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Abstract: Bacterial and fungal communities play significant roles in waste biodegradation and
nutrient reservation during composting. Biochar and zeolite were widely reported to directly or
indirectly promote microbial growth. Therefore, the effects of zeolite and biochar on the abundance
and structure of bacterial and fungal communities and their shaping factors during the composting
of agricultural waste were studied. Four treatments were carried out as follows: Run A as the control
without any addition, Run B with zeolite (5%), Run C with biochar (5%), and Run D with zeolite
(5%) and biochar (5%), respectively. The bacterial and fungal community structures were detected
by high-throughput sequencing. Redundancy analysis was used for determining the relationship
between community structure and physico-chemical parameters. The results indicated that the
addition of biochar and zeolite changed the physico-chemical parameters (e.g., pile temperature,
pH, total organic matter, ammonium, nitrate, and water-soluble carbon) during the composting
process. Zeolite and biochar significantly changed the structure and diversity of bacterial and
fungal populations. Moreover, the bacterial community rather than the fungal community was
sensitive to the biochar and zeolite addition during the composting process. Community phylogenetic
characteristics showed that Nocardiopsaceae, Bacillaceae, Leuconostocaceae, Phyllobacteriaceae, and
Xanthomonadaceae were the predominant bacterial species at the family-level. Chaetomiaceae and
Trichocomaceae were the two most dominant fungal species. The pH, total organic matter, and nitrate
were the most important factors affecting the bacterial and fungal population changes during the
composting process.
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1. Introduction

Composting has been widely considered to be an efficient way to convert organic wastes into
valuable products [1-3]. A large amount of carbon and nitrogen (9.6-50%), mainly in the form of
ammonia (NHj3), methane (CHy), and nitrous oxide (N,O), are lost from the raw materials during
composting [4,5]. According to the International Panel on Climate Change (IPCC), CHs and N,O
contribute 30 and 210 times more to global warming than carbon dioxide (CO,), respectively. The release
of these gases will not only reduce compost nutrients but also cause serious air pollution [4,6,7].
Therefore, it is necessary to limit gas emissions to provide an environmentally friendly process for
organic waste composting.

Studies have been performed on nitrogen conservation characteristics during waste composting [8].
Many physical, chemical, and biological methods have been widely used in the composting process to fix
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the carbon and nitrogen nutrients and improve the final product quality. Additives of alkaline minerals
(e.g., coal zeolite, fly ash, bentonite, and red mud) have been proved to be effective in improving
compost fertility [9-11]. Among these additives, zeolite is widely used in nitrogen conservation
research, as its substance has the crystalline hydrate aluminosilicate and excellent high negative
charge sites of alkaline metals. Zeolite can absorb cations including NH4" in environmental media
such as water, soils, and composting piles [12]. Moreover, biochar consists of carbonaceous solid
by-products that are formed by organic biomass pyrolyzation or gasification under hypoxic conditions.
Biochar has many stubborn aromatic ring structures and has been extensively used in heavy metal
contaminated soil restoration, carbon sequestration, and CO, emission reduction [13-17]. The added
biochar consequently alleviates the initial low pH at the thermophilic stage during composting [17].

As the bulking agents for composting, biochar and zeolite reduce the emissions of various gases and
act as biofilters because of their porous microstructure [18]. Biochar and zeolite have been extensively
reported to be beneficial for organic matter degradation [7], nitrogen transformation [7,19], and gas
emission [19-22] during the composting of agricultural waste since they can regulate moisture content and
provide optimal free space for microbial growth. It appeared that adding zeolite and biochar influenced the
microbial community, composting performance, and the quality of the final product. Despite this, reports
on how the addition of biochar and zeolite affect microbial communities and functional genes during
composting are still lacking. Moreover, the addition of zeolite and biochar will affect the physico-chemical
parameters, while the microbial communities are sensitive to the changes in these parameters. Up to now,
little information has been made available on the shaping factors of variations in microbial communities
under different amendment strategies of biochar and zeolite. Identifying and tracing the microbial
community characteristics during composting will deepen our comprehensive understanding of the
microbiological mechanism of nitrogen balances and loss control in composting systems.

Thus, the purpose of this experiment was to investigate the effects of zeolite and biochar on
bacterial and fungal communities during the composting of agricultural waste. The structure of
bacterial and fungal communities was determined by the high-throughput sequencing technique.
The relationship between the structure of the microbial community and physico-chemical parameters
was determined by multivariate analysis. It is important to figure out the microbiological mechanism
and provide theoretical guidance for the management during composting.

2. Materials and Methods

2.1. Raw Materials and Experiment Set-Up

Straw and several discarded vegetables were collected from the vegetable market of the Hunan
Agricultural University in Changsha, Hunan, China, and then air-dried and cut into 1-3 mm lengths
with a sickle. Straw is difficult to decompose, and vegetables are easily degradable materials as organic
materials. Fresh paddy red soils were collected in the Hunan Academy of Agricultural Sciences, where
plant debris and rocks were removed through a 60-mesh sieve and added to compost piles to provide
the essential nutrients and microbial communities. Bran was selected to regulate the C/N ratio of the
compost medium. The features of these raw initial materials can be seen in Table 1.

Table 1. The physico-chemical properties of raw materials.

Ammonium Nitrate

. 0, 0, . B )
Raw Materials TOC (%) TN (%)  C/NRatio  Moisture (%) pH (mg/kg) (mg/kg)

Rice straw 452.6 8.5 53.2 5.2 - - -

Vegetable 89.5 3.9 229 84.4 74 16.9 11.2
Soil 67.1 2.5 26.8 17.6 6.2 47.3 52.1
Bran 474.8 44.5 10.7 12.5 - - -

- Data was not determined; TOC: Total organic carbon; TN: Total nitrogen.
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Straw, soil, bran, and vegetables were mixed evenly in a ratio of 11:8:2:3 (fresh weight) [2,23].
Four different treatments were conducted as follows: Run A was the control treatment without any
addition and Runs B, C, and D were added with zeolite (5%), biochar (5%), and zeolite (5%) + biochar
(5%), respectively. The initial C/N ratio was approximately 25:1, and organic matter content was
60-65%, respectively. Clinoptilolite zeolite used in this study can absorb and retain nutrients on its
microcellular structures. Biochar was obtained from the Zhejiang Biochar Engineering Technology
Research Center (Z]JBETRC) by rice straw pyrolysis at 500 °C for 3 h. The total organic matter (TOC) and
pH for zeolite and biochar were 12.25 mg/kg and 7.6 and 50.0 mg/kg and 9.08, respectively. To avoid a
possible anaerobic condition, the piles were turned once every day in the first 2 weeks and three times
every week afterward.

2.2. Parameters Determination

Sub-samples were collected from different positions in the middle of piles on days 0, 1, 2, 3, 5,
7,12, 18, 26, 38, and 50, respectively. Samples for molecular analysis were mixed before use and
stored at —20 °C, and those for the physico-chemical parameter determination were stored at 4 °C.
Pile temperature, pH, total organic matter (TOM), water-soluble carbon (WSOC), moisture, ammonium
(NH4*-N), and nitrate (NO3~-N) were detected following the methods mentioned previously [2,23].
The TOC content of samples was obtained by TOM/1.724. After sampling, the moisture content of each
pile was adjusted around 50-60% by adding sterile water.

2.3. DNA Extraction and High-Throughput Sequencing

Compost samples were freeze-dried before genomic DNA extraction. Approximately 0.5 g of the
samples were used for DNA extraction by using the PowerSoil kit (Bioteke, Beijing, China). DNA
extracts for all samples were mixed to reduce variation and stored at —20 °C. Amplification of the
165 rRNA and 185 rDNA genes used primers 338F/805R and ITS1F/ITS2R [24,25], respectively. PCR
reaction was carried out in a 50 uL mixture consisting of 25 pL of 2 x Premix Taq (Takara Biotechnology,
Dalian Co. Ltd., Dalian, China), 2 uL of each primer, 1 pL of DNA extract, and 20 pL of nuclease-free
water. Thermal cycle protocol was as follows: 95 °C for 3 min, followed by 27 cycles of 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 45 s; and 72 °C for 10 min.

The PCR amplification products were sequenced by Magigene Biotechnology Co. Ltd. (Shanghai,
China) of Illumina Hiseq 2500 sequencing platform. Low-quality reads were filtered by using
Trimmomatic software (v.0.33). FLASH was used to merge the filtered reads into single and longer
sequences (v.1.2.11). Sequences with an average mass value of >40 and greater than 100 bp were
divided into operational taxonomic units (OTUs) with 97% similarity. The representative sequence for
each OTU was classified using the Ribosome Database Project Classifier with the confidence threshold
of 0.80.

2.4. Data Analysis

The physico-chemical parameters were determined in triplicate. SPSS (v.11.5) was used for a
one-way analysis of variance to determine if there was any significant difference between the parameters
for different treatments. Canoco 5.0 could be used for ascertaining the multivariate relationships
between physico-chemical parameters and bacterial or fungal structure. The linear or unimodal
response model was tested by detrended correspondence analysis (DCA). The length of the first
ordination axis for DCA was 0.875 and 2.890 for bacterial and fungal community structure, indicating
a clear linear species response [26]. Thus, a redundancy analysis (RDA) was chosen. Forward selection
and variance partitioning analysis were subsequently conducted to detect which parameter had
a significant impact on the microbial community structure and to distinguish the impact of each
significant parameter. The significant factor was only kept in the Monte Carlo permutation models
(n =499), and the other significant one(s) was/were used as covariables. F and p values were obtained
using Monte Carlo permutations.
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3. Results

3.1. Physico-Chemical Parameters

The physico-chemical parameters for different treatments are presented in Figure 1. The maximum
pile temperatures of Runs A, B, C, and D were 67.0, 64.5, 65.0, and 66.0 °C, respectively. A high
temperature (>50 °C) was maintained for more than five days for each treatment (Figure 1a). Compared
with Run A, the high-temperature period in biochar/zeolite treatments was shortened as biochar and
zeolite addition might accelerate the decomposition of organic materials during the first fermentation
phase. The pile temperature in Run B was slightly higher during the thermophilic stage and lower
during the cooling and maturity stages. The pH increased significantly during the first 30 days, with
the most increase in biochar treatment during days 3-18 which would be induced by the alkalinity
properties of biochar, and decreased slowly afterward in all piles until the end of composting, except
for Run D (Figure 1b). Due to the ammonization of the microbial population to the nitrogenous organic
matter in the compost matrix, a large amount of ammonia was volatilized, and the pH rose rapidly
during the first fermentation stage. The pH values at the end of the maturity stage in Runs A-D were
8.62,9.09, 8.93, and 9.57, respectively.
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Figure 1. Changes of (a) pile temperature and (b) pH for different treatments during agricultural waste
composting. Run A: control; Run B: zeolite addition (5%); Run C: biochar addition (5%); Run D: zeolite
(5%) + biochar (5%) addition.

Due to the increasing pH value at the thermophilic stage, the NH;"-N rapidly accumulated and
peaked on day 3 for Runs A and B, and on day 2 for Runs C and D (Figure 2a). NH4*-N fell to a low
level due to NHj volatilization and microbial immobilization. The final NH;*-N in all piles were
lower than 400 mg/kg with values in Runs A-D being 256.63, 292.39, 293.93, and 299.48 mg/kg dry
weight (DW), respectively. There were significant differences in NH;*-N accumulations in Runs B, C,
and D during the first three days compared with Run A. NO3;™-N in Runs A-D were 335.67, 311.80,
324.11, and 344.63 mg/kg DW at the beginning of composting, respectively (Figure 2b). As the pile
temperature increased rapidly, the activity of nitrifiers might have been inhibited and denitrifiers was
stimulated, thus the concentration of NO3;™-N decreased rapidly in the first few days. The differences
among these treatments during the early stage revealed that the biochar and zeolite addition was
useful to the nitrification activity in the early stage. The final content of NO3™-N was 4.46, 4.71, 4.47,
and 4.99 mg/kg DW for Runs A, B, C, and D, respectively (Figure 2b).
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Figure 2. Changes of (a) ammonium (NH4*-N) and (b) nitrate (NO3~-N) for different treatments
during agricultural waste composting. Run A: control; Run B: zeolite addition (5%); Run C: biochar
addition (5%); Run D: zeolite (5%) + biochar (5%) addition. DW: dry weight.

The TOM affects and reflects the growth and reproduction of microbial communities during the
composting process. The TOM of Runs A, B, C, and D on day 0 was 61.25%, 62.26%, 65.69%, and
65.26%, respectively. The addition of zeolite and biochar was beneficial to the growth and reproduction
of microorganisms and promoted their activity. TOM declined gradually, with the contents of Runs
A, B, C, and D reaching 38.61%, 36.22%, 38.63%, and 38.89%, respectively, on day 50. The content
of TOM in treatment B (zeolite addition) decreased sharply during the first fermentation phase and
was the lowest at the maturation stage (Figure 3a). The changes of WSOC showed a trend of first
increasing (days 0-7) and then decreasing (days 8-50). The microbial communities decomposed the
organic materials in the compost, and the WSOC gradually decreased. The final WSOC contents for
Runs A-D were 7 483.2, 7 533.8, 8 611.5, and 5 793.3 mg/kg DW sample, respectively (Figure 3b).
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Figure 3. Changes of (a) total organic matter (TOM) and (b) water-soluble carbon (WSOC) for different
treatments during agricultural waste composting. Run A: control; Run B: zeolite addition (5%); Run C:
biochar addition (5%); Run D: zeolite (5%) + biochar (5%) addition. DW: dry weight.

3.2. Bacterial Community Structure

The phylogenetic characteristics of the bacterial community structure at the family-level are
shown in Figure 4. In total, 12 dominant bacterial families, such as Nocardiopsaceae, Bacillaceae,
Leuconostocaceae, Phyllobacteriaceae, Xanthomonadaceae, etc., were found in all treatments
throughout the composting process, with a relative abundance of 58.55-87.01%. Runs A and B
had similar dominant families, while Runs C and D were similar. In the initial phase, the relative
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abundance of Moraxellaceae in Runs A and B was 29.66% and 36.83%, and that in Runs C and D was
5.96% and 7.56%, respectively. At the end of composting, the final relative abundance of Moraxellaceae
in Runs A-D was 0.07%, 0.03%, 0.04%, and 0.04%. Moraxellaceae are mostly parasitic bacteria, and
some of the genus populations have the ability to denitrify. The less Moraxellaceae in Runs B-D
indicated that adding zeolite and biochar weakened the growth of denitrifiers, and thus inhibited the
denitrification activity. Nocardiopsaceae rapidly increased in the early stage and were in a relatively
stable stage during the composting process. The Moraxellaceae and Cellvibrionaceae species were
introduced into the composting substrate by zeolite and biochar addition, respectively, but decreased
afterward. In the subsequent composting process, microbial communities in Runs B-D showed more
changes than Run A. The Bacillaceae, which has the ability to inhibit harmful bacteria and immobilize
molecular nitrogen, was the most active bacterial species from day 5 to day 11 in Run B.
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Figure 4. The relative abundance of bacterial populations for different treatments at the family-level
during agricultural waste composting. Run A: control; Run B: zeolite addition (5%); Run C: biochar
addition (5%); Run D: zeolite (5%) + biochar (5%) addition.

3.3. Fungal Community Structure

As could be seen in Figure 5, the diversity of fungi was significantly lower than that of bacteria.
A total of 25 fungal species were detected, the top 12 of which accounted for 97.50-99.98% of the
four treatments. Chaetomiaceae, Trichocomaceae, norank_Eurotiales, unclassified_Saccharomycetales,
norank_Ascomycota, unclassified_Sordariales, Psathyrella-ceae, and Wallemiaceae were the dominant
populations. The two most dominant fungal communities were Chaetomiaceae and Trichocomaceae.
Chaetomiaceae began to increase on day 12 and was the dominant population until the end of the
composting process. The highest abundance of Chaetomiaceae in Run A reached up to 75.28% and was
subjected to 57.51%, 73.21%, and 68.70% at a later stage. Although Chaetomiaceae in Run B peaked to
70.52% on day 18, it was significantly lower than Run A overall, and those in Runs C and D were also
lower than Run A.
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Figure 5. The relative abundance of fungal populations for different treatments at the family-level
during agricultural waste composting. Run A: control; Run B: zeolite addition (5%); Run C: biochar
addition (5%); Run D: zeolite (5%) + biochar (5%) addition.

Trichocomaceae are adapted to extreme environmental conditions and distributed throughout the
world, mostly in soil and decaying plants and food. With the rise of temperature, microorganisms began
to decompose organic compounds in large quantities. On day 5, the abundance of Trichocomaceae
reached the peak value in Runs A, B, and D, and that in Run C was 95.41% on day 12 with the
disappearance of other fungi. With the end of the thermophilic stage, the abundance of Trichocomaceae
gradually decreased. The final abundance of Trichocomaceae in Runs A-D was 8.78%, 3.50%, 16.13%,
and 17.00%, respectively. These results suggested that biochar affected the growth and reproduction of
Trichocomaceae, and the mixture of zeolite and biochar was more conducive to Trichocomaceae in the
later composting process.

3.4. Shaping Factors of Bacterial and Fungal Communities

Redundancy analysis indicated that bacterial and fungal community structure shared different
relationships with physico-chemical parameters in different treatments (Table 2). For the bacterial
community, the shaping factors in Runs A-D were TOM and NO3;7-N (Run A), pH (Run B), pH and
WSOC (Run C), and pH (Run D), respectively. These factors explained 94.2% (F = 17.90, p = 0.002),
73.7% (F =11.2, p = 0.004), 93.9% (F = 16.9, p = 0.002), and 78.4% (F = 14.5, p = 0.002) of the variations in
the bacterial community structure of Runs A-D. The pH was a significant factor in Runs B-D, indicating
that the zeolite and biochar addition changed the pile pH, thus affecting the bacterial population.

As for fungal communities, the key factors were TOM (Run A), WSOC and NO3;™-N (Run B), TOC
(Run C), and TOM (Run D), respectively (Table 3). TOM was the only significant factor in Runs A, C,
and D with an explanation of 76.4% (F = 13.0, p = 0.008), 62.4% (F = 6.6, p = 0.006), and 73.3% (F = 6.3,
p = 0.006) of variations in fungal community composition. In addition, the shaping factors in Run B
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added with zeolite were WSOC with a 65.0% explanation (F = 7.4, p = 0.010) and NO3;™-N with a 16.5%
explanation (F = 2.7, p = 0.016).

Table 2. Significant factors, structure explained (%), F values, and p values obtained from the redundancy
analysis for bacterial community composition.

Treatments Significant Factor Structure Explained/% F 4
TOM 82.01 13.9 0.002
Run A NO;™-N 10.85 5.7 0.012
Cumulative explain 92.26 - -
pH 77.74 11.2 0.006
Run B Cumulative explain 77.74 - -
pH 77.08 11.9 0.028
Run C WSOC 14.78 6.3 0.032
Cumulative explain 91.86 - -
pH 78.43 6.3 0.006
Run D Cumulative explain 78.43 - -

TOM: Total organic matter; NO3 ~-N: Nitrate; WSOC: water-soluble carbon.

Table 3. Significant factors, F values, and p values obtained from the redundancy analysis for fungal
community composition.

Treatments Significant Factor Structure Explained/% F p
TOM 76.44 13.0 0.008
Run A Cumulative
. 76.44 - -
explain
WSOC 66.74 7.4 0.010
Run B NO3™-N 14.70 2.7 0.016
Cumulgtlve 81.44 . )
explain
TOM 62.44 6.6 0.006
Run € Cumulative
. 62.44 - -
explain
TOM 2. . .
Run D Cumglative 0 ° e
. 62.39 - -
explain

TOM: Total organic matter; NO3~-N: Nitrate; WSOC: water-soluble carbon.

4. Discussion

Pile temperature maintained for more than five days could effectively kill pathogenic microbes
and ensure the compost harmlessness [27]. The pile temperature gradually decreased afterward as
the easily degradable organic matter was consumed by microbial communities [22,28]. The bulking
effect of zeolite might be beneficial to microbial activities and at the same time to enhance the heat
loss to the environment [10,29]. The pH decreased afterward with the ammonia volatilization and the
nitrification increase, as well as the production of organic acids by the biodegradation of organics [30].
Previous studies have shown that combination zeolite and biochar stimulated nitrogen retention during
composting [21,31]. Biochar and zeolite have sieving and selective adsorption properties for HyO,
NHj3, CO,, etc. As a mineral with an open network structure, zeolite controlled various cations in and
out through cation exchange reaction and adsorption [32]. Zeolite can reduce the NHj3 volatilization
loss by up to 44% during the composting of poultry manure [33]. Biochar was widely used as an
amendment for improving composting conditions and the quality of compost products [34]. During
the thermophilic and cooling phases, the NHj3 volatilization was reduced significantly due to the
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addition of biochar, and the pile temperature and NO3;™-N were increased throughout the composting
process [17]. Biochar and zeolite addition can provide better aeration conditions and decrease the
space of water-filled pore, which might be a potential mechanism for the reduction of greenhouse gas
emissions. Additionally, changes in water content by biochar and zeolite affected the transportation or
leaching of nutrients, such as nitrogen compounds [35].

Bacillaceae was dominant during the thermophilic stage and was often reported during
composting [36-38]. A previous study indicated that after biochar addition, the abundances of
Nitriliruptoraceae and Bacillaceae in the poultry manure increased, while those of Alcaligenaceae,
Rhodispirillaceae, and Xanthomonadaceae in cow manure increased [39]. In the process of composting
straw and pig manure, Firmicutes, Actinobacteria, and Proteobacteria were the dominant ones, and
the relative abundance of Actinobacteria increased in a statistically significant way, especially its genus
of Saccharomonospora [40]. The highest abundance of mesophilic bacteria, endospores bacteria, and
actinomycetes were obtained after seven days of municipal solid waste composting with biochar
addition [1]. Mesophilic fungi as well as thermophilic fungi were the least frequent in fresh initial
samples [1]. The addition of biochar to compost with sewage sludge decreased the abundance of
indicative microorganisms E. coli and Salmonella ssp. and increased the total number of bacteria and
fungi [41]. The physico-chemical characteristics of biochar and zeolite may explain the observed
changes in the bacterial and fungal communities. Biochar and zeolite reduced the bulk density of
composting piles and changed the natural ventilation of compost. The biochar may also affect the
microbial colonization as the pores on the surface of zeolite and biochar are favorable for many spores,
bacteria, and other microbial communities [42]. Previous research has shown that the application of
different concentrations of wheat straw biochar has significantly different fungal communities [43].
The influence of the increasing addition of biochar (produced from wood chips) on the increasing
abundance of the thermophilic bacterial community was also observed [1].

Biochar promoted the carbon input into the compost substrate and therefore stimulated the growth
and reproduction of the bacterial community. The increase of bacteria in the early stage was due to
the easily bioavailable organic matter which stimulated the growth of bacteria and the synthesis of
enzymes. With the drop in pile temperature and consumption of simple organic matter, the number of
microbial communities continued to decline. Zeolite and biochar addition changed the physic-chemical
properties during composting in many ways, inducing variations in microbial communities and their
function. Bacterial and fungal community abundance increased during the first fermentation phase
was likely due to the higher content of degradable organic compounds in the composting mixture
which might stimulate their growth and enzyme synthesis. By adsorption or changing the condition of
the water during composting, zeolite and biochar will change the utilization of nutrients and others
affecting microbial growth and activity, such as carbon substrates, electron acceptors, and toxins.
A previous study showed no inhibitory effects on microbial activity after application of zeolite [44].
The addition of biochar and zeolite increased the input of carbon source and stimulated the growth and
reproduction of microbial communities. Biochar addition increased the richness of bacterial species
associated with carbohydrate metabolism, amino acid metabolism, and energy metabolism during
pig manure composting with rice straw with a biochar addition [40]. Biochar addition increased the
respiration and decomposition rates, proving the promotion of microbial activity [1,17,45]. Small
molecular substances were filled into the pores of biochar during and after composting [46]. Moreover,
it provided a nitrogen source and reduced free NHj3 toxicity to microorganisms as a hotbed for culturing
microbial communities [47].

Plenty of studies have shown that sample properties (e.g., substrate utilizable, pile temperature,
and C/N ratio) were changed by biochar/zeolite addition during agricultural waste composting.
Confirming which physico-chemical parameters significantly influenced the microbial communities
is propitious to better explain changes during the waste composting system with different addition
strategies [2,48]. Biochar and zeolite are most likely to indirectly affect the bacterial and fungal
communities by the increased pile temperature, enhanced substrate utilization, and other changed
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factors. Dissolved organic carbon (DOC) was a key factor that influenced microbial community
structure and metabolic type during agricultural waste composting [30,49], which was largely because
of the different physiological adaptability of microbial species to different nutritional conditions [49].
The fermenting metabolism might occur in an environment with a higher level of WSOC, and respiratory
metabolism seemed to occur when WSC was scarce [49]. DOC and TN were the key determining
factors of the bacterial community composition when green waste and a manure mix were composted
with biochar addition [50]. According to network analysis, DOC had strong positive correlations
with a few bacterial species, such as Comamonas, Leucobacter, and Acidimicrobiales, while TN had
negative correlations with other taxa, such as Microbacteriaceae and Aeromicrobium [50]. The variation
analysis of the bacterial community showed that the activity of bacteria in the thermophilic period was
controlled by WSC content and pile temperature, while the electrical conductivity and total amount of
Kjeldahl nitrogen also affected the maturity of compost [51]. A previous study also indicated that the
addition of biochar had a great effect on TN, and TN had the greatest effect on the bacterial community
structure during the process of rice straw and pig manure composting [40].

Several researchers have emphasized the importance and effect of the C/N ratio on the microbial
community structure and activity during composting [52]. Samples of compost with a lower C/N ratio
were usually responsible for higher bacterial/fungal ratio during agricultural waste composting [52].
Biochar and zeolite addition stimulated bacterial community activities over a relatively long time,
and less organic matter available is left for fungal growth when the pile temperature drops to the
allowable levels [52]. Most biochar is alkaline and increases pH in different experiments. Biochar can
promote direct interspecies electron transfer similar to granular-activated carbon [53]. The amount of
water-filled pores influences oxygen concentrations in the composting process, thus the water-filled
pore space largely determines the extent and relative ratio of different nitrogen transformation
processes [54]. A medium for the transport of dissolved nutrients needed for the metabolic and
physiological activities of microbial communities is provided by moisture in composting materials.
Our previous research suggested that the fungal community might be more sensitive to moisture
regulation than the bacterial counterparts [55]. Further studies are needed to determine the ecology
and functions of microorganisms related to nitrogen transformation when biochar/zeolite is added
during the agricultural waste composting process [56,57].

5. Conclusions

The study was conducted to determine the effects of zeolite and biochar addition on the microbial
community during composting. The results indicated that the addition of biochar and zeolite
significantly changed the structure of the microbial community. The additions of biochar, zeolite, and a
combination of them have a positive effect on improving the organic matter degradation as well as
increasing the content of effective nutrients during agricultural waste composting. Physico-chemical
parameters, e.g., pH, total organic matter, and nitrate, were the most important ones affecting
the bacterial and fungal population changes during the composting process with zeolite and
biochar addition.
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