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Abstract

In this study, the impact of pig manure on the maturity of compost consisting of spent
mushroom substrate and rice husks was accessed. The results showed that the addition
of pig manure (SMS-PM) reached 50°C 5 days earlier and lasted 15 days longer than
without pig manure (SMS). Furthermore, the addition of pig manure improved
nutrition and germination index. High-throughput 16S rRNA pyrosequencing was
used to evaluate the bacterial and fungal composition during the composting process
of SMS-PM compared to SMS alone. The SMS treatment showed a relatively higher

abundance of carbon-degrading microbes (Bacillaceae and Thermomyces) and plant
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pathogenic fungi (Sordariomycetes_unclassified) at the end of the compost. In
contrast, the SMS-PM showed an increased bacterial diversity with anti-pathogen
(Pseudomonas). The results indicated that the addition of pig manure improved the
decomposition of refractory carbon from the spent mushroom substrate and promoted

the maturity and nutritional content of the compost product.

Key words: pig manure, microbial community, compost, spent mushroom substrate

1. Introduction

Auricularia auricular is a major edible fungus grown in northeast China, with a
production of approximately 2.5 million tons in Heilongjiang Province alone. The
consequent high volumes of waste, consisting of spent mushroom substrate, is more
than 6 million tons-a year, which has no means of efficient disposal due to the
recalcitrant sawdust in the substrate (Tingting et al., 2014). In addition to Auricularia
auricular production, Heilongjiang province is also one of the primary rice producing
areas of China. During the rice-milling process the inedible rice husk is removed and
1s considered as a waste by-product of little economic value. Prior efforts to utilize
rice husks have been hindered by its tough, woody and abrasive nature as well as its
resistance to natural degradation, low nutritive properties and high ash content (Sun
and Gong, 2001). In general, these wastes products have not been efficiently reused
due to the high amount of recalcitrant carbon present in these materials.

Composting is supposed as sustainable and high-performance technology for
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treatment and disposal of organic wastes, as it limits overall environmental pollution
and the end product is suitable as a fertilizer and soil amendment (Rui Wang and
Yuansong Wei, 2016; Ren et al., 2016). Compost is also able to reduce the incidence
of plant diseases by suppressing soil-borne pathogens, providing essential nutrients
for plant growth, improving soil properties (Lu Zhang, 2014; Zhou et al., 2016).

As such, composting could be a feasible way to dispose of spent mushroom substrate
and rice husks; however, because of their chemical and physical properties, especially
the presence of lignocellulose, these waste products -are not suitable for composting
by themselves. The term co-composting means the simultaneous composting of
various waste materials, such as biogas residues and cow manure (ZHAO Hong-yan,
2013), digested sludge mixed with mature compost and sawdust (Huang et al., 2017),
green waste with spent mushroom compost and biochar (Lu Zhang, 2014), and cow
manure and rice straw (Ren et al., 2016). Co-composting not only improves
degradation of different organic materials, but it also simultaneously improves
compost quality by increasing the nutritional content and shortening the composting
time due to the diversification of the microbial population and comprehensive
nutrition for microbial growth (Ren et al., 2016; Lu Zhang, 2014).

The current study investigates the composting of spent mushroom substrate and rice
husks. Spent mushroom substrate, an organic waste of mushroom cultivation, contains
mushroom mycelium and high levels of residual nutrients, including nitrogen (N),
phosphorus (P), and potassium (K). Importantly, spent mushroom substrate from

Auricularia auricular contains high levels of lignocellulose as well as a diversity of
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microorganism. Some studies have reported that the addition of a bulking agent, such
as rice husks, during composting helps to optimize properties such as air space,
moisture content, carbon nitrogen (C:N) ratio C/N and mechanical structure,
positively affecting the decomposition rate. According to this theory, lignocellulosic
waste from agriculture was used as bulking agents in composting (Bernal et al.; 2009).
The composting of manures has been demonstrated to produce a stable and sanitized
end product for use in plant growth. Pig manure in particular has high level of carbon
(C), N, P, and K, and could provide additional “microorganisms for improved
composting. It is anticipated that the addition of pig manure would accelerate and
lengthen the thermophilic period, which would help the decomposition of organic
matter and help eradicate pathogens (Huang et al., 2006). While, the effect of pig
manure on the spent mushroom substrate composting process was not reported. And
the mechanism of the effect of pig manure on compost maturity was not illuminated.

The process of composting primarily relies on interactions within highly diverse
microbial communities. Microbial respiration and consumption of organic matter
causes the accumulation of heat, resulting in an increase temperature during
composting. Understandably, the composition and diversity of microbial communities
are closely related to the duration of the composting process and the overall content of
the compost (Ren et al., 2016). Microbes also have the capacity to mineralize
nutrients through composting, and some microbes demonstrate powerful
anti-pathogenic properties by competing for available nutrients or by producing

chitinolytic enzymes to destroy the phytopathogens (Zhou et al., 2016). Traditionally,
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assessment of microbial communities during the composting of organic waste is
performed by way of cloning and sequencing (Zhao et al., 2016; ZHAO Hong-yan,
2013). Consequently, detailed information of microbial community dynamics during
co-composting especially the pig manure on the compost maturity is still lacking due
to the limited taxonomic resolution of these traditional methods.

In this study, the composting of spent mushroom substrate with rice husk and spent
mushroom substrate with rice husk with and without the addition of pig manure, was
assessed in regards to composting time and the quality of the composting end product.
The physical and chemical properties of the compost were measured during the
co-composting process 1in order to assess maturity. Furthermore, the 16S
high-throughput sequencing technology was used to obtain a detailed understanding
of the microbial community at the initial and end stages of composting. The
relationships between the composition of the microbial community and chemical

composition of the compost were analyzed using redundancy analysis (RDA).

2. Materials and Methods

2.1. Compost materials and preparations

Spent mushroom substrate and rice husk composting was carried out in two windrow
tests, including an experimental test with addition of pig manure (SMS-PM) and a
control test (SMS) without pig manure from December 1, 2014 to January 20, 2015.
Spent mushroom substrate was obtained from a commercial Auricularia auricula

operation, located in Heilongjiang province, China, with the major component being
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sawdust. Rice husk was obtained from Heilongjiang province, China. Fresh pig
manure was obtained from Zhuozhou, Hebei province, China. Mixtures of spent
mushroom substrate : rice husk : pig manure at 1:1:1 ratios (v/v/v) were used in
SMS-PM, and a mixture of spent mushroom substrate : rice husk at a 1:1 ratio (v/v)
was used in the SMS control.

2.2. Compost process and compost samples

The experiment was carried out in a concrete bunker (40 mx2 mx1.2 m) in the
compost facility at Zhuozhou, Hebei province, China. Compost pile dimensions were
as follows: 5 m bottom lengthx2 m top lengthx1.2 m width. When the compost
temperature rose above 50°C, the compost piles were turned manually. Turing
frequency and five-point sampling method at day 0, 5, 7, 9, 25, 76 was according to
ZHAO (2013). A portion of the homogenized samples was stored at -20°C for
microbiological analysis, and the remainder was air-dried.

Parameters of all composting materials, including total organic carbon (TOC), the
total nitrogen (TN), total phosphorus (TP), and total potassium (TK) and nitrate as
nitrogen (NO’-N) were determined according to the methods (Lu Zhang, 2014). The
germination index (GI) assay was determined using lettuce seeds according to (ZHAO
Hong-yan, 2013). Hemicellulose, cellulose, and lignin were determined according to
validated methods described by Castillo (2013).

2.3. DNA extraction and high-throughput 16S rRNA pyrosequencing

The compost samples were centrifuged at 8000 rpm for 10 min, and the supernatant

was decanted carefully to obtain sediment samples (0.3 g net weight) for DNA
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extraction. Genomic DNA was extracted using the CTAB method for use as a PCR
template (ZHAO Hong-yan, 2013).

After amplification, PCR products were purified using AMPure Beads (Beckman
Coulter, USA). The application mixtures were used for pyrosequencing on a Miseq
platform (Shanghai Majorbio Technology, China). All of the raw reads are archived at
the NCBI Sequence Read Archive (SRA) database (accession number: SRR1765717).
2.5. Data analysis

Statistical calculations and data analysis were performed using the SPSS 23.0
statistical software package (SPSS, USA) and Excel (Microsoft, USA). Redundancy
analysis (RDA) was performed using the Canoco 4.5 software package

(Microcomputer Power, USA).

3. Results and discussion

3.1. Changes of pile temperature

Temperature i1s one of the major parameters to monitor the composting process, since
its-variation is well correlated with the degradation of organic matter and the
generation of microbes. Temperature changes in the two composts were recorded
during decomposition, and both composts experienced the thermophilic and mature
stages shown in Fig. 1. The ambient temperature ranged from 5°C to 15°C. The
temperature in SMS-PM increased sharply and reached 50°C after 6 days of
composting. The temperature in SMS treatment increased slowly than in SMS-PM

and only reached 50°C after 11 days. This first thermophilic stage in SMS-PM lasted



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

15 days longer than in SMS. A similar finding was reported in compost with pig
manure and sawdust, which had an initial thermophilic period greater than 35 days
(Huang et al., 2006). At this stage, all mixtures were manually turned over every 2
days. Following this first thermophilic stage, the average temperature values in the
SMS compost dropped to 30°G40°C suggesting limited biological activity.
Subsequently, the temperature in both composts increased once again (secondary
thermophilic stage) owing to secondary fermentation induced by the increased
availability of organic components and increased microbial activity. Consequently, the
frequency of turning was reduced to once every 5-10 days. After the secondary
thermophilic stage, a stable mesophilic stage was maintained at 30-40°C until the end
of the composing process (Huang et al., 2017). So, the compost needs a longer time to
get the room temperature because of recalcitrant component in Auricularia auricular
substrate.

The slower rise in temperature and shorter thermophilic stages in SMS compost
indicated that the compost raw materials of spent mushroom substrate an impeded
decomposition of this compost mixture. The higher temperature reached and longer
thermophilic phases achieved in SMS-PM compost were likely made possibly by the
pig manure substrates, which contained more easily decomposable components
(ZHAO Hong-yan, 2013). Furthermore, the addition of pig manure likely functioned
as inoculation to promote microbial activity and subsequent heat generation (Zhu et
al., 2012). As the experimental continued, a decreased metabolic rate was observed,

indicating the onset of the maturation period. If the thermophilic phase lasts longer



177  than 3 days, the compost will meet sanitation requirements, i.e. it will be free of weed
178  seeds and pathogens (Zhang et al., 2013), and both of the composts fulfilled the
179  sanitation standards. The raw materials were in light brown color with large particle
180  size and bad smell. The final compost samples showed dark brown color, loose and
181  granular product without odor and mosquitoes.

182  3.2. Chemical composition

183  The composted mixtures were sieved to obtain the 0, 5,10, 25, 76-days compost
184  samples. Sample characteristics are given in Table 1.

185  The TOC content increased gradually from their levels in the raw materials to those
186  recorded on day 10, as follows: from 38.94% to 43.67% in SMS, and 35.66% to 43.51%
187  in SMS-PM, only to fall at the end of day 76 to their corresponding levels of 38.69%
188 in SMS and 34.92% in SMS-PM. These results, however, are different from those
189  reported by (Lu Zhang, 2014). It should be noted, however, that the present study was
190 based on sawdust substrate and rice husk, which is different from other spent
191  mushroom compost containing easily degradable materials or biochar, as in the study
192 by (Lu Zhang, 2014). The SMS and SMS-PM were both rich in sawdust and rice
193 husks, which are difficult to degrade, resulting in a relatively immutable TOC content
194 at the end of the composting period.

195 At first, TN levels declined at first, followed by a steady increase, as the rate of
196  carbon loss was higher than the rate of N loss as NH3 and N,. Subsequently, TN levels
197  were observed to decrease again in both treatments at the end composting period. The

198  SMS-PM showed a higher initial TN and an early increase at 5 days due to the
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addition of pig manure, which enhanced the total nitrogen content and accelerated the
composting process. A significant part of the initial TN loss was likely due to NHj
volatilization promoted by high temperatures. As such, higher TN losses in SMS-PM
may have been due to the sustained high temperature, as reported by several authors
(Ogunwande et al., 2008). However, as N is one of the most valuable phytonutrients
in fertilizer, the mass losses of N in SMS-PM reduced its value as fertilizer. In regard
to NOs-N, which is the major nitrogen source for most of plants, the levels of this
compound showed a significant difference between the SMS-PM and SMS composts
(Fig. 2). The content of NOs3-N was observed to slightly increase at the beginning of
day 5 and then decreased from day 5-10, with the overall NOs-N content substantially
higher in SMS-PM than in SMS. Following this period, the NOs-N content remained
mostly stationary in both SMS-PM and SMS until day 25, after which the NOs-N
content increased to their highest levels at the end of the composting period. This lag
was expected, as nitrifying bacteria cannot grow at temperature above 40°C(Ren et al.,
2016). As such, nitrification was anticipated to occur primarily during the cooling and
maturation phases. The final NOs-N content in SMS-PM was 3 times higher than that
in SMS, indicating that the addition of pig manure substantially increased the
fertilizer value of the compost.

Carbon and nitrogen are essential nutrients for microbial growth and energy
production during composting, and this results in considerable changes in the C/N
ratio. Thus, the C/N ratio can be used to assess the maturity of compost. Both SMS

and SMS-PM provided a suitable physical-chemical environment for microorganisms.
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At 10 days, the C/N ratio in the SMS compost demonstrated a sharp increase,
indicating that the TN loss rate was faster than the organic matter loss rate. However,
the C/N ratio in the SMS-PM compost at 10 days was lower than at day 0. The C/N
ratio in SMS-PM was lower compared to SMS at the end of composting period. This
is likely because the addition of pig manure can speed up the decomposition process
and enhance the condensation and aromatization during the composting process (Zhu
et al., 2010). Normally, C/N ratio is an important parameter in composting process
and its normally recommended range is 20~35. Several reports manifested that
additive of pig manure can improve the maturity of composting mainly because of the
adjustment of C/N (Zhu et al., 2010; Huang et al., 2006; Zhu et al., 2010). However in
our study, the C/N ratio in the mushroom was suitable for composting, but results
showed that the composting of this mushroom was not very effective. So, the role of
the additive of pig manure was not just balance the C/N.

Phosphorus and potassium are essential nutrients for plant growth, and the TP and TK
content in SMS and SMS-PM at the end of the compost period were 3.00% and
4.95%, 12.53% and 9.94%, respectively. This indicated that the addition of pig
manure to the SMS-PM compost demonstrated a significant increase in TP and TK
content compared with the SMS compost. The GI parameter is a sensitive indicator
for accessing the maturity and phytotoxicity of compost, with a GI of more than 80%
indicating phytotoxic-free and mature compost (Tiquia et al., 1996). The GI of the
SMS was between 79%-84%, and there was no significant change during composting,

suggesting that a longer time is required to form fully mature compost when a large



243  proportion of sawdust is present. In contrast, at the end of composting, the GI of
244  SMS-PM was indicating a mature, phytotoxic-free compost. As for the degradation of
245  lignocellulose that was shown in Fig 3, the additive of pig manure showed a higher
246  degradation of cellulose, Hemicellulose and lignin than SMS.

247  3.3. Bacterial community

248 The composition of bacterial 16S rRNA sequences was determined by high
249  throughout sequencing. The composition of the bacterial communities of the two
250 composts demonstrated substantial differences. As shown in Fig. 4, Chloroflexi,
251 Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria were the dominant phyla
252  in all samples. However, the proportions of these bacteria were significantly different
253  between the two composts. In the initial SMS compost, Proteobacteria (59%) were the
254  most abundant bacteria, followed by Bacteroidetes (20%). Chloroflexi (2%),
255  Firmicutes (6%) and Actinobacteria (6%) only represented a small proportion. In the
256  initial SMS-PM compsot, Proteobacteria (58%) were the primary bacteria, followed
257 by Firmicutes (21%), Bacteroidetes (18%), and to a lesser degree of Actinobacteria
258  (2%) and Chloroflexi (0.1%). However, as composting progressed, these populations
259 changed substantially. At 76 days, after the thermophilic stage, the percentage of
260  Proteobacteria decreased dramatically to 19% and 8% in SMS and SMS-PM,
261  respectively. Bacteroidetes showed a similar decrease to 8% and 6% in SMS and
262  SMS-PM, respectively. In contrast, Chloroflexi increased significantly to 44% and 57%
263 in SMS and SMS-PM, respectively. The large differences in these bacterial

264  percentages changes between the initial and end composts likely reflect the change in
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the local environment from mushroom substrate to open air compost.

For a detailed analysis of the bacterial community structures, 48 abundant families
(abundance >1% in any sample) were selected for comparison (Fig. 5). The family
level was selected to avoid biasing the interpretation, as suggested in a previous study
(Rui Wang and Yuansong Wei, 2016).

As noted earlier, the phyla Proteobacteria and Bacteroidetes both decreased over time
in both compost. The family of Moraxellaceae was the primary bacteria in SMS-PM
at the beginning of the experiment, and was observed to sharply from 47% to 0.06%
over the course of the composting. Acinetobacter is the dominate genus in the family
Moraxellaceae (phylum Proteobacteria) and can cause various infections and survive
various common disinfectants, including those used in commercial pig farming where
disinfectants are frequently used to avoid disease (Teixeira and Merquior, 2014).
Therefore, it is not surprising that the addition of pig manure increased the abundance
of Moraxellaceae compared with SMS. However, Moraxellaceae were nearly absent
in both treatments after composting, indicating a safe final product in this regard. The
phylum Proteobacteria was the dominant bacteria in SMS before composting and
decreased dramatically from 59% to 19% after composting. The families
Hyphomicrobiaceae (from 12% to 2%), Sphingobacteriaceae (from 5% to 0.1%),
Caulobacteraceae (from 5% to 0.3%), Rhizobiaceae (from 6% to 0.2%),
Comamonadaceae (from 2% to 0.03), Oxalobacteraceae (from 4% to 0%) and
Bradyrhizobiaceae (from 1% to 0.08%) belong to the phylum Proteobacteria and were

all observed to decrease following composting. = Hyphomicrobiaceae,
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Sphingobacteriaceae, Rhizobiaceae, Comamonadaceae and Bradyrhizobiaceae are
intimately involved in C and/or N cycling (Anderson et al., 2011). These bacterial
families decreased following composing along with the decomposition of TOC and
TN. The remaining bacteria Caulobacteraceae and Oxalobacteraceae, which belong to
the phylum Proteobacteria, grow under mesophilic conditions and were observed to
have decreased at the end composting. Xanthomonadaceae, which are related to the
plant pathogen group, were also identified, with a relative abundance in the SMS
(0.6%) compost at least 6 times higher than in the SMS-PM (0.09%) compost at the
end of composting (Anderson et al., 2011). Another family, Pseudomonadaceae
(phylum Proteobacteria), decreased from 5% to 0.1% in the SMS compost, but was
observed to increase from 1% to 3% in the SMS-PM compost. The majority of
Pseudomonadaceae were Pseudomonas (0.1% in SMS and 3% in SMS-PM at the end
of composting), and recent studies have proposed a role for Pseudomonas in disease
suppression and in the promotion of plant growth (Mehta et al., 2014). Together, it is
apparent that the addition of pig manure to the compost promoted decreased levels of
pathogens, a higher propensity for suppression of disease bacteria, and an increased
quality of compost.

The other bacteria that decreased significantly were the phylum Bacteroidetes. In the
initial SMS and SMS-PM composts, a large microbial proportion belonged to the
family Flavobacteriaceae (phylum Bacteroidetes), at 11% and 15%, respectively.
However, these bacteria decreased considerably to 0.05% and 0.01 in SMS and

SMS-PM after composting, respectively. Flavobacteriaceae are aerobic bacteria with
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an optimum growth temperature ranging from 25°C to 35°C, but members of some
species or genera are psychrophilic or psychrotolerant. Some species in the family
Flavobacteriaceae degrade soluble cellulose derivatives such as
carboxymethylcellulose or hydroxyethylcellulose (Bernardet et al., 2002). As such,
the presence of Flavobacteriaceae in the mushroom substrate might aid in the
decomposition of lignocellulose during mushroom cultivation at 25-35°C. However, as
the compost environment changed from the mesophilic to the thermophilic stage their
abundance decreased quickly. Another bacterial family, Sphingobacteriaceae
belonging to the phylum Bacteroidetes, showed a decrease from5% to 0.01% and 2%
to 0.02% in SMS and SMS-PM, respectively. The Sphingobacteriaceae family is
known for its ability to utilize a wide variety of C sources and demonstrated a
decrease along with the decomposition of carbon resources (Anderson et al., 2011).
However, the families Rhodothermaceae and Cytophagaceae, in the phylum
Bacteroidetes, “were increased. Rhodothermaceae can exhibit thermophilic or
halophilic characteristics, while Cytophagaceae can digest macromolecules, such as
polysaccharides or proteins and utilize of cellulose (Park et al., 2014).

Chloroflexi were the major bacterial phylum present at the end of composting, at 44%
in the SMS and 57% in SMS-PM, respectively. Anaerolinaceae (phylum Chloroflexi)
were the dominant bacterial family at the final compost, at 25% and 54% in the SMS
and SMS-PM composts, respectively. Anaerolinaceae can inhabit thermophilic
environments, digest carbohydrates and/or peptides, and might promote the

degradation of carbohydrates or amino acids from dead cells (Yamada et al., 2006).
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As the compost transformed to anaerobic conditions (76 days) and the proportion of
living organism declined sharply. So Anaerolinaceae occupied the chief bacterial at
the thermophilic period for compost quality promotion. As the Anaerolinaceae could
not be identified in genus level, it was apparent that the mushroom substrate compost
contained many novel organisms, consistent with previous reports (Ivors et al:,; 2000).
The families Chloroflexaceae and Roseiflexaceae, which were subordinated to the
phylum Chloroflexi, increased significantly in the SMS and SMS-PM composts from
almost zero to 11% and 7%, respectively. The family Chloroflexaceae represents one
of five major lineages of phototrophic bacteria that can inhabit heterotrophic
environments and also grow in mineral salt medium with CO, as a sole carbon source.
Moreover, Roseiflexaceae can also survive under thermophilic conditions. As such,
the increasing abundance of the families Chloroflexaceae and Roseiflexaceae
indicated the nutritional content of SMS was sufficient to sustain bacterial growth, but
the temperature in the SMS compost remained hyperthermia at the 76 days which
needs more time to cool down.

Many of Firmicutes produce endospores to resist dehydration and extreme
environments. The families Clostridiaceae (0% in SMS and 8% in SMS-PM) and
Bacillaceae (6% in SMS and 1% in SMS-PM) contain many microbes that can
degrade cellulose during the composting (Xi et al., 2015; Antunes et al., 2016).The
relative abundance of Streptosporangiaceae (from 0% to 0.6% in SMS and 0% to 3%
in SMS-PM) and Thermomonosporaceae (from 0% to 0.4% in SMS and 0% to 3% in

SMS-PM), which belong to the phylum Actinobacteria, were increased after
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composting, but their relative abundance was higher in SMS-PM. Species within
these bacterial families are chemo-organotrophs involved in the turnover of organic
matter, and the degradation of cellulose and lignocellulose residues (Anderson et al.,
2011). The addition of pig manure helped promote the degradation of lignocellulose
and increase the quality of compost, same as previous study (Zhu et al;, 2010). The
family Micromonosporaceae (phylum Actinobacteria) is associated with secondary
metabolite production, as some species are efficient solubilizers of rock phosphate
(Hamdali et al., 2008). The relative abundance of Micromonosporaceae was 2% and
0.3% in SMS and SMS-PM, respectively, indicating the incomplete continuing
composting of SMS.

3.4 Fungal community

The compositions of the fungal communities were compared between the two
composts by high throughout sequencing. In total, 18 abundant families
(abundance >1% in any sample) were selected, and their abundances were compared
(Table 2). As presented in Table 2, the phylum Ascomycota was the dominant fungi
during composting, coincide with (Xi et al., 2015). The class Sordariomycetes
(phylum Ascomycota) was the major fungi in both SMS (75.57%) and SMS-PM
(72.19%) at the end of composting. The class Sordariomycetes are saprobic fungi and
promote the decomposition and nutrient cycling of plant litter, including wood,
herbaceous stems and dung. Important taxa of Sordariomycetes include the family
Chaetomium which are often isolated from mushroom compost and are an important

cellulolytic organism responsible for the degradation of paper and fabrics (Chefetz et



375 al., 1998; Zhang et al., 2006). Chaetomium demonstrated an increase from 6.30% to
376  9.75% in SMS and an increase from 0.67% to 63.02% in SMS-PM. It is normal for
377  fungi to increase during the maturation phase of composting as a result of the
378  breakdown of substrates and the presence of favorable environmental factors (Villar
379 etal., 2016). Lignocellulose is the major component in sawdust and is hard to degrade.
380 The levels of Chaetomium increased steadily in SMS. In contrast, the levels of
381  Chaetomium underwent a sudden increase in SMS-PM, indicating effective
382  lignocellulose decomposition with the addition of pig manure. However, Most plant
383  pathogens are distributed in the class Sordariomycetes. One of the Sordariomycetes
384 member, Microascaceae, is often associated with opportunistic infections of plants,
385  humans and other animals (Zhang et al., 2006). The abundance of Microascaceae and
386  Sordariomycetes_unclassfied were higher in SMS relative to SMS-PM, indicating a
387  higher levels of plant pathogens in SMS. The phylum Basidiomycota were decreased
388 from 6.20% to 1:48% and 2.29% to 0.30% in SMS and SMS-PM, respectively.
389  Issatchenkia (family Saccharomycetaceae) are often isolated from ethanol
390 fermentation (Oguntoyinbo, 2011), and were predominantly found in the initial
391 SMS-PM compost, indicating the more easily available components in pig manure
392  that accumulated heat at the beginning of composting. Galactomyces (family
393  Dipodascaceae) are principal colonizing fungus at 25°C. Though these fungi don’t
394  demonstrate any cellulolytic or hemicellulolytic activities (Fathallh Eida et al., 2013),
395  Galactomyces do have an unknown role in composting. The Thermomyces, a genus of

396 hemicellulose degraders, were present in both composts, 10.42% in the SMS and 1.65%
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in SMS-PM (Zhang et al., 2015). Hemicellulose is easier to degrade than cellulose, so
a relatively higher abundance of Thermomyces cooperated with other bacteria and
fungi to degrade the lignocellulose in SMS and to complete decomposition of
hemicellulose in SMS-PM. Pyronemataceae had levels of 10% in SMS before
composting, but only 1%-2% in either compost at the maturation period. The major of
taxa within the family Pyronemataceae have traditionally 'been considered
saprotrophic, but the trophic strategies of most species are not well understood and
remain undocumented (Perry et al., 2007). These findings indicated that many fungus
have strong heat resistance, and may be difficult to culture based on traditional
methods, limiting the development of high-efficiency inoculum.

The phylum Ciliophora showed a dramatic decrease from 51.64% to 3.13% in SMS
and a significant increase from 0.95% to 19.52% in SMS-PM. Ciliophora primarily or
exclusively feed on a wide variety of bacteria and are often found in moist soils.
Because of their ability to readily enter protective cysts, they will quite frequently
found in desiccated samples of soil and vegetation (Cochran-Stafira and von Ende,
1998). The abundance of Ciliophora in SMS indicated an appropriately stable
ecosystem in this compost, which was disrupted by increased temperature and
reduced moisture in SMS-PM. The presence of Auricularia (phylum Basidiomycota)
was the genus of mushroom originally grown from mushroom substrate, was absent
by the end composting in both SMS and SMS-PM.

3.5 Redundancy analysis

The relationships between environmental factors (such as TOC, TN, TK, TP, C:N and
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GI) and bacterial /fungal communities were evaluated via a redundancy analysis
(RDA) (Fig. 6a and 6b). Analysis indicated that C:N, TN and GI were positively
correlated with the first axis (explaining 70.3% of total variance in Fig. 6a and 53.1%
of total variance in Fig. 6b), with TK, TP and TOC positively correlated with the
second axis (explaining 23.6% of total variance in Fig. 6a and 30.3% of total variance
in Fig. 6b).

According to Fig. 6a and 6b, the addition of pig manure increased the initial total N
content, which could result in an increased nitrogencontent of the organic product.
The addition of pig manure also showed a positive correlation with the content of P
and K. Thus, the addition of pig manure improved the nutrition of the compost
product. While the SMS compost showed a positive correlation with TOC, these
results were consistent with previous results that the content of TOC in SMS was
higher than SMS-PM, indicating the maturity process for SMS was incomplete.
Moreover, there was no difference in GI between day 0 and day 76 in SMS (Table 1),
but a significant increase was apparent in SMS-PM over the same time period, as
indicated by the RDA. SMS-PM at day 76 showed a positive correlation with GI.
Composting can reduce various types of organic matter, possibly because of elevated
temperatures and the partial aerobic conditions during the thermophilic phase, which
improves the maturity of the compost. These observations suggested that pig manure
promoted the efficiency of composting and accelerated the process of compost
maturity.

There were close correlations between 12 families of bacteria and TOC, suggesting
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that these bacteria cause or respond to changes in TOC (Fig. 6a). These bacteria were
distributed across Pesudomonadaceae, Xanthobacteraceae, Erythrobacteraceae,
Hypomicrobiaceae, Rhizobiaceae, Methylobacteriaceae, Oxalobacteraceae,
Candidate_division_ TM7_norank, Bradyrhizobiaceae, Microbacteriaceae,
Caulobacteraceae and Enterobacteriaceae. All of these are involved in C recycling
(Anderson et al., 2011), which likely helped improve the stability of the compost.
During the composting process, GI represented maturity and exerted an influences on
bacterial community composition. As shown <in Fig. 6a Roseiflexaceae,
Micromonosporaceae and Rhodothermaceae were closely related with GI, and these
bacteria exhibit thermophilic characteristics and were closely associated with the
maturation period. Furthermore, the bacterial community, as opposed to the fungal
community, influenced TP and TK levels during the composting process. As shown in
Fig. 6a Clostridiaceae and Peptostreptococcaceae were strongly associated with TP
and TK, suggesting that the growth of these bacteria were likely to influence or be
influenced by high TP and TK content (Antunes et al., 2016). Moreover, the origin of
the compost components, which characterize the chemical and physical properties of
the compost, may influence the growth of the bacterial community during the
thermophilic and maturation phases. As pig manure is an environment rich in bacteria
with a high content of fermentative microbes (especially Gram + bacteria) during the
initial phase of decomposition of manure due to the high availability of water and
compounds that can be easily broken down (Villar et al., 2016).

As for the relationship between the environment and the fungal community, the RDA
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clearly indicated an interrelation., as shown in Fig. 6b Colpodea showed a positive
correlation with GI, as Colpodea was dramatically decreased to 3.13% in SMS and
significantly increased to 19.52% in SMS-PM. As such, the enrichment of this fungal
community did not correlate with the maturity of compost. While Chaetomiaceae and
Microascaceae also showed a positive relationship with GI (especially Chaetomiaceae,
which was the dominant fungi in the end SMS-PM product), indicating a relatively
stable compost. As shown in Fig. 6b, the family Sordariomycetes_unclassified and the
genus Thermomyces (Family Eurotiomycetes_Incertac_Sedis) were the dominate
species in SMS and were greatly associated with TOC, suggesting that
Sordariomycetes_unclassified and Thermomyces were likely related to the
decomposition of carbon or influenced by the rich TOC content. Importantly, the high
abundance of these fungi indicated a high carbon content, demonstrating the need for
a long maturation process to achieve a relatively stable compost.

Normally, C/N tatio is an important parameter in composting process and its normally
recommended range is 20~35. Several reports manifested that additive of pig manure
can improve the maturity of composting by adjustment of C/N. While according to the
dates, the C/N ratio in the mushroom was suitable for composting, but results showed
that the composting of this mushroom was not very effective. As showed in these
results, the maturity of composting was improved as a results of additions of pig
manure. Because the main function of pig manure was providing the indispensable
microorganism that could degrade organic component at the beginning composting

process rather than balancing the C/N ratio. And the pig manure provided diversiform
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microorganism to decompose all kinds of organic matters and mineralize N, P and K

to improve the maturity and fertilizer efficiency of the compost.

4. Conclusion

Compared the compost with or without pig manure, the adding pig manure expedited
and extended the high temperature period and effectively increased the temperature of
the composting process. Meanwhile, the addition of pig manure improved the
nutrition and GI parameter. The SMS demonstrated relative abundance of carbon
decomposing microorganism and plant pathogens, while the microbial community
about maturation and anti-pathogens were enriched in SMS-PM. Overall, the addition
of pig manure provided essential microorganism as inoculum for heat accumulation at
the initial composting process and promoted the stability, fertilizer efficiency and

safety of the compost product.
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Table 1 Characteristics of physical-chemical during composting

TOC(%) TN(%) C/N TP(%) TK(%) GI(%)
SMS
0d 38.94+0.02bc  2.04+0.08e  19.10£0.78bc 2.38+0.02ab 2.46+0.03a  81+7.07abc
5d 37.07x1.40ab 2.07£0.0le  17.86x0.73b  2.65+0.08b 2.69+0.13a  79+1.41abc
10d  43.67+0.19d  1.07+£0.08a  40.93+3.07e  2.33+0.03a  4.19+0.06b  84+2.83bc
25d  41.28+2.74cd 1.52+0.04bc 27.20+2.56d 2.49+0.06ab 4.05+0.06b  83+1.41abc
76d  38.69+0.59bc 1.46+0.02b  26.60+0.79d  3.00+0.05¢c  4.95+0.30c - 80+2.83abc
SMS-PM

0d 35.66+3.07ab 2.53+0.08f  14.09+1.64a  10.85+0.15¢ 9.43+0.80fg 73+1.4la
5d 39.22+1.11bc  1.87#0.01d  20.92+0.51bc 8.63+0.25d  8.14+0.06e = 81x1.4labc
10d  43.51+0.82d  3.88+0.06g 11.22+0.38a  10.85+0.15¢ 9.09£0.10ef 75%1.41ab
25d  38.83#0.56bc 1.84+0.04d  21.16+0.10bc 11.31+0.18f 8.65+0.49de 77+9.90abc
76d  34.92+0.10a  1.62+0.10c  21.59%1.26c  12.53+0.09g 9.94+0.05g 87+1.4lc

Mean values + standard error. In columns, values followed by the same letter are not statistically
different according to the Duncan test at P < 0.05.



Table 2 Fungal community evolution during composting (DO, day 0; D76, day 76)

Phylum Class Family Gene D0_SMS D0_SMS-PM D76_SMS D76_SMS-PM
Ascomycota Sordariomycetes Sordariomycetes_unclassified Sordariomycetes_unclassified 17.39% 2.37% 2.81%
Chaetomiaceae Chaetomium 6.30% 0.67% 9.75%
Microascaceae Microascaceae_unclassified 3.77% 0.97% 0.48% 6.24%
Hypocreales_unclassified Hypocreales_unclassified 1.13% 0.34%
Saccharomycetes Saccharomycetaceae Issatchenkia
Dipodascaceae Galactomyces
Eurotiomycetes Incertae_Sedis Thermomyces 0.67% 0.27% 10.42% 1.65%
Pezizomycetes Pyronemataceae Pezizales_unclassified 10.11% 0.20% 0.26% 0.71%
Pyronemataceae_unclassified 1.74% 0.29%
Ascomycota_unclassified =~ Ascomycota_unclassified Ascomycota_unclassified 2.05%
Ciliophora Intramacronucleata Colpodea Colpodea_unclassified 0.95% 3.13% 19.50%
Basidiomycota Agaricomycetes Auriculariaceae Auricularia 4.10% 0.24% 0.80% 0.14%
Agaricomycetes_unclassified ~Agaricomycetes_unclassified 0.56% 0.21%
Tremellomycetes Tremellales_unclassified Tremellales_unclassified 1.46%
Schizoplasmodiida Schizoplasmodiida_norank Schizoplasmodiida_norank Schizoplasmodium 3.92%
Centrohelida Centrohelida_norank Centrohelida_norank Centrohelida_norank 1.31%
Eukaryota_unclassified Eukaryota_unclassified Eukaryota_unclassified 0.16% 0.12% 0.31% 1.04%
Others 2.34% 1.23% 2.22% 1.60%

This table is red-yellow-green color gradation table, red color means higher value and green color means lower value.
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Fig. 1. Changes in temperature during the composting period
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Fig. 6. Redundancy analysis assessing the relationship between environmental
factors (red arrows) and microbial communities (blue arrows). Correlations between
environmental variables and RDA axes were represented by the length and angle of
arrows. (a, environmental factors and bacterial community; b, environmental factors

and fungal community)



Highlights

Pig manure expedited and extended the high temperature period during composting.
The addition of pig manure increased the nutrition content of N, P, K and GI.

Pig manure provided the essential bacteria as inoculum.

Pig manure enriched anti-pathogens at the end of composting.



