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Abstract: Agricultural fertilization significantly affects nutrients cycling in paddy soils. However,
there are few systematic studies on the response of the application of livestock manure and cor-
responding organic fertilizer resulting in the microorganism and its nutrients entering farmland.
Short-term application of pig manure and its corresponding organic fertilizer on the microorgan-
isms of paddy fields were investigated. High-throughput sequencing technology was conducted to
comprehensively study the microbial community composition and structure. Our results showed
that organic fertilizer effectively enhanced nutrient substances such as nitrogen, phosphorus, and
potassium at ripening stage and reduced the pH of soil, benefitting the soil fertility and the growth
of rice. Though application of pig manure maintained higher microbial diversity, it increased the
relative abundance of several pathogenic bacteria, which could threaten the soil health of the paddy
fields. A large number of pathogenic bacteria can be reduced through composting pig manure
to organic fertilizer. Nitrifying and denitrifying bacteria such as Anaerolineaceae, Pseudarthrobacter,
Bacillus, and Nitrospira in the paddy soil were significantly promoted. The heavy metals such as Pb,
Cr, and Cd, and nutrient substances such as phosphorus, as well as temperature, have important
influences on the microbial compositions in ripening stage. The correlation analysis revealed more
correlation efficiencies were observed with manure application, especially with the application of
organic fertilizer. This study will provide a theoretical basis for improving land productivity and
sustainable development in paddy fields.

Keywords: paddy fields; short-term fertilization; manure application; microbial community; environ-
mental factors

1. Introduction

With the improvement of residents’ living standards, the demand for animal protein
is increasing, which promotes the rapidly development of pig production in China [1]. The
fast-growing livestock industry generates large amounts of livestock waste [2]. For example,
in 2016, China’s livestock manure reached nearly 38 billion tons, of which pig manure
accounted for the majority [3]. Pig manure can effectively improve soil fertility by injecting
large amounts of organic matter, nitrogen (N), and phosphorus (P) into the soil, and it can
greatly increase crop yields; therefore, direct application to farmland is a general method to
treat pig manure [4], and has been widely reported in the Netherlands [5], Germany [6], and
China [6,7]. Excessive application of inorganic fertilizer, especially nitrogen fertilizer, has
become the main cause of loss of soil organic matter, destruction of soil structure, decline
of biological activity, and even reduction in soil fertility for a long time in farmland [8]. In
recent years, with the gradual development of ecological agriculture, inorganic fertilizer
has been gradually shifted to organic fertilizer in China’s farmland [9]. Xie found that as a
major agricultural producing area in Southeast China, the livestock and poultry production
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in Chongming Island was mainly based on raising pigs, cattle, sheep, and chickens, among
which the main way of pig-manure treatment in small- and medium-sized farms is still
returning to the field [10]. Returning manure to the field can not only realize the resource
utilization of feces, but also improve soil quality and structure, soil microbial biomass,
enzyme activity, and functional diversity and abundance of the community [11–13].

Paddy-soil microbial properties have attracted great interest as quick, integrative,
and sensitive indicators of soil perturbations [14] and can serve to identify the magnitude
of the improvements brought about by management interventions [15,16]. In the paddy
ecosystem, reasonable fertilization may promote soil organic-carbon accumulation and
rice growth, and drive the succession of soil microbial-community structure [17]. The
paddy ecosystem is a model system for studying microbial ecology, which is an excellent
place for studying the composition and diversity of soil microbial community under the
application of manure [18]. Since most of the paddy soil is flooded and its microorganisms
participate in the nitrogen cycle of the soil through nitrification–denitrification under
anaerobic conditions, manure application can not only provide nutrients needed for rice,
but also improve the abundance and diversity of soil microorganisms in the paddy field.
In recent years, several researchers have carried out the studies on the effects of manure
application on soil microorganisms in paddy fields. Tan noted that application of organic
fertilizer could significantly increase the number of denitrifying bacteria in paddy soil
and also improve soil microbial activity [19]. It was shown that application of organic
fertilizer could significantly improve soil nutrient content and soil microbial biomass, and
microbial community structure and activity in paddy fields [20]. Kumar revealed that
the application of organic fertilizer increased soil organic carbon content and microbial
diversity in rice fields [21]. It was also explored that the application of pig manure could
significantly improve the carbon-source utilization rate and community diversity of soil
microorganisms in paddy fields [22]. However, pathogenic bacteria in livestock and poultry
manure might also threaten soil ecological health, and even harm human health through
plants [23]. Most research has focused on differential responses of soil bacterial to mineral
fertilizers application and organic nature application [24,25]. The comparison between
certain manure and its corresponding organic fertilizer was rarely concerned. In addition,
with the increasing accumulation of microbial community sequence data, it is not enough to
focus only on the alpha- or beta-diversity patterns. The relationship between environmental
factors and individual microorganisms needs to be further studied.

This study investigated the short-term application of pig manure and its corresponding
organic fertilizer on paddy fields. High-throughput sequencing technology was conducted
to comprehensively study the microbial community composition and structure. The effects
of fertilization on soil physical and chemical properties were also revealed. Moreover,
the correlation between environmental factors and individual microorganisms wase also
further analyzed. This study aims to provide a theoretical basis for the utilization of
livestock manures and environmental-health management of farmland.

2. Materials and Methods
2.1. Experimental Location

The field plot experiment was carried out in Zhongxing Town, Chongming District,
Shanghai, China (121◦09′30′′~121◦54′00′′ E, 31◦27′00′′~31◦5L′15′′ N), covering an area of
about 3.33 hectares. The experimental site has a northern subtropical monsoon maritime
climate, with abundant sunshine and rainfall (mean annual sunshine hours = 2104 h, mean
annual temperature = 16.5 ◦C, and mean annual precipitation = 1128.9 mm), which is the
main crop-producing area in Shanghai. Its farming conditions and environment are the
same as the surrounding agricultural land.

2.2. Experimental Set-Up

The typical livestock and poultry manure such as pig manure and corresponding
organic fertilizer were selected as the experimental manure fertilizer, and were all taken
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from a pig farm in Chongming District. The annual output of the pig farm was about 26,000
pigs and the annual output of manure was about 20,000 tons. Pig manure was obtained by
collecting fresh pig manure and drying it naturally, while organic manure was produced
from the same source of pig manure through conventional anaerobic composting under
high temperature.

Three treatment groups were set up in the field experiment, which were control tests
(CK), pig-manure treatment tests (PM), and organic-fertilizer treatment tests (OF). Each group
was set up with three parallel plots, and each plot covered an area of 9 m2 (3 m × 3 m). In
order to avoid mutual interference between plots, 0.5 mm-thick impermeable membrane
was used to block each plot, and the buried depth of impermeable membrane was 40 cm.
A 20 cm-wide footpath was set between each plot site for on-site monitoring and sample
collection (Figure 1, Figure S1 in Supplementary Materials).

Figure 1. Experimental site layout.

As a common local crop, rice (Oryza sativa L.) was the test crop in this study, and the
planting method was seedling transplanting. The amount of manure was 2 kg·m−2, in
accordance with the Technical Specifications for Returning Animal and Poultry Manure to
Field (GB-T 25246-2010). The manure was applied to the soil as a base fertilizer, and then
plowed after fertilization. Seedlings were transplanted 7 days after fertilization in early
June 2020. Other management measures were the same as those in general paddy fields.

2.3. Soil Sample Collection

According to the growth cycle of rice, three sampling times were set, which were in
late-July (tillering stage), late-August (heading stage), and mid-October (ripening stage).
Soils (0–20 cm) were sampled with a soil sampler using the five-point sampling method in
each plot [26]. The five soil samples in each plot were thoroughly mixed into a composite
sample. Soil samples of 500 g were collected from each plot site. After removing debris
such as gravel, earthworms, and plant residues in the soil samples, the soil samples were
divided into four parts: one part was placed in a sterile EP tube, another part was placed
in a sterile brown bottle, and the remainder was placed in two self-sealed bags. The soil
samples were quickly transported to the laboratories in a refrigerated container (−80 ◦C)
for microbial, and physical and chemical, property detection, respectively.

2.4. Physical and Chemical Characteristics

After natural air drying, the soil samples were sieved through 10-mesh and 100-mesh
screens, and stored below 4 °C. A Leici PHSJ-5 acidity meter (Shanghai Kexiao Scientific
Instrument Co., Ltd., Shanghai, China) was used to measure the content, 4 g soil sample
was weighed, and 10 mL sterile water was added according to the ratio of soil to water of
1:2.5 (mass concentration), and was shaken for 0.5 h (200 r·min−1; 28 ◦C). The clear liquid
after filtration was measured on the machine. A portable pH meter was used to determine
the pH of the soil. Organic matter (OM) was determined by potassium dichromate titration.
Total nitrogen (TN) was measured by carbon and nitrogen analyzer (Vario MAX C/N,
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Germany) (dry firing method). Total phosphorus (TP) and total potassium (TK) were
determined by ultraviolet spectrophotometer (T6-New Century) and WGH6400 flame
photometer (Shanghai Changjing Instrument Co., Ltd., Shanghai, China), respectively.
Electrical conductivity (EC) was measured using a WET portable three-parameter soil
tester. As and Hg were determined by atomic fluorescence photometer (AFS-3100). Pb and
Ca were determined by atomic absorption spectrophotometer (TAS-990). A flame atomic
absorption spectrophotometry (HJ 491-2019) was conducted to determine the content of
Cu, Zn, Pb, Ni, and Cd.

2.5. Microbial Community Characterization

Total DNA was extracted from approximately 0.5 g of each soil sample using the Fast
DNA Spin Kit (MP Biomedicals Kit) following the manufacturer’s protocol. The quality
and concentration of DNA were determined by 1.0% agarose gel electrophoresis and a
NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., Waltham, MA, USA) and
kept at−80 ◦C prior to further use. The V3—V4 hypervariable region of bacterial 16S rRNA
was amplified using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and reverse 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) [15]. The PCR reaction mixture including 4 µL 5 ×
Fast Pfu buffer, 2 µL 2.5 mM dNTPs, 0.8 µL each primer (5 µM), 0.4 µL Fast Pfu polymerase,
10 ng of template DNA, and ddH2O to a final volume of 20 µL. PCR-amplification cycling
conditions were as follows: 95 ◦C for 5 min followed by 27 cycles of denaturation at 95 ◦C
for 30 s, annealing at 55 ◦C for 30 s, and extension at 72 ◦C for 45 s, with a final extension
at 72 ◦C for 10 min (ABI GeneAmp 9700). All samples were amplified in triplicate. PCR
products were detected using 2.0% agarose gel electrophoresis. The amplification products
were purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) and then quantified using QuantiFluor TM-ST (Promega, Madison, WI,
USA). The purified amplicons were pooled in equimolar amounts, and then paired-end
sequenced (2 × 300) by Majorbio Co., Ltd. (in Shanghai, China) using the MiSeq PE300
platform (Illumina, San Diego, CA, USA).

Raw sequencing reads were de-multiplexed by USEARCH 7.1 (https://drive5.com/usearch/,
accessed on 8 November 2021) and filtered using fastp v0.19.6, in which the reads containing
consecutive base “N” or obtaining an average quality score < 20 were discarded. The resulting
clean reads > 50 bp were merged using the FLASH v1.2.7 where the maximum mismatch rate of
the overlap region was 0.1, merged sequences with chimera were removed, and only sequences >
200 bp were included in the subsequent analysis. Then, the optimized sequences were clustered
into operational taxonomic units (OTUs) using UPARSE 7.1 with 97% sequence-similarity level.
The most abundant sequence for each OTU was selected as the representative sequence. The
OTU table was manually filtered, i.e., chloroplast sequences in all samples were removed. To
minimize the effects of sequencing depth on alpha- and beta-diversity measure, the number of 16S
rRNAs from each sample was rarefied to 18,313, which still yielded an average Good’s coverage
of 97.09%.

The taxonomy of these 16S rRNA-gene OTUs was assigned to the SILVA reference
database (132 version) using Ribosomal Database Project (RDP, http://rdp.cme.msu.edu/,
accessed on 8 November 2021) Bayesian classifier at 70% confidence.

2.6. Statistical Analysis

Data were processed as mean ± standard deviation, and statistical analyses were
conducted using the SPSS 24.0 statistical software and R-3.3.1. Excel 2016 was used to
calculate the mean and standard deviation of the original data. One-way ANOVA was
conducted to analyze the significance of differences among soil physical and chemical
characteristics, microbial diversity index, and differences between groups. Mothur (version
1.30.2) software was used to evaluate the community diversity, the community richness,
and the coverage. The similarity among the microbial communities was determined by
principal coordinates analysis (PCA) using the Vegan v2.5–3 package. Spearman correlation
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efficiency was calculated to analyze the correlation between environmental factors and
microorganisms (SPSS 24.0).

3. Results and Discussion
3.1. Physical and Chemical Characteristics of Paddy Soil

The changes in heavy-metal contents in paddy soil after manure application are shown
in Table 1. At tillering stage, there was no significant difference in heavy-metal contents
among the three treatment groups (p > 0.05). However, at heading stage, Zn content in
OF tests was 9.39% higher than that in CK tests (p < 0.05), reaching 77.67 mg·kg−1. The
maximum values of As was 12.00 mg·kg−1 in the PM group at tillering stage, while the
highest content of Cr was found in PM tests at heading stage, which was 188.00 mg·kg−1.
The high content of heavy metals in the fertilization group might be attributed to the heavy
metals in the manure brought into the soil after the application processes. With the growth
of rice, the contents of heavy metals in the soil decreased continuously, especially for As
and Cr (p < 0.05). That might be for the reason that heavy metal ions in the soil converted
into a stable state through adsorption, ion exchange, and complex precipitation after the
application of manure, thus reducing the bioavailability and migration of heavy metals in
the paddy soil [27].

Table 1. Effects of manure application on heavy metals in paddy soil.

Stage Tests Cu
(mg·kg−1)

Pb
(mg·kg−1)

As
(mg·kg−1)

Cr
(mg·kg−1)

Hg
(mg·kg−1)

Zn
(mg·kg−1)

Cd
(mg·kg−1)

Ni
(mg·kg−1)

Tillering
stage

CK-T 23.00 ±
0.00a

31.23 ±
5.08a

11.53 ±
0.15a

115.67 ±
14.22a

0.13 ±
0.02a

80.67 ±
2.52a

0.14 ±
0.01a

35.33 ±
3.79a

PM-T 22.33 ±
0.58a

26.80 ±
2.96a

12.00 ±
0.44a

150.67 ±
62.93a

0.12 ±
0.02a

81.00 ±
2.65a

0.14 ±
0.01a

44.00 ±
14.00a

OF-T 22.33 ±
0.58a

25.97 ±
0.35a

11.40 ±
0.30a

109.33 ±
25.79a

0.12 ±
0.01a

80.67 ±
3.06a

0.14 ±
0.01a

32.67 ±
9.29a

Heading
stage

CK-H 20.33 ±
0.58a

20.20 ±
1.97a

6.37 ±
1.40a

110.67 ±
59.28a

0.06 ±
0.01a

71.00 ±
2.65b

0.10 ±
0.01a

70.33 ±
18.58a

PM-H 20.00 ±
2.00a

20.03 ±
1.01a

5.83 ±
1.08a

188.00 ±
44.53a

0.05 ±
0.01a

74.00 ±
1.73ab

0.11 ±
0.01a

112.00 ±
27.62a

OF-H 22.33 ±
2.89a

18.67 ±
0.65a

5.19 ±
0.78a

158.67 ±
73.28a

0.05 ±
0.01a

77.67 ±
3.79a

0.10 ±
0.00a

92.00 ±
31.24a

Ripening
stage

CK-R 20.33 ±
2.52a

15.50 ±
1.77a

5.40 ±
0.55a

104.00 ±
21.93a

0.06 ±
0.02a

59.00 ±
6.56a

0.1 ±
0.01a

72.00 ±
25.53a

PM-R 19.67 ±
0.58a

14.57 ±
0.78a

4.44 ±
0.55b

73.67 ±
8.50b

0.06 ±
0.02a

61.67 ±
3.79a

0.11 ±
0.00a

50.67 ±
2.31a

OF-R 18.33 ±
0.58a

14.03 ±
0.90a

4.61 ±
0.11ab

83.00 ±
7.55ab

0.05 ±
0.05a

58.67 ±
6.66a

0.11 ±
0.01a

54.67 ±
10.69a

Note: Different letters (a, b) represent there were significant differences between different fertilizers (p < 0.05).

The effects of agriculture-fertilizer application on the characteristics of paddy soil were
further analyzed (Table 2). The pH values of the soil showed little change with the same
manure during the growing cycle of rice, and they were all weakly alkaline. However, the
pH values of PM and OF tests were all significantly lower than that of CK at tillering stage,
heading stage, and ripening stage. This indicated that manure application could adjust the
pH value of soil. A previous study reported that high soil pH decreased rice yield, shoot
weight, and nutrient contents [28]. The application of pig manure and organic fertilizer
could reduce the soil pH values, which was conductive to the growth of rice.

The soil organic matter content in the three treatment groups reached the highest at
heading stage, and was 30.33 g·kg−1, 35.33 g·kg−1 and 30.33 g·kg−1 in CK, PM, and OF
tests, respectively. The organic matter content in the PM group was significantly higher
than that in OF and CK groups (p < 0.05), which was 16.49 % higher than that in CK and PM
tests. The results showed that the content of organic matter in paddy fields was temporarily
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increased after the application of manure, and reached the highest at heading stage. The
content of soil organic matter decreased gradually, which might be due to the large amount
of nutrients consumed by the growth and development of rice growth [29]. The effects
of PM and OF application on TN were not significant at tillering stage and heading stage
(p > 0.05), however at ripening stage, TN content in the OF group was significantly higher
than that in CK and PM groups (p < 0.05, 43.62%, and 56.98% higher, respectively). A similar
trend was also found for the effect of TP. The increase in TP in soil after application of PM
and OF might be related to the high content of soluble phosphorus in pig manure [30]. In
addition, the application of PM and OF could increase TK during the rice growth cycle, but
there was little difference in TK among the three treatment groups at the ripening stage.

Table 2. Effects of manure application on the characteristics of paddy soil.

Stage Tests pH OM
(g·kg−1)

TN
(g·kg−1)

TP
(g·kg−1)

TK
(g·kg−1)

Tillering
stage

CK-T 8.23 ± 0.02a 14.00 ± 4.36a 0.81 ± 0.07a 1.02 ± 0.05b 3.18 ± 0.95a
PM-T 8.20 ± 0.02a 18.00 ± 12.77a 0.91 ± 0.05a 1.14 ± 0.02a 2.66 ± 0.88a
OF-T 8.16 ± 0.02b 16.00 ± 0.00a 0.95 ± 0.22a 1.12 ± 0.06a 2.56 ± 0.32a

Heading
stage

CK-H 8.4 ± 0.06a 30.33 ± 3.06b 1.35 ± 0.06a 1.00 ± 0.13b 25.90 ± 1.13ab
PM-H 8.32 ± 0.03a 35.33 ± 0.58a 1.46 ± 0.09a 1.18 ± 0.03a 27.80 ± 1.23a
OF-H 8.23 ± 0.04b 30.33 ± 0.58b 1.46 ± 0.07a 1.18 ± 0.05a 24.70 ± 1.42b

Ripening
stage

CK-R 8.23 ± 0.02a 23.33 ± 2.08a 0.94 ± 0.06b 1.01 ± 0.07b 22.00 ± 3.03a
PM-R 8.22 ± 0.03a 20.33 ± 3.51a 0.86 ± 0.05b 1.11 ± 0.04b 22.27 ± 3.88a
OF-R 8.13 ± 0.01b 20.33 ± 3.06a 1.35 ± 0.26a 1.23 ± 0.06a 23.23 ± 0.32a

Note: Different letters (a, b) represent there were significant differences between different fertilizers (p < 0.05).

3.2. Microbial Richness and Diversity of Paddy Soil

Shannon and ACE indexes were calculated to estimate soil microbial diversity and
richness of each sample. As shown in Figure 2, at tillering stage, there were no significant
differences in Shannon index among the three groups. At heading and ripening stages,
PM tests had the highest Shannon index; they were 7.404, 7.366, and 7.297 in the PM, CK,
and OF tests in the ripening stage, respectively. Similar to our study, the application of pig
manure could increase the microbial diversity in rice-wheat cropping soil [31]. Overall, the
application of both PM and OF improved the soil microbial diversity in the paddy field,
but the improvement of Shannon index in both of them was not significant in the whole
growth cycle of rice growth. As for the microbial richness, there was little difference among
each treatment tests in the growth cycle of rice. At the tillering stage, the soil microbial
richness of CK tests was the highest (8499.759), followed by OF tests (8299.435) and PM
tests (8042.083). At the heading stage, the order of the microbial richness was CK > PM > OF.
Finally, at the ripening stage, the ACE index of PM tests was the highest, while it was the
lowest in OF tests. From the perspective of the whole growth cycle of rice, the application
of PM increased the richness of soil microbial community, while OF had a negative effect.
This might be because the higher organic matter content in PM provided many nutrients
for the growth of microorganisms, which was conducive to microbial reproduction and
results in higher soil microbial biomass, while organic manure contains vast quantities of
readily utilizable energy sources [32].
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Figure 2. The Shannon and Ace indexes of microbial community with different fertilizers.

3.3. Composition of Microbial Community of Paddy Soil

The microbial composition of paddy soil at phylum and genus levels under different
manure treatments is shown in Figure 3. The relationship between samples and phyla is
shown in a circos diagram (Figure 3a), and the relative abundance below 1% was merged
to others. The dominant phyla across all samples were Proteobacteria, Chloroflexi, Actinobac-
teriota, Bacteroidota, Desulfobacterota, Nitrospirota, and Myxococcota. The relative abundance
of Proteobacteria in different treatment tests was the highest, which was in accordance
with previous studies. Ye found that Proteobacteria was the dominant bacteria in corn-field
soil [33]. It was known that Proteobacteria can participate in the biological cycle of essential
mineral nutrients in the soil; the high proportion of Proteobacteria in rhizosphere soil is
beneficial to the maintenance of fertility and plant growth [34]. The relative abundance of
Chloroflexi increased with the growth of rice. Most of the microorganisms in Chloroflexi were
strictly anaerobic bacteria, which could ferment sugars and polysaccharides into organic
acids and hydrogen [35], thus accelerating the decomposition of organic matter in paddy
soil. The relative abundance of Actinobacteriota in fertilization tests was higher than that in
the control at ripening stage. It was clearly demonstrated that the increase in the relative
abundance of actinomycetes after the application of manure may be detrimental to the
accumulation of soil organic matter [36]. This was in accordance with the concentrations
of higher soil organic matters for OF and PM treatments shown in Table 2. The relative
abundance of Nitrospinota among different treatment groups increased with the growth of
rice, which was important as bacteria participated in nitrogen cycle in paddy soil [37].

As shown in Figure 3b, it was obvious that the dominant bacteria such as Vicinamibac-
terales, Anaerolineaceae, Thermodesulfovibrionia, Ardenticatenales, and Pseudarthrobacter were
promoted with the growth of rice, all greatly enhanced in the ripening stage. For example,
the relative abundance of Anaerolineaceae was 5.1%, 4.0%, and 3.0% higher than those at
heading stage in CK, PM, and OF tests, respectively. It was reported that Anaerolineaceae
was ammonifying bacteria, which was beneficial to the denitrification of paddy soil under
anaerobic conditions [38]. Pseudarthrobacter was the most obviously changed bacteria in
ripening stage compared with tillering and heading stages. The relative abundance of
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Pseudarthrobacter increased with the growth of rice and reached the highest at ripening
stage, and it was the highest with the application of OF. Some studies had documented
that Pseudarthrobacter contained genes related to auxin biosynthesis and denitrification of
nitrite [39]. In this study, the highest concentration of TN with OF application in ripening
stage might be mainly because of the accumulation of this bacterium. In addition, the rela-
tive abundance of Bacillus was higher in PM and OF tests during heading stage. However,
it was the highest in the control tests at ripening stage. This indicated that Bacillus was
dynamically changing with the growth of rice. It was found that Bacillus was a kind of
denitrifying bacteria of rice rhizosphere, which could convert nitrogen molecules in the
atmosphere into the rice by adsorption [40]. Moreover, the change in Nitrospira was similar
with Bacillus during all growing stages of rice. Nitrospira can oxidize nitrite to nitrate and
plays an important role in the process of nitrification [41].

Figure 3. The relative abundance of microorganisms on phylum and genus levels with
different fertilizers.

One-way ANOVA was further used to analyze the significant differential bacteria
between treatment groups based on the relative abundance at phylum and genus levels.
Among the phyla or genera of the top-fifteen abundances, the phyla and genera with
significant differences between groups were selected to display. At the phylum level, Gem-
matimonadota had significant difference among all samples during tillering stage (p < 0.05).
The relative abundance of Gemmatimonadota in PM and OF tests were significantly higher
than that in CK tests by 29.87% and 27.70%, respectively (Figure 4a). It was shown that the
soil amendments increased C concentrations (labile and stable fractions), improved soil
physicochemical properties, and had positive associations with Gemmatimonadota bacterial
groups [42]. Latescibacterota showed significant differences among different treatments,
with the highest abundance during heading stage. The relative abundance of Latescibac-
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terota in the control was significantly higher than that in PM and OF tests at heading stage
(p < 0.05), which were 42.10% and 60.36% higher, respectively (Figure 4b). With the growth
of rice, significant difference in Actinobacteriota was observed at the ripening stage. The
relative abundance of Actinobacteriota in the fertilization group was significantly higher
than that in the CK group (p < 0.01), and they were 53.91% and 46.49% higher in OF and
PM tests than that in the CK group (Figure 4c). In addition, the relative abundance of
Desulfobacterota in the CK group was 34.17% and 41.57% higher than that in the PM and
OF groups, respectively, while the relative abundance of Nitrospinota in the CK group was
significantly higher than that in the PM and OF groups (63.36% and 94.19% higher). This
might be because the sulfur cycle was linked with the anaerobic oxidation of methane
and the nitrogen cycle, which included the oxidation of ammonium to nitrate in the oxic
zone and denitrification coupled to the oxidation of sulfide [43]. Overall, Gemmatimonadota,
Latescibacterota, Actinobacteriota, Desulfobacterota, and Nitrospinota could be regarded as the
significant differential phyla with high abundance after different fertilization treatment. As
for the analysis on genus level, it could be seen from Figure S2 that Thermodesulfovibrionia
was the most abundant genus with significant difference at tillering and ripening stages.
The relative abundance of Thermodesulfovibrionia in PM and OF tests was 53.86% and 40.90%
higher than that in CK tests at tillering stage (p < 0.05), while it was the highest (p < 0.05) in
the CK tests at ripening stage, which was 25.65% and 49.70% higher than that in PM and
OF tests. During the stage of heading, Clostridium_sensu_stricto_1 and Rhodobacter were
the most differential bacteria, which were significantly higher in PM tests (Figure 5). They
were pathogenic bacteria related to several diseases such as difficile [44], which may cause
a certain stress on soil health. However, after the composting of pig manure into organic
fertilizer, a large number of pathogenic bacteria were reduced, thus alleviating the effect on
soil health with fertilizer.

Figure 4. Cont.
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Figure 4. The comparison of differential bacteria between treatment tests based on the relative
abundance at phylum level (a) tillering stage; (b) heading stage; (c) ripening stage (* p < 0.05;
** p < 0.01; *** p < 0.001).
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Figure 5. The comparison of differential bacteria between treatment tests based on the relative
abundance at genus level during heading stage.

3.4. Effects of Environmental Factors on Soil Microbial Community in Paddy Field

The principal component analysis (PCA) of similarity or difference of microbial com-
munity structures under different manure treatments is shown in Figure 6. In the study, the
environmental factors including seven conventional indicators (pH, TN, TP, TK, OM, MC,
and EC) and eight heavy metals (Cu, Zn, Ni, As, Cd, Cr, Hg, and Pb) were used to estimate
their relative effect on rice-field bacterial-community structure.

At tillering stage, the application of PM and OF affected the community composition
of soil bacterial community, and the community structure of soil microorganism in different
manure treatments showed a difference on PC axis. The soil microorganism in CK tests
was mainly distributed on the negative axis of PC1 axis, while both positive and negative
axes were distributed in PM and OF groups. On the PC2 axis, CK tests distributed in the
positive half axis, while PM and OF groups distributed in both positive and negative half
axes. The results showed that the application of pig manure and organic fertilizer changed
the microbial community composition, and the microbial community composition of PM
and OF tests was more similar. This result was similar to the findings reported by Zhao [30],
who demonstrated that the soil OM, TK, TN, and TP could drive bacterial communities.
In our study, we found that in this stage, TP and TN had the most important effects on
microbial structure. At the heading stage, CK tests were mainly distributed in the positive
half of PC1 and PC2 axes, while PM and OF groups were mainly distributed in the negative
half of PC1. Almost all environmental factors showed greater influence to the microbial
community in the heading stage compared with that in the tillering stage. At the final
ripening stage, most of the samples from the same tests were better concentrated, indicating
that microbes were stabilized under different treatments. The heavy metals such as Pb,
Cr, and Cd, and nutrient substances such as TP, as well as temperature, have important
influences on the microbial compositions in ripening stage.
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Figure 6. The PCA analysis with environmental factors of all treatment samples (a) tillering stage;
(b) heading stage; (c) ripening stage.

Moreover, the influences of environmental factors on individual microorganisms
were further analyzed. Spearman coefficient was calculated to study the correlations
between environmental factors and microorganisms on genus level, and the heatmaps
of different treatments are shown in Figure 7 and Figure S3. In the control tests, only a
part of the microorganisms was correlated to the environmental factors. It could be seen
from Figure S3 that Geothermobacter, Pseudomonas, Steroidobacteraceae, and Anaeromyxobacter
were significantly negatively correlated with OM, indicating that high concentration of
organic matter was not conducive to their growth. Thermodesulfovibrionia was positively
correlated with TP and TN (p < 0.01), while it was significantly negatively correlated with
heavy metals such as Zn, Pb, As, Hg, and Cd, and temperature. As the most differential
genus which has been described in the previous section, Thermodesulfovibrionia was greatly
affected by the change in above parameters with different manure applications. In addition,
Pseudarthrobacter was negatively correlated with Zn, Pb, and pH, and positively correlated
with TP and MC at different stages. Nitrospira was only negatively correlated with Cr
(p < 0.01). As seen in Figure 7a, more correlation efficiencies were observed in the PM tests
compared with the control, and the heavy metals were more influential than conventional
indicators. That may be because the soil after PM application contained more heavy
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metals (Table 1), resulting in great effect on microorganisms. In the PM tests, Bacillus
and Skermanella were significantly positive correlated with TK and pH. That was because
they contain alkalophilic bacteria strains [45]. In addition, Bryobacter and Nitrospira were
positively correlated with TP, Cr, Pb, As, and Zn in PM tests. Lysobacter and Pontibacter
were significantly negatively correlated with Cr, Tk, and Ni. In the OF tests, most abundant
genera had significant correlation with the environmental factors (Figure 7b). For example,
Anaeromyxobacter was negatively correlated with MC, and positively correlated with Hg,
Cr, As, Zn, Pb, pH, and Cu. Bryobacter was positively correlated with As, Zn, Pb, pH,
and Cu, and Sideroxydans was also positively correlated with Cr, Zn, pH, and Cu. It was
concluded that the response of soil microorganisms to fertilizer applications depends
strongly on environmental factors and may vary considerably among study sites. The
organic matters and nutrients can provide sufficient substrates for the soil microorganisms,
therefore accelerating their reflecting to the environmental factors. However, our analysis
on soil bacterial function was not sufficient; more specifically, designed experiments are
needed to enhance the understanding of bacterial function in fertilized soils. Moreover,
with the growth of rice, the microbial composition became more different among the three
tests. The results showed that there were significant fertilizer and time interaction effects,
which were the same results as other studies [46]. Hence, long-term tests and larger-
scale field experiments are needed to enhance the understanding of microbial structure in
fertilized paddy soil. Furthermore, environmental factors that had significant influence
microorganisms were further analyzed.

Figure 7. Cont.
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Figure 7. The Spearman correlation analysis of environmental factors and top genus of the PM (a)
and OF (b) tests. (* p < 0.05; ** p < 0.01; *** p < 0.001).

4. Conclusions

The application of organic fertilizer contributed to less heavy metals (especially Cr, Zn,
and Ni) than pig manure in paddy soil during the tillering and heading stages. Organic
fertilizer effectively enhanced nutrient substances such as TN, TP, and TK at ripening stage
and reduced the pH of soil, benefitting the soil fertility. The application of pig manure
enhanced the relative abundance of several pathogenic bacteria. Through composting pig
manure to organic fertilizer, pathogenic bacteria could be reduced. The nitrifying and
denitrifying bacteria such as Anaerolineaceae, Pseudarthrobacter, Bacillus, and Nitrospira in
the paddy soil were significantly promoted. The heavy metals such as Pb, Cr, and Cd, and
nutrient substances such as TP, as well as temperature, have important influences on the
microbial compositions in ripening stage. More correlation efficiencies were observed with
manure application, especially with the application of organic fertilizer. In this study, we
determined the organic fertilizer- and pig-manure-applicated soil microbial-community
diversity, structure, and composition. To explore the C and N cycle in terms of the functional
aspect and the gene abundance, RNA-based approaches need to be used in our future
study. Furthermore, as the research period was short, long-term field experiments should
be established in the future to explore the tracking and dynamic changes in long-term
fertilization on farmland soil microorganisms.

Supplementary Materials: E-supplementary data of this work can be found in the online version of
the paper. The following are available online at https://www.mdpi.com/article/10.3390/land110
10009/s1, Figure S1: The comparison of differential bacteria between treatment tests based on the
relative abundance at genus level during heading stage (a): tillering stage; (b): ripening stage (CK:
control; PM: pig manure; OF: organic fertilizer); Figure S2: The Spearman correlation analysis of
environmental factors and top genus of the control tests.
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