1.59 26.48 +1.27
Total As (mg-kg™) 724 £2.01 425+ 0.16 44.25 £0.25
Total Cd (mg-kg™) 0.51 £0.01 0.15 £ 0.01 0.23+ 0.02
Total Cu (mg-kg™) 52.6 £2.29 301.62 £ 0.89 418.62 £ 3.32
Total Zn (mg-kg™) 1449 +3.13 483.47 £13.75 283.47 +5.37
Ash content (%) - 49.52 £ 1.23% -

Moisture (%) 18.65 7.12 2243

Numbers are denoted as mean =+ standard deviation (SD).

As presented in Table 2, four treatments were conducted with the experimental soil
sample barrel containing four plots (plastic bucket, specification 3 L); among them, treat-
ment A served (2 kg sample soil) as a control with no additive, treatment B (2 kg sample
soil) with vermicompost (2%, 40 g), treatment C (2 kg sample soil) with biochar (2%, 40 g),
and treatment D (2 kg sample soil) with biochar (2%, 40 g) plus vermicompost (2%, 40 g).
The soil was turned over to distribute it evenly after adding the amendments. The four
treatments were cultured for 100 days in a climatic chamber with a moisture content of 70%
as well as a temperature of 25 £ 2 °C.

Table 2. Treatments of incubation experiments.

Treatment Soil Biochar Vermicompost
A 2.0kg - -

B 2.0kg - 2%,40 g

C 2.0kg 2%,40 g -

D 2.0kg 2%,40 g 2%,40 g

2.2. Samples Collection and Parameters Determination

In this study, the subsamples for sample property analysis were collected on days 0, 50,
and 100. Subsamples were uniformly taken from soil samples under different treatments
and then mixed, and each subsample was repeated 3 times. The samples for DNA extraction
and discerning functional genes were pooled, mixed, and preserved at —20 °C prior to use.
The samples for physicochemical parameter determination were collected and preserved
at 4 °C prior to use. According to our previous study, physicochemical parameters, such
as pH, electrical conductivity (EC), humidity, OM, ammonium (NH4*-N), and nitrate
(NO3™-N), were decided. Briefly, 3 g of soil were accurately weighed and placed in a 50 mL
conical flask, and then 30 mL of 0.01 M CaCl; solution was added to improve the treated
soil. After shaking at 60 rpm (revolution/min) for 24 h, it was centrifuged at 3500 r/min for
20 min, filtered with 0.45 organic filter to obtain the supernatant, mixed with 1~2 drops of
1 moL/L HNOj solution, and finally the extract was used after determination by ICP-MS.

2.3. Quantitative PCR

From the freeze-dried ~0.5 g of compost samples, triplicate extraction of total genomic
DNA was accomplished with PowerSoil Kit (MoBio Laboratories, Carlsbad, CA, USA). To
lower the sample variability, we acquired the DNA extracts for each sample, which were
subjected to —20 °C cryopreservation before the qPCR (quantitative PCR) process. The amoA
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gene richness was quantified for AOA and AOB using the amoA-1f/amoA-2r and CrenamoA-
23f/CrenamoA-616r primers [26]. In addition, utilizing a thermocycler (iCycler IQ5, Bio-Rad,
Benicia, CA, USA), triplicate qPCRs were set up in the 20 pL volume reactions as follows:
2 x SYBR real-time PCR premixture (10 uL; Bioteke, Beijing, China), every 10 uM primer
(0.4 uL), sterile water (8.2 uL), and DNA extract (1 puL). This was followed by triplicate qPCR
reactions under the conditions shown below: initial 3-min denaturation at 95 °C; 40 cycles at
95 °C for 30 s, at 55 °C for 40 s, and at 72 °C for 40 s. The temperature at which the data were
retrieved was 72 °C. Afterward, standard qPCR curves were drawn using the serial dilutions
(10-fold) of cloned amoA-containing linearized plasmids. The orders of magnitude for these
curves varied between 1.0 x 10°~1.0 x 108 copies of the template. A melting curve was used
to complete the reactions to test the gene amplification specificity.

2.4. High-Throughput Sequencing

The DNA extracts were mixed and homogenized to analyze AOA and AOB structures.
The community structure of different samples was measured with sequencing techniques
and general PCR. The previous description showed that PCR procedure and materials
showed similarity, except for the 2 x SYBR PCR premixture (Bioteke, Beijing, China). The
Toyobo DNA Purification Kit (Osaka, Japan) was used to purify the PCR products. It was
revealed that DNA fragment processing and sequencing show similarity [27]. AOA and
AOB amoA gene sequences consist of 25 operational taxonomic units (OTUs) by BLAST
with 97% similarity between different samplings. In addition, representative nucleotide
sequences were positioned in GenBank (accession numbers for OTU 1 to OTU 20 were
MH589347.1 to MF324490.1, separately). Furthermore, sequences with more than 97%
identity were retrieved from the National Center for Biotechnology Information (NCBI). A
phylogenetic tree was constructed using MEGA 6.0 software [28] with 1000 bootstrap repli-
cates for branch support. Based on Evolview (www.evolgenius.info/evolview, accessed on
10 September 2021) along the combination of the neighbor-joining tree, the heatmap for
OTUs’ relative abundance was constructed.

2.5. Data Analysis

Three replicate determinations were performed in physicochemical parameter analy-
ses, taking mean values for performing further analyses. Before further analyzing func-
tional genes, the original data of gene abundances were log10-transformed. In addition, a
one-way investigation of variance was made on parameters with the application of SPSS
(version 11.5) in order to verify if the means were significantly different at the 95% confi-
dence level. In order to determine correlation coefficients between parameters and different
functional genes, correlation analysis was performed. Curve estimation of regression analy-
sis was conducted to assess correlations between every related physicochemical parameter
and the abundance genes. p < 0.05 indicated statistical significance.

3. Results and Discussion
3.1. Physicochemical Parameters

Figure 1 presents the physicochemical parameters of the soils in treatments. Through-
out the whole culture process, the soil pH of treatments C and D increased remarkably
compared to the unamended control, whereas a slight alteration was found in the soil pH
of treatment B (Figure 1a). This could be attributed to the following factors: first, biochar
itself exhibits alkaline characteristics owing to the abundant surface functional groups
(carboxylic, phenolic, hydroxyl, carbonyl, and quinone groups) [29]; second, previous stud-
ies have shown that organic anions (O- and COO-) and inorganic carbonates of biochar
could combine with acid ions in the soil, reducing the H+ content in the soil and raising
soil pH [30]. Biochar and vermicompost can reduce soil salinity and conductivity through
adsorption and ion exchange, which is one of the reasons for the decline in EC.
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Figure 1. Impact of amendments on the soil properties: (a) pH, (b) EC, (c) OM, (d) NO3™-N,
(e) NH4*-N. Different letters above bars suggest significant differences between mean values at each

sampling occasion (p < 0.05).

The EC value of soil amended with biochar or biochar/vermicompost was dramatically
enhanced by 600 and 1303, respectively, while little change was spotted in the soil with the
addition of vermicompost alone compared to the control (Figure 1b). On day 1, soil with
biochar/vermicompost addition displayed the highest EC amounts among all treatments.
According to the results, biochar primarily increased soil EC, and vermicompost contributed
to biochar’s effect on soil. This might be interpreted as the biochar’s gradual release of
alkali and alkaline-earth metals into the soil [31]. As a result of continuous vermicompost
mineralization [32], the soil OM could be decomposed to tremendous humic acids and
salts, causing a significant increase in soil EC. Additionally, compared with treatments A, B,
and C, a decreased trend was found in the EC of treatment D during the whole experiment.
This could be driven by the microbial assimilation of nitrates and sulfates produced by
OM decomposition [33].

Biochar amendments showed the best improvement in OM contents in soil (Figure 1c).
This figure peaked at day 50 at 94.9 g/kg, a 24.17% increase compared to the control. This
might indicate that biochar induced a high respiration rate and fast OM decomposition,
which meant high microbiological activity in the soil [34,35]. Moreover, a decreasing trend
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was found in OM contents in the control soil and biochar-amended soil from day 50 to
day 100. Additionally, it was interpreted by the consumption of soil OM of soil microor-
ganisms in their life activities.

Changes in nitrogen-relevant substances were obtained, as shown in Figure 1d,e. The
NH,*-N amounts decreased sharply from 46.03 mg/kg to 13.57 mg/kg, while the NO;~-N
amounts increased dramatically from 14.76 mg/kg to 24.57 mg/kg in control check (CK)
from day 50 to day 100. This suggested the activity of ammonia-oxidizing microbial com-
munities during incubation. In addition, the NH4*-N amounts of treatment B were higher
in comparison to CK, suggesting that the addition of vermicompost contributes to the am-
monification of organic nitrogen. The obtained results are consistent with Zhang et al. [36].
NO3z;7-N is one of the important nutrients for plants, and it is easily lost by leaching or
denitrification before its utilization by plants and crops, possibly causing some pollution of
groundwater and estuaries.

3.2. Impacts on the Form of CaCly-Extractable PTEs

There are five types of PTEs forms in soil: soluble-exchangeable, carbonate-bound,
Fe-Mn-oxide-bound, OM-bound, and residual PTEs. Accordingly, the toxicity presents a
reduction, and CaCl,-extractable PTEs indicate the speciation readily available to organisms.
By adding vermicompost, the effective speciation of As and Cu in soil reached the highest
point of 0.078 mg/kg on day 100 and 0.081 mg/kg on day 50, respectively (Figure 2a,b).
Adding biochar or biochar/vermicompost dramatically decreased the efficient forms of
Cu, Zn, and Cd, particularly in treatments C and D (Figure 2b—d). On the 100th day, the
effective forms of Zn and Cd contents under the C and D treatments decreased by 93.92%
and 64.58% and by 90.65% and 63.55% in comparison to CK, respectively. Nevertheless, a
slight fluctuation was observed in the effective speciation of soil amended with biochar,
vermicompost, or biochar/vermicompost. In addition, the results of the Pearson correlation
analysis are shown in Table 3. pH was significantly negatively correlated with Zn and Cd
(p < 0.01). It was indicated that the reason for the significantly decreased Zn and Cd in
biochar and biochar/vermicompost treatment was caused by the change in pH.

Table 3. Correlations between the functional gene abundance, structure, physicochemical parameters,
and CaCl,-extractable PTEs.

pH EC oM NO;~-N  NH;*-N As Cu Zn Cd 16S 188 AOB  AOA
pH 1
EC 0.904 ** 1
oM 0.836 ** 0.653 * 1
NO3;~-N -0.187 -0.032 -0.133 1
NH;*-N 0.276 0.067 0.080 —0.849 ** 1
As -0.222 -0.365 -0.235 -0.066 0.218 1
Cu -0.548 -.385 -0.497 0.366 -0.412 -0.055 1
Zn -0.958**  —0.871*  -0.838** 0.099 -0.134 0.181 0.618* 1
Cd -0.948*  -0.836*  -0.867** 0.137 -0.178 0.276 0.641* 0.975 ** 1
165 -0.281 -0.213 -0.345 -0.074 0.067 0.158 -0.046 0.140 0.074 1
185 0.092 0.063 0.006 0.297 -0.147 -0.466 0.066 -0.050 -0.095 -0.293 1
AOB 0.486 0.417 0.210 -0.247 0.449 -0.013 -0.568 —0.553 —0.586 * 0.533 0.158 1
AOA 0.561 0.681 * 0.088 -0.207 0.369 -0.033 -0.284 —0.486 -0.399 -0.101 0.030 0.488 1

Significant correlation: * p < 0.05; ** p < 0.01.

As it is known to us, the effective speciation analysis of PTEs in soil can evaluate
toxicity of PTEs, and PTEs bioavailability in soil is decided by soil pH values [37]. Our
experimental results suggested that adding biochar or biochar/vermicompost possibly
increases soil pH, thus promoting the passivation of PTEs in soil. Prior studies have
indicated the role of adding biochar in promoting the immobilization rate in PTEs and
lowering the bioavailability [38]. Meanwhile, these functional groups on the biochar
surface can change soil nature and provide reaction sites for PTEs redox reactions. In
addition, the biochar surface has rich hydroxyl, carboxyl, and carbonyl groups that may be
integrated with PTEs in the soil through electrostatics, ion exchanges, and complexation [39].
These functional groups on biochar surfaces can also offer active sites for PTEs redox
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reactions by adsorption [40]. Additionally, the soil pH can be promoted by earthworms
because of their vital activity. Obviously, the cutaneous mucus cast in earthworms was
alkaline [41,42]. Vermicompost with a low carbon-to-nitrogen ratio and a high proportion
of humic substances to TOC might effectively decrease the mobility of PTEs. Moreover,
vermicompost shows a huge potential for passivating PTEs in soils as its humic substances
possess various functional groups, including alcoholic hydroxyl groups, carboxyl groups,
phenolic hydroxyl groups, and methoxyl groups, resulting in high complexation, redox,
and adsorption capacity against metal ions [43]. This is similar to our experimental result,
in which the addition of vermicompost supports the solidification of PTEs in soil.
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Figure 2. Impact of amendments on the concentration of CaCl,-extractable PTEs: (a) Cu, (b) As,
(c) Zn, (d) Cd in soil. For every sampling scenario, the distinct differences (p < 0.05) between means
are indicated by varying letters on top of columns.

3.3. Abundance of 16S rRNA and 185 rRNA

Employing biochar in soil considerably decreased the bacterial 16S rRNA gene abun-
dance (Figure 3a), while adding vermicompost or biochar plus vermicompost exerted lesser
effects on the fall of bacterial community abundance, and the maximum abundance was
observed on day 50 after vermicompost amendments. However, the abundance of fungi
18S rRNA in treatment B, C, and D were noticeably higher in contrast to the control soil on
day 0 and day 50 (Figure 3b). According to the findings, the rational use of biochar and
vermicompost is conducive to the growth of microorganisms in the soil.

Previous research revealed the correlation between biochar’s beneficial impacts and
its concentration. Although low-content biochar application could foster enzyme and mi-
crobial activity by offering small amounts of nutrients and promoting soil physicochemical
properties, higher biochar levels exert negative effects [44]. There may be some components
in vermicompost and biochar that are toxic to some microorganisms or change soil pH or
other physical and chemical factors to inhibit the growth of some microorganisms. Previ-
ous study indicated that microbial community abundance was positively correlated with
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biochar amendment content [45]. When bamboo biochar was added to sandy loam soils,
microbial community diversity was significantly increased [46]. Yang et al. [47] suggested
that biochar could facilitate microbial proliferation by offering fundamental OM associated
with water stability in soil aggregated sand. Biochar’s abundant surface area, as well as its
absorbent structure, provide proper habitats for microorganisms. In addition, the alteration
in soil microbial communities induced by biochar could facilitate soil nutrient cycling,
thereby enhancing crops’ nutrient availability [48]. Previous experiments demonstrated
that the vermicompost formed by cow excrement treated with earthworm biological bed
was abundant in actinomycetes and fungi, with the amount increasing by two orders of
magnitude. Earthworms’ secretions were rich in amino acids, polysaccharides, biolog-
ical enzymes, and other ingredients which constituted the feed of soil microorganisms.
This might be because the secretions of earthworms provide sufficient nutrients, water,
and energy for microorganisms and influence the reproduction and action of microorgan-
isms [49,50]. In addition, the digestive tract of earthworms was a small activity room for
some microorganisms, which led to a sharp increase in microorganisms. Additionally,
vermicompost has an abundant surface area allowing many beneficial microorganisms to
survive and has a good ability to absorb and retain nutrients [51,52].
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Figure 3. Abundance statistics for the (a) 165 rRNA and (b) 185 rRNA genes. The distinct differences
(p < 0.05) for every sampling scenario are indicated by varying letters on top of the columns.

3.4. AOA and AOB Gene Abundance and Structure

In line with Figure 4, it could be found that AOA and AOB amoA genes were exten-
sively distributed in the culture process. Overall, the gene abundance of AOB exceeded
that of AOA on both days 0 and 50. The functional genes of AOB amoA gradually increased
after treatment with no amendments (Figure 4b). On the 50th day, the abundance of AOA
and AOB amoA in soil under the combined action of biochar and vermicompost presented
peaks, which were 3.57x 10° and 6.76 x 10° copies g}, respectively. Throughout the
experimental process, the employment of biochar/vermicompost stimulated AOA and
AOB amoA communities (Figure 4), similar to the study by [53]. At times, soil nitrogen
losses were appropriately decreased through biochar and vermicompost addition.

The phylogenetic tree (Figure 5a,b) for AOA and AOB amoA gene indicated that the
sequences were mostly from the soil/sediment lineage, especially group 1 Nitrososphaera
as well as its sister clusters. Based on the relative abundance of operational taxonomic
unit (OTU) (Figure 5), the dominant archaea were OTU 1-2 and OTU 21-22, which were
present across the complete process, and the relative abundance attained over 63.98% and
90.72% occasionally. Some species of Nitrososphaera were present in smaller numbers, such
as OTU 20 and OTU 40, which appeared very rarely (at detectable levels) in 12 different
samples. In particular, the relative abundance of OTU 14-20 and OTU 27-40 is less than
0.5% when they appear. Their genetic relationship with the predominant species (OTU 1-2
and OUT 21-22) is insignificant, as shown in the phylogenetic tree (Figure 5).
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represent correlations between 80 and100%.

Ammonia monooxygenase activity significantly influences the ammoxidation process
in soils and is the rate-determining step of the ammonium (NH4*-N) to hydroxylamine
(NH,OH) reaction. It was shown that, compared with its AOA counterparts, the ammonia-
oxidizing community activities were found to be better portrayed by the AOB gene [54]. In
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addition, it was possibly because AOB was the main contributor to the aerobic ammonium
oxidation process in agricultural soils, nitrogen-rich grassland ecosystems, and mangrove
sediments [55]. Results reveal the role of biochar in promoting AOA and AOB abundance
by enhancing soil nutrients, which is similar to our study. In addition, soil type can also
lead to changes in the structure and abundance of nitrogen-cycling bacteria [56]. The
increase in microbial community abundance or functional enzyme activity affected by
vermicompost and biochar might likely be induced by the soil substance availability. The
higher abundance in AOA and AOB community in soils in combination treatment might be
linked to the interaction between vermicompost and biochar. Additionally, soil pH ranks
among the crucial elements in AOB communities, which includes the direct effects on AOB
and indirect effects on soil activities [57]. In a direct way, pH determines the presence of
ammonia in soils. As pH lowers, ammonia (NH3) is transformed to ammonium (NH4");
thus, reducing substrate NHj3, and affecting AOB in terms of activity, abundance, and
species [58-61]. Previous indications also showed that the fluctuations and stoichiometric
interactions between 3-glucosidase, N-acetylglucosaminidase, leucine aminopeptidase,
and acid phosphatase were also significantly changed after applying biochar and compost
to soils polluted by PTEs [62]. Compost and biochar/compost application alleviated
C-limitation in soils containing Cu, As, Cd, Zn, etc. [62].

4. Conclusions

In conclusion, after supplementing biochar, the toxicity level of PTEs (Cd and Zn)
in soils changes notably. Biochar addition significantly changes the pH, EC, and OM,
and vermicompost facilitates organic nitrogen preservation. Additionally, adding biochar
or biochar/vermicompost dramatically decreased the efficient forms of Cu, Zn, and Cd.
Biochar/vermicomposting significantly stimulated AOA and AOB amoA communities in
PTEs-contaminated soils restored by vermicompost and biochar. This study is of great sig-
nificance for remediating PTEs in soil and revealing the changes in microbial communities
in PTEs.
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