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Abstract: Vermi-wetland is a sustainable technology for recycling excess sludge in small-town areas.
Although biochar (BC) amendment into the vermi-wetland could considerably boost the effectiveness
of treating sludge, its impact on the nitrogen transformation in vermi-wetland remains unclear.
Hence, this study aimed to explore the mechanism and performance of BC amendment into the vermi-
wetland for enhancing nitrogen transformation during excess sludge recycling. The semi-aquatic plant
Acorus calamus and the earthworm Eisenia fetida were planted in the designed vertical vermi-reactor,
with corncob BC added to the upper and lower layers of one vermi-reactor, in comparison with
the vermi-reactor without BC. The vermi-reactor with BC significantly lowered (p < 0.05) ammonia
nitrogen (NH4*-N) and nitrite nitrogen (NO, ~-N) in the effluent by 1.63 and 4.85-fold, respectively,
and increased considerably nitrate nitrogen (NO3 ~-N) in the effluent by 1.5-fold. The numbers of
ammonia-oxidizing bacteria (AOB) and archaea (AOA) in the vermi-reactor with BC were greatly
enriched by 6 and 1.42-fold, compared with their counterparts (p < 0.05). Moreover, nirS and nirK
gene copies in the vermi-reactor with BC were considerably improved (p < 0.05) by 2.03 and 1.82-fold,
respectively. BC significantly enhanced the growth of earthworms by 6.92-fold and promoted plant
growth by 1.28-fold. In addition, the AOB members like Nitrosomonas and Nitrosospira and the AOA
members like Crenarchaeota and Thaumarchaeota cohabited in BC. Overall, these results suggest that a
vermi-reactor amended with BC could enhance the nitrification processes of excess sludge, thereby
improving the treatment performance of vermi-wetland.

Keywords: ammonia oxidation; biochar; earthworms; vermicomposting; sludge treatment;

wetland plant

1. Introduction

Recently, the construction of wastewater treatment facilities has progressively in-
creased due to the rapid development of small cities and rural regions, resulting in an
enormous amount of excess sludge. Nevertheless, excess sludge treatment and disposal
have emerged as a worldwide concern due to a significant quantity of water and unstable
organic compounds [1]. However, if sludge is well managed and treated with proper
procedures, it can be repurposed and utilized beneficially in various farming activities,
contributing to sustainable agricultural practices and resource optimization. The typical
methods for disposing of excess sludge include anaerobic digestion, incineration, land-
filling, composting, and thermal drying. These techniques require consolidation and
dehydration before sludge disposal, which incurs high costs [2]. Therefore, these excess
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sludge treatment and disposal options are not cost-effective in underdeveloped and devel-
oping nations, especially in rural regions and smaller cities. In this regard, a sustainable
and cost-effective approach that can transform organic matter using microorganisms and
certain abiotic species is a better choice for excess sludge recycling [1,3]. Thus, integrating
excess sludge treatment and disposal is imperative to generate usable effluent for farming,.

A vermi-wetland is a plant-based vermi-filter that efficiently achieves the integrated
treatment and disposal of sewage sludge through the cooperation of wetland vegetation,
worms, and bacteria [1]. Due to its cost-effectiveness and efficient treatment performance,
this strategy is an economically, environmentally, and sustainable option in rural regions
and small cities. Unlike the vermi-filter, the activities of vermi-bacteria are influenced by the
actions of earthworms, including feeding, burrowing, and secretion of casts and mucus [4,5].
Plants in wetlands significantly transport microbial populations, activities, and communities
as they cleanse pollutants, emit oxygen, and act as breeding grounds for microorganisms [6].
As an eco-friendly approach, vermi-wetland operates better than the traditional vermi-filter
technique for treating sludge [1]. In a vermi-wetland, chemical oxygen demand (COD)
and total solids (TS) removal rate during excess sludge treatment can exceed 80 and 60%,
respectively [1,7]. However, the nitrogen transformation in vermi-wetland is not currently
known. Therefore, investigating its transformation processes has great significance.

BC is a relatively enduring carbon-rich substance created at exceedingly elevated
temperatures, possessing numerous benefits due to having an outstanding level of car-
bon concentration, a broad specific surface area, substantial adsorption capability, and
exceptional durability [8]. Hence, it is extensively utilized in agriculture, environmental
protection, and energy generation [9]. It also speeds up organic matter degradation dur-
ing vermicomposting of sludge [3,10] and enhances soil fertilization [11]. BC is used in
water treatment, wastewater recycling [12], and soil remediation [8]. BC can significantly
enrich the microbial community and often increase its variety in the soil, benefiting plant
development [13] and improving agricultural yields. BC can enhance the quality of effluent
by boosting plant growth, earthworm biomass, and growth rate during excess sludge
treatment [3]. BC was used in vermi-wetland to promote the removal efficiency of organic
solids in the vermi-wetland during the recycling of excess sludge [3]. BC was employed in a
vermi-wetland to enhance the removal efficiency of organic solids during excess sludge re-
cycling [3]. However, the impact of BC on the nitrification process in constructed wetlands
during excess sludge recycling needs to be fully elucidated.

It is apparent that AOB and AOA drive the ammonia-oxidizing process, a rate-limiting
phase in nitrification processes [14,15]. Most studies have focused on the dispersion and
role of oxidizers of oxidizers (AOA and AOB) in diverse ecosystems [16,17]. For instance,
mounted evidence indicates that the AOA dominates the soil ecosystems, displaying a
greater quantity and a richer diversity of communities than the AOB [18]. However, previous
studies have found that the AOB members are the predominant contributors to nitrification
in the composting systems [19,20] and constructed wetland systems [21] compared to AOA
members. Even though the detailed habitats and functions of AOA and AOB in ecological
systems have been contested, the dominant status difference between AOA and AOB
influences the quality of excess effluent sludge still needs to be well explored. In addition,
the influences of BC on microbial nitrogen removal in vermi-wetland during excess sludge
recycling remain unexplored. Therefore, adding BC into a vermi-reactor for investigating
microbial nitrogen removal during excess sludge treatment is highly appreciated.

The goal of the present study was to scrutinize the influence of BC on nitrification in
the vermi-reactor during excess sludge recycling and to clarify the mechanism of nitrogen
transformation in the vermi-reactor. Herein, vermi-reactors without and with BC were
separately installed. Acorus calamus and the earthworm Eisenia fetida were inoculated in
these vermi-reactors, with corncob BC added to the upper and lower layers of one vermi-
reactor to compare their recycling performance. In addition, the adsorption processes on
BC were also determined. To determine the quantities of nirS genes, nirK copies, and amoA
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gene copies, JQPCR was used. High-throughput sequencing technology was also used to
analyze AOA and AOB communities that carry the amoA genes.

2. Materials and Methods
2.1. Materials

Eisenia fetida earthworm species were chosen due to their potential for surviving in adverse
and poisonous environments [22], with higher efficiency during excess sludge recycling [1].
Plants and earthworms were cultivated in the laboratory for six months to adapt to the sludge
environment before the experiment. The corncob BC with a diameter of 600 mm was purchased
from the Jincheng Company in Dalian, China. Table S1 shows the characteristics of BC used
in this study. Sludge vermicompost was utilized as vermi-bedding for the development of
plants and earthworms. The properties of vermicompost are shown in Table S2. About 3-5 mm
of medical stone and 12-16 mm of ceramsite were acquired from the Heping flower market
in Lanzhou, China. Before being amended in vermi-reactor, they were cleansed separately
by immersing them in piped water for 24 h. Vermi-reactors were prepared using buckets of
polyethylene plastic with a few holes at the bottom for draining the effluent. Excess sludge was
taken within 2 days at the Qilihe sewage treatment facility in the Anning District of Lanzhou,
China. Simultaneously, it was fed to the vermi-reactors and sampled for quality analysis.
Table S3 illustrates the characteristics of fresh sludge.

2.2. Experimental Set-Up

In this study, two identical vermi-reactors were constructed based on the prior test of
four vermi-reactors with different fixed BCs. In a control reactor without BC, the top layer
of the vermi-reactor was filled with 10 cm in the height of vermicompost, the middle layer
contained 15 cm ceramsite, and the lower layer consisted of 5 cm of medical stone (Figure 1a).
The vermi-reactor lower layer was equipped with an effluent collection system. A similar
vermi-reactor was placed on the side and filled with 10 cm of vermicompost mixed with 3%
granulated BC (Figure 1b). A 5 cm layer of BC was placed below the medical stone in the
middle of the vermi-reactor. In each vermi-reactor, 100 E. fetida worms and two strains of
A. calamus plants were introduced [1]. About 600 mL of fresh excess sludge was simultaneously
fed onto the vermicompost layer of each vermi-reactor every two days for 32 days. Effluent
samples were collected on the second day after each feeding. All vermi-reactors were well
operated for 32 days at room temperature between 18 and 28 °C. However, at the end of the
experiment, earthworms and plants were separately reaped from the vermi-reactor and then
cleansed with fresh water to get an accurate measurement. Subsequently, all vermi-reactors
were dissected to acquire internal samples from every stratum. The collected samples were
placed in a fridge at 20 °C for DNA investigation, whereas the remaining samples were
air-dried to analyze their physicochemical characteristics.
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Figure 1. Schematic diagram of the vermi-reactor without (a) and with (b) biochar.
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2.3. Methods
2.3.1. Physicochemical Properties Analysis

Three separate analyses were performed on each sample. Based on the analysis tech-
niques for Chinese municipal sewage (CJ/T 221-2005) [23], physicochemical properties
were assessed. pH and EC were measured using pH meters (PHS-3C, Leici, Shanghai,
China) and electrical conductivity (DJS-1, Leica, Wetzlar, Germany). The excess sludge
sample (50 mL) was filtered through a fiber filter membrane to assess TS using an oven
at 105 °C for 8 h. The levels of NH;*-N and COD in the sludge were measured using a
multi-parameter water-quality analysis device (CNPN-7SII, ChenNuo, Taizhou, China)
and patent chemicals bought from the ChenNuo Company, China. Organic matter (OM)
content was assessed by subjecting sludge to 650 °C for 2 h in the oven. Dissolved organic
carbon (DOC) was measured by passing a mixed solution via a 0.45 pm membrane (Jin-
teng, Tianjin, China) and analyzing it with a carbon-nitrogen analyzer. The potassium
persulfate digestion method with an alkaline solution was employed to ascertain the total
nitrogen (TN) concentration. NO3;~-N and NO, ™ -N were quantified using ultraviolet
spectrophotometry at 220, 270, and 540 nm. A multi-parameter water-quality analysis
device (CNPN-7SII, ChenNuo, Taizhou, China) was utilized to assess the quantity of total
organic carbon (TOC).

2.3.2. DNA Extraction and Real-Time PCR

The DNeasy PowerSoil® Kit (Qiagen, Hilden, Germany) was utilized to extract DNA
from a 0.25 g thawed sample without modification. Table 54 provides a comprehensive
list of PCR primers and reaction conditions suitable for real-time qPCR using the TP700
instrument from Takara, Osaka, Japan. However, each template was amplified three times.
The primer and PCR reaction conditions were determined based on Huang et al. [24]
approach. For the PCR reaction, mixtures of 25 uL were formed using 12.5 pL of TB Green
II (Takara, Beijing, China), 0.5 uL of forward and reverse primers for every 10 uM, 0.1 pL
of DNA template, and 10.5 uL of DNA-free water. Plasmids carrying target genes were
utilized for quantitative PCR. The following steps comprise the preparation process: the
target gene is identified after PCR amplification; it is then recovered and purified using
gel cutting; and last, it is attached to the pMD20-T vector by T-A cloning (Takara, Japan).
The cells were then converted into E. coli DH5 competent cells and kept in a Luria-Bertani
solid medium for 16 h. The positive white clones were screened for enrichment in culture.
A Plasmid kit (Takara, Japan) was utilized to extract Plasmid DNA content detected by
Nanodrop (Thermo, Waltham, MA, USA), which was converted to the copy number using
the following equation [25]:

C (ng/uL) x 6.022 x 102 /N x 660 (g/mol) x 10° (ng/g)

In this context, C denotes the plasmid concentration (ng/pL), N represents the plasmid
length (number of nucleotides), and 660 signifies the average mass of a single base pair of
double-stranded DNA. The amplification efficiency was controlled between 90% and 110%.

2.3.3. High-Throughput Sequencing

To replicate the 165 rDNA gene sequence, barcode bases along with the 515F
(5"-GTGCCAGCCGCGGTAA-3") and 806R (5-GGACTACHVGGGTWTCTAAT-3’) primers
were utilized. All PCR amplifications were performed using enzymes from the Phusion®
High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA). The initial
denaturation step was performed for 1 min at 98 °C. Next, 30 cycles of denaturation for 10
s at 98 °C, annealing for 30 s at 50 °C, and elongation for 30 s at 72 °C were carried out. The
last extension step was carried out for 5 min at 72 °C. The findings were acquired through
2% agarose gel electrophoresis and subsequently cleansed using Gene J.E.T. Gel Extraction
Kit from Thermo Scientific. Qubit @ 2.0 Fluorometer (Thermo Scientific, Waltham, MA,
USA) and the Agilent Bioanalyzer 2100 were utilized to evaluate the overall quality of
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libraries. Subsequently, the Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illu-
mina, San Diego, CA, USA) was employed to create sequencing libraries. After that, the
original DNA fragment was combined using version 1.2.7 of the Flash software to acquire
the unprocessed tag data. Version 1.8.0 of the QIIME software was used to remove the
low-quality sections of bases and sequences to generate efficient tags. Perl scripts were
employed to evaluate « and 3 diversity within samples. Using a similarity criterion of
97%, the script “Pick de novo otus.py” categorized all relevant tags into OTUs. The RDP
classifier correctly identified the representative sequence for each functional taxonomic
category. Data from the sequencing experiment has been uploaded to the NCBI database
under the alignment identifier PRINA716490.

2.4. Statistical Analysis

An independent Sample ¢-test (SPSS 26.0) was employed to compare each layer of the
vermi-reactors and determine if there were any statistically significant differences (p < 0.05)
for specific parameters. The mean =+ standard deviation (SD) was utilized to analyze the
results conducted in triplicate. CANOVA 4.5 software performed a redundancy analysis to
identify relationships between removal rates and sampling days between vermi-reactors.
Origin 8.0 was used to generate all of the graphs. MEGA 11 software created a phylogenetic
analysis of AOB amoA and AOA amoA gene sequences.

3. Results and Discussion
3.1. Effect of Earthworms and Plants Biomass for Promoting AOA and AOB

Earthworms in the vermicompost and ceramsite layers of the vermi-reactor with
BC grew much faster than those in control, increasing by 2.02 and 11.8-fold, respectively
(p < 0.01) (Figure S1). This shows that BC in the vermi-reactor can boost the development
of earthwormes, especially in the ceramsite layer. This may be because of BC characteristics
that are agreeable with ceramsite materials. This is consistent with a previous study that
indicated that BC could enhance the growth of earthworms during dewatered sludge
vermicomposting [10]. Typically, earthworms promote soil nitrification by increasing the
quantity of AOB and AOA in the soil [21], indicating that BC could benefit the growth of
earthworms.

As depicted in Figure S2, vermi-reactor with BC significantly boosted plant growth by
1.28-fold compared to the control group (p < 0.001). This result is consistent with previous
research that added BC to horizontal subsurface flow constructed wetlands to increase
the Typha latifolia growth rate [26]. The fast growth of wetland plants is attributed to their
ability to absorb nutrients from the sludge, which earthworms have transformed into a
usable form. A recent study demonstrated that macrophytes increased the abundance of
ammonia oxidizers in the sediment around their roots compared to that in the unvegetated
residue [27]. In general, BC can boost the development of earthworms and wetland plants,
leading to more AOA and AOB in the vermi-reactor and ultimately improving treatment
effectiveness. Overall, this demonstrates that adding BC to the vermi-reactor can enhance
the growth of earthworms and wetland plants, resulting in increased quantities of AOA
and AOB. Ultimately, this contributes to improved treatment effectiveness.

3.2. Effect of BC on the Nitrification Mechanisms inside Vermi-Wetland
3.2.1. Effect of BC on the Nitrification Process during Excess Sludge Recycling

The average content of NH;*-N in the influent of the vermi-reactor reactor with
BC was significantly lower (p < 0.05) than that of the reactor without BC, with removal
rates of 0.81 £ 0.17 mg/L and 1.32 &£ 0.38 mg/L, respectively (Figure 2a). This finding
demonstrates that adding BC to the vermi-reactor could improve NH4*-N reduction in
excess sludge. Removing NH;"-N from excess sludge is crucial due to the effluent risks
in the environment. Notably, the effluent from wetlands that include BC may be able
to fulfill the grade-III (NH4*-N 1 mg/L) requirements of China’s national surface water
guidelines (GB3838-2002) [28]. Xu et al. [29] showed that the porous structural properties of
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BC contribute to its high capacity for NH4*-N interception. This study aligns with previous
research that demonstrated the potential of BC to adsorb NH4"-N in an aerated vertical flow
constructed wetland during wastewater treatment [30]. This proves that the pores in the
BC may provide a favorable environment for the growth of microbial communities, such as
ammonia-oxidizing bacteria, which could also enhance the removal of NH4*-N [31].
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Figure 2. Change in NH4*-N (a), NO3~-N (b), NO,-N (c), and the removal rate of COD (d) in
vermi-reactor with BC and without BC during excess sludge treatment. There was a significant
difference (t-test, p < 0.05) for each removal rate and after the 18th day between the two groups.

As illustrated in Figure 2b, the addition of BC to the vermi-reactor resulted in a sub-
stantial increase in nitrate-nitrogen (NO3; ~-N) levels (p < 0.05), with 17.49 £ 20.49 mg/L and
11.61 £ 16.43 mg/L observed in the vermi-reactor with and without BC, respectively. This
finding is consistent with the previous study, which displayed that the contents of NO3"-N
elevated with increased BC application rate in the black soil [32]. In contrast, another study
that examined the production and assessment of BC from wetland plants for removing
nitrogen in surface flow-constructed wetlands showed reduced contents of NO3*-N due to
BC addition [33]. This resulted from a high denitrification rate of the substrate due to the
elevated carbon source supplied by BC. In addition, the higher level of nitrification may be
due to the higher migration of NO3;™-N from the roots to the shoots because BC is added to
the constructed wetland system, facilitating higher plant growth.

As shown in Figure 2c, the nitrite nitrogen (NO,*-N) content significantly decreased in
the vermi-reactor with BC compared to without BC, and the values were 0.07 &= 0.08 mg/L
and 0.34 & 0.19 mg/L, respectively (p < 0.05). This might have happened because NH;*-N
and NO,*-N are beneficial for later nitrification and plant uptake due to the substantially
wider specific surface area, micropore volumes, and total pore of the BC. Before the 18th
day, the NO, "-N concentration fluctuated but remained steady afterward. Subsequently,
denitrification was impeded due to an inadequate supply of carbon sources in the wetland,
resulting in an evident NO3;~-N concentration buildup. Therefore, BC can potentially
serve as a carbon source, promoting wetland denitrification. As shown in Figure 2d,
COD removal efficiencies in the vermi-reactor without and with BC were 70.65-89.5%
and 88.51-94.34%, respectively. This study demonstrated improved results compared to
the recent research that revealed that the removal rate of COD could attain 36%-68% in
the planted vermi-reactor during the recycling of excess sludge [1]. Another previous
study also showed that the removal rate of COD might range between 48.5-53.5% in the
vermi-filter during excess sludge treatment [34], which confirms that BC can improve
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the effectiveness of vermi-wetland. This study reinforces earlier research findings that
suggested the COD removal rate can reach 94.9% when BC is added into an aerated vertical
flow constructed wetland (VFCW) to recycle domestic wastewater [30].

3.2.2. Effect of Biochar on the Nitrification Process inside Vermi-Wetlands

The average NH,;*-N amount in the layers of a reactor with BC significantly lowered
(p < 0.01) by 1.55 times compared with those in control (Figure 3a). BC increased the ad-
sorption of NH;*-N due to its porosity [33], heterogeneous surfaces, shallow channels, and
composition of coarse [26]. The removal efficiency of NH,*-N in aerobic systems is typically
dependent on nitrification. Enhancing the removal of NH;*-N through nitrification can
be attained by increasing the dissolved oxygen content, for instance, through mechanical
aeration. BC is a porous material commonly utilized as a biofilter to enhance the removal
of COD and NH4*-N, owing to its high capacities for adsorption and microbial adhesion.

900
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Figure 3. Transformation of ammonium nitrogen (NH4*-N) (a), nitrate-nitrogen (NO3 ~-N) (b), nitrite
nitrogen (NO, ~-N) (c), and total organic carbon (TOC) (d) in a different layer of different vermi-
reactors. V, C, and M symbols indicate Vermicompost, Ceramsite, and Medical stone layers. Data
are presented as means + standard deviations (n = 3). The significant difference (HSD-test, p < 0.05)
between the two groups is represented by the superscript letters above the error bars.

The concentration of NO™3-N in vermi-reactor layers with BC decreased significantly
(p < 0.01) by 15.39-fold compared to the vermi-reactor layers without BC (Figure 3b). This
finding is consistent with a recent study that reported a decline in NO3~-N concentration
with the incorporation of BC into the process of sludge composting [35]. In contrast, Zhu
et al. [36] demonstrated that adding BC to the soil could enhance the transfer of NO3 ~-N
from the root to the shoot. Knowles et al. [37] also revealed that BC could lower NO3 ™ -N
leaching in the soil. Therefore, the reduced NO3™-N content after adding BC into the
vermi-reactor could be related to the adsorption of NO3™-N by BC. Compared to the vermi-
reactor layers without BC, the NO,™-N concentration in the vermi-reactor layers with
BC considerably lowered by 2.71 times (p < 0.05) (Figure 3c). As shown in Figure 3d, the
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proportion of TOC in the vermi-reactor with BC was considerably enhanced by 1.20 times
in comparison to the vermi-reactor without BC (p < 0.05). This finding is aligned with a
recent study that revealed that BC raised the pH of the calcareous soil from 8.2 to 8.57,
increasing TOC [38].

3.2.3. Effect of Biochar on Numbers of Nitrification Genes inside Vermi-Wetland

As illustrated in Table 1, the numbers of AOB within the vermicompost layer of the
vermi-reactor exhibited a substantial increase by 1.35-fold (p < 0.05) when BC was added,
in stark contrast to the vermi-reactor without BC. Herein, a slight increase in AOB counts
was observed between the ceramsite layers (p > 0.05), with a 1.19-fold increase noted in
the vermi-reactor with BC compared to its counterpart. This finding indicates that BC
may considerably increase the number of AOBs in the vermi-reactor layers while recycling
excess sludge. Typically, the population of nitrifying bacteria proliferates, leading to a
significant conversion of ammonia nitrogen into nitrate nitrogen, facilitated by AOB, which
converts NH4"-N into NO, ~-N.

Table 1. Quantitative analysis of AOA, nirS, AOB, and nirK abundance in a different layer of vermi-
reactor. The letters V1, V2, C1, C2, and M indicate the vermicompost-upper layer, vermicompost-
lower layer, ceramsite-upper layer, ceramsite-lower layer, and medical stone. Data are presented as
means + standard deviations (n = 3). The significant difference (HSD-test, p < 0.05) between the two
groups is represented by the superscript letters behind the data.

Layers AOA/nirS (ng/g) AOB x 103/nirK (ng/g)

Without BC With BC Without BC With BC
v 0.017 + 0.006 b/ 0.023 4+ 0.004 2/ 0.56 +£0.392/ 0.94+0.842/
0.154+ 0.03b 033 +0.132 0.87 £0.35P 1.79 £ 0.07 2
c 0.010 & 0.005 2/ 0.012 £ 0.0052/ 0.45+0.16b/ 0.63+0.192/
0.1 £0.09P 0.17 £ 0.022 1.47 +0.822 1.74+1.012
M 0.010 £ 0.001 b/ 0.019 + 0.0012/ 1.40 £ 0.26 b/ 12.71 +1.76 2/
0.84 +0.07b 1.71 4+ 0392 1.72 £ 0.76 ® 3.86 +0.622
Total 0.038 +0.011b/ 0.054 + 0.0102/ 241+0.81b/ 14.33 + 1.062/
1.09 +0.19P 222 +1.162 405+25P 7.39 +2.062

AOA copies in the vermicompost layer of the vermi-reactor with BC were significantly
higher by 1.68-fold than those without BC (p < 0.05). The abundance of AOA copies in
the ceramsite layers of the vermi-reactor with BC was increased by 1.4-fold compared to
those in the layers of the vermi-reactor without BC (p < 0.05). Moreover, AOA copies in the
medical stone layer with BC showed a significant difference (p < 0.05) by 1.9-fold compared
with their counterparts. The AOA numbers in the medical stone layer in the vermi-reactor
with BC were significantly higher by 9.07 times than those in the vermi-reactor without
BC (p < 0.01), indicating that BC could also promote the AOA numbers in vermi-reactor
layers during excess sludge treatment. The increased AOA in the vermi-reactor systems
with BC could result from organic matter mineralization or ammonia produced from BC.
The results of this study are similar to the study that showed the enhanced quantity of AOB
and AOA copies in the soil [39,40]. This indicates that the amendment of BC in the vermi-
reactor could create a favorable habitat for a diverse range of autotrophic, denitrifying,
and nitrifying bacteria. These bacteria can expeditiously promote anaerobic ammonia
oxidation (Anammox), denitrification, and nitrification activities [41]. The number of amoA
genes is primarily associated with nitrification rates as its gene products are predominantly
responsible for converting NH4* to NO," in aerobic environments.

As detailed in Table 1, nirS gene copies in the vermicompost layer of the vermi-
reactor with BC were significantly higher by 2.2-fold compared with nirS gene copies in
the vermicompost lower layer without BC (p < 0.05). The abundance of nirS gene copies
in the ceramsite layer of vermi-reactors was 1.7 times greater than in the vermi-reactor
without BC. (p < 0.05). Moreover, nirS gene copies in the medical stone layer with BC



Sustainability 2023, 15, 16551

90f13

evinced a considerable difference (p < 0.05) by 1.39-fold compared with its counterpart. The
abundances of nirK gene copies in the vermi-reactor with BC were considerably higher by
2.05-fold compared with nirK gene copies in the vermi-reactor without BC (p < 0.05). The
abundance of nirK gene copies in the ceramsite layer of the vermi-reactor with BC was 1.18
times greater than those in the vermi-reactor without BC. nirK gene copies in the medical
stone layer with BC showed a considerable difference (p < 0.05) by 2.24-fold compared with
their counterparts. These results suggested that adding corncob BC to the vermi-reactor
promoted the abundance of nitrite reductase genes (nirK and nirS) copies. The findings
of this study are consistent with previous studies that demonstrated an increase in the
quantity of the nirK gene in the soil environment following the addition of BC [39,40].

3.3. BC Provides an Inhabitation for AOA, AOB, nirK, and nirS Genes

As shown in Figure 4, BC in the vermicompost-lower layer displayed various pores
compared to other layers. BC in different layers of vermi-reactor significantly revealed different
copy numbers of AOA and AOB and the nirS and nirK genes. The vermicompost-lower layer
showed a significant difference (p < 0.05) in the amount of AOA, AOB, nirS, and nirK gene
copies compared to the vermicompost-upper and BC layers. This occurred due to the move-
ment of BC from the upper layer to the lower layer when excess sludge was sprinkled in the
vermi-reactor. This result indicates that adding BC into the vermi-reactor for sludge treatment
could directly influence the abundance of the nitrification gene amoA and denitrification genes
nirK and nirS because its surfaces and pores create a favorable environment for the growth
of those genes. The high number of genes might be due to the augmented pore volume and
surface area within corncob BC, which enhance the development of genes [39,40]. In addition,
BC should not be used to improve the number of genes on its own and should be combined
with other substances, such as compost, to achieve the desired results.

AOA (0.00 ng/g)
AOB (22.74 ng/g)
NiurS (0.00 ng/g)
NuK (0.00 ng/g)

AOA (0:04 ng/g) &/ ~ . ~#AROA(0.00ng/g)

“A0B(2876.683 ng/m- .~ g A((\)\B_(QSBlng_/’g)
NirSa@h22 ng/g) NirS' (0.00 ng/g)

~NirK (818 ng’g) o o NifKi(0:00 mg/?)
P S WA, : N R )

-

Figure 4. SEM images of corncob BC before treatment (a), added to the vermicompost-upper layer (b),
added to the vermicompost-lower layer (c), and used as a layer in the lower layer of vermi-reactor (d).
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As shown in Figure 5, BC had a substantial influence on the abundance of AOA, AOB,
and nirS in the vermicomposting layers of vermi-reactor during excess sludge recycling
(0.4 > Mantel’sr > 0.2, p < 0.05). Correspondingly, there was no correlation in the ceramsite
layers. However, there was a strong correlation in the medical stone layers of the vermi-
reactor (Mantel’s r < 0.4, p < 0.05). This could be attributed to the fact that the surface and
porous structure of BC in the vermi-reactor serves as a habitat for the growth of bacterial
genes and directly impacts microbial community structures during sludge treatment. These
results demonstrate that BC could enhance nitrification in the vermi-reactor during excess
sludge recycling.

Mantel's
P NH4 .
— 0.01-0.05 (“)
— >=0.05
Mantel's r NO3
<02
02-04
>=04 NO2
Spearman's r
1
. TOC nirk
05
0
-0.5
. CN
-1
NH4
Mantel's p
— >=0.05 (b)
Mantel's r NO3
<02
>=04
NO2
Spearman's r
1
N..
TOC nirk
0
N
% CN
Mantel's p
— <001 NH4 (C)
— 001-005
>=0.05
NO3
Mantel's r
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04 NO2
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- b ToC
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0
-05 CN

NH4
NO3
NO2

z
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Figure 5. Mantel test of nitrification in vermicompost (a), ceramsite (b), and medical stone (c) layers
in vermi-reactor with and without BC. Mantel’s r > 0.4, 0.4 > Mantel’s r > 0.2, and Mantel’s r < 0.2
represent strong correlation, general correlation, and slight correlation, respectively.
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AOB is included in the genera Nitrosomonas and Nitrosospira, which were observed
in all vermi-reactors, as shown in Figure S2. This was consistent with the study of the
mechanisms between BC and compost in the soil environment [42]. Kumar et al. [43]
displayed that the dominating members of AOB in the constructed wetland systems
were Nitrosospira sp. and Nitrosomonas sp. during the recycling of domestic wastewater.
Remarkably, the members of Nitrosomonas actively participate in the complete nitrification
process and reside in the anaerobic wastewater systems as compared to the members of
Nitrosospira [19].

Considering the findings highlighted in Figure S3, the AOA community component
attached to the BC was divided into Thaumarchaeota, Crenarchaeota, and Unclassified AOA.
Commonly, crenarchaeota groups are regarded as the most significant ammonium oxidiz-
ers in terrestrial ecosystems due to their numerical abundance and transcription [19,44].
Sun et al. [45] showed that several archaea amoA genes, such as ‘Candidatus Nitrososphaera
gargensis’, are active throughout the composting of cow manure. As deep-branch Cre-
narchaeota members, Thaumarchaeota may undertake ammonia oxidizing in either an
autotrophic or heterotrophic manner utilizing various substrates [46]. The AOA number
and community diversity in BC were lower than the AOB in BC. This result shows that
the AOB is a predominant performer in ammonia-oxidizing in the vermi-reactor with BC.
However, regarding vermicomposting systems for recycling fresh food wastes, the AOA is
far more prevalent than the AOB [19]. However, the inhabitation mechanisms of AOA and
AOB in BC are still unknown.

4. Conclusions

In summary, BC played an imperative role in nitrogen transformation in the vermi-
wetland during excess sludge recycling. BC could reduce NH4*-N concentration by 40%
and increase the NO3; -N concentration by 50% in the effluent. Additionally, BC could
enrich the AOB population by 6-fold and AOA by 1.42-fold in layers during excess sludge
treatment. Furthermore, BC could enhance the abundance of nirS and nirK genes up to
2.03-fold and 1.82-fold in the layer of vermi-reactor, respectively. The application of BC in
vermi-wetland resulted in a substantial 6.92-fold increase in earthworm growth and a 1.28-
fold boost in plant growth. The surface and porous structure of the BC in the vermi-reactor
might offer a favorable environment for bacterial genes and directly impact the microbial
community structures during sludge treatment. The performance of nitrification in the
vermi-reactors with BC was much better than in the vermi-reactors without BC. This study
suggests that adding BC to the vermi-reactor could enhance nitrification, denitrification,
and the effectiveness of treatment during excess sludge treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su152416551/s1, Table S1: Properties of corncob biochar used in the
study; Table S2: properties of vermicompost used in this study; Table S3: Physicochemical properties of
fresh sludge; Table S4: primer and reaction condition of PCR; Figure S1: effect of biochar on the growth
rates of earthworms (a) and plants in different vermi-wetland (b); Figure S2: phylogenetic analysis of
ammonia-oxidizing bacterial amoA gene sequences in the vermi-wetlands; Figure S3: phylogenetic
analysis of ammonia-oxidizing archaeal amoA gene sequences in the biochar.
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