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The aim of this work was to investigate the effects of initial C/N ratio on the total losses of N and C during
composting of cattle manure/corn stover mix, and to analyze how the initial C/N ratio impacts the suc-
cessive progression of the microbiota to affect losses of N and C during the composting. Results indicated
that the least of C-loss and N-loss occurred in 35:1 of initial C/N ratio. The succession of predominant bac-
teria in the composting mix was significantly affected by the temperature and the initial C/N ratio.
Redundancy analysis showed that significant negative correlations existed between nitrogen fixing bac-
teria and N- and C-losses, and significant positive correlations existed between denitrifying bacteria and
N- and C-losses. Higher initial C/N ratio appeared to promote growth of nitrogen fixing bacteria while
compress the denitrifying bacteria. These results indicated that adjustment of the initial C/N ratio is an
important way to control the losses of N and C in the compost. In addition, beneficial nitrogen fixing bac-
teria could potentially be screened and used as composting supplements to improve the quality of the
compost.

� 2020 Published by Elsevier Ltd.
1. Introduction

Composting is one of the most effective methods for disposal of
organic wastes. Using composts as organic fertilizer or soil amend-
ments to improve soil fertility and biological activity and agricul-
tural productivity is gaining popularity (Yang et al., 2019).
Composting is a complex biological process which is profoundly
affected by properties of the organic materials and environment
factors, such as C/N ratio, nutrient content, particle size, moisture
content, temperature, pH, aeration, etc. (Jain et al., 2018). Among
these parameters, the initial C/N ratio is regarded as a key factor
affecting the composting process as well as the properties of the
products (Huang et al., 2004; Kumar et al., 2010). Lower C/N ratio
facilitates the release of more soluble basic salts (Awasthi et al.,
2014) and expedites nitrogen loss (Ren et al., 2010), while higher
C/N ratio may lead to slower decomposition rates and longer com-
posting cycle due to inadequate supply of N to support optimal
microbial growth (Qiao et al., 2019), the most suitable initial C/N
ratio for composting has been found to be within 20:1–30:1 (Gao
et al., 2010).

Losses of nitrogen (N) and carbon (C) are inevitable during the
composting process due to the release of gaseous metabolic prod-
ucts such as NH3, N2O, CO2 and CH4 (Chen et al., 2019a; Ren et al.,
2019). This not only is an environmental concern, but also leads to
the decline of compost quality (Hao et al., 2004; Lim et al., 2017).
Moreover, the microbial diversity and activity of the compost are
also of great importance as they could affect microbial diversity
and activity of the soil. During the composting process, the micro-
biota of the compost inevitably undergoes species succession
(Bernal et al., 2009; Collins et al., 2006; He et al., 2013; Kumar,
2011). Previous studies have reported the effect of the initial C/N
ratio on N-loss and C-loss (Eghball et al., 1997; Ekinci et al.,
2019; Ogunwande et al., 2008) and correlations between dominant
microbiota and environmental factors (e.g., TN, TOC, pH, NH4

+-N,
NO3

–-N, C/N) (Meng et al., 2018; Yin et al., 2019). However, how
the initial C/N ratio impacts the successive progression of the
microbiota in different raw materials to affect losses of N and C
during composting remains unclear. Understanding this connec-
tion would be very useful to improve the efficiency of composting
and the quality of composting products.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2020.01.006&domain=pdf
https://doi.org/10.1016/j.wasman.2020.01.006
mailto:zhangwm@gsau.edu.cn
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Therefore, the primary objective of this study was to investigate
the change of total losses of N and C during regular composting of
cattle manure/corn stover mix with different initial C/N ratios, to
characterize the succession of dominant species of microorganism
during these processes using 16S rRNA gene sequencing through-
out the four main composting stages, and to identify potential ben-
eficial bacteria in composts with different initial C/N ratios. By
analyzing the correlations between dominant bacterial species
and the total losses of N and C, we aimed to better understand their
roles in determining the total losses of N and C, and to identify pos-
sible means to ameliorate appropriate C/N ratio and/or inoculate
beneficial bacteria in the composting mix to improve the quality
of composting products, and to reduce the negative environmental
footprint of the operation.
2. Materials and methods

2.1. Raw materials

The cattle manure (CM) and corn stover (CS) were collected
from the farm of Zhongcha village, Huining county of Gansu pro-
vince. Selected characteristics of the raw materials are shown in
Table 1.
2.2. Composting and sampling

The CS was cut into pieces about 10 mm in size. Cattle manure
was mixed with the CS to adjust the moisture content of the mix-
ture materials to around 60% (The initial moisture content of the
cattle manure was ~74.4%, it was dried to below 60% under natural
condition, and then CS and water was added into the mixture to
adjust the moisture content to around 60%) and C/N ratio of
20:1, 25:1, 30:1 and 35:1 to produce four types of composting
materials (referred to as four ‘‘treatments”, A, B, C and D). The com-
posting materials were packed loosely in an open box
(60 � 60 � 45 cm, with a 90% fill) with colorful steel plate ceiling
and composted under outdoor conditions (from Oct. 6th to Nov.
6th of 2018, Lanzhou, Gansu province) for 30 days. Three batches
for each treatment were made as replicates. Each composting pile
was turned once every three days. The temperature at the center of
each pile as well as ambient temperature were measured twice a
day at 9 am and 3 pm, respectively, and averaged and recorded.
Day 1, 3, 12 and 30 were the time points representing the initial
stage, the high-temperature stage, the decreasing-temperature
stage and the maturity stage according to the center temperature,
denoted by I, II, III and IV, respectively. All the piles were weighed
and then blended before sampling. Samples were collected on days
1, 3, 6, 12, 15 and 30 with 1 kg (wet mass). Every sample was
divided into three equal parts. One part was stored at 4 �C and used
for pH, electronic conductivity (EC) and the seed germination index
(GI) analysis, and another was air-dried and passed through a
0.1 mm sieve for total organic carbon (TOC) and total nitrogen
(TN) analyses. The third part was vacuum-packed, frozen at
�80 �C, and sent to Shanghai BIOZERON Co., Ltd for the 16S rRNA
Table 1
Properties of raw materials.

Parameters Cattle manure Corn stover

Moisture content (%) 74.39 ± 0.85 11.05 ± 0.19
TOC (g/kg) 386.9 ± 5.2 486.19 ± 8.7
TN (g/kg) 19.15 ± 0.32 6.09 ± 0.18
C/N 20.30 ± 0.27 80.96 ± 0.42

Note: Values indicate mean ± standard deviation based on the samples with three
replications. TOC: total organic carbon, TN: total nitrogen, C/N = TOC/TN.
gene sequencing and analysis (only samples collected on day 1,
3, 12 and 30 were sent for 16S rRNA gene sequencing).

2.3. Analyses of physico-chemical parameters

The chemical composition of the raw materials as well as each
fresh sample collected during the composting process was deter-
mined as follows: Moisture content was measured with oven dry-
ing method, total organic carbon (TOC) and total nitrogen (TN)
were measured by potassium dichromate and sulphuric acid
method (Gao et al., 2010) and Kjeldahl digestion method (Gao
et al., 2010), respectively, and the C/N ratio was calculated as
C/N = TOC/TN. At each stage the loss of dry matter (DM, %), the
nitrogen loss (N-loss, %) and the carbon loss (C-loss, %) of each pile
were calculated from the pile mass (PM, dry basis), moisture con-
tent (MC, %), TOC and TN on days 1, 3, 6, 12, 15 and 30 as follows:

DMlossðiÞ ¼ ½PMiþ1 � ð1�MCiþ1Þ � PMi � ð1�MCiÞ�=DMinitial

N� loss ið Þ ¼ ½PMiþ1 � ð1�MCiþ1Þ � TNiþ1 � PMi � ð1�MCiÞ
� TNi�=TNinitial;

C� loss ið Þ ¼ ½PMiþ1 � ð1�MCiþ1Þ � TOCiþ1 � PMi � ð1�MCiÞ
� TOCi�=TOCinitial

where i = 1, 2, 3, 4, 5 were with respect to the dates of the sampling.
NH4

+-N and NO3
–-N were extracted with 2 M KCl (1:10 fresh sam-

ple to KCl, w/v, dry mass basis) and analyzed in triplicate using a
segmented flow analyzer (Technicon Autoanalyzer system, Ger-
many) (Guo et al., 2012). pH, EC and GI of each sample were deter-
mined following Huang et al. (2004). Briefly, the aqueous compost
extract was obtained by mechanically shaking the fresh sample
mixed with double distilled water (DDW) at a solid: DDW ratio
of 1:10 (w/v, dry mass basis) for 1 h. The suspension was then cen-
trifuged at 12,000 rpm for 20 min and filtered through 0.45 mm
membrane filters. The filtrate was then used for the following anal-
yses: pH was determined using an Orion 920 ISE pH meter (Fisher
Scientific, Pittsburgh, PA), EC was measured by an Orion 160 con-
ductivity meter (Fisher Scientific, Pittsburgh, PA). For GIs determi-
nation, 5.0 mL of each extract were pipetted into a sterilized petri
dish lined with 2 layers of filter paper (distilled water was used as
control), twenty Chinese cabbage (Brassica campestris L.SPP.
Pekinensis) seeds were evenly placed on the filter paper and incu-
bated at 25 �C in the dark for 72 h, five replicates were analyzed
for each sample and the GI was determined by the following for-
mula (Zucconi et al., 1981).

GI ð%Þ ¼ ½Seed germination of treatment ð%Þ
� Root length of treatment ðcmÞ�
� 100=½Seed germination of control ð%Þ
� Root length of control ðcmÞ�
2.4. DNA extraction and high-throughput sequencing

Microbial DNA was extracted from all samples of days 1, 3, 12
and 30 using the E.Z.N.A.� Soil DNA Kit (Omega Bio-tek, Norcross,
GA, U.S.) according to manufacturer’s protocols. The V4-V5 region
of the bacteria 16S ribosomal RNA gene were amplified by PCR
(95 �C for 5 min, followed by 27 cycles at 95 �C for 30 s, 55 �C
for 30 s, and 72 �C for 45 s and a final extension at 72 �C for
10 min) using primers 515F 50-barcode-GTGCCAGCMGCCGCGG)-30

and 907R 50-CCGTCAATTCMTTTRAGTTT-30 (Si et al., 2015). PCR
products were purified with the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, U.S.) according to the manu-
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facturer’s instructions and quantified using QuantiFluorTM-ST (Pro-
mega, U.S.). Then the amplicon library was paired-end sequenced
(2 � 250) on an Illumina HiSeq platform (Shanghai BIOZERON
Co., Ltd) according to the standard protocols. The raw sequence
data were processed in QIIME 1.7.0 and deposited into the NCBI
Sequence Read Archive (SRA) database (Accession Number:
SUB6064585).
2.5. Sequence data processing

All analyses were repeated three times. Statistical analysis was
performed by SPSS 18.0 software using one-way ANOVA at signif-
icance P < 0.05 level to separate treatment means for the mass
data. Operational Taxonomic Units (OTUs) were clustered with
97% similarity cutoff using UPARSE (version 7.1 http://drive5.-
com/uparse/) and chimeric sequences were identified and removed
using UCHIME (Edgar et al., 2011). Community-scale multivariate
analysis of non-metric multidimensional scaling (nMDS) was per-
formed in R (Price et al., 2009). Multiple variations of correlations
between selected influenced factors (N-loss and C-loss) and bacte-
rial community composition were analyzed by redundancy analy-
sis (RDA) with RDA function, and the factors were fitted to
ordination plots by the vegan package in R software, as described
by Liu et al. (2018).
3. Results and discussions

3.1. Effect of different C/N ratio on maturity indexes

Temperature determines the degradation process of organic
matter during composting, and the succession of microbial com-
munities inside the piles (Liu et al., 2014). As shown in Fig. 1a, in
this study, throughout the entire composting process the ambient
temperature was within the range of 9.5–15 �C. In all four treat-
ments, the high temperature threshold (>50 �C) (Guo et al., 2012)
was reached at day 2, and lasted 8 days. The highest temperature
of 67.83 �C, 67.33 �C, 68.58 �C and 68.08 �C were reached at day
3, for 20:1, 25:1, 30:1 and 35:1 treatment, respectively. After day
10, all piles entered the decreasing temperature stage until
day 16, and subsequently the maturation stage from day 16 to
day 30, respectively (Fig. 1a). The temperature of treatment group
D (35:1 C/N) piles increased and decreased slightly faster, and the
mean temperature was slightly lower than that of the others. These
results were consistent with Erickson et al. (2009), which was
attributed to insufficient of nitrogen source of the high C/N piles.
All four treatments satisfied the sanitary requirement for pile cen-
ter temperature to reach over 50 �C for at least 7 days (Li et al.,
2017; Zhang & Sun, 2014).

GI is regarded as a reliable parameter to evaluate the maturity
of a compost (Li et al., 2012; Mao et al., 2018). As shown in
Fig. 1b, at day 1, the GIs for the four treatments were 42.8%,
64.5%, 60.2% and 54.2%, respectively, and further dropped to the
lowest value of 30.7%, 36.5%, 34.3% and 37.1% at day 6, respectively
(Fig. 1b), which could be attributed to the release of ammonia
(Fig. 1e), and the decompose of organic matter to organic acids
(pH declined from day 3 in Fig. 1d), both inhibited the germination
of the cabbage seeds. These change tendencies were in line with
Zhong et al. (2018). Furthermore, The GIs of all four treatments
increased to about 60% at day 15, and eventually reached 93.1%,
93.9%, 93.5% and 84.1% at day 30, respectively. It has been reported
that GI > 80% is an indication of a mature compost (Zucconi et al.,
1981). Hence, at day 30 all of the composts have reached maturity.

Change of pH could prompt the release of ammonia from
ammonification and mineralization of organic nitrogen during the
initial phase of composting (Wong et al., 2001). The pH values of
the four treatments increased from initial pH 7.35, 7.29, 7.05 and
7.02 tomaximumpH7.89, 7.53, 7.38 and7.26 onday3, respectively;
and then gradually decreased to 7.35, 7.08, 7.09 and 6.85 at the
mature stage, respectively (Fig. 1d). These change tendencies were
in linewith Zhong et al. (2018). The pH values of treatment D (initial
C/N 35:1) piles were significantly lower than those of the others,
possibly due to higher amount of corn stover was used in the initial
C/N 35:1 piles to reach the designated C/N ratio, which released less
ammonia (Fig. 1e) and produced more organic and inorganic acids.

The value of EC increased unavoidably with organic matter min-
eralization in composting. The ECs of four treatments increased
rapidly during the first 3 days, and then increasedmuch slower until
the end of the composting, the final average ECs of the four treat-
ments reached 4.48 mS/cm, 3.87 mS/cm, 3.63 mS/cm and 3.45 mS/
cm, respectively (Fig. 1c). The EC of the treatment A piles (20:1 C/
N ratio) was higher than 4mS/cm due to the release of more soluble
basic salts in low C/N ratio composting (Awasthi et al., 2014).

The NH4
+-N concentration in the four treatments increased at

the beginning, and then gradually decreased (Fig. 1e). The highest
NH4

+-N concentration occurred at day 6, which was in line with
Huang et al. (2004). The NH4

+-N concentration was always lower
with the increase of C/N ratio, this result was consistent with
Huang et al. (2004). The NO3

–-N concentration in the four treat-
ments increased continuously (Fig. 1f). The NO3

–-N concentrations
of the 20:1 and 25:1 piles were significantly higher than those of
30:1 and 35:1 piles, similar to previous report (Guo et al., 2012).
Overall, the inorganic nitrogen represented by the combined
NH4

+-N and NO3
–-N concentration were lower with the increase of

C/N ratio due to the large amount of corn stover added.

3.2. Effect of different C/N ratio on DM-loss, C-loss and N-loss

The DM-loss, C-loss and N-loss have prominent effects on com-
post quality (Larney et al., 2006). In this study, the cumulative DM-
loss, C-loss and N-loss across all piles showed similar tendencies
(Fig. 2): A rapid loss stage in the first 6 days, followed by a rela-
tively slow loss stage during day 6–15, and a stable stage in day
15–30. The DM-loss, C-loss and N-loss, especially N-loss of the
35:1 and 30:1 piles were always lower than those of the 20:1
and 25:1 piles, which may be attributed to more nitrogen fixing
bacteria in 35:1 and 30:1 piles as shown below (Fig. 5). This obser-
vation was in line with earlier observation that a low C/N ratio is an
important reason for nitrogen loss (Ren et al., 2010). The cumula-
tive DM-loss, C-loss and N-loss at the end of the composting were
listed in Table 2. They were lower than the result of Lim et al.
(2017), which was a lab-scale operation that lasted much longer
(~100 days). In this study, the composting operation was designed
to mimic trough and windrow composting, both were widely used
in industrial composting operation in china.

3.3. The nMDS analysis of the bacterial communities during the
composting processes with different treatments

The nMDS analysis is a nonparametric ordination-based
method for reducing ecological community data complexity and
identifying meaningful relationships/similarities amongst commu-
nities (Price et al., 2009). In an nMDS plot, distances between data
points gave an indication of the degree of difference among them,
and clustering of group of data points reflected their similarities
(Chen et al., 2019b). As shown in Fig. 3, data points from the four
treatments at different stages during the composting process
formed into three clusters representing the initial stage (stage I),
the high temperature stage (stage II) and the later stage (stages
III and IV), suggesting that the progression of the composting and
the resulted temperature changes were the most important deter-
mining factor for the characteristics of the microbiota. A closer look

http://drive5.com/uparse/
http://drive5.com/uparse/


Fig. 1. Evaluation of temperature (a), GI (b), EC (c), pH (d), NH4
+-N concentration (e) and NO3

–-N concentration (f) of the four treatments. The data presented as means ± SD,
n = 5 for GI and n = 3 for others.
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at the first cluster, which included all four treatments at the initial
stage, revealed no clearly separated pattern, suggesting that the
initial microbiota among all treatment groups showed significant
similarity. As the composting process progressed to stage II (the
2nd cluster), a separation started to emerge among treatment
groups (A: 20:1 C/N ratio, B: 25:1 C/N ratio, C: 30:1 C/N ratio
and D: 35:1 C/N ratio), suggesting that the microbiota in the four
treatments started to clearly differentiate from each other from
day 10 on during the composting process. Same patterns were
observed for the third cluster (stage III and IV), where the separa-
tion among treatments was clear. Apparently, the initial C/N ratio
had a significant impact on the characteristics of the microbiota
in the compost mix as the composting process progressed towards
maturity.

3.4. Different succession patterns observed in the bacterial
communities during the composting processes with different
treatments

Data on bacterial abundance at genus level can help to explain
the role of microbial activities in a composting system (Mao et al.,
2018). In this study, the predominant bacterial species in samples
from the four treatment groups were found to be different. The
succession of bacterial communities in composting mix of the four
treatments during each of the four stages were showed in Fig. 4
(phylum level) and Fig. 5 (genus level).

The predominant bacteria at phylum level (Fig. 4) were Pro-
teobacteria, Bacteroidetes, Deinococcus-Thermus, Firmicutes, Acti-
nobacteria at the beginning, this was different from Sun et al.
(2019), due to different source materials. During the composting
process, the relative abundance of these microbes changed signifi-
cantly. The relative abundance of Proteobacteria and Bacteroidetes
decreased firstly, and then increased, while opposite trend was
observed for the Firmicutes and Actinobacteria. These results were
again different from previous reports (Ren et al., 2016; Sun et al.,
2019), indicating that bacterial communities in the same type of
manure (cattle) from different sources could be quite different,
which would greatly affect the subsequent development of bacte-
rial succession during the composting process. Meanwhile, the rel-
ative abundance of Deinococcus-Thermus plunged, while
Halanaerobiaeota surged at the high temperature stage and then
decreased continuously, and Gemmatimonadetes surged at the



Fig. 2. Cumulative DM-loss (a), C-loss (b) and N-loss (c) of the four treatments. The data presented as means ± SD, n = 3.

Table 2
Cumulative DM-loss, N-loss and C-loss of the four treatments at the maturity.

Treatments Cumulative DM-loss
(%)

Cumulative N-loss
(%)

Cumulative C-loss
(%)

20:1 41.70 ± 1.81 36.06 ± 1.33 50.04 ± 0.93
25:1 36.5 ± 1.24 32.31 ± 0.98 44.89 ± 1.81
30:1 30.80 ± 0.98 23.44 ± 1.65 39.04 ± 1.23
35:1 23.8 ± 0.80 14.39 ± 1.06 32.10 ± 1.73

Fig. 3. The nMDS analysis of 16S rRNA gene sequencing of four treatments in
different stage (Four stages: I, II, III and IV; three repeats for each measurement: 1, 2
and 3).
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decreasing temperature stage and then decreased slightly, suggest-
ing Deinococcus-Thermus could not tolerate the high-temperature,
and Gemmatimonadetes may play important roles in developing
the compost. Furthermore, Actinobacteria significantly increased
in the higher C/N ratio piles, Actinobacteria has excellent ability
to decompose complex molecules, particularly lignocellulosic com-
ponents, and they can survive at high temperature during com-
posting and generate soluble carbohydrate (Kausar et al., 2011).
The boost of their presence in the high C/N piles suggested that
they played active roles in developing the compost as well, and
could serve as beneficial compost supplements.

At genus level (Fig. 5), at the beginning of the composting the
nine in top fifteen most abundant bacteria were same across the
treatments as follows, Pseudomonas, Fermentimonas, Xanthomon-
adaceae_uncultured, Flavobacterium, Marinilabiliaceae_norank,
Halomonas, Sphingobacteriaceae_uncultured, Luteimonas and Pusil-
limonas. While Truepera, Cellvibrionaceae_uncultured, Sphingopyxis,
Aliidiomarina, Proteiniphilum and Saprospiraceae_uncultured
decreased gradually with the increase of C/N ratio, and Parape-
dobacter, Cellvibrio, Devosia, Pseudoxanthomonas, Acinetobacter
and Sphingobacteriaceae_uncultured surged in the 35:1 C/N ratio
piles, indicating that the addition of high amount of corn stover
promoted the growth of these bacteria. Parapedobacter was
reported to be able to hydrolyze polycyclic aromatic hydrocarbon
and use pyrene as the sole carbon source for growth (Zhang



Fig. 4. Succession of the bacterial communities of the four treatments on the phylum level.

Fig. 5. Succession of the bacterial communities of the four treatments.
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et al., 2015a). Cellvibrio was known for its ability to degrade plant
cell wall (Forsberg et al., 2016). Devosia was reported to fix nitro-
gen (Rivas et al., 2002). Pseudoxanthomonas was capable of degrad-
ing benzenes compound and proteins which could be useful for
bioremediation (Gore & Chakule, 2011). These bacteria played sig-
nificant roles in the degradation of the lignocellulosic biomass (i.e.,
corn stover) in the composting mix, therefore high C/N ration
favored their growth and proliferation.

At the high-temperature stage, the top fifteen most abundant
bacteria of the initial stage dropped rapidly to far below 1%. The
top five most abundant bacteria in four treatments were Bacillus
(8.9%), Halocella (6.3%), Thermobifida (5.8%), Planifilum (5.4%) and
Longispora (3.9%) in 20:1 C/N ratio, Halocella (11.6%), Thermobifida
(6.6%), Bacillus (5.0%), Longispora (4.3%) and Planifilum (3.8%) in
25:1 C/N ratio, Thermobifida (13.2%), Pseudoxanthomonas (5.8%),
Chelativorans (5.2%), Bacillus (4.6%) and Halocella (3.9%) in 30:1
C/N ratio, Thermobifida (15.3%), Sphingobacterium (9.8%), Planifilum
(6.7%), Thermopolyspora (3.8%) and Thermoactinomycetaceae_
uncultured (3.6%) in 35:1 C/N ratio, respectively. Meanwhile,
Planifilum, Thermobifida, Sphingobacterium, Thermopolyspora and
Thermoactinomycetaceae_uncultured significantly increased with
the increase of C/N ratio, suggesting that higher C/N ratio pro-
moted the growth and reproduction of these bacteria. Planifilum
and Thermoactinomyces belonged to the family of Thermoactino-
mycetaceae, which harbors thermophilic organisms with
Actinomyces-like mycelial growth (Logan & Halket, 2011), Sphin-
gobacterium has been reported to degrade organic compounds
(Mohammad et al., 2006), Thermopolyspora was reported to
degrade biomass, and can survive at high temperature during the
composting (Antunes et al., 2016). The presence of these ther-
mophilic bacteria might be the main reason that the core temper-
ature of the 35:1 pile increased slightly faster than others (Fig. 1a).

More similarities were observed among the compositions of the
bacterial communities of the decreasing-temperature stage and
the mature stage, which were also affected significantly by the
initial C/N ratios (Fig. 3). At the decreasing-temperature stage,
the top five most abundant bacteria in four treatments were
Sphingobacterium (22.7%), Fodinicurvataceae_uncultured (9.4%),
Sphingobacteriaceae_uncultured (8.1%), Flavobacterium (6.0%) and
Longispora (4.5%) in 20:1C/N ratio, Sphingobacterium (12.8%),
Fodinicurvataceae_uncultured (7.7%), Luteimonas (6.8%), Longispora
(5.7%) and Sphingobacteriaceae_uncultured (5.1%) in 25:1 C/N ratio,
Sphingobacterium (15.5%), Flavobacterium (7.0%), Pseudoxan-
thomonas (6.4%), Sphingobacteriaceae_uncultured (6.2%) and Parape-
dobacter (5.9%) in 30:1 C/N ratio, Sphingobacterium (19.4%),
Flavobacterium (6.4%), Sphingobacteriaceae_uncultured (5.5%), Pseu-
domonas (4.3%) and Fermentimonas (4.2%) in 35:1 C/N ratio, respec-
tively. The relative abundance of Planifilm and Thermobifida surged
with the increase of C/N ratio. Thermobifida is a thermophilic acti-
nomycete, which can degrades polyesters and polylactic acid, and
can produce plastic-degrading cutinases (Kitadokoro et al., 2019).
Compost with Thermobifida would be favored for certain soil reme-
diation applications where ability to degrade plastics is important.

At the maturity stage, the top five most abundant bacteria in
four treatments were Sphingobacterium (30.7%), Flavobacterium
(8.9%), Fodinicurvataceae_uncultured (8.3%), Sphingobacteriaceae_u
ncultured (8.0%) and Xanthomonadaceae_uncultured (3.6%) in 20:1
C/N ratio, Sphingobacterium (13.3%), Luteimonas (12.7%), Flavobac-
terium (8.2%), Fodinicurvataceae_uncultured (7.8%) and Chelativo-
rans (5.2%) in 25:1 C/N ratio, Sphingobacterium (14.3%),
Luteimonas (10.7%), Pseudoxanthomonas (8.6%), Flavobacterium
(5.9%) and Sphingobacteriaceae_uncultured (5.1%) in 30:1 C/N ratio,
Sphingobacterium (18.4%), Pseudoxanthomonas (11.4%), Flavobac-
terium (5.6%), Thermobifida (4.8%) and Chelativorans (3.6%) in 35:1
C/N ratio, respectively. The relative abundance of
Sphingobacteriaceae_uncultured plunged while Bordetella, Nocar-
diopsis, Cellvibrio and Thermobifida surged with the increase of C/
N ratio. Bordetellawere positively correlated with NO3

–-N in cattle
manure composting (Meng et al., 2019). Nocardiopsis could pro-
duce a variety of bioactive compounds and secrete extracellular
enzymes (Bennur et al., 2015). In brief, these bacteria are all posi-
tive contributors to biomass degradation, and could play beneficial
roles in soil amendment applications.

3.5. Effect of the succession of dominant bacterial communities on
N-loss and C-loss

Redundancy analysis (RDA) is usually used to identify the rela-
tionships between environmental factors and bacteria community
(Li et al., 2017). Fig. 6 shows an RDA to investigate the correlations
between the N-loss, C-loss and the top 15 genera in each treatment
group at each stage during the composting process. Significantly
negative correlations were found between Thermopolyspora
(p < 0.001), Pseudoxanthomonas (p < 0.001), Nocardiopsis
(p < 0.001), Bordetella (p < 0.01), Pseudomonas (p < 0.01),
Thermoactinomycetaceae_uncultured (p < 0.01), Thermobifida
(p < 0.01) and the N-loss, as well as C-loss. Thermopolyspora is
well-known for its capacity to produce xylanases and thermostable
hemicellulases (Zhang et al., 2015b), and eventually convert
organic waste to humus (Pan et al., 2012).

Pseudoxanthomonaswas capable of promoting plant growth and
degrading proteins and benzene compound for bioremediation
(Gore & Chakule, 2011). Bordetella could assimilate nitrogen
(Moura et al., 2018). Nocardiopsis are well known for diazotrophic
activity and production of indole-3-acetic acid (IAA) (Dashti et al.,
2018; Swarnalakshmi et al., 2016). Thermoactinomyces was
reported to play important roles in non-symbiotic N fixation,
NO3

–-N reduction, plant growth and biocontrol of plant pathogens
(Baraniya et al., 2016). Thermobifida can degrade all major plant
cells and fix nitrogen (Bhatia & Sharma, 2010; Tania et al., 2018).
Pseudomonas were reported as nitrogen fixation bacteria as well
(Han et al., 2019). It is clear that the nitrogen fixation capabilities
of these microbes are the main reason behind their negative corre-
lations to N-loss. Promoting their presence in the composting mix
would hence have a beneficial effect on the quality of the compost.

Meanwhile significantly positive correlations were found
between Anseongella (p < 0.001), Fodinicurvataceae_uncultured
(p < 0.001), Longispora (p < 0.01), Pelagibacterium (p < 0.01), Limno-
chordaceae_norank (p < 0.01), S0134 terrestrial group_norank
(p < 0.01), Limnochorda (p < 0.05), MWH � CFBk5_norank
(p < 0.05), Aminobacter (p < 0.05), Halomonas (p < 0.05), Halocella
(p < 0.05), Fermentimonas (p < 0.05) and the N-loss, as well as C-
loss. Halomonas was reported to have denitrification activity
(Guo et al., 2013). Pelagibacterium have been reported to be highly
halotolerant (Preena et al., 2017). Aminobacter was reported to
have both denitritation and denitrification activities (Kostrytsia
et al., 2018). Fermentimonaswere identified as protein-degrading
bacteria (Bi et al., 2020). Their abilities for nitrogen removal could
negatively affect the quality of the compost.

Nonetheless, as shown in Table S1, Thermopolyspora, Pseudoxan-
thomonas, Nocardiopsis, Bordetella, Pseudomonas,
Thermoactinomycetaceae_uncultured and Thermobifidawere all ben-
eficial to nitrogen and carbon fixing and their relative abundance
increased with the C/N ratio, while Anseongella, Fodinicurvat-
aceae_uncultured, Longispora, Pelagibacterium, Limnochordaceae_no-
rank, S0134 terrestrial group_norank, Limnochorda,
MWH�CFBk5_norank, Aminobacter, Halomonas, Halocella, Fermenti-
monaswere all adverse to nitrogen and carbon fixing, and their rel-
ative abundance decreased with the C/N ratio. Promoting presence
and activities of nitrogen fixing bacteria while reducing presence



Fig. 6. Redundancy analysis (RDA) of each stage N-loss, C-loss and top 15 genera (related abundances exceed 1%) in each stage of each treatment of composting samples (***
represents for P < 0.001, ** represents for P < 0.01, * represents for P < 0.05).
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and activities of denitrifying bacteria throughout the composting
processes should be explored as means to improve quality of com-
posting products.
4. Conclusion

In this study, the effect of initial C/N ratio on cattle mature/corn
stove mix on the total losses of N and C and succession of dominant
bacteria were analyzed. The results showed that the cumulative C-
loss and N-loss were affected by the initial C/N ratio, and the least
of C-loss and N-loss was observed for 35:1 C/N ratio. Microbiota
analysis during the composting process indicated that the makeup
of the bacterial communities experienced significant change
throughout the different stages of the composting process, and
the dominant species could differ greatly due to the differences
in the initial C/N ratio. Redundancy analysis showed that appropri-
ate selection of higher C/N ratio could promote the relative abun-
dance of nitrogen fixing bacteria while reduce the relative
abundance of denitrifying bacteria, which could lead to reduction
in N- and C-losses. These results also suggested that beneficial bac-
teria could be screened and selected from compost that could be
used as composting supplements to improve the quality of the
compost.
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