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Abstract

Background Penicillium oxalicum is an important fungal agent in the composting of cattle manure, but the changes
that occur in the microbial community, physicochemical factors, and potential functions of microorganisms at differ-
ent time points are still unclear. To this end, the dynamic changes occurring in the microbial community and phys-
icochemical factors and their correlations during the composting of cattle manure with Penicillium oxalicum were
analysed.

Results The results showed that the main phyla observed throughout the study period were Firmicutes, Actinobac-
teria, Proteobacteria, Bacteroidetes, Halanaerobiaeota, Apicomplexa and Ascomycota. Linear discriminant analysis
effect size (LEfSe) illustrated that Chitinophagales and Eurotiomycetes were biomarker species of bacteria and eukary-
ote in samples from Days 40 and 35, respectively. Bacterial community composition was significantly correlated

with temperature and pH, and eukaryotic microorganism community composition was significantly correlated

with moisture content and NH,*-N according to redundancy analysis (RDA). The diversity of the microbial communi-
ties changed significantly, especially that of the main pathogenic microorganisms, which showed a decreasing trend
or even disappeared after composting.

Conclusions In conclusion, a combination of high-throughput sequencing and physicochemical analysis was used
to identify the drivers of microbial community succession and the composition of functional microbiota during cattle
manure composting with Penicillium oxalicum. The results offer a theoretical framework for explaining microecological
assembly during cattle manure composting with Penicillium oxalicum.
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Background

The beef cattle industry is one of six unique industries
in the Ningxia Hui Autonomous Region. In recent years,
with the rapid development of large-scale and intensive
breeding operations, the amount of animal manure pro-
duced has increased sharply [1]. China’s annual rate of
animal waste production has reached approximately 3.8
billion tons, among which the amount of cattle manure
produced is as high as 1.38 billion tons, but the compre-
hensive utilization rate is less than 60% [2]. Due to the
large quantity of the discharged cattle manure and the
lack of safe treatment technologies, the manure cannot
be centralized in a timely manner and results in increas-
ingly severe environmental pollution [3]. Therefore,
finding methods to reasonably manage and use animal
manure has become an urgent problem to be solved.

At present, composting is the main method to treat
and utilize livestock and poultry manure [4]. Composting
involves the transformation of refractory organic matter
into stable and pathogen-free humus under aerobic con-
ditions and under the joint action of various microorgan-
isms, accompanied by a series of physical and chemical
reactions [5]. Livestock manure plays an important role
in improving soil fertility and crop production [6]. Cattle
manure contains macronutrients (i.e., nitrogen, phospho-
rus, potassium) and organic matter components. Thus, it
has a high potential for use as fertilizer. It is often used
in the production of biofertilizers; additionally, cattle
manure contains significant amounts of lignocellulosic
materials such as cellulose and hemicellulose and can
be used to produce solid fuels [7, 8]. However, conven-
tional composting techniques have drawbacks, such as
lengthy composting periods, sluggish cellulose decompo-
sition rates, and low levels of humus formation [9]. Some
microorganisms can secrete cellulase to hydrolyse cellu-
lose and degrade organic agricultural waste, so they are
used as compost inoculants [10]. In a previous study, to
improve the efficiency of composting, the physicochemi-
cal properties of organic matter and the microbial struc-
ture of piles were altered with the addition of beneficial
exogenous bacteria, and the microbial growth environ-
ment was optimized to improve the degradation effi-
ciency and degree of humification of the organic matter
[11]. Therefore, the addition of effective microbial agents
in the composting process produces better results than
traditional compost in terms of compost performance,
the cellulose degradation rate, the nutrient retention
rate, and the degree of maturation. It can also effec-
tively reduce pathogenic microorganisms in manure and
change various composting process characteristics, such
as temperature, pH, and the C/N ratio [12].

Penicillium oxalicum promotes cellulose degrada-
tion. It has a short growth cycle and high temperature
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resistance [13]. Penicillium oxalicum has strong cellu-
lase secretion abilities. It produces a complete cellulase
enzyme system with high enzyme activity and high yield
[13]. In the composting process, Penicillium oxalicum
can be used as a ripening agent, and the cellulose degra-
dation rate of inoculated material is 50% faster than that
in traditional compost [14]. In addition, the maximum
adsorption rates of Cu*" and Ni** by Penicillium oxali-
cum were 94% and 80%, respectively. It has a strong toler-
ance to heavy metals and has strong application potential
in soil heavy metal pollution remediation [15]. In fact,
during the composting of cow manure and straw as raw
materials, an experimental group inoculated with ther-
mophilic fungi had a longer high-temperature period, a
faster rate of decline in total organic carbon (TOC) and
C/N, a significant increase in total nitrogen content, a
higher degradation rate of cellulose and lignin, a higher
germination index (GI) value, and greater maturation
than did a control group [10]. Moreover, compared with
the control group, the microbial community structure of
the inoculated group significantly changed [13]. There-
fore, Penicillium oxalicum has good application potential
for compost production, cellulose degradation, biological
control, phosphorus solubilization, heavy metal adsorp-
tion, etc., and is an effective functional microorganism.

To date, many studies have confirmed that cattle
manure composting with Penicillium oxalicum results
in better composting efficiency than composting without
Penicillium oxalicum, and the structure of the micro-
bial community significantly changes with inoculation
[13, 14]. However, the changes that occur in the micro-
bial community and physicochemical factors during the
whole composting period for cattle manure inoculated
with Penicillium oxalicum and related correlations are
still unclear. Therefore, in this study, high-throughput
sequencing, physicochemical property analysis, and
other technologies were combined to accurately analyse
dynamic changes in microbial communities and com-
post physicochemical properties and explore the poten-
tial functions of microorganisms at different time points
in the composting of cattle manure with Penicillium
oxalicum.

Results

Changes in organic matter physicochemical parameters
during composting

The temperature profiles at the top, middle, and bot-
tom of the compost heap are shown in Fig. 1A. A lin-
ear increase in the temperature of the compost pile was
observed for 1-4 days, and the temperature of the mid-
dle layer reached 45°C on the 4th day. The compost
temperature remained above 45°C from 5-25 days. The
temperature of the compost pile slowly decreased linearly
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Fig. 1 Dynamics of physicochemical factors throughout the composting process. A Temperature, B moisture content%, C pH, D NH,*-N, ENO;™-N,
F total potassium, G total phosphorus, H crude fibre, I organic carbon, J arsenic, mercury, cadmium, lead, chromium, copper, zinc, and (K) chloride

ion contents
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from 25-34 days, and the temperature of the compost
pile was basically consistent with the outside tempera-
ture from Days 35 to 40. During the composting pro-
cess, the temperature on the 13th day was the highest,
at approximately 60°C, and the temperature was stable
(>50°C) from 15-25 days. According to the temperature
change, the composting process involved four stages: the
mesophilic stage (0 d~5 d), thermophilic stage (6 d ~25
d), cooling stage (26 d ~34 d) and maturation stage (35
d~40d).

During the composting process, the moisture con-
tent of the raw materials was approximately 53%, and
the moisture content decreased linearly with increasing
composting time. The moisture content of the compost
product on Day 40 was approximately 32% (Fig. 1B and
Table S1). The pH of the manure before composting was
approximately 9.6 and decreased linearly from Days 0 to
10, and the minimum pH was approximately 8.9. From
Days 10 to 40, the pH of the compost products was basi-
cally stable at approximately 9 (Fig. 1C and Table S1). The
NH,"-N and NO;™-N content in the compost decreased
from 1477.75 mg/kg and 874.41 mg/kg in the initial stage
to 207.04 mg/kg and 282.22 mg/kg on Day 40, respec-
tively, and they showed a linear decreasing trend (Fig. 1D,
1E and Table S1). The total potassium and total phos-
phorus levels decreased from 20.37 g/kg and 3.37 g/kg
to 20.17 g/kg and 2.45 g/kg, respectively, during the first
five days of composting. With manure composting, the
levels of total potassium and total phosphorus increased.
Their contents increased to 22.68 g/kg and 3.12 g/kg,
respectively, on Day 40 of composting (Fig. 1F, 1G and
Table S1). Crude fibre accounted for 24.55% of the raw
compost materials. From Day 0 to Day 30, the crude fibre
degraded rapidly, and its content decreased to 12.18%. Its
content remained stable from Day 30 to Day 40. Its con-
tent at the end of composting was 12.93%. Throughout
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the composting process, the content of crude fibre tended
to decrease (Fig. 1H and Table S1). The organic carbon
content showed a downwards trend. The organic carbon
content was 200 g/kg before composting and decreased
to 140 g/kg after composting (Fig. 11 and Table S1). There
was no difference in the composting process before and
after the transformation of metal constituents such as
arsenic, mercury, cadmium, copper, and zinc. The chro-
mium content decreased significantly after composting
(p<0.01) (Fig. 1J and Table S2). After manure compost-
ing, the chloride ion concentration tended to increase,
and there was a significant difference compared with that
on Day 0 (»<0.01) (Fig. 1K and Table S2).

Dynamic variations in the diversity and richness

of microbial communities

Alpha diversity of microbial communities

The species accumulation curve was plotted accord-
ing to the ASVs (Fig. 2). The species accumulation curve
gradually flattened, and the coverage rate of each sample
sequence was greater than 96%. The results showed that
the sequencing efforts were sufficient, the sequencing
data were representative, and the results were accurate
and objective. The Shannon index of bacteria increased
significantly from Day 30 to Day 40 of composting, while
the Chaol index decreased significantly with the com-
posting process. Compared with those at other time
points, the Chaol index of bacteria on Day 5 of compost-
ing was greater (p<0.05) (Table 1). The results showed
that the species richness of bacteria increased on the
5th day of composting, and the species richness of bac-
teria decreased on the 30th day. Furthermore, the Chaol
index of eukaryotic microorganisms on Day 10 was sig-
nificantly different (p <0.05) (Table 2), indicating that the
species richness increased compared with that at other
time points. There was no significant difference between

(B)

number of species

1000 2000 3000 4000 5000 6000 7000
|

0
I

number of samples

Fig. 2 Species accumulation curves. A Bacterial accumulation curves, B eukaryotic accumulation curves
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Table 1 Alpha diversity of bacterial communities in compost at
different time points

Samples Chao1l Simpson Shannon Coverage
Po0 4094.03+403.82%° 097+0007% 833+005% 0969
Po5 460858+199.525% 099+0.003% 879+007% 0964
Po10 3637.2+27895%°  098+0.003% 8.10+0.20° 0972
Po15 249583+280.94¢ 098+0002° 7.50+0.04< 0983
P020 3203.75+270.18<9 0.97+0008° 7.52+026 0.975
P025 2890.72+505.17 % 097+0006%° 7.10+034¢ 0977
Po30 2287.69+1723°  095+0006° 637+0.10° 0.982
Po35 236131+541.80€ 097+0004° 704+009¢ 0982
Po40 3291314516459 098400012 7.81+003% 0973

All values are listed with mean +SD, means follow by the same letter do not
differ significantly at p <0.05 level according to the Bonferroni test (n=3)

Table 2 Alpha diversity of eukaryotic communities in compost
at different time points

Samples Chao1 Simpson Shannon Coverage
Po0 866.12+8510%  084+0065° 468+052° 0.999

Po5 72507+10042°%¢ 0.70+0.093° 391+056% 0.999
Po10 12299+16233°  073+0096* 507+0.89°¢ 0.998
Po15 793.85+350.02°%° 067+0.095° 3.53+126% 0983
Po20 561.48+16061° 0.76+0299° 502+226% 0.999
Po25 30330+£60.98° 0926400292 4.97+029% 10

Po30 864.32+196.46 096+0012° 620+0.172 0999
Po35 605.23+27.18% 090400532 518+070°% 0999
Po40 24829+5335¢ 0.82+0.025° 364+032% 10

All values are listed with mean + SD, means follow by the same letter do not
differ significantly at p <0.05 level according to the Bonferroni test (n=3)
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the Shannon and Simpson indices of eukaryotic microor-
ganisms (p >0.05).

Beta diversity of the microbial communities (NMDS
analysis)

The results of the nonmetric multidimensional scaling
(NMDS) analysis showed that the community structure
of eukaryotic microorganisms significantly differed at the
different composting time points. However, the matrix
distances of the bacterial community were shorter than
those of the eukaryotic community (Fig. 3). For bacte-
ria, samples PoO and Po5 were clustered together, far
from samples Po35 and Po40, indicating that the bacte-
rial community composition at the mesophilic stage (Day
0-5) was different from that at the maturation stage (Day
35-40) (Fig. 3A). For eukaryotic microorganisms, sample
Po0 was far from Po40, and Po25 was clustered together,
indicating a significant difference in the composition of
the eukaryotic microorganism community between the
Oth day and 40th day (Fig. 3B).

Bacterial community succession

At the phylum level, a total of 28 bacterial phyla were
identified from samples collected at nine time points
during the composting process. The Fig. 4 lists the top
20 phyla in terms of relative abundance. As shown in
Fig. 4A, Firmicutes and Actinobacteria had the highest
relative abundances. This was followed by Proteobacte-
ria, Bacteroidetes, Halanaerobiaeota, Gemmatimona-
detes, and Chloroflexi. The bacteria in nine compost
samples were classified at the phylum level, and the rela-
tive abundance of bacteria tended to increase during the
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®) s
1.04
Group
05 e Po0
Po5
~ Po10
8 0.04 ® L ® Po15
= e ® Po20
z ° ® Po25
° ® Po30
-0.51 ° Po35
° Po40
[ }
-1.0+ °
B ; i
NMDS1

Fig. 3 Nonmetric multidimensional scale analysis of NMDS. A Bacterial NMDS analysis, B eukaryotic NMDS analysis
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Fig.4 Dynamic changes in the community composition of bacteria at the phylum level (A) and genus level (B)

composting process. Firmicutes, Proteobacteria, Actino-
bacteria, and Bacteroidetes were the dominant phyla in
Po0, and their relative abundances were 43.04%, 26.57%,
17.49%, and 11.74%, respectively. In Po5, the abundances
of Firmicutes and Proteobacteria decreased by 5.95%
and 10.57%, respectively, while the relative abundances
of Bacteroidetes and Actinobacteria increased by 14.1%
and 1.2%, respectively. With increasing temperature from
Days 10 to 25, the relative abundances of Firmicutes and
Bacteroidetes decreased by 26.54% and 7.71%, respec-
tively, while the relative abundances of Actinobacteria,
Proteobacteria, Gemmatimonadetes, and Chloroflexi
increased by 30.25%, 5.41%, 2.36%, and 1.26%, respec-
tively. In addition, the relative abundance of Halanaero-
biaeota increased from 0% to 5.87% and then decreased
to 1.58%. Compared with those in Po25, the proportions
of Bacteroidetes, Chloroflexi, Gemmatimonadetes, and
Deinococus Thermus increased in Po35 and Po40, while
the proportions of Proteobacteria and Patescibacteria
decreased. Actinobacteria were the dominant phylum in
Po30, Po35 and Po40.

The changes in the bacterial communities at the genus
level are shown in Fig. 4B. In the compost materials, the
dominant bacterial genera were Psychrobacter (19.06%),
Aequorivita (6.7%), Romboutsia (6.62%), and Corynebac-
terium_1 (6.41%). Paeniclostridium, Clostridium_sensu_
stricto_1, and Planococcaceae were also present. The
relative abundance of the dominant genus Aequorivita
increased to 14.59%, whereas that of Psychrobacter
decreased to 4.43% in Po5. However, when the tempera-
ture increased, the relative abundances of Psychrobac-
ter and Aequorivita decreased and eventually decreased
from 10 to 25 days, while the relative abundances of
Actinomadura and Longispora steadily increased from
0.01% and 0.03% to 20.88% and 10.00%, respectively.

Actinomadura became the dominant genus. In Po30, the
relative abundance of Actinomadura gradually decreased
to 11.09% with decreasing temperature. In Po35, the
relative abundance of Longispora gradually increased to
20.82%, and it was the dominant genus. In Po40, Actino-
madura was the dominant genus, and its relative abun-
dance increased to a maximum of 20.33%.

Succession of the eukaryotic microbial community

The eukaryotic microbial community structure at the
phylum level is shown in Fig. 5A. The relative abundance
of Apicomplexa (37.02%) in PoO was the highest, followed
by unclassified_Eukaryota, Cercozoa, Ascomycota, and
Neocallimastigomycota, accounting for 26.76%, 20.12%,
7.70%, and 4.25%, respectively. As the composting pro-
cess continued, the eukaryotic microbial community
structure in the samples changed significantly. From Day
0 to Day 10, the relative abundance of Neocallimatigomy-
cota declined steadily, and eventually, they were no longer
detected. From Day 10 to Day 20, the relative abundance
of Ascomycota increased from 0.07% to 28.33%, gradually
becoming the dominant phylum. In Po30, the abundance
of Ascomycota decreased to 0.99% due to the gradual
decrease in temperature, but its abundance increased to
19.18% in Po35. In the Po40 treatment at the maturation
stage, the relative abundance of Nematoda (71.56%) was
the highest, followed by that of Arthropoda (12.48%).
Moreover, compared with that of Po0, the relative abun-
dance of Apicomplexa decreased by 34.26%.

The community structure at each time point at the
genus level is shown in Fig. 5B. Throughout the com-
posting process, Cryptosporidium was present. In Po0,
the dominant genera were Cryptosporidium (36.99%),
unclassified_Eukaryota  (26.76%),  unclassified_Cer-
cozoa (17.36%), and Geotrichum (4.45%). The relative
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Fig. 5 Dynamic changes in the community composition of eukaryotic microorganisms at the phylum level (A) and genus level (B)

abundance of Chlamydomyxa quickly increased from
Day 0 to Day 5 of composting, from 0.43% to 52.62%, and
it became the dominant genus in Po5, whereas the rela-
tive abundance of Cryptosporidium declined by 14.35%.
The relative abundance of Chlamydomyxa peaked
at 54.08% in Pol0, whereas that of Cryptosporidium
declined to 2.37%. As composting progressed to the ther-
mophilic stage, the relative abundance of Chlamydomyxa
decreased to 1.57% in Po15, while the relative abundance
of Cryptosporidium increased to its maximum value of
48.09%. Melanocarpus (28.11%) gradually became the
dominant genus in Po20 at the thermophilic stage. With
decreasing temperature, the number of species of eukar-
yotic microorganisms decreased sharply in Po30, among
which Rhabditida was the dominant genus, with a rela-
tive abundance of 11.33%. In the Po35 and Po40 strains
at the maturation stage, the dominant genera were Ther-
momyces (16.46%) and Rhabditida (64.88%), respectively.

LEfSe of the bacterial and eukaryotic microbial
communities

To elucidate the differences in the microbial community
at various time points in the composting pile, biomark-
ers were separated using the linear discriminant analysis
effect size (LEfSe) method. The LEfSe results supported
LDA scores>4. The cladogram shows these indicator
groupings. Throughout the composting process, dif-
ferent taxa of bacteria and eukaryotic microorganisms
existed. As shown in Fig. 6A and B, 88 bacterial clades
presented statistically significant differences during com-
posting. LEfSe revealed that the bacterial biomarkers in
Po0 and Po5 were Pseudomonadales and Bacteroidetes
and were Firmicutes, Peptostreptococcaceae, Alphapro-
teobacteria, and Actinobacteria in Po10, Pol5, Po20 and
Po25. The biomarker organisms in Po30, Po35 and Po40

were Balneolaceae, Actinobacteria and Chitinophagales,
respectively. When the LDA threshold was>4, 35
eukaryotic clades also showed statistically significant
differences during composting. Saccharomycetes and
Saccharomycetales were biomarker species in Po0. Chla-
mydomyxa, Conoidasida, and Ascomycota were indica-
tor groups in Pol0, Pol5 and Po20 for the thermophilic
stage, while Eurotiomycetes was the biomarker in Po35 at
the maturation stage (Fig. 6C, D).

Pathogenic microorganism analysis
The changes in the relative abundance of pathogenic
microorganisms associated with cattle during compost-
ing are shown in Table S3 and Table S4. During the com-
posting process, most prokaryotic pathogens showed an
increasing trend from Day O to 10, a decreasing trend
from Day 10 to 25, and an increasing trend from Day 25
to 30. There was a negative correlation between tempera-
ture and microbial changes. The results showed that low
temperatures promoted the growth of microorganisms,
while high temperatures reduced the content of micro-
organisms. Corynebacterium and Clostridium, the main
pathogens that cause bovine diarrhoea, and pathogenic
bacteria that cause bovine respiratory infections, includ-
ing Staphylococcus, Actinomyces, Klebsiella, Proteus, and
Acinetobacter, multiplied to reach large numbers within
0-10 days. However, after 10 to 25 days of high-tempera-
ture composting, the number of these bacteria decreased
significantly, or they were no longer detected. However,
in the composting process, the abundances of Bacillus,
Streptococcus, and Escherichia Shigella decreased with
increasing temperature and gradually increased with
decreasing temperature from the 30th to 40th days.

With increasing temperature during composting, the
relative abundances of Entamoeba, Cryptosporidium,
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Eimeria, Candida, Aspergillus, and other eukaryotic
microorganisms decreased, or these organisms disap-
peared completely. The results showed that high tem-
perature inhibits the growth of most parasites and fungi.
In Po35 and Po40, the relative abundances of Rhabditida
and Arachnida tended to increase.

Relationships between the microbial community

and environmental factors

A link between environmental conditions and the growth
of bacteria and eukaryotes was demonstrated using
redundancy analysis (RDA). The arrows in the image
indicate different environmental factors, and the length
of the arrows shows the size of the impact. The first axis
accounted for 59.15% and 28.78% of the observed bacte-
rial (Fig. 7A) and eukaryotic (Fig. 7B) diversity, respec-
tively, and the second axis accounted for 10.23% and
9.9%, respectively. Temperature, NH,*-N, and NO; -N
had significant effects on the bacterial community, while
moisture content, NH,"-N, and NO,; -N had signifi-
cant effects on the eukaryotic community composition.
Angles less than 90 degrees between the environmental
variables and sample dots indicate a positive correlation
in the graphs. Smaller angles show stronger relation-
ships. Temperature had a significant effect on the change
in the bacterial community from the 5th to the 25th day.
NH,"-N and NO; -N had a significant impact on the
composition of eukaryotic microorganism communities
over the first 15 days.
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Discussion

In this study, dynamic changes in physicochemical factors
and microbial diversity and abundance were observed in
different stages of cattle manure composting with Penicil-
lium oxalicum. Stable systems were formed as compost-
ing progressed due to interactions between microbes.
Not only did the relative abundance of microbes signifi-
cantly differ at the nine time points, but the composition
of dominant eukaryotic genera also fluctuated greatly.
After composting, we found that the relative abundance
of the main pathogenic microorganisms showed an over-
all downwards trend, or they were not detected. This also
indicated that the environmental contamination poten-
tial of the organic material was reduced [13].

Changes in the physicochemical properties and internal
microbial interactions propel the succession of microbial
communities [16]. In our study, physicochemical indices
played a crucial role in the evolution of microbial com-
munities [17]. Nitrogen and organic carbon are crucial
components for microbial development and energy pro-
duction in the composting process [18]. In addition, the
C/N ratio is thought to be a good indicator of decomposi-
tion and composting; a lower C/N ratio indicates a more
mature state of decomposition and composting [19, 20].
On the 59th day after cattle manure composting under
natural conditions, the C/N ratio was 17.23 [21], while on
the 40th day after cattle manure composting with Peni-
cillium oxalate, the C/N ratio reached 12.96, which sat-
isfied the requirement for compost maturity <20 [22]. In
this study, the temperature exceeded 55 °C on the 10th
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Fig. 7 Redundancy analysis (RDA) of bacterial communities and environmental factors. RDA was used to assess relationships among bacterial
communities (A), between environmental factors and eukaryotic microorganism communities (B) and among environmental factors
during the composting process. The values on the axes are the variabilities explained by the corresponding axes
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day, and temperatures above 55 °C were maintained
for more than 10 days. The natural compost of cattle
manure reached a maximum temperature of 55 °C at 41
d and remained above 55 °C for only two days [23]. This
is consistent with the results of previous studies on the
composting of cattle manure with Penicillium oxalicum,
and the composting period was shorter than that under
natural conditions [13, 21]. Moreover, pH not only affects
the activity of microorganisms but also affects the pres-
ence of nitrogen in the compost system. With increas-
ing temperature, microorganisms decompose proteins
to produce NH,", which accelerates the conversion of
organic nitrogen into NH,*-N, resulting in an increase
in pH. However, the acid produced by microorganisms
also reduces the pH of compost piles [24]. In addition,
pH is impacted by moisture content changes caused by
water evaporation [25]. In our study, the pH fluctuations
were largely consistent with changes in NH,"-N, indicat-
ing that microbial denitrification may be important for
pH changes. In another study, mature compost prepared
from cattle manure was inoculated with the lignocellulo-
lytic fungus Penicillium expansum. Compared to uninoc-
ulated compost, inoculated compost exhibited more than
1.2 g kg™'-dw more NH, "-N, and lignocellulose degrada-
tion proceeded 57.5% faster [14]. This is consistent with
the downwards trend in NH,"-N observed in this study.
Furthermore, pH fluctuations may have an impact on the
progress of the composting process and microorganisms
[26].

Due to changes in the organic matter physicochemi-
cal properties and the degradation of compost mate-
rials, the main microorganisms in the raw compost
materials changed continuously during composting. In
this study, high-throughput sequencing was used to ana-
lyse changes in bacterial and eukaryotic microbial com-
munities during the composting of cattle manure with
Penicillium oxalicum. Different temperature stages typi-
cally occur during composting. The results showed that
the Chaol and Shannon indices of bacteria were signifi-
cantly greater in Po5 than at the other time points and
were the lowest in Po30. However, unlike bacteria, the
relative abundance of eukaryotes decreased significantly
in Pol5 and Po25. The results showed that the bacte-
rial and eukaryotic communities responded differently
to temperature, which is consistent with the results of
Tiquia et al. [27]. Therefore, this study showed that high
temperatures had a significant screening effect on the
eukaryotic community, while the relative abundance and
diversity of the bacterial community increased under
high temperatures. Due to changes in physicochemical
parameters and the degradation of organic matter, the
composting process significantly affects the microbial
population [28]. Bacteria might be able to survive under
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high-temperature conditions because bacterial growth is
supported by the organic matter present in the manure
compost system [29]. Numerous mesophilic micro-
organisms die or hibernate in the thermophilic stage
(Po10~Po025), and thermophilic microorganisms play a
crucial role in the degradation of organic waste [30]. As
a result, throughout the whole composting process, the
crude fibre content gradually decreased, notably during
the thermophilic stage. In Po30 and Po35, the amount
of crude fibre tended to remain steady. The crude fibre
content gradually stabilized during the cooling and mat-
uration stages, as there was no significant difference in
crude fibre between Po30 and Po40. A similar result was
reported in another study wherein thermophilic micro-
bial consortium inoculation enhanced organic matter
degradation and improved humification during compost-
ing [31]. In addition, relevant studies have shown that the
degradation of organic matter is a key parameter reflect-
ing the mineralization and conversion of organic matter
in the composting process [32]. In the mesophilic stage,
soluble and easily decomposed organic matter such as
sugars breaks down first, resulting in a continuous heat-
ing of the pile. During the thermophilic stage, cellulose
and protein decompose, and the organic matter content
decreases. During the cooling stage, the residual lignin
and other substances further decompose, and the organic
matter content further decrease. As the composting pro-
cess reaches maturity, the content of organic matter grad-
ually stabilizes [33].

In this study, the relative abundances of Firmicutes and
Proteobacteria were greater in the first 10 days of com-
posting, which was consistent with the findings of Vidya
de Gannes [34]. Firmicutes was the predominant phylum
in the early stages of composting, and its relative abun-
dance gradually increased. This bacterium can adapt
to composting systems consisting of various organic
wastes and has the ability to efficiently utilize carbohy-
drates [35]. Proteobacteria can degrade macromolecular
polysaccharides such as starch and cellulose, which play
important roles in the composting process [36]. In Pol5,
Po20 and Po25 of the thermophilic stage, Firmicutes and
Actinobacteria became the dominant phyla, probably
because Firmicutes can produce endospores and have
the ability to resist extreme environments [37, 38]. The
relative abundance of Actinobacteria gradually increased
from the thermophilic stage to the maturation stage and
dominated the maturation stage. This result was similar
to those of previous studies [28, 39]. Actinobacteria have
the ability to effectively degrade cellulose, hemicellulose,
and lignin [39]. In our study, the eukaryotic community
significantly changed during composting, which was con-
sistent with the findings of Langarica Fuentes et al. [40].
There were relatively high abundances of Ascomycota
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throughout the entire composting process on Days 0, 20,
and 35. Relevant studies have shown that Ascomycota
is the dominant phylum during the composting of cow
manure and corn straw [41]. This might occur because
Ascomycota can effectively utilize nutrients in compost
materials and release a number of enzymes that degrade
cellulose and hemicellulose [42]. Our study revealed that
Melanocarpus and Thermomyces were the dominant
eukaryotic genera on Days 20 and 35, respectively. Mel-
anocarpus is a thermophilic eukaryotic genus that can
produce endoglucanase [43]. During the composting pro-
cess, cellulose and lignin can be effectively decomposed,
which may be very important for promoting the humifi-
cation of compost [44]. The abundance of Thermomyces
was related to the degradation of hemicellulose. There-
fore, Thermomyces may have high activity, releasing heat
by decomposing hemicellulose and increasing compost
maturity in the late composting stage. Overall, eukaryotic
communities play a crucial role in degrading different
organic materials, and potential strains that effectively
improve compost efficiency have been identified.

Redundancy analysis revealed that the abundance
and community composition of bacteria and eukaryotes
at different composting time points were significantly
affected by different physicochemical parameters. The
effect of NH,*-N and NO,;™-N on the composition of the
bacterial community was more significant than that on
the composition of the eukaryotic community, indicat-
ing that bacterial community succession was more sen-
sitive to changes in NH,"-N and NO; -N. This might
occur because NH,"-N is the preferred nitrogen source
for most microorganisms [44]. In addition, the abun-
dances of Psychrobacter, Romboutsia, Chlamydomyxa,
and Cryptosporidium were significantly positively corre-
lated with NH,"-N and NO,;™-N. These results are sim-
ilar to those of previous studies [26], in which NH,*-N
and NO;™-N were the main environmental factors affect-
ing the bacterial community structure in the compost-
ing process of agricultural waste. Therefore, NH,*-N and
NO;™-N are important factors that affect the composting
process.

There are several limitations to this study. First, we did
not use a negative control to monitor the effect of envi-
ronmental factors on the composting process of cattle
manure without Penicillium oxalicum. However, the high
efficiency of Penicillium oxalicum in cellulose degrada-
tion was confirmed in preliminary experimental studies
conducted by our research group. Moreover, Penicillium
oxalicum has been successfully used to decompose straw
returned to fields [45]. Therefore, we used samples col-
lected on Day 0 as controls to track changes in the phys-
icochemical indices and microbial diversity of the piles
at various time points during the composting process in
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the presence of Penicillium oxalicum. Second, the analy-
sis of bacterial and eukaryotic microorganism communi-
ties was mainly based on the analysis of 165 rRNA and
18S rRNA gene sequences, which was not sufficient to
reveal the functions of the strains and microorganisms
[46]. Third, we did not monitor the complete transfor-
mation process of Penicillium oxalicum. Due to limita-
tions related to 18S rRNA gene sequencing, it could not
be classified at the Penicillium genus level. Therefore,
Penicillium oxalicum is represented as “d_Eukaryota,
p_Ascomycota, c_Eurotiomycete” [47]. Despite these
shortcomings, this study helps to clarify the dynamics
of bacterial and eukaryotic microbial communities dur-
ing the composting of cattle manure in the presence of
Penicillium oxalicum and their correlation with phys-
icochemical indicators. Therefore, microbial additives
that facilitate the decomposition of organic matter or
promote the nitrogen cycle in the late stage can be devel-
oped, and physicochemical indices can be regulated to
improve the efficiency of cattle manure composting and
improve compost maturation rate and quality.

Conclusions

In conclusion, a combination of high-throughput
sequencing and physicochemical analysis was used to
identify the drivers of microbial community succession
and the composition of functional microbiota during
the composting of cattle manure with Penicillium oxali-
cum. The results showed that the species and relative
abundances of bacteria and eukaryotes changed signifi-
cantly. The dominant bacterial phyla in the composting
process included Firmicutes and Actinobacteria for bac-
teria and Apicomplexa and Ascomycota for eukaryotes.
RDA revealed that temperature, pH, moisture content,
NH,*-N, and NO;™-N had significant effects on the suc-
cession of the bacterial and eukaryotic communities.
The results confirmed dynamic changes in the bacterial
and eukaryotic microbial communities and relationships
between the microorganisms and physicochemical indi-
ces during the whole composting period of cattle manure
with Penicillium oxalicum. The results of this study pro-
vide a theoretical basis for the real-time monitoring of
microbial growth and physicochemical factors in the
composting of cattle manure with Penicillium oxalicum.
Moreover, this study provides a scientific basis for the
efficient utilization of livestock and poultry manure.

Methods

Composting experiment and sample collection

Cattle manure was collected from a cattle farm in Yin-
chuan, Ningxia. The microbial composting agent used
was Penicillium oxalicum (KY781806.1) [45], at 1x 108
CFUs mL™}, and the addition rate was 2%. The manure
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and Penicillium oxalicum were mixed evenly and piled
into a trapezoid with a base width of 1.5 m, a top width
of 0.8 m, and a height of 1.2 m at a composting site. The
composting process was simple aerobic composting, and
the composting time was 40 days.

Samples were taken from the top 1/3, 1/2, and bottom
1/3 of composted cattle manure on Days 0, 5, 10, 15, 20,
25, 30, 35, and 40. The samples were uniformly mixed
and referred to as Po0, Po5, Pol0, Pol5, Po20, Po25,
Po30, Po35, and Po40. The sample was divided into three
parts, one of which was packed into a 15 mL cryopreser-
vation tube and stored in liquid nitrogen for the detec-
tion of both prokaryotic and eukaryotic microorganisms.
The other part was stored at 4 °C for the measurement
of physicochemical indicators such as moisture content,
pH, organic carbon, and total phosphorus. In the third
part, 10% tartaric acid was added to 100 g of manure for
nitrogen fixation, which was used for the determination
of total nitrogen, NH,*-N, NO;™-N, and other indicators.

Determination of physicochemical parameters

The temperature of the environment and the temperature
at the top 1/3, 1/2, and bottom 1/3 of the fermented cat-
tle manure were measured once daily for 40 consecutive
days. A fresh sample was placed in a beaker and allowed
to dry at 105 °C to a constant weight, after which the
moisture content of the sample was measured [48]. After
fresh samples were shaken in water at a ratio of 1:10 (w/v)
for 60 min at a speed of 120 rpm, pH was measured via
a pH meter [21]. Total organic carbon (TOC) and total
nitrogen (TN) content were determined by the potas-
sium dichromate volumetric method and the Kjeldahl
nitrogen determination method, respectively, and the
ratio of the two was the carbon—nitrogen ratio (C/N) [49,
50]. NH,*-N and NO,; -N were extracted with 2 mol/L
KCl and analysed by a dual channel flow analyser (AA3,
Germany) [51]. The contents of total potassium and total
phosphorus were determined by flame spectrophotome-
try [52]. The contents of arsenic and mercury were deter-
mined by atomic fluorescence spectrometry [53]. The
contents of cadmium, lead, chromium, copper and zinc
were determined by atomic absorption spectrometry [54,
55]. The chloride ion content in fertilizer was determined
by mercuric nitrate titration [56].

DNA extraction and PCR amplification

Total genomic DNA was extracted from the samples
using an OMEGA Soil DNA Kit (Omega Bio-Tek, Nor-
cross, GA, USA) following the manufacturer’s instruc-
tions, and the DNA was stored at -80 °C until further
analysis. The quantity and quality of the extracted
DNA were measured using a Qubit 2.0 (Thermo
Fisher Scientific, Waltham, MA, USA) to ensure that
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adequate amounts of high-quality genomic DNA had
been extracted.

PCR amplification of the V3-V4 region of the bacte-
rial 16S rRNA gene was performed using the forward
primer 338F (5-ACTCCTACGGGAGGCAGCA-3’) and
the reverse primer 806R (5-GGACTACHVGGGTWT
CTAAT-3, H stands for A, C, or T; V stands for A, C, or
G; W stands for A or T) [57]. Sample-specific 7 bp bar-
codes were incorporated into the primers for multiplex
sequencing. The V4 region of 185 rRNA was amplified
with forward primer 547 (5-CCAGCASCYGCGGTAA
TTCC-3) and reverse primer 18SV4 (5-ACTTTCGTT
CTTGATYRA-3] Y stands for C or T, R stands for A
or G) [58]. The PCR conditions for the 16S rRNA gene
V3-V4 region included pre-denaturation at 98 °C for
5 min, 25 cycles of denaturation at 98 °C for 30 s, anneal-
ing at 53 °C for 30 s, elongation at 72 °C for 45 s, and a
final post-elongation cycle at 72 °C for 5 min. The PCR
conditions for the 18S rRNA gene V4 region were pre-
denaturation at 98 °C for 5 min, 33 cycles of denaturation
at 98 °C for 30 s, annealing at 47 °C for 30 s, elonga-
tion at 72 °C for 45 s, and a final post-elongation cycle
at 72 °C for 5 min. The PCR products were purified with
Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nan-
jing, China). For additional high-throughput sequenc-
ing, purified PCR products were delivered to the Illumina
MiSeq platform at Shanghai Bioprofile Biotechnology
Co., Ltd. (Shanghai, China). The raw sequence data with
accession no. PRINA990501 for the 16S rRNA gene and
no. PRINA990510 for the 18S rRNA gene were deposited
in the NCBI Sequence Read Archive.

Sequence analysis

Illumina MiSeq" was used to sequence samples collected
at different composting time points [59-61]. Briefly,
raw sequence data were demultiplexed using the demux
plugin followed by primer cutting with the cutadapt
plugin [62]. Imported paired reads were quality-filtered,
denoised, dereplicated and merged using the plugin
DADAZ2 to generate the amplicon sequence variant (ASV)
feature table [63]. The feature sequence of each ASV was
annotated for species by the naive Bayes classifier pre-
trained in QIIME2 software through the Silva database
and the classification skylearn algorithm [64, 65]. The
Specaccum species accumulation curves of amplicon
sequence variants (ASVs) were generated to compare the
abundance of ASVs between samples. Species composi-
tion, alpha diversity, and beta diversity were analysed in
QIIME2 (2019.4) [66]. Additionally, linear discriminant
analysis effect size (LEfSe) analysis and redundancy anal-
ysis (RDA) were conducted using R software (v3.2.0) [67,
68]. The effective sequences of the compost samples at
different time points are shown in Table S5.
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Statistical analysis

Physicochemical data analysis

The data are presented as the mean + the standard devia-
tion. Significant differences between the physical and
chemical components of the composting process were
determined using one-way ANOVA with the Bonfer-
roni multiple comparison test. Statistical significance was
defined as p <0.05.

Bacterial and eukaryotic community structure analysis
Sequence data analyses were mainly performed using
QIIME2, and R software’s vegan package (v3.2.0) was
used to calculate the diversity index and richness index.
ASV-level alpha diversity indices, such as the Chaol rich-
ness estimator, Shannon diversity index, Simpson index
and Good’s coverage, were calculated using the ASV
table in QIIME2. Beta diversity analysis was performed
to investigate the structural variation in microbial com-
munities across samples using Bray—Curtis metrics [69]
and visualized via nonmetric multidimensional scal-
ing (NMDS) and unweighted pair-group method with
arithmetic means (UPGMA) hierarchical clustering
[70]. Linear discriminant analysis effect size (LEfSe) was
performed to detect differentially abundant taxa across
groups using default parameters [67]. Pathogenic micro-
organism data were assessed by one-way ANOVA with
the Bonferroni multiple comparison test. For all analy-
ses, p<0.05 was considered significant. The redundancy
analysis (RDA) method was used to analyse relationships
between microbial community changes and physico-
chemical parameters [71].
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