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Beneficial influences of pelelith and dicyandiamide on gaseous
emissions and the fungal community during sewage sludge composting
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Abstract
Reducing the emissions of NH3 and greenhouse gases (GHGs) during composting is essential for improving compost quality and
controlling environmental pollution. This paper investigates the effects of pelelith (P) combined with dicyandiamide (DCD) on
gaseous emissions and the fungal community diversity during sewage sludge (SS) composting. Results showed that the P and
P + DCD treatments decreased the cumulative gaseous emissions by 41% and 22% for NH3, 21% and 34% for N2O, and 31.5%
and 33.0% for CH4, respectively. The evolution of the fungal community analysis showed thatAscomycota and unclassified fungi
dominated during the thermophilic stage, while only Ascomycota was the dominant fungal phylum during the maturity stage,
composing 62%, 66%, and 73% of the total fungal community in the control, P, and P + DCD, respectively. The P and P +DCD
significantly increased the fungal community richness at the genus level. Fungal community abundance was found to be
significantly related to temperature, pH, organic matter, and total Kjeldahl nitrogen, which also influence the gaseous emissions
during SS composting. It suggested that the combined addition of pelelith and dicyandiamide (DCD) was an effective method for
reducing the emissions of NH3 and greenhouse gases during SS composting.
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Introduction

Composting is an effective and environmental solution for
stabilizing and converting the organic waste into a good
organic fertilizer or soil conditioner that can be used for
agricultural and horticultural applications (Santos et al.
2018; Wang et al. 2018a). However, emissions of green-
house gases (GHGs; N2O, CO2, and CH4) and ammonia
(NH3) are inevitable during the composting process (Mao
et al. 2018; Sanchez et al. 2015). These gaseous emissions
not only reduce the agronomic value of compost but also

significantly contribute to the greenhouse effect and haze
formation (IPCC 2007; Pan et al. 2018). Thus, reducing the
emissions of NH3 and GHGs is essential for improving the
quality of compost and controlling this type of environmen-
tal pollution.

Using bulking agents is considered the most effective
and simplest method of reducing NH3 and GHG emis-
sions, as well as improving the quality of the end compost
(Jain et al. 2018; Zhang et al. 2018). Usually, the bulking
agents can be divided into three types: carbon-rich sub-
stances such as wheat straw, saw dust, biochar, and mush-
room dregs (Jiang et al. 2017, 2018; Liu et al. 2017),
acidic materials such as sulfuric acid, bamboo charcoal,
and nitric acid (Li et al. 2018; Haddadin et al. 2009; Khan
et al. 2009), and mineral additives such as medical stone,
zeolite, and bentonite. Among these three bulking agents,
mineral additives (such as medical stone, zeolite, and ben-
tonite) are the most universal amendments and have been
proven to improve the composting process and nutrient
conservation. For example, Wang et al. (2018b) investi-
gated that 10% biochar and zeolite could decrease NH3

emissions by 64.5–74.3% and N2O emissions by 79.5–
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81.1% during the composting of pig manure and reduce
nitrogen and carbon loss. Chowdhury et al. (2014) found
that the addition of biochar during the composting of bar-
ley straw and hen manure could reduce the total GHG
emissions (as CO2 equivalents) by 27–32%. Chan et al.
(2016) noted that adding 10% zeolite and struvite salt
during food waste composting could decrease NH3 emis-
sions by 18–26%.

Pelelith (P), with an approximate formula of Ca19(Al,
Fe)10(Mg, Fe)3[Si2O7]4[SiO4]10 (O, OH, F)10, is an ortho-
disilicate mineral (Deer 1992). Due to its low density, high
total pore volume, and high specific surface area, P has been
widely used for removing nitrogen and phosphate from pol-
luted water and as a substrate for the cultivation of microor-
ganisms. In addition, Vesuvianite has also been used in build-
ing materials and landscaping due to its properties of being
acid–alkali-resistant, lightweight, sound insulating, high hard-
ness, antiskid, and strong resistibility of effloresce and high
temperature (Groat 1992; Li et al. 2009). However, no infor-
mation is available about the influences of P on NH3 or GHGs
during the composting process.

Addition of a nitrification inhibitor (NI) is a well-known
and practical approach for reducing N2O emissions in farm-
land ecosystems (Kelliher et al. 2008; Lam et al. 2016). In
recent years, many researchers have drawn on the measures
used in croplands and added an NI during composting (Zhang
et al. 2016a, b). Although the addition of an NI could signif-
icantly reduce N2O emissions, it would likely increase NH3

emissions due to the accumulation of ammonium during
composting (Zhang et al. 2016b). Thus, researchers have also
investigated the influences of applying a combination of an NI
and mineral additives, such as struvite crystals and phospho-
gypsum, on NH3 and GHG emissions during the composting
process (Jiang et al. 2016; Luo et al. 2013).

Composting is a process of microbial community succes-
sion that mainly involves bacteria and fungi (Awasthi et al.
2017; Tortosa et al. 2016). However, studies of bacterial com-
munities in composting systems are much more numerous
than those of fungal communities in such systems (Mao
et al. 2018; Wei et al. 2018). Maintaining a favorable and
suitable fungal composition is vital for efficient and successful
composting (Wang et al. 2018a); thus, more attention must be
paid to the succession of the fungal community. The rapid
development of high-throughput sequencing (HTS) has en-
abled the convenient analysis of the fungal community com-
position during the composting process (Wang et al. 2018a).

The main objectives of the present study were to (1) com-
pare the effects of a combined addition of P and NI on the
emissions of NH3 and GHGs and the succession of the fungal
community during sewage sludge (SS) composting and (2)
explore the relationship between environmental factors and
the fungal community to identify the critical index reflecting
the evolution of fungal species.

Materials and methods

Raw materials and additives

Dewatered SS and saw dust (SD) were sampled from a local
municipal wastewater treatment plant and a furniture factory
in Xinxiang, Henan, China. The SD was the residual material
remaining after processing timber and was used as a bulking
agent. The SD was pulverized into 1.0–2.0 cm pieces to be
readily mixed with SS uniformly. Selected characteristics of
the SS and SD are presented in Table 1. The NI used in this
study was dicyandiamide (DCD), which was chemically pure
and reagent grade. P, with a size of 3–5 mm, was purchased
from the online shopping platform Taobao (https://www.
taobao.com/). The Brunauer-Emmett-Teller (BET) surface ar-
ea and total pore volume of P were 26.5 m2 g−1 and 0.8 cm3 g−
1, respectively. An image of the P used is shown in Fig. 1a.

Composting design and sampling

Laboratory-scale composting equipment was used for the
composting experiments, and an image of the reactors used,
which consisted of a cylindrical polyethylene reactor (with a
volume of 14 L, diameter of 20.0 cm, and height of 45.0 cm), a
water tank, a heater, an air pump, an air flowmeter, etc., is
shown in Fig. 1b. A total of three treatments were conducted:
the fresh SS and SD were mixed in a ratio of 1:5 (wet weight),
and the two additives were then applied. In the P treatments, P
was added at a 15% dry weight basis of the mixture of SS and
SD at the beginning of composting. The P + DCD treatment
consisted of adding 15% P and 0.5% DCD on a dry weight
basis of the SS/DD mixture. Half of the DCD was mixed with
the SS/DD mixture in the beginning, and the other half was
added during the turning on day 8. A treatment with no addi-
tives was used as a control (CK) for comparison. The
composting experiments were conducted in the same three
cylindrical polyethylene reactors for 20 days. The reactors
were placed in a water tank to decrease the heat loss during
composting. The temperature of the water bath was set based
on the temperature of the compost and maintained below the
lowest temperature of the three treatments by 2–3 °C (Meng
et al. 2017). Air was pumped by air pumps at the bottom of
each reactor at a flow rate of 0.4 L min−1 during the heating

Table 1 Properties of the raw materials used in composting

Raw material OM (%) pH Moisture (%) C/N

Fresh SS 41.8 ± 0.4 7.12 ± 0.04 81.0 ± 0.23 15.6

SD 97.2 ± 0.6 7.52 ± 0.06 8.38 ± 0.04 74.7

SS, sewage sludge; SD, saw dust; OM, organic matter. The results are the
mean of three measurement replicates ± standard deviation
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and thermophilic phases. After the thermophilic phase, the
flow rate was set to 0.2 L min−1.

Homogeneous compost was sampled on days 0, 2, 4, 8, 12,
16, and 20. The compost samples were divided into two parts:
one was stored at 4 °C for more immediate analysis and the
other was air dried, passed through a 0.25 mm sieve, and
stored in a desiccator for later analysis. Fresh compost sam-
ples on days 4 and 20 were frozen and sent to Majorbio Bio-
Pharm Technology Co., Ltd., China, for 18S rDNA
determination.

Analytical analysis

Compost water extracts with a ratio of 1:10 (w/w) were pre-
pared for the determination of pH and dissolved organic car-
bon (DOC). To determine the DOC content, the compost wa-
ter extracts were centrifuged at 12000 rpm for 8 min, filtered
through a 0.45 μm membrane, and then measured by an au-
tomated TOC analyzer (Shimadzu TOC-V). NH4-N in
compost-KCl extract (1:10, v/v) was detected by NaOH dis-
tillation-H2SO4 titration. Total Kjeldahl nitrogen (TN) was
determined by the Kjeldahl method (Barrington et al. 2002).
Organic matter (OM) was determined from the difference in
dry solid mass before and after heating in a muffle furnace at
550 °C for 5 h (Meng et al. 2017). NH3 emissions were
adsorbed with 2% H3BO3 and then titrated with HCl (Yang
et al. 2015). The three GHGs (N2O, CO2, and CH4) were
collected daily in the first weeks and twice a day thereafter
and were determined by gas chromatography (Agilent
Technologies 7890B Network GC system, China).

DNA extraction and HTS

DNAwas extracted from compost using a MoBio PowerSoil®
DNA IsolationKit according to themanufacturer’s protocol. 18S
rDNA sequence analysis was carried out with the Illumina
MiSeq paired-end 300 bp protocol (Illumina, Inc., San Diego,
CA, USA) at Shanghai Majorbio Biotechnology Co. Ltd.
(Shanghai, China). The internal transcribed spacer (ITS) regions

of the ribosomal DNA gene were amplified with primers ITS1F
(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-
GCTGCGTTCTTCATCGATGC-3′). The raw sequence data
were processed in QIIME 1.7.0. The quality-filtered sequences
were clustered into operational taxonomic units (OTUs) at a 97%
threshold (Edgar 2010; Metcalf et al. 2016).

Statistical analysis

All environmental parameters were analyzed using SPSS 18.0
software. Graphs were generated with SigmaPlot 12.5 and
CANOCO 4.5. Analysis of the fungal community data was
conducted using the i-Sanger platform (http://www.i-sanger.
com/) provided by Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China). Six indexes of alpha diversity—the num-
ber of OTUs, richness (Chao and Ace), diversity (Shannon
and Simpson), and sequencing coverage—were used to assess
the microbial diversity and richness. The relative abundances
of the dominant phyla and genera were visualized in heat
maps and one-way ANOVA bar plots using the i-Sanger
platform.

Results and discussion

Effect of P and DCD on physicochemical indexes

Figure 2a shows the changes in the temperature profiles dur-
ing composting. In contrast to other studies, the temperature
in all treatments in this study bypassed the temperature of the
mesophilic stage and reached that of the thermophilic stage
(> 50 °C) on day 1. The highest temperatures in the CK, P,
and P + DCD treatments, which were all recorded on the 2nd
day, were 57.3, 58.5, and 56.4 °C, respectively. The thermo-
philic stage was maintained for 8, 8, and 7 days in the CK, P,
and P + DCD treatments, respectively; during this stage, the
compost should be free of weed seeds and pathogens and
satisfy the compost sanitary standard (Kulikowska 2016).
During the first 4 days, the temperature in the P treatment

Fig. 1 Images of P (a) and the
composting reactor (b)
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was higher than that in the CK treatment, but the temperature
in the P + DCD treatment was lower than that in the CK
treatment. The possible reason for this difference is that the
addition of P-stimulated microbial growth, resulting in rapid
OM degradation, but DCD inhibited microbial activities. P,
with a high BET surface area and total pore volume, has
similar properties to biochar, struvite, medical stone, and ze-
olite (Awasthi et al. 2018a; Li et al. 2018; Wang et al. 2018b).

Awasthi et al. (2018a) found that the addition of medical
stone caused compost to reach the thermophilic stage sooner
and attain a higher temperature than that in the control be-
cause medical stone addition could increase the porosity and
reduce the acidity of the composting mass during the bio-
oxidation stage. After the thermophilic stage, the temperature
among the three treatments was almost the same and gradu-
ally decreased to 20–30 °C.
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The pH in the three treatments showed the same trend (Fig.
2b): the pH increased rapidly during the first 4 days, gradually
decreased during the days 4–12, and remained at approxi-
mately 8.3 during the end of composting. The initial increase
in pH was due to the release of ammonium and volatile am-
monia from the mineralization of OM (Awasthi et al. 2018a).
Afterwards, the volatilization of volatile ammonia and the
production of organic acids could explain the reduction in
pH (Bernal et al. 2009). Finally, the pH of the end compost
was approximately 8.3, which meets the requirements for land
application (Bernal et al. 2009). The maximum pH values in
the P and P + DCD treatments were 8.70 and 8.86, respective-
ly, which were higher than that in the CK treatment (8.59).
This increased pH was probably a result of P absorbing the
volatile ammonia during composting, increasing the content
of ammonium nitrogen. Moreover, the addition of DCD
inhibited nitrification and increased ammonium nitrogen
(Zhang et al. 2016b). Wang et al. (2018b) found that the ad-
dition of biochar significantly increased the pH comparedwith
that in the control during pig manure and wheat straw
composting.

Figure 2c indicates that the OM content in the three treat-
ments decreased rapidly during the first 8 days, especially in
the P and P + DCD treatments. Overall, the OM in CK, P, and
P + DCD decreased from initial values of 72.1%, 71.8%, and
71.5% to 43.2%, 36.4%, and 36.9%, respectively, correspond-
ing to OM losses of 40.1%, 49.3%, and 48.4%, respectively.
As a bulking agent, P has a low density, high total pore vol-
ume, and high specific surface area, so its addition could im-
prove the growth of microorganisms and accelerate the deg-
radation of OM (Li et al. 2009). However, DCD inhibits mi-
crobial activity; thus, the OM loss in the P + DCD treatment
was slightly lower than that in the P treatment, which was also
reported in a previous study (Zhang et al. 2016b). The tem-
perature profile also supports this conclusion (Fig. 2a).

Figure 2d shows the change in DOC concentration during
composting. The DOC contents in the three treatments rapidly
decreased on day 2, whichwas also found by other researchers
(Gomez-Brandon et al. 2008;Wang et al. 2016). This decrease
might be because microorganisms preferentially metabolized
the available carbon in the compost material during the initial
stage (Khan et al. 2014). Afterwards, the degradation of OM
produced a large amount of available carbon (Gomez-
Brandon et al. 2008), resulting in an increase in DOC. After
4 days, the DOC contents in CK, P, and P + DCD gradually
decreased until the end of composting to 6.2, 5.2, and
8.1 g kg−1, respectively, which all met the maturity require-
ment (Bernal et al. 2009).

At the beginning of composting, the TN contents sharply
decreased due to ammonia emissions (Fig. 2e). After day 2,
TN increased until the end of composting because of the degra-
dation of OM and the related concentration effect. The same
results were also reported in previous studies (Jiang et al.

2016; Wang et al. 2016). The final TN contents in the CK, P,
and P +DCD treatments were 22.1, 23.8, and 24.1 g kg−1, re-
spectively, corresponding to increases of 28.5%, 35.3%, and
33.5% compared with the initial TN contents. This result indi-
cates that the addition of additives exerted a stronger effect on N
conservation. P could promote a favorable environment for mi-
crobial growth and has an absorption effect (Li et al. 2009).
DCD inhibits nitrification and denitrification and reduces the
loss of nitrogen gas during composting (Jiang et al. 2016).

NH4-N reflects the transformation of nitrogen and is used
to assess the maturity of the compost during the composting
process (Bernal et al. 2009). As shown in Fig. 2f, the NH4-N
contents in the CK, P, and P + DCD treatments increased
sharply during the first 4 days, mainly due to microbial am-
monification (Santos et al. 2018). The maximum NH4-N con-
tent in all treatments was found on day 4, and the values in the
P and P + DCD treatments (3.2 and 3.8 g kg−1, respectively)
were significantly higher than that in the CK treatment
(2.6 g kg−1). The reason for these higher values was probably
that the high surface area and large number of micropores of P
could adsorb NH4-N or NH3, increasing the NH4-N content.
Similar results were reported by Wang et al. (2018b) for pig
manure composting with biochar and zeolite and byMan et al.
(2016) for food waste added composting with zeolite alone. In
addition, the addition of DCD inhibited nitrification and in-
creased the NH4-N content of the compost (Zhang et al.
2016b). Thereafter, the NH4-N content in the three treatments
gradually decreased until the end of composting, and the final
values were all less than 0.4 g kg−1, which is safe for the
compost to be used as soil amendment (Bernal et al. 2009).

Effect of P and DCD on the gaseous emission profile

As the main gaseous emissions during the composting pro-
cess, carbonaceous gases (CO2 and CH4) and nitrogenous
gases (NH3 and N2O) were analyzed in the present study,
and their changes during the composting process are illustrat-
ed in Fig. 3.

Changes in the CO2 and CH4 emission profiles

CO2 production is inevitable, and its emission rate reflects the
microbial activity during composting (Meng et al. 2018). In
the present study, CO2 emissions in all treatments sharply
increased during the first 2 days, remained high from days
3–7, and then gradually decreased until the end of composting
(Fig. 3a). The highest CO2 emission rates in the CK and P
treatments were recorded on day 3, at 26.5 and 32.1 g d−1,
respectively, while the maximum rate in P + DCD was on day
5, at 28.4 g d−1. This delay could have been due to the inhi-
bition of microbial activity by DCD (Zhang et al. 2016b).
Over the whole composting process, the cumulative CO2

emissions were 144, 193, and 170 g in the CK, P, and P +
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DCD treatments, respectively, and the emissions in the P and
P + DCD treatments were increased by 34.0% and 17.6%
compared with those in the CK treatment. All the differences
among the treatments were significant (P < 0.05). As an effec-
tive additive, P could increase the compost mixture porosity
and the requisite microbial activity. Similar results during
composting were reported by other researchers when adding
similar additives, such as biochar and medical stone (Awasthi
et al. 2018a; Liu et al. 2017).

The CH4 emissions in the present study rapidly increased
during the first 4 days (Fig. 3b), mainly due to the rapid de-
pletion of oxygen via the decomposition of OM (Sanchez
et al. 2015). At days 4 and 8, turning could have created more
evenly mixed piles and eliminated the anaerobic environment;
thus, the CH4 emissions sharply decreased and then remained
at a low level during the maturation phase. Over the whole
process, the cumulative CH4 emissions in the CK, P, and P +
DCD treatments were 16.7, 11.5, and 15.2 g, respectively. On
the one hand, the addition of P could have increased the
porosity of the compost piles and microbial activity. Awasthi
et al. (2016) observed that the addition of biochar and zeolite
(also a bulk material, as is P) could significantly reduce CH4

emissions during SS composting. On the other hand, high
NH4-N could inhibit methanogen activity and reduce CH4

emissions during composting (Jiang et al. 2016). During the
first 8 days, the NH4-N contents in the P and P + DCD treat-
ments were significantly higher than those in the CK treatment
(Fig. 2f). Thus, the cumulative CH4 emissions in the P and
P + DCD treatments were lower than those in the CK treat-
ment by 31.5% and 33.0%, respectively.

Changes in the NH3 and N2O emission profiles

NH3 emissions are the main nitrogen loss pathway during the
composting process (Bernal et al. 2009). The NH3 emissions
increased sharply during the first 5 days, reached the highest
values on day 5, decreased quickly during days 5–10, and
remained at a low level until the end of composting (Fig.
3c). The maximum NH3 emissions were 177.1, 120.3, and
143.0 g d−1 for the CK, P, and P + DCD treatments, respec-
tively. In addition, the cumulative NH3 in the P and P + DCD
treatments was reduced by 40.9% and 22.3%, respectively,
compared with that in the CK treatment. The results showed
that P advantageously reduces NH3 emissions. DCD increased
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Fig. 3 Changes in CO2 (a), CH4 (b), NH3 (c) and N2O (d) emissions during SS composting
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the NH4-N content in the P + DCD treatment due to its inhi-
bition of nitrification (Zhang et al. 2016b); thus, the cumula-
tive NH3 emissions in the P + DCD treatments were slightly
higher than those in the P treatments. The reduction of NH3

emissions by the additive can be explained by two factors: the
ability to absorb NH3, as observed for additives such as bio-
char, zeolite, and bentonite (Awasthi et al. 2016; Jiang et al.
2014; Wang et al. 2018b), and the reaction of NH3 with the
mineral additive to form an ammonium salt, as observed for
additives such as calcium superphosphate, phosphogypsum,
and phosphorus and magnesium salt (Jeong and Hwang 2005;
Jiang et al. 2014, 2016). Obviously, the ability of P to reduce
NH3 emissions was mainly due to the high adsorption capac-
ity for NH4-N and NH3 of the composting mixture.

N2O, an important GHG, is thought to have a 298-fold
higher global warming potential than CO2 (IPCC 2007).
During the first 5 days, the N2O emissions in all treatments
were very low (Fig. 3d), mainly because the high temper-
atures (Fig. 2a) limited the activity of nitrifying and
denitrifying bacteria (Sanchez et al. 2015; Sommer and
Møller 2000). After day 5, the N2O emissions in all treat-
ments rapidly increased mainly because the temperature
decreased and some anaerobic pockets formed, which are
conducive to the production of CH4 (Wang et al. 2016).
The maximum values in CK and P were 43.5 and
38.9 mg d−1, respectively, on day 10, while the peak values
in P + DCD were 20.6 and 38.9 mg d−1, respectively, on
day 8. This difference was a result of the second DCD
addition on day 8 in the P + DCD treatment, which
inhibited nitrification and denitrification, resulting in a de-
crease in N2O emissions on day 10. Over the entire exper-
imental period, the cumulative N2O emissions were 358.4,
284.6, and 236.7 g in the CK, P, and P + DCD treatments,
respectively, and the cumulative N2O emissions in the P
and P + DCD treatments were reduced by 20.6% and
33.9% (P < 0.05), respectively, compared with those in
the CK treatment. Similar to P, Wang et al. (2018b) report-
ed that the combined addition of zeolite and biochar re-
duced N2O emissions by 37.7% compared with the addi-
tion of biochar alone during the composting of pig manure
and vinegar, mainly because zeolite absorbed N2O in the
compost. In addition, P could improve the aeration by in-
creasing the porosity and decreasing the denitrification
rate. A similar result was found in a previous study by
Awasthi et al. (2018a), who composted pig manure with
medical stone.

Based on the profiles of NH3, N2O, CH4, and CO2 emis-
sions, the P + DCD treatments decreased the cumulative gas-
eous emissions by 22% for NH3, 34% for N2O, and 33.0% for
CH4 compared with the control, respectively. Thus, the com-
bined addition of pelelith and dicyandiamide (DCD) was sug-
gested for reducing the emissions of NH3 and greenhouse
gases during SS composting.

Effects of P and DCD on the composition of fungal
communities

A total of 327,066 high-quality sequences were obtained from
the SS composting samples in the three treatments and were
clustered into 1054 fungal OTUs based on a 0.03 difference
threshold. The number of OTUs of the seven samples ranged
from 335 to 557, and the highest number was found in the
initial SS. The number of fungal OTUs decreased after
composting, which could have been a result of the environ-
mental conditions, especially the high temperatures during the
thermophilic stage, because such conditions are more restrict-
ed niches and can even eradicate fungal pathogens (Boulter
et al. 2002). A similar result was reported by Wang et al.
(2018a), who composted cow manure and wood chips.

The coverage (Table 2) of all samples was high at above 0.99,
which validated the sequencing results and means that the data
could reflect the actual characteristics of the reactors. The Chao
and Ace indexes in P were higher than those in CK both during
the thermophilic andmaturity stage. However, the Chao andAce
indexes in P +DCD essentially the same as those in CK during
the thermophilic stage but were obviously increased during the
maturity stage. During the thermophilic and maturity stages, the
Shannon index decreased in CK but increased in P and P +
DCD,whereas the Simpson index increased inCKbut decreased
in P and P +DCD. Based on all the alpha diversity indexes, the
addition of DCD decreased the fungal community richness and
diversity during the thermophile stage because of its inhibitory
effect onmicroorganisms. These data also supported the positive
influence of P on the microbial communities and activity during
the composting process. The high total pore volume and specific
surface area of P created a suitable habitat and acted as a struc-
tural amendment for the growth of microorganisms, similar to
biochar (Mao et al. 2018). In addition, as a mineral, P could
provide inorganic nutrients to benefit the endogenous and exog-
enous microbial communities.

Figure 4a shows the relative abundances of fungi at the
phylum and genus levels of the initial SS and composting
samples. Only three fungal phyla (relative abundance of over
1%) were detected throughout the composting: Ascomycota,
unclassified_k_ fungi, and Basidiomycota. Unclassified_k_
fungi were the dominant fungal phyla, accounting for 67 to
51% of the fungal community in the initial SS during the
thermophilic stage in the three treatments. A similar result
was reported by Tian et al. (2017), who found that the fungal
community was dominated by unclassified_k_ fungi, with an
abundance of 51.4% in the initial stage during the composting
of Chinese medicinal herbal residues. The relative abundance
percentage of unclassified_k_ fungi during the thermophilic
stage in the three treatments decreased to 51%, and the values
in the maturity stage in the CK, P, and P + DCD treatments
were continuously reduced to 35.9%, 28.7%, and 23.1%, re-
spectively. However, the relative abundance percentage of
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Ascomycota gradually increased to 61.8%, 66.3%, and 72.9%
in the maturity stage in the CK, P, and P + DCD treatments,
and this phylumwas the dominant fungal phylum at the end of
composting. A similar result was found by Wang et al.
(2018a), who reported that the main fungal communities were
Ascomycota (> 90%) during the maturity stage when
compos t i ng cow manure and wood ch ips . Fo r
Basidiomycota fungi, the relative abundance in the P and
P + DCD treatments was significantly lower than that in the
CK treatment in the thermophilic stage but significantly in-
creased by 221% and 120% compared with that in the CK
treatment during the maturity stage. Ascomycota and
Basidiomycota are the main fungal decomposers in organic
waste composting and their high abundance is beneficial for
the degradation of OM (Neher et al. 2013; Yu et al. 2015).
Thus, the addition of P and DCD accelerated the degradation
of OM, and the OM profiles of the CK, P, and P + DCD treat-
ments also support this conclusion (Fig. 2c).

At the genus level, a total of 17 genera that exceeded 1%
were identified in the three treatments. As shown in Fig. 4b,
the main fungal genera included unclassified_k_ fungi,
Trichoderma, Aspergillus, Talaromyces, Penicillium, and
Pseudeurotium. It has been reported that Aspergillus can
adapt to the changes in temperature, pH, and moisture

during composting, and Zhang et al. (2016c) and Tian et al.
(2017) reported Aspergillus as the dominant genus during
agricultural waste and Chinese medicinal herbal residue
composting, respectively. Neher et al. (2013) found that
Talaromyces was the dominant genus during composting of
manure mixed with hardwood. Thermomyces has been re-
ported by many researchers as the dominant genus during
composting (Awasthi et al. 2017; Zhang et al. 2016c).
However, this genus was not detected in this study. In addi-
tion, Trichoderma was the dominant genus in this study but
was not reported by other studies during composting. These
differences may be due to the different raw materials used
because the physicochemical properties of raw materials have
a significant effect on the environment, which ultimately af-
fects the fungal community. Trichoderma, which can produce
cellulases, glucanases, pectinases, and xylanases, plays a cru-
cial role in degrading cellulose and hemicelluloses during
composting (Nsereko et al. 2002).

Statistical comparison of the relative abundances
showed that all of the top 10 classified fungal genera
except Guehomyces were more abundant in P than in
CK (Fig. 5a) during the thermophilic stage. However, in
this stage, only three genera were more abundant in P +
DCD than in CK (Fig. 5b). During the maturity stage, all

Fig. 4 Basic information on the fungal communities during composting.
a Phylum-level composition of the fungal communities (relative abun-
dances exceeding 1%). b Relative abundances of the classified fungal

genera (relative abundances exceeding 1%) detected during cow manure
composting at the genus level. (1) indicates the 4th sample, while (2)
indicates the 20th sample

Table. 2 Observed number of
OTUs, estimated indexes (Chao,
Shannon and Simpson, Ace) and
coverage during two sampling
stages in the different treatments

Items IS CK P P +DCD

(1) (2) (1) (2) (1) (2)

OTU 557 450 335 472 349 441 428

Chao 615.5 463.1 341.5 492.1 354.9 468.8 449.2

Ace 614.7 465.1 342.4 492.2 357.7 462.4 447.4

Shannon 3.81 4.28 4.02 4.15 4.42 4.06 4.17

Simpson 0.078 0.048 0.049 0.049 0.023 0.057 0.045

Coverage 0.997 0.999 0.998 0.999 0.999 0.999 0.999

(1) indicates the 4th sample, while (2) indicates the 20th sample, OTU stands for operational taxonomic unit
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of the ten top genera except for unclassified_k_ fungi
were more abundant in the P and P + DCD treatments than
in the CK treatment. This result suggests that DCD
inhibited microbial activity but did not kill microbes be-
cause DCD is a bacteriostatic agent rather than a bacteri-
cide (Luo et al. 2013). Similarly, Zhang et al. (2016b)
reported that 3,4-dimethylpyrazole phosphate, also an
NI, reduced the microbial richness but did not change
the evolution of bacterial community diversity.

Correlations between selected environmental factors,
gaseous emissions, and fungal communities

A correlation heat map of the relationship among the top 30
fungal genera and 6 selected environmental factors (temperature,
pH, TN,NH4-N,OM, andDOC) is shown in Fig. 6a. TN showed
a significant positive correlation with Ganoderma (R2 = 0.829)
and Penicillium (R2 = 0.899) and an extremely significant posi-
tive correlation with Talaromyces (R2 = 0.943) and Exophiala

Fig. 5 Statistical comparison of the relative abundances at the genus
level. a Comparison of the top ten genera between CK (1) and P (1). b
comparison of the top ten genera between CK (1) and P +DCD (1). c
Comparison of the top ten genera between CK (2) and P (2). d

Comparison of the top ten genera between CK (2) and P +DCD (2). (1)
indicates the 4th sample, while (2) indicates the 20th sample. Statistical
analysis was performed using the Mann-Whitney U test. n = 10 in each
group. *0.01 < P < 0.05, **0.001 < P < 0.001, ***P < 0.001

Fig. 6 Correlations between selected environmental factors, fungal
community members, and gaseous emissions. a Correlation heat map of
the top 30 genera and environmental factors. The x- and y-axes corre-
spond to the environmental factors and genera, respectively. R in different

colors to show, the right side of the legend is the color range of different R
values. *0.01 < P < 0.05, **0.001 < P < 0.001, ***P < 0.001. b RDA of
physiochemical properties and gaseous emissions during SS composting
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(R2 = 0.999). In addition, TN had an extremely significant nega-
tive correlation with unclassified_k_fungi (R2 = −0.943). OM
demonstrated a significant negative correlation with Exophiala
(R2 =− 0.886) and Ganoderma (R2 =− 0.886) and an extremely
significant negative correlation with Talaromyces (R2 =− 0.943).
NH4-N was significantly negatively correlated with Penicillium
(R2 = − 0.841) and Cephaliophora (R2 = − 0.886) and
Wickerhamomyces (R2 = − 0.886) and significantly positively
correlated with unclassified_f_norank_o_Pleosporales (R2 = −
0.886). Temperature showed an extremely significant positive
correlation with Mortierella (R2 = 0.986) and a significant nega-
tive correlation with Trichoderma (R2 = − 0.870) and
Ganoderma (R2 =− 0.841). pH had a significant positive corre-
lation with unclassified_f_norank_o_Pleosporales (R2 = 0.886)
and Mortierella (R2 = 0.829) and a significant negative correla-
tion with Cephaliophora (R2 = − 0.886). Wang et al. (2018a)
reported that pH, temperature, and C/N could explain 57.7%,
32.0%, and 3.1% of the variation in fungal genera data, respec-
tively, during cow manure composting. Yu et al. (2015) also
found that the majority of variation in the distribution of fungal
community structure could be explained by temperature, pH, and
TOC during agricultural waste composting.

In addition, redundancy analysis (RDA) was also conduct-
ed to investigate the correlation between the 6 selected envi-
ronmental factors and gaseous emissions (NH3, CO2, CH4,
and N2O) (Fig. 6b). The results showed that the first canonical
axes explained 80.3%, 74.3%, and 81.8% of the variation in
gaseous emissions data for the CK, P, and P + DCD treat-
ments, respectively. The relationship between gaseous
emissions and physicochemical indexes, especially
temperature, pH, OM, and TN, indicated that gaseous
emissions had been controlled by not only basic
environmental factors but also the transformations of carbon
and nitrogen. Similar results were reported by Awasthi et al.
(2018a, b) during SS composting. Overall, these results indi-
cate that temperature, pH, OM, and TN exerted the main ef-
fects on fungal activity and gaseous emissions during SS
composting.

Conclusions

This study investigated the effect of P and DCD on gaseous
emissions and the fungal community. The results indicated
that P could improve the composting process and accelerate
OM degradation. Moreover, the addition of P and DCD effec-
tively reduced NH3, N2O, and CH4 through their unique prop-
erties. Statistical comparison of the relative abundances
showed that the P and P + DCD treatments significantly in-
creased the fungal community richness at the genus level.
Temperature, pH, OM, and TN were found to be the signifi-
cant variables affecting the fungal community and gaseous
emissions during this study.
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